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Abstract

The article proposes the synthesis of CoFez04 by a modified coprecipitation method followed by plasma treatment.
With the help of simplex planning of the experiment, the samples were synthesized using different precipitants. X-
ray phase analysis and vibrational magnetometry were used to characterize the obtained samples. Diagrams of the
composition of the precipitator and the response function are given in the paper. Alkalis in the NaOH - LiOH - KOH
system were used as precipitants. The response functions were a coercive force, saturation magnetization, average
crystallite size, crystallite size along the X-ray pattern line (311), crystallite size along the X-ray pattern line (400),
dislocation density, and percentage of microstrains. Summarizing the results of mathematical modeling and
graphical display of experimental data, presented in the form of composition-property diagrams, made it possible to
quantitatively assess the influence of the nature of the precipitant on the structural and magnetic properties of cobalt
ferrites. The saturation magnetization for samples obtained using sodium hydroxide is higher than for other samples.
High saturation magnetization values also apply to samples along the NaOH-LiOH line. It is established that isolines
corresponding to high values of saturation magnetization coincide with larger values of the lattice parameter. An
inverse relationship is observed for the values of microstresses and the density of dislocations. That is, a more perfect
crystal structure corresponds to improved magnetic properties. X-ray phase analysis also showed that the presence
of impurities reduces the saturation magnetization and increases the coercive force.

Keywords: precipitation; sodium hydroxide; simplex-lattice planning of the experiment; response function.

BIIV/IUB YMOB CUHTE3Y HA CTPYKTYPHI I MATHITHI BJIACTUBOCTI CoFez04
Jlinist A. ®pososal’, Onekcanzp C. bBackeBuyl, Ipuna B. Cknap?, Onekcangp 1. Kymnepos?

1 IBH3 «Ykpaincokuil deprcagHuil Ximiko-mexHoa02iunull yHieepcumemy, npocn.l'azapina, 8, [JHinpo,49005, Ykpaina
2/lninpoacbkull HayioHaabHull yHieepcumem imeHi Onecsi ['onyapa, npocn. I'azapina, 72, [lninpo, 49010, Ykpaina

AHoTarniqa
Y po6ori 3anponoHoBaHo cuHTe3 CoFez04+ MoauM}iKOBAaHMM METOAOM CIiBOCAJKEHHSI 3 HACTYNHOK IJIa3MOBOIO
06po6KoI0. 3a JONMOMOrol CHUMIUIEKC-pemliT4acToro IJIaHyBaHHSA eKCIepUMeHTy Oy/M CHHTe30BaHi 3pasKu 3
BUKOPUCTAHHAM DPi3HOMaHITHUX oca/JyKyBadiB. /l/I1 XapaKTepUMCTMKH OTPUMaHHUX 3pa3KiB 6y/J10 BUKOPHUCTAHO
peHTreHoda3oBuil aHaji3, Bi6paniliHy marHitometpio. B po6oTi npejcraBieHi AiarpaMm «ckJjaj ocajKyBada -
dyHKuia Bigryka». B skocTi ocaKyBa4diB BUKOpucTOBYBau Jyru B cucteMi NaOH - LiOH - KOH. ®yHKnisasmMu Bigryky
6y/I1 KOepUMTHBHA CUJIa, HAMarHidyeHicTh HaCUYeHHs, cepeJHii po3Mip KpucTaaiTiB, po3Mip KpUCTaaiTiB No JiHii
peHTreHorpamu (311), po3mip kpucraaitiB no JiiHii peHTtreHorpamu (400), WiAbHICTBD AUCIOKaLil, BiJCOTOK
MiKpOHanpy>KeHb. Y3arajJbHeHHsl pe3y/bTaTiB MaTeMaTH4YHOI0 MOJEe/JIOBAaHHA Ta rpagiyHoro BijoGpakeHHS
eKCllepUMEeHTA/IbHUX AAHUX, 0 NMpeJACTaBjJeHi B BUIJIAAI AiarpaM «CKJaj - BJACTHUBICTb», J03BOJININ KiJlbKiCHO
OLiHMTH BIUIMB NPUPOJHU OCaJ)KyBada Ha CTPYKTYPHi Ta MarHiTHi Baactusocti ¢epuTiB Ko6a1bTy. HamarniyeHicts
HacCU4YeHHA JJis 3pa3KiB, 0 OTPUMaHi 3 3aCTOCyBaHHSAM HaTpiil rigpokcuay, Buma 3a iHwi 3pasku (Ms cTaHOBUTH
136.0 A m2/kr 3a yMmoBH BukopuctaHHA NaOH). Bucoki noka3HMKH HaMarHiyeHOCTi HAaCU4eHHS BiJHOCATbCA TaKOX
Ao 3pa3kiB no JjiHii NaOH-LiOH. BcraHoB1eHo, 110 i301iHil, AKi BiANOBiZal0Th BUCOKUM 3HAaYE€HHSAM HaMarHiyeHoCTi
Hacu4eHHsd, CHiBNaJalTh 3 GiILIIMMM 3HAYeHHAMHU NapaMeTpa peliTKH. 3BOPOTHA 3aJ/IeXKHICTh CIOCTepiraerbcs
AJI1 3HAaYeHb MiKpOHampyr Ta TFyCTUHU JucaoKanii. To6To goBepumieHima KpucTajidyHa CTPYKTypa BiamoBizae
NMOKpallleHUM MAarHiTHMM BJIacTUBOCTAM. Takok peHTreHo$a30BUH aHaJIi3 NOKa3aB, 0 HASIBHICTh JOMIllIOK 3HUXKYE
HaMarHidyeHicTh HACUYEeHHs Ta NiJABUILY€E KOEPUUTHUBHY CUY.
Karouosi cnosa: ocajkeHHsl; HATpid riApoKcH/; CUMILJIEKC-pelliTyacTe JIaHyBaHHS eKCIIepUMEHTY; QYHKLis BiATYKY.
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Introduction

The rapid development of science-intensive
technologies leads to the expansion of the areas of
use of spinel ferrites [1-3]. At the beginning of the
century, their field of use was limited to the
creation of magnets and magnetic recording
devices. Currently, spinel ferrites and in particular
cobalt ferrites are used in environmental
protection  technologies (as  adsorbents,
photocatalysts), in medicine (as antibacterial
agents and for targeted drug delivery), as sensors,
in electronics, in the production of "green fuel",
supercapacitors [4-9]. This is because cobalt
ferrites are easily synthesized, heat-resistant,
corrosion-resistant, and have high values of
coercive force and saturation magnetization.
Previous studies have shown that the properties
of cobalt ferrite are determined by the
composition, technology, and conditions of their
production [10-12]. It is obvious that the complex
of properties is determined by the dispersion of
particles, the arrangement of cations on the octa-
and tetra-sites of the ferrite crystal lattice, and the
presence of non-magnetic impurities. The
development of new technologies and the
determination of optimal conditions for obtaining
cobalt ferrite, which is most in demand on the
market, are the subject of many studies [13-17].

The analysis of the results of the influence of
various factors on the quality of complex oxides
gives grounds for asserting that the temperature,
concentration of starting substances, and pH of the
starting solution are very important in the
production technology of cobalt ferrite [18-20].
The influence of the nature of the precipitant is
also a very important factor, but little studied. The
choice of the appropriate reagent is influenced by
such factors as reaction speed, buffering capacity,
solubility, price and availability of the reagent, and
easy and inexpensive transportation of the
reagent. In the practice of producing ferrites, salts
or oxides are used as precursors, depending on the
technology of their production. In liquid-phase
technologies, salt solutions and an alkaline
precipitant are mandatory precursors.

During precipitation from solutions of metal
salts, in particular iron (II), by various
precipitants, such as hydroxides, carbonates, and
bicarbonates of alkali metals and ammonium,
various basic salts are precipitated, which has a
strong influence on the structure and properties of
the compounds obtained from them, for example,
oxides metals [21].

The range of alkaline agents is quite wide. All of
them have certain advantages and disadvantages.

When using inexpensive precipitants such as
sodium carbonates, calcium hydroxide, calcium
oxide, slaked dolomite lime, and quick dolomite
lime, the formation of high-quality cobalt ferrite is
impossible due to contamination with poorly
soluble calcium and magnesium sulphates.

The mechanism of precipitation from solutions
of iron(Il) salts by soluble carbonates and
bicarbonates of alkali metals and ammonium is
usually presented in a simplified manner,
assuming that iron(II) carbonate is formed as a
result of the reaction. However, due to the ability
to hydrolyse the carbonate ion, carbonate ions,
bicarbonate ions, and hydroxide ions are present
in the solution. This can lead to the formation of
ferric carbonate, ferric hydroxide, and ferric
hydroxocarbonate. Research on the possibility of
using carbonates is considered in works [22; 23].

The wuse of ammonia complicates the
technological scheme, which requires ensuring
the necessary working conditions. Homogeneous
methods of precipitation of hydroxides are
promising. One of them uses products of high-
temperature hydrolysis of urea. This allows you to
regulate the process of formation of embryos and
their further growth. In addition, it is possible to
use hydroxides of lithium, potassium, and sodium,
which differ in the size of the cation and the degree
of dissociation.

The purpose of this study is to determine the
influence of the nature of the precipitant on the
magnetic properties of cobalt ferrite using the
simplex lattice experiment planning method.

Method

The following reagents were used in the
experimental studies: CoSO4, FeS04 7H,0; trilon B;
NaOH, LiOH, KOH.

The following conditions were adopted for the
research: concentration of FeSO; CoSO;, -
0.5 mol/l, concentration of precipitants -
1.0 mol/], temperature — 40 °C.

The synthesis was carried out in a plasma
reactor, the principle of which is described in
detail in [17].

X-ray phase analysis was performed using a
DRON-2 diffractometer.

To study the influence of the composition of
precipitants on the properties of ferrites, a simplex
lattice plan was used, which requires a minimum
number of experiments to study the dependence
of the response function on the selected factors.
Molar concentrations of sodium hydroxide,
lithium, and potassium, respectively, were chosen
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as factors X3, X2, and x3. The plan of the experiment

is given in Table 1.

Simplex lattice planning matrix {3,3}

Table 1

Ne Composition of the precipitator

NaOH KOH LiOH Yi
1 1 0 0 v1
2 0.667 0.333 0 y2
3 0.333 0.667 0 y3
4 0 1 0 ya
5 0 0.667 0.333 ys
6 0 0.333 0.667 Ve
7 0 0 1 y7
8 0.333 0 0.667 ys
9 0.667 0 0.333 Y9
10 0.333 0.333 0.333 y10

Calculation of coefficients in the regression
equation and verification of its adequacy was
carried out using the STATISTICA 12 program.
"Property-composition” diagrams were depicted
using isolines. The response functions were
coercive force (Hc), Oe; saturation magnetization
(Ms), Emu/g; crystallite size (L, A); the size of the
crystallites along the X-ray line 311 (Lz11, A); the
size of the crystallites along the X-ray line 400
(Lsoo, A); density of dislocations (Ds11)) sm2),
percentage of microstresses (M, %).

Results and discussion

The magnetic and structural characteristics of
cobalt ferrite are the most important properties.
Table 2 shows the matrix of the results of the
implementation of the simplex-lattice plan used to
study the effect of the nature of the precipitator
the values of the response functions obtained for
the coded conditions adopted in each experiment
and the serial number of the samples. The table
also shows the phase composition of the samples
determined by X-ray phase analysis.

Table 2

Results of simplex planning of the experiment

Ne  Hc, Ms, a, A Ls11, A Laoo, L, M*10-3, D311*1010,  Phase composition
Oe Emu/g A A % sm-2

1 300 136 8.3449 387 552 485 0.66 48.9 CoFe204

2 750 51.86 8.3363 349 489 438 0.67 80.2 CoFe204

3 450 2834 83306 305 402 383 0.506 78.7  CoFe204.CoOOH

4 400 31.5 8.3363 414 582 519 0.573 42.7  CoFe204 FeOOH

5 300 18.174 8.3249 227 399 284 212 142 CoFe204 CoOOH

6 400 37.45 8.3406 256 488 320 2.39 112 CoFe204. CoOOH

7 750 77.275 83373 425 612 533 0.63 40.5 CoFe204FeOOH. CoOOH

8 650 41.2858.3458 796 612 370 2.12 83.8  CoFe204C00.Co00H

9 800 93.25 8.3411 469 629 1170 0.96 441 CoFe204. CoOOH

10 400 36 8.3373 223 461 238 2.83 147 CoFe204.FeOOH. CoOOH

Figures 1-7 illustrate contour plots of the effect
of the nature and ratio of precipitants on the
magnetic and structural properties of cobalt
ferrite. resulting from the formation of certain
products due to the interaction of components.
Various feedback values were obtained, which are
indicated by a change in color. Red colored regions
indicate higher values of the response function. It

can be seen from Figure 1 that the saturation
magnetization for samples obtained using sodium
hydroxide is higher than in other samples (Ms is
136.0 Emu/g for sample 1 and 93.25 Emu/g for
sample 9). High values of saturation
magnetization also apply to samples along the
NaOH-LiOH line.
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DV: Ms, Emu/kg; R-sqr=0,9952; Adj:0,9568

DV: Ms, Emu/kg; MS Residual=7,262608

(A)Na - 50,46527
(C)Li ‘ 29,64865
AB ‘ -16,1868
AC ‘ -14,8136
B)K 11,76289

BC 86132

iy

AC(A-C)

8,13257

"

— 120 AB(A-B)

— 100
80 ABC

-2,86988

L

2,828865

p=,05
Standardized Effect Estimate (Absolute
Value)

b)

M;s=136.00-x1 + 30.89-x2 + 77.878-x3 - 195.07-X1-X2-178.52-X1"X3 - 119.59-X2-X3 + 248.572-X1"X2"X3 -77.72-X1"X2"(X1-X2)
+219.982-x1-X3"(X1-X3)

Fig. 1. Dependence of saturation magnetization on the composition of the precipitator (a) and Pareto diagram of
standardized effects (b)

Analysis of the Pareto diagram indicates that

the most influential component of the precipitant

DV: Hc, Oe; R-sqr=0,9996; Adj:0,9967

Li

a)

is sodium hydroxide. lithium

hydroxide.

followed by

DV: He, Oe; MS Residual=125,0345

(C)Li -ll 68,58581
(B)K ‘ 36,93091
(A)Na ‘ 26,82911
AB ‘22,33615
BC ‘-20,1215
AB(A-B) ‘ 20,07235
AC ‘18,11144
— 700 AC(A-C) ‘17,97014
— 640
540 ABC ‘ -14,5025
440 7
p=,05
— 340 . ,
240 Standardized Effect Estimate (Absolute

Value)

b)

Hc=300.00-x1+ 402.50-x2 + 747.50-x3 - 1119.38'X1°X2 + 905.63-X1"X3 - 1012.51-X2"X3 -5287.51"X1"X2"X3 +
2255.60°x1°X2"(X1-X2) +2019.36X1°X3"(X1-X3)

Fig. 2. Dependence of the coercive force on the composition of the precipitant (a) and the Pareto diagram of
standardized effects (b)

Fig. 2 shows a contour plot showing the optimal
value of the composition of the precipitant (NaOH-
LiOH-KOH) for increasing the coercive force. This
graph clearly shows that the amount of coercive
force increases along the sodium hydroxide-

lithium hydroxide line with a small amount of
potassium hydroxide.

In addition, the correlation of the experimental
data from the simplex lattice design with the
predicted values using the cubic model was high.
with an R2 value >99.99 %. indicating that the
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model can adequately explain the discrepancy
between the data. Moreover, the values of the
correlation coefficient for the obtained models
were lower than 86 % for all calculations (Fig. 1-
7), which means that the linear model cannot
adequately describe the magnetic properties of
cobalt ferrite. Checking the models (Figs. 1-7) also
showed that the cubic model adequately describes
the saturation magnetization, coercive force,
lattice parameter, crystallite size, dislocation
density and percentage of microstresses. On the
contrary, the linear model does not sufficiently

DV: a,A; R-sqr=0,9898; Adj:0,9086
Li

0,0041,00 (A)Na .-I 4504
(B)K .-Il 4499)
(C)Li 4386,

take into account the influence of sodium
hydroxide. This means that the linear model was
missing the most important predictor variable
(precipitator interaction effect), which is
necessary to successfully predict the effect of
mixed precipitants on the value of the magnetic
properties of cobalt ferrite.

Figure 3 shows that larger lattice parameter
values correspond to sodium hydroxide-lithium
hydroxide compositions and coincide with regions
of increased saturation magnetization values.

DV: a,A; MS Residual=0,0000036

-5,38037

BC(B-C)
AB

-3,76194

AC(A-C)

-2,60627

BC

-2,03182

AC

1,131732

— 8,344 ABC

— 8,34

19694172

INIENI RN RSN

8,336
8,332
— 8,328
— 8,324

p=,05

Standardized Effect Estimate (Absolute

Value)

b)

a=8.345325'x1+ 8.335875-x2+ 8.3373-x3- 0.0322-X1'X2 +0.0096X1°X3 - 0.01726x2°X3 + 0.0601-X1°X2"X3 -
0.049-x1-X2*(X1-X2) -0.1027-X1"X3(X1-X3)

Fig. 3. Dependence of the lattice parameter on the composition of the precipitator (a) and the Pareto diagram of
standardized effects (b)

Crystallite size values were calculated using
three methods. First, according to Scherrer's
formula. which in crystallography and X-ray
diffraction relates the size of the crystallites to the
width of the diffraction peaks. However, in
addition to peak broadening due to crystallite size.
there are other factors that can contribute to peak
widths in X ray patterns. As a rule, these are
distortions and defects of the crystal lattice, the
presence of dislocations, packing defects,
microstresses, the presence of grain boundaries
and subboundaries, chemical heterogeneity [24].
Scherrer's formula is suitable for determining only
estimated particle sizes due to the fact that such
calculations are used for crystals whose sizes are
less than 100-200 nm and take into account the
broadening of diffraction reflexes associated with
size effects only. The Williamson-Hall method [24]
is used to more accurately determine particle sizes

using X ray patterns. This method is based on a
combination of Scherrer and Stokes-Wilson
formulas. Thus, it is possible to take into account
the broadening of reflexes caused by both particle
sizes and microvoltages in the crystal. Thus, the
sizes of the crystallites were determined by the
Williamson-Hall method based on the (311) and
(400) peaks on the X-ray diffraction pattern
corresponding to certain planes. The resulting
dependencies are presented in Figures 4-6. For all
calculated values, general trends in crystallite size
change are observed. The calculated average
values of crystallites range from 10-110 nm. They
are 40-60 nm along the (400) plane, and 20-
80 nm along the (311) plane. It is the isolines of
the crystallite sizes calculated by the Selyakov-
Scherrer formula that correlates with the
dependence of the saturation magnetization on
the composition.
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DV: Lago,A; R-sqr=,9999; Adj:,9993 DV: Lyp,A; MS Residual=5,183462
Li
(©)Li
(B)K
(A)Na
BC ‘722004
AB ‘-57,2255
AB(A-B) ‘25,55035
BC(B-C) ‘ 23,2767
— 584 AC | 17008
— 544 AC(A-C) ‘10,90139
504
o 5 0,00 464 p=05
0,00 0,25 0,50 0,75 1,00 — 424 Standardized Effect Estimate (Absolute
Na K — 384 Value)
a b

Laoo=552.314-x1+ 582.314-x2 + 612.314-x3- 550.288-x1'X2 +169.716-X1"X3 - 694.288-Xx2'X3 + 654.742-X1"X2"X3
+249.749-X1°X2*(X1-X2) -533.241-X1°X3"(X1-X3)

Fig. 4. Dependence of crystallite size along line (400) on the composition of the precipitator (a) and the Pareto
diagram of standardized effects (b)
DV: Layy, A; R-sqr=0,995; Adj:0,9552 DV: a,A; MS Residual=0,0000034

8,344646{

(A)Na

8,3370467

(©)Li

8,336046{

(B)K

BC(B-C)

-,103723

AC(A-C)

-,048825

AB

-,029314

AB(A-B)

,0191243

BC

-,015364

CICIEIETE I ]

= 700 AC

,0134358

400 -1 01 2 3 45 6 7 8 910
— 200 Effect Estimate (Absolute Value)

b)

L311=387.00-X1+ 410.20-x2 + 428.80-X3 - 322.20-X1X2 +1010.70-x1-x3 - 801.00-X2'X3 -4675.50-X1"X2"X3
+349.20-x1'X2"(X1-X2) -2113.17X1°X3*(X1-X3)

Fig. 5. Dependence of crystallite size along line (311) on the composition of the precipitator (a) and Pareto
diagram of standardized effects (b)

DV: L,A; MS Residual=441,7956
DV: L,A; R-sqr=0,9993; Adj:0,9936

(A)Na III..III 23,07443

AC ‘ 12,38321
ABC -9,73427

— 1100

— 900 AB -4,26817
700 AB(A-B) 2,069622

500
0,00 0,25 0,50 0,75 1,00 — 300 p=05
Na K — 100 Standardized EffsguEe?timate (Absolute
a) b)

L=485.00-x1+ 514.30-x2+ 537.70-x3 - 401.18-x1x2 +1163.93-x1-x3 - 1008.01-X2'X3-6671.25-X1-X2"X3 +437.17-X1"X2"(X1-
x2) +5518.49-X1"X3"(X1-X3)
Fig. 6. Dependence of the average size of crystallites on the composition of the precipitant (a) and the Pareto
diagram of standardized effects (b)
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On the contrary. high values of dislocation values of saturation magnetization and coercive
density and microstresses correspond to lower force (Figs. 7, 8).

DV: Dayy sm?; MS Residual=0,1445205

ABC II-I 913,04074

BC

DV: Dg;; sm?; R-sqr=0,9998,; Adj:0,9999

384,1107

U

AC(A-C)

-286,68

-

BC(B-C) 197,3557

.

AB 151,4258

U

86,8167

y

48,81499

42,78501

| |
LI

5 6 -100 100 300 500 700 900 1100
36 0 200 400 600 800 1000

Effect Estimate (Absolute Value)
a) b)
D311=48.815-x1+ 42.785x2 + 40.500-x3 + 151.43-X1"X2 +86.817-X1'x3 +384.111-Xx2'X3 + 913.041-X1°X2"X3 -
286.68-x1-X2"(x1-X2) +197.356-X1°X3"(X1-X3)
Fig. 7. Dependence of the density of dislocations on the composition of the precipitant (a) and the Pareto diagram of
standardized effects (b)

DV: M*10°%,%; R-sqr=0,9989; Adj:0,99
Li
0,0041,00
=\

Na K

a)

DV: M*10°%,%; MS Residual=0,0082011

- 26228

AB

O

AC(A-C)

-7,94295

BC

7,48635

i

3,981957

AC

)

BC(B-C)

]

-1,64866

(A)Na

16802502

(©)Li

63

(B)K

15527498

LD

AB

-,128251

]

=
3
[$2]

0 5 10 15 20 25 30
Effect Estimate (Absolute Value)
b)

M=0.680"x1+ 0.5527x2 + 0.630-x3 - 0.1282-X1°X2 +3.98X1"X3 +7.486°X2'X3 +25.6 22-X1"X2'X3 -7.942X1°X2" (X1-X2) -
1.648x1-x3"(X1-X3)

Fig. 8. Dependence of the percentage of microstresses on the composition of the precipitator (a) and the
Pareto diagram of standardized effects (b)

Conclusions

The analysis of the composition-property
diagrams, which were constructed by the method
of simplex-lattice planning of the experiment,
made it possible to obtain new data on the
influence of the nature of the precipitant on the
magnetic and structural properties of cobalt
ferrite. Coercive force, saturation magnetization,
average crystallite size, crystallite size along the X-
ray diagram line (311), crystallite size along the X-
ray diagram line (400), dislocation density, and
percentage of microstrains were selected as
response functions.

The effect of the nature and concentration of
alkali on the magnetic properties of cobalt ferrite

nanoparticles at constant values of other
parameters was studied. Such alkalis as sodium,
potassium, and lithium hydroxides were used.

It was established that the magnetic
characteristics of cobalt ferrite increase in the
order: of NaOH > LiOH > KOH. The decrease in
saturation magnetization when using stronger
bases is due to the possibility of the formation of
non-magnetic phases.

That is, a more perfect crystal structure
corresponds to improved magnetic properties. X-
ray phase analysis also showed that the presence
of  impurities reduces the saturation
magnetization and increases the coercive force.
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