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Bismuth ferrite nanobiocomposites obtained using a natural polysaccharide were 
studied. The morphology of new self-organizing nanobiocomposites, which were dispersed 
in water, was studied, and the sizes of bismuth ferrite nanoparticles were determined and 
found to vary in the range of 10—45 nm. The temperature dependence of magnetization 
of the bismuth ferrite-based nanocomposite with spatially separated particles and the 
dependencies of magnetization on the external magnetic fi eld at temperatures 5 and 320 K 
were determined. 
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The preparation and study of new functional mate-
rials with tunable magnetic characteristics is of great 
importance for the development of a scientifi c found-
ation for the production of basic objects in nanotech-
nology, microelectronics, and biomedicine.1,2 The 
successful use of nanodispersed magnetic particles for 
drug biodelivery, visualization of biological specifi c 
features at the cellular or even molecular level, develop-
ment of drugs for magnetic resonance imaging (MRI) 
and therapeutic hyperthermia3,4 proves the relevance 
of research and testing of biological activity in vitro and 
in vivo.1,5,6 

In addition to iron group metals and their oxides, 
magnetically ordered materials also include complex 
oxides, namely ferrites, which have a spinel structure. 
Interest toward ferrites with various compositions is 
explained by the fact that at negative temperatures these 
materials have higher magnetic characteristics com-
pared to magnetite, while the principal specifi c feature 
of ferrites is the exceptional variability of its magnetic 
and mechanical characteristics.7 Nanosized ferrites are 
promising materials that have the advantages of a nano-
structured object.2 Among magnets, the most popular 
and in-demand materials are compounds with bismuth 
ferrite BiFeO3 and other bismuth ferrites having variable 
composition (BFO), while bismuth ferrites doped with 
various metals are considered to be some of the best-

studied multiferroics, exhibiting complex magnetic 
(including antiferromagnetic) and electrical properties 
that depend on the structural specifi c features of the 
resulting objects.8 

The synthesis of magnetic nanoparticles (MNPs), 
covering a wide range of compositions and tunable sizes, 
has advanced considerably, especially in the last de-
cade.3 Methods such as chemical coprecipitation, 
hydrothermal synthesis, hydrolysis of metal carboxylates 
in an organic solvent, and aerosolization were developed 
to obtain nanosized ferrite particles.1,2,8 New ap-
proaches to synthesis were proposed for the preparation 
of ferrite nanoparticles (NPs) with various morpholo-
gies, such as nanocubes, nanowires, thin fi lms, nanorib-
bons, and nanorods.9 The sol—gel method is the most 
popular chemical approach for the preparation of man-
ganese and cobalt ferrite NPs.10 Monodisperse MNPs 
with a diameter of up to 20 nm were obtained using 
their common and relatively non-toxic acetylacetonates 
as precursors in the presence of 1,2-diols.11 Ferrite 
nanoparticles can be synthesized by various modifi c-
ations of the environmentally friendly coprecipitation 
of the corresponding precursors, one of which is co-
precipitation in the presence of polymer matrices.12 
The synthesis of cobalt and nickel ferrites by copre-
cipitation of metal chloride precursors in ethylene 
glycol in the presence of sodium acetate and ethanol-
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amine was studied, and the characteristics of amine-
functionalized NPs with average crystallite sizes of 
8—10 nm were presented.13 When obtaining complex 
ferrites, iron ions Fe2+ can be completely or partially 
substituted with ions of other metals, but only when 
Fe3+ : (Fe2+ + Me2+) = 2 : 1 or Fe3+ : Me2+ = 2 : 1. 
Analysis of the obtained results indicates the presence 
of a pronounced correlation between the magnetic 
characteristics and the concentrations and types of 
substituting cations of RBFO samples.14—16 In the case 
of bismuth ferrite with high values of magnetic order-
ing,17 many studies were carried out to determine the 
conditions of its preparation both mechanically18 and 
using sol—gel processes,19,20 with the study of phase 
diagrams, structural, thermal, and other properties of 
this unique material, however, these studies are often 
carried out on powders, the main disadvantage of which 
is the violation of single-phase structure.8 

As indicated in published works, chemical conden-
sation is considered to be a universal method for syn-
thesizing ferrite NPs, however, an inevitable problem 
related to NPs is their internal instability over a lengthy 
period of time. These small particles tend to form ag-
glomerates to reduce the energy related to a high surface 
area to volume ratio of nanosized particles. Therefore, 
it is critical to develop coating strategies to chemically 
improve the stability of MNPs. Unique conditions for 
the formation of NPs arise when high molecular weight 
stabilizers adsorbed on the surface of particles with 
excess energy are used to inhibit excessive particle ag-
gregation. For example, magnetic polymer composites 
based on polyvinyl butyral with embedded metal MNPs 
were synthesized.21 Macromolecules of a natural an-
ionic polysaccharide, sodium alginate, and a synthetic 
polymer containing polyacrylic acid units can be used 
as a polymer matrix.22 We studied the specifi c features 
of modifi cations of Fe3O4 MNPs with sizes in the range 
of 10—30 nm, obtained by precipitation from FeII and 
FeIII salt solutions or from the gas phase, using 3-amino-
propylsilane and L-lysine. They have more pronounced 
hydrophilic properties and, therefore, easily form stable 
aqueous colloidal solutions.23,24 Chemically obtained 
NPs can be modifi ed with peptides25 and amines26. 
Surface modifi cation methods that are required to 
achieve a high reproducibility and stability of target 
MNPs also include organic polymer matrices capable 
of recognizing by biological targets. An example of these 
biopolymers is the larch polysaccharide arabinogalactan 
(AG), which is well known for its antioxidant, antimi-
crobial, and immunostimulatory properties.27 Pre-
viously, biocompatible nanosized magnetite particles 
in an AG polymer matrix were synthesized,28 for which 

the fundamental magnetic characteristics,29 the eff ect 
of energy absorption of an alternating magnetic fi eld 
with heat release30 were determined, and their appli-
cability for antianemic therapy was demonstrated.31 
This indicates that MNPs with an AG matrix open up 
new possibilities for the development of biocompatible 
contrast agents for MRI. 

In this work, we present the experimental aspects 
of the preparation of nanodispersed BFO in a poly-
saccharide matrix: their chemical synthesis, the study 
of their structure and surface, and the investigation of 
the magnetic properties of the nanocomposites (NCs). 

Results and Discussion 

Nanodispersed water-soluble bismuth ferrites BFO—
AG were prepared using chemical condensation by 
alkaline co-hydrolysis of bismuth and iron salts in the 
presence of polysaccharide AG as a matrix stabilizer. 
The synthesis of NCs based on BFO from precursors 
was initiated by shifting the pH of the reaction mixture 
toward the alkaline region by adding a KOH solution 
to achieve the most complete cocrystallization of metal 
oxides. Hydrated oxides do not precipitate in the pres-
ence of AG in the reaction medium, despite the fact 
that the pH of precipitation of iron(III) and bismuth(III) 
hydroxide is 6 and 5, respectively. These processes can 
be described by Scheme 1, which includes the aqueous 
hydrolysis of salts and the formation of nanosized 
hydrated BFO due to increasing pH of the medium 
(pH 11). The numerous hydroxyl groups of the poly-
saccharide interact with the forming BFO NPs, and, 
as a result, the obtained material as a whole has hydro-
philic properties, can disperse in water, and, addition-
ally, may have biocompatibility. The polymeric nature 
of the matrix with a molecular mass Мw of 45.3 kDa32 
ensures the uniform preassigned localization of NPs in 
a closed spatial branched structure.29 

The process of formation of bismuth ferrite NPs in 
an AG matrix was observed by the change of the solu-
tion color from transparent yellow to gray-black, as well 
as using spectrometric monitoring in the UV-Vis region. 
The electronic spectra of bismuth ferrite—AG NCs 
show a smooth descending curve with unresolved bands in 
the region of 250—500 nm and a shoulder at λ = 320 nm, 
which diff er from the spectra of the starting nitrates. 
The dynamics of the formation of bismuth ferrite NPs 
in an aqueous solution of AG, monitored for 2, 4, 6, 
10 min, depending on the duration of the reaction, 
showed that the formation of bismuth ferrite is accom-
panied by a gradual increase in absorption intensity 
(1.03, 1.76, 1.89, 2.05) at 320 nm, characteristic for 
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this compound, and the corresponding increase of the 
intensity of the reaction medium color. 

Energy-dispersive analysis determined that bismuth 
ferrite NCs also contain organic polymeric carbohydrate 
stabilizers (Fig. 1). The concentrations of bismuth and 
iron in various NCs varied in the ranges of 11.6—18.6% 
and 2.8—6.3%, respectively. Changing the composition 
of the magnetic component of NCs, as well as changing 
the quantitative ratio magnetic core—polymeric organic 

matrix, makes it possible to tune their magnetic char-
acteristics within certain limits. 

In order to eff ectively prevent aggregation and pre-
cipitation of MNPs, we applied a stabilizing polyol 
(polysaccharide) coating to the NPs to enable the 
preparation of injectable solutions that are stable in the 
long-term or lyophilized powders that are easy to dis-
solve. Arabinogalactan can ensure the aggregative 
stability of the resulting NCs, which follows from the 

Scheme 1
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Fig. 1. Energy-dispersive X-ray spectrum of bismuth ferrite-based NCs containing 4.2% Fe and 13.4% Bi. 
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visual monitoring of their solutions that remain stable 
for a year. This is probably due to the rather high zeta 
potential of the starting AG (–23.2 mV), which char-
acterizes the eff ectiveness of AG as a stabilizer of NPs. 

In addition, to achieve the biocompatibility of 
MNPs with biological targets, their hydrophobic sur-
faces must be modifi ed. This dual problem was success-
fully solved by the chosen nature of the coating of NPs 
with arabinogalactan, which includes galactose mono-
mer units with a high affi  nity for asialoglycoprotein 
receptors. Arabinogalactan is a natural polysaccharide 
polymer, the main chain of which consists predomi-
nantly of 1→3-linked β-D-galactopyranose residues, 
having side branches at C(6), with various chain lengths 
and branchings. The side chains are represented by 
3,6-di-O- and 6-O-substituted β-D-galactopyranose 
residues and 3-O-substituted β-L-arabinofuranose 
residues,33 the ratio of the number of side chain units 
and galactan core units is 6.1 : 8, which indicates a high 
degree of branching. Arabinogalactan, as a poly-
saccharide with a galactan core, is introduced into the 
hepatocytes of the body as a result of its inherent mem-
branotropy, interacting with them by receptor-mediated 
endocytosis. The preparation of biocompatible MNPs 
with AG as a means of delivery to target organs has 
good prospects. Their principal present and future ap-
plications include the development of new nanostruc-
tured tools for magnetic theranostics, in particular, for 
diagnostic imaging of the liver and spleen when admin-
istered parenterally, which will improve the detection 
of liver metastases due to the diff erent rates of absorp-
tion of MNPs by healthy and tumor tissues. An animal 
study of the acute toxicity of AG itself and its metal-
containing NCs showed that the average lethal dose 
(LD50) was 11600—16500 mg kg–1, which made it pos-
sible to assign them to class IV low-hazard substances 
and to consider the potential biocompatibility of 
such NCs.27 

The mechanism of surface anchoring of a polymer 
coating is usually investigated using methods that de-
scribe the nature and strength of surface bonding (by 
hydrogen bonds), as well as the eff ect of the coating on 
the structural and magnetic properties of bismuth fer-
rite. Indeed, surface eff ects can lead to a decrease of 
the magnetization of small particles, for example, oxide 
nanoparticles, compared to bulk materials. To describe 
the interaction between AG and bismuth ferrite during 
the formation of NPs, we used IR spectroscopy, which 
is an eff ective tool for monitoring the manifestation of 
functionalization of objects. 

The IR spectra of bismuth ferrite—AG NCs show 
signals characterizing the AG organic matrix (ν/cm–1: 

3429 (OH), 2898 (СН3, СН2, and СН), 1614 (HOН), 
1375, 1220, 1077 (C—O), 886—776 (β-glycosidic 
bond)) and indicate the presence of an O—Me bond. 
The diff erences in the spectra of the starting AG and 
the obtained NCs, as well as NCs heated at 250 and 
300 С, were observed in the region of 1650–400 cm–1. 
This region contains absorption bands of the organic 
matrix and weak bands of characteristic frequencies of 
vibrations of Fe—O bonds in the range of 530—580 cm–1 
(see Refs 4, 23—25, 34) and Bi—O bonds in the range 
of 400—700 cm–1.35—37 A sharp decrease in the absorp-
tion intensity at 1075—1083 cm–1 (C—O) in the IR 
spectra of NCs heated at 250 and 300 С to an almost 
complete disappearance of the band is apparently caused 
by the splitting of C—O bonds during the destruction 
of the organic matrix accompanying thermal treatment. 

For bismuth ferrite obtained under the same condi-
tions of coprecipitation without the presence of AG, 
intense absorption is observed in the region of 700—
400 cm–1, overlapping the ranges of vibrations of 
Fe—O4,23—25,34 and Bi—O35—37 bonds described in 
published works, since the sample was obtained without 
additional thermal treatment, which is typically used 
to form single-phase bismuth ferrites.38—40 For the 
same reason, the spectrum contains peaks at 3433 (OH) 
and 1634 (HOH). 

It is diffi  cult to clearly determine the position of the 
Fe—O and Bi—O bands in the spectrum of bismuth 
ferrite NCs in an AG matrix, since they overlap with 
the organic matrix absorption bands in the region of 
800—400 cm–1, the content of which is much higher 
than that of the inorganic component. This was also 
observed in studies of bismuth ferrites NCs with poly-
vinylpyrrolidone40 and organic acid41 matrices. 

Line shifts in the spectral range from 1640 cm–1 to 
1619—1614 cm–1, related to associated water molecules 
coordinated with metals and diff ering in intensity from 
the lines in the spectrum of the starting AG, are the 
most sensitive toward the structural features of NCs. 
The similarity of the IR spectra of the polymer AG and 
BFO—AG NCs, with the exception of the OH peak 
intensity, indicates that both AG and BFO—AG NCs 
have the same basic chemical polymer structure and 
diff er in the degree of self-association with hydrogen 
bonds.21 

It is known that in aqueous solutions the surface Fe 
atoms in iron oxide coordinate with water molecules, 
which easily dissociate, leaving the iron oxide surface 
functionalized with hydroxyl groups, capable of inter-
acting with the hydroxyl groups of the polysaccharide. 
These observations suggest that some AG OH groups 
form conjugates with MeO, which leads to the disrup-
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tion of hydrogen bonds in the starting AG and the 
formation of new O—Me bonds. An important factor 
determining the stabilizing ability of AG is, apparently, 
the favorable size of its chains, which ensures polar 
interactions (primarily the formation of hydrogen 
bonds) with iron oxide surfaces. Although a single hy-
drogen bond is relatively weak, the total energy of all 
the hydrogen bonds along the entire length of the poly-
saccharide molecule can be very high due to the large 
number of hydroxyl groups per macromolecule. There-
fore, the studied nanosized bismuth ferrite particles are 
chemically bound to the biopolymer matrix when placed 
in this three-dimensional branched structure. The 
nature of this binding presumably lies in the interaction 
between the energy-saturated surface of the NPs and 
the hydroxyl groups of AG. The optimal quantitative 
ratio of polysaccharide stabilizer and inorganic part of 
NCs, at which AG prevents coagulation and precipita-
tion of the latter from the aqueous solution, was 3 : 1 
for ratios AG : bismuth ferrite equal to 8—2.5 : 1, which 
indicates the high effi  ciency of AG as a stabilizer of NPs. 

An attempt was made to characterize the obtained 
BFO—AG NCs using diff raction patterns taken in the 
range of angles 2θ = 10—60°. A typical diff raction pat-
tern is shown in Fig. 2, a. The diff raction pattern 1 has 
two broad maxima. The fi rst maximum is diff erentiated 
as a halo of the AG amorphous phase in the range of 
angles 2θ = 13—22. The second maximum is located 
in the range of angles 2 = 24—39, where the refl ec-
tions of the metal-containing component theoretically 
should be located, however, there are no narrow peaks 
of crystalline phases present. 

Standards of bismuth ferrites with variable compo-
sitions were tested in the analysis, the most common 
among them were bismuth ferrites BiFeO3, Bi2Fe4O9, 
as well as ferrites with variable compositions Bi24Fe2O39, 
Bi24(Bi1.04Fe0.84)O40, Bi3.43Fe0.57O6, however, we ob-
served no correspondence of peak position and intensity 
of the standards and the experimental diff raction pat-
terns. Previously, NCs with both bismuth oxides and 
iron oxides with well-crystallized NPs were obtained 
under similar conditions. The absence of distinct iron 
oxide peaks in X-ray diff raction pattern 1 in the region 
of angles 2θ = 30.2, 35.6, 43.1, 57.0, 62.9 in the case 
of synthesis in the presence of AG using only iron salts 
as precursors42 allowed us to infer that in this reaction 
iron ions interact with bismuth ions with the formation 
of complex oxide structures, resulting in, according to 
elemental analysis, a number of bismuth ferrites with 
variable compositions within the sample. The presence 
of a halo in diff raction pattern 1 in the region of angles 
2θ = 23—36, where narrow refl ections of crystalline 

phases of the bismuth ferrites being studied should ap-
pear, indicates that in this case X-ray amorphous 
modifi cations of bismuth ferrites are realized, similar 
to the existing X-ray amorphous structural states of 
fi nely dispersed ferrites.43 

To confi rm that specifi cally bismuth ferrite is ob-
tained in the reaction, synthesis was carried out under 
the same coprecipitation conditions without the pres-
ence of AG, leading to the precipitation of an inorganic 
substance from the reaction medium, which was a mix-
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Fig. 2. (a) Diff raction pattern of bismuth ferrite NCs in an AG 
matrix: (1) BFO NCs containing 13.4% Bi and 4.2% Fe; (2) the 
same NCs heated at 300 С. (b) Diff raction pattern of bismuth 
ferrite obtained without the addition of AG, with superimposed 
refl ections of standard ferrites: 1, Bi3.43Fe0.57O6, 2, Bi25Fe2O40, 
3, Bi24(Bi1.04Fe0.84)O40. 
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ture of ferrites with variable compositions. The X-ray 
diff raction pattern of the sample is shown in Fig. 2, b. 
Here, the narrow peaks of individual bismuth ferrites 
are not distinguishable because they begin to overlap 
due to the broadening of refl ections as a result of 
sample fi neness, resulting in a broad peak in the region 
of angles 2θ = 23—39. This peak can correspond to 
bismuth ferrites with variable compositions, including 
Bi3.43Fe0.57O6 (1), Bi25Fe2O40 (2), Bi24(Bi1.04Fe0.84)O40 
(3), superimposing their strongest refl ections in the 
range of angles 2θ = 27—28, characteristic of ferrites 
1—3, in the range of angles 2θ = 30—31, correspond-
ing to ferrites 2 and 3, and in the range of angles 
2θ = 32—33, also characteristic of all three tested 
bismuth ferrite standards, as well as other weaker refl ec-
tions of these compounds in the region of larger angles. 

Nanoparticles of individual bismuth ferrites are 
usually obtained only by thermal treatment (500—800 C) 
of samples, the composition of which strongly depends 
on the temperature of synthesis.44 Heating of BFO—AG 
NCs at 250 and 300 С for 2 h, which is recommended 
in some works on the synthesis of BiFeO3 for structur-
ization, increased the intensity of the maximum in the 
range of angles 2θ = 23—36, but did not result in the 
appearance of narrow refl ections of the metal oxide 
component on the X-ray diff raction pattern (see Fig. 2, 
a, curve 2). Despite the thermal stability of the starting 
AG up to 380 С with temperature increasing at a rate 
of 10 deg  min–1,45 previously determined by TGA, 
a longer duration of thermal treatment of BFO—AG 
NCs did not lead to the formation of a pure phase of 
stoichiometric ferrite, but only contributed to an in-
crease of the inorganic phase content by more than 
two-fold (from 17.6 to 33.8—40.4%) while maintaining 
the ratio Bi/Fe at a level of 3.0—3.2, which is interme-
diate between that of ferrite BiFeO3 (3.73) and ferrite 
Bi2Fe4O9 (1.87). The aforementioned destruction of 
the organic matrix (evidently a result of the splitting of 
C—O bonds, detected by a sharp decrease in the inten-
sity of absorption at 1075—1083 cm–1 in the IR spec-
trum to an almost complete disappearance of the band) 
accompanying the thermal treatment process led to 
a loss of dispersibility of NCs in water and reduced the 
value of the object as a biocompatible material. 

As established by investigators of ferritic compounds, 
the system BiFeO3 is characterized by the formation of 
at least three intermediate phases:46 Bi25FeO39, BiFeO3, 
and Bi2Fe4O9, which form dark brown crystals similar 
in color to BiFeO3. There is also a large number of 
substituted bismuth ferrites with structures that include 
iron atoms with diff erent cationic environments, which 
infl uence their spatial structure and magnetic and elec-

trical properties.47—49 The formation of BiFeO3 is most 
often reported to be accompanied by secondary phases 
such as Bi2Fe4O9 and Bi25FeO29.50 The widespread 
synthesis of bismuth ferrite based on BiFeO with a 
perovskite structure using other structures50 as bismuth 
ferrite precursors also results in powders, the main 
disadvantage of which is the violation of single-phase 
structure.8 The conditions under which the synthesized 
samples were single-phase and did not contain impurity 
phases, namely, antiferromagnetic Bi2Fe4O9 and para-
magnetic Bi25FeO39, required drastic annealing tem-
peratures and durations,50,51 which are unacceptable 
for preserving the biopolymer matrix. 

The process of formation of MNPs by condensation 
consists of nucleation followed by particle growth and 
has a considerable dependence on the reaction condi-
tions. These two inextricably linked and rapid processes 
regulate the shape and size of the fi nal product. The 
study of the surface morphology of the obtained powder 
nanocomposites makes it possible to determine the 
specifi c features of their microstructure. The most 
typical microstructure of these objects, having a gray-
brown color (Fig. 3), are granules that are rather uni-
form and similar in size (1.3—2.8 m). 

A principal structural parameter of a polymer—
MNPs composite material is the uniform distribution 
of particles in the polymer matrix, since it is well known 
that the magnetic behavior of a ferrofl uid is critically 
aff ected by the presence of even a few large particles 
within the ensemble.22 Transmission electron micro-
scopy (TEM) was used to study the shape of NPs in the 
NCs, found to be nearly spherical, and to determine 
the size of bismuth ferrite NPs, found to vary in the 
range of 10—45 nm. The branched structure of AG 
ensures uniform localization of NPs within the matrix 
and prevents their aggregation (Fig. 4). The size distri-

100 m

Fig. 3. Surface morphology of bismuth ferrite NCs (the micro-
graph was obtained by scanning electron microscopy). 
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bution of NPs, shown in Fig. 5, a, b, is monomodal, 
similar in shape to a Gaussian curve. Statistical calcu-
lations confi rm that in the case of the synthesized NCs 1 

and 3, the NP sizes increase with inorganic component 
content within the samples, and the average particle 
size of the ferrite phase is 23 and 32 nm, respectively. 
The growth of NPs is limited to this range by the struc-
tural features of the AG used as a stabilizer. 

The magnetic properties of bismuth ferrite BFO—
AG NCs in an AG matrix were studied using a SQUID 
magnetometer. When studying magnetic materials with 
MNPs, researchers set apart a large portion of materi-
als consisting of a nonmagnetic organic or inorganic 
dielectric matrix and magnetic NPs distributed within 
it. The spatially separated magnetic NPs and the disper-
sion of their dimensions considerably infl uence the 
principal magnetic characteristics of the NCs. The 
temperature dependencies of the magnetization (M) of 
the samples in an applied magnetic fi eld of 15 kOe are 
shown in Fig. 6. 

The temperature dependencies of the samples have 
the same type and refl ect an increase in magnetization 
with a decrease in temperature below 100 K, which is 
especially pronounced in the low-temperature range of 
5—50 K (see Fig. 6, Table 1). In addition, the magne-

100 nm

Fig. 4. Typical micrograph (TEM) of bismuth ferrite NPs. 
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Fig. 5. Size distribution of NPs in NCs containing 2.8% Fe and 
11.6% Bi (a), 6.3% Fe and 18.6% Bi (b); N is the number of 
particles. 
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Fig. 6. Temperature dependencies of the magnetization of NCs 
containing bismuth ferrite NPs in an AG matrix: 2.8% Fe and 
11.6% Bi (a), 6.3% Fe and 18.6% Bi (b). 
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tization in the samples increases from 0.8 to 1.4 G cm3 g–1 
in a fi eld of 15 kOe with an increase of Fe and Bi con-
tent, and, accordingly, with a change in the quantitative 
ratio magnetic core—polymeric organic matrix. These 
dependencies are similar to the eff ects observed in the 
case of an increase in the amount of the magnetic 
component in the polymer matrix, which were fi rst 
noted in experiments with iron oxide NPs.30,50,51 When 
comparing the magnetic characteristics of the obtained 
BFO—AG with those of the previously studied nano-
composite of AG with magnetite (Fe3O4—AG), which 
has a similar structure and Fe content within the 
MNPs,29 it should be noted that its magnetization is 
much higher over the entire temperature range (see 
Table. 1), from which it follows that the introduction 
of bismuth into the composition of MNPs reduces the 
magnetization of the resulting nanocomposite samples. 

The analysis of the temperature dependence of mag-
netization using the expression M(T) = M0 + HC/(T – Θ) 
makes it possible to isolate the temperature-indepen-
dent magnetization component M0 and the contribution 
of the paramagnetic component, the susceptibility of 
which obeys the Curie—Weiss law. The optimal values 
of the parameters M0, C, and Θ are 0.024 G cm3 g–1, 
4.54•10–4 K cm3 g–1, and –3.8 K for the sample con-
taining 2.8% Fe and 11.6% Bi, and 0.050 G cm3 g–1, 
7.81•10–4 K cm3 g–1, and –3.6 K for the sample con-
taining 6.3% Fe and 18.6% Bi. The Curie constant C 
makes it possible to estimate the amount of Fe in the 
paramagnetic state. Assuming that Fe in the sample is 
in the form of FeIII ions in the high-spin state (S = 5/2 
for a g-factor of 2, С = 4.375 K  cm3  mol–1), 
~0.10 mmol g–1 of Fe is in the paramagnetic state in 
the sample containing 2.8% Fe (0.50 mmol g–1) and 
0.18 mmol g–1 of Fe is in the paramagnetic state in the 
sample containing 6.3% Fe (1.12 mmol g–1). The val-
ues of the Weiss constant Θ indicate the presence of 
weak antiferromagnetic exchange interactions between 
the spins of the paramagnetic centers. The temperature-
independent component of magnetization M0 is the sum 
of the diamagnetism of the AG matrix (M = χDH < 0) and 

the magnetization of the ferromagnet (M = NgμBS > 0), 
whose contribution is predominant. The M0 values 
correspond to ~8.6•10–4 mmol g–1 of Fe in the ferro-
magnetic state in the case of the sample containing 2.8% 
Fe (0.50 mmol g–1), and ~1.8•10–3 mmol g–1 of Fe in 
the ferromagnetic state for the sample containing 6.3% 
Fe (1.12 mmol g–1). These quantities of Fe in the fer-
romagnetic state will probably be suffi  cient for fi xating 

Table 1. Metal content in MNPs, the ratio MNPs/AG, and the magnetization 
M of BFO—AG and Fe3O4—AG samples in a magnetic fi eld of 15 kOe, mea-
sured at temperatures of 5, 50, 300, and 320 K 

Sample  Bi  Fe  MNPs/AG  М (in a fi eld of 15 kOe)/G cm3 g–1

 %  5 К 50 К 300 К 320 К

BFO—AG 11.6 2.8 1/5.9 0.80 0.16 0.06 0.06
BFO—AG 13.4 4.2 1/4.7 1.27 0.22 0.05 0.05
BFO—AG 18.6 6.3 1/3.0 1.40 0.60 0.03 0.03
Fe3O4—AG — 6.4 1/14.6 104.00 101.00 80.00 78.60
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Fig. 7. Field dependencies of the magnetization of bismuth fer-
rite NCs in an AG matrix containing 2.8% Fe and 11.6% Bi (a), 
6.3% Fe and 18.6% Bi (b) at temperatures of 5 (1) and 320 K (2). 
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magnetism in biological objects when these biocompat-
ible NCs are administered parenterally because bismuth 
ferrite NPs are bound to AG, which can enter the he-
patocytes of the body due to its inherent membranot-
ropy.27 Most of the Fe (80 and 84% of the total Fe 
content in the samples) is apparently in the antiferro-
magnetic state. 

Field dependencies of magnetization (М) of the 
samples at 5 and 320 K are shown in Fig. 7. The mag-
netization of NCs increases slightly with magnetic fi eld 
strength in the range of 0 to 15 kOe at 320 K, reaching 
a value of 0.05 G cm3 g–1 (see Fig. 7). The magnetiz-
ation of bismuth ferrite NCs at low temperatures is 
much higher than at room temperature and increases 
almost linearly with applied external magnetic fi eld. In 
the case of cyclic remagnetization of the studied NCs, 
the dependence of magnetization on external magnetic 
fi eld shows no hysteresis, therefore, a considerable 
portion of the substance in the obtained bismuth ferrite 
samples is paramagnetic. It was found that the limiting 
magnetization  of the samples at 5 K as a function of 
the magnetic fi eld is in the range of 0.85—1.40 G cm3 g–1 
and increases with ferrite content in the samples (see 
Fig. 7). The magnetization of the previously studied 
nanomagnetite NCs in an AG matrix, which exhibited 
a hysteresis loop, is 43.8 G  cm3  g–1, a value that is 
higher than that of these samples.29 It is obvious that 
the substitution of iron ions with bismuth ions in the 
resulting NPs ensures the formation of a new structure 
and has a decisive eff ect on the magnetic characteristics 
of the samples. Changes in the structure and morphol-
ogy, nonstoichiometric distortions of the composition 
lead to changes in the magnetic and ferroelectric prop-
erties of nanosized bismuth ferrite (BFO).51 

Thus, the obtained nanocomposites, the key frag-
ments of which are nanosized bismuth ferrite NPs, 
uniformly distributed in a polymer matrix, have largely 
paramagnetic properties both in the low-temperature 
region and at room temperature. The specifi city of the 
synthesis and the use of a natural polysaccharide as 
a stabilizing matrix for the forming MNPs provides 
tunable sizes and a narrow distribution of the dispersion 
of the resulting particles, determines their long-term 
aggregative stability, and makes it possible to obtain 
biocompatible NCs. Changes in the composition and 
structure of the nanomagnets and the spatial isolation 
of the NPs that form them lead to a quantitative change 
of the fundamental magnetic characteristics. 

Experimental 

The following commercially available reactants were used 
in the work as the starting compounds without further puri-

fi cation Bi(NO3)3•5H2O (reagent grade, Laverna, Russia), 
Fe(NO3)3•9H2O (reagent grade, Khimreaktivsnab, Russia), 
KOH (reagent grade, Lenreaktiv, Russia). 

IR spectra were obtained in the frequency range of 
4000—400 cm–1 on a Bruker VERTEX 70 instrument in KBr 
pellets. The optical absorption spectra of aqueous solutions 
of NCs were recorded with respect to H2O on a Perkin Elmer 
Lambda 35 spectrophotometer, cuvette thickness 1 cm. The 
elemental composition of NCs was determined by X-ray 
energy-dispersive microanalysis using a Hitachi ТМ 3000 
scanning electron microscope with an SDD Xfl ash 4304 
X-detector and a Flash-2000 ThermoScientifi c CHNS ana-
lyzer. X-ray studies were carried out on a Bruker D8 Advance 
diff ractometer (Cu radiation, a Goebel mirror). To perform 
phase analysis, diff raction patterns were recorded in the range 
of 2θ angles from 14 to 80—90. Crystalline phases were 
identifi ed by automatically comparing the obtained experi-
mental values of interplanar distances with reference values 
(DIFFRAC EVA13 software package). Micrographs of bis-
muth ferrite BFO—AG NPs were obtained on a Leo-906E 
(Carl Zeiss, Germany) transmission electron microscope with 
an accelerating voltage of 80 kV. The size distribution of NPs 
was determined by statistical processing of micrographs. 
Sample preparation for microscopy was carried out by apply-
ing a dilute solution of NCs to a formvar fi lm. The magnetic 
properties of the samples were studied on a MPMSXL SQUID 
magnetometer (Quantum Design, USA) in the temperature 
range of 5—320 K at a magnetic fi eld strength of up to 15 kOe. 

Synthesis of NCs. Bismuth ferrite nanobiocomposites 
(BFO—AG) were synthesized by chemical condensation. 
A solution containing Bi(NO3)3•5H2O (0.2—0.4 mmol) and 
Fe(NO3)3•9H2O (0.2—0.4 mmol) (4 mL) was added to 
a solution of arabinogalactan (1 g) in water (2 mL) with 
vigorous stirring, followed by the addition of a 5 M solution 
of potassium hydroxide to рН 10—11, the reaction mixture 
was heated at 90 С for 20 min. The resulting gray-black 
solution was dialyzed against distilled water for 3 h to remove 
low molecular weight impurities. The target NC products 
were isolated from the solution by reprecipitation in ethanol 
with subsequent washing on the fi lter and drying. The nano-
biocomposites were obtained in high yields (85—95%). 

Nanobiocomposites BFO—AG. IR, ν/cm–1: 3429 (OH), 
2898 (СН3, СН2, СН), 1614 (HOН), 1375, 1220, 1147, 1077 
(C—O), 1044, 917, 891—770 (β-glycoside), 776, 705, 700—
400 (Bi—O), 590—550 (Fe—О). Found (%): compound 1: 
С, 34.4; Bi, 13.4; Fe, 4.2; K, 2.7; O, 45.3; compound 2: 
С, 29.5; Bi, 18.6; Fe, 6.3; K, 2.4; О, 41.0; compound 3: 
С, 35.0; Bi, 11.6; Fe, 2.8; K, 1.7; O, 48.9. 

Individual weighed portions of the dried sample of NC 1 
were heated for 2 h at 250 and 300 С in air. The weight loss 
after heating at 250 С was 33%, at 300 С it was 50%. 

Nanocomposite 1 after heating at 250 С. IR, ν/cm–1: 
3431 (OH), 2925 (СН3, СН2, СН), 1625 (HOН), 1377, 1281, 
1071 (C—O), 782, 545 (Fe—О). Found (%): С, 32.7; Bi, 25.3; 
Fe, 8.5; K, 4.8; O, 28.8. 

Nanocomposite 1 after heating at 300 С. IR, ν/cm–1: 
3431 (OH), 2926 (СН3, СН2, СН), 1618 (HOН), 1379, 1282, 
1084 (C—O), 790, 537 (Fe—О). Found (%): С, 30.0; Bi, 30.6; 
Fe, 9.8; K, 5.6; O, 24.1. 
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Synthesis of bismuth ferrite. A solution containing 
Fe(NO3)3•9H2O (0.4 mmol) (2 mL) was added to a solution 
of Bi(NO3)3•5H2O (0.4 mmol) (2 mL) with vigorous stirring, 
followed by the addition of a 5 M solution of potassium 
hydroxide to рН 10—11, the reaction mixture was heated at 
90 С for 20 min. The resulting gray-brown solution was col-
lected by fi ltration, washed with water to remove low mo-
lecular weight impurities, and dried. IR, ν/cm–1: 3433(ОН), 
2922, 2853, 1634 (НОН), 1507, 1456, 1417, 1384, 1340, 1045, 
911, 846, 457. Found (%): Bi, 61.2; Fe, 23.1; O, 15.7. 

Arabinogalactan (AG) was isolated from an aqueous extract 
of Siberian larch wood (Larix sibirica) and purifi ed by repre-
cipitation in ethanol. IR, ν/cm–1: 3422 (OH), 2920 (СН3, 
СН2, and СН), 1642 (HOН), 1375; 1216, 1145—1077 
(C—O), 886—776 (β-glycoside). Found (%): C, 42.20; 
H, 6.21; O, 51.59. 

The studies were carried out using the facilities of 
the Baikal Center for Collective Use. 

The work was carried out within the framework of 
the state assignment for research of the Irkutsk Institute 
of Chemistry, Siberian Branch of the Russian Academy 
of Sciences, No. 121021000252-84 and with fi nancial 
support of the Russian Science Foundation (Project 
No. 18-13-00380). 

No human or animal subjects were used in this 
research.
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