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Cordierite nanocomposite particles doped with CuO and CoO nanoparticles at different concentrations were
prepared using a mechanochemical method involving grinding and sintering processes. The morphology of
cordierite nanocomposite particles was studied using scanning electron microscopy (SEM) and phase changes
were evaluated using X-ray diffraction (XRD) analysis. The particles size (PS) changes were expressed by two
mode diameters (dy,; and dp2) that confirmed the bimodal character of the particle size distributions except for
C5.5_CuO and C5.5_CoO samples. Decreasing of the {-potential was evaluated with the increasing concentration
of nanoparticles which corresponds to the agglomeration of the fine particles. All XRD patterns showed the
formation of indialite in original cordierite and in cordierite nanocomposites enriched about CuO and CoO
nanoparticles. The addition of metal oxides to the cordierite pre-ceramic mixtures led to the creation of two
spinel-type oxides (CuAlpO4 and CoAl;04). Changes in metal oxide concentration were evaluated using XRF
analysis. These changes corresponded to magnetic reversal at low magnetic fields originating from pure cordi-
erite ceramics and a linear contribution at higher magnetic fields, which increased systematically with the
content of doped nanoparticles. The formation of spinel phase and spinel-type oxides was also confirmed by
analysis of cordierite pre-ceramic mixtures by TGA.

1. Introduction

The ever-increasing interest in nanostructured materials means there
is a need to find new, useful properties in materials that have previously
been used. One such material is cordierite ceramics, which has recently
become more popular due to its simple preparation and natural origin.
Modifying its chemical composition with suitable nanostructured fillers
therefore makes it a key component in new nanocomposite materials.

Cordierite (2Mg0.2A1503.55i02) is a well-known magnesium
aluminum silicate mineral. Its structure is characterized by six-
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membered rings consisting of SiO4 and Al4O tetrahedral rings. These
rings are formed by either four or six cation member rings [1-3].
Cordierite is an attractive ceramic material with variety of applications,
mainly due to its good thermal and chemical stability, low thermal
expansion coefficient, low dielectric constant, excellent thermal shock
resistance and high refractoriness and good mechanical properties [1,2].

The typical synthesis method for cordierite ceramics involves high
temperature sintering (1340 — 1450 °C) of the pre-ceramic mixtures
containing individual oxides (MgO, Al;03 and SiO2) [4] or natural raw
materials (e.g. talc, kaolinite, vermiculite, gibbsite, dolomite,
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pyrophillite) [5] or industrial waste (e.g. fly ash [6,7]), granite sludge
[3], silica fume [8]. Sintered cordierite ceramics contain indialite and
mullite as the main phases, and corundum, spinel, forsterite, clinoen-
statite, protoenstatite and cristobalite as secondary phases, together
with a glassy phase [9]. The properties of the final ceramic products
depend on the starting materials, firing conditions, the presence of im-
purities or additives and the processing conditions used in their
preparation.

To improve the physical, mechanical and electrical properties of the
resulting ceramic cordierite materials, the different additives, mainly in
form of oxides, are used. The positive effect of many different oxide
additives (TiOz, ZrO3, ZnO, SrO, B203,Cu0) on the densification of
cordierite ceramics has been tested [1,10]. Oxides such as TiO,, ZrO,
and FepO3 caused the decrease of glass transition temperatures in
cordierite ceramics [11]. Adding ZnO to pre-ceramic mixtures at
different concentrations caused the formation of p- or a-cordierite and
gahnite (ZnAl;04) after sintering [12,13]. Cordierite ceramics obtained
by doping with different concentrations of ZnO (from 1.5 to 3.0 wt%)
and sintering at a lower temperature (950 °C) appear to be promising
electronic packaging materials [12]. Adding transition metal oxides
(CuO, NiO and MnO:) to cordierite matrices caused cordierite and spinel
phases to form after sintering at 1200 °C or 1250 °C. Sadek et al., 2023
also studied the mechanical and electrical properties in addition to the
phase composition. Ceramics doped with transition metal oxides (CuO,
NiO and MnO;) showed higher electrical conductivity than pure ce-
ramics [14]. Sadek et al., 2024 successfully prepared cordierite-spinel
composites by doping of ZnO, TiO, and FeyOs into the cordierite
structure [15]. Sutormina et al., 2014 modified the catalysts based on
the cordierite framework structure using transition metal oxides (MnOz,
Fep03, Co304, NiO, and CuO). MgO was partially or completely
substituted with above mentioned oxides in the cordierite structure. The
NiO and Co304 oxides exhibited similar effect. The cobalt (Co®*t) and
nickel (Ni%") ions were not incorporated into the cordierite structures
but formed the cobalt- (CoAl;04) and nickel- (NiAly04) aluminum spinel
phases at the expense of the cordierite phase, respectively. A small
amount of Fe?* ions was incorporated into the cordierite structure,
while a greater amount existed as the a-Fe;03. Some Cu?" ions were
partially incorporated into the cordierite structure, formed the
copper-aluminum spinel (CuAl;04) and CuO crystallites located on the
surface. Catalysts enriched in MnOs, consisting of substituted cordierite
with MnyO3 on their surface appear to be a promising material for the
industrial oxidation of ammonia [16]. Li et al., 2022 investigated the
effect of introducing by Fe3z04 as the functional additive on magnetic
properties of porous cordierite ceramic. The authors looked for a way to
decrease the synthesis temperature of cordierite ceramics while also
imparting magnetism to the ceramics. Porous cordierite ceramics were
prepared using the foam gel-casting method from MgO, Al;03, SiO» and
Fe304 powders. In addition to the main cordierite phase, Mg-Al-Fe spinel
and a-FeoO3 were identified in the final ceramic samples [17].

Materials such as alumina, cordierite and mullite are often used to
support ceramic membranes. Sintered Al,O3 is the main material used
for commercialized porous ceramic membrane support. Porous cordi-
erite is a promising candidate for ceramic support, primarily due to its
low fabrication cost, excellent resistance to thermal shock and good
resistance to thermal alkali solutions [18,19]. The nature and structure
of the supports can affect the membrane quality [19].

In general, the main concerns in the production of ceramic materials
are reducing production costs and lowering the sintering temperature.
Therefore, attention is focused primarily on natural, environmentally
friendly raw materials. Depending on the composition of the initial pre-
ceramic mixtures and the additives and technologies applied, cordierite
ceramics with different microstructures and densities can be produced.
Compared to previous work reported on CuO or CoO modified ceramic
systems, the fundamental innovation is the measurement of the surface
properties of the prepared doped particles based on the zeta potential
and at the same time the optimal concentration of the metal oxide
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nanoparticles used.

Two types of nanoparticles (copper oxide CuO and cobalt oxide CoO)
at different concentrations were used as nanostructured fillers to prepare
cordierite nanocomposite particles. The main aim of the study was to
determine the effect of the concentration of the nanoparticles and their
different melting temperatures on the formation of the cordierite phase
and whether these factors influence the morphology and size of the
cordierite particles produced by grinding and sintering. Another objec-
tive was to identify appropriate nanoparticles concentration to ensure
the thermal stability and magnetic properties of the ceramic nano-
composite particles. In general, studies dedicated to the magnetic
properties of cordierite ceramics are rare because it typically exhibits
diamagnetic behavior [20]. Modification of the ceramics is most often
achieved using Fe3O4 nanoparticles [16] or various types of ferrites
[21], with the aim of obtaining functional materials that usually display
superparamagnetic properties. The magnetic behavior in cordierite ce-
ramics systems modified with CoO and CuO nanoparticles has not yet
been discussed in the literature.

2. Experimental samples and characterisation methods
2.1. Cordierite nanocomposite particles

The initial cordierite particles were prepared using a mechano-
chemical method from mixture of natural clay mineral particles
(<40 pm, 99% purity) and aluminum oxide particles (from Sigma
Aldrich, <40 um). Vermiculite particles from Brazil (12 wt%), kaolinite
particles from Czech Republic (45 wt%) and talc particles from Egypt
(30 wt%) were weighted (with aluminum oxide particles, Sigma Aldrich,
(<40 um) in the stoichiometric ratio on their oxides corresponding to the
cordierite composition 2Mg0O-2Al,03-5Si0, and ground in a planetary
ball mill (Fritsch, Pulverisette 7) for 15 min in an agate milling vessel
containing three agate balls at a rotation speed of 350 rpm. The prepare
pre-ceramic mixtures were then sintered in a muffle furnace at 1320 °C
for 1.5 h with heating rate 5°/min and natural cooling. After sintering,
the ceramic samples were ground again in a planetary ball mill under the
same conditions. The original cordierite particle sample was named C.

The modified cordierite nanocomposite particles were prepared
under the same conditions as the initial C particles, except that different
concentrations (1.5, 2.5, 3.5 and 5.5 wt%) of copper oxide (CuO) or
cobalt oxide (CoO) nanoparticles (both purchased from Sigma Aldrich,
50 nm and 99.95% purity) were added to the mixture. The concentration
of aluminum oxide particles (11.5, 10.5, 9.5 and 7.5 wt%) was reduced
by adding CuO or CoO nanoparticles in adequate amounts, to maintain
the input ratio of clay components and achieve the stoichiometric
composition of the cordierite phase. The cordierite nanocomposite
particles were labelled C1.5_CuO, C2.5_CuO, C3.5_CuO and C5.5_CuO,
and C1.5_CoO, C2.5_CoO, C3.5_CoO and C5.5_CoO, respectively.

2.2. Evaluation methods

The morphology of the initial cordierite particles and cordierite
nanocomposite particles was investigated using the scanning trans-
mission electron microscope (JEOL JSM-7610F Plus, JEOL Ltd., Japan).
The experimental powder samples were placed on aluminum targets and
coated with a 25 nm layer of gold to protect conductivity and electrical
charging during microscopic observation. SEM images were obtained
using a secondary electron detector (SE, LEI).

The particle size (PS) was determined using the HORIBA Laser
diffraction particle size analyser LA-950 instrument (Kyoto, Japan). The
PS analyses were performed with the refractive indices 1.45 (for ceramic
particles) and 1.33 (for water). Particle size distributions were evaluated
via the Origin software.

The specific surface area (SSA) were measured at the liquid nitrogen
atmosphere by means of Thermo Scientific Surfer (Milan, Italy). Before
measurements, the samples were degassed under vacuum (10~ bar) at
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90 °C for 24 h. SSA was calculated using the Brunauer-Emmett-Teller
(BET) isotherm.

Zeta-potential ({-potential) was measured by a nanoparticle analyzer
HORIBA Nanopartica SZ-100 (Kyoto, Japan) equipped with a micro-
processor unit to directly calculate the (-potential. The {-potential
values was calculated from the Smoluchowski equation.

The X-ray powder diffraction (XRD) analysis for the phase compo-
sition was performed using a RIGAKU Ultima IV diffractometer with a
scintillation detector, CuKa radiation source, NiKp filter and a Bragg—
Brentano arrangement. The samples were measured at ambient atmo-
spheric pressure by using the reflection mode (under the conditions
40 kV, 40 mA, 2 °/min and 0.1 step). The database used to obtain the
qualitative phase analysis was ICDD PDF-2/Release 2022. The crystallite
size (Lc) of spinel phases CoAl;04 or CuAl;O4 in the prepared nano-
composites was calculated based on (311) reflection (about 36.6° 260)
according the Scherrer’s equation [22].

The chemical composition was obtained from elemental analysis
using X-ray fluorescence spectroscopy (XRF) Supermini200 wavelength
dispersive X-ray fluorescence spectrometer (RIGAKU, Japan). Powder
samples were poured freely into polyethylene cups with thin Mylar
films.

The thermogravimetric analysis (TGA) was performed at tempera-
tures from 30 to 80 °C at heat rate of 10 °C/min in argon atmosphere
(flow 50 ml/min). By this analysis technique was used to investigate
thermal stability and degradation of the samples. The TGA tests were
performed using Sestys Evolution (Setaram, France).

The magnetization of the powders was detected using a VSM EZ9
MicroSense vibrating magnetometer. The sample placed in the external
magnetic field generated by the electromagnet induces a voltage which
is sensed by the detection coils and whose magnitude is directly pro-
portional to its mass magnetization. The measured magnetization curves
at room temperature show the dependence of the mass magnetization on
the strength of the external magnetic field. Maximal applied magnetic
field was £1600 kA/m. Due to weak magnetic response of the samples
the contribution of diamagnetic sample holder was subtracted from the

C1.5_Cu0y
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curves. A Sartorius LE 225D analytical balance was used to measure the
weight of the powder samples.

3. Results and discussion
3.1. The structural and particle characteristics of cordierite particles

Changes in the morphology of the initial cordierite particles (C) and
the cordierite nanocomposite particles that were modified using
different metal oxide nanoparticles were investigated using a scanning
electron microscope (SEM). The SEM images are shown in Fig. 1. Fig. 2
shows the particle size distributions (PSD) in volume content the eval-
uated particle sizes (mode diameters) are listed in Table 1. The particle
surface characteristics, such as the specific surface area and {-potential
values, are also listed in Table 1.

The initial cordierite particles (C) exhibited an irregular shape. They
were predominantly composed of non-porous blocks with rounded
edges measuring 4.47 uym (dp2) and very fine grains on their surface.
Locally, sharp edges of these particles were present, exhibiting a pointed
shape. The sample volume contained very fine particles measuring
0.30 um (dp,1), whose surfaces were in direct contact with the surfaces
and edges of the C particles. Overall, the C particles had a relatively
small specific surface area (SSA = 15.24 m2/ g), but the particles are the
highest resistance to aggregation, as confirmed the {-potential value of
—44.3 mV.

The cordierite nanocomposite particles retain their original bimodal
character in terms of particle size distribution (Fig. 2), including particle
size values (dp1 and dp2). Changes occur mainly in terms of surface area
and non-aggregating abilities (as shown by (-potential value).

The cordierite nanocomposite particles modified with CuO nano-
particles are composed of smooth surfaces with sharp edges. With
increasing concentration of CuO nanoparticles, individual particle
blocks become longer and the occurrence of very fine grains on their
surfaces is minimized. While the particles of samples C1.5_CuO and
C2.5_ CuO are formed by crystalline particle blocks, the blocks of

C5.5 Cuo/jﬁ' v
'/, Ve

Fig. 1. SEM images of the initial cordierite particles (C) and cordierite nanocomposite particles doped with CuO or CoO nanoparticles at different concentrations.
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Fig. 2. Particle size distributions (log-normal) of the a) initial cordierite (C) and cordierite nanocomposite particles doped with CuO nanoparticles at different
concentrations; b) initial cordierite (C) and cordierite nanocomposite particles doped with CoO nanoparticles at different concentrations.

C3.5_Cu0 and C5.5_CuO samples are planar, and the particles are
elongated, formed by a distinct lamellar structure. It can be assumed
that CuO nanoparticles contribute to the plastic deformation of particles
during ball milling due to their naturally malleable and ductile nature,
where friction between the particles and the grinding media leads to the
formation of elongated particles. The PSD curves (Fig. 2a) confirmed an
increase in average size to 3.41 ym for the C3.5_CuO sample and
5.12 um for the C5.5_CuO sample, while for the C5.5_CuO sample, the
fine particle fractions were not analyzed as separate objects. The SEM
images show that the fine fractions are in direct contact with the edges of
large particle blocks, thus forming particle agglomerates. In contrast, the
very fine particle fractions (dp; = 0.26 um) of the C1.5_CuO and
C2.5_CuO samples exist independently throughout the entire volume of
the samples. Structurally and surface stable cordierite nanocomposite

particles form the C3.5_CuO sample. The nanocomposite particles ach-
ieve the highest specific surface area (SSA = 10.34 m?/g), the highest
volume fraction of particles of average value (dp,; = 3.41 pm) 15.8% and
the highest resistance to aggregation ({-potential value of —34.1 mV).
The bimodal PSD was measured for the cordierite nanocomposite
particles modified with CoO nanoparticles (Fig. 2b). The finest particle
fractions reached values of 0.26 pm (or 0.30 um, dm1), and the average
particle sizes (dpy2) ranged from 2.98 to 3.91 um, with these values
increasing with increasing CoO nanoparticle concentration (Table 1). In
the sample with the highest concentration of CoO nanoparticles
(C5.5_Co0), the finest particle fraction (dy,;) was not analyzed, but the
particles showed the highest specific surface area (SSA = 14.77 m?/g)
and high {-potential value of - 30.2 mV. The SEM image shows that the
finest fraction consists of compact particle clusters together with a larger
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Table 1

Particle parameters of the initial cordierite particles (C) and cordierite nano-
composite particles doped with CuO or CoO nanoparticles at different concen-
trations - d,, (particle size, mode diameters), SSA (specific surface area) and ¢
(¢-potential).

Samples dpm dma SSA ¢
(um) (um) (m%/g) (mV)

C 0.30 4.47 15.24 -44.3 + 0.8
C1.5_CuO 0.26 2.98 7.34 -34.7 £ 3.2
C2.5_Cu0O 0.26 2.98 1.77 -34.3 + 2.1
C3.5_Cu0 0.23 3.41 10.34 -34.1 + 2.0
C5.5_CuO - 5.12 3.35 -25.2+1.7
C1.5_CoO 0.30 2.98 9.95 -30.1 + 2.7
C2.5_CoO 0.26 3.41 9.01 -29.0 +1.9
C3.5_CoO 0.30 3.91 8.44 -26.1 + 0.9
C5.5_Co0O - 3.91 14.77 -30.2+ 1.6

fraction (dp2) - agglomerates, with the particles in contact with each
other face-to-face. PSD curves showed that mechanical preparation of
nanocomposite particles doped with CoO nanoparticles led to a reduc-
tion in the average particle size (dpy2) to 2.98 um (C1.5_CoO) for all
samples compared to the original undoped C particles (dy2 = 4.47 pm).
The morphology of C_CoO nanocomposite particles consists of crystal-
line blocks of uniform shapes. The particles had rounded edges, with
visible fractures in regularly repeating layers on these edges. It can be
assumed that CoO nanoparticles contribute to the strengthening of
cordierite nanocomposite particles, which break because of their prep-
aration by grinding.

The measured values of {-potential and specific surface area (SSA) of
cordierite nanocomposite particles show that the presence of very fine
nanometric fractions leads to an increase in these values for both CuO
and CoO nanoparticles, with a limiting concentration of 3 wt%.

3.2. X-ray diffraction and X-ray fluorescence analysis

Figs. 3 and 4 show the measured XRD patterns of the original
cordierite and cordierite nanocomposite particles. All synthesized
cordierite nanocomposite particles and original cordierite particles
contained a hexagonal high-temperature form of cordierite - indialite
(In; PDF card No. 01-082-1884) as a main crystalline phase. Typical
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intensive reflections for indialite are in the positions 20 = 10.38°,
21.66°, 26.28°, 28.36° and 29.41°. The secondary phases identified in
original cordierite particles (C) were spinel MgAl;04 (S; PDF card No.
00-021-1152) and corundum (C; PDF card No. 00-046-1212).

The addition of some amount of metal oxides CuO or CoO caused the
formation of spinel-type oxides CuAl,04 (PDF card No. 01-073-1958)
(Fig. 3) or CoAl;04 (PDF card No. 01-082-2251) (Fig. 4), respectively.
The reflections typical for spinel-type oxides were in the positions cor-
responding to the interlayer space distances d = 0.287 nm,
d =0.245nm, d =0.203nm, d = 0.156 nm and d = 0.143 nm. At
higher temperatures, clay minerals such as talc, kaolinite and vermic-
ulite, transform to the new crystalline phases. Kaolinite changes to
metakaolinite at 450-700 °C, at 930-980 °C recrystallizes to Si-Al spinel
and at 1200-1250 °C to mullite and cristobalite. Talc transforms to
enstatite and cristobalite at 800-900 °C. Vermiculite crystallizes to the
enstatite [2]. At higher temperature (about 1040 °C), spinel reacts with
cristobalite and at about 1350 °C form cordierite [23]. Generally,
divalent cations (Me: Ni2+, Cu2+, C02+) react at low temperatures
(500-1000 °C) with alumina and form corresponding metal aluminates
(MeAl,04) with spinel structure.’[24,25] Around 1050 °C, CuO de-
composes to CupO and Cu ions can react with metakaolinite matrix
which led to the formation of copper aluminate [26]. The formation of
copper aluminate was accelerated due to copper ions having higher
diffusivity and reactivity towards alumina sublayer [27]. The similar
situation occurs when CoO is used in pre-ceramic cordierite mixtures.
Incorporation of cobalt ions into the aluminosilicate materials led to the
formation of cobalt aluminate [27]. It can be assumed that Cu®>" and
Co2* ions with a smaller radius (Cu®** 0.73 A and Co®" 0.70 A [16]) are
not incorporated into the cordierite structure because no shift of
diffraction reflections is observed but form spinel-type oxides.

The CuAl;04 crystallite sizes (Lc) in Table 2, calculated according to
Scherrer’s equation based on (311) reflection, gradually increases from
24 nm for C1.5_CuO to 38 nm for C5.5_CuO. Simultaneously, the FWHM
values (Table 2) decrease from 0.38° to 0.253° in cordierite composites
doped with CuO nanoparticles, which corresponds to crystallite growth.
In the case of CoAl;04, the crystallite sizes (Lc) derived from the (311)
reflection, range from 29 to 34 nm (Table X). The CoAl;04 crystallite
size (Lc) for sample C1.5_CoO is 29 nm, while other samples exhibit
slightly higher Lc values around 33 nm.

Intensity (cps)

I
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In/C Iny,
m | u InIn
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C2.5_Cu0

20(°),CuKo

Fig. 3. XRD patterns of the initial cordierite particles (C) and cordierite nanocomposite particles doped with CuO nanoparticles.
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Fig. 4. XRD patterns of the initial cordierite particles (C) and cordierite nanocomposite particles doped with CoO nanoparticles.

Table 2

The XRD data (26, d-spacing, FWHM) for (311) reflection and calculated crys-
tallite sizes (Lc) of spinel phases CoAl,04 or CuAl,04 of cordierite samples doped
with CuO and CoO nanoparticles.

35.80 wt% for initial cordierite particles (C). The lower SiO5 and MgO
contents, in comparison to theoretical cordierite, are caused mainly due
to the presence of impurity oxides such as FeyOs3 (2.48 wt%), CaO
(1.81 wt%) and K30 (1.13 wt%).In cordierite nanocomposite particles
enriched with CuO or CoO nanoparticles, the SiO,, Al;03 and MgO are

Samples 26 d(311) FWHM Le still as the main components. The CuO content of sintered ceramic
O (o) O (o) particles ranges from 1.56 to 6.42 wt%, and the CoO content ranges
€15 Cu0 36.66 0.245 0.38 24 from 1.80 to 5.29 wt%. In both cases of cordierite nanocomposite par-
€2.5.Cu0 36.69 0.245 0-30 31 ticles enriched with metal nanoparticles, the content of K,0, CaO and
€3.5.Cu0 36.68 0.245 0.26 37 i ’
C5.5.Cu0 36.72 0.245 0.253 38 Fe,O3 decreased slightly. The cordierite nanocomposite particles doped
C1.5_.CoO 36.68 0.245 0.32 29 with CuO showed the gradual decrease in SiO5 content (the lowest SiO;
C2.5_CoO 36.68 0.245 0.28 34 value of 43.90 wt% for C5.5_CuO sample). This confirms that, as the
g:g:gzg 22222 g:zig g:;g: zi CuO concentration increases, SiO; positions are predominantly replaced

The Table 3 summarizes the chemical composition of the initial
cordierite (C) and cordierite ceramics doped by transition metal oxides
CuO or CoO after sintering at 1320 °C. The theoretical composition of
cordierite is as follows: 13.7 wt% of MgO, 51.4 wt% of SiO3 and 34.9 wt
% of AlyO3 [2]. The natural clay minerals (kaolinite, talc and vermicu-
lite) used in pre-ceramics mixtures contain, in addition to the three
previously mentioned oxides, also other oxides such as CaO, K0, NayO,
FeyO3 and TiOs. The XRF analysis confirmed that Si, Al and Mg are the
main components for the cordierite ceramics and their contents in the
form of oxides were: MgO 11.00 wt%, SiO» 48.3 wt% and Al,O3

in the structure.

In contrast, cordierite nanocomposite particles enriched with CoO
nanoparticles showed a significant decrease in MgO concentration from
the original 11.9 wt% (C sample) to a concentration in the range of
9.73-8.62 wt%, with MgO concentration decreasing as CoO nano-
particle concentration increased. It can be assumed that Co?" cations
replace Mg?* positions during heat treatment (sintering) and simulta-
neously replace positions in the spinel phase (see XRD patterns), which
is consistent with [16,28]. This fact may also contribute to the formation
of crystalline-oriented blocks of nanocomposite C_CoO particles.

Table 3

Chemical composition of the initial cordierite particles (C) and cordierite nanocomposite particles doped with CuO or CoO nanoparticles after sintering at 1320 °C.
Samples MgO Al,03 SiOy K0 CaO Fey03 CuO CoO

(wt%)

C 11.00 35.80 48.30 1.13 1.81 2.48 - -
C1.5_CuO 10.90 34.30 47.30 1.03 1.63 2.10 1.56
C2.5_CuO 11.40 34.30 46.30 0.94 1.46 1.94 2.40
C3.5_Cu0 11.60 34.10 45.50 0.92 1.43 2.00 3.41
C5.5_Cu0 11.50 33.00 43.90 0.90 1.42 1.92 6.42
C1.5_CoO 9.73 34.20 48.10 1.09 1.74 2.26 1.80
C2.5_CoO 9.18 33.70 47.00 1.03 1.64 2.12 3.14
C3.5_CoO 8.98 33.70 46.70 1.04 1.67 2.09 4.10
C5.5_CoO 8.62 32.80 47.00 1.07 1.70 1.86 5.29
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3.3. Thermal and thermogravimetric analysis

Thermal analysis of pre-mixtures of cordierite ceramic samples was
performed using the thermal analyzer Setsys 24 Evolution Setaram
(Setaram, France). The thermal curves were recorded under following
conditions: air atmosphere (75 ml/min), final temperature 1200 °C,
heating rate 10 °C/min and sample mass about 5 mg. The parameters
such as final weight loss (A m), the onset, offset temperatures and the
temperature of maximum weight loss Tpax were determined from
thermal curves.

Based on the thermal analysis of pre-mixtures of cordierite ceramic
samples we wanted to simulate and characterize chemical/structural
changes at samples under thermal treatment. Fig. 5 shows TG and dTG
curves of these samples. Thermal data are concluded at Table 4.

From dTG curve (Fig. 5a) of starting pre-mixture of initial cordierite
ceramic sample C we can observe exothermic peak at 502.6 °C corre-
sponding to transformation of kaolinite to metakaolinite. The second
peak at 914.4 °C can be caused by a combination of several phenomena,
when vermiculite crystallizes into enstatite, talc changes into enstatite
and cristobalite, and recrystallization of y-Al;03 and metakaolinite into
Si-Al spinel occurs [2].

For the samples doped with metal oxides CuO or CoO, we observed
also exothermic peak around 500 °C corresponding to transformation of
kaolinite to metakaolinite. The second peak, unlike the original C sam-
ple (914.4 °C), was in the case of higher CuO content in the sample
C5.5_CuO shifted to lower value 857.3 °C, on the other hand in the case
of CoO (C5.5_Co0), the temperature was higher (921.1 °C). In the sys-
tems CuO or CoO and Al;Os, the formation about 80% of copper or
cobalt aluminate (MeAl;04) occurred on heating to 1000 °C [24,29]°

For these doped samples, we observed one more temperature phe-
nomenon in the temperature range 1097 — 1164 °C. Based on Tsuchida
et al., 1984 CuAl,04 decomposed to CuAlO,, Al,O3 and O, in the tem-
perature range 1130 — 1230 °C [29]. Around 1100 °C, CuO and CoO
decomposed and Cu and Co ions react with metakaolinite matrix which
led to the formation of copper or cobalt aluminates (MeAl,04, MeAlO5)
[24,29].

98
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Table 4
Thermal data (A m, Tpay) of the initial cordierite particles (C) and cordierite
nanocomposite particles doped with CuO or CoO nanoparticles.

Samples Am Tmax1 Tmax2 Tmaxs
(%) [§9) [§9) [§9)

C 9.06 502.6 914.4 -

C1.5_Cu0O 8.96 503.1 913.7 1163.8

C5.5_Cu0 7.84 501.7 857.3 1132.6

C1.5_CoO 8.23 502.2 915.7 1097.4

C5.5_CoO 8.43 504.7 921.1 1162.1

3.4. Magnetic properties

Room temperature magnetization curves of investigated powder
samples are shown in Figs. 6 and 7 and corresponding magnetic pa-
rameters are summarized in Table 5.

A weak magnetic response was observed for pure cordierite ceramics
powder (insets of Figs. 6b and 7b). Because the oxides MgO, Aly03, SiOo,
K20, and CaO detected from the XRF measurements are diamagnetic,
the small magnetization value at a magnetic field of 1600 kA/m (Mi600
~ 0.0475 Arnz/kg) and a coercive field (H. ~ 4.7 kA/m) are probably
related to the low amount of a-Fe;03 (2.48 wt%) formed in the ceramics
after annealing at 1320 °C. The non-zero hysteresis at low magnetic
fields, followed by a slight curvature and then a linear increase in
magnetization at higher fields, is consistent with the presence of he-
matite particles whose interiors exhibit antiferromagnetic behavior and
possess uncompensated magnetic moments on their disordered particle
surfaces.

Room-temperature magnetization curves of cordierite ceramics
doped by CoO nanoparticles with different concentrations are presented
in Fig. 6. Pure CoO nanoparticles (subplot 6a) exhibit strong ferro-
magnetic behaviour with Myg00 = 8.90 Amz/kg and H. = 11.17 kA/m.
However, after annealing at 1320 °C the magnetization markedly
decreased and exhibited a linear dependence on an applied magnetic
field with nearly zero remanence and coercive field. For CoO nano-
particles, it can generally be assumed that higher temperature leads to
particle growth, which reduces the influence of the surface and results in
a significant decrease in ferromagnetism. According to the literature the
annealing of CoO at temperatures above 500 °C yields Co304, what is
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Fig. 5. TGA and dTG curves of the initial cordierite particles (C) and cordierite nanocomposite particles doped with CuO or CoO nanoparticles.
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Fig. 6. Room temperature magnetization curves of (a) pure CoO nanoparticles
in as-cast state and after annealing at 1320 °C for 1.5 h and (b) initial cordierite
particles (C), detail in inset) and cordierite nanocomposite particles doped with
CoO nanoparticles with different concentrations (1.5, 2.5, 3.5 and 5.5 wt%).

black, antiferromagnetic powder substance [30].

Therefore, the magnetization curves of cordierite ceramics doped
with various concentrations of CoO have two contributions - magnetic
reversal at low magnetic fields originating from pure cordierite ceramics
and a linear contribution at higher magnetic fields coming from
annealed CoO nanoparticles, see Fig. 6b. As a result, the magnetic
parameter Mjgoo Systematically increases with the content of doped
nanoparticles, whereas the remanent magnetization M; and coercive
field H. remain essentially unchanged due to the similar particle sizes of
the samples.

The magnetic behaviour of the samples doped with CuO nano-
particles differs, as shown in Fig. 7. Pure CuO nanoparticles (subplot,
Fig. 7a) appear to exhibit a combination of dominant antiferromagnetic
(higher magnetic fields) and weak ferromagnetic (lower magnetic fields)
behaviour with He = 14.36 kA/m and M; = 0.0012 Am?/kg. Such room-
temperature magnetic properties are in good agreement with a previous
study [31]. In contrast to CoO nanoparticles, annealing at 1320 °C en-
hances the ferromagnetic contribution of CuO nanoparticles, as evi-
denced by its manifestation at low magnetic fields. The reason is the
annealing temperature of 1320 °C, which is close to the melting point of
CuO (1326 °C). This leads to a change in the structure of the entire
system and to the formation of a magnetically soft phase with a coercive
field approximately fourteen times smaller than that of the original CuO
nanoparticles.

The magnetization curves of cordierite ceramics doped with various
concentrations of CuO again exhibit two contributions (subplot, Fig. 7b)
— amagnetic reversal at low magnetic fields originating mainly from the
CuO nanoparticles and a linear contribution at higher magnetic fields
arising from both the CuO nanoparticles and the cordierite ceramics.
Due to the stronger ferromagnetic contribution, the remanence is
approximately three to four times higher than in the original ceramics
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Fig. 7. Room temperature magnetization curves of (a) pure CuO nanoparticles
in as-cast state and after annealing at 1320 °C for 1.5 h and (b) initial cordierite
particles (C), detail in inset) and cordierite nanocomposite particles doped with
CuO nanoparticles with different concentrations (1.5, 2.5, 3.5 and 5.5 wt%).

Table 5

Magnetic parameters of the initial cordierite particles (C) and cordierite nano-
composite particles doped with CuO or CoO nanoparticles, obtained from
magnetization curves: My 00 - magnetization at magnetic field 1600 kA/m, M, —
remanent magnetization, H, - coercive field.

Samples H, M, M 600
(kA/m) (Am?/kg) (Am?/kg)

C 4.70 0.0009 0.0475
CuO 14.36 0.0012 0.0550
CuO 1320 °C 1.037 0.0006 0.0359
C1.5_CuO 6.15 0.0043 0.0676
C2.5_CuO 10.40 0.0033 0.0596
C3.5_Cu0 9.80 0.0039 0.0705
C5.5_Cu0 14.20 0.0033 0.0616
CoO 11.17 0.4891 8.9027
Co0 1320 °C 4.15 0.0019 0.5910
C1.5_CoO 4.78 0.0010 0.0814
C2.5_CoO 9.53 0.0020 0.0955
C3.5_Co0 7.97 0.0010 0.1110
C5.5_Co0 5.79 0.0018 0.1328

and in the ceramics containing CoO nanoparticles, while the values of
coercive field reflect the increase in particle size with increasing CuO
concentration. In contrast, the antiferromagnetic behaviour at higher
magnetic fields and the values of magnetization at maximal applied
magnetic field (M;600) remain stable and are practically independent of
the CuO nanoparticle concentration. It appears that variations in the
CuO nanoparticle concentration in the range of 1.5-5.5 wt% are not
sufficient to significantly alter the magnetic response even at the highest
magnetic fields of £1600 kA/m.

Cordierite nanocomposite particles doped with CuO and CoO nano-
particles exhibits weak magnetic response, which precludes their
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application, for example, in magnetic separators requiring saturation
magnetization of the order of several tens of Am?/kg. The main limiting
factor here is annealing at high temperatures exceeding 1000 °C.
However, the introduction of suitable magnetic components, such as
Fe30y4, into a powdered sample of cordierite ceramics after its prepara-
tion can significantly improve its ferromagnetic properties [17].

4. Conclusion

Ceramic cordierite nanocomposite particles doped with CuO or CoO
nanoparticles were prepared using a combination of milling and sin-
tering at 1320 °C. Magnetic curves showing two contributions were
detected for both nanocomposites. Systems doped with CoO nano-
particles exhibit poor magnetic reversal at low magnetic fields origi-
nating from initial cordierite ceramics, and a linear contribution at
higher magnetic fields that increases systematically with the content of
CoO nanoparticles. In ceramics doped with CuO nanoparticles, a
stronger soft ferromagnetic response at low magnetic fields arises
because the annealing temperature is close to the melting point, causing
the system to undergo a complete structural transformation. In contrast,
the antiferromagnetic contribution is weak, and no significant difference
is observed between the magnetization curves for different CuO con-
centrations at higher magnetic fields. The addition of CoO nanoparticles
led to a decrease in MgO and Al,03, while CuO nanoparticles showed the
decrease in Al;O3 and SiO» in cordierite nanocomposites. C3.5_CuO
cordierite nanocomposite particles were found to be the most surface
stable in a direct consequence of the synergy between the electrostatic
environment and the physical shape of the particle.They had an elon-
gated shape, a {-potential value of —34.1 mV and a specific surface area
of 10.34 m?/g. The highest magnetization values in a 1600 kA/m
magnetic field were measured for C5.5_CoO cordierite nanocomposite
particles (Mygo0 = 0.1328 Am2/kg), consisting of uniform crystalline
blocks with a specific surface area of 14.77 m?/g and a {-potential value
of —30.2 mV. TGA analysis of the pre-mixtures confirmed that CuO and
CoO nanoparticles are incorporated into the spinel structure in the form
of MeAl,04 at temperatures above 900 °C. Further increase in temper-
ature above 1000 °C leads to decomposition of these spinel phases and
the formation of so-called aluminates MeAlO»-.
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