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Synthesis and characterization of copper-manganese ferrites with composition
Cu, Mn Fe,O, supported on activated carbon
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The present study is addressed to the synthesis of mixed copper-manganese ferrite catalysts Cu, Mn Fe,O, (x=0;
0.2; 0.4; 0.6; 0.8; 1) supported on activated carbon from peach stones. The samples were characterized by X-ray dif-
fraction, Mssbauer spectroscopy and methanol decomposition to CO and hydrogen was used as a catalytic test. The
formation of ferrite catalysts with cubic and partially inverse spinel structure was established. Significant changes
under the reaction medium of the ferrite materials with the formation of magnetite and carbide of Haag were regis-
tered. The presence of copper in the manganese ferrites improves the catalytic activity at the low-temperature and this

tendency increases with the increase of copper content.
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INTRODUCTION

Ferrite materials are attractive area for intensive
research due to their wide application in electron-
ics [2], catalysis [3], biology and medicine [4], etc.
Depending on the location of the cations in the
crystal lattice the spinel type ferrites are classified
in three main groups: normal, inverse and partially
inverse. In the normal spinels all two-valent cati-
ons are located only on tetrahedral positions, while
in the inverse spinels all two-valent cations occupy
only octahedral positions and in the partially inverse
spinels, the two-valent cations are located partially
at tetrahedral and octahedral positions. It is well-
known that various metallic ions may preferably oc-
cupy various coordination positions [5]. Moreover,
the distribution of the ions in the structure of the spi-
nel affects both the physical and catalytic features
[6, 7]. Spinel ferrites are effective catalysts for pho-
to-splitting of methanol/water solution [8], meth-
ane reforming [9], steam reforming of methanol
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and ethanol [10, 11] and methanol decomposition
[12—-17]. It has been established, that mixed ferrites
such as Cu, Co Fe,O, and Cu, Zn Fe,O, exhibit
better catalytic activity in methanol decomposi-
tion than the mono-component ones [13, 14], [16],
[18, 19]. In the recent years the activated carbons
based on low-cost agricultural wastes are widely
used as adsorbents and supports for catalysts due to
their textural characteristics, surface functionality
and stability which could be easily controlled dur-
ing the process of the pyrolysis and carbon treat-
ment [20-24]. Iron modified activated carbon from
various agriculture wastes were tested as catalysts
in methanol decomposition in ref. [20]. During the
reaction the larger particles easily transformed to Fe
and/or Fe,C that resulted in low catalytic activity
and high selectivity to CO [20]. The predominant
effect of the surface functionality over the texture
characteristics of the activated carbon on the state
of loaded iron phase was discussed. The aim of the
present investigation is synthesis and characteriza-
tion of supported on activated carbon from peach
stones mixed copper-manganese ferrite catalysts
with different composition. Their behaviour as cata-
lysts in methanol decomposition is also in the focus
of the study.
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EXPERIMENTAL

Synthesis

Activated carbon support was obtained by py-
rolysis of waste peach stones at 550°C (heating
rate of 5°C/min) at atmospheric pressure and fur-
ther activation with water vapor at 800°C for 1 h.
The activated carbon was impregnated by aque-
ous solution of Cu(NO,),.3H,0, Mn(NO,),.4H,0
and Fe(NO;),.9H,0 using ultrasonic treatment on a
BANDELIN SONOPULS HD 2200. The samples
were dried at 50°C for 24 hours and then heated at
500°C for 2 hours in a nitrogen atmosphere. The
obtained materials contained 8 wt% metal are de-
noted as Cu, Mn Fe,O,/ACP, where x=0; 0.2; 0.4;
0.6;0.8and 1.

Methods of characterization

Powder X-ray diffraction (XRD) patterns were
collected within the range of 10° to 80° 20 on a
Bruker D8 Advance diffractometer with Cu K ra-
diation and LynxEye detector. Phase identification
was performed using ICDD-PDF2 Database. The
average crystallites size (D), the degree of micro-
strain (e) and the lattice parameters (a) of the stud-
ied ferrites were determined from the experimental
XRD profiles by using the PowderCell-2.4 software
and appropriate corrections for the instrumental
broadening.

The Mossbauer spectra were obtained in air at
room temperature (RT) with a Wissel (Wissen-
schaftliche Elektronik GmbH, Germany) electrome-
chanical spectrometer working in a constant accel-
eration mode. A Co/Rh (activity = 50 mCi) source
and a-Fe standard were used. The experimentally
obtained spectra were fitted using CONFIT2000
software [25]. The parameters of hyperfine interac-
tion such as isomer shift (), quadrupole splitting
(AE,), effective internal magnetic field (B), line
widths (T,,,), and relative weight (G) of the partial
components in the spectra were determined.

Catalytic experiments

Methanol conversion was carried out in a fixed
bed flow reactor (0.055 g of catalyst), argon being
used as a carrier gas (50 cm® min'). The metha-
nol partial pressure was 1.57 kPa. The catalysts
were tested under conditions of a temperature-
programmed regime within the range of 80-500°C
with heating rate of 1°C.min"'. On-line gas chro-
matographic analyses were performed on HP appa-
ratus equipped with flame ionization and thermo-
conductivity detectors, on a PLOT Q column, using
an absolute calibration method and a carbon based
material balance.
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RESULTS AND DISCUSSION

The X-Ray diffraction patterns are presented in
Figure 1 and the corresponding data are listed in
Table 1. Diffraction maxima of cubic spinel phase
(S.G. Fd-3m) are observed in all spectra. In addition
diffractions of small quantities of CuO (PDF 80-
1917), Cu,O (PDF 78-2076) and Cu (PDF 4-0836)
are also registered. The increase of Mn content in
binary ferrites leads to the increase in the lattice pa-
rameter, which was 8.34 A and 8.45 A for CuFe,0,
and MnFe,0,, respectively. This is probably due
to the larger ionic radius of Mn*" than this of Cu?®'.
According to [26] the crystal radius in octahedral
coordination of Mn?* is 0.97 A, while that of Cu?*
is 0.87 A. No linear dependence of the average
crystallite size of ferrites on their composition is
observed. The largest crystallite size, which was de-
tected for Cu,;Mn,,Fe,0,/ACP could be attributed
to the inhomogeneous surface of the activated car-
bon, which probably reflects on the mechanisms of
the formation of the primary microcrystals. There
are no simple relation between the spinel composi-
tion and microstrain degrees.
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Fig. 1. X-ray diffraction patterns of samples of Cu, Mn Fe,O,
supported on activated carbon thermally treated at 500°C.
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Table 1. Average crystallites size (D), degree of microstrain (e) and lattice parameter (a) of the ferrite phase in samples treated at
500°C determined from the experimental XRD profiles

Sample Phase D, nm e.10% a.u. a, A Additional phases
CuFe,0, /ACP Spinel 18.79 2.14 8.34 CuO
Cu,Mn,,Fe,0, /ACP Spinel 19.83 5.17 8.41 -
Cu,;Mn, ,Fe,O0, /ACP Spinel 47.27 5.07 8.40 CuO, Cu,0
Cu,,Mn,Fe,O0, /ACP Spinel 22.58 2.05 8.43 Cu
MnFe,O,/ACP Spinel 17.65 6.67 8.45 -

The Mdssbauer spectra of samples obtained after
drying are shown in Figure 2 and the calculated pa-
rameters of the spectra are presented in Table 2. All
of the spectra are quadrupole doublets which param-
eters are typical of Fe** in octahedral coordination.
The experimental spectra of the samples after ther-
mal treatment at 500°C (Figure 3, Table 3) are well
fitted with a model of three sextets and one doublet.
The sextet (Sx1) corresponds to iron in tetrahedral
position and the two sextets (Sx2 and Sx3), for iron
in octahedral coordination. The sextet with higher
values of magnetic field (Sx2) is due to stronger
magnetic interactions between iron ions, which
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Fig. 2. Méssbauer spectra of samples of Cu; Mn Fe,O, sup-
ported on activated carbon after drying at 50°C.

have smaller number non-magnetic neighbor ions
(Cu?, Mn?"), while the sextet with lower magnetic
field (Sx3) corresponds to iron ions with more cop-
per and manganese neighbors ions. It was observed
increased isomer shift of the sextet components of
iron in octahedral positions for the mixed copper-
manganese ferrite. This indicates the presence of
mixed-valence iron in octahedral coordination. The
presence of a doublet component could be due to
the presence of paramagnetic component, formed
by iron ions located in the medium of hydrocarbon
functional groups from the activated carbon surface.
Alternatively, this component could be due to pres-
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Fig. 3. Room temperature Mdssbauer spectra of samples of
Cu, Mn Fe,O, supported on activated carbon thermally treated
at 500°C.
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Table 2. Mossbauer parameters of samples of Cu, Mn Fe,O, supported on activated carbon after drying at 50°C (8 — isomer shift,
AE, — quadrupole splitting, B — effective internal magnetic field, I, — line widths, G - relative weight of the partial components
in the spectra)

Sample Components m?l;/s n?r];:{ys ]% nl:rbrxlp/,s Sjﬂ’
CuFe,0,/ACP Db-Fe** 0.36 0.68 - 0.46 100
Cu,Mn,,Fe,0,/ACP Db-Fe* 0.38 0.70 - 0.40 100
Cu, ;Mn, ,Fe,0,/ACP Db-Fe* 0.38 0.70 - 0.39 100
Cu,,Mn, Fe,0,/ACP Db-Fe®! 0.38 0.72 - 0.43 100
MnFe,O,/ACP Db-Fe* 0.38 0.70 - 0.40 100

Table 3. Mdssbauer parameters of samples of Cu, Mn Fe,O, supported on activated carbon thermally treated at 500°C (8 — isomer
shift, AE, — quadrupole splitting, B — effective internal magnetic field, I, — line widths, G — relative weight of the partial compo-
nents in the spectra, LNT — spectra measured at liquid nitrogen temperature)

5, AE., B. T G,
Sample Components /s ms T 7 o
Sx|1- Fe-tetra 0.33 001 492 0.51 2
Sx2- Fe-octa 0.34 0.00 51.0 0.52 41
CuFe,0/ACP Sx3- Fe-octa 0.33 ~0.02 4.6 1.74 16
Db-Fe' 037 0.89 _ 0.71 21
Skl e 0.32 0.00 503 0.50 21
Sx2- Fe-oota 038 ~0.02 47.9 0.68 21
Gl MEZEe Olch A Fese 0.45 ~0.10 431 1.53 21
Db-Fe>* 0.35 0.88 - 0.62 37
Sx1- Fe-tetra 0.32 0.00 49.2 0.50 31
Sx2- Fe-octa 0.39 ~0.03 47.0 0.54 16
Cuy sMn, ;Fe,0,/ACP Sx3- Fe-octa 0.51 0.01 43.1 137 36
Db-Fe>* 0.34 0.80 - 0.62 17
Sl (B 0.32 0.00 48.9 0.53 23
§x2- Fe-octa 0.51 005 45.7 0.63 18
ClpMEEe O A Feoa 0.43 0.00 41.0 1.15 2
Db-Fe>* 0.35 0.86 - 0.59 37
Sx1- Fe-tetra 031 0.00 48.4 0.57 19
Sx2- Fe-octa 0.44 0.01 45.4 0.85 23
MnFe,0,/ACP Sx3- Fe-octa 0.44 ~0.02 417 0.85 26
Db-Fe** 0.34 0.82 - 0.57 32
Sl (B 0.44 0.00 515 0.39 21
S%9- Fe-octa 0.47 0.03 53.0 035 15
L il e DO oo 0.46 ~0.09 49.4 0.95 27
Db-Fe* 0.45 0.93 - 0.56 37
Sx|1- Fe-tetra 0.45 0.00 512 0.41 24
Sx2- Fe-octa 0.47 0.02 527 0.36 14
Cug,Mn, Fe,0/ACP-LNT ¢ 5 ke octa 0.52 —0.11 49.0 0.98 28
Db-Fe** 0.45 0.92 - 0.55 34
Sl T 0.45 0.00 51.0 0.39 2
Sx2- Fe-octa 0.48 0.04 52.4 0.42 24
hose DAL S i 0.51 ~0.10 492 0.72 25
Db-Fe* 0.45 0.86 _ 0.56 29

ence of particles exhibiting superparamagnetic be- Table 3), where no significant changes with the
haviour at room temperature. This supposition was  doublet part of the spectra were detected.

supported by the Mdssbauer spectra of the samples The temperature dependencies of methanol de-
at the temperature of liquid nitrogen (Figure 4 and composition on various ferrite materials are pre-
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Fig. 4. Liquid nitrogen temperature Mdssbauer spectra of sam-

ples of Cu; Mn Fe,O, supported on activated carbon thermally
treated at 500°C.
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sented in Figure 5a. The selectivity to CO, which
formation is directly related to the ability of cata-
lysts to release hydrogen, is shown in Figure 5b.
Methane (up to 26%) and CO, (up to 27%) are also
registered as by-products. MnFe,O,/ACP sample
exhibits catalytic activity just above 340°C and
80% conversion is achieved at 440°C. All copper
containing materials demonstrate catalytic activ-
ity at about 100—150°C lower temperature. Among
them, CuFe,O,/ACP possesses the lowest catalytic
activity and well defined tendency of deactivation
above 410°C. The catalytic activity of binary ma-
terials is higher than the mono component ones and
this feature is most pronounced with the increase of
copper content in them. Note the specific course of
the temperature dependencies for all Cu; Mn Fe,O,
mixed ferrites. They all characterise with a slope at
260-350°C and a steep increase in the catalytic ac-
tivity above it.

The Mossbauer data of the samples after the
catalytic test are presented in Figure 6 and Table 4.
All spectra of samples after test are changed in dif-
ferent degree. The best fitting of CuFe,O,/ACP,
Cu, ;Mn, Fe,0,/ACP and Cu,,Mn,Fe,O0,/ACP spec-
tra after test was done using a model consists of two
sextets and one doublet. The absence of the third
sextet in spectra of these samples after catalysis
could be explain with partial reduction of Cu*" to
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(o)
o
1

CO Selectivity, %
N
o

N
o
1
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Fig. 5. Temperature dependencies of conversion (a) and CO selectivity (b) in methanol decomposition of thermally treated at

500°C samples.
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Table 4. Mossbauer parameters of samples of Cu; Mn Fe,O, supported on activated carbon after methanol decomposition test
(8 — isomer shift, AE, — quadrupole splitting, B — effective internal magnetic field, I',  — line widths, G — relative weight of the

partial components in the spectra)

Sample Components AE, B, Lo G,
mm/s mm/s T mm/s %

Sx1-Fe-tetra 0.34 0.00 49.9 0.50 31
CuFe,0,/ACP-MD Sx2-Fe-octa 0.38 -0.02 47.1 1.66 38
Dbl-Fe¥* 0.35 0.86 - 0.92 31
Sx1-y-Fe,C, 0.19 0.06 20.6 0.45 37
Sx2-y-Fe,C 0.15 0.07 18.5 0.33 12

CuyMn, ,Fe,0/ACP-MD Sx3-4-Fe,C, 0.26 0.09 10.9 035 3
Dbl-Fe** 0.34 0.83 - 0.62 48

Sx1-Fe-tetra 0.33 0.00 49.3 0.50 31
Cu, ;Mn, ,Fe,0,/ACP-MD Sx2-Fe-octa 0.48 0.05 45.5 1.17 40
Dbl-Fe* 0.35 0.76 - 0.71 29

Sx1-Fe-tetra 0.31 0.00 49.3 0.48 23
Cu,,Mn,Fe,0,/ACP-MD Sx2-Fe-octa 0.58 0.03 45.4 1.02 26
Dbl-Fe’* 0.32 0.78 - 0.64 51

Sx1-x-Fe,C, 0.19 0.05 21.1 0.38 35
Sx2-y-Fe,C 0.17 0.03 19.5 0.36 12

MnFe,0,/ACP-MD Sx3--Fe.C. 0.23 0.00 11.0 0.35 3
Dbl-Fe* 0.35 0.77 — 0.56 50

Cu® and therefore decrease of number of octahe-
dral iron with non-iron neighbors. The spectra of
Cu, Mn,,Fe,0,/ACP and MnFe,O,/ACP after ca-
talysis are changed significantly and are well fitted

1.00
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Fig. 6. Mossbauer spectra of samples of Cu, Mn Fe,O, sup-
ported on activated carbon after methanol decomposition test.
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with a model including three sextets and one dou-
blet. The calculated parameters of the sextets corre-
spond to carbide of Haag (y-Fe,C,). In all spectra of
the samples after catalytic test are present doublets
corresponding to Fe** ions with similar parameters
to doublets in the spectra of the samples before test,
but with higher relative weight. This suggest that
doublets correspond to an unchanged during reac-
tion phase or due to a new one with high content of
non- iron ions. The comparison of these Mdssbauer
results with the catalytic data clearly indicate that
the reduction changes with the ferrites under the
reaction medium leads to their complex catalytic
behaviour. The high catalytic activity for all binary
samples at lower temperature seems to be facilitated
by the copper ions in the vicinity of manganese ones,
which is realized in the ferrite structure. However at
higher temperatures the catalytic behaviour is prob-
ably promoted by the activity of Mn?*-Fe*" couples
and the formation of carbide phase during the reac-
tion, as well.

CONCLUSIONS

Copper-manganese ferrite catalysts Cu, ,Mn Fe,O,
supported on activated carbon was synthesized. The
formation of cubic spinel ferrite with partial inverse
structure was established. Binary ferrites possess
higher catalytic activity at lower temperature in
comparison with their mono-component analogues.
They are significantly change under the reaction
medium and at higher temperatures the catalytic
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behaviour is probably promoted by the activity of
Mn?*-Fe*" couples and the formation of carbide
phase.
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CUHTE3 U OXAPAKTEPU3UPAHE HA MEJI-MAHI AHOBU ®EPUTU
CbC CBCTAB Cu, \Mn,Fe,0,, HAHECEH!
BBPXY AKTUBEH BBIJIEH

T. M. [lerpora'*, H. U. Benunos!, 1. I'. I'enosa?, T. C. IlonueBa?,
J. T'. Koauera®, H. B. ITerpos?, U. I'. MuTos!

! Huemumym no kamanus, Beaeapcka akademus na naykume, 1113, Coghus, Boaeapus
2 Hnemumym no opeaHudna Xumusi ¢ yenmsp no umoxumusi, bvaecapcka akademus na naykume,
1113, Cogus, bvreapus
3 Unemumym no obwa u neopeanuuna xumus, bvicapeka akademust na naykume,
1113 Cogus, Bvaeapus

IToctbruna okromBpu, 2016 r.; npuera nexemspu, 2016 .
(Pestome)

LlenTa Ha HACTOAIIOTO MPOYYBAHE € Ja €€ CHHTE3UPAT CMECCHO OKCHIHU MeJ] MAHTaHOBU (DEPUTHH KaTalIU3aTOpH
cbe ceeraB Cu, Mn Fe,O, (x=0; 0.2; 0.4; 0.6; 0.8 and 1), HaHeceHH BBPXY aKTUBCH BBIJICH, IIOJIy4eH OT KOCTUJIKH
OT IPAaCKOBHU. 3a OXapaKTepPU3UpPaHE CTPYKTypaTa U KaTUHOHHOTO pa3lpeiesiCHUEe Ha CHHTE3HpaHHTEe o0pasnu ca
u3non3Banu Pentrenosa audpaxuus, MbocOayepoBa CIEKTPOCKOIHMS U € IIPOBEAEH KAaTAIUTHYEH TECT B PEaKLUs
Ha pa3jlaraHe Ha MeTaHOJI. Pe3ynraTure OT aHaNIU3UTE JaBaT NOKA3aTEICTBA, Ye Ca MOJIyYeHH HaHECEHU (epUTHU
KaTalInu3aTOPU ¢ KyOUYHA CUMETPUs M YaCTUYHO MHBEPCHA IIMHUHENIHA CTPYKTYpa. Y CTaHOBHU Ce, Ue KaTaIu3aTOPHUTE
MPETHPIISBAT CHUIECTBEHU PEIYKIIMOHHN IPOMEHH ¢ (POPMUpPaHE HA MarHeTUT WM KapOua Ha Xaar 1moJ JeliCTBUETO
Ha peaklMoHHAaTa cpena. Jlokasa ce, 4e IPUCHCTBUETO HA MeJl B MaHraHOBUTE (pepuTH MomoOpsABa KaTaIUTUYHATA
AKTUBHOCT B HUCKOTCMIIEpAaTypHaTa 001aCT KaTo Ta3u TCHACHI WA HapacTBa C MOBUIIABAHC CHABPKAHUCTO HA ME B
obpasuure.
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