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ABSTRACT

Synthesis of superparamagnetic nanoparticles gOF®@as carried out via coprecipitation using NH,O and
NaOH solutions in Ar and Natmosphere. The obtained magnetic nanoparticle® wharacterized using X-ray
diffraction, Fourier transform-infrared, scannindeetron microscopy, variant strength magnetizataord N gas
adsorption—desorption techniques. The results mteid that all samples exhibit superparamagneticpprtes,
although the saturation magnetization of the®@gnanoparticles prepared with NaOH under Ar atmosghers
higher in contrast to other samples. The crystallstructural study of different samples of;Bg nanoparticle
demonstrates the magnetite crystal with a cubioepstructure. Morphology of the particles was anifi and
semispherical shape nanoparticles were approxirgadtethe range of 15-25 nm.
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INTRODUCTION

Studies of nanoscale materials have captured signtfiscientific and industrial interest in recentarge[1].
Research in magnetic nanoparticles has increasedadtheir potential in a variety of applicatiorsy.[Magnetic
nanoparticles possess some extra ordinary phyaichthemical properties and find applications inyriadustrial
and biological fields such as medical treatmentg dfelivery systems, magnetic resonance imaging jMRincer
therapy, and in making membranes, generating aigfrand fabricating memorizer for electronic agdantum
computers [3].Transition metal oxides have beesaxéntific and technological interest for many desadue to
their interesting optical, magnetic and electripabperties. Iron oxides exist in many forms in mefuwith
magnetite (Fg0,), maghemite y(-Fe0s),and hematite of-Fe,03) being probably the most common magnetic
nanoparticles and are also very important techncddly [4]. Among these, magnetite, is a common n&ig iron
oxide that has a cubic inverse spinel structuré axygen forming afcc (face-centered cubic) clgsacking and Fe
cations occupying interstitial tetrahedral sited antahedral sites (Fig. 1) [5-7].
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Fig. 1. Crystal structures of magnetite

Magnetite particles exhibit superparamagnetic biginawinder optimum conditions of size and operating
temperature. The magnetite can be synthesized hgugamethods, including: hydrothermal synthesiscran
emulsion, thermal decomposition and chemical ceipiation. Thermal decomposition and co-precijotatare
most commonly used [8-10]. The main advantage ettiprecipitation is that it can generate nanagastin large
guantity and in general, the size distributionaktively narrow. Nanoparticles can be prepareth wit without a
surfactant. In co-precipitation, a stoichiometricxture of ferrous and ferric precursors in a makio of 2:1, are
used as an iron source, which under alkaline cmmdityield superparamagnetic nanoparticles. Twcotds were
reported to prevent the change of the ratio cabisedir oxidation. One is to conduct the reactioml@man inert
environment with nitrogen gas. Another is to set thitial F€*:F&* molar ratio less than 2:1 so that after the
oxidation of F&" to F€", the ratio approaches to 2:1[11,12]. During sysitheof magnetite nanoparticles by
coprecipitation technique, magnetite or goethité€¢ OOH) or mixture of magnetite-goethite is obtdigepending
on the process conditions. When magnetite-goethittures are formed, quantification of the magnetitase is
essential for correlating with magnetic and cheirpcaperties of synthesized nanoparticles [13]. &wejing on the
reaction procedure, Massart method and titratiodrdlysis method are recognized. In the Massart cgagr, an
alkaline solution, is introduced into the?Fand F&" iron solution. While in titration hydrolysis, tiee* and F&"
iron solution is added gradually into the alkalgmdution. Magnetite is sensitive to oxygen anchia presence of air
might undergo oxidation to Fe(OHpr to hematite phase and lose its magnetic prpp&n the other hand,
magnetite is transformed into maghemite in thegmes of H. Therefore, to avoid side reactions, a carefutr@bn
of pH value of reaction mixture during precipitatits necessary [14-16]. Reaction temperature dfesta the
particle size in that higher temperature givesdangarticles. Base on the thermodynamics of thetimg it was
suggested that in order to obtaining particles wlepphase, nanoparticles should be prepared byi@udif the
ferrous and ferric precursor to a strong alkaliakition, e.g. NaOH, or NJOH at a pH value between 8 and 14.
Moreover, to maintain a suitable redox potentta, tatio of F&":Fe**should be carefully controlled at 2:1 in a non-
oxidizing environment [17].

Dang et al showed that the monodispersibility anaignetic properties of magnetite particles were owed
significantly through the sonochemical synthesisenndtrasonic irradiation [18]. Faiyas et al fouthét the value
of pH influences the reaction mechanism for the &iom of FgO,, shows that while maintaining a pH value of 6
and 9 in a solution containing iron salts Il antlitins produces-Fe,0;. Whereas a pH value of 11 produces
magnetite phase [19]. Gnanaprakash et al. showeqh Wie initial pH (prior to alkali addition) of ttealt solution
was below 5, the nanoparticles formed were 100%e$@ion oxide. The initial pH and temperature loé ferrous
and ferric salt solution before initiation of theepipitation reaction are critical parameters oaollitrg the
composition and size of nanoparticles formed. Aes rbaction temperature was increased, maintainipgl,athe
amount of goethite increased [20]. The synthesimadnetite by coprecipitation using different pp#aition agents
and different atmosphere appears of interest, Isecahere is few investigations about it. In thesprg
investigation, magnetite nanoparticles were prapénecoprecipitation using different precipitatiagents, NaOH
and NH H,O and different atmosphere, Ar ang, ldnd were characterized by different techniques.

EXPERIMENTAL SECTION

All the reagents were of analytical purity, and sveised without further purification and all of thelutions were
prepared with distillated water. The experimenggbaratus for preparing magnetite nanoparticles tlsree-neck,
250-mL, round bottom flask equipped with a mechdrstirer that spaced in an ultrasonic bath (Fig.Sblutions
of ferric chloride (1 mM) and ferrous chloride (2vWnin water with molar ratio of 2:1 were preparetdamixed
together and deoxygenated by bubbling of inert gasal pH of solutions was controlled about 2 lwiHCl 2M.
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Alkaline solution was added dropwise to the susipenghile the mixture was vigorously mechanicairstl under
ultrasonic irradiation and inert gas atmospherelféty. A moment later, a black suspension appearsd alkaline
solution was dropped into the mixture continuowsig slowly until the pH value of the solution readh-11. Then,
the reaction (eq. 1 and 2) was continued for 30. e black samples indicate the formation of mégmerhe
resulting black mixture was then collected by a neig field, rinsed with deionized water 4 timesj @aompletely
dried at 80°C for 1 h for characterization.

FeCl,.4H,0 +2FeCl,.6H,0 + &H,. H,0 — Fe;0, + 8NH,Cl +20H,0 @)

Table 1. Experimental parametersfor samples

Sample Alkaline Solution AtmosphereA”E\e;gruemse?lmugon
S NH;H,0 (50%, v/v aqueous Ar 5
S NaOH (1 M) Ar 9
S NHzH,0 (50%, v/v agueous N 5
Sy NaOH (1 M) N 9

|
il
L
i
|
I

Fig. 2. Apparatusfor preparing magnetite nanoparticles

MPMS-5 SQUID magnetometer (Vibrating Sample Magnedter (VSM)) used for making very high sensitivity
magnetic measurements. The X-ray diffraction (XRith Cu K, radiation was used to measure the crystallinity of
samples by the JEOL JDX-8030 diffractometer. ThéRF{Fourier transform infrared spectroscopy) speetere
recorded in the range of 400-7,000 trio study the structures of samples, utilizing a KBruTensor 27
spectrophotometer. Scanning electron microscopyvjSEas applied to measure the morphology and persize

of the synthesized nanoparticles. For this purpogeld cover was dripped onto samples then the 8Edérvations
were carried out using a Zeiss EVO50 electron msimope. Surface area was measured by nitrogen didsoap 77

K utilizing NanoSORD analysis instrument (SENSIRAN.).

RESULTSAND DISCUSSION

The magnetization curve for different synthesizealgnetite nanoparticles showed in Fig.3 does notodsirate
any hysteresis behavior for any of the sampleseadnibits immeasurable values of coercivity fielddasemnant
magnetization. This confirms that the synthesizadiges exhibit superparamagnetic propertieshinabsence of
applied magnetic field, the magnetization vectorghaf magnetic particles were order-less becausthesal
movement, and did not exhibit any overall magne@nHowever, the magnetization vectors of magnpétdicles
followed quickly an external magnetic field, makithg particles highly magnetic. Compared to othenas, the
magnetic nanoparticles prepared by coprecipitatioger Ar atmosphere, showed higher saturation magtien
and the nanoparticles prepared using NaOH undetrAosphere (5, showed the highest saturation magnetization.
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Fig. 3. The magnetization curve for different samples

Fig. 4 shows the IR absorption spectrum of all dampf FgO, nanopatrticles. In all samples, the FTIR band at
around 3432 cil can be assigned to the stretching modes & Iholecules or OH groups on the surface of
magnetite particles; the IR band at around 1625"ésmassigned to the # bending vibrations [9,18]. Metal-
oxygen band, observed at 564 ¢morresponds to intrinsic stretching vibrations loé tmetal at tetrahedral site
(Feeraso), Whereas metal-oxygen band observed at 400, dmassigned to octahedral-metal stretching(Eg).
The IR band ($and S) at around 1422 crhis assigned to the hematite and maghemite formj&ti@].
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Fig. 4. FTIR of different Fe;O, samples

The crystalline structure of different samples ef®, nanoparticles, is characterized by XRD as showhign 5.
The diffraction peaksof (2 2 0), (3 1 1), ®¥0), (4 2 2)and (4 4 0) reflect thegmetite crystal with a
cubic spinel structure [21]. The unit cell ofibic spinel structure consists of eight iferions at tetrahedral
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sites(A sites) each with four oxide ions nest& neighbors, and eight ferric ions andhtiterrous ions at
octahedral sites (B sites) each with six oxmes as the nearest neighbors [9]. During synthekisiagnetite
nanoparticles by co-precipitation technique, magteermr hematite phases is obtained depending orptbeess
conditions and lose its magnetic property, whicdargo in $, S;, S, and S, respectively (confirms the VSM and
FTIR results). XRD spectra shows there are manykvied obvious peaks showing that thes@gnanoparticles
were oxidized to hematite and maghemite (especialls and 3). In addition, the peaks were widened, implying
the small size of the particles. An estimation loé tmagnetite nanoparticles size has been perfofroed the
Scherrer formula [8]:

K2
b= Bcos6 (3)

wherel is the X-ray wavelength (0.15406 nmi)is the full width at half maximum (FWHM} is the corresponding
Bragg angle; and K is the shape parameter, which0.89 for magnetite. Taking the highest iniignpeak,
namely the (3 1 1) plane, a#,2and the half maximum intensity width of the pedter accounting for instrument
broadening, the particle sizes are calculated @ &l By using the coprecipitation method over tosdition at
room temperature, it is easy to prepare magnedib@particles with an approximate size of 20 nng #ie diameter
of F&O, nanoparticles prepared by coprecipitation usin@Nainder Ar atmosphere, was the smallest.
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Fig. 5. X-ray diffraction of various magnetite nanoparticle samples

Table 2. Estimation of the magnetite nanoparticles size from the Scherrer formula

sample B 20 D(hm)
S 0.7092| 35.599 22.5063B
S 0.9700| 35.497  18.0867
S 0.6878| 35.602 23.1460
S 0.6666| 35.698 22.0678p

()

)

Fig. 6 shows the SEM photographs of different sasmpVlorphology of the particles was uniform and ispirerical
shape nanoparticles were approximately ranging detwi5 and 25 nm, which was also indicated by theiqgus
XRD measurement. Samples show slight agglomeratitiich may be due to the magnetic interaction dfexa
nanoparticles.
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Fig. 6. Scanning electron micrographs of different Fe;0, samples

The specific surface area of the magnetite nanigfestsynthesized at various conditions measurethbyBET
method. The samples were degassed at 423 K fori20tinen surface area were measured by nitrogeoraiitsn
at77 K. BET surface area & (m?/gr)) for S, S, S and S, measured 71.962, 68.309, 49.371 and 94.709,
respectively. All of the samples hag:$in similar range, but the @, nanoparticles prepared by coprecipitation
using NaOH under Natmosphere, has larger surface area, comparedhgithther samples.

CONCLUSION

The following conclusions can be drawn for the preesnvestigation. (1) The saturation magnetizatibthe FgO,
nanoparticles prepared by coprecipitation using Na@der Ar atmosphere was higher compared to ctheples,
although any of the samples exhibit superparamagpeiperties. (2) Morphology of the particles wasform and
semispherical shape nanoparticles were approxiynaseiging between 15 and 25 nm. The diameter gOfFe
nanoparticles prepared by coprecipitation using Na@der Ar atmosphere was the smallest, but aggiatina
was severe. (3) The crystalline structure studylitierent samples of R®, nanoparticles, reflect the magnetite
crystal with a cubic spinel structure. (4) All dfet samples hadgS: in similar range, but the E®@, nanoparticles
prepared by coprecipitation using NaOH underadtimosphere, has larger surface area, comparedthvatiother
samples.
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