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In this paper, a hydrothermal method of high-pressure and low-temperature synthesis conditions is
presented as a simple single-step technique to obtain crystalline nanoparticles of iron oxides. The aim
of this work has been to demonstrate the influence of the main synthesis parameters on the formation
of nanosized Fe,O3 particles using statistical methods and to establish the most significant effects.
Based on mathematical pre-modeling calculations, the best reaction conditions for the hydrothermal
process have been chosen, and controlled crystalline nanostructures of iron oxides could be prepared.
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Introduction

Oxides of iron are widely available in different
forms such as a-Fe,O3, which occurs naturally as the
mineral hematite, §-Fe;O3, y-Fe;O3, occuring natu-
rally as the mineral maghemite, €-Fe;O3, FeO, a-
FeOOH, and y-FeOOH. Recently, nanosized iron ox-
ides in their various forms have been investigated ex-
tensively for their magnetic, electronic, optical and
electrochemical properties which make them suitable
for a broad range of applications such as telecommuni-
cation, computer systems, photo-electrochemical solar
cells, alkaline batteries, ferro-fluids, magneto-caloric
refrigeration, biotechnology, environmental remedia-
tion, magnetic recording, and in vivo biomedicine
[1,2]. Iron oxides are relatively inert, biocompatible
and biodegradable, exhibit neither acute nor chronic
toxicity, and are present in several living organisms,
which makes them important for biomedical applica-
tions, like magnetically controlled drug delivery, use as
contrast agents in magnetic resonance imaging, tissue
repair, immunoassay, and detoxification of biological
fluids [1, 3].

There has been much interest in the development of
synthetic methods to produce high-quality iron oxide
samples. The traditional approach to iron oxide col-
loids has relied on the aqueous precipitation or hydrol-
ysis of Fe’t and/or Fe3* salts, using different proto-

cols, namely slow hydrolysis, forced hydrolysis at high
temperature, acidic hydrolysis at high temperature and
hydrolysis in the presence of various additives [1,4]. A
major drawback of these methods is that these materi-
als can be poorly crystalline and polydisperse in many
cases.

Recently, Y. Thomas He and co-workers [5] syn-
thesized o-Fe,O3 nanoparticles by the forced hydrol-
ysis of FeCls at 98 °C, and H. Kitaura et al. pre-
pared fine ¢-Fe, O3 nanoparticles by a mechanochem-
ical and a solution process [6]. X. Liang et al. obtained
maghemite microspheres (y-Fe;O3) by the solvother-
mal method and a subsequent calcining process [7]. In
2002, V. Hiremath and A. Venkataraman prepared -
Fe,O3 by a combustion method, showing that chem-
ical homogeneity, fine grain structure, particle size
and shape of ferrite affect the dielectrical properties,
the electrical conductivity and the infrared spectra.
The presence of a-impurities also contributes towards
changes in these properties. Iron oxide (@-Fe,O3) was
also synthesized by a microwave hydrothermal method
which is known for its fast reaction kinetics. Spheri-
cal particles were formed with a high agglomeration
degree [8,9]. A series of a-Fe;O3/FeOOH nanostruc-
tures with different morphologies, including spheri-
cal, cubic, chained sphere, and dendritic nanoparti-
cles were synthesized at 140 °C by a novel hydrother-
mal method. The morphology and phase of o-Fe,O3/
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FeOOH were controlled by adjusting the reaction time
[10]. Unusual polyhedral structures of cubic Fe;Oy4
were fabricated in high yield via a facile hydrother-
mal method in the presence of the surfactant Cetyl
trimethylammonium bromide (CTAB). The surfactant
concentration determines the shape of the particles
(hexagonal, dodecahedral, truncated octahedral, and
octahedral) [11]. However, it is still a challenge to de-
velop simple and reliable methods for the synthesis of
iron oxide nanoparticles for use in biomedical applica-
tions.

In the present work, the hydrothermal method in
high-pressure and low-temperature synthesis condi-
tions has been used as a simple single-step technique
to obtain crystalline nanoparticles of iron oxides. This
method is well known for its advantages. Reaction
takes place in an aqueous medium, without organic
solvents or elimination of toxic vapors, making this
method environmentally friendly. It has also reduced
energy consumption. The aim of this work has been the
investigation of the influence of the main synthesis pa-
rameters on the formation of nanosized Fe, O3 particles
formation using statistical methods and to establish
the most significant parameters. Based on mathemat-
ical calculations, the best reaction conditions for the
hydrothermal process can be chosen, and crystalline
nanostructures of iron oxides can be prepared in a con-
trolled way.

Materials and Methods
Synthesis of iron oxide

Iron oxide was synthesized by the hydrothermal
method under high-pressure conditions starting from
commercial FeCl; powder (analytical grade) pur-
chased from Merck and aqueous ammonia solution
(25% w/w) used without further purification. The
reagents were mixed in distilled water at room tem-
perature and stirred continuously. This precursor sus-
pension was placed in a 300 mL stainless steel auto-
clave for the hydrothermal reaction. After the reaction
was completed, the resulting suspension was filtered
and the precipitate washed several times with distilled
water and dried in an oven in air at 100 °C.

Characterization

The powders resulting from the hydrothermal syn-
theses were characterized with regard to their composi-
tion, structure and morphology. The chemical compo-
sition was determined by quantitative analysis. Struc-

Experimental Process  Table 1. Matrix of experiments®.
points parameters
X| X X3
1 —-1-1 -1
2 +1-1 +1
3 +1+1 —1
4 —-1+1 -1
5 +1+41 +1 o
6 141 +1 "‘xi=%,i=l—3;z|0=150;Azl=
7 +1 -1 =1 50; 2° = 2.5; Azp = 0.5; 37 = 15;
8 —1-1 41 Az=5.

tural characterization was performed on a Bruker D8
Advance diffractometer in Bragg-Brentano diffraction
geometry using CuKy radiation and the DiffracP!s
XRD Commender software (Bruker AXS). The mi-
crostructure and morphology of the samples were ex-
amined by electron microscopy using a Tecnai G2 F30
S-Twin Field Emission High Resolution Transmission
Electron Microscope (HRTEM), with a 50—-300 kV
electron source and magnifications of 58 x — 970 kx
(TEM) and 150 x — 230 Mx (STEM). The particle
size of the iron oxide powders was measured using a
Malvern ZetaSizer Nano ZS90 analysis system. Dif-
ferential scanning calorimetry (DSC) analysis was car-
ried out on a Netzsch DSC 200 F3 Maia calorimeter at
a heating rate of 10 °C min~! from —20 °C to 600 °C
in an Ar atmosphere.

Mathematical pre-modeling

Synthesis parameters, namely temperature (z;),
time (z;) and pressure (z3) were varied according to a
complete factorial experiment (CFE), to establish their
influence on the hydrothermal process and to take them
into account as parameters for the mathematical mod-
eling of the process. The complete factorial experiment
assumes that each parameter is varied at two levels:
maximum (+) and minimum (-). The combinations of
all factors with these levels is the total number of ex-
perimental points which is N = 23 for this case. Start-
ing from initial values of temperature (z;°), time (z,°)
and pressure (130) and their range of variation between
minimum and maximum level (Az;, i = 1 —3), then the
following matrix for the experiments is obtained (Ta-
ble 1).

Results and Discussion

Chemical composition

Iron oxide powders prepared by the hydrothermal
method have been characterized by chemical quantita-
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Fig. 1. X-Ray diffraction of a rep-
resentative  sample  synthesized at
100 °C/3 h/20 atm.
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tive analysis. Chemical analysis revealed that the hy-
drothermal reaction leads to the formation of Fe,O3
(theoretical amount of Fe;O3 as resulting from mate-
rial balance being between 96.2 % and 99.2 %). Almost
the entire iron is present as trivalent species (between
67.3 and 69.4 %). Fe>* is also present in the hydrother-
mally synthesized powders, but only in small amounts
(0.2-0.9 %).

Structural analysis by X-ray diffraction

X-Ray diffraction patterns for some representative
samples are presented in Figs. 1 and 2. As one can
see in Fig. 1, in the case of the sample prepared at
100 °C, a mixture of iron oxide (hematite) and iron

Te02)

LN B B B R |

% Fig. 2. X-Ray diffraction of a rep-

resentative  sample  synthesized at
200 °C/3 h/20 atm.

oxide/hydroxide (goethite) has been obtained. Fe,O3
is the main component and represents almost 80 % of
the sample. Crystallite sizes determined by XRD us-
ing the Scherrer formula were 49 nm for Fe,O3; and
32 nm for FeO(OH). Fig. 2 shows one representa-
tive sample prepared at 200 °C. A single phase has
been detected, namely hematite with a crystallite size
of 55 nm.

HRTEM/TEM characterization

Figs. 3—5 show TEM and HRTEM images of some
representative Fe,O3 samples.

As one can see in Fig. 3, the sample synthe-
sized at 200 °C/3 h/10 atm shows polyhedral or
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Fig. 5. a) TEM/HRTEM images of a representative sample synthesized at 100 °C/2 h/20 atm; b) HRTEM on large nanocrys-

tallites, and (c) HRTEM on small nanocrystallites.

hexagonal crystalline platelets of about 45—90 nm in
size. Internal micro- and mesoporosity (pore diameter
< 10 nm) can be observed for these platelets. The pos-
sible presence of secondary phases such as goethite
is suggested by the protecting film surrounding the
Fe, O3 particles (Fig. 3b). Fig. 3c highlights the exis-

Fig. 4. TEM/HRTEM images of a representative sample synthesized at 200 °C/3 h/20 atm.

(ooe')RFezcits:

2nm

tence of two crystalline plane families: (208) rhom-
bohedral Fe, O3 nanocrystallites and (1 04) rhombohe-
dral Fe, O3 nanocrystallites. Also, inside the nanocrys-
talline particles one can see nanocrystallite limits
and interfaces between nanocrystallites of the same
particle.
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Fig. 6. Particle size distribution for a representa-
tive sample synthesized at 200 °C/3 h/ 10 atm.
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In Fig. 4 one can observe crystalline polyhedral par-
ticles, with particle sizes below 100 nm (40—80 nm)
and an internal porosity possibly due to dehydration
and the appearance of holes (Fig. 4b). A HRTEM im-
age of a sample synthesized at 200 °C/3 h/20 atm
shows the presence of nanocrystalline iron ox-
ide particles with (006) Fe;O3 and (113) Fe,Os.
The image was taken at an interface between two
particles.

Unlike the samples prepared at 200 °C/3 h, in the
case of the sample obtained at 100 °C/2 h/20 atm one
observes both the presence of small, plate-like particles
in the nanometer range (Fig. 5a) and large crystalline
aggregates. Two phases are present as X-ray diffraction
analysis has shown: (1 04) Fe,O3 and (02 1) FeO(OH)
(Figs. 5b and c). It can be supposed that small iron
oxide crystallites start forming but the final struc-
ture is disordered, almost amorphous (Fig. 5a). Small
nanocrystallites (size about 3 nm) are ordered only for
short distances. The crystallization process is not com-
plete. The sample synthesized during 2 h at 100 °C con-
sists of several phases of iron oxides. Fig. 5b demon-
strates the presence of small Fe,O3 nanocrystalline
particles.

Particle size measurements

Particle sizes for iron oxide powders were measured
using a Malvern Zetasizer Nano ZS90 instrument. The
Fe, O3 powders were stabilized as colloidal suspen-
sions in water-ethanol solution, in the presence of the
polyelectrolytic dispersant PAAS (sodium salt of poly-

Fig. 7. Particle size distribution for a representa-
tive sample synthesized at 200 °C/3 h/20 atm.

10000

Table 2. Average particle size of iron oxide.

No  Sample T t P Average Size

(°C) (h) (atm) size (nm) distribution

1 Fe9 100 2 10 36.6 bimodal

2 Fe8 100 2 20 18 bimodal

3 Fe4 100 3 10 27.5 monomodal

4 Fe6 100 3 20 19.3 monomodal

5 Fe7 200 2 10 6.1 monomodal

6 Fe2 200 2 20 5.3 monomodal

7 Fe3 200 3 10 3.8 monomodal

8 Fe5 200 3 20 7.2 monomodal

acrylic acid). The obtained values are summarized in
Table 2.

Particle size distributions for some representative
samples are presented in Figs. 6 and 7. The average
particle size decreases with increasing temperature,
time and pressure.

DSC studies

Results obtained from thermal analyses are summa-
rized in Table 3. Some representative DSC curves are
depicted in Fig. 8.

As one can see in Fig. 8, hydrothermally prepared
Fe;O3 seems to be a mixture of iron hydroxides: o-
FeO(OH) (goethite), a-FeO(OH)-rnH,O (limonite) and
Y-FeO(OH) (lepidocrocite). Based on these findings,
one can propose two reaction steps for Fe,O3 forma-
tion under hydrothermal conditions:

2FeCl3 + 6NH4OH — 2FeO(OH) + 6NH4Cl+2H,0
2FeO(OH) — Fe, 03 +H,0
2FeCls + 6NH4OH — Fe, O3 + 6NH4Cl+ 3H,0
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Table 3. DSC data (specific heat, transformation enthalpy and thermal effect).

Sample  Synthesis conditions DSC data Possible assignment of DSC peak
T t P Cp (kcal  AH (kcal Peak Thermal
(O (b (atm) mol ! K™ mol™!) (°C) effect
0.17 7.9 109.1 endothermic water elimination
Fe9 100 2 10 0.04 0.22 313  endothermic OH groups elimination from goethite, a-FeO(OH)
0.014 —2.68 458  exothermic polymorphic transformation y-Fe,; O3 — a-Fe, O3
0.11 4.85 100.6 endothermic water elimination
Fe8 100 2 20 0.05 0.57 316  endothermic OH groups elimination from goethite, a-FeO(OH)
0.019 0.141 433.4 endothermic OH groups elimination from limonite, o.-FeO(OH)-nH,O
0.07 - 93.4 endothermic water elimination
Fe4 100 3 10 0.03 - 299.5 weakly ~ OH groups elimination from goethite, o.-FeO(OH)
endothermic
0.026 - 399  very weakly OH groups elimination from limonite, a-FeO(OH) - nH,O
endothermic
0.07 2.61 93.9 endothermic water elimination
Fe6 100 3 20 0.069 0.94 323.2 endothermic OH groups elimination from goethite, a-FeO(OH)
0.034 - 84.7 endothermic water elimination
Fe7 200 2 10 0.034 - 304.4 endothermic OH groups elimination from goethite, a-FeO(OH)
0.031 - 87.9 endothermic water elimination
0.03 - 282.2 endothermic OH groups elimination from goethite, ot-FeO(OH)
Fe2 200 2 20 0.028 - 344 very weakly OH groups elimination from goethite, a-FeO(OH)
endothermic
0.03 - 401.2  weakly  OH groups elimination from limonite, ot-FeO(OH)-nH,O
endothermic
0.029 - 90.6 endothermic water elimination
Fe3 200 3 10 0.029 - 275.1 endothermic OH groups elimination from goethite, a-FeO(OH)
0.031 - 393.2 endothermic OH groups elimination from limonite, a-FeO(OH)-nH,O
0.032 0.083 81.9 endothermic water elimination
Fe5 200 3 20 0.032 0.09 2885 endothermic OH groups elimination from goethite, a-FeO(OH)
CpI(U(gK))

Peak: 93.9 °C, 1.828 J/(g*K) Peak: 323.0 °C, 1.814 J/(g’K)

1.800

1.600

1.400

1.200

Peak: 289.0 °C, 0.832 JI(g*K) Area: 24.56 Jig
|

1.000 Area: 68.96 J/g

Peak: 82.1 °¢, 0.855 J/(g’K)

Area: 11.4 Jig ' /

Peak: 90.4 °C, 0.788 JI(g*K)

0.800

Peak: 392.7 °C, 0.804 J/(g*K)

Area: 2427019 prea: 0.6934 Jig

Area: 1.072 Jig
0.600

Area: 7.954 Jig
0.0 100.0

200.0 300.0 400.0 500.0

Fig. 8. Some rep-
resentative DSC

Temperature °C

The endothermic effect arising between 250 and
360 °C can be explained by dehydration of goethite
and formation of hematite (a-Fe,O3), while the effect

curves.

at around 350—-400 °C is probably due to limonite de-
hydration [12]. Impurities can lead to small shifts of
the transformation temperature (see Fig. 8).
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Fig. 9. Peak of water elimination versus crystallite size.

The theoretical composition of goethite is 89.9 %
Fe;03 and 10.1 % H;O. If the water content is higher
than that, as indicated by the chemical formula, the
mineral is named limonite [12]. Goethite-limonite
minerals show only one thermal effect in the DSC
curves, accompanied by a mass loss as a consequence
of water elimination and ferric oxide being formed as
hematite.

It is supposed that 2 h of synthesis time for fer-
ric oxide prepared by the hydrothermal method fa-
vor the formation of a higher amount of limonite
(a-FeO(OH)-nH,0), while 3 h of synthesis lead to
goethite as the major iron oxide phase. Also, in the
case of powders prepared at 200 °C, all three forms of
iron hydroxyde — goethite, limonite and lepidocrocite —
were observed, probably in equal proportions. Thermal
effects that appear as a consequence of all these phase
transformations are small.

The evolution of the DSC peak assigned to water
elimination as a function of the average crystallite size
is presented in Fig. 9, where T represents the tempera-
ture correponding to a DSC peak. One can see that
temperature values corresponding to water elimination
in the DSC curve decrease with increasing crystallite
size. Based on the fact that oxides with smaller crys-
tallite size have a higher specific surface and a higher
reactivity, we can assume that samples with larger par-
ticle size are not entirely crystalline and act as amor-
phous materials, whereas samples with lower particle
size are more stable and nanocrystalline.

Mathematical pre-modeling

Mathematical pre-modeling of the hydrothermal
synthesis of iron oxide was carried out using corre-

Experimental Process Process  Table 4. New ma-
points parameters  performance trix of experiments.
X1 X2 X3 Yy

1 -1 -1 -1 36.58

2 +1 -1 +1 17.98

3 +1 +1 -1 27.54

4 -1 +1 -1 19.29

5 +1 +1 +1 6.094

6 -1 +1 +1 5.269

7 +1 -1 -1 3.872

8 -1 -1 +1 7.213

lation analysis which is a statistical method that esti-
mates the connections between different factors influ-
encing the process and its performance. In our case, the
particle size was selected as an indicator of the process
performance. The matrix of experiments after the parti-
cle size measurements using a Malvern Zetasizer Nano
SZ790 system is presented in Table 4.

Significant factors among parameters that influence
the hydrothermal process (temperature, time and pres-
sure) and significant interactions between factors are
selected based on statistical criteria and further used as
process parameters for the mathematical model.

Three types of correlation analysis were used for
this purpose: simple correlation analysis, partial cor-
relation analysis and multiple correlation analysis.

Simple correlation analysis

In this case the influence of each factor on the hy-
drothermal process is calculated taking also into ac-
count the interactions between both factors. In order to
establish a correlation between the two factors, a sim-
ple correlation coefficient ryy is calculated using [13]

where sy, s, represent the mean square deviations and
=1/n)Y xiand 3= (1/n) Y}, yi.

The simple correlation coefficient r varies between
—land 1 (—1 <r<1).r=0indicates that no correla-
tion exists between the respective two factors.

In our case, simple correlation coefficients ryy were
calculated using the MATHCAD 14.0 software, and the
following values were obtained: ry,y = —0.88; ry,, =
—0.089; 1y y = —0.271.
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Significance testing of simple correlation coeffi-
cients was made using [13]

2
7L fori=1,2,3, )
I_iny

where Ry, = ry,> represents the determination coeffi-
cient, tt = fy.05 = 2.447 is a tabled value, and

by = [y

tyy >t = 15 tyy >t = 0; tyy >t = 0.

These inequalities show that there is a simple corre-
lation between the variable x; (temperature) and the
process performance y (particle size).

Partial correlation analysis

In this case the influence of each factor on the hy-
drothermal process is calculated separately, and the
other two factors are considered to be negligible. In
order to establish a correlation between the two fac-
tors, the partial correlation coefficient ryy, | .x;x,..x, 18
calculated using [13]

ryx1_1~x1x2...xk = _Pll/ Vv Pllf)l‘l' fOr l> 17 (3)

where Py, P;; and P; represent algebraic complements
of the correlation determinant P reported for the ele-
ments ryy, Fyx,_q»> Fy_jx_;*

1 Txiy  Txy Ty

P= Pxry 1 Txixp  Fxixs . 4)
Ty Txpx 1 Txyx3
Txsy  Txpxs Tagxs 1

In our case, partial correlation coefficients were cal-
culated using the MATHCAD 14.0 software giving the
values

Txyyxox; = —0.918;
Trayxx, = —0.58.

Ty = —0.228;

Significance testing of partial correlation coefficients
was made using [13]

(&)

txiy-x]'xk = ’rx,-yxjxk’

where n — 2 — e represents the number of degrees of
freedom, e is the number of independent variables ex-
cluded (e = 2), t7 =2.201 is a tabled value, and

by yyes = 4.622;
feyayn, = 1.425.

Feyyoxpxs = 0.469;

It can be observed that only #y,y.x,x, > fT so that there
is also a partial correlation between the x; variable
(temperature) and the process performance y (particle
size). This confirms the results obtained from the sim-
ple correlation analysis.

Multiple correlation analysis

This analysis shows the correlation between the per-
formance of the process (particle size) and the three
factors (temperature, time, pressure) that influence the
process. The multiple correlation coefficient 7yy1x2:3
expresses the degree of linear dependence between y
(particle size) and the group of variables x|, xp, x3. It is
calculated using [13]

V1-P/Py, ©

where 0 < 7y.x,x,x; < 1 and P is the correlation deter-
minant as defined in Eq. 4.

Tyxyxoxs =

If 7y.x,x,x; = 1, it can be considered that there is
a functional connection between y and xi, xp, x3. If
Ty.xxx; = 0 it can be considered that y is not depen-
dent of x1, x2, x3.

In our case, the multiple correlation coefficient
Ty.x;xpx; Was calculated using the MATHCAD 14.0 soft-
ware resulting in ry.y, x,x, = 0.925.

Significance testing of multiple correlation coeffi-
cients was made using the Fisher criterion. The cal-
culated value is Fc = 7.871, and the tabled value is
Fr = 6.591. With Fc > Fr there is a multiple correla-
tion between the performance of the process (particle
size) and the three factors (temperature, time, pressure)
that influence the process.

Conclusion

Based on experiments planned to obtain ferric
oxide, it was found that samples synthesized at
200 °C/3 h are crystalline, have the lowest polydis-
persity, are characterized by crystalline planes and rep-
resent a mixture of Fe,O3 iron oxide (hematite) and
FeO(OH) iron oxide hydroxides (& and 7y). Particle
sizes are below 90 nm, and small crystallite sizes
of about 4—6 nm are present according to HRTEM
and Malvern Zetasizer measurements. Samples synthe-
sized at 100 °C present agglomerations and are made of
two phases, hematite and goethite. Iron oxide nanopar-
ticles predominate in the case of powders synthesized
at 200 °C. Although the pressure does not seem to be a
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significant factor for the performance of the hydrother-
mal process, an increase of pressure leads to smaller
average particle size and higher reaction yield in the
Fe, O3 synthesis. Based on these results and according
to correlation analysis, optimized synthesis parameters
for Fe;O3 nanopowders with potential medical appli-
cations were established.
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