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Fe;O04 Nanoparticles as Additives for GAMMA-Ray Shielding:
Structural and Surface Characterization
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Monodisperse samples of magnetite nanoparticles in the size range of 5-13nm, were prepared by solvothermal synthesis and
coprecipitation method. Obtained nanoparticles were characterized by different measurement techniques: X-ray diffraction
analysis, transmission electron microscopy, selected area electron diffraction measurement, and Fourier transform infra-red
spectroscopy. Measurements confirmed that the utilized synthesis methods are able to produce size and shape-controlled
nanoparticles of a high-quality, that is of the technological importance. The results of the performed study represent the first
stage in preparation of the Fe;O, nanoparticles as an additive to concrete, which will be used for the construction of the special
military facilities where it is necessary to provide a protection against y-ray radiation.
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Notations and symbols

ATR — attenuated total reflection

d,., — crystallite diameter

FTIR - Fourier transformation infra-red spectroscopy
hkl — Miller indices of the plane

HRTEM — high resolution transmission electron microscopy
JCPDS - Joint Committee on Powder Diffraction Standards

SAED  — selected area electron diffraction

S1 — sample prepared by solvothermal method

S2 — sample prepared by coprecipitation method
(nanoparticles obtained from ferrofluid)

S3 — sample prepared by coprecipitation method
(nanoparticles obtained from precipitate)

TEM  — transmission electron microscopy

A — wavenumber separation value

A — Cu Ka radiation wavelength

7 — Bragg angle

Introduction

NE of the most challenging problems during the last
century was to face with electromagnetic interference
pollution [1-3]. Electromagnetic }l?ollution has been
significantly increased during the 20" century, due to the
technological progress of the humanity. Prominent problem,
which has not yet been solved, is that the electromagnetic
interference disturbs functioning of devices, equipment, and
systems used for commercial, industrial and military
applications [4, 5]. The type and the amount of shielding
needed for electromagnetic radiation protection depends on
the penetrability of the radiation [6]. It is important to point
out that, compared to the other types of ionizing radiation,

gamma radiation is characterized by the highest penetration
power [7]. Protection against the gamma radiation should
enable the reduction of the environmental electromagnetic
background and suppress the appearance of secondary waves.

Due to the electrical neutrality of gamma rays, the interaction
between gamma radiation and matter represents a statistical
phenomenon. Efficiency of the gamma radiation shielding
depends on the energy of the gamma ray, as well as on the nature
of the absorbing material [6]. The absorbent material that could
be used for the shielding of the gamma radiation is modified
concrete [8, 9]. Conventional concrete represents a material
whose properties are dependent on the constituents of the
mixture. Since nanomaterials exhibit advanced properties
compared to the bulk materials, nanoparticles are often used to
improve the properties of the compact materials [10-14]. The
effectiveness of concrete as a gamma radiation shield is
significantly improved by the addition of the magnetic
nanoparticles additives [15-17], since concrete belongs to the
group of dielectrics [18]. Reinforced with Fe;O, nanoparticles,
concrete was found to be a suitable material for the suppression
of gamma radiation [4]. Usage of Fe;O4 nanoparticles as an
additive for y-ray shielding requires the preparation of the size-
limited Fe;0, nanoparticles. Noteworthy, the above mentioned
size depends on the energy of gamma radiation. For instance,
literature data revealed that suitable size of the magnetite
nanoparticles, used as additives for shielding of radiation with
frequency 0.7 GHz, is~ 12 nm [4].

On the other hand, it is well known that the structural and
morphological properties of the nano Fe;O, determine its
application. At the same time, the particles properties are
significantly different depending on the chosen preparation
method. Application of the nanoparticles as the additives for
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radiation shielding implies the preparation of the samples
characterized by uniformity in the particles size and shape.

In this study, two different synthesis routes were employed
to prepare an appropriate candidate, containing Fe;O4
nanoparticles additive, for the gamma radiation shielding:
solvothermal synthesis and coprecipitation method. Expected
size of the particles prepared by solvothermal synthesis is
under 10 nm, and does not fulfill the size criteria necessary
for the above mentioned application. For that reason, this
synthesis method was performed in order to prepare
nanoparticle seeds, whose size will be increased via seed-
mediated solvothermal growth. On the other hand,
coprecipitation method enables synthesis of the particles that
fulfill size limitation required for the preparation of the
additive for gamma radiation shielding. Comparative study of
the structural and surface properties of the samples obtained
in three different ways was performed, in order to determine
compatibility of the prepared nanoparticles for use as the
additives for protection against y-ray irradiation of the special
military facilities used by an army (underground command
and telecommunication centers, special storage facilities of
war material, water tanks, etc.).

X-ray diffraction (XRD) measurements were done by a
Rigaku RINT-TTRIII using CuKo (4 = 1.5418 A). Diffraction
patterns were recorded in the 20 range: 10-70°, with a scanning
rate 0.02 °/min. Qualx Program was used for data analysis.
Fourier transformation infra-red (FTIR) spectroscopy was
performed by Nicolet IS 50 FTIR Spectrometer, in the mid infra-
red region. Sampling technique used to collect spectra was
attenuated total reflectance (ATR). Data were analyzed by the
Program Omnic. Transmission electron microscopy (TEM) was
done by collecting micrographs at Jeol JEM 2100 transmission
electron microscope operating at 200 kV. Images were processed
in the Program Imagel.

Experimental results and discussion
Synthesis of the samples
Solvothermal synthesis of the sample S1

Sample S1 was prepared by the solvothermal method.
Fe(S0O,)-7H,0O was used as a precursor of the iron ions [19].
Solution of the sodium hydroxide, water, ethanol and oleic
acid was prepared in molar proportion 1:2.2:0.8:0.2.
Precursors were magnetically mixed for 30 minutes at the
room temperature; afterwards, another solution, obtained by
dissolving 0.56g of the Fe(SO,)-7H,0 in 14 ml of H,O was
added in the stirring mixture, and stirred for 15 minutes. Then,
the solution was shifted to teflon autoclave, where it was kept
at 180°C for 10h. Cooled solution was washed with ethanol
and n-hexane (in the volume proportion 1/3:2/3), at least three
times. Washed precipitate consisted of Fe;04/0A
nanoparticles, and it was dried at 80°C for 2h.

Coprecipitation synthesis of the samples S2 and S3

Sample S2 was obtained by the coprecipitation method,
using FeCl,"4H,0 and FeCl;-6H,0 salts as precursors of the
iron ions [20]. 5.4g FeCl,-4H,0 and 13.52g FeCl;-6H,0 were
separately dissolved in 10 ml H,O, in the UV bath. After
homogenization of the mixtures, solution of the Fe** ions had
been added to the solution of the Fe*" ions. In another beaker
20 ml H,O was added. Under the magnetic stirring, the drop
of the homogenized solution of the iron salts was added into
the 20 ml H,O. Then, a drop of the ammonia was put into the
stirring solution, to start the nucleation process. Afterwards,
the mixture of the iron salts was added into the stirring glass

at once. To the obtained solution, 17 ml ammonia was added
dropwise. 150 ml H,O was added to the prepared mixture, and
the solution was stirred further for 30 minutes. The solution
was placed onto the permanent magnet, to separate
coprecipitate. Washing of the coprecipitate was performed
with distilled water, at least three times. After the third
washing, ph of the solution was 9.5. To decrease ph, IM HCl
was added until the solution ph reached the value 5.7, and
then the solution was dialyzed against 0.001 M HCI solution.
After the dialysis process had been finished (ph=3), the
solution was again placed onto the permanent magnet, until
the precipitate was separated. Certain amount of the prepared
ferrofluid was dried at 60°C for 48h, and the obtained powder
was labeled as sample S2, while the coprecipitate was dried
under the equal conditions, and labeled as a sample S3.

In the Table 1. labels of the samples and synthesis methods
used in this study are shortly presented.

Table 1. Samples labels and performed preparation method.

Sample Preparation method
S1 Nanoparticles obtained by solvothermal synthesis
S2 Coprecipitation [nanoparticles from ferrofluid]
S3 Coprecipitation [nanoparticles from coprecipitate]

Structural analysis

Structural analysis of the samples was performed by the X-
ray diffraction and TEM measurements.
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Figure 1. Images of the sample S1: a) XRD pattern; b) SAED pattern; c)
TEM image; d) HRTEM.

Fig.1.a) presents diffraction pattern of the sample S1.
Position of the diffraction maxima confirmed that the
examined samples possess cubic spinel structure (JCPDS
Qualx card: 00-900-2674, space group: Fd3m). From the
position of the most pronounced diffraction maximum at
2@=35°, average crystallite size was determined by using the
Scherrer’s formula, and assuming that the nanoparticles are
spherical in shape. Estimated crystallite size of the particles
S1 was 5 nm. Since both magnetite and maghemite are
characterized by the spinel structure (inverse and normal,
respectively), X ray diffraction technique is not suitable to
confirm the presence neither of the magnetite nor of the
maghemite nanoparticles in the investigated sample.

Figures 1b)-d) show results of the TEM measurements. SAED
measurement confirmed the formation of the magnetite phase,
while the transmission electron micrographs were used to
analyze the particles size and shape. According to the observed
SAED diffraction rings (Fig.1b)), determined inter plane
distances could be attributed to the Fe;O, phase (Table 2).

Table 2. Estimated inter plane distances of the sample S1

. . Theoretical values of the in- .
Esndnils":;i:;tg nl: 5ane ter plane distances (JCPDS: c(ﬁli;ndlc;s ot tlh ©
00-900-2674) [nm] ponding piane
0.29283 0.29648 220
0.25452 0.25284 311
0.2111 0.20965 400
0.17476 0.14824 422
0.16162 0.16138 511
0.15005 0.14824 440

Diffraction rings in the SAED pattern are well pronounced
and consistent with the X-ray diffraction pattern (Fig.la)),
demonstrating a high crystallinity of the particles. TEM
micrographs of the sample S1 are shown in Fig.1c) and d).
Images confirmed that particles are monodisperse and spherical
in shape. The determined mean value of the particles size is Snm
(Fig.1c)), which is in a very good agreement with the crystallite
size value extracted from the XRD measurement. The observed
agreement points out to the single-crystal nature of the particles.
HRTEM micrograph (Fig.1d)) enables observation of the lattice
fringes, confirming high crystallinity of the sample. The
determined interplane distance for 220 plane (0.29 nm) is in
accordance with the SAED analysis.

Fig.2 shows the structural analysis of the sample S2. Cubic
spinel structure of the sample S2 is observed at Fig.2a)
(JCPDS Qualx card: 00-900-2674). The pronounced
narrowing of diffraction maxima points to the bigger mean
crystallite sizes (d,= 13 nm, according to 20=35°) of the
particles. Fig.2b) presents the SAED pattern of the sample S2,
depicting to the magnetite presence (Table 3).
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Figure 2. Images of the sample S2: a) XRD pattern; b) SAED pattern; c)
TEM image; d) HRTEM image

Table 3. Estimated interplane distances of the sample S2

Estimated intor- Theoretical values of the in-| hkl indices of the
lane distances [nm] ter plane distances (JCPDS: | corresponding
P 00-900-2674) [nm] plane
0.29855 0.29648 220
0.25439 0.25284 311
0.21193 0.20965 400
0.15004 0.14824 440
0.16243 0.16138 511

Micrograph (Fig.2c)) shows rather uniform particle sizes
(determined average size is 12 nm) of almost spherical
nanoparticles. Fig.2d) presents HRTEM image, depicting to
the nearly spherical shape of the nanoparticles. Clearly
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observed lattice fringes pointed to the high crystallinity of the
sample. Estimated interplane distance for 111 plane (0.47 nm)
is in agreement with the theoretical value (0.48415 nm) and
confirms the presence of the magnetite nanoparticles.

Fig.3 presents theresults of the structural investigation of
the sample S3.
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Figure 3. Images of the sample S3: a) XRD pattern; b) SAED pattern; c)
TEM image; d) HRTEM

Sample 3 exhibited very similar diffraction pattern as the
sample S2 (Fig.3a)). Mean crystallite size was estimated
according to the position of the most pronounced diffraction
maximum, d,= 13 nm. Fig.3b) shows SAED, that is
confirming magnetite presence. Most pronounced interplane
distances and corresponding planes are presented in Table 4.

Table 4. Estimated interplane distances of the sample S3

Estimated inter plane
distances [nm]

Theoretical values of the inter
plane distances (JCPDS: 00-
900-2674) [nm]

hkl indices of the cor-
responding plane

0.26031 0.25284 311
0.21439 0.20965 400
0.17559 0.17117 422
0.15299 0.14824 440
0.16633 0.16138 511

TEM image (Fig.3c)) shows that the particles shape is
nearly spherical: round and oval. Estimated mean particle size
is 11 nm. HRTEM image enable more detailed observation of
the particle shape; the particle is round, particularly more
elongated (ellipticity is increased, compared to the samples S1
and S2). Sample S3 is also characterized by a high
cristallinity, that is confirmed by the presence of the well-
defined lattice fringes. The determined interplane distance,
0.47 nm, corresponds to the 111 plane of the magnetite, and
represent an additional confirmation that the sample contains
Fe;0,4 nanoparticles.

TEM micrographs presented in Figures 2¢) and 3¢) displayed
similar particles size, shape, as well as the similar degree of the
particles agglomeration in the investigated samples.
Nevertheless, the fact that the nanoparticles of the sample S3
precipitated at ph=3, while at the same time nanoparticles of the
sample S2 remained in the solution forming a ferrofluid, points to
the higher degree of agglomeration and wider particle size
distribution of the sample S3. On the other hand, the preparation
of the sample S2 for TEM measurements required drying of the
ferrofluid, followed by dissolving of the obtained powder in the
appropriate solvent. Since the coprecipitation synthesis did not
involve the presence of the surfactant agent, as a result of these
processes, the obtained sample expressed a higher degree of
agglomeration compared to the ferrofluid nanoparticles, and
more similar properties to the sample S3. It is important to point
out that ferrofluid nanoparticles of the sample S2 are
characterized by higher monodispersity and lower degree of
agglomeration. The above properties of the S2 nanoparticles
enable the formation of the ferrofluid, while the bigger,
agglomerated nanoparticles, precipitate. On the contrary, due to
the presence of the capping agent (oleic acid) the sample S1
retains a high monodispersity, regardless of the treatment
performed to prepare the sample for the TEM measurement.

Structural analysis confirmed that all investigated samples
are characterized by an inverse spinel structure, corresponding
to the magnetite phase. According to the TEM results, a high
crystallinity of the particles is observed. Particles possess
mostly spherical morphology. Although all samples showed
high monodispersity, the most pronounced monodispersity is
observed for the sample S1, due to the presence of surfactant
layer around each nanoparticle.

Surface analysis

FTIR spectroscopy was used to identify bonds attached to
the particles surface, as well as to verify the presence of the
magnetite or maghemite phase, since this technique is
sensitive to the cation or vacancy order in the crystal. Figures
4a)-c) present FTIR spectra of the investigated samples.

Fig.4a) presents FTIR spectrum of the sample S1. Broad
band centered around 3300 cm™ appeared as a result of the
stretching of the hydroxide groups. Residue of the ethanol
used during the washing procedure is observed through the
appearance of the 1119 cm™ and 997 ecm™ vibrations [21],
attributed to the C-O stretching from ethanol and O-H out-of-
plane bond, respectively. Further, observed broad bands in the
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high-wavenumber region confirmed presence of the oleic acid
capping of the magnetite nanoparticles. Bands at 2954 cm™
and 2918 cm’ originate from the symmetric CH, and
asymmetric CH,vibrations of the oleic acid. Two broad bands,
centered at 1523 and 1406 cm™, are linked to the asymmetric
and symmetric C-O vibrations of the oleic acid [22, 23],
pointing to the presence of the adsorbed oleic acid molecule
onto the Fe;0, active sites [24, 25]. Bidentate bridging value
is determined based on the wavenumber separation value.
Separation value in the wavenumber range: A=110-200 cm™
is characteristic for bidentate bridging [24]. Estimated value,
A=113 cm’, points to the chemisorbed oleic acid onto the
Fe;0y, sites [24, 25]. In other words, COO™ group is covalently
bonded to the Fe surface atoms.
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Figure 4. FTIR spectra of the investigated sample: a) S1; b) S2; ¢) S3

In the low-wavenumber region, which is a fingerprint area
for the iron oxide vibrations, two bands observed at positions:
406 and 545 cm’', are attributed to the Fe-O vibrations,
characteristic for stretching vibrations of metal ion at the
tetrahedral A-site of the inverse spinel structure [26, 27]. The
absence of the shoulder at 621 cm’, characteristic for
maghemite [28], confirms the presence of the magnetite
phase. According to the Fig.4a), the sample S1 contained
Fe;0,4 nanoparticles, which is in accordance with the Fig.1.

Fig.4a) also confirmed the presence of the capping agent-oleic
acid. Oleic acid was used in the synthesis procedure to ensure
the sample monodispersity, and to prevent oxidation of the
particles and stoichiometry alteration that brings to the
formation of the y-Fe,O5 phase.

FTIR spectra of the samples S2and S3 are presented at Figures
4b) and c), respectively. High wavenumber region displays the
presence of intermolecularly bonded O—H groups in the samples
(3300 cm™ band). Also, the samples are characterized with the
band at 1626 cm™, that is attributed to the H-O-H scissoring
vibrations of free or adsorbed water. The band at 1455 cm™ is
ascribed to the O-H in-plane band, while the band at 997 cm™ is
assigned to the O-H out-of-plane vibration. Both samples show
vibration at 550 cm™, that confirms the presence of the Fe ion at
A-site of the spinel structure. On the other hand, in Fig.4c) the
shoulder at 620 cm™ is observed denoting the presence of the
surface maghemite layer in the S3 sample, which is absent in the
sample S2.

The observed presence of maghemite at the Fe;O, surface
is in accordance with the literature data, which defined
magnetite as an oxide whose surface is always passivated by a
maghemite layer, since magnetite oxidize immediately during
the air exposure. Considering the fact that the samples S2 and
S3 contained bare magnetite nanoparticles prepared without
surfactant agent, stoichiometry of the magnetite nanoparticles
obtained by coprecipitation is preserved by a static repulsion
of the particles. The absence of the shoulder at 621 cm™ in
Fig.4a) and b) points to the fact that Fe;O4 nanoparticles of
the samples S1 and S2 contain very thin surface layer of y-
Fe,0s3, which is under the FTIR detectability threshold.
According to the Fig.4c), sample S3 possesses ticker layer of
the y-Fe,05 phase, placed on the Fe;O, particles surface.

Conclusion

Three samples containing magnetite nanoparticles were
prepared by two different chemical synthesis routes:
solvothermal synthesis (S1) and coprecipitation method (S2 and
S3). X-ray diffraction analysis confirms that the samples are
characterized by the iron oxide spinel structure, without traces of
the other iron oxide phase impurities. The samples prepared by
different synthesis routes are characterized by different sizes,
although all prepared samples displayed high-crystallinity. Mean
particle size of the sample obtained by solvothermal synthesis
was 5 nm, while the samples obtained by coprecipitation
consisted of the particles bigger in size (ds,=13 nm and dg=11
nm). TEM analysis shows that the particles of the investigated
samples are mostly spherical in shape (round and oval). SAED
analysis confirmed that the examined samples contained the
magnetite nanoparticles. FTIR investigation revealed that the
sample S1 possesses magnetite nanoparticles capped with oleic
acid, while the samples S2 and S3 contained bare magnetite
nanoparticles. Performed analysis of the samples shows that
different synthesis methods resulted in the preparation of the
high-quality nanoparticles. The studied samples could be further
employed for the preparation of the concrete, reinforced with the
synthesized particles, which will be utilized for the protection
against gamma ray of the special military facilities used by an
army.
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Fe;0,4 nanocestice kao aditivi za zasStitu od gama-zracenja:
Strukturna i povrsinska karakterizacija

Monodisperzni uzorci nanocestica magnetita, veli¢ine izmedu 5-13 nm, su pripremljeni primenom solvotermalne sinteze i
metode koprecipitacije. Karakterizacija sintetisanih nanocestica je izvrSena primenom nekoliko mernih tehnika: difrakcija
H-zraka, transmisiona elektronska mikroskopija, elektronska difrakcija sa odabrane povrsine i infra-crvena spektroskopija
sa Furijeovom transformacijom. Merenja su potvrdila da se primenom pomenutih metoda sinteze dobijaju nanocestice
visokog kvaliteta, §to je od velikog tehnoloSkog znacaja. Rezultati ove studije predstavljaju prvu fazu pripreme Fe;O,4
nanocestica kao aditiva cementu pri njegovom koriS¢enju za izradu objekata specijalne namene gde je neophodno ostvariti

zaStitu od y-zraka.

Kljucne rec¢i: nano€estice, nanomagnetne Cestice, morfoloska struktura, aditivi, cement, gama zracenje, zastita od zracenja,

zaStita objekata.
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Fe;04 HaHOYAaCTHIBI KAK 100aBKH JJISI FaMa-paavuanuOHHOMI
3amnThl: CTPYKTYpHAas U MOBEPXHOCTHAA XapaKTepHu3anusi

MonoaucnepcHble 00pa3ibl HAHOYACTHII MATHETHTA, CHHTe3HPOBAHHbIE B JUANA30HE Pa3MepoB 5-13 HM, ObLIH I0TyYeHbI
MeTO/I0M CO/IbBOTEPMHUYECKOI0 CHHTE3a H CO0CasKAeHHsl. XapaKTepHCTHKA CHHTe3UPOBAHHBIX HAHOYACTHII OCYLIECTBJIsIETCS
€ MCNOJIb30BAHHEM HECKOJILKHX METO10B U3MePeHUs : I (PaAKIMH PEHTTeHOBCKHX JIy4eii, NPocBe4YHBaIOILeii 31eKTPOHH O
MUKPOCKOIMH, TU(PAKIMM YTEKTPOHOB ¢ BLIOPAHHBIX 00J1acTell U MHPPAKPACHOH CIIEKTPOCKONUY € Peodpa3oBaHueM
®ypne. M3mepeHusi NMOATBEPIHJIM, YTO BbINOJHEHHbIE METOAbI CHHTE3a CIOCOOHBLI NPOW3BOAUTHL HAHOYACTHIBI €
KOHTPOJIMPYeMbIM pa3MepoM U (poOpMoii BbICOKOr0 KauecTBa, YTO MMeeT 00J1b1110e TeXHOJI0rHYecKoe 3HaYeHue. Pe3ybTaTbl
NPOBEEHHOI0 UCCJIEI0BAHUS MPEICTABJSIIOT CO00ii MepBblii 3Tan noAroroBku HaHoyactul Fe304 B kauecTBe 100aBOK K
LIEMEHTY, KOTOPbIii OyleT HCNO0JIb30BAH /IS CTPOMTEIbCTBA BOCHHBIX 00bEKTOB CHELHAJbHOIO0 HA3HAYEHHUs, I/ie ITO
He00X0AHMO ISl 3ALIHTHI OT Y-H3JTyYeHusl.

Kntouegole cro6a: HAHOYACTULIbI, HAHOMATHUTHbIE YacTULIbI, MOPdOJIOruYecKasi CTPYKTYpa, 100aBKH, LIeMEHT, raMmma-
H3JIyYeHHe, PAIHALMOHHAS 32aIIUTA, 3aIUTA 00HEKTOB.

Nano particules Fe;O4 comme additifs pour la protection contre le
rayonnement gamma: Caractérisation structurale et de surface

Les échantillons mono dispersés de nano particules de magnétite de taille de 5-13mm ont été préparés par I’application de la
synthése solvothermale et par 1a méthode de coprécipitation. La caractérisation des nano particules synthétisés a été obtenue par
I’emploi de plusieurs techniques de mesure : diffraction des rayons X, microscopie électronique a transmission, diffraction
électronique a partir d’une surface sélectionnée et la spectroscopie infrarouge a transformée de Fourier. Les mesurages ont
confirmé que par Putilisation des méthodes citées de synthése on obtenait les nano particules de haute qualité ce qui est trés
important de point de vue technologique. Les résultats de cette étude représentent la premiére phase de la préparation des nano
particules Fe304 comme un additif au béton pendant son emploi pour la construction des installations militaires spéciales ou il est
indispensable pour la réalisation de protection contre les rayons Y.

Mots clés: nano particules, nano particules magnétiques, structure morphologique, additifs, béton, rayonnement gamma,
protection contre le rayonnement, protection des installations.



