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Abgract. The Fe;0O4 nanoparticles dissolution in the acid
media (pH = 1.8-5.0; 3 h) has been studied. The kinetic
curves have been obtained and Fe;0,4 solubility has been
determined using spectrochemical, gravimetric and atomic
absorption methods. Fe;0O, solubility was found to be
increased with the increase in inorganic media acidity and
the time. By means of SEM, XRD and NMR analyses the
effect of acidic media on the physico-chemical properties
of Fe;0, particles surface has been determined.

Keywords FesO, nanoparticles, solubility, Kkinetics,
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1. Introduction

The state medical organizations investigations of
many countries show that one of the scarcest micro-
elements in the food is iron and the iron-deficient state is
in the lead of alimentary disorders. The topical issue in the
world is providing the daily diets with the digestible Fe(l1)
[1-3]. The main property of Fe;0O, nanoparticles is the
ability to form new functional and technological charac-
teristics of food systems: to improve the fat-emulsifying,
water- and fat-retaining ability; to affect the dimensional
stability, quality profile, yield and storage time of the fi-
nished product, i.e. Fe;04 nanoparticles exhibit a complex
action, which is very important in the devel opment of new
technologies, including food ones [4-6].

If physico-chemical properties of Fe;04, as a
magnetic material, especialy in a monocrystal state, have
been studied enough, no data on the properties of Fe;0,4 as
a component of Magnetofood were provided. In
particular, to estimate the behavior of Fe;04, magnetic
nanoparticles in the aggressive environments of the
gastrointestinal tract (GIT) it is important to know the
following: kinetics of Fe;04 solubility in the acidic media;
the changes in the elemental composition of the particles
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near-surface layer; the effect of medium on
physicochemical properties of Fe;04 nanoparticles; the
changes in structural and functional parameters of Fe;0y,
occurred under the influence of acidic media.

It should be noted that in spite of enormous amount
of modifiers, food and dietary supplements, all of them
have a narrow orientation and do not have a complex
action [7, 8]. Recently, various compounds of iron are
used for the improvement of food systems characteristics
and food fortification. The most used iron compounds are
sulfates, orthophosphates, pyrophosphates, fumarates,
gluconates and ammonium-ferric citrates, the brown and
green modification of which is known as a food additive
E381. It is considered appropriate to improve the
technological indices and enrich with iron a flour, flour-
based food, pastas, baby food, white salt, milk and dairy
products, sugar, liquid chlorophyll, cereal products,
confectionery, cheese, rice, instant coffee, and dry mashed
potatoes [9-28].

However, according to the literary data [10-15, 20-
22], the food fortification with iron salts can lead to the
lipids oxidation and strange taste. The introduction of iron
sulphate to milk and milk products promotes the heat-
resistance of lipases but debases their organoleptic
properties [16, 17, 25-27]. An addition of iron mineral
salts to the dry mashed potatoes results in the appearance
of grey-green color of the product [8, 12, 22, 28].

Therefore, the studies on creation of new modifiers,
food and dietary iron-containing supplements of complex
action are of topical issue. Their introduction to various
food systems allows to create the quality assortment of the
functional food. For this purpose we suggest nanopowder
Fes04 as a basic component of Magnetofood additive.
Fes0, nanoparticles have a large specific surface, high
activity and such properties as biological compatibility
with living organisms, affinity to proteins and carbohyd-
rates, bacteriostatic action, high thermal stability. Fe;04in
food systems shows the reducing, antioxidant, sorption,
complex forming, fat-emulsifying, moisture-binding, fat-
and moisture-retaining properties, and also can act as an
additional source of digestible iron Fe** [4-6].

The aim of this research is to study dissolution
kinetics of Fe;04 nanoparticles in the acid medium and
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changes in physico-chemical state of nanoparticles surface
under the influence of pH 1.8-5.0 medium.

2. Experimental

2.1. Investigation of Dissolution Kinetics
of FesO4 Nanoparticles in the Acid
Media of Different pH

The dissolution kinetics of Fe;O4 nanoparticles was
studied using a black color high-dispersive powder of
FesO, with the particles size of ~78 nm. The samples
were obtained according to the technology developed by
us [29, 30] via the reaction of chemical condensation (co-
precipitation) of theiron saltsin an alkaline medium.

The kinetics was dudied in the acid media of
different pH values corresponding to the model conditions
of biomedical experiment [31]: the experiment temperature
310K; somach: pH 1.8-2.0, digestive fluid amount
20-150 ml, residence time 60 min; duodenum: pH 4.5-5.0,
digedtive fluid amount 30—70 ml, residencetime 30 min.

Fes0, was dissolved using an impeller mixer. The
initial solutions of pH = 1.8-5.0 were prepared according
to the literature data [31]. To simulate the stomach
conditions the value of pH 1.8 was provided by 0.2 M
solution of chloride acid and gadiric juice with pepsin
enzyme. For smulating the duodenum conditions the pH
value of 5.0 was provided by 0.2 M HCI and digestive
juice prepared by mixing 0.2M HCI with pancreatin
(0.2 wt %), gastric juice (0.1 wt %) and bile (0.1 wt %).

Fes0,4 (2.5 g) was added to the initial solutions and
the resulting mixtures were kept in a thermostat at 310 K
for 180 min under constant stirring (100 rpm). Every
30 min the samples for the analysis (10 ml) were taken
and the same volume of initial solution was added.

The value of pH was controlled with a glass
electrode EVL 61-03 and an universal ionomer EV-74.

The concentrated nitric acid (7 drops of HNOg(conc,)
per 10ml of the sample) was added for complete
oxidation of Fe*" to Fe* and the resulting solution was
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boiled for 1-2 min. Then the samples were cooled to
293 K and the excess acid was neutralized with a sodium
hydrogen carbonate.

In the investigated samples of acidic solutions we
determined Fe(I1l) concentration via spectrophotometric
method using a photocolorimeter KFK-2-UHL with a
light wavelength of 490 nm; Feyeay Via gravimetry and
atomic-absorption  spectroscopy using a  Saturn
spectrophotometer with atomization in an air-acetylene
flame (pressure 0.2 MPa, flame temperature 2523K,
wavelength for Fe 248.3 nm). Then the cdlibration curve
method was applied (Fig. 1). The graph was plotted within
the range of Fe* and Fetoay Measured concentrations by
using the standard solutions of FeCl; (0.10 mg/cm® in
0.1M HCI).

To compare the physico-chemical methods we
applied a mathematical treatment of the analytical results
according to Student’ s t-test (Egs. (4)—(12)) [32].

To determine the order and rate constant of Fe;O4
dissolution reaction the graphical method was used
according to Egs. (13)—«16) [32].

2.2. The Effect of Acid Medium
on Physico-Chemical State of FezO4
Particles Surface

To determine the effect of acid medium on the
FesO, near-surface layer and the structural changes, the
SEM, XRD and NMR methods were used.

Different samples of Fe;O, particles (finely
dispersed ones — samples 1 and 2 and monocrystalline
(MCS) ones — samples 3 and 4) prepared by different
technologies were used (Table 1).

The Fe;0,4 nanoparticles size in the sample 1 was
determined using a scanning electron microscope JSM-
820 (JEOL) with the magnification of 150000. The
obtained images were processed using AutoCAD 2004
and MathCad 2007. The distribution of FeO,
nanoparticles in the sample 1 was calculated according to
the diameter. The number of particles to determine the
average values was not |ess than 500.

Table 1
Characteristics of Fes04 samples
Experimental
samples d, nm Technology
Sample 1 8 Synthesis via chemical co-precipitation (condensation); Initial sample—sample 1
Sample 2 8 Treatment of sample 1 (T =310 K, t = 60 min) with HCI solution (pH = 1.8)
Sample 3 MCS* Monocrystalline sample (MCYS); Initia sample—sample 3
Sample 4 MCS Treatment of sample 3 (T =310 K, t = 60 min) with HCI solution (pH = 1.8)

Note: *MCS is a monocrystalline Fe;O, sample, obtained by the high-temperature growth from the gas phase a the General
Physics Department of the Physics Faculty of Kharkiv National University under the guidance of Prof. S. Kuntsevich



172

X-ray phase analysis of the experimental sample 1
was done on Semens D500 powder diffractometer
(Germany) in copper radiation with a graphite
monochromator. The studies were carried out by the well-
known Bragg-Brenton technique [33]. 0.5cnm? of the
sample 1 dried at room temperature (293 K) was used for
the analysis. The sample was thoroughly ground and
mixed in a mortar, and then transferred to a glass cuvette
with a working volume of 2° 1" 0.1 mm?® to register the
diffractogram. The full-profile XRD pattern was measured
in the angular interval 10°<2q <150° with 0.02 step and
the accumulation time of 12 s at each point. The primary
phase search was performed using a PDF-4 file[34], after
which the XRD analysis was performed using the Ritveld
method.

The average size of Fe;0O, nanoparticles in the
sample 1 was determined by Eq. (17) using the Scherrer
equation [35].

To determine the demental composition of Fe;04
nanoparticles in the samples 1 and 2, a scanning electron
microscope JSM-820 (JEOL) with EDX connector was
used. X-ray spectra were obtained under eectron
bombardment of Fe;O, samples using an acceleration
voltage of 20 kV (according to the characteristic spectrd
lines of iron and oxygen). The elemental compositions were
determined through the andlysis of the characteristic X-rays
from the volume and surface of Fe;0,hanoparticles.

NMR researches on °’Fe nuclei were carried out for
the samples 1, 2 (finely dispersed nanoparticles with the
sze of ~78nm) and samples 3, 4 (monocrystalline
samples) at 298 K on a Tecmag Redstone spectrometer (1—
500 MHz). An ordinary iron powder (°’Fe standard) with
the particles size of 150 um was used for the comparison.
Fes04 samples and a reference sample (°'Fe standard) had a
natural content of >’'Fe isotope. The samples 2 and 4 were
kept in a hydrochloric acid solution (pH = 1.8) at 310K for
60 min, then washed with digtilled water and dried at 298 K
for 25-30min. 20mg of the andyzed sample was
thoroughly ground and mixed in a mortar, and then
transferred to the ampoule with a working volume of
15cm® and diameter of 5mm. Ancther ampoule was
loaded with 20 mg of the reference sample (°'Fe).

3. Results and Discussion

3.1. Investigation of Dissolution Kinetics
of FesO4 Nanoparticles in the Acid
Media of Different pH

FesO, nanoparticles of the experimental sample
were synthesized from the agueous solution of Fe(I1) and
Fe(l11) saltsin the alkaline medium according to Eq. (1):
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Fe’" + 2Fe* + 80H" = Fe;0, + 4H,0

To create an alkaline medium (pH = 10-11) the
25% ammonium hydroxide solution was used. The initial
Fe(lll) chloride and Fe(ll) sulfate were used in a
stoichiometric ratio with 1.75 excess of Fe(ll) salt. For all
cases, the synthesis was carried out using the same
algorithm: the excess of 25% ammonium hydroxide
solution is added by thread to the filtered 10% solution of
Fe(ll) and Fe (l1) salts under dlow stirring at the
temperature of 323-333 K. A precipitate of black color
and the temperature increase by 7-8K are immediately
observed. After 1 hour the heating is turned off and the
stirring is continued until the mixture is cooled. Then the
reaction mixture is kept in a constant MF for 12 h to
separate Fe;04 and saline solution till the precipitate
maturation. After this, the solution is repeatedly washed
using magnetic decantation to pH = 9-10[30, 31].

Next stage was the investigation of Fe;O4
dissolution kinetics in the acid media (pH = 1.8-5.0). The
process is based on the reaction equations (2) and (3):

Fes0, + 8HCI = FeCl, + 2FeCl3 + 4H,0 2

FesO, +8H" = Fe?" + 2Fe* +4H,0 ©)

The concentration of iron inionic and atomic states
in acidic solutions was determined by means of calibration
curves (Fig. 1).

It should be noted that the atomic-absorption
method of the quantitative analysis was chosen for Fe(I1I)
or Feay due to its high senstivity. It provides
sufficiently low limits for the elements determination
(10°-107 %) and gives high accuracy within 1-4 % with
a sensitivity of 0.001 mg/cm®. Moreover, a small quantity
of investigated solutions is needed.

For the more complete and accurate evaluation of
FesO, solubility and determination of e or Fe(tota)
concentrations we also used the gravimetric method, in
addition to the spectrophotometry and atomic-absorption
method. The essence of the method is the precise
measurement of Fe;O, weight which is non-dissolved
after being in the acid medium.

The investigating results of the Fe;O, solubility in
different acid media according to the concentration of Fe**
and Fe*'ions are given in Tables 2 and 3, respectively.

Figs. 2 and 3 show the kinetic curves of Fe;0,
solubility in acid media which were plotted as Fe**
concentrations vs. dissolution time.

Analysis of the experimental data (Tables 2-3,
Figs. 2-3) shows the best solubility of Fe;O4 sample in
acid medium with pH = 1.8. The decrease in acidity to
pH = 5.0 degrades the solubility by 97.0 % for 180 min. In
al cases the tendency of solubility increase with the
increase in dissolution time of Fe;0,4 nanoparticles in the
acid medium preserves. At pH = 1.8 for 180 min the
solubility increases for Fe** — by 2.04 times and for Fe*" —
by 1.83 times; at pH = 5.0 the increase is by 2.75 times for
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Fe** and by 243 times — for Fe'. Hence, the value of gastric juices after staying of Fe;O, particles in
concentrations of Fe** and Fe>* cations transferred intothe  them for 180 min: Ce?) = (3.510%)<3.7-10%) mol/dm?
solution do not correspond to the stoichiometry of Fe;O,. C(Fe3+) = Clrowm) = (62 10%+6.410%) mol/dm®. The
It means that the near-surface layer of nanopartides, the  concentrations of Fe?* and Fe** cations in the medium of
structural defectiveness of which is demonstrated in [36, pH = 5.0 for the same time are:

37], is stripped under the influence of an acid medium. C(Fe2+) = (1010%)«1.1:10™) mol Jdm?

The maximum concentrations of Fe*" and Fe* cations

3+ _ _ -4 -4 3
observed in the solutions of pH = 1.8 correspond to the Cire™) = Cpewom = (1.5107)«1.7:10) mol/dm
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Fig. 1. Calibration curves for the determination of Fe*" and Fe(I1I) (Fegora) CONcentrations by spectrophotometric
method at pH 1.8 (&) and pH 5.0 (b); and atomic-adsorption method at pH 1.8 (c) and pH 5.0
Table 2
Fes0, solubility in different acid media (accor ding to the concentration of Fe2+i0ns)
Dissolution Solution bH Concentration of Fe’*, mol/dm®
time, min p Spectrophotometric method Atomi c-absorption method Gravimetric method
30 18 1.7510° 1.80-10° 1.60-10°
60 18 2.3510° 2.40-10° 2.20-10°
90 18 2.90-10° 2.95.10° 2.7510°
120 18 3.1510° 3.20-10° 3.00-10°
150 18 3.3510° 345107 3.2510°
180 18 3.65-10° 3.7010° 350-10°
30 5.0 0.3510" 0.40-10° 0.30-10°
60 5.0 0.60-10" 0.65-10" 05510
90 5.0 0.70-10° 0.7510" 0.65-10"
120 5.0 0.80-10° 0.85-10" 0.7510"
150 5.0 0.90-10° 0.95-10" 0.85-10°
180 5.0 1.05-10" 1.1010° 1.00-10°
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Table 3
Fe;0, solubility in different acid media (accor ding to the concentration of Fe** ions)
Dissolutiontime, | o v o Concentration of Fe*, mol/dm®
min p Spectrophotometric method Atomi c-absorption method Gravimetric method
30 18 34510° 35010° 3.3010°
60 18 435107 44010° 42010
90 18 5.4510° 55010 5.3010°
120 18 5.8510° 5.9010° 5.7010°
150 18 6.2010° 6.2510° 6.0510°
180 18 6.3510° 6.4010° 6.2010°
30 5.0 0.6510° 0.7010° 05010
60 5.0 1.1010°° 1.1510° 0.9510°
90 5.0 1.30-10° 13510 1.1510°
120 5.0 1.4010°" 14510 12510
150 5.0 15510 1.60-10°° 1.4010°"
180 5.0 1.6510° 1.70.10°" 15010°"
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Fig. 2. Kinetic curves of the Fe;0, solubility in acid medium (pH = 1.8)
obtained via different physico-chemica methods
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Fig. 3. Kinetic curves of Fe;sO,4 solubility in acid medium (pH = 5.0)
obtained via different physico-chemica methods
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The best solubility of Fe;O, nanoparticles was
observed during the first 90 minutes of the study (Figs. 2-
3). Then, the value did not significantly change. The mass
fraction of Fe;0O, sample, which passes into the model
solutions of pH = 1.8 and pH = 5.0, is 14.3 and 0.4 %,
respectively. In general w= 14.7 % or the mass fraction of
the sample, that passes into the ionic state during the
staying in the acid media cannot cause the toxic effects,
since it does not exceed the threshold limit value (TLV)
[38] and can be considered as an additional source of the
microelement of Fe for the prevention of iron deficiency
anemia.

When using Fe;O, nanoparticles in the food
industry, their partial dissolution in the acid medium of
the stomach is possible with the formation of toxic iron
sdlts. The results of the maximum FeO, particles
solubility (Tables 2-3, Figs. 2-3) were compared with the
permissible concentrations of iron cations [38]. The TLV
value for Fe* is 35740*mol/kg. The maximum
concentration of iron cations, which passed into a
solution, was observed after 180 min and was calculated
in terms of the average weight of a person. In the acid
media of pH = 1.8 and pH = 5.0 it is equal to 8.5340°"
and 2.27-10°® mol/kg, respectively.

In the acid media (pH = 1.8-5.0) with the increase
in time of Fe;O, particles processing by HCI solution, we
observe the increase in Fe* and Fe* cations
concentration in the solution (Tables 2-3, Figs. 2-3). The
maximum value of the Fe;O, dissolution degree was
observed after three hours in a medium with pH = 1.8.
There were no significant changes with further
dissol ution.

The solubility of the finely dispersed Fe;O, powder
is caused by a small size of its partides (~78 nm), the
structure of the crystal lattice and ability to be solvated by
H>O molecules, contributing to iron transition into the
ionic state (Fe* and Fe*) during staying of FeO,
particles in acidic media. The increase in nanoparticles
solubility with increasing time is associated with in-depth
proceeding of complexation and solvatation physico-
chemical processes[5].

To compare the physico-chemical methods used to
analyze the Fe;0O, dissolution process, the results of the
analytical determinations were mathematically processed

At first, the average number (x) of the
experimental concentration values of iron cations was
found according to Eq. (4):

x=—r 4

where nisanumber of measurements, n=5.
We compared each of the results (x), and found
deviations from the arithmetic mean according to Eq. (5):

d =x- X 5
These deviations characterize the definition error.
Then we found the average deviation d,, by Eq. (6):

dav :—S(X - X) :S_di (6)
n n
Obvioudly, the less the value of d,, the more
precisely the measurement, i.e., the less the result which is
distorted by random errors. The standard deviation was
calculated according to Eq. (7):
g_éf -
n-1
The standard deviation of the arithmetic mean (the
square root of the variance) calculated from formulas (8)
and (9) is of the particular interest:

s=4/¢ €)
=S
- - \/ﬁ (9)

To determine the accuracy of the direct
measurement of A (confidence interval), the reliability
value of o (percentage of cases) was specified. Usually in
the analytical measurements o = 0.95 or 0.99, which
means that 95 or 99% of al measurements are within
certain limits determined by the formula (10):

A =S (10)

The normalized deviation coefficient or Student’s
criterion was found from the tabular data depending on o
and K (the number of free degrees). K = n—1. The
coefficients aregivenin Table 4 [32].

The value of confidence limits, within which every
determined value of x; can be determined, is calculated
according to Eq. (12):

via the Student’ st-test according to Egs. (4)—<(12) [32]. X =xt A, , (11)
Table 4
Nor malized deviation coefficients
Klo 2 3 4 5 6 7 8 9 10
0.95 4.30 3.18 2.78 257 2.45 2.37 2.31 2.26 2.23
0.99 9.93 584 4.60 4.03 371 3.50 3.36 3.25 3.17




176

Iryna Tsykhanovska et al.

Table5
Deter mination of Fe** cations concentration in the model solution
of pH = 1.8 via the spectr ophotometric method
X ;( di dav di2 SZ S S;( Aa,[( Arel
545.10° -0.05-10° 0.0025-10°
5.35.10° 0.05-10° 0.0025-10°
540-10° | 5.4-10° 0 0.044-10° 0 0.00325.10° | 0.1810° | 0.0810° | 0.17:10° | 3.00%
545.10° -0.05-10° 0.0025-10°
5.35.10° 0.05-10° 0.0025-10°
Table 6
Deter mination of Fe** cations concentration in the model solution
of pH = 1.8 via the atomic-absor ption method
X X d day di2 s S SX Ao Are
55-10° 0.02:10° 0.0004-10°
555-10° -0.03-10° 0.0009-10°
54510° | 55210° | 007-10° | 0.0410° | 0.004910° | 0.0025-10° | 0.05-10° | 0.022:10° | 0.1110° | 2.19%
55-10° 0.02:10° 0.0004-10°
56-10° -0.08-10° 0.0064-10°
Table7
Deter mination of Fe** cations concentration in the model solution
of pH = 1.8 viathe gravimetric method
X ;( di dav di2 SZ S S;( Aa,[( Arel
5.310° -0.02:10° 0.0004-10°
5.35.10° -0.0710° 0.0049-10°
5310° | 52810° | -0.02:10° | 0.04510° | 0.0004-10° | 0.032510° | 0.1810° | 0.0810° | 0.2:10° | 3.80%
5.210° 0.0810° 0.0064-10°
5.25.10° 0.03-10° 0.0009-10°
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Fig. 4. Thekinetic curves of the Fe;O, nanoparticles
dissolution in the medium of pH = 1.8

Fig. 5. Thekinetic curves of the Fe;O4 nanoparticles
dissolution in the medium of pH = 5.0
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The obtained values of A, k, and S characterize the
adequacy of analysis. According to the absolute error of
the arithmetic average A4,k the relative error Ay was
calculated in %:

Ay = Ak 400

(12)

The results of statistical processing of experimental
dataare presented in Tables 5-7.

The results of Tables 57 show the advantages of
the atomic-absorption method compared with
spectrophotometric  and gravimetric ones. This is
explained by the fact that iron is binded into the colloidal
systems during determination via spectrophotometric
method and the insoluble iron compounds are formed
when Fe* concentration is determined via the gravimetric
method.To determine the order and the reaction rate
constant of the Fe;O, nanoparticles dissolution in the acid
medium (Egs. (2) and (3)) the kinetic curves of IgC(Fe3+) =
=f(t) were plotted (Figs. 4-5) according to the graphical
method [32].

It is evident that the kinetic curves consist of two
linear intervals with different slopes indicating that they
describe the kinetic reactions of the first order and
different rates and mechanisms of the dissolution process.
Apparently, different mechanisms of the Fe0,
nanoparticles dissolution are specified by the size, shape
and state of the particles surface.

The first mechanism is characterized by the first
linear interval on the kinetic curves, a steep slope and a
high rate. The reason is the dissolution of the near-surface
defective and irregular layer of Fe;O4 nanoparticles. As a
result, the surface area of the nanoparticles that interacts
with the acid solution is greater and therefore the
dissolution rate is higher compared with the second
interval of the kinetic curves.

The second mechanism is conditioned by the
dissolution of particles bottom layer and is characterized
by a second interval on the kinetic curves, a flat slope and
alow rate. Thisis due to the facts that during dissolution
the irregularity of the particles surface becomes smoothed
out, the nanoparticle takes the spherical-like shape and the
interaction area with the acid medium decreases.

The kinetic equation of the first order reaction in
the differential formisasfollows:

V=- a@c _ k>C (13)
dt
After the separation of variables: de_ kdt and

C

integration in the range from Cy to C and, respectively,

C t
fromty = 0 to t= C‘)?T(t:: gk(1)dt we obtain the kinetic
Co to

equation of thefirst order reactionin the integral form (14):

177

23, & 0
k=220 2 14
t ggc o (14)

where k is a reaction rate constant — a value that does not
depend on the concentration of the reactants (depends on
the temperature and the presence of the catalyst); Cyisan
initial concentration of the reactant at time to = 0 (in our
case Cy = 0); C isthe concentration of the reactant at time
t; 2.3 is a conversion factor from the natural logarithm to
the decimal one (In=2.31g).

If the kinetic equation of the first order reaction is
represented as Eq. (15), then the dependence IgC = f(t) is
linear. The linearity of this dependence constructed from
the experimental data (the lines in Figs. 4-5) allows us to
conclude that this reaction (the FesO, nanoparticles
dissolutionin the acid media) is of the first order. The rate
constant of the reaction in this case is determined
according to Eq. (16):

&k 6

. k
tg =-— 16
g =53 (16)

where | isadope of the dependence IgC = (t).

In our case, when the dependences —|gC(Fe3+) = f(t)
are plotted near each other and have practicaly the same
slope, we can assume:

—for the first interval of kinetic curves (Fig. 4) in
the model solution of pH = 1.8: —tgp = -gCe") = —1.90;
ki =—2.3tgp) = —(2.3-(-1.90)) = 4.37;

—for the second interval: —tgp = —|gC(Fe3+) =-0.04,
ko = —2.3tgp) = —(2.3:(-0.04)) = 0.09;

—for the first interval of kinetic curves (Fig. 5) in
the model solution of pH = 5.0: —tgp = 4gCre") = —1.65;
ki =—2.3tgp) = —(2.3-(-1.65)) = 3.80;

—for the second interval: —tgp = —|gC(Fe3+) =-0.03;
ko = —2.3tgp) = —(2.3:(-0.03)) = 0.07.

So, the dissolution rate constants found by
spectrophotometric, atomic-absorption and gravimetric
methods, are close; for the solution of pH = 1.8 k; = 4.37
and ky; = 0.09; for the solution with pH = 5.0 k; = 3.80;
ko = 0.07. Therefore, the values found via different
physico-chemical methods are valid and may be used to
determine the processrate.

The analysis of the experimental (Figs. 4-5) and the
calculated data shows that in the medium with the higher
acidity (pH = 1.8) the dissolution rates of the near-surface
(k1) and bottom (ky) layers of the Fe;O, nanoparticles are
greater by 1.15 and 1.29 times, respectively, in
comparison with the corresponding dissol ution rates of the
particles in the medium with the lower acidity (pH = 5.0).

Thus, in a high-acid medium the process of Fe;0,
nanoparticles dissolution is more intensive by 1.22 times
compared with that in a low-acid medium. In other words,
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the decrease in the medium acidity leads to the retardation
and deterioration of the Fe;O, nanoparticles dissolution.

3.2. Effect of Acid Medium
on the Physico-Chemical State
on the Surface of FesO4 samples

The specific character of the physico-chemical and
magnetic properties of the small partides, FeO,4 in
particular, is caused by the size and shape of the particles,
as well as the morphology of the near-surface layer. We
must consider the bevel geometry of the open surface of
Fes0O, particles, its structural and morphological defects
(angles, exacerbations, polyatomic projections).

Evaluation of the state and thickness of the
magnetic excited a near-surface layer of Fe;0O, nanopar-
ticles under the influence of acid medium simulating the
upper gastrointestinal tract will allow to predict the
physical and chemical behavior of Fe;0O4 nanoparticles
themselves and as a part of supramolecular assemblies
with the biopolymer molecules of food systems.

The eectronic micrograph and the distribution
diagram of Fe;O, nanoparticles in the sample 1 are shown
inFig. 6.

FesO, nanoparticles synthesized via chemical co-
precipitation (condensation) have the single morphology
(Fig. 6a). The shape of Fe;0, nanoparticles is not clearly
expressed and is perceived as a spherical one. In addition,
the particles aggregation with the clusters formation is
observed. This fact provides the closure of the magnetic
flux and can be explained by the absence of an external
magnetic field during the electron microscopic researches.
We can natice that the clusters consist of small particles
and the boundaries of each particle are clearly visible.

On the bass of obtained photos the particles
distribution according to the diameter was calculated (Fig.
6b). The distribution function was found to be sufficiently
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narrow and symmetric, which characterizes the system of
the synthesized Fe;0O, nanoparticles as a homogeneous
one with a low degree of polydispersity. The established
average particle size of Fe;0,4is 78 nm.

The spinel structure of Fe;0O4 nanoparticles in the
experimental sample 1 was confirmed by XRD. Fig. 7
shows the full profile X-ray diffraction pattern of the
experimental sample 1. One can see that the synthesized
Fes0,4 nanoparticles belong to the ferrospine s [35, 39-43].
The name “ spinel structure’ comes from the name of the
MgAI,O, mineral which is crystalized in the cubic
system (Fig. 8) [39].

Elementary cell of the system has eight molecules
of MeFe,04. Therelatively large oxygen ions form a face-
centered cubic lattice. The densely packed cubic structure
has 8 tetrahedral (A-nodes) and 16 octahedral (B-nodes)
cavities (places), which are occupied by the metal ions.
Depending on the distribution of di- and trivalent ions
according to sublattices there are normal, inverse and
mixed spinels. In the inverse spind structure the bivalent
ions are located in the octahedral positions (one per unit)
and the trivalent ions are equally divided between the
octahedrons and tetrahedrons (one per unit in the position
of acertain type).

The obtained results (Fig. 7) and cal culations show
that the main bands correspond to Fe;0O,4 with the inverse
spinel structure: Fe(ll) cations occupy B-nodes, and
Fe(lll) ions are digributed between A - and B-nodes.
Hence, the refined formula for Fe;O, particles is
Fe*[Fe*Fe”07; the crystal lattice parameter is
0.83716(4) nm, while for an ordered and stoichiometric
FesO, the crystal lattice parameter is 0.83952(2) nm.
However, in contrast to the conventional magnetite [41,
42], there is a decrease in the d- and a-parameters of an
elementary cell in FesO4 nanoparticles of the sample 1
indicating a crystal lattice compression in the synthesized
nanoparticles[39-42].

4

stribution fanctionn acc.

Di

5 10 15 20 25 30 35 40 45 50 55 5 80 85 %0 95 100

Nanoparticles Fe30: diameter, d, nm

b)

Fig. 6. The dectronic micrograph (a) and distribution diagram (b)
of Fe;0,4 nanoparticlesin the experimental sample 1 according tothe size
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Fig. 9. The spectra of characteristic X-rays radiation from the volume (a)
and surface (b) of Fe;0, particlesin the experimental samples 1 and 2

The broadening of bands on the X-ray diffraction
pattern (Fig. 7) indicates an insignificant intensity of
Fes0O, particles crystal structure. This affects the physico-
chemical properties of FesO, nanoparticles, namely
increases their surface activity and reactivity, e.g. the
ability to interact with the food systems biopolymers and
to form the colloidal solutions. The established effect
(approanately 59%) is concerned with a small deficit of
Fe*and Fe** cations in both tetrahedral and octahedral
positions. But in generdl, this effect can be very important
and valuable for the biopolymer matrices modification
and the colloidal systems stabilization. Three quite clear
bands are also observed in Fig. 7, indicating the presence
of an insignificant amount of a substance with a high-
symmetric crystal lattice which can be identified as an
impurity. When analyzing the impurities the following
substances were supposed to be present: FeO (card. 20-
138), Fe,0; (card. 29-749), Fe(OH); (card. 20-127),
FeO(OH) (goethite, card. 29-713) and Fe;0, (card.
28-162). According to the Rietveld refinement it was

established that the first four phases on the X-ray
diffraction pattern are absent and the mass fraction of the
fifth phase (FesO,) in the experimental sample is
95+ 2 %.

Using the Sherrer equation [35] the average size of
the synthesized Fe;0, nanoparticles was also determined:

_ 09
Bcosq

(17)

where L is the size of Fe;0O, nanoparticle, nm; B is the
half-width at the peak height, rad or 2q; q the angle
corresponding to the difractional maximum at 2q; | isthe
wavelength of the X-ray radiation, nm.

According to the calculation results the average
size of the synthesized particles of FesO, powder was
~78 nm.

The spectra of characteristic X-rays radiation from
the volume and surface of Fe;O, particdes in the
experimental samples 1 and 2 areshownin Fig. 9.
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The analysis of the spectra (Fig. 9) shows no
changes in the iron content in the volume of Fe30,
nanoparticles for both experimental samples (Fig. 9a). For
the near-surface layer the content of Fe and O; in the
sample 2 (Fig. 9b) decreases by 35 and 20%,
respectively, compared to the original sample 1.

According to the previous researches [43-45] and
the " shell model” [43] the structure of Fe;O4 nanoparticles
consists of the total diameter of the solid particle (d) and
the thickness of the surface layer (6) with the “non-
collinear” physico-chemical, in particular the magnetic
structure. Schematically the structureis shown in Fig. 10.

Under the action of the medium of pH = 1.8 the
part of near-surface layer of a certain thickness (0") is
removed. The value ' was calculated using the obtained
experimental data and a value corresponding to the
maximum effect of the Fe;0O, nanoparticles dissolution
(Table 3) with Fe* cations concentration of
6.4040° mol/dm® = 3.6-10 g/dm?®.

Fig. 10. Schematic structure of Fe;O,
nanoparticles of a certain diameter

Hence, the weight of Fe** cations passed into the
solution (per 100 ml of HCl solution) in the working
volumeis:

m, =36407°g (18)

According to the elemental composition micro-

analysis of the near-surface layer (Fig. 9b) the initial

weight of Fe in the near-surface layer decreased by 35 %
withthe loss of 3.6-10%gis:

36407

— - 2
., 035 1.0340°g (29)
Based on the sample weight used in the
experiments m,, = 2.5 g, the Fe weight initis:
me,  =2.5%60.3=151g (20)

The mass fraction of Fe passed into the solutionis:
-1
_3640 21)

Few

The mass fraction of Fe assumed to form the near-
surface layer of the particleis:

x00% =12%
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012

== 400% = 4% (22)

Fers

The share of Fe passed from the near-surface layer
into the solution is4.0/12 = 0.333 or 33.3%

The above calculations were confirmed by the
researches on the surface layer structure of the synthesized
Fes0, particlesin the samples 1 and 2 using the method of
the nuclear gamma-resonance (Mosshauer) spectroscopy
[44, 45] and nuclear magnetic resonance (NMR) on °'Fe
nuclel [46-52].

InFigs. 11 and 12 the results of acid medium effect
on the NMR spectra of Fe;0O, sample are shown.

When comparing the NMR spectra of the
synthesized finely dispersed Fe;0O, nanoparticles with
monocrystalline samples of Fe;O, at 298 K we observe
the coincidence of resonance bands with some expansion
of the resonance lines in the spectra of Fe;04
nanoparticles. This effect is probably due to the increase
in the local magnetic fields didtribution surface on
resonant nuclei since the crystal lattice and the magnetic
structure of the nanoparticles are less perfect than those of
monocrystalline samples [46, 47].

A strong signal in the region of 67.75 MHz (Line
A) corresponds to the magnetite (Fe;0,4) resonance, lines
of lower intensity (Lines B; and B, — 62.63 and
63.66 MHz, respectively) correspond to the maghemite
(Fex03) resonance [47-50]. After treatment of the samples
2 and 4 with the chloride acid the intensity of all triplet
bands (samples 2, 4) is reduced in comparison with the
initial samples (samples 1 and 3): Lines B; and B, — by
42-43%; Lines A — by 8-12 %. For the sample 2 the
confluence of Lines B; and B, is observed with the
formation of one broad band the intensity of which is
lower than that of Lines B; and B,. It means that the
FesO, nanoparticles dissolution, associated with a
violation of the structural composition stoichiometry and
exchange interactions of Fe-O—Fe bonds on the surface
and near-surface layers, predictably affects the “non-
collinear” magnetic structure of the near-surface layer and
the physico-chemical characteristics on the whole, which
should be investigated in future.

The spin echo method for all samples was used
additionally to determine *Fe NMR at 298K. The
relaxation times were measured and the magnetic field
effect on the spin echo signal amplitude was defined. The
resultsare shownin Fig. 13.

The signal of the spin echo was detected in the
same freguency region as for an ordinary iron [51, 52].
The amplitude of the echo in finely dispersed FesO4
samples (samples 1 and 2) is much weaker than that in the
monocrystalline samples of Fez04 (samples 3 and 4). To
increase the signal/noise ratio a significant increase in the
number of accumulation was required.



Dissolution Kinetics of Fe30, Nanoparticles in the Acid Media

Absorptionintensity, %

b)

Fig. 11. NMR *"Fe spectra of the finely dispersed Fe;O, samples:
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Fig. 12. NMR *"Fe spectra of monocrystalline Fe;O, samples:
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It is evident from Fig. 13 that the spin echo spectra
of finely dispersed and monocrystalline FezO,4 are similar,
though the time of transverse nuclear relaxation (Fig. 13,
inset) for the samples 1 and 2 is by 1.36 times (1.4 ms for
the sample 1 and 1.9 ms for the sample 2) and 1.77 times
larger (0.9 ms for the sample 1 and 1.6 ms for the sample
2) than for the samples 3 and 4. Moreover, the dissolution
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Fig. 14. Changein the elemental compasition
of the sample 2 depending on the dissolution time

When investigating the physico-chemical, functiond
and technological properties of Fe;O, nanoparticles the
value of the near-surface layer thickness is important.
Taking into account that the particles are three-dimensional
objects, the surface atoms, depending on the particle size,
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of the near-surface layer in the samples 2 and 4
contributes to the increase in the transverse nuclear
relaxation time compared with the initial samples 1 and 3.
With the increase in the induction value the signal for
monocrystalline samples (3 and 4) rapidly decreases and
practically is not changed for the finely dispersed samples
(1 and 2). This effect is explained by the fact that the main
source of the nuclear spin system response is the domain
boundaries for the monocrystalline samples, and domains
for the finely dispersed nanoparticles[51].

The relaxation time of nuclear transverse is larger
for the samples 1 and 2 compared with that for the samples
3 and 4 (Fig. 13). It is apparent in the decrease of echo
signal, characterizing the superparamagnetic nature of the
ferromagnetic moment motion, though this effect is not
observed for the Fez0, nanoparticles. So, the fixation of the
individual crystallites moments takes place, for instance due
to the close location of the Fez04 nanoparticles in the
agolomerates formed by them. However, the interaction
between nanoparticles in agglomerates is weak, since the
Fes0, particles are separated by an oxide shell — the main
component of the near-surface layer.

The present and previous experiments [44, 45, 51,
52] show the change in the emental composition of the
near-surface layer of the Fes0, nanoparticles in the acid
medium (Fig. 14). 0.333 % of the curve corresponds to the
thickness of 0.85nm. These data are confirmed by the
results of transmission electron microscopy presented in
Fig. 15.

Fig. 15. TEM photos of the synthesized Fe;O,
nanoparticles (sample 1)

can occupy a significant percentage of the particle total
volume. Not only open surface is included, but the
dructurally defective near-surface layers as wdl. The
greater the open surface effect, the smaller the crysta
dimensions. According to the postulates of the “shel
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model” [43-45], the main parameters of the particle size are
the total diameter of the salid particle (d = 78 nm) and the
thickness of the near-surface layer (0 = 2.0 nm) with the
“noncallinear” magnetic structure (Fig. 15). The thickness
is a function of many parameters. The method and
conditions for the particdles synthesis, as wdl as the
conditions for their use play a decisve role. According to
various studies [44, 45] for the Fe;0, particles the tota
thickness of the near-surface layer is 0.8-2.0 nm. When the

particles with d~78 nm and the near-surface layer

thickness of ~2.0 nm (Figs. 6b and 15) are treated with an
acid medium (pH = 1.8), 0.85nm of the partice is
removed. In our case, the volume fraction of the structuraly
defective surface is 26 % of the particle total volume.

4. Conclusions

The process of the synthesized Fe;O, particles
dissolution in media of pH = 1.8-5 was studied and the
solubility of these particles was found to be limited. The
kinetic equations and rate constants of dissolution
reactions of Fe;0O,4 particles in media of pH = 1.8 and
pH = 5.0 were determined.

The obtained data can be used to evaluate the near-
surface layer activity of metal nanoparticles and metal
oxides in acid media of biological and technological
objects as an additional mineral source of easily digestible
iron Fe(l1). The mechanism of the acid medium effect on
the state of the near-surface layer of Fe;O, nanoparticles
was determined by a scanning electron spectroscopy, X-
ray diffraction analysis and nuclear magnetic resonance.
The thickness of the surface layer and its volume fraction,
which is soluble in acid media, were established. In our
case, the volume fraction of the structural-defect surfaceis
26 % of the particle total volume, i.e. the thickness of the
near-surface layer ~2.0 nm, and 0.85 nm was dissolved.

These experimental data are of interest in a variety
of technologies for predicting, correcting and forming the
functional and technological properties of Fe;0,
nanoadditive in technological compositions. The obtained
results will allow to simulate the dissol ution process of the
metals and their oxides nanoparticles in an acid media;
processes of their digestion in the gastrointestinal tract;
physico-chemical processes in biotechnologies when
using nanoparticles of thistype.

It should be noted that further researches of the
Fes0O,4 nanoparticles dissolution in the neutral and akaline
mediaisof great interest.
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KIHETUKA PO3YUHEHHSA HAHOYACTUHOK
Fe;0,Y KUCJIOMY CEPEJIOBUIII

Anomauin. Busuena pozuunHicmb OOCHOHUX 3DA3KI6
nanouacmunox F&0y4 y kuciomy cepedosuwyi (pH = 1,8-5,0 3,0
200.). Haeedeni KinemuuHi Kpugi ma pe3yivmamu pOo3HUHHOCHIL
Fe304 cnexmpogomomempuunum, epagivempuuHum ma amomHo-
abcopbyiimum memoodamu. Bcmanosieno 3pocmanus po3uuHHOCI
FesO, 30 sbinvwennsam Kuciommocmi cepedosuwa i yacom
nepebyeants 6 Hoomy. EnekmpoHHO-MIKPOCKONIYHUMU, PEHMeeHO-
cmpykmyprumu  ma  AMP-0ocniodcennamu  6Cmano6ieHo  8niug
KUCII020 Cepedosuuya Ha QI3uUKo-XIMIYHUL CIAH NOBEPXHI OOCTIOHUX
3paskig uacmuroxk Fe30,.

Knrouosi cnosa. nanovacmunxu Fes0y,  pozuunnicme,
KiHemuka, Kucie cepedoguuje.



