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Abstract

Two groups of pigments were obtained by co-precipitation in the Fe-Al-Mg-0 system. With the help of experimental
studies, the influence of chromophore cations and heat treatment on the color tone, color purity, anti-corrosion
properties of pigments in the Fe-Al-Mg-0 system was established, which allows further targeted synthesis of pigments
of beige, red and yellow colors. It is shown that the main technological properties of pigments are determined by the
anionic and cationic composition. Color characteristics are determined by the cation occupying the tetrahedral
position in the crystal lattice. For all considered systems, the increase in covalence after heat treatment leads to a
shift in color to the long-wavelength region of the spectrum and to an increase in color intensity. The anticorrosive
properties of pigments are largely determined by the hydrolysis of the formed compounds. The protective effect is
mainly determined by the slowing down of the anodic process. In this case, anions containing aluminum atoms
accelerate corrosion processes.
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JOC/IXKEHHA TEXHOJIOTTYHUX BJIACTUBOCTEM MMITMEHTIB
B CUCTEMI Fe-Al-Mg-0

Jliniss A. ®posioBa, Tetsina €. Bytupina, Onekcanap B. 3aituyk

/JIBH3 «YkpaiHncokull depacasHuli XiMiko-mexHoao02iuHull yHieepcumemy, JJHinpo, Ykpaina

AHoTarniga

MeTo0M cniiBocafkKeHHs OTPMMAaHI ABi rpynu nirMeHTiB B cucteMi Fe-Al-Mg-0. 3a 40noMoroo ekcnepuMeHTaJIbHUX
AOC/TiJKeHb BCTAHOBJIEHO BIUIMB KaTioHiB XpoModopiB i TepM006pPOGKH Ha TOH Ta YMCTOTY KOJIbOPY, aHTUKOPO3iiiHi
BJIACTMBOCTI mirMeHTiB y cucteMi Fe-Al-Mg-0, o A03BoJisi€ B I0Ja/1bIIOMy BUKOHYBATH IiJlecIpSAMOBaHUI CUHTe3
nirMeHTiB 6ekeBoi, YepBOHOI i )KOBTOI KOJIipHOi ramu. [loka3aHo, 110 OCHOBHI TEXHOJIOTiYHi BJIaCTUBOCTi MirMeHTiB
BU3HAYaIOThCA aHiOHHUM i KaTiOHHMM ckJaAoM. KoabopoBi XapakTepUCTHMKM BU3HA4YalOThCA KaTiOHOM, SIKMH
3HaAX0JAUTbCA B TeTpaeJpUYHOMY M0JIOKeHHI B KpUcCTaJiyHil pemiTni. /g BCiX pO3rjsAHYyTUX CUCTeM 3POCTAaHHA
KOBaJICHTHOCTi 3B’SI3KiB MHic/isi TepMOOGPOGKH Beje A0 3CYBY KOJIbOPY B JAOBrOXBWJIbOBY 06JI1aCTh CHEKTpa i J0
36i/IbIIeHHs iIHTEHCUBHOCTI 3a6apBJIeHHsA. AHTMKOPO3iliHi BJ1acCTUBOCTi MirMeHTIiB 6i/bIIOI0 MipOI0 BU3HAYAIOThCS
riApo/i3oM yTBOpeHUX CNoJyK. 3aXUCHUH edeKT B OCHOBHOMY BHU3HAYA€EThCA YNOBiJIbHEHHAM aHOAHOIO Mpouecy.
BcTaHOBJIEHO, 110 aHIOHM, AKi MiCTATH aTOMM AJIIOMiHiI0, IPUCKOPIOIOTH KOPO3iiiHi nponecu.

Katouosi cnoea: mirMeHTH; KoJlip; KOJIbOPOYTBOPEHHS; INiHe b; pH BUTSKKY; OTeHLial.
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HUCCJEAOBAHUE TEXHOJIOTUYECKUX CBOMCTB IIMTMEHTOB
B CUCTEME Fe-Al-Mg-0

Jlunuga A. ®poaosa, TatbsiHa E. ByTeipuHa, Anekcanap B. 3aiiuyk
JBH3 «Ykpaincokull depacasHull ximiko-mexHonoziuHull yHisepcumemy, [Hinpo, Ykpaina

AHHOTa M

METOAOM COOCaXKAeHHUs MOJIyY€eHbl ABe rpyninbl MIM'MEHTOB B CUCTEMe Fe-Al-Mg-O. C NOMOIIBI0 KCIEPUMEHTA/IbHbIX
HCCJ]EAOBaHHﬁ YCTAaHOBJIEHO BJ/IMSTHHE€ KaTUOHOB XpOMO(l)OpOB H TepMOOﬁpaGOTKl/l Ha HBETOBOﬁ TOH, YUCTOTY IBETAQ,
AHTUKOPPO3UOHHbIE CBOMCTBA IUMrMEHTOB B CHCTEMe Fe-Al-Mg-O, 4YTO INO03BOJIAET B AaﬂbHeﬂmeM BbINNOJIHATH
ueneHanpaBneHHuﬁ CHHTE3 IM'MEeHTOB 68)K9B0l71, KpaCHOﬁ M XKeJITOn HBETOBOﬁ ramMmmal. l'loxasaﬂo, 4YTO OCHOBHbIE
TeXHOJIOTHYeCKHe CBOHMCTBA IHUIrMEHTOB onpepejaalTCd AHUOHHBIM MW KATHOHHBIM COCTAaBOM. uBETOBbIe
XapaKTEepPUCTUKH OINpeAe/jAlTCd KAaTHOHOM, 3aHUMAKIIHUM TeTpals3jgpHYeCKoe II0/I0KEeHHEe B KpﬂCTaﬂJ’IH‘{ECKOﬁ
peuieTke. AJ’IH BCeX paCCMAaTpUBAE€MbIX CUCTEM BO3pAaCTaHUE KOBAJIECHTHOCTH 10CJie TepM006pa60T1m BeJeT K CABUTY
nBeTa B AJIMHHOBOJIHOBYHO 06J1aCTh CHEKTpAa U K YBE€JIMYEHHUKW HHTEHCUBHOCTH OKPACKH. AHTHKOppOBI/IOHHbIe
CBOMCTBA NMUTMEHTOB B OOJIbIIEH CTEeNneHH onpeaeaanTcad ruApojiu3oM 06pa303aﬂmﬂx Coeﬂl/lﬂeﬂﬂﬁ. 3allll/lTHblﬁ
3(l)(l)eKT B OCHOBHOM o1mpeje/sideTrcda 3aMeJJIEHUEM aHOAHOro mpounecca. Hpﬂ 3TOM AHHOHBI, COAepiKaliue aTOMbI

AJINMHUHHUA, YCKOPAKT KOPPO3UOHHbIE ITPOLECCHI.

Katouesvle c108a: TUTMEHTHI; LBET; HBeTOO6paSOBaHI/Ie; HIMMHUHEJIb; pH BBITAXKKH; IOTEHL KA.

Introduction

Currently, the field of use of materials with a
spinel structure is expanding. These are pigments,
magnetic carriers, sensors, catalysts, materials for
supercapacitors [1-7.].

In the chemical technology of spinel pigments,
various methods of producing spinels are
currently used. The main one is ceramic
technology. The method makes it possible to
obtain the final product of a given composition,
but it has some drawbacks, therefore, the method
of co-precipitation [8; 9] with the use of alkalis and
salts is of increasing interest to researchers.

The co-precipitation technology has a number
of advantages over the traditional ones and makes
it possible to significantly reduce the cost of
obtaining refractory materials. Such a process,
based on the use of the internal chemical energy of
the system, allows synthesis to be carried out at
significantly lower temperatures, shorter
synthesis times, and low energy costs. The
simplicity of the equipment, the possibility of
synthesizing large quantities of the product of the
required phase and granulometric composition,
and the ecological purity of the process also
indicate the expediency of using this method.

For many years, attempts have been made to
obtain oxide pigments by the low-temperature
method [10-14], but systematic studies have not
been carried out. The resulting products in most
cases are compounds that are poorly reproducible
in composition. In this regard, it is of interest to
carry out the synthesis in such a mode that would
make it possible to obtain pigments with good
color characteristics in a finely dispersed state,
excluding the laborious stage of grinding.

In addition, at present, the developers of paints

and varnishes are faced with the task of replacing
toxic anticorrosive chromium-containing and
lead-containing pigments that are part of most
modern inhibitory-type  primers [15-17].
Traditional anticorrosive pigments containing
lead or chromium cations are currently limited in
use due to their negative impact on humans and
the environment [18-22].

An alternative to such pigments is precisely the
spinel pigments, including aluminum ferrites,
cobalt and nickel aluminates, zinc ferrites, copper
ferrites, magnesium aluminates, zinc aluminates,
etc. Spinel structures are characterized by high
chemical stability, a variety of colors, in some
cases by magnetic properties, specific optical and
anticorrosive properties [23-25].

Important  technological properties  of
pigments are their optical-color characteristics,
which depend on the chromophore ions that make
up the structure of the compounds obtained [26-
27]. In pigments, including spinels, as is known,
the main chromophores are transition metal ions,
the use of which also makes it possible to vary the
pH of the aqueous extract and thus additionally
regulate the anticorrosive properties of the
pigments. [28].

The purpose of this work was to study the
regularities of the formation of anticorrosive
properties, develop compositions for obtaining
spinels using the method of co-precipitation and
further heat treatment in the Fe-Al-Mg-0 system.

Materials and methods

To obtain co-precipitated hydroxides, 0.5 M
aqueous solutions of iron (II) sulfate, aluminum
sulfate, and magnesium sulfate were used. Sodium
hydroxide was used as a precipitant. The ratio of
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cations was varied in accordance with Table 1. The
obtained hydroxides were washed and dried at a
temperature of 60°C, and then calcined at a
temperature of 800 °C.

The pH of aqueous extracts of pigments was
determined using a laboratory pH-meter pH-150
MI with a combined glass electrode. The
procedure for preparing an aqueous extract of the
pigment is as follows: 15 g of the pigment was
placed in a 150-300 ml beaker, 50 ml of distilled
water was added, heated to boiling and boiled for
30 min. The suspension was cooled, filtered. Then
it was quantitatively transferred into a volumetric
flask and the volume was brought up to 50 ml with
distilled water [29]. The main technological
characteristics were determined both for dried
samples and for those calcined at a temperature of
800 °C.

The anticorrosive activity of pigments was
assessed by the potentiodynamic method by
comparing the anodic and cathodic polarization
curves, as well as the curves of potentials and
corrosion currents calculated on the basis of the
Tafel sections of curves. Polarization curves were
obtained on a setup consisting of a Potentiostat /
Galvanostat / ZRA Gamry potentiostat connected
to a PC using the Gamry Framework program.
Scan rate of potential 50 mV/s. As a working
electrode, we used plates of St. 3 steel with an area
of 1 cm2. Before the experiment, the electrodes
were polished, degreased, kept in a HCl solution
(1:1 vol.) for a minute. A platinum wire served as
an auxiliary electrode.

Electrode potentials were measured relative to
a saturated silver-silver chloride electrode. The
experiment temperature was 298 * 1K.

The degree of protection was determined by
the formula:

-1
z=| 21— %100, (1)
Iy
where: z - degree of protection, %;
Io — corrosion current in the background

solution, A/cm?;

Ipig — corrosion current in a water extract,
A/cmz,

X-ray diffraction patterns of pigments were
obtained on a DRON-2.0 device in monochromatic
copper radiation with a nickel filter. The
determination of color characteristics and color
purity was carried out using an FKTsSh-M color
comparator.

The measurement results were processed
using the simplex-lattice planning method. When
studying the properties of a mixture, depending
on the content of components in it, the factor space
was presented in the form of a correct (g-1) -
dimensional simplex. In order to study the
dependence of the indicated physicochemical and
optical characteristics of pigments on the
composition and temperature of annealing of
pigments using the simplex-lattice planning
method, corresponding experiments were carried
out. The response surface on the "composition-
property" diagrams was depicted using isolines,
which were performed using mathematical
models.

Results and discussion

The results of measuring the characteristics of
pigments in the Fe-Al-Co-O systems before and
after annealing are shown in Table 1 and in Fig. 1
and 2.

Table 1

Color characteristics of Fe-Al-Mg-0 pigments before and after calcination

composition DRC, % A,nm P, % DRC, % A, nm P, %

2 Fe203 Al203 MgO uncalcined calcined

1 1 36.49 588 69 12.76 630 10
2 1/3 2/3 33.24 596 40 24.47 601 45
3 2/3 1/3 33.85 599 50 20.66 602 45
4 1 94.25 700 1 85.85 700 0
5 1/3 2/3 62.68 605 10 12.12 579 1
6 2/3 1/3 79.97 700 5 19.16 400 1
7 1 26.15 591 15 10.61 500 0
8 2/3 1/3 18.76 595 30 9.48 510’ 0
9 1/3 2/3 28.33 596 40 9.34 560’ 1
10 1/3 1/3 1/3 25.23 595 35 10.19 499 4

* DRC - diffuse reflection coefficient, % ; A -wavelength, nm; P - purity, %
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The characteristics of the synthesized
compositions are given in Table 1. The
dependence of the color indicators presented in
the form of composition-property diagrams is
shown in Fig. 1-3.

Analyzing the data obtained, it can be said that
the color is due to the phase composition of the
resulting hydroxides and oxyhydroxides, as well
as the treatment temperature of the compositions.
The yellow color of sample No. 1 corresponds to
the formation of iron oxyhydroxide. The change in
the saturation of the yellow color along the Fe-Al
side of the triangle depends on the aluminum
content. Moreover, color formation occurs
according to the law of additivity. The presence of
aluminum leads to the formation of solid solutions

Fe

a)

of iron and aluminum oxyhydroxides.
Composition 4 corresponds to the formation of
white aluminum hydroxide. Samples 5 and 6
correspond to different magnesium content and
predetermine the beige and milk colors of the
products formed.

Magnesium hydroxide has a milky color - the
wavelength of 591 nm corresponds to the yellow-
green part of the spectrum. Combinations of
magnesium and iron give brown colors, the
dominant wavelength of which (596 nm)
corresponds to the red region of the spectrum. The
increase in iron content gives the pigment a dark
brown color. The composition corresponding to
the triple point (Fe - Al - Mg) is also brown.

b)
Fig. 1 Color characteristics of pigments of the Fe-Al-Mg-0 system
a) treatment temperature 60 °C b) treatment temperature 800 °C

Mg

Fig. 2 RC of pigments of the Fe-Al-Mg-0 system a) treatment temperature 60 ° C b) treatment temperature
800 °C
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Fe

A 69
68

Fe

"-—-u—---'"'-’

a)

Mg
b)

Fig. 3. Color purity of pigments of the Fe-Al-Mg-0 system a) treatment temperature 60 ° Cb) treatment
temperature 800 °C

Fe

Fig. 4. pH of the aqueous extract of pigments of the Fe-Al-Mg-O system a) treatment temperature 25 ° C b) treatment
temperature 100 °C

The highest DRC (diffuse reflection
coefficient) indicates high gloss values for sample
4 (94.25-94.62). Using the simplex lattice
planning method, the positive influence of
aluminum on the gloss of pigments was revealed.
It was found that iron (III) oxyhydroxide with Mg
and Al cations form compositions with a color
purity of approximately 20-25 % more than the
original. To study the effect of heat treatment, the
pigments were calcined at 780-800 °C. After
calcination, color formation occurs in accordance
with the formation of spinel compounds. The
brightness and gloss index decreased, but
remained rather high for pigments of the Fe-Al-O
system, which include aluminum (2/3 Al -24.47 ...
24.24 %; 1/3 Al - 20.66 ... 20.52 %). As the color
purity increases, the reflectance also increases.

During heat treatment of two-component
pigments, the color tone changed: in combinations
with aluminum it increased (579-630 nm), in
combinations with iron it decreased (400-
560 nm). An increase in covalence after heat
treatment leads to a shift in color to longer
wavelengths and to an increase in color intensity.
For example, the total presence of iron and
aluminum in the solution resulted in the terracotta
red color of the pigments. The pigments, which
included iron and magnesium, changed from
yellow to orange. Combinations of aluminum with
magnesium had a beige tint. The degree of color
saturation of a pigment is determined by its color
purity. The color purity remained high only in
pigments that included iron and aluminum (P =
45 %).
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Spinel pigments are classified as anodic
inhibitors that impede the process of metal
ionization, forming passivating films on the
surface of the anodic areas that isolate the surface.
It is assumed that the corrosion inhibiting process
in the presence of spinel compounds is associated
with their hydrolysis, leading to an increase in pH
under the pigmented paintwork. In addition,
ferrites enhance the barrier to diffusion of water
and oxygen due to the formation of complexes
with acidic groups of film-forming agents.

The anticorrosive activity of the pigments was
determined by comparing the anodic polarization
curves. Comparison of the anticorrosive
properties of pigments obtained by calcining and
dried with the same ratio of components makes it
possible to assess the contribution to the
anticorrosive effect of the pH of the aqueous
extract, and the electrochemical component due to
the presence of hydrolyzing spinels (Table 2).

Composition of pigments of the Fe-Al-Mg-0 system and their characteristics roble
Ne pH z,% %, Ohm! m-1 o, mV pH z,% %, Ohmt m-1 o, mV
n/

n uncalcined calcined

1. 495 63.21 5.56 -371 6.56 66.78 4.20 -458
3. 6.68 69.88 5.82 -268 7.41 25.88 495 -503
2, 7.9 79.81 5.62 -251 7.09 33.00 413 -493
4. 4.45 55.08 5.27 -438 7.04 39.36 4.10 15
6. 8.35 69.88 5.27 -148 9.13 63.16 3.96 116,3
5. 8.34 59.35 55 -255 10.68 88.93 3.49 37
7. 10.14 63.23 5.27 -108 10.69 95.89 1.19 98
9. 9.00 63.21 521 -125 10.8 95.02 4.03 -38
8. 8.95 86.47 521 -165 10.00 39.36 417 2
10 8.53 63.21 5.38 -168 7.28 69.85 3.99 -58

* pH - pH of the aqueous extract; z - protective effect,%; y - electrical conductivity, Ohm-1 m-1; ¢ - corrosion potential, mV

Analysis of Figures 5a and 5b shows that low
corrosion potentials correspond to high pH values,
i.e. the anticorrosive effect is explained by the
action of the formed spinels MgAl,04, FeAl;04; it is

the formation of high-temperature aluminates
from co-precipitated aluminum and iron or
magnesium hydroxides that provides a high
protective effect.

Fig. 5. Steel corrosion potential of a) Fe-Al-Mg-0 system, treatment temperature 60 ° C b)) Fe-Al-Mg-0
system, treatment temperature 800 °C
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The potential and rate of corrosion of steel in
solutions prepared from extracts of the studied
powder pigments depends both on the nature and
composition of these pigments and on the method
of their treatment.

Table 2 shows the results obtained by
processing the polarization curves for aqueous
extracts of calcined powder pigments, consisting
of Fe, Mg, Al in different ratios. Composition No. 2
(1/3 Fe and 2/3 Mg) has the greatest inhibitory
effect, as evidenced by a more positive potential
for the onset of corrosion (-0.2 V). Compositions
No. 4, 5, 9 differ in approximately the same action.

Solutions No. 7, 8, 1 have the least inhibitory
effect. After calcination, the nature of the
dependence changes somewhat. The potentials of
the onset of corrosion shift towards more positive
potentials, which indicates an improvement in the
inhibitory effect. The lowest corrosion rate is
observed for composition No. 4 (100% Mg). A high
inhibitory effect is observed for compositions
No. 5, 3.

Conclusions

The synthesis of composite oxides, including
ferrites, by combination of corresponding salts,
followed by co-precipitation and heat treatment
makes it possible to obtain promising materials.
The conducted studies allow us to conclude that
dispersed composite hydroxides and oxides are
effective anticorrosive pigments with a color
gamut in the range of white yellow brown for
hydroxides, and white terracotta crimson for
complex oxides. In addition, the combination of
various colors and anticorrosive activity of
complex oxides makes it possible to use them as
effective fillers for paints and varnishes.

The main technological properties of pigments
are determined by the anionic and cationic
composition. Color characteristics are determined
by the cation occupying the tetrahedral position in
the crystal lattice. For all considered systems, an
increase in covalence after heat treatment leads to
ashiftin color to the long-wavelength region of the
spectrum and to an increase in color intensity. The
anticorrosive properties of uncalcined pigments
are largely determined by the presence of
hydroxyl ions formed as a result of hydrolysis of
compounds. The greatest effect is observed in the
case of using metal compounds, the dissociation
constants of which differ significantly. In the case
of calcined pigments, the properties depend on the
anionic composition. Spinels, garnets, ferrites, the
hydrolysis of which passes through the anion,
have a low protective effect even in the presence
of alkaline earth cations in tetrahedral positions.

The protective effect is mainly determined by the
deceleration of the anodic process. In this case,
anions containing aluminum atoms accelerate
corrosion processes.
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