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Abstract. The thermodynamic substantiation of spinel formation processes of spin-forming
and colour-forming pigment structures using the method of sequentially parallel reactions and the
concept of energy and entropy of the cation of tetra- into octahedral cavities of the oxygen frame of
a spinel is carried out. The possibility of using the waste catalyst of AKM in the processes of
synthesis of inorganic pigments as the basic raw material for replacement of oxides of cobalt (1)
and aluminum (I11) in charge compositions of pigments of blue-green gamma is proved.
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Introduction. Inorganic pigments, which include industrial waste, are
synthesized in various oxide systems, namely: green and blue Cr,O3 - CoO - ZnO -
Al,Os, brown Fe,O3;—-Zn0O - Al,O3; — MgO, ocher Fe,03— Cr,03 - ZnO - Al,O3 [1].

The object of the study is spent cobalt-containing ACM-type hydrogenation
catalysts used in the processes of hydrotreating of natural gas and petroleum products
from sulfur compounds, technological processes of ammonia production and
methanol synthesis. The possibility of its use in the processes of synthesis of
inorganic pigments of blue and blue-green colors has been clarified. This catalyst has,
in accordance with the specifications, the composition, mass.%: Al,O; — (78-82),
CoO>4.5, MoO3>12, Fe,03<0.2.

Blue pigments of varying intensities and shades are synthesized mainly using
cobalt (I11) oxide, which decomposes (at temperatures above 1223 K) to cobalt (1)
oxide and can form, depending on the charge composition of the pigments,
chromophore compounds of different types: simple spinels of Co[Al],O,, inverted
Al[CoAI]Qy, or solid solutions of spinels (Co Zn)[Al],O..

Main text. The relatively high content of cobalt (1) oxide and aluminum (I11)
oxide in the spent catalyst of the ACM determines its use as a basic raw material for
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the replacement of pure cobalt and aluminum oxides in the pigments of blue
pigments.

The color gradient of the synthesized pigments is formed under the influence of
many factors. The main ones are: the composition of the spinel formed, the ratio of
the chromophore metals in the crystal lattice of the spinel due to the formation of
solid solutions, the distribution of metal-chromophore cations between the tetra- and
octahedral cells of the oxygen frame of the crystalline spinel lattice. Thermodynamic
analysis (with subsequent experimental verification) of spinel-type chromophore
compounds formation in the system Cr,03 - C0,05 - ZnO — Al,O3 was performed in
order to identify the conditions of color formation of pigments synthesized with
equivalent replacement of oxides in the charge composition of the spent catalyst
ACM.

The concept of energy (oF) and entropy (0S) of the transition of cations from the
tetrahedral to the octahedral position of the oxygen frame of the crystalline spinel
lattice was used as the basis for thermodynamic analysis. The energies and entropies
of the transition of cations into octahedral positions characterize the degree of
inversion (disordering) of spinel. To calculate the ordering of the spinel structures
formed, the paper proposes the use of systematic data on energy (JE) and entropy
(0S) of the transition of cations into the octahedral state of spinels in [2-4].

When calculating the ordering of mixed spinels, using the concepts of energy
and entropy of transition, the principle of thermodynamic independence of
sequentially parallel processes of transition (of both two- and trivalent cations) from
tetrahedral to octahedral positions of the oxygen spinel frame was used. The ordering
of the cations in the crystal lattice of spinels was described by the following series-
parallel reactions of the type:

A"+ [B] <[A] + B, (1)

A"+ [B] < [A"] +B, (2)

where the square brackets denote the tetrahedral position of the cation in the
crystalline spinel frame.

The general stoichiometric formula of complex mixed spinel formed by simple
inversions takes the following form: A", A"\, By [A A", Byyy]O4, where x, y — a
measure of the depth of reactions (1) and (2). Given that the equilibrium constant of
the reaction is defined as In K = - AG /(RT), we define the Gibbs energy of the cation
transition from tetra- to octahedral positions of the oxygen spinel frame as 6G' =S E’ -
TS, 0G"= SE"-TsS". The transition energy SE by reaction (1) was calculated by the
formula 6E' = E, - Eg kd/mol. The entropy values of the transition &5’ to the
octahedral state by reaction (1) are calculated by the formula 65’ = S, - Sy, J/(mol K).
The value of the transition energy 6E” into the octahedral state by reaction (2) is
calculated by the formula 6E” = E, - E;’, ki / mol. The entropy values of the
transition 5" to the octahedral reaction state (2) are calculated by the formula 85" =
S, -S4, JI(mol K).

Accordingly, the system of equations of isotherms of successive reactions (1)
and (2) can be represented in the following form:

[X(x+y)J/[(1-n-X)(2-X-Y)] — exp[ (Sa' - Se)/R — (E4' - Es)/(RT)] =0,
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[y(x+y)1/[(n-x)(2-x-y)] — exp[ (Sa" - Se)/R — (E" - Ee)/(RT)] =0.

After calculating the values of x, y and establishing the degree of ordering of the
two- and trivalent cations at different positions of the oxygen lattice of the crystal
lattice, the enthalpy of formation (AH;) and entropy of formation (AS) of spinel [2]:
AL oA 1By [AA", By, 104, considering the ion ordering, the cations of the two and
trivalent metals are in octahedral or tetrahedral positions of the oxygen frame.

The effect of temperature on the value of AG and the probability of formation of
mixed spinels from simple oxides is expressed by the equation: AG = AH; - TAS, ne
AH; = (-38,7 + 0,613-0H (H = - (1-x)-EA)+(1-x) E(AN]- [x-EB) + x-E(B")]), AS
=-85 =- (1-x) S(4)+(1-x) S(A"]- [xS(B) + xS(B"].

For the selected Cr,05; - CoO - ZnO — Al,O; oxide system, the temperature and
concentration dependence of the enthalpy, entropy, and Gibbs energy of the spinel
spin formation process were calculated according to the ion distribution equations:
[Co]O+[Al],03=Co;.,Aly[CoAl,], [C0]O+[Cr],03 = C0...Cr,[Co,Cr.,] presented
in Tab. 1.
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Table 1
Enthalpy, entropy, and Gibbs energy of mixed spinel formation reactions as
a function of temperature

°—§ S 2 .
ED B=_ & Synthesis temperature, K
2% |EZEE
85 |25%¢ 1623 1500
o o ° AH; AS AG AH; AS AG
0,1 16,57 | 1325 | -381 | -16,66 | 13,25 -36,5
0,2 16,73 | 13,26 | -383 | -16,86 | 13,28 -36,8
S 0,3 16,94 | 1331 | -385 | -17,05 | 13,32 -37
= 0,4 17,2 | 13,35 | -389 | -17,31 | 13,36 37,4
Q 0,5 175 | 13,36 | -392 | -176 | 13,38 37,7
< 0,6 17,83 | 1342 | -39,6 | -17,94 | 13,44 -38,1
3 07 | -1822 | 1348 | -401 | -1833 | 1348 | -38,6
0,8 -18,69 | 1355 | -40,7 | -188 | 13,56 -39,1
0,9 19,33 | 1364 | -415 | -19,34 | 13,64 -39,8
0,1 -18,38 | 11,86 -36 -18,48 | 11,89 -36,3
. 0,2 20,37 | 1053 | -365 | -205 | 10,53 -36,3
o} 0,3 2244 | 9,18 36,8 | -22,57 9,2 -36,35
3 0,4 2445 | 7,83 36,9 | -2465 | 7,86 -36,4
= 0,5 26,53 | 6,49 371 | -26,72 | 6,52 -36,5
N 0,6 2857 | 5,16 372 | -2879 | 517 -36,55
S 0,7 3058 | 3,81 374 | -30,86 | 3,84 -36,62
0,8 3254 | 246 375 | -32,89 2,5 -36,54
0,9 3424 | 1,09 376 | -3474 | 1,53 -37
Authoring

As can be seen from Tab. 1, the Gibbs energy value for complex spines
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CoyAl [Co,Alyy], C014Cr,[CoxCryy], Which can be formed, becomes significantly
negative and close. This indicates that there is a significant likelihood of mixing
simple spinels of Co/A41 1,04, Co/Cr 1,04, Zn[Al],04, Zn[Cr],04 into a complex mixed
with the formation of continuous series of solid solutions, which promotes the
formation of shades colors in the synthesis of blue and blue-green pigments.

Thus, for mixed spinel CoZn[Al],O4 blue at 1623 K, the Gibbs energy value
changes from minus 36 kJ/mol to minus 37.6 kJ/mol with a change in the
concentration of Co/Al ,0O, from 0.2 to 0.8 molar particles in the composition folding
spinel. This indicates that the formation of blue shades of pigments is the result not
only of simple physical mixing of colors, but also the formation of mixed cobalt-
alumina-zinc spinel. And for the pigment with the optimal composition of mass.%:
ACM - 50, ZnO - 50, and termodinamic parameters AG = -37.5 kJ/mol n(Co/Al ,0,)
= 0.8 and cationic distribution: C00,867Zn 0,13 Al 0.003/C00,133 Zn 1,07 Al 1.797p4, it can be
argued that the formation of complex mixed spinel using the spent ACM catalyst as a
raw material for the replacement of pure cobalt and aluminum oxides.

As the synthesis temperature increases from 1500 K to 1623 K and a constant
value of n = 0.8 the AG value decreases from minus 36.54 kJ / mol to minus 37.5 kJ /
mol, which corresponds to the stabilization of the mixed spinel structure of the
pigments with increasing synthesis temperature. The tendency to decrease the value
of AG with increasing synthesis temperature can be traced to the entire concentration
field of mixed spinel.

Conclusions. Thus, thermodynamic analysis of cobalt-alumina-chromium and
cobalt-alumina-zinc oxide systems formed by the use of the activated catalyst ACM
as a raw material component for the synthesis of inorganic pigments showed that in
the processes of synthetic firing, not only changes in the formation formation of solid
solutions and this causes the formation of a color gradient of pigments from blue to
blue-green. At the same time, almost complete replacement of cobalt and aluminum
oxides in the pigment batch is achieved, with the activated ACM, which helps to
solve the problem of environmental pollution, which meets the principles of
sustainable chemistry.
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Anomayia. B  pobomi  nposedeno - mepmoouHamiune  0OSPYHMYBAHHA  NPOYeEciq
WNiHeneymeopeHts KOa0bOPOYMEOPIOIOYUX WNIHEbHUX CMPYKMYpP Ni2MeHmié 3 6UKOPUCAHHAM
Memo9dy NoCii006HO-NAPANENbHUX PEeaKYill ma NOHAMM eHepeiss Ma eHMPONis po3yNoOpPsaOKY8aAHHS
Kamiownie i3 mempa- 6 OKMAeOPpUYHi NOPONCHUHU OKCUSEHHO20 Kapkacy wnineni. Jlosedeno
MONCIUBICMb  BUKOPUCMAHHA  8i0npaybosanozo kamanizamopa AKM 6 npoyecax cunmesy
HeOpeaniuHux nieMeHmie sk 6a3080i cuposunu 05 3aminu okcuodie koobaromy(Il) ma anromiuniro(111)
8 WUXMOBUX CKAA0AX Ni2MEHMI6 CUHbO-3€eHOI 2aMU Ma YMEOpeHHsI be3nepepenoco psaoy meepoux
PO34UHIG WniHeel, Wo 3MEeHULYE MEXHO2eHHEe HABAHMANCEHHS HA HABKOTUWMHE cepedosulle.

Knrwouoei cnosa: mepmoounamiunuil auanis, winiHeab, OKMAeOPUYHUN KaApKac, eHepeis
PO3YNOPAOKYB8AHHS, — eHMPONis  po3YNopsaoKysanus, eHepeis 1ibba ymeopenHns  wniueni,
8I0NPAYbLOBAHUN KAMAI3AMOP, HEOP2AHIYHI NieMeHmu
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