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ABSTRACT

The synthesis of ceramic materials such as ferrite has been widely studied in recent years, due to their proper-
ties that make these materials have excellent applications in technology, as well as in photocatalytic process-
es and as catalysts. To obtain the copper ferrite phase the EDTA-Citrate complexation method was used, var-
ying pH (5, 7 and 9), temperature (600, 800 and 1000 °C) and calcination time (2, 7 and 12 h). Composition,
morphology and structural analyzes were performed by X-ray fluorescence spectroscopy, X-ray dispersive
energy, scanning electron microscopy and X-ray diffraction, respectively. Crystalline phase of copper ferrite
(CuFe,04) with tetragonal structure and secondary phase of Fe,Os; and CuO was verified by XRD analysis.
Regarding the chemical composition analyzes, percentage deviations of the samples and the theoretical value
for copper and iron were calculated. It was obtained minimum values of 0.16 - 0.08% (atomic%, EDS) and
16 - 8% (atomic%, XRF) in relation to copper and iron, respectively, for the sample obtained under pH 9,
calcined at 600 °C for 12 h. The variation of the synthesis condition via EDTA-Citrate directly influenced the
morphology of copper ferrite, presenting agglomerated particles, pore formation, irregular spheres, and even
powder sintering.
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1. INTRODUCTION

Spinel-type ferrite is a ceramic material that has been widely studied in recent years, for its magnetic proper-
ties, chemical and thermal stability, allowing these materials to have a variety of applications in technological
areas such as energy integrated circuits, millimeter waves and magnets permanent [1] in addition to being
used in photocatalytic processes [2], microwave radiation isolators [3], magnetic fluids [4], as well as cata-
lysts [5]. Ferrite has crystalline structures and diverse compositions, with chemical formula MFe,0O,4, where
M represents bivalent metallic cations, such as copper, cobalt, nickel, zinc, among others [6]. There are dif-
ferent techniques from which these materials can be synthesized, including sol-gel [2], co-precipitation [7],
solvothermal [8], combustion [1], hydrothermal synthesis and EDTA-Citrate complexation [9]. This latter
method has been widely used for the production of ceramic powders due to its numerous advantages, such as
easy control of stoichiometry, high purity and crystallinity of the products, since the choice of a chemical
process is very important to obtain good quality ferrite [10, 11].

Copper ferrite (CuFe,0,) may have a tetragonal or cubic structure, the first being more stable at low
temperatures and the second at high temperatures [12]. Due to its low toxicity, thermal and chemical stability,
this material can be used as a gas sensor, presenting high sensorial potential. YANG et al. [8] produced cop-
per ferrite by the solvothermal method for gas sensor application, presenting excellent performance. They
obtained a high and fast sensory response that exhibited a value of 20.1 to 250 °C, compared with the com-
mercial gas detector responses that the maximum was 3.6 at that same temperature, besides presenting a
characteristic of the nanospheres of copper ferrite. Studies show that this ferrite also has a recovery capacity
when used as a catalyst, showing a loss of only 8% of the reaction yield after five subsequent cycles [13]. It
can be used as a catalyst in organic reactions, such as phenol synthesis [14], Friedel-crafts acylation reactions
[15] and alkoxylation of organic compounds [16]. SHETTY et al. [1] conducted a comparative study on cop-
per, zinc and nickel ferrite, which were synthesized by the simple combustion method, and morphological
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studies and photocatalytic studies were performed. The three ceramic materials presented efficiency as pho-
tocatalyst, but copper ferrite among the other synthesized materials presented higher photocatalytic potential
in the decomposition of dyes with values of 94.5%, 82.8% and 65.3% for CuFe,O,4, NiFe,O4 and ZnFe,0,,
respectively.

The objective of this work is to obtain the copper ferrite synthesized by the EDTA-Citrate complexa-
tion method and to evaluate the influence of thermal parameters and pH on its chemical composition, struc-
ture and morphology.

2. MATERIALS AND METHODS

2.1 Synthesis of copper ferrite by EDTA-Citrate complexation method

The chemical reagents used in the synthesis of copper ferrite by the EDTA-Citrate complexation method
were iron nitrate (Fe(NO3)3.9H,0, Sigma-Aldrich), copper nitrate (Cu(NOs3),.3H,0, Sigma-Aldrich), acid
EDTA (CyoH1sN,Qg, Synth). The three reagents were 99% pure, citric acid (C,H40,, Synth) 99.5% pure and
ammonium hydroxide (NH,OH, Impex) 28% pure in NH;OH.

The EDTA-Citrate complexation method based on the methodology described by SANTOS et al. [10],
SILVA et al. [11] and SILVA et al. [17] is shown in Figure 1 and briefly described below: initially, some
amount of acidic EDTA was diluted in ammonium hydroxide at a ratio of 1 g:10 mL and kept under con-
trolled stirring and heating (solution 1), then to solution 2 (Fe(NO3);.9H,0) and then solution 3
(Cu(NO3),.3H,0) was added to solution 1 and then solution 4. Subsequently citric acid was added (solution
4) and then the temperature was increased and controlled by about 80 °C until gel formation. The pH of solu-
tion 4 is corrected by the addition of NH;OH or with nitric acid solution (10 mol/L) when necessary. The
molar ratio of acid EDTA, citric acid and metal ions to obtain ceramic powder was 1:1.5:1. Table 1 presents
the experimental synthesis conditions. The pre calcination condition for all samples, regardless of pH, was
the same: 230 °C, for 180 min with a heating rate of 5 °C/min.
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Figure 1: Proposed methodological route for CuFe,O,4 synthesis based on the EDTA-Citrate complexation method.
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Table 1: Experimental synthesis conditions for obtaining CuFe,O, ceramic powders based on the EDTA-Citrate com-
plexation method.

_ Experimental conditions of synthesis
Synthesis oH | Calcination (°c) | Rate (°C.min™) | Isotherm (h)

1 5 600 5 2
2 9 600 5 2
3 5 1000 5 12
4 9 1000 5 12
5 5 600 5 12
6 9 600 5 12
7 5 1000 5 2
8 9 1000 5 2
9 7 800 5 7
10 7 800 5 7
11 7 800 5 7

2.2 Structural and morphological characterizations

The samples were characterized by X-ray Diffraction (XRD) in order to identify the crystalline phases. The
measurements were obtained with an X-ray diffractometer (Shimadzu DRX-7000), using Cu-Ka radiation,
with 40 kV voltage and 30 mA current. The diffractograms were obtained in the 26 range ranging from 10 to
80 degrees in 5 °C/min steps. To identify the crystalline phase (s), the X Pert High Score version 4.8 soft-
ware was used.

The morphology of the samples was evaluated by field emission scanning electron microscopy (SEM)
(MEV-FEG) (Carl Zeiss, Auriga model) coupled with dispersive energy spectrometer (EDS), which was used
for Chemical composition analysis, which was also obtained by X-ray Fluorescence Spectroscopy, using an
EDX-7000 Shimadzu detector spectrometer. The enlargements were performed on a scale of 1 micrometer (1
pim) and / or 200 nanometers (200 nm).

3. RESULTS

3.1 X-ray diffraction (XRD) of EDTA-Citrate copper ferrite

Figure 2 shows the diffractograms of CuFe,0, samples synthesized via EDTA-Citrate complexation method,
as shown in Table 1.

Figure 2 (A) shows the diffractograms of the samples synthesized in an acid medium (pH 5) with dif-
ferent temperature conditions and calcination time according to Table 1. Analyzing the samples obtained at
600 °C with different isotherm times, it was found that the sample is composed of iron oxide (Fe,03). And,
the increase in the calcination time favors the formation of the desired phase. In general, the temperature of
600 °C is not sufficient to obtain pure copper ferrite by EDTA-Citrate complexation method independent of
the isotherm time since the material is partially amorphous together with a mixture of oxides for the synthesis
condition in pH 5. However, maintaining pH 5 and thermally treating at 1000 °C for 2 h and 12 h, in both
isotherms more well-defined peaks can be observed, and the presence of single-phase CuFe,0O, can be identi-
fied, according to the crystallographic plans presented in the diffractogram.

Samples synthesized at pH 7 with calcination conditions of 800 °C for 7 h are shown in Figure 2 (B).
This experimental condition synthesized in triplicate presents better defined peaks, characteristic of crystal-
line solids, indexed as a spinel of copper ferrite. Finally, the diffractograms for samples synthesized with pH
9 are shown in Figure 2 (C). In a basic reaction medium and at 600 °C, a noticeable difference is noticed in
the formation of the desired phase depending on the calcination time, where the heat-treated sample for 2 h
presents a mixture of oxides while the increase in the treatment time for 12 h results in a more crystalline
material that presents only copper oxide as impurity. However, when calcined at 1000 °C and basic medium,
they are monophasic and crystalline regardless of the calcination time.
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Figure 2: Copper Ferrite Diffractograms (A) pH 5, (B) pH 7 e (C) pH 9.

The XRD standards used to identify the samples obtained (Figure 2) are the tetragonal copper ferrite
spinel (141 / amd (141), ICSD N°: 016666), rhombohedral iron oxide (R-3c (167), ICSD N°: 022505 and
monoclinic copper oxide (C2 / ¢ (15), ICSD N°: 067850). There were no additional peaks related to the sec-
ondary phase in the diffraction patterns in samples pH 5 (1000 °C - 2 and 12 h) pH 7 (800 °C - 7 h) and pH 9
(1000 °C - 2 and 12 h), ensuring phase purity within the limit of XRD detection.

The results presented for the materials obtained in different experimental conditions showed that re-
gardless of the pH of the synthesis it was not possible to obtain the desired pure phase when the organometal-
lic complex was calcined at a temperature of 600 °C even when the isotherm time was increased by 2 for 12
h of time, however, when the calcination temperature was 1000 °C, the formation of copper ferrite free of
impurities is verified, which leads us to believe that the temperature variable has greater influence within the
process of formation of the desired material when synthesized by the EDTA-Citrate complexation method.
With the increase mainly in temperature and followed by the reaction time, there is an increase in the internal
energy and entropy of the system. To minimize the disorder caused, the crystals coalesce with each other due
to the greater energy provided by the system, resulting in a crystalline material with a stable phase [9].

Although pH is a very important variable in complexation reactions, it is observed that in this case, it
did not cause a significant change in the structure or phase formation for temperatures of 800 - 1000 °C for
the studied calcination times. When analyzing the heat treatment condition at 600 °C at pH 5 and 9, the de-
sired non-formation is observed, with the exception of the sample obtained in basic medium at 600 °C with
12 h of isotherm where the formation of ferrite is observed copper and a small amount of copper oxide.

NIKOLIC et al. [7] synthesized copper ferrites by the coprecipitation method in the same temperature
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range (300 °C to 1100 °C) and observed the presence of iron oxide (Fe,0s3) in all calcination temperatures, in
addition to the formation of the copper oxide (CuQO) at a temperature of 500 °C. SHETTY et al. [1] also syn-
thesized copper ferrites using the simple combustion method at 500 °C, verified the presence of two second-
ary phases, Fe,0; and CuO. From there, it can be seen that the method and the synthesis conditions are fun-
damental to obtain crystalline powders with an impurity-free phase. The methodology used for the produc-
tion of copper ferrites calcined at 800 - 1000 °C, regardless of the pH of the synthesis, proved to be quite
efficient with regard to obtaining single-phase powders since the literature shows that CuFe,O, has already
been produced by different methods in this same temperature range to no avail.

3.2 Chemical Composition Analysis by X-ray Fluorescence Spectroscopy (XRF)

By X-ray Fluorescence Spectroscopy analysis, the chemical composition of the synthesized samples was
studied. Table 2 presents the atomic percentage values (at. %) of copper and iron for the samples analyzed, in
addition to the deviation from the theoretical value.

Table 2: Chemical composition of CuFe,O,4 analyzed by XRF.

Samples % Cu Error (%) % Fe Error (%)
pH 5 (600 °C / 12h) 39.86 19.59 60.14 9.80
pH 5 (1000 °C / 2h) 42.53 27.59 57.47 13.80
1- pH 7 (800 °C / 7h) 44.39 33.16 55.62 16.58
2-pH 7 (800 °C / 7h) 43.51 30.52 56.49 15.26
3-pH 7 (800 °C/ 7h) 44.46 33.39 55.54 16.69
pH 9 (600 °C / 12h) 38.66 15.99 61.34 7.99
pH 9 (1000 °C / 2h) 44.08 32.24 55.92 16.12

The theoretical atomic percentage of copper and iron are 33.33 and 66.67%, respectively, analyzing
only these two atoms in the molecule. There are relatively high deviations between the atomic percentages
obtained by XRF and the theoretical value, with minimum values 16 and 8% and maximum values 33 and
17% for copper and iron, respectively. The sample obtained under pH 9 conditions, calcined at 600 °C for 12
h, showed the smallest deviation among all synthesized samples. Deviations between the theoretical and ex-
perimental percentage may be related to the formation of secondary phases [18] identified in diffractograms
and also to losses during material processing. Another point to be made is that the reagents used are hygro-
scopic in nature and during the weighing process, despite careful handling of the reagents, they absorb water
quickly and this error may be embedded in the theoretical stoichiometric calculation to obtain of copper fer-
rite.

3.3 Morphological analysis by scanning electron microscopy (SEM)

The following Figures present the results of scanning electron microscopy (SEM) analysis of CuFe,O4 sam-
ples obtained via EDTA-Citrate complexation method under different conditions as shown in Table 1. Figure
3 (A) and Figure 3 (B) show magnification of 10000x and 20000, respectively. The morphology of the sam-
ple with synthesis conditions: pH 5, calcined at 600 °C for 2 h and those of the pH 5 sample (magnified on
the same scale) calcined at 600 °C for 12 h (Figure 4), are non-uniform and present pores. These results are
similar to those of SHETTY et al. [1] that calcined the samples at 500 °C and obtained by microscopic analy-
sis, structures with pores.
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Figure 3: Scanning electron microscopy of CuFe,O, sample obtained at pH 5 (600 °C / 2 h) conditions. (A) 1 ym and (B)
200 nm.

Figure 4: Scanning electron microscopy of CuFe,O, sample obtained at pH 5 (600 °C / 12 h) conditions. (A) 1 um and
(B) 200 nm.

Figure 5 represents a pH 5 sample calcined at 1000 °C for 2 h. Being (A) and (B) with magnifications
of 10000x and 20000x, respectively. When calcined at 1000 °C, the sample exhibits characteristics of a sin-
tering process.

Figure 5: Scanning electron microscopy of CuFe,O, sample obtained at pH 5 (1000 °C / 2 h) conditions. (A) 1 um and
(B) 200 nm.

Figures 6, 7 and 8 represent CuFe,O, samples at pH 7 conditions, calcined at 800 °C for 7 h. Figures
(A) have magnification of 10000x and figures (B) of 20000x. It is observed in the other irregular and ag-
glomerated spherical particles, with similar shapes to those obtained by MANIKANDAN et al. [19].
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Figure 6: Scanning electron microscopy of CuFe,O4 sample obtained at pH 7 sample (1) conditions (800 °C / 7 h). (A) 1
pum and (B) 200 nm.
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Figure 7: Scanning electron microscopy of CuFe,O, sample obtained at pH 7 sample (2) conditions (800 °C / 7 h). (A) 1
um and (B) 200 nm.

Figure 8: Scanning electron microscopy of CuFe,O, sample obtained at pH 7 sample (3) conditions (800 °C / 7 h). (A) 1
um and (B) 200 nm.

Figure 9, where (A) has magnification of 10000x and (B) of 20000x, obtained with conditions of pH 9
at 600 °C for 12 h, particle agglomerates, as well as the presence of small pores. While Figures 10 are sam-
ples of pH 9, the calcination conditions being: (A) 600 °C for 2 h, (B) 1000 °C for 2 h and (C) 1000 °C for 12
h. In these samples, particles with different shapes and non-uniform sizes are observed.
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Figure 9: Scanning electron microscopy of CuFe,O, sample obtained at pH 9 (600 °C / 12 h) conditions. (A) 1 um and
(B) 200 nm.

Figure 10: Scanning electron microscopy of CuFe,O4sample obtained at pH 9 conditions - 1 um (A) 600 °C / 2 h, (B)
1000 °C /2 hand (C) 1000 °C / 12 h.

The different synthesis conditions influenced the morphology of the samples, presenting non-uniform
shapes and sizes with inhomogeneous particle agglomerations.

Table 3 presents the atomic percentage values of copper and iron for the samples analyzed by X-ray
dispersive energy (EDS), in addition to the deviation from the theoretical value.
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Table 3: Chemical composition of CuFe,0O,4 analyzed by EDS.

Samples % Cu | Error (%) | % Fe | Error (%)
Multiphase pH 5 (600 °C / 2h) 33.17 0.49 66.83 0.25
Multiphase pH 5 (600 °C / 12h) 34.93 4.79 65.07 2.39
Single phase pH 5 (1000 °C / 2h) 30.71 7.87 69.29 3.94
Multiphase pH 5 (1000 °C / 12h) 29.79 10.63 70.21 5.32
Single phase 1- pH 7 (800 °C / 7h) 33.91 0.37 66.09 0.87
Single phase 2-pH 7 (800 °C/ 7h) 33.18 0.46 66.82 0.25
Single phase 3-pH 7 (800 °C/ 7h) 34.12 2.36 65.88 1.18
Multiphase pH 9 (600 °C / 2h) 31.52 5.44 68.48 2.63
Multiphase pH 9 (600 °C / 12h) 33.28 0.16 66.72 0.08
Single phase pH 9 (1000 °C / 2h) 32.22 3.34 67.78 1.67
Multiphase pH 9 (1000 °C / 12h) 26.35 20.95 73.65 10.48

The deviations between the atomic percentages of the synthesized samples and the theoretical value
were calculated, obtaining minimum values 0.16 and 0.08% and maximum values 20.95 and 10.48% for cop-
per and iron, respectively. Such minimum deviation values were found in the sample obtained under pH 9
conditions, calcined at 600 °C for 12 h. The values obtained in the analysis can be considered reliable within
the margin of error and the equipment itself, in the case of a semi-quantitative analysis.

4. CONCLUSIONS

Single-phase CuFe,04 was obtained via EDTA-Citrate complexation method regardless of the pH of the me-
dium (pH 5, 7 or 9), however the heat treatment adopted directly influences the purity of the phase. Among
the experimental conditions studied, pure copper ferrite was obtained when synthesized in an acidic and basic
medium at 1000 °C for 2 h and neutral pH at 800 °C for 7 h. The different synthesis conditions directly influ-
enced the morphology of copper ferrite obtained by EDTA-Citrate method. Variations in particle agglomera-
tion, pore formation and irregular sphere shapes were observed, as well as sintering the powder.
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