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The processes of carbonization of sucrose-containing coatings on the sur-
face of single-domain magnetite and magnetosensitive nanocomposite
(MNC) Fe;0,/Al,0; are studied. The MNC with a carbon surface is synthe-
sized by the method of low-temperature pyrolysis of carbohydrates. As
revealed, the used heat-treatment mode does not lead to deterioration of
the magnetic characteristics of magnetite under the condition of prelimi-
nary creation of a protective layer of alumina on its surface. Differential
thermal analysis (DTA) in combination with differential thermogravimet-
ric analysis (DTGA) and programmed temperature-desorption mass spec-
trometry show that the carbonization of sucrose under these conditions is
complete. The shape and dimensions of the Fe;O,, Fe;0,/Al,0; and
Fe;0,/Al,0;,/C MNCs are investigated by the TEM method. As established,
the values of the specific saturation magnetization of MNCs are consistent
with the corresponding changes in the mass fraction of magnetite in the
Fe;0,/Al,0; and Fe;0,/Al,05/C structures. The results of TEM studies and
magnetic measurements indicate the formation of the Fe;0,/Al,0; and
Fe;0,/Al,0;,/C MNCs by the core—shell type. Methylene blue is used to
study the adsorption activity of the Fe;0,/Al,0,/C MNC surface. The re-
sults of the work can be used in the development of new magnetically con-
trolled adsorption materials for medical-biological purposes.

Hocaigsxeno mporecu KapOoHisaIlii caxapo3oBMiCHMX MOKPUTTIB HA MOBEP-
XHI OJZHOJOMEHHOI0O MATrHETUTY Ta MAarHeTOUyTJIUBOTO HAHOKOMIIO3UTY
(MHK) Fe;0,/Al,0;. MeTomoM HUB3BKOTEMIEPATYPHOI MipoJiisu BYTJIEBOAIB
cuute3oBano MHK 3 ByrierieBoro moBepxHe. BcTaHOBIEHO, IO BUKOPHUC-
TOBYBaHUII PEKUM TePMOOOPOOJIEHHA He NMPU3BOAUTEH A0 HOTIPIIIEHHS Mar-
HETHUX XapaKTEePUCTHUK MATHETUTY 34 YMOBU MOMEPEIHLOTO CTBOPEHHSA Ha
oro MOBEPXHi 3axXMCHOTO MmIapy okcuay AutomiHito. [[udepeHiiiina Tepmiy-
Ha anamisa (JTA) y moemHamui 3 nudepeHIiliHOIO TepMOI'DaBiMETPUYHOIO
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anamisoro (JTI'A) Ta Mac-CIeKTpPOMeTpiei0 IIporpaMoBaHOI TeMIepaTypHOI
IecopOIrii cBiuaTh PO MOBHOTY KapOoHisallii caxapos3um 3a YMOB eKCIIepH-
meHTy. Mertomom IIEM gocaimskeno dopmy Tta posmipu MHEK Fe O,
Fe;0,/Al,05 Ta Fe;0,/Al,0;/C. BeranoBieHo, 1110 3HAUYEHHS IIHNTOMOI HaMmar-
HeroBaHoctu Hacuty MHK ysromxymoThca 3 BigmoBiZHMMU 3MiHaMu Maco-
BOI YacCTKM MarHeTuTy B CTpyKTypax Fe;0,/Al,O; ta Fe;0,/Al,0;/C. Pe-
gynbratu IIEM-nociimkeHb 1 MarHeTHUX MipAHBb CBiguaTh Ipo (hOpMyBaHHSA
MHEK Fe;0,/Al,05 Ta Fe;0,/Al,0;/C 3a Tunmom sapo—obononka. s mocii-
I'KeHHs agcopoOritinoi aktusuHocTu moeepxui MHK Fe;0,/Al,0,/C Bukopuc-
TOBYBaJIU METUJIEHOBUU cuHi#. Pesysbratu po60oTHM MOXKYTH OyTU BUKOPIC-
TaHi I Po3poOKM HOBUX MATHETOKEDPOBAaHMX Aa[cOopOIifHMX MaTepisiiB
MeIUYHO-6i0/IOTiYHOT0 MPpU3HAUCHHS.

Key words: magnetosensitive nanocomposites, carbon surface, pyrolysis,
adsorption.
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1. INTRODUCTION

Analysis of the state of the economy and trends in the modern
nanoindustry leads to the conclusion that one of the most promising
branches of nanotechnology is the production of carbon nanomateri-
als for various functional purposes. Carbon is known to form an ex-
tremely rich range of structural modifications with unique physical,
chemical and biological properties. According to the existing classi-
fication, such structures include, in particular: crystalline forms—
diamond (cubic structure), graphite (hexagonal structure), carbine
(structure of linear chains of carbon atoms packed into crystals by
the van der Waals forces); fullerenes (quasi-zero-dimensional struc-
tures) and their derivatives—fullerites; carbon fibres and single-
walled and multiwalled nanotubes (quasi-one-dimensional struc-
tures); graphene (quasi-two-dimensional structures) [1, 2]. There-
fore, the growing interest of researchers in the use of various car-
bon nanostructures in the composition of nanocomposites (NCs) is
natural [3—8].

In particular, carbon nanomaterials and NCs based on them, in-
cluding magnetosensitive ones, are in growing demand in engineer-
ing, biotechnology, medicine, environmental protection, etc. [1-3,
9-13]. Thus, magnetosensitive NCs with carbon components are
used in the development of new types of carriers for targeted deliv-
ery of drugs, contrast agents for magnetic resonance imaging, med-
ical hyperthermia, magnetically controlled adsorbents for various
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functional purposes. Carbon coatings are able to perform unique
functions in the composition of NCs and protect them from the ag-
gressive action of acidic and alkaline environments [14].

Among the nanodisperse magnetically sensitive materials used to
create multifunctional MNCs, magnetite (Fe;O,) and its modified
forms occupy an important place due to their unique physicochemi-
cal and biological properties [15—20]. In particular, MNCs based on
single-domain Fe;O, with a core—shell structure and hierarchical
multilevel nanoarchitecture are capable to performing a theranostic
complex of functions characteristic of medical-biological nanorobots
[20—30]: recognition of microbiological objects in biological envi-
ronments; targeted delivery of drugs to target cells and organs and
deposition; complex local chemo-, immuno-, neutron-capture-, hy-
perthermic-, photodynamic therapy and real-time diagnostics; de-
toxification of the body by adsorption of cell decomposition resi-
dues, viral particles, heavy metal ions, etc. and their removal by
magnetic field.

The result of surface modification is a decrease of the aggrega-
tion of magnetite nanoparticles (MNPs) and an increase of the spe-
cific surface area of MNCs [31], which allows optimizing the mag-
netic and adsorption properties [32]. Such MNCs exhibiting a high
adsorption capacity can be controlled by a magnetic field, and the
stage of separation of the spent adsorbent can be performed by the
method of magnetic separation.

The aim of this work is the synthesis of promising for practical
use magnetosensitive MNCs with a structure of the core—shell type
based on single-domain magnetite and carbon, the study of their
adsorption activity and magnetic properties.

2. EXPERIMENTAL SECTION

The most common one-step method for the synthesis of carbon-
containing NCs is hydrothermal (solvothermal) [33—35]. The disad-
vantage of this method is the formation of a mixture of organic
compounds on the surface of magnetic particles [36]. The controlled
carbonization process due to changes in reaction conditions and en-
vironment occurs when mixing pre-synthesized magnetic NPs with
a carbon source (e.g., glucose, dopamine and ethylene glycol) [37,
38].

In this work, nanosize single-domain Fe;O, in the superparamag-
netic state was used as a magnetically sensitive mineral matrix for
the synthesis of core—shell type structures with a carbon surface.
Such MNPs became uniformly magnetized throughout the volume at
any values and directions of the external magnetic field H [25-27,
29].
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Obtaining MNCs with a carbon shell is possible by pyrolysis of
the carbohydrate layer deposited on its surface. Pyrolysis at tem-
peratures from 400 to 550°C was considered low-temperature, and
at temperatures from 600 to 1000°C and higher, as high-
temperature one. At higher temperature, the carbonization process
was faster. Glucose, sucrose, starch and CS polygel (carbomer 934)
were previously investigated as a carbon source [16]. It is was es-
tablished that using sucrose as a carbon source, due to it physico-
chemical and thermal properties, carbon yield and properties of the
obtained carbon coatings, was advisable. Magnetite, in the absence
of oxygen, was characterized by the preservation of ferromagnetic
properties to the Curie point (585°C) and by the preservation of the
reversibility of magnetothermal characteristics after heating to
800°C. Due to the oxidation of magnetite in the air, phase transi-
tions were recorded as the formation of maghemite (y-Fe,0;) at tem-
peratures of 250-300°C and hematite (a-Fe,O;) at temperatures
above 350°C [39] that leaded to a significant deterioration of mag-
netic properties. To stabilize the chemical composition and magnetic
properties around the Fe;O, nucleus, oxide shells were created, for
example, SiO, [16].

Previous research has shown that the best way to achieve this
goal may be the use of magnetite with a modified alumina (Al,O,)
surface. Thus, the Fe;0,/Al,O; MNCs were characterized by thermal
stability sufficient to preserve the magnetic properties of the NC
core by heat treatments in the range of sucrose pyrolysis tempera-
tures during the formation of carbon coatings in the Fe;0,/Al,O,/C
MNCs’ structure.

2.1. Synthesis of Nanodispersed Fe;0,

Nanodispersed magnetite was synthesized by the Elmore reaction
[20]:

Fe* + 2Fe*" + 8NH,0H — Fe,0, + 4H,0 + SNH,".

The NPs Fe;O, ensemble was characterized by sizes of 3-23 nm,
and their average size (Dxgp) determined by Scherrer’s formula was
of 10.5 nm. The specific surface area, estimated by the formula
S,, = 6/(pDxgp), where p is the particle density, was of 110 m*g™".
The values of the coercive force H.=81.0 Oe, the saturation mag-
netization o,=55.6 emu-g”' were characteristic of Fe;O, NPs in the
absolutely single-domain state. The presence of OH groups on the
surface of magnetite (2.2 mmole/g) was determined using IR spec-
tra. The synthesis and properties of magnetite are described in more
detail in Refs. [27, 29].
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2.2. Synthesis of Fe;0,/Al1,0; MNCs

The isopropyl alcohol was added to the highly dispersed magnetite
and stirred for 15 min to form a stable suspension. Three times
more aluminium isopropylate (C;H;0);Al was calculated relative to
the number of hydroxyl groups of magnetite surface; the overage
was added to the suspension.

The weight of the modifier was calculated by the formula

m=ngAM, (1)

where M is the molecular weight of the modifier; A is the number
of hydroxyl groups on the surface of magnetite [mole]; n =3 is ex-
cess modifier; g is weight of the carrier (magnetite) [g].

The modification was performed in a boiling mixture with stir-
ring for 6 h. The obtained NCs were separated by decantation on a
permanent magnet, washed with isopropyl alcohol until a negative
reaction of the washing liquid on Al (IIT) (0.1% solution of alizarin
red) and dried in air for 24 h.

The synthesis of aluminium-containing coating on the surface of
Fe,0, was carried out by two time chemical modification with alu-
minium isopropylate. As a result of the polycondensation reaction,
the surface of magnetite acquires an amphoteric character due to
Al-(OH)- groups [41]. The polycondensation reaction can be repre-
sented by the scheme:

i — OH + (C3H;0),Al — ] — O — AIO(H) + 3C,H,OH.

2.3. Synthesis of Fe;0,/Al,0;/C MNCs

The obtained Fe;0,/Al,0; NCs was impregnated using a rotary
evaporator with sucrose solutions at the rate of 0.45 g of carbohy-
drate per 1 g of NCs. Carbonization of the carbohydrate shell of
NCs was carried out in argon at 500°C for 2 h in a furnace with
programmable heating (heating rate—10 deg-min™).

2.4. Research Methods

The crystal structure of NPs was determined by x-ray diffraction
(XRD). XRD measurements were performed using DRON-4-07 dif-
fractometer with CoK, radiation and Fe filter focusing on Bragg-
Brentano.

Structural studies of NPs and modified ones were performed by
powder x-ray diffraction method (XRD) using DRON-UM1 diffrac-
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tometer (‘Burevestnik’, Russia) with Fe-filtered CoK, radiation fo-
cusing on Bragg—Brentano in 20 range of 10—-80°.

The specific surface of the samples was determined by the meth-
od of adsorption—desorption of nitrogen using KELVIN 1042 Sorp-
tometer ‘COSTECH Instruments’ at the boiling point of liquid ni-
trogen. The sorbents were previously degassed in a helium stream
at 110°C.

S,y = AN 0, (2)

where S,, is the specific surface area of the adsorbent [m*g™']; A, is
limiting value of adsorption [mole-g']; N, is the Avogadro con-
s}\%nt, (6.022-10%® mole™); ®,, is the area of the adsorbate molecule
[A°].

The specific surface area of the original magnetite was of 110
m?g, the volume of micropores was of 1.16 mm?, the surface area
of micropores was of 3.30 m?g’.

Determination of the possible presence of organic residues on the
surface of the NCs as a result of insufficiently deep destruction of
the organic phase of the modifier in the process of pyrolysis of
composites was studied by temperature-programmable desorption
mass spectrometry (MX-7304A, Sumy, Ukraine) with electron im-
pact ionization [41, 42]. A sample weighing 10—-20 mg was placed
on the bottom of a quartz—molybdenum ampoule at a pressure of
= 5-10"° Pa. Programmable linear heating of the sample was per-
formed at a rate of 0.17°C-s™ to a temperature of = 750°C. The reg-
istration of mass spectra was carried out in the range of 1-210
amu. About 240 mass spectra were recorded during the experiment.

The method of differential thermal analysis (DTA) in combination
with differential thermogravimetric analysis (DTGA) was used to
study thermal transformations in NCs. The thermograms were rec-
orded using a Q-1500D derivatograph (MOM, Hungary) in the tem-
perature range of 20—1000°C at a heating rate of 10°C-min".

Investigations of morphology and size distribution of NPs were
performed in water solutions. The size and shape of the NPs were
determined by electron-microscopy methods using transmission elec-
tron microscope JEOL 1200 EX (Tokyo, Japan) with a tungsten fil-
ament operating at a 120 kV acceleration voltage. The TEM samples
were diluted in deionizer water, dropping it onto a carbon coated
copper grid (EM Resolutions Ltd) and were dried at room tempera-
ture for 12 h.

The magnetization of the samples was measured using a vibrating
magnetometer at a frequency of 228 Hz at room temperature as de-
scribed in Ref. [24]. Samples for research were dry demagnetized
polydisperse materials. For comparing, Ni sample and Fe;O, (98%)
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nanoparticles (‘Nanostructured&Amorphous Materials Inc’, USA)
were used. The measurement error did not exceed 2.5%.

The adsorption capacity was estimated using methylene blue
(MB). Optical density measurements and concentration in solutions
were performed by spectrophotometric analysis using spectrometer
Lambda 35 UV/Vis (Perkin Elmer Instruments). To study the pro-
cesses of MB adsorption on the surface of MNPs, the series of sam-
ples (g=30 mg) with different concentrations in the range of
0.002-0.150 mg-mL™" were made (V=5 mL, pH = 7.0).

MB adsorption was performed for 3 h in static mode at room
temperature. The amount of adsorbed MB on the surface of nano-
composites was determined by measuring the concentration of the
solutions before and after adsorption. The concentration was deter-
mined by spectrophotometric measurements at A = 590 nm using the
calibration graph method.

The adsorption capacity A [mg-g™'] is calculated using Eq. (3):

A=(Co=CV/m, (3)

where A [mg-g™'] is the amount adsorbed; C, and C,, [mg-L™'] are the
initial and equilibrium concentration of the solution; V [mL] is the
volume of the solution; g [g] is the mass of absorbent used.

The removal efficiency of MB, R, was obtained with Eq. (4):

R={(C,-C,)/Cy}-100% . 4)

3. RESULTS AND DISCUSSION

The influence of sucrose content, pressure (p), temperature (¢) and
pyrolysis time (t) on the structure of magnetite and the composition
of the carbon shell during thermal transformations of magnetite
and carbohydrates on the surface was studied.

According to XRD analysis, the crystal structure of the original
Fe,0, was characterized by clear reflexes, the most intense of which
are at 20=35.5°, 41.5°, 50.1°. The data found (Fig. 1, a) are in
good agreement with the crystallographic data of the magnetite
phases (JCPDS No. 88-315).

Results of XRD studies for samples with carbon shell obtained by
pyrolysis of magnetite/sucrose NCs (magnetite:carbohydrate mass
ratio is 1.00/0.45, t=200°C, p=506.6 kPa, t=6 h, environment
argon) is shown in Fig. 1, b.

XRD study of samples of NCs obtained under these pyrolysis
conditions indicates the preservation of the magnetite phase and the
formation of the y-Fe,O; phase ((JCPDS No. 39-1346) (Fig. 1, b).

Organic residues in the composition of the carbon shell formed on



434 A.P.KUSYAK, N. V. KUSYAK, O.1. ORANSKA et al.

I, a.u. I, au.
10000 4
150004
8000 - 125004
6000 100004
7500
4000
5000+
2000
2500+
Q T T T T T T T T T T T T T
0 10 20 30 40 50 60 70 80 0 15 30 45 60 75
20, degree 20, degree
a b

Fig. 1. XRD patterns of MNPs: of the original magnetite (a) and magnet-
ite with a carbon surface (b).
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Fig. 2. The p—T curve for pyrolysis of a sample of Fe;O,/C obtained by
carbonization of a sample of Fe;O,/sucrose (magnetite:carbohydrate mass
ratio is 1.00/0.45, ¢ = 200°C, p = 506.6 kPa, t=6 h, environment argon).

the surface of NCs because of carbonization were investigated by
the TPD MS method. Analysis of mass spectrometric data showed
that, under these conditions (¢t = 200°C, p = 506.6 kPa, t=6 h), com-
plete destruction of the organic modifier does not occur, because
the p-T curve has wide diffuse maxima at ¢,,,=180°C and
toax = 470°C (Fig. 2). These maxima indicate desorption of volatile
products formed from dehydration products (mainly anhydrosugars)
and other products of thermal conversion of sucrose.

Analysis of mass spectra (Fig. 3, a—c) and TPD curves (Fig. 3, d)
obtained in the process of pyrolysis of the Fe;0,/C sample showed
that, in the temperature range of 150-320°C, heterocyclic com-
pounds of the furan series (furan, methyl furan, furfural, methyl



MAGNETOSENSITIVE NANOCOMPOSITE Fe;0,/Al,0;,/C SYNTHESIS 435

8000, 18
5 6.000
& 4,000
™ 2000
0000 L2844
0 50 100 150 200
m/z
0.150
. 0120
i
o 009
g 0060 i‘ "
0.030 hl lw ) g
: Wm,a ) L
o_ouon- — TR T
m/z
b
0.150
. 0120
91
=
= 009 ‘ L 78
~ 0.060
—
I& 65] 128
ol 1\ A 52 4 m .
00005 50 100 150 200
m/jz
c
0.12 g1 78
0.10
S 0.08
< 68
- 0.06 ~ B
= 128
0041 419
0.02 N, AN o
0.00

100 200 300 400 500 600 700
T, °C
d

Fig. 3. Pyrolysis of Fe;O,/C NCs (carbon source—sucrose). Mass spectra
for temperatures: 82°C (a), 240°C (b), 320°C (c); TPD curves (d) for molec-
ular ions of furan series compounds: m/z=68 (furan), m/z=82 (methyl
furan), m/z=96 (furfural), m/z=110 (methyl furfural), and aromatic
compounds: m/z=178 (benzene), m/z=91 (toluene), m/z =128 (naphtha-
lene).

furfural, etc. (Fig. 3)) are the main products formed as a result of
thermal transformations of the organic coating.
In the temperature range of = 150-320°C, in the mass spectra,
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molecular ions of compounds with m/z=68 (furan), m/z =82 (me-
thyl furan), m/z=96 (furfural), m/z=110 (methyl furfural) (Fig.
3, b), are observed as the main products of pyrolysis of poly-, oligo-
and monosaccharides [43, 44].

The peaks on the TPD curves have a complex shape (Fig. 3, d),
probably, as a result of the superposition of several peaks, the pres-
ence of which may be due to several ways of formation of molecular
ions of compounds (Fig. 4). The sucrose molecule consists of mono-
meric units of glucose and fructose. Accordingly, the activation en-
ergies of the formation of furan derivatives from the six-membered
glucopyranose cycles will be significantly different from the activa-
tion energies of the formation of such derivatives from the five-
membered fructose cycles. It is also necessary to take into account
anhydro-derivatives of fructose and glucose, the pyrolysis of which
produces furan compounds with different activation energies (Fig.
4) and, accordingly, with different temperatures of the maximum
desorption rate T,,,,.

Analysis of mass spectra at temperatures in the range of = 270—
400°C showed that the second stage of pyrolysis (Fig. 4) was due to
the destruction of the modifier with the formation of aromatic
compounds. Molecular and fragment ions of the following aromatic
compounds were observed in the mass spectra: m/z =78 (benzene),
m/z=92 (toluene), m/z=91 (tropylium ion is responsible for the
most intense peak in the toluene spectrum), m/z =128 (naphthalene)
(Fig. 3, ¢). The peaks of TPD curves at T, =330°C (m/z=91),

max —

I\ g
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_OH o o_ J
HOA 0 O : /OH / 1/ \3 U//
(.___{"' 707-""" . Tmax = 220_28000 O
Ho OH L NOH s 68 mis 5
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m/z 18 m/z 92, 91
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3

Fig. 4. The main pathways and products of thermal transformations of the
modifier of carbohydrate nature (sucrose) on the surface of Fe;O, in the
process of the carbon-coating forming.
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Fig. 5. XRD patterns of Fe;0,/Al,0; MNPs’ sample: one-time modification
(1), twice- (2) and three-time (3) modifications (¢ =500°C, t=2 h, envi-
ronment argon).

345°C (m/z="T8) and 350°C (m/z=128), indicate desorption in the
molecular form of aromatic carbohydrates and condensed aromatic
carbohydrates.

Thus, XRD and TPD MS studies indicate that pyrolysis at 200°C
for 6 h in argon at a pressure of 506.6 kPa is not sufficient for
complete carbonization of the organic modifier (sucrose) on the sur-
face of magnetite. Therefore, to protect the magnetite from oxida-
tion under the influence of the elevated temperature required to ob-
tain a high-quality carbon shell, an additional modification of the
surface of the magnetite with aluminium isopropylate was per-
formed.

The amount of alumina sufficient to protect the magnetite when
heated to 500°C for 2 h in an argon atmosphere was optimized by
XRD control of phase content studies of the samples (Fig. 5).

Thus, it was shown that one-time modification does not prevent
partial oxidation and formation of the a-Fe,O; phase during heat
treatment of the samples (ICDD No. 73-603) (Fig. 5, a). The use of
twice- and three-modifications allows to obtain coatings that protect
the magnetite from oxidation due to heat treatment, as evidenced
by the presence on the diffraction patterns of reflexes related only
to the Fe;O, phase (JCPDS No. 88-315) (Fig. 5, b, ¢).

Furthermore, the diffractogram of the Fe;0,/Al,0;/C NC sample,
obtained with 2 layers of aluminium oxide and pyrolysis with su-
crose, differs from the diffractogram of Fe;0,/Al,0; MPCs, ob-
tained with only double Al,O; modification, by the lower intensity
of the diffraction Fe;O, peaks. This indicates the formation of an
amorphous carbon-containing coating on the surface of
Fe;0,/Al,0,/C NC sample (Fig. 6).

That is, the two-layer coating of alumina is sufficient to protect
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Fig. 6. XRD patterns of Fe;0,/Al,0; MNPs’ sample (1), obtained by twice
time modification, and Fe;0,/Al,0;/C NCs (2) (t = 500°C, t=2 h, environ-
ment argon).
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Fig. 7. TGA measurement for Fe;O, MNPs’ samples.

the magnetite from oxidation during the pyrolysis of
Fe;0,/Al,05/sucrose composites. All further studies were performed
on Fe;0,/Al,0; samples obtained by double modification.

The increase in the transition temperature of magnetite to hema-
tite was also confirmed by the DTA method.

This is derivatogram of the original nanodispersed magnetite pre-
sented in Fig. 7 and registered in air. When on DTA curve, there
are having place next temperature effects—one was characterized
by an endothermic effect at a temperature of 1000°C being accom-
plished by weight-loss effect (on TG one), and those are owns corre-
sponding minimum on DTG one too. This thermal effect refers to
the loss of physically bonded water.

Next, clear endothermic minimum appears at temperature of
275°C, in the range of 200-380°C (DTA curve), and there is one
corresponding minimum on the DTG one, which linked with the re-
moval of water, and, as a result, to the condensation of hydroxyl
groups on the particle surface. There are available also exothermic
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maxima: first, weak at 360°C, and second, intense at 480°C, may be
attributed to thermal phase transitions of magnetite.

There are available such of exothermic maxima—first, weak at a
temperature of 340°C, may be referred to magnetite—to—maghemite
(y-Fe,0;) phase oxidation process, which being particularly created
during heating in derivatograph oven and derivatogram registra-
tion, and second, intense at a temperature of 480°C, may be corre-
sponding to magnetite—to—hematite transition (a-Fe,0;) one, which
may be attributed to thermal phase transformations of magnetite.
Derivatograms of thermal transformations of the Fe;0,/Al,0; NCs
are shown in Fig. 8.

There are curves of the complete thermal analysis, which is re-
flecting the transformation of both composite components: for both,
magnetite (core) as well as shell, where aluminium isopropylate pol-
ycondensation process is, when, at involving of functional groups,
one goes on during heating. There are minima on DTA and DTG
curves (Fig. 8, a) at a temperature of 110°C, which are correspond-
ing to the volatile products removal such as water and isopropyl al-
cohol. Narrow low-intensity minimum at 210°C on the ascending
branch of main one and at 110°C on the DTG curve can probably be
attributed to the residual aluminium isopropylate removal. There is
a minimum on the DTG curve at a temperature of 300°C; this can
be associated with the condensation of hydroxyl groups on the mag-
netite surface, and water removal. Next, extensive minimum on
DTG may be responsible to the condensation of —AI-OH groups,
when with following formation process of —Al-O—-Al- groupings.
There are two exothermic peaks at 210 and 310°C; they can be asso-
ciated with redox processes of both components: magnetite—to—
maghemite oxidation and thermal destruction of isopropyl radicals.

Am/m, % mass. Am/m, Y mass.
600 DTG 260 DTG
| / TG
=0
t \/\/—g”]
1 S 90 250 12
S M 340
=
DTA

200 400 600 800 1000
T, °C
b

Fig. 8. TGA measurement of NCs’ samples: Fe;0,/Al,0; (a), Fe;0,/Al,04
(b), annealed at 500°C for 2 h.
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There are exothermic peaks in the temperature range 500-620°C,
and those are regarding to the magnetite—to—hematite transition
process. An exothermic peak at 660°C is observed also for the sam-
ple, which firstly dried and, then, annealed at 500°C in a stream of
argon (Fig. 8, b).

Temperature of the exothermic peak increases, when characterizing
magnetite—to—hematite oxidation process; there was also observed
such a phenomenon in Ref. [45], where magnetite was modified with
layers of silicon and titanium oxides. Such a shift may be indicating on
the formation of a protective oxide shell on magnetite NPs.

When regarding for the sample annealed at 500°C in a stream of
argon (Fig. 8, b), in the temperature range of 100-300°C, there is a
slight mass increasing, which can be caused by oxygen connection,
i.e., oxidation process. There is pyrolysis of the organic part of the
modifier exists, namely, for isopropyl radicals, which can create a
reducing atmosphere for iron oxides. When at heating in air during
thermogram registration, the oxidation process reflects on the DTA
curve in form of exothermic maximum, and as mass increase on the
TG one, as well as the corresponding maximum on the DTG one. It
is likely that a small part on the surface layer of magnetite parti-
cles being subjected to redox effects.

The completeness of the carbonization of the surface layer of the
carbohydrate was evaluated using the method of TPD MS. Signifi-
cant reduction of peak intensity on p—T curves on TPD curves (Fig.
9) and analysis of mass spectra (detected CO,, CO and H,0, no char-
acteristic of thermal destruction of carbohydrates furan derivatives
and other products) (Fig. 10) for samples subjected to pyrolysis at
500°C in an argon stream, compared with samples whose pyrolysis

0.00141
0.0012
o 0:00101
¥
.. 0.0008]
Ry
0.0006-
0.0004] | \ .
i \———*
0.00024 % 1
0 100 200 300 400 500 600 700

T, °C

Fig. 9. The p—T curves for pyrolysis of a sample of Fe;0,/Al,0,/C (1) ob-
tained by carbonization of a sample of Fe;0,/Al,0;/sucrose (magnet-
ite:carbohydrate mass ratio is 1.00/0.45) and Fe;0,/Al,0; (2) (t=500°C,
t=2 h, environment argon).
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was carried out by lower temperature (Fig. 2), indicates the effec-
tive carbonization of the carbohydrate modifier.

According to the results of image processing of ensembles of
Fe,O, NPs, Fe;0,/Al,0; and Fe;0,/Al,0;/C NCs, obtained by the
TEM method, the similarity of shape and their average size were
established: for Fe;O,, 10.5 nm; for Fe;0,/Al,0; NCs, 14.5 nm; for
Fe;0,/Al,0,/C NCs, 15.5 nm (Fig. 11).

Using the principles of magnetic granulometry and the superpar-
amagnetic properties of Fe;O, as a probe [24—-26, 29, 32], the mag-
netic and dimensional parameters of Fe;0,/Al,0; and Fe;0,/Al,0,/C
nanostructures were studied. Using these approaches and data of
magnetic measurements on the value of o, /o=, the diameters
and thickness of the shells of the synthesized nanostructures were
calculated.

Magnetic hysteresis loops measured at room temperature (= 26°C)
for the NPs and composites are presented in Fig. 12.

I, a.u.
T
0.8
0.6
0.4 a4
0.2 h 28 J
0 LL,,,J \ LV
0 50 00 150 200

m/z

Fig. 10. Mass spectra of Fe;0,/Al,0;/C NCs for temperature of 235°C
(magnetite:carbohydrate mass ratio is 1.00/0.45, pyrolysis ¢t =500°C, t1=2
h, environment argon).

Fig. 11. TEM images: Fe;O0, (a); Fe;0,/Al,0; (b); Fe;0,/Al,0;/C (c). Scale
bar of 20 nm.
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Fig. 12. Magnetic hysteresis loops for the samples: Fe;O, (1); Fe;0,/Al,04
(2) and Fe;0,/Al,0,/C NCs (3).

TABLE 1. Magnetic characteristics of Fe;O,, Fe;0,/Al,0;, Fe;0,/Al,0,5/C
NCs.

Samples ‘G(H:S roep €Mu-g Yo, emu-g Yo, emu-g !lo,/c,| )¢ /5" |H,, Oe
Fe;0, 55.6" 7.379 57.9 0.12 1 81
Fe;0,/Al,0, 48.7" 6.319 51.0 0.12 0.88 82
Fe,0,/Al,0,/C 42.4° 5.367  44.3 0.12 0.76 94

Note: * error +2.5%; H, [Oe] is coercive force; o, [emu-g™!] is specific saturation
magnetization (its value is obtained by extrapolation of the experimental curve
o(H™) to the y-axis); O 8 K0e) [emu-g '] is specific magnetization in the field of 8
kOe; o, [emu-g™'] is residual specific magnetization; c,/c, is relative residual mag-
netization; o)°/ct=% is mass fraction of magnetite in NC.

s

In Table 1, the magnetic characteristics of Fe;0,, Fe;0,/Al,0; and
Fe;0,/Al,0,/C NCs are presented.

The value 6,=57.9 emu-g ' (Table 1) for Fe;0, samples is charac-
teristic of nanodispersed magnetite [26, 27], and a decrease in this
value for the Fe,0,/Al,0; (51.0 emu-g*) and Fe,0,/Al,0,/C/C (42.4
emu-g ') structures are consistent with the corresponding changes
in the mass fraction of ¢"°/c"™* magnetite in the NCs and indi-
cates the presence of a nonmagnetic shell around the magnetic core.

It is seen that the dimensions of the studied nanostructures, de-
termined by the methods of statistical processing of TEM images
(Fig. 11), are consistent with the corresponding values obtained by
magnetic measurements (Table 2).

Studies have shown that the magnetic characteristics of single-
domain magnetite are virtually unchanged, and the properties of
Fe;0,/Al,0;/C NCs correspond to the sequential formation of Al,O,4
and C shells because of modifications.
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TABLE 2. The average diameters (d,;,, d, ) and the thickness of the
shells of nanostructures #,, determined by electron microscopic (TEM)
and magnetic (M) measurements.

Samples rEar » DN > M > M
Fe;0, 10.5 10.5 0
Fe;0,/AlL0, 14.5 10.5 2(Al,0,)
Fe;0,/Al1,0,/C 15.5 10.5 2.5(2A1,0; + 0.5C)

TABLE 3. The value of the specific surface area and pore size of the mag-
netite-based nanostructures.

e g S . @ o
g g < S
. B = E g £ F
& ER g7, ST, ® 2 <
a g3 © oo S S ¢
g o B &g Sog O’ 9 =
< =] o o = E =
@D ) & & S & ° g o
- Q o 1 Q
< = < g o ®
s £ 5 S > &
& = = a
Fe,0, 110 313.24 1.16 3.298 82.93
Fe,0,/Al,0, (annealed) 104 277.10 0.91 2.58 76.70
Fe,0,/Al,0,/C 160 248.52 19.27 54.70 60.07

Using the obtained average values of the size of the original
magnetite, Fe;0,/Al,0; and Fe;0,/Al,0;/C NCs and their shells, us-
ing the results of TEM studies and magnetic measurements, it was
calculated the density of the Al,O, shell, i.e., 3.23 g/cm?, which is
in good agreement for the y-Al,O; phase [46, 47].

The values of the specific surface area and pore size of the stud-
ied nanostructures, which were determined by the method of ther-
mal desorption of nitrogen, are shown in Table 3. For the
Fe;0,/Al,0; and Fe;0,/Al,0;/C samples, annealing of the coating
and pyrolysis of the carbohydrate were carried out under the same
conditions: T = 500°C, t =2 h, environment argon.

Table 3 shows that annealing Fe;0,/Al,O; NCs reduces, compared
to unmodified magnetite, the specific surface area to 104 m?g
with a micropore volume of 0.91 mm®g ' and a micropore area of
2.58 m?g!. This can be explained by the formation around the
magnetite core of a polymer structure of alumina, the thermal an-
nealing of which leads to better ordering of the Al,O; layer, its
compaction and release of isopropylate residues, which, in turn,
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given the coating thickness (2 nm, Table 2) and leads to a decrease
in the surface of the NCs.

The process of carbonization of the layer carbohydrate increases
the specific surface of NCs to 160 m*g' with a micropore volume
of 19.27 mm?®g ™ and a micropore surface area of 54.70 m*g™". Giv-
en the value of the average thickness of the carbon layer (0.5 nm,
Table 2) on the surface of Fe;0,/Al,0; NCs and the significant con-
tribution of carbon micropores (54.70 m?g™') in the specific surface
of Fe;0,/Al,0,/C NCs (160 m*g™), we can conclude about the heter-
ogeneous structure of the carbon coating.

Testing of the adsorption activity of Fe;0,/Al,0;/C NCs was per-
formed using methylene blue (MB). Experimental results of kinetic
studies were used to determine the limiting stage and the possible
mechanism of adsorption. Correspondence to the kinetic model was
established by the method of linearization in the coordinates of in-
tegral equations and statistical methods with the determination of
the correlation coefficient [48—50]. To model the adsorption kinet-
ics, the Weber—Morris and Boyd’s diffusion models, Lagergren
pseudo-first-order models, Ho and McKay’s pseudo-second-order
models, and Yelovich’s model were used.

Analysis of the experimental kinetic dependence (Fig. 13, a) indi-
cates a mixed-diffusion mechanism of kinetics. The model of the
pseudo-second order with a high correlation coefficient r*=0.993
(Fig. 13, b) and similar to the experimental value of A,,. (Table 4)
agrees with the parameters of adsorption of molecules and ionic
forms of MB.

Experimental results of the study of the adsorption activity of
Fe;0,/Al,0;/C NCs relative to MB in the concentration range
C,=0.028-0.148 mg-ml™ were used to construct the isotherm (Fig.
14) and analysed for compliance with the adsorption model.

The value of the correlation coefficient (7°), the close values of
the experimental and calculated values of A indicate the correctness
of the use of the Freundlich model to describe the adsorption pro-
cesses (Table 5).

The calculated isotherm parameters and kinetic characteristics of
adsorption indicate the process on non-equivalent energy centres of
the surface by the mixed-diffusion mechanism.

The results of the work may be relevant for use in the develop-
ment of new magnetically controlled adsorption materials for tech-
nical, technological, environmental and medical—-biological purposes,
medical test-systems, theranostic systems of targeted delivery, etc.

4. CONCLUSIONS

The processes of pyrolytic carbonization of sucrose-containing coat-



MAGNETOSENSITIVE NANOCOMPOSITE Fe;0,/Al,0,/C SYNTHESIS 445

o] O
- 15
B N = 0.993
o,
=) n -
: 3
" 5
< 2 - b
U('I; 20 40 a0
0 t, hours
05 1.0 1.5
t, hours

Fig. 13. Experimental kinetic curve of MB adsorption on the surface of
Fe;0,/Al,0;/C NCs (a) and linearized form in the co-ordinates of the pseu-
do-second order model (b).

TABLE 4. Kinetic parameters of MB adsorption on the surface of
Fe;0,/Al1,0;/C NCs.

Kinetic model of the pseudo-second order equation t/A=1 /kAzeq +t/A,
Linear form ¢/A-t

T P
T T T Moo C) =
g E o 7 g B
o0 %n g = e o0 & RS
5 : 3 3 | K g &
3 S 3 S
O QO < < bf 3
== ~
0.034 3.1-10% 5.67 5.75 99.9 0.077 2.476 0.99

Note: A,,, is experimental adsorption capacity [mg-g7']; A,,. is calculated adsorp-
tion capacity [mg-g']; k is pseudo-second order adsorption equilibrium rate con-
stant [g-(mg-min)']; V, is initial adsorption rate [mg-(g-min)™].

ings on the surface of single-domain magnetite and Fe;0,/Al,O; NCs
have been studied. In the mass spectra of volatile pyrolysis products
of coatings heat-treated at 500°C for 2 h in an argon stream, the
main pyrolysis products are CO,, CO and water that indicates the
efficiency of the carbonization process of the carbohydrate coating.
It is revealed that the used heat-treatment mode does not lead to
deterioration of the magnetic characteristics of magnetite under the
condition of preliminary creation on its surface of a protective layer
of alumina. As shown, the carbonization of sucrose-containing coat-
ings on the surface of Fe;0,/Al,O; NCs under these conditions is
complete, and the final product of the process is Fe;0,/Al,0;/C
NCs.

The TEM method showed that, in all studied samples of Fe;O,,
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Fig. 14. Isotherms of MB adsorption on Fe;0,/Al,0,/C NCs: obtained from
adsorption experiment (I); calculated from the parameters of the Freun-
dlich equation (2); linearized form of Freundlich isotherm (a).

TABLE 5. Parameters of MB adsorption on Fe;0,/Al,0;/C NCs calculated
using Freundlich models.

Equation A,=K,.C'"
Linearized form InA, =1nK;+ (1/n)InC,
Calculated parameters |A,,, mg~g’1|Amlc, mg-g’1| K; | 1/n | r’
C,=0.028-0.148 mg-ml™* 18.9 18.17 40.89 0.24 0.98

Fe,0,/Al,0;, Fe;0,/Al,0;/C, the shape of the NPs is similar; their
average sizes are consistent with the data of magnetic measure-
ments. The values of the specific saturation magnetization o, of
Fe;0,/Al,0; (48.7 emu-g') and Fe;0,/Al,0;/C (42.4 emu-g™*) NCs are
consistent with the corresponding changes in the mass fraction
o /6™ of magnetite in these structures. Data from TEM studies
and magnetic measurements indicate the formation of the structure
of Fe;0,/Al,O; and Fe;0,/Al,0;/C NCs by the core—shell type. Test-
ing of the adsorption activity of the carbon surface of
Fe;0,/Al,0;/C NCs was performed using MB. The results of the
work may be relevant for use in the development of new magnetical-
ly controlled adsorption materials for technical, technological, envi-
ronmental and medical-biological purposes, medical test-systems,
theranostic systems of targeted delivery, etc.
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