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Abstract-The effect of precipitating agent on the preparation of iron(III) oxide particles was investigated. Iron(III) 
oxide parlides were prepared by precipitation of aqueous fen-ic nitrate solution by using ammonium acetate and am- 
monium hydroxide as precipitating agents. Particle size, shape, ch~lfical composition, crystalline formation rate, crys- 
tallinity and magnetic property were measured for Fe203 pm-ticles obtained by precipitating with ammonium acetate, 
and compared with those of particles formed by using ammonium hydroxide. TGA, DTA, IR, XRD, TEM and VSM 
were used to charact~-ize the particles. The nanoparticles synthesized with almnOlfiUm acetate showed a narrow size 
dishJbution, spherical shape, fast crystalline fonnation rate, tfigh crystallilfity mid complete hysteresis loop. The bet- 
ter properties of particles fom:ed by using mmnonium acetate were originated from the chelating effect of carboxy- 
late ions and higher crystallinity than those synthesized with amnlonium hydroxide. 
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INTRODUCTION 

Nanonaeter-sized iron oxide pm-ticles have great potential appli- 
cations in itffcmmtion storage [Gunther, 1990], color imaging [Ziolo 
et al., 1992], bioprocessing [Nixon et al., 1992], catalysts [Yan et al., 
1999], magnetic refiigeration [McMichael et al., 1992] mad magnetic 
resonance imaging [Frmak et al., 1993]. Their interesting magnetic 
properties are due to finite-size effects and high surface/volume ratio. 
However, very different magnetic properties have been observed 
with materials having similar grain size but produced by difl'erent 
methcxis, which makes the study of their microstruc~-e very impor- 
tant. Much attention has been focused on magnetic recording me- 
dia materials, due to the increased need for high density, in particu- 
lar the conventional magnetic materials for infbmaation storage sys- 
tems such as the oxides of iron, nickel, and cobalt. Conventional 
magnetic recording media have been prepared by using mixtures of 
polymeric surfactar~ and micrometer-size iron oxide particles. 

Several methods have been used to synthesize the magnetic par- 
ticles, such as hydrolysis in solution, sol-gel processes [Brinker and 
Schere:; 1990], hydrothennal processes, spray pyrolysis [Carreno 
et al., 1991], co-precipitation method [Hu et al., 1996] and resin- 
mediated synthesis. In aqueous solution, magnetic spinel iron oxide 
has been synthesized through co-precipitation of various salts of 
Fe(I]I) mad Fe(]I) in alkaline media [Tronc et al., 1992; Asai et al., 
1997]. The syntheses are performed at very high salt and base con- 
centrations but have an advantage m that there is no need of sur- 
facta:~ removal from the nanoparticles before incorporation into 
an ultrathin film. Organized assemblies have been used to control 
the particle size. Syntheses of Fe304 and Fe:Q nanoparticles have 
been performed in vesicles, cast film, bilayer lipid memb:ane, poly- 
mer ma~ix, and porous silica microspheres. As in syntheses car- 
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fled out in homogeneous solution, flais induces marked changes at 
the surface of the particles and makes difficult derive any relation- 
ship between magnetic properties and size. 

In this work, iron oxide nanoparticles were prepared in aqueous 
solutions without any surfactarCs. In partictda, the effects of pre- 
cipitating agent on the formation of Fe~O3 particles and properties 
of fron(I]I) oxide nanoparticles prepared by co-preeipitation were 
investigated. %vo kinds of precipitating agent were used m this 
study. NI~OH has been used as the most popular preeipitafng agent. 
but the use of ammonium acetate as precipitating agent has never 
been reported. The particles prepared by mmnonitrn acetate are 
sample A and those prepm-ed by the ammonkrn hydroxide are sam- 
ple B. The process has the advantages of mexFensive prectrsors, a 
simple preparation method, and a resulting nano-sized, homoge- 
neous, highly reactive powder The size and crystaUinity of tile par- 
ticles depends markedly on the precipitating agent. In conWast to 
sample B, sample A is isotropic, optically t:anspm-ent and then-no- 
dynamically stable dispersion of particles m aqueous solution. Such 
disl:ei~iolls are formed spontaneously by mixing the ferric nitrate 
and ammonitrn acetate solution. Seve:al organic anions such as 
carboxylate and hydroxyl carboxylate ions on the fonnaticel of fer- 
ric oxides or hydroxides interfere with the formation and growth of 
these oxides [Bee et al., 1995; Kandofi et al., 1991; Kandori et al., 
1992]. The magnetic properties depend on the particle size mad, for 
a given size, on the crystallinity. 

Also the particles formed by two different precipitating agents 
were chat~cte:ized by TEM (transmission electron microscopy), 
TGA (thermo gravimelric analysis)/DTA (differer~al thermal an- 
alysis), XRD (X-ray diffraction), FI'-IR and VSM (vibrating sam- 
ple magnetometer). 

EXPERIMENTAL 

Iron(IlI) ni~ate me-hydrate (Fe(NQ)3 9H20, 99.9%, Cica Re- 
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agent Japan) as inorgalic salt and am-nonium hydroxide (Mallm- 
ckrodt Chemicals USA, NH3 29.7%) and ammonium acetate (CH3- 
COONt~, Aldrich, 99.99%) as precipitating agents were used to 
prepare iron oxide particles. The water used in this work was de- 
ionized water (electrical resistivity 18.2 Mf~). 0.1 M iron(IlI) nitrate 
was dissolved in deionized water with stin~g. Two types of aque- 
ous solution were prepared separately Inthe sample A, 0.5 M am- 
monium acetate solution was added ddropwise into 0.1 M iron(IlI) 
m~'ate solution under vigorous stming. The volume ratio of two 
solutions was 1:1. The resulting soh~ion was an optically transpa- 
rent sol and the color of the solution was changed fi~om light orange 
to red h'own. After reaction, an excess amount of acetone was added 
to cause the sedimentation of the iron hydroxide particles under vi- 
gorous sf~'ing, genera~g the orange brown precipitate. In tile sam- 
ple B, 0.5 M amanonium hydroxide solution was applied as a pre- 
cipitating agent into 0.1 M iron(I11) mtl-ate solution under vigorous 
slming. In this step, the red brown precipitate was generated in- 
stantly. The supematm~t was removed from the precipitate by de- 
cantation. Deionized water was added to the precipitate and the sol- 
ution was decanted after cei~ifugation at 3,000 rpm. The last pro- 
cec~-e was repeated three times to remove the impurities. Dry pow- 
dels were obtained by filterkg and drying under vacuum. Each san> 
ple was heated at 250 ~ for 2 hours in air to get Fe~O3 particles fi-cxn 
F%(OH)~. 

TGA and DTA of the samples were camed out to determine the 
phase chm~ges as well as the weight loss of  the samples using a 
Shimazu TGA-50 themlal analyzer and Shimazu DTA-50 differ- 
ential thermal analyzer. The temperature was increased at a rate of 
10 ~ -~ under a flowing aft- abnosphere. XRD was used to ex- 
amine tile crystallkfity and phase constitue,~ of samples prel~-ed by 
two processes. X q ~  measurement was performed with powders 
packed completely on a hole of holder by a Rigaku D/MAX RINT 
2500 X-ray diffi-actonleter opea-ated at 40 kV and 100 nkA. The in- 
cident wavelength was Cu K~I =1.5406 ~ and detector moved step 
by step (A20 0.05 ~ between 10 ~ and 80 ~ The scan speed was 7~ 
mitt The FT-IR spectra were recorded o,1 MAGNA-IR 760 SPEC- 
TROMETER (Nicolet) by tile KBr pellet method. Transmission 
electron microgrephs (TEM) were recorded in a JEM-2010 micro- 
scope operating at 200 kV. The powder was dispersed in ethanol 
and dropped on a conventional carbon-coated copper grid. Mag- 
netic properties of the samples were recorded in a vibrating sample 
magnetometer (VSM). Satwation magnetisation and coercivity were 
obtained fi-om the hysteresis loops by applying a magnetic feld of 
1.5 kOe at room temperature. 

Fe/OH)6 'F%Q+3H20 ? 

In case of anm~onium acetate, we propose that the chemical reac- 
tion mechanism would be very similar. 

2Fe(NQ)~+6 NH4CH3COO , Fea(CH3COO)6+6 NH4NO3 

However, the Fe2(CI-t3COO)6 particles during this reaction were 
not precipitated and fon-ned very stable red-brownish sol. The for- 
mation of Fe2(CH3COO)~ was proven by FF-IR nleasurement. The 
homogeneous t~lspa 'mcy of sample A after the reaction indicates 
that its composition was honlogeneous. Organic ions are known to 
affect the formation of metal oxides or hydroxides through the two 
following process [Ist~kawa et al., 1993]: 

(1) chelation of these ions with metal ions prevents nucleation; 
(2) adsolption of these ions on the nuclei produced by hydroly- 

sis inhibits the growth of the nuclei. 

It is believed that the c~boxylic group of acetate in the ammonitrn 
acetate could fonn a chemical bond between the metal ion and 
acetate ion [Sun et al., 1996]. Tile use of ammonium acetate as a 
precipitating agent greatly suppresses the fon-nation of precipitates 
clue to chelating effect, Therefore, no surfactants are necessary to 
stabilize the hydrosol after the formation of ferric hydioxide. 

The stable Fe2(CH3COO)6 sol was precipitated by the additic~l of 
acetone and cenlrifugation. Then, the Fea(CH3COO)6 particles were 
converted into iron oxide by the same procedure for Fe2(OH)6. 

O O 
II II 

Fe2(CH3COO)6 ~ Fe2Q+3CH3-C-O-C-CH3 T 

2. Chemical Analysis 
Chemical and slructural changes which occurred ctLriIg the conl- 

bustion were monitored by a spectroscopic analysis. Tt~ may be 
helpful to understanding the combustion reaction mect~lism. Figs. 
1 and 2 show the FF-IR spectpa of the simply dried powder and the 
heat-treated powder in the range 470-4,000 cm -~. The diied pow- 
der of sample A showed the characteristic bands at about 3,300, 
1,600 and 1,300 cm < corresponding to the O-H group, carboxyl 
group and NO3 ion, respectively. The disappearance of the charac- 

RESULTS A N D  DISCUSSION 

1. Chemical Reaction for the Formation of Iron Oxide Nano- 
particles 

When NH4OH is used as precipitating agent, the chemical reac- 
tions for the formation of iron oxide particles are as follows: 

2Fe(NQ)3+6 NI-LOH "Fea(OH)~ ~ +6 NH4NQ 

As soon as Fe2(OH)a l:m~cles were foirned, they were flocculated 
and precipitated m the aqueous solutiort The FeJOH)6 precipitates 
were converted into iron oxide by calcination for 2 hours at 250 ~ 
by the following mechanism [Mahan et al., 1987]. 

Fig. 1. FFIR spectra of partides prepared by ammonium acetate 
after (a) drying and Co) heat treatment at 250 ~ 
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Fig. 2. FrIR spectra of particles prepared by NH4OH after (a) 
drying and (b) heat treatment at 250 ~ 

Fig. 3. TGA and DTA curves of precursor particles prepared by 
ammonium acetate. 

te:istic bands of earboxyl group and NO~- ion in the FT-IR spectra 
curve after heat treatment revealed that the ~rboxyl group andNO3 
ion take part in the reaction during the combustion. Features that 
clearly correspond to the pure Fe203 l:oduct are showl: There are 
two cbaracterkstic peaks at 470 Mad 570 cm-: which indicate the ex- 
istence of the pure F%Q particles. Further two bands at 3,440 and 
1,620 cm-: were due to characteristic FT-IR spectt~a of H~O molec- 
ular adsorbed on the surface of Fe2Q. 

Figs. 3 and 4 shows the TGA and DTA results of the precursor 
powders. The weight loss of sample A suddenly terminated at 250 
~ while that of the sample B terminated 400 ~ ExpeAmental ob- 
servation showed that the precursor, formed from iron(:lI) nia-ates 
and m-nmonium acetate with the molar ratio of 1:5, exhibited self- 
propagating combustion behavior. When the dried power was ig- 
nited at any point, the combustion rapidly propagated forward until 
all the powder was bunt  out completely to form loose powder. This 
autocatalytic nature of the combustion process of nitrate-acetate 
powder was studied by thermal analysis (DTA and TO) of the dried 
power. Fig. 3 shows the DTA and TGA plots of the dried powders of 
sample A. The exothermic peak at about 250 ~ is relatively sharp 
and intense. This indicates that the decomposition of the powder 

Fig. 4. TGA and DTA curves of precursor partides prepared by 
ammonium hydroxide. 

occurs suddenly in a single step. As reported in other study, this 
peak steras fi-oln a thermally induced anionic redox reaction of the 
powder wherein the acetate ions act as reductant and nitrate ions 
act as oxidant [Roy et al., 1993]. This suggests that ammonion: ace- 
tare not only works as a chelating agent but also provides the com- 
bustion heat required for syl~hesis of Fe203. Another experm:eilt 
showed that sample B without acetate ion did not exhibit auto-com- 
bustion behavior in Fig. 4. Therefore, the lowering of the decom- 
position temperature may be attributed to the presence of nitrate- 
acetate ion on the particles. The exothennic peak in the DTA curve 
of nib-ate-acetate powder corresponds to an autocatalytic anionic 
oxidation-reduction reaction between the nib-ate and acetate sys- 
tem Similar behavior was previously reported where nitt-ate decon:- 
position in citrate nitrate gels took place above approxflnately 200 
~ [Yue et al., 2000]. 
3. XRD, TEM and Particle Size Analysis 

Fig. 5 shows the XRD pattern ofa  nanocrystallme (Fe203) sam- 
ple with line broadening caused by the reduced size of the crystal- 
lites. In the case of the samples heated at 250 ~ the patterns of sam- 
pie A show a broad band and narrow peaks of high intensity (Fig. 5 
(d)). This indicates the formation oftfighly crystallized nanol:articles. 

Fig. 5. XRD spectra of particles prepared before heat treatment 
of (a) sample B and (b) sample A, after heat trealment at 
250 ~ of (c) sample B and (d) sample A. 
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Fig. 6. TEM pictures of particles prepared by (a, b) ammonium acetate and (c, d) ammonium hydroxide. 
(a, c): after chying 
(b, d): after heat tre~-nent at 250 ~ 

These peaks can be a~ibuted to hematite (0c-Fe~O3) or maghemite 
(7-Fe2Q). The intermediate ciystalline pt~se, such as 0c-Fe203 and Y- 
Fe203 which are often observed in the sol-gel, derive and co-precipi- 
tate precursors when they are calcined at a low temperature [Zhong 
et al., 1997]. Conversely, when the syntheses are performed with 
ammonium hydroxide, the patterns of sample B show a broad kand 
of high intensity and broad peak of low intensity (Fig. 5(c)). This 
indicates the formation of t:articles with a low crystaUmity, which 
suggests that the co-precipitation method by ammonium acetate 
requires a much lower calcination temperature and possesses a high- 
er crystallinity than that by ammonium hydroxide. The XRD pat- 
terns of the precursor l:~ticles show a broad land (Fig. 5(a) and 
(b)). Therefore, dried powder is amorphous in na~3re. 

Typical micrograpbs of the IxLrticles are shown in Fig. 6. In all 
the samples, particles are aggregated and exhibit indistinct bound- 
ary. The shape of particles in sample A is irregularly rounded while 
that of the sample B particles is approximately spherical. Heated 

Fig. 7. Magnelic hysteresis loop for heat treated sample A at room 
temperature. 
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samples consisted of cnystalline particles and precursor samples con- 
sisted of amorphous particles, which is in a good agreement with 
the XRD results. Sample A consists of 8-10 rma nanoparticle ag- 
gregates, while sample B is composed of 5-8 r~n nanoparticles. Due 
to the aggregation of the particles and their indistinct boundary, it is 
not possible to o b t ~  more accurate values. One can observe that 
the crystallmity and size of sample A increased more than that of 
sample B when the samples were heated at 250 ~ In all the cases, 
a nmxow size distribution was obtained. 
4. Magnetization Measurement 

The magnetic properties depend on the particle size and synthe- 
sis mode. Saturation raagnebzation decreases with decreasing crys- 
tallite size. Supe~parmnagnetism is often observed for particles be- 
low about 10~m~. The raagnetization curves of only sample A were 
obtained at 300 K. The saturation magnetization, Ms, is reached 
for the smnple A at 1.5 kOe. The magnetization curve (Fig. 7) 
yielded a ccercivity (Hc)of 257 Oe, a saturaticn magnetizala\~n (Ms) 
of 0.2 emu/g, and a remanent magnetization (Mr) of 305 emu/g for 
sample A. In the case of sample B, the magnetization curve was 
broken, so fl~at magnetic properties were not measure& This behav- 
ior seems to be related to the lack of c~ystallinity as has been pre- 
viously observed in poorly crystalline iron(m) oxide particles pre- 
pared by ammonium hydroxide. All the anao@aons nanosized mate- 
rials show no hysteresis, and the magnetization was not saturated 
even at 1.5 kOe [Prozorov et al., 1999]. 

CONCLUSIONS 

The quality of particles prepared with anlmoniura acetate is bet- 
ter than that of particles prepared with anmmniura hydroxide. The 
particles have in-egular round shape with i~no size, nmrow size &s- 
tributioi~, fast crystalline folmafon rate at 250 ~ and complete hy- 
steresis loop at room temperature. It is quite different fioln particles 
prepared by other methods. On the other hand, particles synthesized 
with anmlonium hy&oxide have spherical shape with smaller nano 
size, low crystallinity mad no hysteresis loop. Therefore, particles 
must be calcined at a higher tempera~-e. This suggests that the co- 
precipitation method by ammonium acetate requires a much lower 
calcination te~nperature and can obtain tw, her crystallinity than fllat 
by ammoniura hydroxide. We can conclude that this is a simple 
method to synthesize highly homogeneous iron oxide particle with 
nano-sized crystallites. The process is based on an aqueous sys- 
tem; therefore, it requires neither expensive chemicals nor special 
equipment in the synthesis. This result came flora the chelating ef- 
fect of carboxylate ion and self-propagatJig combustion behavior 
of nitrate-acetate iort Therefore, it is expected that ultrafme parti- 
cles at a low temperature could be prepared by using ammonium 
acetate without using surfactants. 

REFERENCES 

Asai, S., Nakmnura, H. mad Konishi, Y., "Kinetics of Absorption of Hy- 
drogen Sulfide into Aqueous Fe(III) Solutiol~' Korean ~ Chem. 
Bug., 14, 5 (1997). 

Bee, A., Massart, R. and Neveu, S., "Synthesis of Very Fine Maghemite 

Particles:' J. Magn. Mag. Mater., 149, 8 (1995). 
Bfinker, C. J. and Scherer, G. V~, "Sol Gel Science," Academic Press, 

San Diego (1990). 
Carreno, T. G., Mifsud, A., Sema, C. J. and Palacios, J. M., "Prepara- 

tion of Homogeneous Zn/Co Mixed Oxides by Spray Pyrolysis;' 
Mater. Chem. Phys., 27, 287 (1991). 

Frank, S. and Lauterbur, R C., "Voltage-Sensitive Magnetic Gels as 
Magnetic Resonmlce Molaitonilg Agent:'Nature, 363, 334 (1993). 

Gualthei; L., "Quantum Ttamelmg of MagnetizatioiC Phys. World, 12, 
28 (1990). 

Hu, Z., Fml, Y., Wu, Y., Yml, Q. and Chen, Y,"Crystallization and Struc- 
ture of High Boron Content Iron-boron Ullrafane Amorphous Alloy 
Particles:' J. Mater. Chem., 6, 1041 (1996). 

Ishikawa, 32, Kataoka, S. and Kandofi, K., '~Fhe Influence of Carboxy- 
late Ions on the Growth of [3-FeOOH Pmtides:' J Mato: Sci., 28, 
2693 (1993). 

Kandofi, K,  Fukuoka, M. and Ishikawa, Z, "Effects of Citrate Ions on 
the Formation of Ferric Oxide Hydroxide ParEdes~' al Mate~ Sci., 
26, 3313 (1991). 

Kandofi, K., Takeda, Z and Ishikawa, Z, "Effects of Amines on the 
Fomlation of [3-Femc Oxide HydroxideS' J Mater. Sei., 27, 4531 
(1992). 

Mahan, M. and Mayers, J., "Ufflverfflty Chemistry,,' Be~ljanam/Cum- 
mings, Califomia (1987). 

McMichael, R. D., Shull, R. D. and Swartze~Mmber, L. J., "Magneto- 
caloric Effect in Superparamagnets:' 21Magn. Mag. Mater., 111, 
29 (1992). 

Nixon, L., Koval, C. A., Noble, R. D. and Slaff, E S., "Preparation and 
Characterization of Novel Magnetite-Coated Ion-Exchange Parti- 
cles~' Chem. Mater., 4, 177 (1992). 

Prozorov, %, Databy, G. and Gedanken, A., "Effect of Surfactant Con- 
cenb-ation on the Size of Coated Ferromagnetic NanoparEdes:' 
Thin SotidFitm, 340, 191 (1999). 

Roy, S., Das Sharma, A., Roy, S. N. and Maiti, H. S., "Synthesis of 
YBa~Cu~OT_~ Powder by Autoignition of Cib-ate-Nitrate GelS' 21 
Mater. Res., 8, 2761 (1993). 

Sun, Y K., Oh, I. H. and Hong, S. A., "Synthesis of Ultrafine LiCoO2 
Powders by the Sol-Gel Method~' J Mat~ Sei., 31, 3618 (1996). 

Tronc, E., Belleville, P, Jolivet, J. P and Livage, J., "Transformation of 
Ferric Hydroxide into Spinel by Fe(II) Adsotptiot~' Langmuir, 8, 
313 (1992). 

Yah, S. R., Jun, K. W., Hong, J. S., Lee, S. B., Choi, M. I. and Lee, K. 
W., "Slutly-Phase CO2 Hydrogenation to Hydrocarbons over a the- 
cipitated Fe-Cu-A1/K Catalyst: Investigation of Reaction Condi- 
tious~' K ore an ~ Chem. Eng., 16, 3 (1999). 

Yue, Z., Zhou, J., Li, L. and Zhang~ H., "Synthesis of Nanocrystalline 
NiCuZn Femte Powders by Sol-Gel Auto-Combustion Method" J. 
Magn. Mag. Mater., 208, 57 (2000). 

Zhong, W., Ding W. mad Zhmag, N., "Key Step in Synthesis of Ultrafme 
BaFel:O19 by Sol-Gel TechniqueS' al Magn. Mag. Mater., 168, 196 
(1997). 

Ziolo, R. E, Gimmelis, E. E, W~astein, B. A., Ohoro, M. P, Ganguly, 
B. N., Mehrotra, \~, Russell, M. V~ and Httffinan, D. R., "Mabix- 
Mediated Synthesis of Nanocrystalline T-F%O3 - a New Optically 
Transparent Magnetic Matefial~' Science, 257, 219 (1992). 

Korean J. Chem. Eng.(Vol. 18, No. 2) 


