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a  b s  t r a  c t

Alternative technological approach is proposed enabling utilization of raw  materials from

an  oil refinery, such as waste guard layers from reactors. Reagent grade and purified MgO,

Cr2O3,  Fe2O3, and nitric acid (HNO3), were used as  additional precursors. The homogeneous

mixtures obtained were formed into pellets and sintered at different temperatures. The

main phase was proved by X-ray phase analysis (XRD) and compared to ICPDS database.

The  main phase in the  ceramics synthesized was solid solution of spinel MgAl2O4 and

magnesiochromite. These minerals are classified as  chromspinelide MgCr1.2Al0.4Fe0.4O4 and

alumochromite MgCr1.6Al0.4O4. Additional SEM observations, combined with EDX analysis

were performed, evincing agglomeration at  lower temperatures, followed by agglomerate

crumbling, at elevated calcination temperature.

The complete transformation of initial precursors into the final ceramic compounds

was found to occur at 800 ◦C  – 1  h. The ceramic samples synthesized had high density of

1.72–1.93  g/cm3 and large absorption area – 32.93% which is probably due to the high porosity

of  the sample.

©  2016 SECV. Published by Elsevier España, S.L.U. This is an open access article under the

CC  BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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a  partir  de reciclaje  de materiales  provenientes  de residuos
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r  e  s u  m e  n

En este trabajo se  propone un método para el aprovechamiento de  materiales provenientes

de  residuos de las refinerías de petróleo, utilizando para ello los desechos de las capas

protectoras de los reactores químicos. Usando como precursores adicionales, reactivos de

alta  pureza tales como MgO, Cr2O3, Fe2O3, y  ácido nítrico (HNO3),  se han preparado mezclas

homogéneas en forma de pastillas, que se  han sometido calcinadas a  diferentes tempera-

turas.  Las fases obtenidas han sido analizadas mediante difractometría de rayos X. La fase

dominante de los pigmentos cerámicos obtenidos está compuesta por una solución sólida de

tipo  espinela MgAl2O4 y cromato de magnesio. Esos productos se clasifican como espinelas
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de  cromo MgCr1.2Al0.4Fe0.4O4 y cromato de aluminio MgCr1.6Al0.4O4. Adicionalmente, se

han realizado observaciones mediante microscopia electrónica de barrido combinada con

análisis químico por energías dispersivas de rayos X. Los  materiales resultantes presen-

tan  aglomerados debido a las bajas temperaturas de calcinación. Se ha establecido que

después de  una exposición a 800 ◦C  durante una hora, los precursores se  transformaron

completamente en pigmentos cerámicos. Los pigmentos cerámicos obtenidos poseen una

alta  densidad en el rango de  1,85 a  2,60 g/cm3 y una porosidad abierta entre 28,9 y  32,93% a

700 ◦C.
©  2016 SECV. Publicado por Elsevier España, S.L.U. Este es un artículo Open Access bajo

la licencia CC BY-NC-ND (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Although the traditional production of spinels is  based on

the use metallic oxides as  raw materials [1],  the use of non-

conventional precursors enables spinels synthesis at lower

temperatures, decreasing, in general the energy demands for

their industrial production. This approach was successfully

applied for synthesis of MgAl2O4 from Al and Mg compounds

and triethyl amine [2]. Common spinel has been formed

after heating the mixture to 675 ◦C, resulting in crystal size

was about 20 nm.  Spinel pigments based on CaFe2O4 have

been successfully elaborated by Candeia et al. [3],  using poly-

meric precursor method, via polymerization of citric acid

in medium of ethylene glycol. The metallic ion containing

precursors used for the pigment synthesis were Fe(NO3)3
and (CH3COO)2Ca. Pigments with non-stochiometric compo-

sition, corresponding to general formula Me2YnO2n−2 with

various chromophores assigned as “Me”, such as Fe, Zn, Ni,

Mg,  Cu, Co and Mn,  added in molar portions: n = 0.3–2.5 are

already patented [4]. Combustion method is used by Deraz

and co. [5] in order to obtain a spinel structured pigments,

composed by magnesium ferrite solid solution with iron-rich

composition, MgFe2O4·xFe2O3.  Besides the iron, the chromium

also appears an important widely investigated chromophoric

ingredient [6–13].  In this sense, Díaz et  al. propose synthe-

sis of ferrite spinel [14] on the basis of steel waste as iron

source.

Another trend of great importance for the  ceramic industry,

object of recently increasing interest is  the recycling of waste

materials from other industrial branches [14–19].  Besides, even

some natural products as  silica from rise husks have been

recently employed for ceramic materials production [20–27].

Spinel powder with composition Zn1−xCdxCr2O4, where

0  ≤ х  ≤ 1, has been synthesized by thermal decomposition

of nitrates, at relatively low temperature interval between

600 and 800 ◦C, and the obtained material was  character-

ized by XRD and SEM [28]. Other authors have been used the

combustion of preliminary obtained sol–gel products for elab-

oration of nanometric powder materials, based on the system

ZnO–TiO2–V2O5 [29–31].

Similar approach has  been used for synthesis of stoichio-

metric MgAl2O4 spinel, by pyrolysis in air of Al(OH)3 and MgO

dissolved in triethylamine [32]. The metal compounds were

found to decrease the temperature of beginning of synthe-

sis by 200 ◦C  compared to the conventional synthesis from

Al(OH)3 and MgO  [33,34].

Smirnov et  al. [35] have used flame pyrolysis as  a  method

for synthesis of Alumochrome spinel and MgAl2O4 powders.

In both cases, aqueous solution of Mg(NO3)2 and Al(NO3)3 was

ignited in the upper zone of an electric oven at 900 ◦C. The

composition of the former powder obtained was 93.36 mol%

– MgAl2O4 and 6.64 mol% Y2O3, whereas the latter composite

spinel material contained 75.75 mol% MgAl2O4. The obtained

composite materials were with 2 �m particle size, accompa-

nied with needle-like crystals. After subsequent wet grinding,

followed by annealing at 1700 ◦C for10 h,  spinel ceramics with

relative density about 97.6% of the theoretical one was pre-

pared.

Other authors [36,37] have performed comparative

research on the correlation between the synthesis condi-

tions and the microstructure of ceramic materials from

the Al2O3–MgO–ZrO2 system. As  a main result, the authors

have established that the increase of MgO content results in

increased microhardness, due to recrystallization.

Using the method of co-precipitation, spinel was syn-

thesized and the influence of the process on the synthesis

temperature was studied. The initial aqueous solutions of

Mg and Al nitrates were mixed with water-insoluble polymer

“laxsin” and co-precipitated to  obtain a mixture of carbonates.

The precipitate was filtered after 12 h period of maturing and

then heated to 1300 ◦C [38].  The spinel was reported to form

at 1000 ◦C.

Other authors have studied the effect of synthesis con-

ditions on the parameters of the process of spinel ceramics

synthesis [39]. To obtain fine powder, the method of co-

precipitation from concentrated solutions was used which

allowed increasing the reactivity of the interacting sub-

stances. Sulfides of magnesium and aluminum were used.

The components were precipitated in  25% aqueous solution

of ammonium under continuous stirring at room tempera-

ture and pH = 9–9.5. The precipitate obtained was dried and

then heated in sillite oven at temperatures 1000–1300 ◦C at

temperature increase rate of 150 ◦C/h. Recently, Nazarkovsky

et  al. [40] have used hydrothermal and solvothermal methods

for synthesis of powder shaped ceramics, such as  Cu(II) and

Ni(II) doped SiO2-TiO2 nanocomposites, and Sn doped titania

[41].  Similar approach is used for development of kesterite

based materials for photovoltaic elements as  exterior build-

ing tiles [42,43].  Besides as components of high performance

photovoltaics, the powder ceramic materials encounter con-

tinuously increasing applications for solid oxide fuel cells

[44–46], environmental sensor elements [47,48] and even for

corrosion protection [49,50].

http://creativecommons.org/licenses/by-nc-nd/4.0/
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ROUGH DRY MILLING

Fine wet milling of to 1 μm, particle size with

simultaneous homogenization

Treatment of mixtures with nitric and 

sulphuric acids 1 : 1 v/v

Annealing at 350 ºC for 1 h

Homogenization

Sintering at 800, 900, 1000, 1100 ºC - 1h

Fig. 1 – Technological scheme for synthesis of ceramics

from industrial waste materials from oil refining.

The ceramics sintering conditions are very important for

the formation of the  spinel structure [51],  especially the tem-

perature and isothermal period [52].

Following these actual trends of the modern ceramic indus-

try, the present research work is  devoted on the  elaboration

of alternative ceramic pigments, prepared by application of

waste materials from the oil refinery industry. Besides, a com-

parative research is performed on the sintering temperature

impact on the morphology and the stability of the obtained

pigments.

Experimental

Sample  preparation

The compositions of the investigated samples were prepared

by mixing of MgO,  and Al2O3.  Fe2O3 and Cr2O3 from waste

products of the refinery industry were used as chromophores.

The obtained mixtures were sintered in temperature interval

between 700 and 1100 ◦C for one hour. The subsequence of

the technological procedures for complete conversion of the

initial precursor mixtures to resulting pigments is  depicted in

Fig. 1.

Characterization  of  the  obtained  pigments

Colorimetric measurements were performed by “Lovibond

TR – 100”. The water uptake capability W%, and the appar-

ent density D% were determined by pycnometer, following

systematic procedures by weighting before and after dis-

tilled water addition, and subsequent drying at 120 ◦C for

2 h. In order to determine the grain size of the obtained

powder products comparative observations by Scanning Elec-

tron Microscopy (SEM), were performed, TESCAN, SEM/FIB

LYRA I XMU  with 30 kV acceleration, at different resolutions,
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Fig. 2 – Systematic SEM observations on selected

specimens, acquired at  magnification 1000×.

combined with Energy Dispersion Spectrometer (Quantax 200

of BRUKER detector).

The obtained ceramic materials were characterized by

structural analysis via XRD, from 10◦ to 70◦ angular, with XRD

“PHILIPS”-APD-15, CuK� diffractometer.

Results  and  discussions

Systematic  SEM  observations

Undoubtedly, the temperature has  a great impact on the  struc-

ture, and morphology of the obtained ceramic materials. That

was the reason for the systematic comparative observation on

the morphologies of the obtained ceramic pigments accord-

ing to both of their composition and calcining temperature. In

this sense, powder samples from both investigated composi-

tions: MgCr1.6Al0.4O4 and MgCr1.2Al0.4Fe0.4O4,  sintered at 700,

900 and 1100 ◦C were submitted to observations via SEM. The

obtained images are shown in Fig. 2.

The images in Fig. 2 reveal that at lower temperatures in

the range between 700 and 900 ◦C the obtained powders with

both compositions possess highly agglomerated morphology.

Besides the large oval agglomerates with average dimensions

of about 100–150 �m, there is a  presence of smaller coarse par-

ticles with size dimensions between 10 and 40  �m. On the

other hand, obviously the further temperature elevation up

to 1100 ◦C results to  crumbling of the large sized agglomer-

ates. Besides, there is simultaneous presence of brighter and

darker resulting smaller particles with undoubtedly distin-

guishable compositions. Indeed, the subsequent EDX analyses
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Table 1 – Colorimetric indexes of pigments calcined at 700 and 1100 ◦C.

MgCr1.6Al0.4O4

700 ◦C 1100 ◦C

L* a* b* L* a* b*

64.73 −4.55  15.12 78.20 −1.37 14.04

MgCr1.2Al0.4Fe0.4O4

700 ◦C 1100 ◦C

L* a* b*  L* a* b*

54.28 13.12 24.80 52.65 15.97 24.53

(not shown in  the figures) have revealed that the larger brighter

particles contain a larger amount of aluminum, whereas the

darker coarse ones contain superior quantity either of Cr

or Fe. Finally, it is worth to mention that the particles of

the pigment, prepared with addition of iron are relatively

smaller, than the composition prepared without iron addi-

tion. The most probable reason for this phenomenon is  that

the supplemental iron induces more  intensive point defects

diffusion. As consequence, these point defects heap on the

grain boundaries of the oxide crystallites causing significant

mechanical tensions among the oxide crystals composing the

agglomerates, formed at lower temperatures. Indeed, the sup-

plemental Fe2O3 undergoes a phase transition to unstable

wustite (Fex−1O) phase at 570 ◦C [53,54]. This cation deficient

oxide is described in the  literature as a  p-type semiconduc-

tor that enables diffusion of cationic vacancies and holes.

Besides, at high temperatures this phase coexists with other

Fe-O phases, such as Fe3O4 (magnetite) and Fe2O3 (hematite),

and even the so called “inverted spinel”, (FeFe2O4), FeCr2O4.

In addition, the hematite layer is  porous and thus, oxygen

gas permeable phase that allows oxygen penetration and

subsequent reduction into O2− on the magnetite-hematite

interface [55].  Such processes lead to further densification

of the agglomerates, accompanied by agglomerate shrinking.

The coexistence of several Fe–O phases with active superficial

ion-exchange processes on the grain boundaries predeter-

mines stronger high temperature mechanical tensions on the

grain boundaries among the  particles, consisting the  respec-

tive agglomerates. Additional very probable reason for the

lower size of  these pigment particles is that the simultaneous

presence of various iron oxides with distinguishable ther-

mal  expansion coefficients imposes supplemental mechanical

tensions, resulting in relatively smaller agglomerates, com-

pared with the other composition.

Similar phenomena happen in  the case of MgCr1.6Al0.4O4.

Again, the EDX analyses reveal irregular distribution of the

composing elements, revealing the simultaneous presence

of various oxides, such as  Cr2O3, CrO3, MgAl2O4, etc. In the

basic phase, MgCr1.6Al0.4O4 the chromium and aluminum

cations render a  partial positive charge to the MgO crystals.

Thus, these oxides cause a  higher affinity to oxygen, predeter-

mining a non-stoichiometry, ion diffusion and consequently

– stronger Van der Waals attraction among the crystals,

composing the resulting agglomerates. That is the reason

for the remarkable size of the agglomerates, observed for

the non-doped composition, for the 700–900 ◦C  temperature

range.

Finally, although the extraordinary high melt point of the

corrundum, both the  compositions sintered at 1100 ◦C reveal

presence of irregularly shaped oval particles with ellipsoidal

Al-inclusions, evincing that the commented above oxides

predetermine reductive medium, which consume the oxy-

gen from the Al2O3 phase. Thus, the remaining excessive

aluminum suffers melting, followed by precipitation of the

Al-melt in  the aggregates, and subsequent solidification of

metallic aluminum.

Regardless the sharp change of the sample’s morphology

at 1100 ◦C, it was not accompanied by significant variations

in their color-related properties, as  is demonstrated in the

following section.

Colorimetric  measurements

For determination of the impact of the  calcination temper-

ature on the color of the obtained pigments, colorimetric

measurements have been performed. Surprisingly, the respec-

tive results have shown that the sharp alteration of the

sample’s morphology does not lead to notable color changes of

the respective pigments. Indeed, Table 1 reveals almost identi-

cal values of the colorimetric data for the  specimens, sintered

at 700 and 1100 ◦C.

The measurements were performed according the CIE-

L*, a*, b* [56].  The results completely confirm that the  color

difference is rather consequence of the pigment composi-

tion, than result of the calcination temperature. Indeed, all

the MgCr1.6Al0.4O4 pigments possess greenish color, whereas

the iron contributes for the reddish colorization of the

doped pigments MgCr1.2Al0.4Fe0.4O4,  and the colors remain

almost unchanged irrespective the calcination temperature.

The former composition reveals a  slight increase of the

brightness values L*, combined with insignificant decrease

of the green component a* values with increase of the

treatment temperature. At the same conditions, the later,

iron containing composition, the values of L*  and b* remain

almost the  same, whereas the reddish component a* suf-

fers negligible enhancement, revealing either transition of

Cr(III) to Cr(IV) due to oxidation, or formation of pure red

Fe2O3 fraction. The latter is much more  probable, because

the Cr(IV) is extremely instable, and converts to yellow

Cr(VI)-compounds.
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Table 2 – Water uptake capability (W%), and apparent density (D%) values acquired for MgCr1.6Al0.4O4 and
MgCr1.2Al0.4Fe0.4O4 calcined for 1 h  either at 700 or at 1100 ◦C MgCr1.6Al0.4O4.

Chemical composition Calcination temperature (◦C) W% (%) D% (g/cm3)

MgCr1.6Al0.4O4
700 32.9342 1.9282

1100 28.0250 2.5620

MgCr1.2Al0.4Fe0.4O4
700 35.6320 1.8562

1100 28.8965 2.6032

Table 3 –  Comparison between the lattice parameters of MgCr1.6Al0.4O4,  samples calcined either at 700 or at  1100 ◦C, with
ICDD data for Mg-Al spinel.

MgCr1.6Al0.4O4

Calcined at  700 ◦C

MgCr1.6Al0.4O4

Calcined at  1100 ◦C

Spinel  03-0901

d. 10 (nm) I/I1 (%) hkl  d. 10 (nm) I/I1 (%) hkl d (Å) I/I1 (%)

4.88 30 111 4.65 20  111 4.68 50

3.70 40 211 3.70 40  300 –  –

3.17 100 310 3.16 100 221 3.35 10

2.82 40 222 2.84 70  222 2.83 50

2.60 50 421 2.62 40  421 –  –

2.54 30 311 2.54 30  311 2.43 100

2.31 10 400 2.21 30  400 –  –

2.02 40 400 2.02 20  400 2.02 80

1.65 20 422 1.66 20  422 1.65 30

1.58 20 511 1.48 10  511 1.55 30

The contraversion between the inference from the  SEM

observations, that at 1100 ◦C, the samples suffer complete

morphological change, and the lack of notable color alteration

leads to the conclusion that there are not remarkable phase

transitions in their compositions, but rather gradual phase

transitions, as  is pointed below.  The agglomerate crumbling

at the highest investigated temperature is either result of the

thermal expansion coefficient difference among the compos-

ing oxides, or due to cracking originated from point defect

diffusion. Another possible reason for the agglomerate crum-

bling at 1100 ◦C  is  the intensive evaporation of adsorbed water

at this high temperature, that lead to  elevation of the pressure

inside the pores causing agglomerate splitting. The phase sta-

bility of the respective pigments reveals that these ceramics

can be obtained at 700 ◦C enabling lower energy spends for

their production.

Characterization  of  physical  chemical  properties

The elaboration of appropriated technological cycles in the

ceramic industry demand determination of various mechan-

ical and physical-chemical properties. Besides the color

parameters, the usability of the ceramic pigments is pre-

determined by other properties, such as  wettability (i.e. water

uptake capability) W%, and the  apparent density D%. These

parameters are evaluated for specimens from both the inves-

tigated compositions, sintered at 700 and 1100 ◦C, and their

values are shown in  Table 2.

The comparison of the values shown in  Table 2 reveals

that the addition of Fe to the pigment composition does

not affect considerably neither the apparent density, nor the

water uptake capability. The D% values for both composi-

tions calcined at 700 ◦C,  reaches about 2 g/cm3, whereas the

higher calcination temperature (i.e. 1100 ◦C), results in den-

sity increase to above 2.5 g/cm3. The water uptake capability

of both compositions investigated slightly decreases with

increase of the  calcination temperature with about 5%,  due

probably to phase transitions inside the pigment particles,

or decomposition of chemically bonded superficial hydroxide

layer.

The higher calcination temperatures lead to lower W%

values, due to destruction of the large sized agglomerates,

commented in “Systematic SEM observations” section. These

formations probably possess a  developed porosity, which

enhances the  water uptake capability. However, the  thermal

treatment at 1100 ◦C promotes intensive water evaporation

and consequent agglomerate splitting, due to the water

vapors’ pressure. As a  result, the finer pigment fractions

obtained at 1100 ◦C (Fig. 2) possess identical water absorption

(i.e. W%) values, between 28, and 29%, due to the identical

surface roughness obtained.

At 700 ◦C,  the corresponding compositions possess lower

density values, compared to these of the  specimens sintered

at 1100 ◦C. This effect coincides the agglomerate crumbling,

observed by the SEM observations. Consequently, at this tem-

perature, the large size agglomerates really suffer crumbling

due to evaporation of the adsorbed water,  resulting in finer and

denser dispersive particles. In order to establish whether the

agglomerate splitting is coincided by any phase transitions,

additional XRD studies were performed, and the respective

results are shown below.

XRD  structural  characterization

The XRD patterns, shown in  Table 3,  for MgCr1.6Al0.4O4, cal-

cined either at 700, or at 1100 ◦C, reveals occurrence of residual
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Table 4 – Comparison between the lattice parameters of MgCr1.2Al0.4Fe0.4O4, samples calcined either at 700 or at 1100 ◦C,
with ICDD data for Mg-Al spinel.

MgCr1.2Al0.4Fe0.4O4

calcined at  700 ◦C

MgCr1.2Al0.4Fe0.4O4

calcined at  1100 ◦C

Spinel 03-0901

d. 10 (nm) I/I1 (%)  hkl  d. 10 (nm)  I/I1 (%) hkl d (Å) I/I1 (%)

3.70 20 111 4.70 30  111 4.68 50

3.63 10 121 4.64 10  122 –  –

3.16 100 211 3.38 100 130 3.35 10

2.84 70 222 2.84 80  222 2.83 50

2.60 20 240 2.63 30  240 –  –

2.21 40 311 2.43 20  311 2.43 100

2.08 10 400 2.11 20  322 –  –

2.02 20 400 2.03 10  400 2.02 80

1.81 30 422 1.65 30  422 1.65 30

1.48 10 511 1.51 10  511 1.55 30

Cr2O3 and �-Al2O3, accompanied by traces of nano-crystalline

MgO,  below 2%. However, the basic compound of both the

samples is MgCr1.6Al0.4O4, which can be  assumed as a  solid

solution of spinel (MgAl2O4) ICDD PDF 5-0672 (0.284 (62)–0.243

(2)–0.202 (7)–0.142 (5)) and magnesium chromite (MgCr2O4)

ICDD PDF 10-0351: (0.481 (4)–0.251 (16)–0.208 (24)–0.147 (11)).

A peak was observed at 0.316 (100) and it  corresponds to a

solid solution of MgAl2O4 and MgCr2O4,  being in form of mag-

nesium alumochromite. Indeed, the minerals from the spinel

and the magnetite-chromite groups possess unlimited misci-

bility among themselves. The stoichiometric calculations in

this case show that the resulting alumochromite is  composed

by about 80% magnesium chromite and 20% spinel phase.

At temperatures above 1000 ◦C  complete mixing of the solid

solutions is  already observable in form of pure magnesium

alumochromite phase.

Both the iron containing compositions, calcined at 700 and

1100 ◦C are basically composed by MgCr1.2Al0.4Fe0.4O4,  which

is in form of solid solution of spinel (MgAl2O4)  ICDD PDF 5-0672

(0.284 (62)–0.243 (2)–0.202 (7)–0.142 (5)), magnesium chromite

(MgCr2O4) ICDD PDF 10-0351: (0.481 (4)–0.251 (16)–0.208

(24)–0.147 (11)) and magnesium ferrite (MgFe2O4)  ICDD PDF

01-1120: 0.251(10)–0.295(4)–0.148(3), shown in Table 4.

Besides, the peak at 0.316 (100) of the XRD pattern (not

shown in the figures) belongs to magnesium alumochromite.

At temperatures above 1000 ◦C, this phase almost completely

(i.e. with 92%) converts to  magnesium chromite. The over-

lapping between the peaks of both these minerals originates

from the identical structural ordering of their crystalline

lattices possessed by both the magnesium chromite and alu-

mochromite minerals.

Conclusions

A technological scheme for synthesis of ceramic materials

by employment of waste materials from oil  refinery contain-

ing heavy metals is developed. It was  found that the  whole

amount of heavy metals was  bound into the chromspinelides

obtained. The SEM images reveal that the pigments calcined at

temperature interval between 700 and 900 ◦C, possess highly

agglomerated morphology, whereas at 1100 ◦C, the  already

formed agglomerates undergo structural decomposition. The

colorimetric measurements have revealed that the  sharp

morphological changes between 900 and 1100 ◦C, does not

result in notable color alteration. This fact shows that the

pigments obtained by the technological procedures, proposed

in  the  present research work can be successfully calcined

at lower temperatures, decreasing in  general the energetic

spends for their industrial production.

The physical chemical and structural investigations have

revealed that the higher water adsorption capability of the

large size agglomerates, formed below 900 ◦C,  results in

agglomerate splitting at 1100 ◦C, due to the  intensive water

evaporation, and the  respective elevation of the water pres-

sure inside the agglomerate pores.

Unexpectedly, the hardness of both the compositions

investigated decreases with increase of the calcination tem-

perature due probably to phase transitions inside the pigment

particles. Indeed, the XRD patterns reveal phase transition of

the solid solution of MgAl2O4 and MgCr2O4 to pure magne-

sium alumochromite phase at temperatures above 1000 ◦C,

whereas for the iron containing compositions, almost com-

pletely (i.e. with 92%) converts to magnesium chromite at

these temperatures. Consequently, the compositions, sintered

at lower temperatures possess superior characteristics, as

water uptake capability (W%), and apparent porosity (AP%),

enabling their successful use in  the ceramic industry.

As a general conclusion of the  present research work, it  can

be inferred that the proposed alternative technological sched-

ule provides economical production of ceramic pigments with

remarkable compositional stability at relatively low tempera-

ture of calcination.
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[26] N. Yalçin, V. Sevinç, Studies on silica obtained from rice
husk,  Ceram. Int. 27  (2001) 219–224.

[27] C.S. Prasad, K.N. Maiti, R. Venugopal, Effect of substitution of
quartz by rice husk ash and silica fume on the properties of
whiteware compositions, Ceram. Int. 29 (2003) 907–914.

[28] Y.-H. Lei, Y.-B. Sun, Y.-Z. Cheng, Y.-R. Wang,  L.-H. Xue, Sol–gel
synthesis of normal spinel LiMn2O4 and its characteristics, J.
Wuhan  Univ. Technol. Mater. Sci. Ed. 17  (2002) 1–4.

[29] R. Gegova, Y. Dimitriev, A.  Bachvarova-Nedelcheva, R.
Iordanova, A. Loukanov, T.Z. Iliev, Combustion gel method
for synthesis of nanosized ZnO/TiO2 powders, J. Chem.
Technol. Metall. 48  (2013) 14–153.

[30] A. Shalaby, A. Bachvarova-Nedelcheva, R. Iordanova, Y.
Dimitriev, A  study of the  effect of citric acid on the
crystallinity of ZnO/TiO2 nanopowders, J. Chem. Technol.
Metall. 48 (2013) 585–590.

[31] Y. Dimitriev, Y. Ivanova, A. Staneva, L. Alexandrov, M.
Mancheva, R. Yordanova, C.  Dushkin, N. Kaneva, C. Iliev,
Synthesis of submicron powders of ZnO and ZnO-MnOm

(MnOm =  TiO2, V2O5)  by sol–gel methods, J. Univ. Chem.
Technol. Met. (Sofia) 44  (2009) 235–242.

[32] B. Kamenov, Magmatic petrology, Unv. Publ., St. Kliment
Ohridsky, Sofia, 25, (2003) 34–36.

[33] A.E. Ringwood, Composition and Petrology of the Earth’s
Mantle, Mc Graw-Hill, NY, 1975, pp. 618.

[34] A.E. Ringwood, A model for the upper mantle, J. G. R. 67
(1962) 857–867.

[35] V.I.  Smirnov, M.D. Zhelyazkova-Panajotova, A.I. Ginzberg,
V.M.  Grigoriev, G.F. Yackovlev, Geology of ore deposits,
Science  and art, Sofia, 1986, pp. 48–59.

[36] D. Chin, D.B. Baruwati, S.  Manorama, A  simple chemical
synthesis of nanocrystalline AFe2O4 (A  = Fe, Ni, Zn): an
efficient catalyst for selective oxidation of styrene, J.  Mol.
Catal. A: Chem. 242 (2005) 26–31.

[37] B. Locaci, Symposium on Nucleation and Crystallization in
Glasses and Melts, and Palbl, Amer. Cer. Soc. Inc., Ohio, 1962,
pp. 71–74.

[38] C.E. Rindone, Am. Ceram. Soc. 41  (1958) 141.
[39] V.U. Belousova, U.E. Pingvinskiy, I.V. Galenko, Intern Konf.

prom-st stroymater. Building Industry and Energy and
careful resource in rInoch. relations, Belgrad, 1997.

[40] M.A. Nazarkovsky, E.V. Goncharuk, E.M. Pakhlov, E. Skwarek,
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