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In this work, the FeEDDS , nanocomplex was synthesized by dissolution peptization of
a freshly precipitated sol of iron hydroxide Fe(OH), in an aqueous solution of the racemic
form of H,EDDS. The complex was characterized by electron absorption spectroscopy and
IR spectroscopy. It was shown that the structure of the nanocomplex is identical to the struc-
ture of the FeEDDS complex obtained using a two-stage technology. The position of the ab-
sorption maxima of iron nanoparticles practically does not change depending on the sto-
rage time at room temperature, which indicates the stability of the synthesized nanocomplex.
The nanodispersed FeEDDS , complex is more soluble in water (275 g/l) compared to the
FeEDDS complex obtained by the classical method (150 g/1), which greatly facilitates its use
as a biologically active compound. To determine the stability of the system depending on the
pH, the electrokinetic potential was measured to select the optimal pH of the medium and
concentrations to obtain stable dispersed systems. It is shown that at low pH (1.5-4.0) there is
a drop in the electrokinetic potential, and when the pH increases, the &-potential changes its
sign, which is due to the recharging of the colloidal particle and the decrease in the size of the
particles. The system is stable in the range of pH 4.5-7.5 and a wide range of concentrations
(1-10"'-1-107° M). At a metal concentration of 6-8 wt.%, the system is thixotropic-reversible
and does not require additional stabilization, since EDDS itself has surface activity. Using the
methods of dynamic light scattering and scanning electron microscopy, a study of the disper-
sion of FeEDDS , complex nanoparticles, their distribution by radii, shape and morphology
was carried out. It is shown that the particles of the nanocomplex have a morphology close to
spherical with dimensions of ~30 nm.

Keywords: iron (III), nanoparticles, synthesis, peptization, colloidal solution, ethylenedi-
aminedisuccinic acid.
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INTRODUCTION. Biocoordination com-
pounds of vital metals (microelements) as
medical and biological agents form the basis
of modern socially and technologically sig-
nificant innovative developments. Combining
metal ions with an organic compound enables
the production of supramolecular associates,
which are inherently close to the endogenous
coordination compounds that exist in the liv-
ing organism and in general in biosystems.
They are less toxic than their constituents and
usually have a wide range of biological activity
[1-3]. The effectiveness of the effect of a mi-
croelements on any living organism directly
depends on the form in which the trace ele-
ment is. The twenty-first century is the period
of use in various bio-medical fields of effective
preparations of microelements based on che-
lated compounds, which are easily absorbed
by living organisms. The most promising che-
lating agents are aminopolycarboxylic acids,
for example ethylenediaminediansuccinic acid
(H,EDDS), which contains fragments of aspar-
tic and succinic acids in the molecule, known
as adaptogens. In a living organism, it per-
forms not only the function of delivering trace
elements but also carries a biologically active
load. Under the action of enzymes in the liv-
ing organism, EDDS breaks down into essen-
tial amino acids (arginine, leucine, isoleucine,
valine, histidine, asparagine, alanine), which
are components of the metabolic chain [4,
5]. EDDS forms fairly stable complexes with
biogenic metals in a wide pH range (3-10),
which in terms of biochemical structure and
chemical purity are very similar to organome-
tallic compounds that are synthesized in plant
or animal cells. Therefore, upon entering a
living cell, these substances will be perceived
by it not as foreign elements, but as "its own",
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which will ensure their biogenic compatibility
and accordingly, high digestibility [1, 6, 7]. For
example, complexes of metals with ethylene-
diaminedisuccinic acid have an antimicrobial
effect against fungi and bacteria [8] and an an-
tiviral effect against cytomegalovirus [9]. They
can be used in homeopathic doses on all types
of soil for any plants, or as feed additives for
animals, without harming nature [10-12].
With the development of modern technolo-
gies for the synthesis of nanomaterials, interest
has arisen in studying the properties of me-
tals in the ultradisperse range in the form of
powders, solutions and suspensions [13-15].
Of particular interest to researchers are nano-
systems of a given composition with predictable
properties and a certain size of nanoparticles,
since the permeability, activity, solubility and
toxicity of nanoparticles depends on this [16,
17]. The targeted production of metal complex-
es in the nano-range with a certain size, degree
of aggregation and particle shape for the crea-
tion of new functional materials (optical and
nanoelectronic devices, chemical and biological
sensors, catalysts) is an important task, since
many physicochemical characteristics of mate-
rials depend on these parameters [ 18, 19].
Among the various forms of nanosized ma-
terials for various fields of biology, veterinary
medicine and medicine, solutions of nanopar-
ticles of metal complexes are of interest. Their
advantage lies in a relatively narrow distribu-
tion of particles in size and shape, and a long
period of preservation of biological activi-
ty. However, the main problem in obtaining
nanodispersed metal complexes is that nano-
particles are unstable in solution and tend to
form large aggregates. To obtain stable nano-
particles of a certain size and shape in the form
of colloidal solutions, it is necessary to contain
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stabilizing agents (surfactants) in aqueous dis-
persions, which, when adsorbed on the surface
of the particles, prevent their association for
several months [20-22]. Various organic com-
pounds are often used as such stabilizers - thi-
ols, thiourea derivatives, amines, thiocyanates,
carboxylates, etc. Stabilizers are sorbed on the
surface of growing particles and reduce their
surface energy, thereby reducing the likelihood
of aggregation and precipitation [23-26].

The purpose of this work is to develop a
method for the synthesis of biologically active
Fe(III) complexes with ethylenediaminesuc-

WH3

cinic acid in the nanoscale range (30-200 nm),
which will facilitate the effective penetration of
the microelement through the cell membranes
of living organisms by endocytosis.

EXPERIMENT AND RESULTS DISCUS-
SION. The classic version of the synthesis of
3d-metal complexes with ethylenediaminedi-
succinic acid is a two-stage process consisting
of the condensation reaction of ethylenedi-
amine and maleic acid in an alkaline medi-
um (1) and an exchange reaction between an
organic molecule and an inorganic metal salt
(2) (Fig. 1) [27, 28).

Ho0e HOOC HiC ——CH; COOH
Nh\‘\“EH H:C/ \ -’/ \ R /
- CH—1H HN cH
R \
CH ! HOOC ——CHy H — COOH
HCIDE/ _— H:EDDS
(2)  HEDDS +M™ — MH,EDDS + nH ™ M" = Mn™, Fe", Co™, Cu’™, zn'™

Fig. 1 — Scheme of the synthesis of 3d-metal complexes with ethylenediaminedisuccinic acid.

This method for the synthesis of Fe(III)
ethylenediaminedisuccinates is the most com-
mon. However, the size of complex particles
cannot be controlled due to the high rate of
the reaction. With today's development of
nanotechnology, the task of obtaining biolo-
gically active compounds in the form of nano-
systems becomes urgent, since nanoparticles
are the most acceptable forms of perception
of biogenic metals by a living cell. Based on
these considerations, we synthesized a Fe(III)
nanocomplex with EDDS from a freshly pre-
cipitate iron hydroxide sol. The synthesis is
based on the process of dissolution peptization
of Fe(OH), in an aqueous solution of the race-
mic form of ethylenediaminedisuccinic acid.

https://ucj.org.ua

The synthesis of FeEDDS , was carried out ac-
cording to the following scheme:

1. Preparation of highly dispersed iron(I1I)
hydroxide.

To a hot (60°C) supersaturated solution
containing 3 moles (252 g) of NaHCO, in 1 li-
ter of distilled water, with vigorous stirring,
1 mole of a hot solution of iron(III) chloride
FeCl-6H,O (270 g), dissolved in 500 ml of wa-
ter, was slowly added. The reaction proceeds
according to the equation:

3NaHCO, + FeCl,= Fe(OH), +3NaCl + 3CO,

The mixture was stirred for 10 minutes,
then the solution was cooled to room tempera-
ture. After cooling, the resulting precipitate of
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Fe(OH), was separated from the mother solu-
tion by centrifugation and washed repeatedly
with distilled water using the suspension-cen-
trifugation method until the wash water react-
ed negatively to Cl ions.

2. Preparation of a colloidal solution of the
Fe(I1I) complex with ethylenediaminedisuccinic
acid.

An equimolar amount of dry H,EDDS
(292 g) was added to the wet Fe(OH), gel quan-
titatively transferred into a 1-liter beaker. The
mixture was stirred and left for 20-30 minutes
until completely liquefied. After this, the solu-
tion was heated to a temperature of 50-60 °C
with intense stirring. The pH of the medium
was adjusted using dry sodium carbonate to
7.0-7.5. In this case, the surface layer of the
sediment dissolved, resulting in the formation
of the monoprotonated FeHEDDS complex,
which is the electrolyte necessary for the pepti-
zation of the rest of the sediment:

Fe(OH), + H EDDS—FeHEDDS + 3H,0.

Then peptization of the sediment was car-
ried out - loosening the sediment and trans-
forming it into a stable colloidal solution. To
do this, 50 ml of solution was diluted with
0.001 M NaOH solution to 1000 ml and pH =
8.5. The colloidal solution was filtered through
a 0.45 pm hydrophilic filter (to eliminate poly-
dispersity). When dissolving peptization, it
is very important to introduce the peptiz-
ing agent gradually in small portions, since
its sudden introduction or excess will lead to
complete dissolution of the precipitate and the
formation of a true molecular ionic solution.
Since, in this case, the peptizer is a monopro-
tonated complex formed in the solution, a slow
process at a constant temperature guarantees a
positive result. This synthesis does not require
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the selection of a separate stabilizer to increase
the stability of the disperse system, since EDDS
has a diphilic structure and is an internal sur-
factant in a wide range of pH (3.2-8.5) and
concentrations.

As is known, a measure of the stability of a
colloidal system is the electrokinetic potential
(&), which depends on the pH of the medium,
the influence of electrolytes and temperature.
Therefore, studies were carried out on the sta-
bility of the system and changes in particle size
depending on the pH of the solution (Fig. 2,
Table 1). The &-potential and particle size were
determined by dynamic light scattering using
a Zeta Sizer Malvern device at a temperature
of 25°C. To do this, 15 ml of the solution was
placed in an autotitrator tube and measure-
ments were carried out with a pH interval of
0.5, titrating the test system with a solution of
0.25 M HCL
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Fig. 2 — Change in &-potential (1) and particle
size (2) depending on the pH of the medium in the
Fe(III) - EDDS system.

As can be seen from Fig. 2, the system is sta-
ble at pH>4.5 (|€|>30 mV). At low pH, a drop
in the electrokinetic potential is observed,
and, as a consequence, coagulation of the col-
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loidal system occurs. With increasing pH, the
E-potential changes sign, which may be due to
both recharging of the colloidal particle and a
decrease in particle size due to decoagulation.
There is evidence in the literature that a poly-
molecular layer can form on the surface of a

particle [29], but in our case such a statement
is doubtful, since polymolecular adsorption
from solutions is impossible.

In Fig. 3 and Table 1 show the size distribu-
tion of FeEDDS, nanoparticles.

Size Distnibution by Number
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Fig. 3 - Size distribution of FeEDDS, nanoparticles.

An analysis of the distribution of nanopar-
ticles shows that in this system there are two
regions with a predominant radius of particles
of approximately the same size. In the region of
low pH values (1.2-3.7), large particles (940-
1900 nm) are formed with a wide distribution
among fractions. In this case, a drop in the elec-
trokinetic potential occurs due to compression
of the electrical double layer, which, in turn, is
associated with the sensitivity of the &-poten-
tial to the pH of the medium for systems con-
taining amphoteric compounds. Recharging
a particle under the influence of pH, unfor-
tunately, leads to coagulation processes and a
decrease in the stability of the entire dispersed
system. In the pH range = 4.5-7.5, the sys-
tem is dominated by nanoparticles with sizes
of ~ 32 nm, that is, the system is monodisperse
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and quite stable. Based on the charge of the
dzeta potential, we can assume the following
micelle formula:{[(mFeLn[FeL] (n-x)K*]-xK*}.
As can be seen from the formula, the poten-
tial-determining ion (PDI) is the complex par-
ticle [FeL]’, which is typical for nanodispersed
systems based on organic ligands with sur-
face-active properties.

In a more acidic environment, protonated
(usually poorly soluble) complexes are present.
Therefore, at pH = 1.5-4.0, the particle size in-
creases significantly, and the electrokinetic po-
tential drops sharply. In this case, at pH <1.5,
the particle is recharged in the system both
due to a sharp decrease in pH and under the
influence of ions of a non-indifferent electro-
lyte, which is ferric chloride. There are several
different protonated forms of the complex in
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solution, making their identification difficult.
Due to the fact that the electrokinetic potential
in the acidic region changes its sign, and it is de-
termined by the sign of the POI charge, then,
obviously, the micelle formula takes on the fol-
lowing form:{[(mFeLnFe**3(n-x)Cl] 3xCl}.

Based on the data in Fig. 3 and table. 1 we
can talk about a fairly high aggregative stability
of the dispersed system in the pH range 4.0-
7.5 in a wide range of concentrations (1-10"'-
1-10° M). In most cases, when the critical mi-
celle concentration is reached, smaller thermo-
dynamically stable particles are formed that
are less prone to coagulation [30]. It should
be noted that at a metal concentration of
6-8 wt.%, the system is thixotropic-reversible.
It is known that thixotropic transformations,
as a rule, do not destabilize the system; some-
times, on the contrary, such systems are more
stable. This is due to the formation of rigid gel-
like structures, where the particles are fixed at a
certain distance from each other, which elimi-
nates coagulation processes. The dispersity of
the system practically does not change during
thixotropic transformations.

When it comes to the sensitivity of the sys-
tem to the pH of the environment, the situation
is slightly different. In particular, everything
depends on the charge and size of the poten-
tial-determining ion. As a rule, when a parti-
cle is recharged due to the pH of the medium,
agglomeration takes place in the system, and,
consequently, a change in dispersion, which is
confirmed by the results of the study. Thus, the
presented results indicate the stability of the
FeEDDS, nanodisperse complex in the pH
range = 4.5-7.5, the particle size is optimal (the
possibility of toxic effects of small particles is
excluded), which allows its use as a biologically
active additive for living organisms.
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Table 1.
Changes in particle size and electrokinetic
potential depending on the pH of
the medium in the FeEDDS system.

Ne pH I, nm EmV
1 7.5 32.04 -31
2 6.2 3.31 -31
1 5.7 32.29 -31
2 5.42 34.38 -30
3 4.89 33.03 -29
4 4.47 32.78 -30
5 3.7 639.6 -26
6 342 1789 -15
7 2.9 1804 -8
8 1.42 1909 9
9 1.88 1654 15
10 1.42 1198 20
11 1.2 940 22

It should be noted that the nanodispersed
FeEDDS , complex has a higher solubility
(275 g/l) compared to the FeEDDS complex
obtained using two-stage technology (150 g/1),
which greatly facilitates its use as a biologically
active compound.

The FeEDDS, nanodisperse complex iso-
lated from solution was analyzed by electron
absorption spectroscopy, IR spectroscopy and
scanning electron microscopy (SEM). Electronic
absorption spectra were recorded on a Specord
M-40 UV-VIS spectrometer in quartz cuvettes
(I =1 cm) in the range of 50000-11000 cm™.
IR spectra were recorded on a Specord M-80
spectrometer in the region of 4000-400 cm
in tablets with KBr. Microphotographs were
recorded on a Tescan Mira 3 LMU scanning
electron microscope (SEM).

The electronic absorption spectra of
FeEDDS, are similar to the spectra of Fe(III)
ethylenediaminedisuccinate synthesized using
the classical method (Fig. 4).
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Fig. 4 - UV-VIS spectra of FeEDDS (1) and
FeEDDS, depending on storage time (2 - 3 days,
3 - 1 month, 4 - 6 months). C_=5-10" mol/l,
pH=6.5, T= 22°C+ 3°C.
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Absorption maxima (v__) at 24600 and
29840 cm! relate to d-d transitions (6Alg —>4Alg
and °A| —*T, , respectively) of the Fe** ion in
an octahedral environment [31]. A small split-
tingv__at~30000 cm™ is due to the overlap of
the charge transfer band from the metal to the
ligand (30960 cm™) and the °A, —>4T1g term. At
the same time, the intensity of the absorption
bands and the position of the absorption maxi-
ma of iron nanoparticles practically did not
change depending on the storage time at room
temperature, which indicates the stability of
the synthesized nanocomplex.

The IR spectra of the complexes obtained by
different methods are almost identical (Fig. 5,
Table 2).
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Fig. 5 - IR spectra of FeEDDS (1) and FeEDDS ,(2) complexes.

The absorption bands v _(COO’) and
v (COO) have values of ~1600 and 1400 cm™,
respectively, which indicates the ionic type of
bond of the Fe’* ion with the oxygen atoms of
ionized carboxyl groups. A slight shift of these
bands in the spectrum of FeEDDS, to the

https://ucj.org.ua

high-frequency region compared to FeEDDS
indicates an increase in the ionicity of the bond
in the nano-complex. This is also evidenced
by a decrease in the bond energy v(M-N) in
FeEDDS , relative to FeEDDS [32].
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Table 2.
Basic vibrational frequencies (cm™) and
their assignments in the IR spectra
of complexes FeEDDS.

band assignment FeEDDS FeEDDS,

v (COOH) - -

v_(COO0) 1602 1655
1553 1575
1515

v(CO0) 1433 1446
1379 1389
1305 1316

v(M—O0) 559 537
656 626
602 603
707 711

v(M—N) 457 449

v(H,0) 3192 3224

v(H,0), 3424 3460

Pl

SEM HV: 15.0 kV
View field: 2.36 pm
SEM MAG: 123 kx

WD: 9.51 mm
Det: SE

MIRA3 TESCAN|
500 nm
NanoMedTech LLC

SEM HV: 15 kV
View field: 47.9 ym

Analysis of micrographs (Fig. 6, a) indicates
that the synthesized FeEDDS, complex is na-
nosized, with the particle size being ~30 nm.
In addition, it should be noted that the result-
ing compounds have a homogeneous chemical
composition and a morphology close to sphe-
rical. Microphotographs of the FeEDDS com-
plex (Fig. 6, b) indicate that the complex con-
sists of irregularly shaped particles with sizes
up to 10 pm. Those, for iron ethylenedimine-
disuccinate synthesized using the classical
method, compared to the nano-complex, the
particle size increases and their shape changes,
which is associated with the speed of the com-
plex formation reaction.

WD: 15.00 mm

Det: BSE 10 ym MIRA3

Fig. 6 - SEM micrographs of the FeEDDS_, complex, scale mark 500 nm (a)
and FeEDDS complex(b), scale mark 10 pm(b).

CONCLUSIONS. A procedure has been de-
veloped for the synthesis of a nanosized Fe(III)
complex based on ethylenediaminedisuccinic
acid usinga freshly precipitated Fe(III) hydroxi-
de sol. The synthesis is based on the process of
dissolution peptization of Fe(OH), in an aque-
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ous solution of the racemic form of EDDS.
The use of bipolar substances with a zwitteri-
onic structure (namely, EDDS) as a dispersant
makes it possible to introduce such systems in
the form of suspensions not only into aqueous
phases, but also into fatty phases. This is one of
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the conditions for introducing nanocomplexes
into animal feed (premixes). To determine the
stability of the system depending on pH, the
electrokinetic potential was measured to select
the optimal pH of the medium and concentra-
tions to obtain stable dispersed systems. It has
been shown that at low pH there is a drop in
the electrokinetic potential, and with increas-
ing pH the &-potential changes sign, which is
due to the recharging of the colloidal particle
and a decrease in particle size. The system is
stable in the pH range 4.5-7.5 and in a wide
range of concentrations (1-10"-1-10° M). At
a metal concentration of 6-8 wt.%, the system
is thixotropic-reversible and does not require
stabilization, since EDDS itself has surface ac-
tivity. The methods of dynamic light scattering

and scanning electron microscopy were used
to study the dispersion of nanoparticles of the
FeEDDS , complex, their distribution by radi-
us, shape and morphology. It was shown that
the particles of the nanocomplex have a mor-
phology close to spherical with a size of ~30 nm.
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3 ornAAy Ha Cy4acHUil pO3BUTOK HAaHOTEX-
HOJIOTiiT nepey daxiBLsAMU MTOCTANO 3aBJaH-
HA OTpUMaTy 6107I0TiYHO aKTVBHI CHONTYKM Y
BUITIAZIL HAHOCKUCTEM, OCKIJIBKM CaMe HaHO-
YaCTUHKY € HailbiIp1 npuitHaTHIMY hopMa-
MU CIPUIHATTS OiOT€HHUX MeTaNiB >KMBOIO
KIiTHHOW0. TakuM 4YMHOM aKTyaJbHUM CTa€
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IOMIYK HOBMX LUIAXiB (OpPMYBaHHS MOHO-
OVICIIEpCHUX CUCTEM i3 KOHTPOJIbOBAaHNUM PO3-
MipOM HaHOYAaCTMHOK. Y po6OTi mpepcras-
JIEHO pe3y/IbTaTy i3 CMHTEe3y Ta NOC/iKEHH
HaHopo3sMipHoro komitekcy Fe(III) Ha ocHo-
Bi eTwIeHMaMiHAMOYPIITHOBOI KUCIOTH.
B ocHOBy cmHTe3y NMOKIafieHO MpOLEC UCO-
JIIOIIIMIHOI ITeNTM3allil CBI>KOOCaI>KeHOTO 30J1I0
Fe(OH), y BomHOMy posumuHi paremiuHoi
¢dopmu EDDS. Bukopucranus B porni jucrep-
raTopa OilO/NApHUX PeYyOBMH LBiTTEp-iOHHOI
OynoBu (a came Takor pedoBuHo € EDDS)
TO3BOJIAE BBOAUTU TaKi CUCTEMM y BUIJIALL
CycIleH3ill He TinpKM y BopHi ¢asm, ame it y
>K1posi. Lle € ogHie0 3 yMOB BBE[leHHA HaHO-
KOMIIIEKCiB Yy KOpMM (IIpeMiKCcM) /ISl TBapyH.
I BU3HAYEeHHS CTIMIKOCTI CUCTEMMU 3ajIeXKHO
Big pH Oyno BMMIpsSHO eleKTpOKiHeTMYHMI
HoTeHiasn i1 Bubopy ontuMansHoro pH ce-
penoBuilia Ta KOHLIEHTPALiil Jyid OTPUMAaHHA
cTabinmpHUX pucnepcHux cucrem. [lokasaHo,
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mo 3a Hu3bkux pH (1.5-4.0) crocrepiraersb-
CA MAJIiHHA €7IEKTPOKIHEeTMYHOIO IOTEHIIialy,
a mpu 36inpienHi pH &-moTeHnjian 3MmiHioe
3HAK, IO 3YMOBJIEHO Il€pe3apsApKeHHAM KO-
JIOIZHOI YaCTMHKM Ta 3MEHIIEHHAM PO3Mipy
yacTHOK. Cucrema crabinbHa B fianazoni pH
4.5-7.5 1 mMpOKOMY Jjialla3oHi KOHIIEHTpalliil
(1-10"-1-107 M). ITpn xoHIeHTpawuii MeTany
6-8 Mac.% cucreMa € TMKCOTPOITHO-000pOT-
HOIO i He MOTpebye HomaTKOBOI cTabinmisamii,
ockinbky cama EDDS mae noBepxHeBy aKTUB-
HicTb. MeTOgamMu [MHAMIYHOTO pO3CilOBaHHA
CBIT/Ia Ta CKaHYIOYOI €JIEKTPOHHOI MIKPOCKO-
il IPOBENEHO MOCIIIPKEHHA AUCIEPCHOCTI
HaHOYacTMHOK Komruiekcy FeEDDS  , ixwiit
posmogin 3a pagiycamu, ¢popmor Ta Mopgo-
norier. [lokasaHo, 0 YaCTMHKM HAHOKOMII-
JIEKCY MalTh MOpQororito, 6/m3bKy fio cde-
pu4HOI 3 posMipamu ~30 HM.

Knrouosi crosa: 3anmiso(IIl), HanoyacTuH-
KU, CUHTE3, IeNTu3alisa, KOJIOIGHUI PO3YNH,
eTVIeHAMAaMiH/IMOYpIITMHOBA KUCTIOTA.
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