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Abstract. Introduction. One of the effective ways to regulate the processes of formation and
agglomeration of FeNPs is the use of biopolymer stabilizers. The goal is to investigate the influence of
biopolymer stabilization on the size, morphological and crystalline characteristics of FeNPs obtained by
chemical reduction of NaBHs. Methods. FeNPs were synthesized by reduction of Fe®* with NaBHsa,
stabilized with chitosan and sodium carboxymethylcellulose. The optical properties were studied using
UV-Visible spectrophotometry, FTIR to identify functional groups, SEM-EDS and TEM to examine
morphology and elemental composition, XRD to determine crystalline phases, and DLS-ELS to evaluate
hydrodynamic diameter and -potential. Results and discussion. UV-Vis spectra showed a characteristic
260-300 nm absorption band of iron-containing nanostructures. FTIR spectra indicated Fe-O bonds and
interactions between FeNPs and biopolymer functional groups. SEM analysis showed reduced
aggregation in FeNPs/Na-CMC and FeNPs/CS compared with unstabilized FeNPs. EDS analysis
confirmed the presence of Fe and O elements and the formation of an oxide/hydroxide phase. XRD
analysis revealed the formation of crystalline iron oxide phases. The average-sized crystallites are
approximately 18 nm for FeNPs, 14 nm for FeNPs/Na-CMC, and 10 nm for FeNPs/CS. TEM and
DLS/ELS confirmed the formation of spherical FeENP/CS nanoparticles with a size range of 20.03 + 3.62
nm and a zeta-potential of -30.6 mV.Conclusion. Biopolymer stabilizers were found to reduce the growth
and aggregation of FeNPs. CS effectively limits crystallite growth and suppresses agglomeration, while
Na-CMC forms structurally organized composite particles. The results demonstrate the potential of using
biopolymers to stabilize iron-containing nanomaterials.
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1. Introduction
Iron nanopacticles (FeNPs) have attracted scientific interest and are widely
used in medicine, biotechnology and agriculture due to their redox activity,
catalytic ability, magnetic properties and environmental compatibility [1-2].
Among the chemical methods for the synthesis of FeNPs [3], the most
optimal is the reduction of Fe** with sodium borohydride:

4Fe3* + 3BH; + 9H,0 — 4Fe® + 6H, T +3H,B03; + 12H™

The advantages of this synthesis method include the availability of reagents
and equipment, as well as the ability to control nanoscale sizes [4]. Despite the
efficiency of reduction, in an aqueous environment, Fe° nanoparticles oxidize to
form oxide phases with a core-oxide shell structure and are prone to
agglomeration due to insufficient stabilization [5]. Stabilization of FeNPs during
synthesis is a key factor determining particle size distribution, morphology, and
colloidal stability. The use of sodium carboxymethylcellulose (Na-CMC) and
chitosan (CS) biopolymers as effective FeNPs stabilizers is relevant due to their
non-toxicity, biocompatibility, and complexing ability with metals. The
stabilization mechanism includes the complexation of Fe** ions with nitrogen (-
NH2) and oxygen (-OH, -COOQO") atoms, which act as electron pair donors and
form Fe-N, Fe-O donor-acceptor bonds [6,7]. In the chemical synthesis of FeNPs
using the CS stabilizer, a distinctive condition is maintaining pH~=5.5-6.5 for
protonation of -NH, and obtaining a polycation. Further, the interaction of Fe®"
with the cationic center of NHs" through the “bridges” of anions and water
molecules causes deprotonation of NHs" due to the high affinity of Fe3* for the
electron pair of nitrogen. As a result, chelation of Fe** ions with the NH, group
and the formation of the Fe-N donor-acceptor bond [8]. The aim of the study is to
investigate the effect of biopolymer stabilization on the size, morphological and
crystalline characteristics of FeNPs obtained by chemical reduction of NaBH..

2. Experimental part

2.1 Synthesis of FeNPs without stabilizers

To a 150 mL mixture of isopropanol and deionized water (1:1) added 0.5 g
FeCl3;x6H,0 and stirred on a JOANLAB Lab 6 magnetic stirrer (China) at 50°C
and 1000 rpm for 30 minutes. The beaker with the reaction mixture was covered
with aluminum foil to limit contact with air, and 50 mL of cooled 0.5 M NaBH,4
solution was added dropwise until a black suspension appeared. The resulting
suspension was cooled to room temperature with stirring, then left at rest for 15-
20 minutes. The suspension was separated on an OPN-8 centrifuge (Kyrgyzstan)
at 3000 rpm. The supernatant was decanted, and the black precipitate was frozen
and dried in a Scientz-12 freeze dryer (China) at -60°C and reduced pressure <5
Pa. This yielded a dry powdered FeNPs product for further study.
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2.2 Preparation of FeNPs stabilized by Na-CMC and CS

To synthesize FeNPs stabilized with Na-CMC (FeNPs/Na-CMC) and CS
(FeNPs/CS), a solution of 0.5 g FeCl3x6H,0 in 50 mL of deionized water was
added to 120 mL of 1% biopolymer solutions. The resulting reaction mixture was
stirred with a magnetic stirrer at 80°C and 1500 rpm for 2 hours to ensure uniform
distribution of Fe* iron ions in the biopolymer matrix. After completion of the
thermal treatment, the mixture was cooled to room temperature. Next, 10 mL of a
cooled 1 M NaBHjs solution was added dropwise to the reaction mixture. To limit
contact with the environment, the reaction beakers were pre-wrapped in
aluminum foil. The resulting suspension was centrifuged to separate the solid
nanoparticles. The resulting precipitates were frozen and dried in a Scientz-12
freeze dryer (China) at a temperature of -60°C and reduced pressure <5 Pa. The
physicochemical characteristics of the biopolymers used were studied earlier in
our study [9].

2.3 UV-Vis analysis

The optical absorption spectrum was measured using a PE-5400UV
spectrophotometer (Russia) at a scan rate of 40 nm/min in the wavelength range
of 200-600 nm. Measurements were performed in a quartz cuvette with an optical
layer thickness of 10 mm.

2.4 FTIR analysis

IR spectra were obtained using a Simex FTIR-801 IR spectrometer (Russia)
with Fourier transform in transmission mode, scanning was carried out with a
resolution of 4 cm™ in the range from 500 to 4000 cm™.

2.5 SEM/EDS analysis

The surface morphology and microstructure of the coatings were examined
using scanning electron microscopy (SEM) on an SEM3200 (China) instrument
with a tungsten cathode and an XFlash Detector 730M-300 (Bruker) energy-
dispersive X-ray microanalysis (EDS) system. The studies were performed at an
accelerating voltage of 15 kV in low vacuum mode. Micrographs were obtained at
magnifications of 35%, 250%, and 500%.

2.6 TEM analysis

The shape and size distribution of the nanoparticles were studied using a
JEOL JEM-1400 Plus transmission electron microscope (Japan). The study was
conducted at an accelerating voltage of 120 keV. Aliquots of 10 ul were taken
from the samples, applied to 200-mesh copper grids coated with Formvar, and
dried at room temperature.

2.7 XRD analysis

The crystal structure of the samples was studied by X-ray diffraction using
an X'Pert PRO diffractometer (Netherlands) equipped with monochromatic CuKa
radiation (A = 0.1542 A). The diffractometer was operated at an accelerating
voltage of 40 kV and an X-ray tube current of 30-45 mA. Diffraction intensity
was recorded over a range of 10° to 80° at an angle of 20. The average
nanoparticle size was calculated using the Debye-Scherrer equation:
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d= KA
~ BcosH

where d - the average crystallite diameter in nm, K - the shape factor (0.9 for
spherical particles), A - the X-ray wavelength (0.15 nm), B is the width of the
diffraction peak in radians, 0 is the Bragg angle, 26 [4].

2.8 DLS-ELS analysis

The hydrodynamic diameter and particle size distribution were determined
by dynamic light scattering (DLS) on a Zetasizer NanoZS 90 instrument
(Malvern, UK) using Zetasizer Software v.7.01. The surface charge of the
particles was characterized by zeta potential values measured by electrophoretic
light scattering (ELS) on the same instrument.

3. Results and discussion

3.1 Characterization of FeNPs, FeNPs/Na-CMC, FeNPs/CS

The synthesized FeNPs samples differ in appearance depending on the
biopolymer stabilizers (Figure 1). The FeNPs sample (Figure 1a), obtained
without stabilizers, is a dense black powder. FeNPs/Na-CMC (Figure 1b) has a
looser, light gray appearance with a fibrous texture. The FeNPs/CS sample
(Figure 1c) is also characterized by a non-uniform, loose, gray-black mass.

The synthesized FeNPs were characterized by ultraviolet-visible
spectroscopy (UV-Vis), Fourier transform infrared spectroscopy (FTIR), scanning
and transmission electron microscopy (SEM and TEM), energy dispersive
analysis (EDS), X-ray diffraction (XRD), dynamic and electrophoretic light
scattering (DLS and ELS).

Figure 1 — Synthesized FeNPs (a), FeNPs/ Na-CMC (b), FeNPs/CS (c)

3.2 UV-Vis analysis results

UV-Vis spectra of all three samples were studied in the range from 200 to
600 nm (Figure 2a). In the region of 260-300 nm, a broad absorption band
characteristic of iron-based nanoparticles is observed in all cases. The broadening
of the absorption band is likely due to various electronic transitions in the
iron/iron oxide system, in contrast to noble metal nanoparticles (Au, Ag), which
are characterized by a clearly defined surface plasmon resonance. For the FeNPs
sample, the most intense band is located at 270 nm, for FeNPs/Na-CMC it shifts
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to 260 nm, and for FeNPs/CS to 280 nm. Such shifts and changes in intensity
indicate that biopolymer stabilizers alter the electronic environment and optical
properties of nanoparticles, affecting the surface oxide layer and the degree of
aggregation [10].

3.3 FTIR analysis results

Analysis of the FTIR spectra (Figure 2b) revealed the presence of peaks at
534, 557, and 562 cm™, characteristic of the Fe-O bond. The presence of the Fe-O
bond demonstrates partial oxidation of reduced iron upon exposure to air [2].
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Figure 2 — Spectral characteristics (a) UV-visible spectra, (b) FTIR spectra

The FTIR spectrum of the FeNPs sample has a peak at 3307 cm™ for the
hydroxyl group -OH. Literature data confirm that the presence of the -OH group
is associated with the formation of an oxide-hydroxide shell from the compounds
Fe(OH),, FeOOH, Fe;0O3 and Fe;04 [10]. The spectra of the FeNPs/Na-CMC and
FeNPs/CS samples show absorption peaks characteristic of the -OH, -COO", -NH,
functional groups. The peaks at 3371 and 3380 cm™ correspond to the stretching
vibrations of the -OH and -COO™ groups. The peaks at 2860 and 2925 cm™ are
due to the symmetric stretching vibrations of the -C-H bond. In the FeNPs/CMC
sample, the peak at 1620 cm™ is due to the asymmetric vibrations of -COO" and
1455 cm™ to the symmetric vibrations of COO". Glycosidic bonds C-O-C show
characteristic peaks at wavenumbers of 1130 cm™. In the FeNPs/CS sample, the
peak at 1457 cm™ corresponds to the amino group -NH; of chitosan CS, and 1140
cm™ is related to the stretching vibrations of the glycosidic bond C-O-C [9].
Comparison of FTIR spectra of the studied samples shows the presence of
biopolymer stabilizers in the obtained nanocomposites.

3.4 SEM/EDS analysis results

The obtained SEM images show the morphology of the synthesized FeNPs
(Figure 3).
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Figure 3 — SEM images of synthesized
FeNPs (a), FeNPs/Na-CMC (b), FeNPs/CS (c)

The FeNPs sample without stabilizers consists of flaky aggregates 20-100
um in size (Figure 3a). This morphology is typical of FeNPs obtained by
borohydride reduction followed by partial oxidation [3]. Individual FeNPs are not
clearly visible due to pronounced aggregation. The morphology of FeNPs/Na-
CMC and FeNPs/CS is characterized by a large, lamellar-film structure with a
smooth polymer coating relief. FeNPs/Na-CMC aggregates appear less dense
compared to the FeNPs sample. FeNPs/Na-CMC have sizes up to 500 um (Figure
3b). The ability of Na-CMC to adsorb on the surface of nanoparticles via carboxyl
groups, forming steric and electrostatic repulsive interactions that lead to
increased colloidal stability, has been widely discussed in the literature [6].
FeNPs/Na-CMC particle aggregates have a loose, porous surface compared to
FeNPs/Na-CMC. The fine-grained structure within the aggregates is poorly
visible due to complete coverage by the CS polymer matrix. Due to more
effective suppression of agglomeration by the CS stabilizer, FeENPs/CS particles
have sizes up to 306 pm (Figure 3c).

EDS results show the elemental composition of the resulting nanoparticles
(Figure 4).
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Figure 4 — EDS data of FeNPs (a), FeNPs/Na-CMC (b), FeNPs/CS (c)
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Quantitative analysis of FeNPs shows that the mass fractions are 87.52% for
Fe and 3.08% for O, thereby confirming the presence of Fe and O elements and
the formation of an oxide/hydroxide phase. The absence of foreign elements in
the EDS spectrum (Figure 4a) indicates the purity of the obtained FeNPs and
confirms the effectiveness of the synthesis method using NaBH4 [3, 5]. In the
FeNPs/Na-CMC sample, in addition to Fe, O, and C, a Na peak is observed,
characteristic of the Na-CMC structure. However, the mass fraction of Fe is lower
(12.39%), and O is higher (51.65%) compared to other samples (Figure 4b). The
lower Fe content and higher O concentration are possibly associated with an
increase in the proportion of the organic phase due to stabilization by the dense
polymer film of Na-CMC [10]. In the FeNPs/CS sample (Figure 4c), the Fe
content is 83.72% and O content is 13.04%, indicating partial surface oxidation
and the formation of an oxide shell. CS adsorbed on the nanoparticle surface also
more effectively stabilizes and prevents agglomeration. The obtained SEM/EDS
results confirm that biopolymers alter the surface morphology and limit the
aggregation of FeNPs.

3.5 XRD analysis results

The X-ray diffraction patterns of FeNPs, FeNPs/Na-CMC and FeNPs/CS are
shown in Figure 5.

100

a)

A (400)

75

50

A (442)

25

-
o
-3

~
o

1\ (403)

b)
=2
M, |=
m»y\"ﬂ 52

v
W Wﬂ W W \*’:l

Intensity (a.u.)
8
(400)
-1\ (440)

Wy
A iy AU
i i

L L L L f 1
10 20 30 40 50 60 70 80
20, degree (Cu-Ka)

Figure 5 — Diffraction patterns of synthesized
FeNPs (a), FeNPs/Na-CMC (b), FeNPs/CS (c)

The diffraction pattern of the FeNPs sample (Figure 5a) shows an intense and
relatively narrow peak at 44°(400), which, along with peaks at 30.1°(220),
33.1°(313) and 35.2°(403), can be attributed to spinel-type iron oxides, thereby
confirming the oxidation of zero-valent iron in the isopropanol-water system [4].
In the FeNPs/Na-CMC and FeNPs/CS samples (Figures 5b and 5c), the
diffraction peaks exhibit lower intensity and a broader shape. This can be
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explained by the presence of biopolymers, which reduce the degree of
crystallinity and lead to a decrease in crystallite size by stabilizing the
nanoparticles and preventing their aggregation [7, 8]. In the case of the FeNPs/CS
sample (Figure 5c), a pronounced diffraction feature is observed near 20°(110),
which is associated with the amorphous-semicrystalline structure of CS, while an
intense peak near 72°(440) corresponds to the spinel phase of FeNPs on the CS
matrix. The average crystallite size calculated using the Debye—Scherrer equation
is 18 nm for FeNPs, 14 nm for FeNPs/NaCMC, and 10 nm for FeNPs/CS.
Overall, X-ray diffraction analysis shows that biopolymers significantly influence
the size and structure of FeNPs crystallites, facilitating the formation of stable
nanocomposites. CS, in particular, has the strongest effect on the formation of the
smallest crystallites. This is explained by the stronger electrostatic interaction of
the polycation's -NH, groups with Fe*" and the rigid and ordered conformation of
the biopolymer chain.

3.6 TEM, DLS-ELS analysis results of FeNPs/CS

To confirm the X-ray diffraction data and refine the FeNPs/CS morphology,
the sample was also examined using TEM and DLS-ELS. TEM analysis revealed
that the FeNPs were predominantly spherical in shape and had a fairly uniform
size distribution. The average nanoparticle core size was 20.03£3.62 nm. The
average hydrodynamic diameter of the FeNPs/CS in the dispersed medium was
12743 nm. The (-potential was -30.6 mV. The negative {-potential is due to the
deprotonation of the -NHsz* groups of CS and the formation of a surface Fe-O
oxide-hydrate shell. These parameters ensure the stability of the colloidal
suspension.

4. Conclusion

FeNPs, FeNPs/Na-CMC and FeNPs/CS were synthesized using chemical
reduction of Fe** ions with NaBH, and stabilization with biopolymers. UV-Vis,
FTIR, SEM/EDS, XRD, TEM, and DLS-ELS analyses showed that large
nanoparticle aggregates form in the absence of stabilizers, while the introduction
of biopolymers leads to the formation of less agglomerated composite structures.
When stabilized with CS, the nanocomposites have an average size of 10 nm and
an ordered crystal structure (XRD), 20.03 nm (TEM), and 127 nm (DLYS),
indicating its effectiveness compared to Na-CMC. The resulting iron-based
nanocomposites with biopolymers hold promise for practical applications in
environmental monitoring and cleanup, biomedical technologies (diagnostics,
delivery of biologically active substances), and agriculture (targeted delivery of
microelements and increasing the bioavailability of iron for plants and
microorganisms).
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Higher Education of the Republic of Kazakhstan (Grant No. AP23488216).
Conflict of Interest: All authors declare that they have no conflict of interest.
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HATPHI BOPOTHIPUAIMEH XUMUSLIBIK TOTBIKCHI3TAHY MMPOLECIHAE
BUOMNOJUMEPJIEPAIH KOMETMEH TEMIP HAHOBOIIEKTEPIH TYPAKTAH/IBIPY

JKJK. Hypmasuna ', JK.C. Kacvimosa **, /LK. Opasncanosa ', b. Jlecka ?

Ulloxapim ynusepcumemi, Cemeii, Kazaxcman
240am Muyxesuy amvinoagel yuusepcumem, Ilosnanyw, Ionvwa

Tyiiinoeme. Kipicne. FeNPs Ty3inyi xoHe arioMepanuschl IPOLECTEPiH PeTTey IiH THIMII ToCLIaepiHiy
0ipi - OMONONUMEp TYpaKTaHABIPFBIIITAPBIH KOJNAHY. 3epmmeydiy maxcamul men minoemmepi. NaBHq
XMMMSUIBIK TOTBIKCBhI3aHybIMEH anblHFaH FeNPs Mopdoiorusibik, KYpbUIBIMABIK KOHE KPUCTAJJIBIK
CUNaTTaMallapblHa OMOMOIMMEpIIePIMEH TYPaKTaHIBIPY/IbIH 9CEPiH aHbIKTay OO0Jnbl. 3epmmey adicmepi.
Fe®* nonnapbin HaTpuii GOPOrHAPUIIMEH XUMHUSIIBIK TOTHIKCHI3IAHBIPY JKOHE KEHiHHEH XUTO3aH JKOHE
HaTPUHKApOOKCHMETIIIIEIUIION03a OUONONIUMEpIIepiMEeH TypakTaHablpy apksuibl FENPS cunTesmenni.
Onrukanelk  Kacuertep YK-kepiHeriH —crektpoOTOMETpHUsl apKbUIbl 3epTTeNdl, (YHKIHMOHAIIBI
Tonrtapzp! aneikray yuriH FTIR cnekrpockonusicel, MOPGhOIOTUs MEH 3JIEMEHTTIK KYPaMbIH 3epTTEy YIIIiH
SEM/EDS xone TEM, kpucramablk Qaszanapasl aHbIKTay YIIIH PEHTIEHIIK Tajjay >KoHE
THAPOANHAMUKAIBIK JUaMeTp MeH (-noreHumanisl Oaranay yurin DLS/ELS xonpausuinst. Homuoicenep
men mangviiay. UV-Vis criektpiiepi Kypambinaa Temip 6ap HaHOKypbUIbIMIapFa coiikec keietin 260-300
HM aiiMaKkTa TOH CiHIpy skoJjarbiH aHbikTaael. FTIR Tangayel HaHOOmIIEKTEpAiH OETIMEH dpeKeTTecyre
KatbicaTblH Fe-O Oaiinanbicrapbl MeH OuonosuMepiiepiid (YHKIHOHAIABIK TONTAPLIHBIH OOIybIH
pactamsl. SEM  Tampmaysl TypakTaHmblpreinckl3 FeNPs ipi armomeparTap Ty3eTiHIH KepceTTi, an
OuomnonuMeprepAl eHrisy a3 aKkblH arperaundscbl 0ap HAHOKOMIIO3UTTIK KYpPbUIBIMAAPABIH Maiiia
6onybiHa okeneni. EDS rtanmay Fe xone O a3jeMeHTTepiHIH OONybIH, COHAAN-aK OKCHJ/THUAPOKCH]
(ba3zachiHbIH  Ty3UIyiH pacragsl. XRD  MmomiMerrepi OoiblHIIA TeMip OKCHATEPIHIH KPUCTAIIBIK
(azanapbIHbIH TY31Iyi aHBIKTaNIBL. KpucrammTrepaiy oprama Meepi TypaKTaHbIPFBINICHI3 YIITi YIIiH
miamameH 18 um, FeNPs/Na-CMC yuiin 14 um sxone FeNPs/CS yuin 10 am 6omnasr. TEM sxone DLS/ELS
omictepi emmemi 20,03+3,62 M xoHe (-moreHimansl -30,6 MB Gomatein chepansik FeNPs /CS
HAHOOOUIIIEKTePiHIH ~ TY3LlyiH  pactambl.  KopuimeinOul.  buomnonumep — TypaKTaHABIPFBILITApbI
OOpOrHAPUNTI TOTHIKCHI3NAHABIPY Ke3inne FeNPs ecyiH jxoHe arperanuschiH TOMCHACTCTIHI aHBIKTAIIIBL.
CS KpHCTAIIUTTIH 6CYiH LISKTEYIiH JKOHE arioMepalisHbl 0acyablH eH THIMJI 9[liCiH KaMTaMachl3 eTei,
an Na-CMC KypbUIBIMIBIK TYPFBIIAH YHBIMIACTBIPBUIFAH KOMIO3UTTIK OOJIIEKTepAiH TY3iTyiHe BIKITaT
eresli. ANIBIHFaH HOTIDKENEp TeMip Oap HaHOMaTepuaIapibl TYpaKTaHIbIPY YIIIH OHonoiumepiepai
KOJIJaHYIbIH MEPCIIEKTIBTUIIH KOpCETe Il

Tyiiin ce3aep: Temip HaHOOOINIIEKTEPl, OMOMOIUMEpPIIEp, HATPUN KapOOKCHMETHIILEIUTION03a, XUTO3aH,
HaTpuit OOPOrUIPUIIHIH TOTHIKCHI3IAHYbI

Hypmasuna Kanap ’Kypcunoena Okonoeusn mazucmpi

Kacvimosa Kanap Caitnaybexosna buonoeus eviivimoapuvinbly KaHOUOamsl
Opasacanosa Jlazzam Kamemaesna Xumus 261161MOAPBIHBIY KAHOUOAMbI
Jlecka Bozycnhasa Xumusi 26116IMOAPLIHBIY OOKMOPbL

CTABMJIM3AIIMA HAHOYACTHUI )KEJIE3A BUOIIOJIMMEPAMMU B TIPOLECCE
XUMHYECKOI'O BOCCTAHOBJIEHUA BOPOI'MIPUIOM HATPUA

JKJK. Hypmasuna', JK.C. Kacvimosa'", /LK. Opasncanosa®, B. Jlecka?

1YHueepcumem Ilaxapuma, Cemetl, Kazaxcman
2B/Hu(s’epcumem umenu Aoama Muyresuua, Iloznans, [onvua
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Pe3stome. Bseoenue. Onaum u3 3¢pHeKTHBHBIX COCOOOB peryaIMpoBaHuUs MpoleccaMd (GOPMUPOBaHHS U
arnmomepanu  FeNPS  sBisgercs HCmonb3oBaHHE OHONMONMMEPHBIX CTaOMIU3aTOpOB. [lens pabomubl.
UccnemoBanre BiusiHAS ~ OHOMONMMEpHOW  crabmnm3anuu Ha  pasMmep, MoOp(dOJIOrHYecKue ¢
KpuCTaluInueckue xapakrepuctuku FeNPS, Momyd4eHHBIX METOZOM XHMMHMYECKOrOo BOCCTAHOBICHMS
NaBHs. Memoow: uccredosanus. FENPS cHHTE3MpOBalM METOJOM XHMMYECKOTO BOCCTaHOBIEHHs Fed*
noHoB NaBHs4 ¢ mocnenyromieil crabunusampeil XUTO3aHOM W HATPHHKApOOKCHMETHIILICIUTIONO30i.
Onruyeckye CBOWCTBA M3y4alHUCh C NMOMOIIbI0 Y®-BUIMMON CHEKTpO()OTOMETPHH, HCIOIb30BANIUCEH
FTIR-ciekrpockomust it uaeHTHGHUKAMH  (yHKUHOHANbHBIX Tpyrnn, SEM/EDS u TEM  mis
uccrnenoBaHuss MOPGOJOrMM W JJIEMEHTHOIO COCTaBa, PEHTTCHONU(PAKIMOHHOIO aHamu3a Ui
ompenenenus kpucrawmueckux (az u DLS/ELS nist omeHKH THIPOIMHAMHYECKOTO quamerpa u (-
noteHimana. Pesyremamst u  obcyscoenue. UV-VIS CHEKTpH BBISABIIA XapaKTEPHYH MOJIOCY
noryomenus B odnactu 260-300 HM, COOTBETCTBYIOILYIO JKene30coepxkaiuM HaHocTpykrypam. FTIR-
aHaIM3 NOATBEpu Hamuuue cBsizeil Fe-O u (yHKUMOHANBHBIX TPy OHOMOIUMEPOB, YYACTBYIOIIUX BO
B3aMMOJICHCTBUH C MOBEPXHOCThIO HaHouacTuil. SEM-ananu3 mokasan, uro FENPS 6e3 crabmnm3aropos
00pa3yloT KpyIHbIE arjiomepaTbl, TOrJa Kak BBEJCHHWE OHUONOJMMEPOB NPHUBOAUT K (OPMHUPOBAHUIO
HAHOKOMIIO3UTHBIX CTPYKTYp C MCHee BBIpaXXECHHOH arperauueil. EDS aHanu3 moatBepamn Hammdue
anemeHtoB Fe m O, a Taxke oOpa3soBaHHMEe OKCHAHOW/TMAapoxcunHod ¢asel. Ilo mamHeiM XRD
YCTaHOBJIEHO 00pa3oBaHHMEe KpuUCTALIMueckuX (a3 okcuaoB jxkeneza. CpemHHil pasMep KPUCTAJUTUTOB
cocTaBii Okoso 18 HM st obpasua 6e3 crabumuzatopos, 14 um mias FeNPs/Na-CMC u 10 uM s
FeNPs/CS. Meroast TEM u DLS/ELS moarsepaniu obpasoBanue chepryecknx Hanodactui FeNP/CS
pasmepom 20,03+3,62 HM wu m3era-noreHimanoMm -30,6 MB. 3axniouyenue. YcTaHOBICHO, 4TO
OuomoMMMepHbIe  CTAOMITM3aTOPhl  YMEHBINAIOT pocT u arperaimio FeNPS mpu  GopruapumHom
BoccraHoBieHun. CS oOecnieunBaer Haubonee 3(QPEKTHBHOE OrpaHHYCHHE pPOCTAa KPHCTAIMTOB U
HojiaBIeHue ariaoMepanuu, torza kak Na-CMC cmocobGerByeT (opMupoBaHUIO Goliee CTPYKTYPHO
OpPraHM30BaHHBIX KOMIIO3UTHBIX yYacTHL. [loilydeHHbIE pe3ylbTaThl AEMOHCTPUPYIOT MEPCIEKTHBHOCTH
MPUMEHEHHs1 GHOMOIUMEPOB I CTAOMIM3AIIMH KEJIE30COAePIKAIMX HAHOMATEPUAJIOB.

KaroueBble c10Ba: HAHOYACTHIIBI JKelie3a, OUOMOIMMEDPDI, HATPUHKApOOKCHMETHIIIIEILUIION03a, XUTO3aH,
BOCCTAHOBJICHHE OOPOTHAPHIOM HATPHS

Hypma3zuna Kanap Kypcunoena Mazucmp sxonoeuu

Kacvimosa Kanap Caitnaybexosna Kanouoam buonozuueckux nayx

Opasscanosa Jlazzam Kamemaesna Kanouodam xumuyeckux Hayk

Jlecka Bozycnaga Jloxmop xumuueckux HayK
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