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Magnetite nanoparticles coat around activated y-alumina spheres: A
case of novel protection of moisture-sensitive materials against hydration

Jaroslav Kup¢ik!? Petr Mikysek®* Dana Pokornd! Radek Fajgar' Petra Cuifnova!
Karel Soukup' Josef Pola!"

Abstract: Protection of various materials against hydration is of continuing interest to chemists and ma-
terial scientists. We report on stabilization of porous surface of activated -y-alumina spheres (AAS) against
hydration by an adhesive coat of nano-magnetite particles. The nano-Fe;O4-coated AAS were prepared in the
ultrasound-agitated suspension of magnetite nanoparticles in heptane and were characterized by using X-ray
diffraction, scanning electron microscopy (SEM), transmission electron microscopy (TEM), BET surface area
analysis and X-ray photoelectron spectroscopy (XPS). It is deduced that nanoparticle-alumina bonding inter-
action in non-polar organic solvent is enhanced by van der Waals attractive forces and that sonication induces
changes in alumina morphology only in regions of contact between alumina and magnetite nanoparticles. The
coated AAS submerged in still water avoid hydration and remain permeable by small gaseous (N5) molecules,
while those soaked in moving water lose part of their coat and undergo hydration. The pristine and the coated
AAS were briefly compared for their ability to degrade model antibiotics by using LC-MS analysis. It is con-
firmed that the degradation of trimethoprim is more efficient on the coated AAS. Our results are challenging for

further research of Coulombic interactions between nano-particles and appropriate solid supports.
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1 Introduction

Protection against hydration of water-instable parti-
cles, molecules and surfaces is of lasting interest and
has been explored in stabilization of these entities in bi-
ological and colloidal systems,'"?! dyes!** and pigment
useful extenders or fillers® . Tt was also recognized
in reversible hydration-dehydration equilibria of hetero-
aromatic molecules!®”! and it is of common use in sta-
bilization of various surfaces by chemical coating with
water-repellent reagents, vapor and laser deposition and
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protection against hydration, activated alumina, magnetite nanoparticles, Coulombic interac-

sputtering methods.!®'% Other examples of stabilization

against hydration relate to sesquioxides of the lanthanide
series like Nd, O3 stabilized through sintering with added
metal oxide dopants (particularly Y,0gand TiO,).['!-12]

The past two decades have witnessed an enormous use
of physical processes (e.g. magnetron sputtering, laser
or plasma deposition, atomic oxygen-assisted MBE)
through which large inorganic bodies become exten-
sively coated with high-energy species in vacuum and
the produced coats are preserved when exposed to air, or-
ganic solvent and even aqueous phase. These processes
do not appear to be accompanied by low-cost coating
procedures involving weak van der Waals interactions
between surface and nanoparticles in liquid phases, al-
though future science may solve tasks related to weak
interactions between surface and nanoparticles in these
media. Such interactions are affected by structure and
stability of interacting species in a given liquid phase;
it is known that bonding between nanoparticles and sur-
face is affected by the extent of their solvation, nanopar-
ticles mobility in the aquatic media is highly restricted
by their aggregation and the stability of the surface may
be influenced by hydration leading to different surface
structures.
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Such limitations preclude coating of moisture sen-
sitive materials by nanoparticles in water and in lig-
uid polar organic compounds. Thus, the activated -y-
alumina (used as desiccant or catalyst!'¥ ) is a hygro-
scopic porous amphoteric substance and its easy hydra-
tion has an important influence on its surface reactiv-
ity and sorption properties. It modifies!'*!"! inner and
surface areas and leads to transformations decreasing
surface density of unsaturated coordination sites, finally
yielding bayerite (3-Al(OH)s3). The known formation of
hydration layers and chemical sorption (coordination of
polar methanol, acetonitrile and aromatic (toluene) or-
ganic solvents) on alumina surface!'* 'l are detrimental
for nanoparticle-surface interaction.

In this paper we show that anhydrous surface of porous
activated y-alumina becomes stabilized against hydra-
tion in water by ultrasound-assisted coating with nano-
sized magnetite particles in liquid alkanes and propose
that this process can find use in the formation of protec-
tive shells of other metal oxide nanoparticles around sur-
faces of alumina-based and/or other moisture-sensitive
materials.

2 Materials and methods

The AAS (KA404, 3-5 mm o. d., Jiangxi Xintao Tech-
nol. Co.) were dried in a vacuum at 200°C. The mag-
netite nanopowder (0.05 g, Aldrich, 50 nm) was dis-
persed into in 50 ml of heptane or hexane (Merck, acs
p-a.) in a 100 ml Erlenmayer flask which was shaken in
an ultrasonic Tesla (300 W) bath for 10 min. Thereafter,
the AAS (40 g) were added and the mixture was agitated
with ultrasound for additional 10 min. The white spheres
turned black and were separated on a nutch filter, rinsed
with heptane and dried in air at room temperature. The
coating procedure is illustrated in Figure 1 and cannot be
accomplished in polar solvents (water or ethanol) where
AAS retain their white appearance.
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Figure 1. Scheme of ultrasonic coating of white AAS (a) in
n-heptane producing black Fe3O4-coated AAS (b)

The rigidity of the nano-magnetite coat in water was
tested for the spheres submerged in deionized (DEI) wa-

ter in an unmoving and a shaken flask for different spans
of time (2-4 h) and also for the spheres packed in a glass
column exposed to up-flow of water controlled with a
peristaltic pump. After such washing, the spheres were
carefully withdrawn and dried at 40°C in air. These
washed spheres and those coated in heptane were exam-
ined for their structure by XRD and BET surface analy-
ses and by SEM, TEM and XPS techniques. The washed
spheres were also tested for their ability to degrade an-
tibiotics.

The samples of pristine and coated AAS were applied
for XRD analyses after dry crushing on a steel plate and
pulverizing to a very fine powder in liquid heptane us-
ing a corundum mill. Approximately 5-10 mg of the
fine powder was mixed with heptane into a suspension
and applied on a silicon plate. X-ray powder diffrac-
tion investigation was carried out with a Bruker D8 Dis-
cover diffractometer equipped with a silicon-strip linear
LynxEye detector and a focusing germanium primary
monochromator of Johansson type providing CuKa ra-
diation (A = 1.54056 A) Data for mineral identifica-
tion were collected in the 26 range of 5-90° with a step
size of 0.016° and a counting time of 0.7 second at each
step, and detector angular opening of 2.896°. The phase
identification was performed with Diffrac.Eva software
v4.2.2 and ICDD PDF-2 database (Bruker AXS GmbH,
Karlsruhe, Germany; 2011-2016). Semi-quantitative
estimation of the mineral composition was calculated
by the reference intensity ratio method implemented in
Diffrac.Eva software.

Scanning electron microscopy images of the pow-
dered AAS were recorded with a SEM Tescan In-
dusem (Bruker Quantax) microscope equipped with an
EDAX detector. Transmission electron microscopy
(TEM) measurements on the samples scraped from the
Fe;0,4-coated AAS were performed on a JEOL JEM
3010TEM microscope equipped with an EDS detector
(INCA/Oxford) and CCD Gatan (Digital Micrograph
software). The sample was dispersed in isopropanol,
treated in ultrasound and a drop of very dilute sus-
pension was placed on a holey-carbon coated Cu-grid
and allowed to dry by evaporation at ambient tempera-
ture. Electron diffraction patterns were evaluated using
JCPDS PDF-4 database!'®! and the Process Diffraction
software package!'”' .

The BET surface, the mesopore surface area and
the micropore volume were evaluated from the nitro-
gen physical adsorption-desorption isotherms measured
at 77 K obtained with the ASAP2020M instrument (Mi-
cromeritics, USA).

X-ray photoelectron spectra (XPS) were measured
by Kratos ESCA 3400 furnished with a polychromatic
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magnesium X-ray source (Mg Ko radiation, energy
1253.4 eV, 120 W) at base pressure kept at 5.0 10~7 Pa.
The spectra were fitted using a Gaussian-Lorentzian line
shape and the Shirley background was subtracted. Sur-
vey spectra between 0-1000 eV were collected with in-
cremental step 0.2 eV and more detailed narrow spectra
were taken over Al 2p, Fe 2p, O 1s and C 1s regions with
the incremental steps 0.05 eV. Pass energy of 25 eV with
corresponding energy resolution 0.8 eV was used for ac-
quisition of high resolution spectra. The samples were
mildly sputtered with Ar™ ions at 1.0 kV with current of
10 pA for 90 sec to remove superficial layers. Spectra
were calibrated to C 1s line centered at 284.8 eV. The
position of samples was fixed by a double-sided carbon
tape. The inner layer of the magnetite coat on the AAS
was exposed for the measurement after wiping off the
outer layers by a threefold attachment of the adhesive
carbon tape.

The depletion of a mixture of antibiotics (ATB)
- trimethoprim (TMP), sulfamethoxazole (SMX) and
azithromycine (AZM) - (all purchased from Aldrich) was
monitored by LC-MS spectroscopy in mildly shaken 20
ml vessels containing 3 g of the pristine or nano-Fe3Oy4-
coated AAS soaked in 10 ml of ATB (150-200 pg/L)
in DEI water or 0.2 M H,0O, solution. Care was taken
to avoid abrasion of the magnetite shell and then 0.1
ml aliquots of the ATB solutions were withdrawn for
the analysis in one hour periods. The LC/MS spec-
troscopy was performed on a Dionex UltiMate3000 in-
strument with a MicroTOF-QIII mass detector (Bruker)
and Luna C18 Phenomenex column using CH3CN/DEI
H>O/HCOOH (0.1%) phase. The HRMS spectra with
electrospray ionization were collected in positive ion
mode. The TMP degradation (1 mg/L) in shaken 0.2 M
H50, solution containing both pristine and coated AAS
washed in DEI water were carried out as above and the
m/z lines of degradation fragments, monitored through
using direct inlet (5 min flow at 180 uL/h rate), were as-
sessed as average of 5 intensity values.

3 Results and discussion

Soaking of the dried AAS in the ultrasound agitated
suspension of nano-magnetite powder in heptane leads to
a fast color change of these spheres which turn black due
to a continuous nano-magnetite coat developed around
them. The black coat formation is a consequence of
ultrasound-induced dispersion and de-agglomeration of
the added (initially agglomerated) Fe;O,4 nanoparticles
in the course of their attachment to alumina surface. This
effect can operate in synergy with cavitational erosion of
alumina surface. We assume that the coat is developed

owing to strong attraction forces between poorly alkane-
solvated nano-magnetite particles and activated alumina
surface, since no such color change is observed in polar
solvents like ethanol or water, wherein AAS retain their
white appearance. The coat is rigid in still and moving
alkanes and also in still water. However, some nano-
magnetite particles of the coat are released to moving
(shaken of flowing) water (Figure 2).

Figure 2. Fe304-coated AAS obtained in heptane before (a)
and after (b) washing in moving water

It is now a common view that surfaces of high
temperature-activated -aluminal'®?! and dry mag-
netite>!*?2] possess coordinatively unsaturated Al, Fe
and oxide sites which behave as the Lewis acids and
bases. These oxides can interact in nonpolar solvents
(alkanes) through a specific (dipole-dipole or coordina-
tive) Al-O...Fe-O bonding which is stronger than Fe-
O...Fe-O bonding leading to agglomeration. Ampho-
teric Al,O3 and Fe30, surfaces sunk in water are mod-
ified by dissociative chemisorption of HoO on Lewis
acidic sites forming Al-OH and Fe-OH-bonds and de-
velop different surface charge. In pure water, pH is
close to magnetite point of zero charge (pzc = 6 - 6.8)*?!
and within the alumina pzc values 6 - 9 depending!'®
on surface heterogeneity (modes of alumina prepara-
tion). At pH = 7, the alumina and magnetite surfaces
develop low positive surface charges (net proton surface
excess!>’! ) which spread on their aqueous shells and
will bring about repulsive interaction between both hy-
drated species. Thus, owing to the solvation by H,O
molecules, these hydrated species become separated,
since hydration-induced repulsion overwhelms attractive
forces between the naked species in alkane.

The obvious reason for some loss of the FesO,4
nanoparticles in moving water is kinetic energy of water
molecules colliding with outer layers of the coat. These
outer layers are composed of weakly-bonded agglomer-
ated nanoparticles which become coordinated to water,
may form Fe-OH bonds and release to aqueous phase.
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3.1 Fe3;0O4-coated AAS in still water

The XRD analysis of the dry AAS, nano-FesOy,-
coated AAS and AAS soaked in still water allows discern
differences in their crystal structure (Figure 3). Broad
and low intensity diffraction bands of the dried AAS re-
late to small crystalline dimensions of Aluminum Ox-
ide (e.g. PDF 04-0880 and Boehmite AIO(OH) PDF 74-
1871). These two crystalline structures are unavoidably
accompanied by minor contributions of other forms of
activated 7-Al,03"%2* which have similar diffraction
patterns.

Submerged in still DEI water, the AAS reveal diffrac-
tion bands of Bayerite (Al(OH)3, PDF 74-1119) and an
amorphous phase at the 2 © range 12-16°. These fea-
tures prove easy hydration'"! . The Fe;04-coated AAS
submerged in still water for 1 day up to 1 month pos-
sess diffraction pattern which is virtually identical to that
of the dried AAS. The pattern shows neither diffraction
lines of Bayerite (A1(OH)3), nor the broad band at 12-
16°. This confirms that the nano-Fe;O, coat provides
efficient protection of the AAS against hydration. We
note, however, that the relative intensity of the diffraction
line of Boehmite AIO(OH) at 2 © 14.45° in the coated
samples submerged in DEI water for 1 day, 1 week and 1
month (33, 42 and 42, respectively) is higher than that for
the dried activated alumina sample (27), which may indi-
cate an extraordinarily slow penetration of water through
the nano-magnetite coat and an insignificant hydration of
alumina surface.

More understanding of porous structures of the pris-
tine and Fe;Oy-coated AAS submerged in water is
gained from their texture analyses (Table 1). It is seen
that the BET surface area (Sggr), the mesopore sur-
face area (S,,cs,) and the micropore volume (V,,;cr0)
of the pristine AAS before and after soaking into water
are little different: the soaked alumina possesses slightly
higher S g1 and somewhat lower S,,,.s, and V ;¢ val-
ues. It is known that hydration of porous aluminas into
bayerite is accompanied by a slight increase!'*! or de-
crease!'”) of BET surface area, the latter being due to
accretion of hydrated alumina leading to pores filling.
The observed V,,;cro and S,,,.s, values thus reflect re-
duction of hydrated micro and meso-regions and suggest
that that the larger pores do not spall. As for the Fe3O,-
coated AAS soaked in still water, their Sgrr, Sieso and
Vniero Values slightly decrease, which indicates that the
Fe30, coat of the AAS does not restrict passage of small
(N5) molecules. The small decrease in the S g value is
likely due to the nano-Fe3O4 nanoparticles agglomerat-
ing on the alumina surface.

The SEM images of the pristine and the Fe3O4-coated
AAS confirm that they are morphologically similar ma-

terials with rough surface and irregular cavities (Figure
4). The EDX analysis of the coated AAS shows the pres-
ence of both Al and Fe whose atomic % Fe/Al ratios for
large (up to 300 pm-sized) and small (several pm-sized)
areas are respectively ranging at 1.16-2.40 and 0.16-3.40.
These different values are in line with variable coat thick-
ness and with EDX elemental mapping at the microstruc-
tural level showing uneven pm-sized spots of pale red
and pale green intensities in different areas of the image.

Table 1. Texture characteristics of pristine and magnetite-coated

AAS
Sample SBZET S,,,: . Vm;w
(m°/g) (m/g) (mm’/g)

AAS*® 285 198 47
AAS " soaked in water for 1 day 301 188 39
Fe;0,-coated AAS dried at room temperature 271 195 43
Fe;04-coated AAS soaked in water for 1 day 262 189 38
Nano-Fe;0, powder 6.4 3 1.8

Note: * treated in vaccum at 200 °C

3.2 Fe304-coated AAS in moving water

The Fe;O4-coated AAS submerged in moving DEI
water or 0.2 M H,O,-DEI water solution undergo hydra-
tion. These washed spheres are still quite dark and pos-
sess grey and black patches. Their XRD pattern shows
lines of aluminum oxide, Boehmite, Bayerite and Gibb-
site (Figure 5). The lines of Bayerite and Gibbsite are
little significant for the sample exposed to moving water
but pronounced for the sample exposed to moving H,O,
solution. The higher extent of hydration in HyO- solu-
tion thus reflects effect of hydrogen peroxide.

The XPS spectra of the dried and hydrated AAS
along with the spectra of the Fe;O,4-coated AAS and
the washed Fe3O,4-coated AAS are helpful to get more
information on surface and interface properties of these
species. The stoichiometry of the dried AAS calculated
from Al 2p and combined total lattice oxide and hy-
droxide O 1s bands shows the atomic ratio Al/O = 0.52,
which corresponds to the presence of both oxide (Al/O
= 0.66) and hydroxide (Al/O = 0.33) forms on the mea-
sured surface. The hydrated AAS show the Al/O ratio
equal to 0.29 corresponding to hydroxide form (Bayerite,
as proved by XRD). The Al 2p bands are naturally broad
due to closely spaced spin-orbit components and their
FWHM are about 1.8 eV for the bulk Al,O3 and 2.5
eV for the hydrated aluminium oxide!>” . In our spec-
tra, FWHM 2.56 eV is observed for the hydrated AAS
and much broader band (FWHM 2.75 eV) is found for
the vacuum dried AAS. This proves that in the sample
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Figure 3. XRD patterns of the dried AAS (a) and the AAS soaked in still water for 1 day (b) compared to the nano-magnetite-coated
AAS before (c) and after soaking in water for 1 day (d), 1 week (e) and 1 month (f). Assignment: Aluminum Oxide, PDF# 04-0880;
Boehmite AIO(OH) PDF# 74-1871; Bayerite, AI(OH)s, PDF# 74-1119
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Figure 4. SEM images of pristine (a) and Fe;O4-coated (b)
AAS with examples of elemental mapping and EDX analysis
showing at. % Fe/Al ratio at spots marked 1-3 as 3.40, 2.65 and
0.16, respectively

with combined oxide/hydroxide forms two bands con-
tribute to the resulting envelope (Figure 6a,6b). The Fe
2p region of magnetite shows two broad bands due to
significantly split spin-orbit components; the Fe 2ps3 /o
band is de-convoluted to Fe(2+) doublet contributions at
708.3 and 709.2 eV and the multiplet Fe(3+) band con-
tributions appear between 710.2 and 714.1 eV*%! | Ex-
actly this spectral pattern is also observed for the washed
Fe304-coated AAS (Figure 6¢). The O 1s spectral re-
gions show main contributions of lattice Al-O (531.8 eV)
and Al-OH (532.7 eV) in the dried AAS sample (Figure
6d) and a prevailing Al-OH (532.7 eV) contribution in
the hydrated AAS sample (Figure 7e). The inner layer of
the magnetite coat on the spheres of the washed FesO,-
coated AAS sample was assessed after successive three-
fold wiping off outer magnetite layers. The Ols spec-
tra of the “exposed” surface at 531, 532 and 533.7 eV
are, in the given order, assigned to signals of Fe-O lat-
tice, Fe-OH signals and minor contributions ascribed to
C-0O /C=0 moieties and/or adsorbed water (Figure 7f).
Such assignment is in accordance with the observation
that only AI-OH (532.7 eV) but not AI-O (531.8 eV) can
survive on the washed alumina surface and reflects high
persistence of the Fe;O nanoparticles bonded to alumina
surface.

The SEM-EDX analysis of the Fe;O4-coated AAS
washed in moving water (Figure 7) shows the irregular

Chemical Reports (©) 2019 by Syncsci Publishing. All rights reserved.



72 Chemical Reports, May 2019, Vol. 1, No. 2

Gibbsite
Boehmite Bayerite
4 ] 4P
[= ) JGlbbSltE Bayerite
5 ] v /
S | \Boehmite MW b )
" il‘ -~
) Gibbgite . rFI_S._".:MEhl'l'ii't\*: B it
- ayerite ayerite ,
: ‘ll"‘x \l Jy Boehmite Aluminum oxide
] - e d
1) s il i ot i L o A e
10 20 30 40 50 60 70 80

2 Theta, degree

Figure 5. XRD patterns of magnetite-coated AAS mildly shaken in water (a) and in 0.2 M aqueous H2O- solution (b) for 6 h. As-
signment: Aluminum Oxide, PDF# 04-0880; Boehmite AIO(OH) PDF# 74-1871; Bayerite, AI(OH)s, PDF# 74-1119; Gibbsite, AI(OH)s,

PDF# 12-0460

a
Al 2p
ol
8 e
[
=
‘@
c
]
z o
. —
4 -
65 70 7 80 8 il
|
1"\
i~ M |
c f o S f | \
‘,{u’ e {
iy N
LY
i Fe2p J -
{0 y ST
e i
700 710 720 T30 526 530 534 a.‘ljs

Binding energy, eV
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surface with the atomic % Fe/Al ratio for ca. 500 mm?
areas ranging at 0.19 - 0.34. These values are lower com-
pared to those for the spheres dwelled in still water and
in line with some loss of nano-magnetite particles. The
EDX elemental mapping at the microstructural level il-
lustrates that FesO4 occurs as uneven pm-sized spots.
The different Fe (red) and Al (green) color intensities for
different areas of the image indicate variable thickness
of the coat and hence variable extent of nanomagnetite
particles aggregation on different locations of the AAS

surface.

Figure 7. SEM-EDX mapping of washed Fe3O4-coated AAS

The TEM images, selected area electron diffrac-
tion (SAED) and energy dispersive x-ray spectroscopy
(EDS) of the samples scratched from the coated AAS
exposed to moving water give more details on the in-
terface between alumina and magnetite coat (Figure 8).
Both compact dark 100-200 nm-sized Fe3O, cubes, ei-
ther free or stuck to each other, along with brighter
porous grainy and shapeless phases are observed prior
and after water treatment. The SAED of magnetite cubes
manifest spot diffraction patterns consistent with cubic
morphology (PdF 72-2303). Diffraction patterns of the
brighter phases relate to cubic y-Al;,O3, e.g. PDF 50-
0741. These ca. several hundred nm-sized regions not
occurring in the direct contact with Fe3O,4 cubes show,
similarly as those of the commercial Al;O3, a pattern
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of diffuse spots which resemble monocrystal. Such pat-
tern can be ascribed to agglomerates composed of almost
identically oriented several ten nm-sized platelets.

The brighter regions occurring in a direct contact with
the Fe3O, cubes show also diffraction pattern of rings
(characteristic for nanoparticle assemblies assigned to
v-Al;O3 (Pdf 50-0741), but have somewhat dissimilar
structure which implies that the platelets near Fe;O4
cubes decay in ultrasound to a number of nm-sized parti-
cles. Such explanation is in line with the same change of
morphology upon prolonged ultrasound treatment (Fig-
ure 9). These data thus conclude that ultrasound treat-
ment induces changes in alumina morphology only in
regions of contact between alumina and nanomagnetite
entities.

Figure 8. Typical TEM images and SAED patterns of
the Fe304/Al203 interface, a, b -TEM (Bright field) of the
Fe304/Al203 interface and corresponding element mapping (Fe-
red, Al-green, O-blue); c - typical diffraction of the FesO4cube; d
- typical diffraction of brighter y-AloOgsregion; e - platelet of the
~v-Al2Ogsregion; f - platelets assembly; g - diffraction of the middle
part of the assembly.

The EDS-derived compositions on different nm-sized
areas (Figure 10) of the scratched particles reveal a va-
riety of binary Al/O and Fe/O nanophases and ternary
Al/Fe/O nanophases (Table 2), the latter displaying
nano-magnetite species attached to adjacent alumina sur-
face. The Al/O-containing spots correspond to Al,O3
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Figure 9. Typical TEM and SAED of the bright alumina region
positioned between FezO4 nano-cubes obtained after prolonged
ultrasound treatment. Green marker corresponds to AloO3 Pdf
50-0741

or its slightly hydrolyzed form, while the Fe/O- con-
taining spots possess more oxygen than magnetite.
Similar increase in O content is also evident in the
Fe/Al/O- containing spots. These stoichiometries and
those determined for the water-soaked pristine AAS
(AlO1 g8_1.89) thus indicate hydrolysis of both oxides
to species with higher metal valency. Few EDS stoi-
chiometries (locations 1,3,4) may indicate formation of
hercynite (FeAl,O,) at Fe;04/Al,03 interface, but nei-
ther XPS nor diffraction techniques (SAED, XRD) re-
vealed the presence of this form, which implies that pos-
sible reactive interaction between alumina surface and
Fe30O, nanoparticles induced by ultrasound can be ex-
cluded.

3.3 Degradation of antibiotics on AAS and
Fe;O3-coated AAS

Magnetite is an important catalyst in industry and also
in Fenton degradation of water pollutants.!*”-?8] The cat-
alytic action in the course of which hydrogen peroxide
decomposes to highly reactive OH radical is, however,
also reported for alumina®! and for Fe;0,/Al,05 cata-
lysts prepared by incipient wetness impregnation of pow-
dered Al,O5P% | It was therefore interesting to assess the
degradation of a mixture of three recalcitrant antibiotics
(trimethoprim (TMP), sulfamethoxazole (SMXZ) and
azithromycine (AZMC)) by the washed Fe;O,4-coated
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Figure 10. Typical TEM images with locations analyzed by
EDS for elemental composition

AAS in the diluted H,O, solution. It is observed that
concentrations of all the ATB do not decrease in DEI
water, but do so in aqueous H,O solution (Figure 11).
Such observation is in accordance with negligible if any
adsorption of ATB molecules to magnetite and alumina
surface and with Fenton degradation of ATB molecules
in the H,O» solution.

The mass spectral analyses permitted the recognition
of degradation paths of TMP in 0.2 M H5Oin the pres-
ence with the AAS and the washed Fe;O4-coated AAS.
The degradation of TMP with the former spheres is more
important (Figure 12) and the positive ions at m/z 355,
341, 307, 279, 281, 277 relate to demethylation and hy-

Table 2. Some EDS-derived stochiometries at different loca-

tions
Location Stoichiometry Location Stoichiometry
1 AlFe( 550, 49 8 AlO, 4
2 AlO, 5, 9 FeAlp 030234
3 AlFeg 500, 49 10 AlO 45
4 AlFe 4,0, 55 11 FeO,44
5 AlO, 55 12 AlFe; 100383
6 FeO, ¢5 13 FeO, 47
7 FeO, o9 14 AlO, 5
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Figure 11. Depletion of ATB in mildly shaken aqueous 0.2 M
H2O3solution (a) and DEI water (b) containing washed Fe3Og4-
coated AAS as dependent on shaking time

droxylation and those at m/z 155, 241 and 139 corre-
spond to cleavage of TMP skeleton. In fact, these ions
were also identified for the TMP degradation in HyO,
solutions under conditions of heterogeneous photocatal-
ysisl®1-321 | The intensities of the ions at m/z 139, 141 and
155 observed with 2 h shaking are much higher for the
coated AAS than for pristine AAS, while these intensi-
ties after 4 h of shaking with the coated and pristine AAS
are comparable. These data indicate that TMP degra-
dation is far more feasible on the washed Fe;0,-coated
AAS, whose surface is completely covered by magnetite
(as shown by O 1s XP spectra, Figure 6f). The less im-
portant TMP degradation on the pristine AAS is, how-
ever, also observed and is ascribed to alumina surface.

The above data thus that the TMP degradation is more
efficient on the nanomagnetite coat than on the surface
of AAS. More laborious analyses of the intensities de-
cay with time are however needed to give a more de-
tailed interpretation. It is seen that the intensities of the
m/z at 307 observed for the TMP/H,O, solutions in con-
tact with both kinds of spheres are lower than the value
for the TMP/H505 solution without spheres. This sur-
prisingly high intensity of hydroxylated TMP confirms
a direct reaction between TMP and H,O5 and is in line
with at least one channel of degradation of TMP induced
from TMP-OH.

4 Conclusions

Hydration of white activated ~y-alumina is suppressed
by ultrasound-dispersed Fe;O, nanoparticles which
bond to alumina surface in heptane and create black coat
permeable to gaseous nitrogen.

This coat is rigid in moving phase of nonpolar alkanes.
The coated spheres soaked in still water resist hydration
for several weeks, whereas those soaked in moving water
release a small portion of Fe;O,4 nanoparticles from outer
layers and allow alumina hydration.

The bonding of magnetite nano particles to alumina in
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Figure 12.

Intensity vs. m/z value of fragments detected after 2 and 4 h (blue and red, respectively) for shaken aqueous 0.2 M

H2O2solution containing the washed FezO4-coated AAS (a) and pristine AAS (b). Green mark designates intensity at mz 307 for pure

TMP/H20> solution

nonpolar solvent is due to attraction Coulombic forces
between these entities.

The sonication permits de-agglomeration and disper-
sion of Fe3O, nanoparticles and induces changes in alu-
mina morphology in regions of contact between alumina
and magnetite nanoparticles.

The washed Fe3Oy-coated alumina spheres induce
more efficient degradation of recalcitrant antibiotics than
the pristine alumina spheres.
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