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Mixed cobalt-copper ferrite-type materials: synthesis and photocatalytic efficiency in
degradation of Reactive Black 5 dye under UV-light irradiation
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Mixed cobalt-copper ferrite-type materials having different compositions were prepared using a coprecipitation
technique and mechanochemical or microwave treatment. Various physicochemical methods, such as powder X-ray
diffraction, Mossbauer and FTIR spectroscopy, single point BET method, porosity investigations, and temperature-
programmed reduction, were used for characterization of the obtained ferrite-type samples. The photocatalytic activities
of the so synthesized cobalt-copper ferrite-type materials were examined in oxidative degradation of Reactive Black 5
(RB5) dye as model contaminant in aqueous solution under UV-A light illumination. Photocatalytic activity tests
established that microwave treatment of coprecipitated Cog,5Cuq.sFe, 504 sample leads to a higher degree of degra-
dation of RB5 dye (98%) compared to that of coprecipitated (96%) and mechanochemically treated (73%) materials.
Mechanochemical treatment enhanced the conversion degree of RB5 dye after 120 min of illumination: 77 and 78% for
Coy5CugsFe,0,4 and Cog4Cug1Fe, 504, respectively, compared with matching coprecipitated samples (48% and 52%),
accordingly. An enhancement of photocatalytic efficiency of prepared cobalt-copper ferrites upon decreasing the cobalt
content was established. The photocatalytic properties of obtained mixed cobalt-copper ferrite-type samples were
affected by the degree of incorporation of metal ions in the magnetite-type structure and by applied preparation methods.
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INTRODUCTION

Studies of nanodimensional ferrites properties
have attracted attention in last years because of their
significance in the fundamental understanding of
physical processes as well as due to their various
technological applications [1]. Spinel ferrites possess
very interesting catalytic properties compared with
single component metal oxides. The catalytic acti-
vities of spinel ferrites depend on various factors
such as particle size, redox properties of metal ions
and their distribution between the tetrahedral (A)
and octahedral (B) coordination sites [2]. Investiga-
tions of the preparation and properties of cobalt-
copper (copper-cobalt) ferrites [1,3-5] and substi-
tuted cobalt nanoferrites CoM,Fe, O, (M=Cr3+,
Ni?*, Cu*™*, Zn®*; 0.2 < x <1.0) [2] of different com-
positions have been carried out by many researchers
[1-5].

The goals of the present work were synthesis,
physicochemical characterization, and comparison of
photocatalytic activities of mixed cobalt-copper
ferrite-type materials of different compositions in
degradation of Reactive Black 5 dye as model pollu-
tant in aqueous solution under UV-A light irradiation.
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EXPERIMENTAL

Mixed Co-Cu ferrite-type samples having differ-
ent stoichiometric compositions: Co0g25CUg 25F€2504
(A), C00.4CUO.1F92_504 (B), and C00.5CUO.5F6204 (C)
were synthesized by a coprecipitation procedure
using 0.03 M aqueous solutions of CoCl,.6H,0
(Alfa  Aesar), CuCl,.2H,0O (Valerus, p.a.),
FeCl,.4H,O (Sigma  Aldrich, p.a), and/or
FeCl;.6H,0 (P.P.H. STANLAB s.j) mixed at appro-
priate ratios. A pH value of 12.5 of the mixture was
reached by adding dropwise 0.3 M NaOH under
continuous stirring. After coprecipitation, the
mixture was stirred for another hour. The obtained
precipitates were centrifuged and washed with
distilled water until neutral reaction (pH = 7) was
achieved. The prepared samples were then sonicated
for 5 min. The products were dried in air at room
temperature. Coprecipitated ferrite-type samples
were mechanochemically treated in a high-energy
planetary ball mill (model PM 100, Retsch, Germa-
ny). The mechanochemical process was carried out
in tungsten carbide vessels of 250-ml volume at a
milling speed of 400 rpm for 210 min under argon.
The mass ratio of powder amount to applied balls
was 1:46. The mechanochemically treated materials
were denoted as follows: Cog25CugsFe, 504 as D,
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Co0y.4Cug1Fe, 50, like E, and CogsCuqsFe,O, as F.
The coprecipitated sample A was also microwave-
treated at 120°C for 2 h using a microwave apparat-
us (Milestone Ethos Plus High Performance Micro-
wave Labstation). Afterwards the Cog 25CUg 25F€,50,4
material, labelled as G, was centrifuged and dried at
100°C for 4 h and 30 min.

The structure, phase composition, and magnetic
behaviour of the prepared cobalt-copper ferrite-type
samples were investigated by several physico-
chemical methods.

Powder X-ray diffraction (PXRD) analysis was
carried out on a Siemens D-500 diffractometer at 40
kV and 30 mA, using CuKa filtered radiation (A =
1.5418 A).

Mossbauer spectroscopy measurements of the
synthesized materials were carried out on a Wissen-
schaftliche Elektronik GmbH apparatus by working
at a constant acceleration mode and applying a
Co/Rh source (activity ~50 mCi) and a-Fe stan-
dard. Hyperfine interaction parameters of Mos-
sbauer spectral components: isomeric shift (IS),
guadrupole splitting (QS), hyperfine effective
magnetic field at the sites of iron nuclei (He), line
widths (FWHM), and component relative weights
(G) were determined by computer fitting.

A FTIR spectroscopic study was performed
using the KBr pellet technique on a Perkin Elmer
Spectrum One apparatus by averaging 50 spectra
with a nominal resolution of 4 cm™.

A Micromeritics Gemini VII 2390t surface area
analyser was used to record nitrogen adsorption-
desorption isotherms for specific surface area and
porosity assessment. The investigated materials
were degassed beforehand in a Micromeritics
Gemini Flow Prep 060 degassing unit for 2 h at
110°C under continuous nitrogen flow.

Temperature-programmed reduction (TPR) expe-
riments were conducted in a Micromeritics TPR-
TPD 2900 apparatus by applying a 5-vol.% Hy/Ar
mixture (from L’Air Liquide, Spain) at a heating
rate of 10 grad.min*. The amount of tested material
was selected to satisfy resolution conditions report-
ed by Malet and Caballero [6].

Synthesized materials were tested for photo-
catalytic activity in oxidative degradation of
Reactive Black 5 (RB5) dye under UV-A poly-
chromatic illumination (18-W lamp with maximal
emission at 365 nm). The reaction course was
followed using a CamSpec M501 UV-Vis spectro-
photometer in the wavelength range from 200 to 800
nm. The initial concentration of the used RB5 dye
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solution was 20 ppm. The investigated systems
reached an equilibrium state in the dark for about 30
min before switching on the UV illumination. The
photocatalytic tests were carried out in a semi-batch
suspension photocatalytic reactor upon feeding air
through two frits to create a large stoichiometric
excess of oxygen.

RESULTS AND DISCUSSION

PXRD patterns of coprecipitated, mechano-
chemically and microwave-treated mixed cobalt-
copper ferrite-type materials are shown in figure 1.
The spinel non-stoichiometric ferrite (PDF-22-1086;
PDF-34-0425; PDF-75-0449) and additional iron
oxyhydroxide (PDF-75-1594) phases are identified
in the PXRD diagrams of coprecipitated samples A,
B, and C. Formation of single spinel non-stoichio-
metric ferrite phases (PDF-22-1086; PDF-34-0425;
PDF-75-0449) is observed in the investigated
samples both after mechanochemical (D, E, F) and
microwave (G) treatment.

Mgossbauer data are presented in figure 2.
Doublet or doublet and sextet components are
observed in the spectra at room temperature (RT)
with the so prepared cobalt-copper ferrite-type
materials A, B, C, D, E, F, and G. Mdossbauer
spectra at liquid nitrogen temperature (LNT) were
recorded to establish the nature of doublet and sextet
lines. A superposition of sextet and doublet
components is derived from the LNT spectra of all
studied samples. Estimation of the spectra pointed to
existence of iron ions in a ultradispersed ferrite
phase of superparamagnetic (SPM) behaviour and
sizes below 10 nm, and/or ferrite particles of sizes
below 20 nm showing a collective magnetic
excitation (CME) behaviour for the A, B, C, D, E, F,
and G samples and iron ions belonging to an
intermediate phase of iron oxyhydroxide with the A,
B, and C materials [7].

FTIR spectra of the obtained mixed cobalt-
copper ferrite-type samples are displayed in figure
3. The bands positioned below 700 cm™ are assigned
to vibrations of ions in the crystal lattice [8]. The
vibrations recorded around 3400 cm™ and 1625-
1633 cm* are due to the O-H stretching and H-O-H
bending modes of free or absorbed water molecules
[1]. The bands at about 1352-1368 cm ™ and 1464—
1475 cm™ are ascribed to vibrations of carbonate
(CO5%) and hydroxycarbonate (HCO3") species [9]
adsorbed on the surface. Adsorption of atmospheric
CO, could explain the presence of these species.
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Fig. 1. PXRD patterns of synthesized mixed Fig. 2. Mdssbauer spectra of prepared mixed Co-Cu ferrite-type
cobalt-copper ferrite-type materials. samples at room (RT) and liquid nitrogen (LN) temperature.
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Figure 4 shows N, adsorption-desorption iso- 2 "
therms at —196°C for the synthesized cobalt-copper § « rr".':;"
ferrite-type samples. The adsorption branch in the a c
three isotherms of mechanochemically treated mate- ;
rials D, E, and F belongs to Type Il of the IUPAC Z S D
classification [10]. They display hysteresis loops of B s sarkhasd
type H3 that is typical of non-rigid aggregates of s aca 445
plate-like particles giving rise to slit-shaped pores o[ ' ' _ _ ' '
[11]. Sample F has a notably higher specific surface 00 02 04 06 08 10 12
area value (92 m?.g™) compared to the mechano- PP,
chemically treated samples D and E, 37 and 51
m?.g™", respectively. The shape of the isotherm of G
coprecipitated sample C shows a hysteresis loop 160 1 R
similar to the H2 type. This hysteresis type has been . 1401 ’X."
found for disordered materials of indefinite pore size f 120 e
distribution and shape. On the other hand, the iso- £ 100 {/‘
therms of samples A, B, and G are similar to those § 20 4 /4,.‘
of type 1V in the IUPAC classification that is typical < €0l
of mesoporous materials. Data in table 1 show that *
the surface area values of the coprecipitated 20
materials are much higher than those of mechano- o1 i i i i i )
chemically treated series are. Table 1 summarizes 00 02 04 08 08 10 12
values of total specific surface area (Sget), external PP,
surface area (_St)’ micropore volume (Ve), and Fig. 4. Nitrogen adsorption-desorption isotherms of
average pore diameter (Dy) calculated from the N, prepared mixed cobalt-copper ferrite-type materials

adsorption-desorption isotherms at —196°C. measured at —196°C.
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Figure 5 discloses TPR curves of the obtained
ferrite-type samples and reduction temperature ranges
from 200 to 800°C. All curves have two reduction
peaks between 200 and 350°C that could be attri-
buted to reduction of Co* and Cu®* species to
metallic cobalt and copper phases, respectively. At
temperatures between ca. 350°C and end of reduc-
tion, the curve has several overlapping effects due to
the reduction of Fe,03. The TPR curves of samples
C and F indicate a lower H, consumption in this
interval, as it could be expected in advance due to a
lower iron content in these samples. TPR curves
belonging to samples of similar compositions show
similar shapes, the shifts in temperature of the
effects found for the reduction steps being due to
differences in dispersion of the species formed
depending on synthesis method used.

signal(a.u.)

signal (a.u.)

200 400 600 300 1000
Fig. 5. TPR profiles of synthesized mixed cobalt-copper
ferrite-type materials.

Table 2 summarizes ratios of hydrogen amount
experimentally consumed during TPR analysis to
theoretically needed amount for complete reduction
of the cations, calculated from the content of each
metal cation obtained by element chemical analysis
of the samples. Experimental H, consumption values
agree well with the calculated ones and a slight
deviation is within the experimental error inherent to
this technique [12].

The results obtained by PXRD, Mdssbauer and
FTIR spectroscopy, specific surface area, porosity

measurements, and temperature-programmed reduc-
tion are in complete agreement.

Table 2. Ratio of experimental to calculated H,
consumption based on TPR analysis.

Sample Exp./calc. amount of

consumed H,

11
1.0
0.8
1.0
11
1.0
11

OTMMUOUOmY>

Prior to testing the photocatalytic activities of the
samples, the adsorption capacities of the samples
(mg dye/mg catalyst) were juxtaposed after 30 min
of adsorption time interval in the dark (sufficient to
reach adsorption-desorption): 0.02 (A), 0.04 (B),
0.04 (C), 0.06 (D), 0.07 (E), 0.07 (F), and 0.12 (G).
Different starting points in figure 6 are due to
different adsorption capacities of the samples,
however, experimental runs were carried out at one
and the same initial concentration, C, = 20 ppm.
Figure 6 represents comparatively the course of the
photocatalytic reaction with time interval of illumi-
nation of the RB5 aqueous solution. Photocatalytic
testing results established that the conversion degrees
of RB5 dye after 120 min over the mechanoche-
mically treated photocatalysts E (78%) and F (77%)
are higher than those over samples B (52%) and C
(48%) prepared by coprecipitation. An enhancement
of the degree of degradation of RB5 dye using the
microwave-treated sample G (98%) as photo-
catalyst is also observed if compared with the
coprecipitated sample A (96%) and the mechano-
chemically treated one D (73%).
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Fig. 6. Conversion degrees of RB5 dye solution
determined as [(Co—C)/Cy]*100%, where Cy is the initial
concentration (20 ppm) of RB5 dye before switching on
the illumination and C is the current concentration with

course of time (maximum absorbance at 599 nm azo bond
(-N=N-) under UV-A illumination over mixed cobalt-
copper ferrite-type photocatalysts.
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An improvement of photocatalytic efficiency of
the mixed cobalt-copper ferrite-type materials is
achieved upon lowering the content of cobalt in the
magnetite-type host structure. In the general case,
the photocatalytic activities are correlating with
adsorption capacity: the higher the capacity, the
higher the activity with the exception of sample A.
In spite of its lowest adsorption capacity, the latter
sample is being activated in the course of the
photocatalytic test reaching almost the same activity
as that of sample G. The mechanism of this activa-
tion is not clear yet and it has to be elucidated in a
future study. This effect is due to some adsorbed
admixture that has remained on the surface after
synthesis. In the course of the photocatalytic activity
testing, under the effect of the illumination energy
the adsorbed amount is being desorbed during the
irradiation. Thus, the activation is probably en-
hancing liberation of adsorption sites, which is
evident by a sharp increase in conversion degree
with time.

CONCLUSIONS

Mixed cobalt-copper ferrite-type materials were
successfully synthesized using coprecipitation and
mechanochemical or microwave treatment. Powder
X-ray diffraction data established the presence of
spinel ferrite and an iron oxyhydroxide phase in the
coprecipitated samples. The single ferrite phase was
obtained after mechanochemical or microwave treat-
ment of the mixed cobalt-copper ferrite-type materi-
als. Superparamagnetic and collective magnetic
excitation properties of the prepared ferrite powders
were estimated by Mossbauer spectroscopy at both
room and liquid nitrogen temperature. A coprecipi-
tated Co,5CuUosFe,04 sample exhibited the highest
specific surface area of 286 m>.g ™, which was larger
than that of other cobalt-copper ferrite-type materi-
als. A microwave-treated Cog,5CuUg25F€,504 Sample
exposed a specific surface area of 204 m>.g™*, being
higher than that of a mechanochemically treated
counterpart (Sger = 37 m?.g™"). Photocatalytic stud-
ies proved that the mechanochemical treatment
leads to an improved degradation conversion degree
of RB5 dye after 120 min, 77 and 78% for the
CogsCupsFe;04 and  Cog4CupiFesO,  samples,
respectively, compared with  coprecipitated
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Coy5Cug 5Fe,0, (48%) and Cog4Cug1Fe, 50, (52%)
materials. In the case of microwave-treated
Co0y.25CUg 25Fe, 504 sample the degree of discolora-
tion (98%) was higher than that of coprecipitated
C00.25CUg 25Fe250, (96%) and mechanochemically
treated Cog25CUg25F€e2504 (73%) samples. The re-
sults indicate that the photocatalytic efficiency of
synthesized cobalt-copper ferrites is dependent on
the degree of incorporation of metal ions in the
magnetite type structure and on the preparation con-
ditions. Decreasing the cobalt content in the ferrite-
type materials leads to an increase in photocatalytic
activity. The present study shows that mixed cobalt-
copper ferrite-type materials can find potential
application to purification of polluted waters
containing azo dyes.
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(Pesrome)

CMeceHH KOOaNT-MEIHA MaTepHand OT (EpUTEH THII C Pa3IMueH ChCTaB OsfXa IMOJTydeHH M3MOI3BAKM TEXHUKA Ha
ChbyTasBaHe M MEXAaHOXMMHYHA I MUKPOBBIHOBA 00paboTKa. Pa3innyHu GU3MKOXMMHYHH METOIM KAaTO PEHTTCHOBA
mudpakims 1 MpocbayepoBa CIIeKTpocKoIus, HHppadepBeHa criekTpockonus ¢ Pypue Tpanchopmanus, BET meton 3a
crneuuduyHaTa TMOBBPXHOCT, MNOPHO3HOCTTA M TEMIEpPAaTypHO-TIpOrpaMHpaHa peAyKIHs Osixa H3MON3BaHU 3a
oXapakTepu3upaHe Ha MNOoJydyeHHuTe Nnpodu oT ¢epureH Turl. POTOKATAIUTHYHHTE AKTHBHOCTH HA CUHTE3UPAHUTE
KOOQJIT-METHU MaTepualid OT (pepUTeH TUN Osixa W3CJIeBAaHU B OKUCIHMTEIHOTO pasrpaxiaHe Ha PeaxruBHo UepHo 5
(PYS) Garpuio kato MoAeNeH 3aMbpPCHUTEN BB BOICH pa3TBOp NpH oOibuBane ¢ YB-A cBeminHa. DoToKaTaMTHYHU
ONKTH YCTAHOBHUXA, Y€ MHUKPOBBIHOBaTa 00paboTKa Ha yracHa nmpoda Cog,5CUg 25Fe, 504 Bou 10 Mo-BHCOKA CTEIICH Ha
pasrpaxxnane Ha PUS Garpunoto (98%) B cpaBHEHHE ¢ Ta3u MPH M3MOJI3BaHE Ha yracHUs (96%) U MEXaHOXUMHYHO
obpaborenus (73%) wmarepman. MexaHoxMMHYHAaTa 0OpabOTKa IOBWINABA CTENEHTAa HAa pasrpaxigane Ha PUS
Oarpunoto cumex 120 mur ocBersiBane: 77% u 78% 3a C0psCugsFe;O4 m Cog4CugiFe,50,4 B cpaBHEeHHE CBC
CHOTBETHHUTE yTaeHH mpobdu (48% mu 52%). YcraHoBeHO e momoOpeHue Ha (OTOKATAIMTHYHATA CIIOCOOHOCT Ha
MOJy4eHUTE KOOAIT-MeAHH (EPHTH C HaMalsiBaHEe CBhABbPKAHUETO Ha KoOanT B MaTepuana. DoTOKaTalUTHYHHTE
CBOIfCTBa HA MONYYCHUTE CMECCHH KOOanT-MeIHH MpoOH OT (EpUTEH THIl 3aBUCAT OT CTCICHTa HA BHEIpSABAaHE Ha
METaJIHUTE HOHU B MATHETUTOBUS THII CTPYKTYpPa M OT M3IIOJI3BAaHUTE METOJIH 3 TI0JIy4aBaHe.
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