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1. INTRODUCTION

Iron oxides, hydroxides, and oxy-hydroxides represent effi-
cient sorbents for organic and inorganic species and have a great
potential in industrial applications. They are also of substantial
interest in environmental sciences, since some of them are
frequently occurring in soils and have significant impact on
the fate of pollutants.1 Among iron oxy-hydroxides, goethite
(R-FeOOH) is an abundant constituent of terrestrial soils,
sediments, and oolitic iron ores and a major weathering product
of ferrous silicates (via oxidation and hydrolysis processes). It is
predominant in younger sedimentary deposits, giving them a
yellowish color.2�5 Goethite particles have high specific surface
areas and strong affinities for oxyanions and heavy metals.6,7

Recently, the mineral goethite has also been suspected as a
constituent of the Martian dusts and dark asteroids.8

The mineral goethite has a long history of applications, since it
was used as a dark-yellow ochre pigment in paleolithic cave
painting over 30 000 years ago. As a colloidal system, it readily
forms crystallites of colloidal dimensions, which can be stabilized
in water at pH below about 4.9 It is also amodel adsorbent in soils
and environmental applications (see ref 10 and references therein).
Moreover, goethite finds application as a precursor in magnetic
carrier systems, where it can be transformed by thermal treatment
into maghemite (γ-Fe2O3) or into metallic particles.

6,11

The synthesis of goethite has been studied for decades
(e.g., refs 12�20), and studies to improve the existing methods

Received: December 18, 2010
Revised: April 13, 2011

ABSTRACT: The present study describes a simple and novel
synthesis route for submicrometric acicular goethite (R-FeOOH)
using high OH/Fe molar ratio (=5) and moderate temperature
(30 and 70 �C). Two different alkaline sources (NaOH and
Ca(OH)2) and two iron(III) sources (FeCl3 3 6H2O and Fe-
(NO3)3.9H2O) were investigated. FESEM, XRD, FTIR, N2 sorp-
tion isotherms, color evolution, and pHmonitoring have been used
to determine the formation mechanism, the particle size, specific
surface area, and morphology of goethite particles. Three pH
regions were determined during goethite formation, and each of
them was qualitatively associated to (I) the formation of a ferric
hydroxide gel, leading to acid conditions (pH < 2.5); (II) the
spontaneous nucleation of goethite, leading to alkaline conditions
(pH > 11) and fine sedimentable particles; and (III) the growth
of goethite in alkaline conditions (11 < pH < 13.5). Both the
temperature and the Fe(III) source have a significant effect on the
particle size, specific surface area, and morphology of goethite.
High acicular goethite particles (<1 μm in length, moderate specific surface area, SBET = 31.2 m2/g) were produced after 7 h of
reaction at 70 �C, while about 24 h of reaction are required to produce low acicular goethite particles (<0.5 μm in length, high
specific surface area, SBET = 133.8 m2/g) at 30 �C, using in both cases iron chloride. When Ca(OH)2 particles are used as alkaline
source, a complex mineral composite with high specific surface area (87.3 m2/g) was synthesized; it was mainly composed of
unreacted Ca(OH)2 coated with nanosized particles (possibly amorphous iron hydroxide), calcium iron oxide chloride hydrate, and
calcite. Novel conditions to prepare uniform goethite particles, possibly with high potential as adsorbents or pigments, have been
established.
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and/or to develop innovative routes to obtain various shapes and
sizes of nanosized-to-submicrometric goethite particles continue
(e.g., refs 21�26). Generally, the efforts for goethite synthesis are
aimed at using Fe(III) solutions or Fe(II) solutions in the
presence of an oxidant. More recently, the use of surfactants and
other organic compounds for goethite synthesis had also been
performed in order to control size and shape (e.g., refs 27 and
28). Table 1 summarizes the main synthesis methods carried
out at the laboratory scale that are using exclusively ferric salts
as iron source. The methods using Fe(0) and Fe(II) were
excluded because the formation of goethite in both cases is
strongly controlled by the oxidation of iron, limiting the
comparison with studies that use Fe(III) for the iron source.
As reported in Table 1, the synthesis of mineral goethite using
Fe(III) is classically started by the precipitation of a precursor
(ferrihydrite and/or amorphous iron hydroxide) from homo-
geneous solution. Then, upon aging, the precursor is consumed
and goethite particles grow within a few days, with the reaction
time mainly depending on the temperature and pH. However, a
simple and facile test in the laboratory shows that acicular
goethite particles can be instantaneously synthesized at room
temperature by adding directly Fe(III) salt or Fe(III) solution
in a concentrated NaOH solution (1M) (see Figure SI-A). This
simple test shows that the ferrihydrite and/or amorphous iron
hydroxide are not unique precursors for goethite synthesis.
Based on this observation, we propose in the present study a
simple and novel synthesis route for submicrometric acicular
goethite (R-FeOOH) using high initial OH/Fe molar ratio (=5)
and moderate temperature (30 and 70 �C). Under these condi-
tions, the Fe(III) is rapidly hydrolyzed, forming a ferric hydro-
xide gel; this leads to acidic conditions (pH < 2.5) during the first
hours of reaction. Subsequently, the nucleation and growth
processes of acicular goethite from ferric hydroxide gel produce
a drastic pH change in the system, leading to alkaline conditions
(13 < pH < 13.5). Two different alkaline sources (NaOH and
Ca(OH)2) and two iron(III) sources (FeCl3 3 6H2O and Fe-
(NO3)3 3 9H2O) were investigated. FESEM, XRD, FTIR, N2

sorption isotherms, color evolution, and pH monitoring were
used to determine the formationmechanism, the particle size, the
specific surface area, and the morphology of goethite particles.

2. MATERIALS AND METHODS

2.1. Synthesis of Goethite (Stirred Reactor).One liter of high-
purity water with electrical resistivity of 18.2 MΩ 3 cm, 1 mol of alkaline
source (NaOH or Ca(OH)2), and 0.2 mol of Fe(III) source
(FeCl3 3 6H2O or Fe(NO3)3 3 9H2O) were placed in a titanium reactor
(autoclave with internal volume of 2 L). This aqueous reactive system
was immediately stirred using constant mechanical agitation (400 rpm)
during the reaction. The aqueous system was then heated at 30 or 70 �C
for 7 or 24 h by using a heating jacket adapted to the reactor. One
additional experiment (H2O�NaOH�FeCl3) was carried out at 30 �C
for 10 days in order to evaluate the effect of longer reaction time. The
experimental conditions for all syntheses are summarized in Table 1.

At the end of the experiment, the autoclave was removed from the
heating system and immersed in cold water when the experiment was
carried out at 70 �C. After water cooling at 30 �C (about 10 min), the
autoclave was disassembled, and the solid product was carefully recov-
ered and separated by centrifugation (30 min at 12 000 rpm) and
decanting the supernatant solutions. The solid product from syntheses
of S1 and S2 (see Table 1) was washed two times by redispersion/
centrifugation processes in order to remove the halite (NaCl) copreci-
pitated during the synthesis. Finally, the solid product was dried directly
in the centrifugation flasks at 60 �C for 48 h. The dry solid product was
manually recovered, weighed, and stored in plastic flasks for further
characterizations (FESEM, XRD, and FTIR).

Additionally, a semibatch system (sampling with time) was per-
formed in order to monitor the pH (using MA235 pH/ion analyzer) and
follow the color evolution of the colloidal dispersion (from ferric
hydroxide gel to goethite dispersion). In this case, about 25 mL of dis-
persion were sampled in the reactor as a function of time (0.16, 0.5, 1, 3, 4,
6, 7, and 24 h) at 30 �C and (0.5, 1, 2, 3, 4, 6, 7, 24 h) at 70 �C during
nucleation and growth of goethite. In these two experiments, the alkaline
source and the Fe(III) sourcewereNaOHand FeCl3 3 6H2O, respectively.
2.2. FESEM Observations. The powder samples were dispersed

by ultrasonic treatment in absolute ethanol for 5�10 min. One or two
drops of suspension were then deposited directly on an aluminum
support for SEM observations and coated with platinum.Morphological
observations of various selected powders were performed using a Zeiss
Ultra 55 field emission gun scanning electronmicroscope (FESEM) that
has a maximum spatial resolution of approximately 1 nm at 15 kV.
2.3. FTIR Measurements. The powder samples were also char-

acterized by using infrared spectrometry, with a BRUKER HYPERION

Table 1. Summary of Synthesis Routes and Main Physicochemical Conditions for Goethite

precursor synthesis of goethitea

Fe source additive method T (�C) OH/Fe T (�C) pH T (day) OH/Fe ref

Fe(III) not used fast-mixture of

solutions (Fe and MOH)

20�25 0.5�2.5 4�90 constant between

3 and 13

6�68 <2.5 12, 14, 18, 26

Fe(III) not used titration until pH = 4�12 20�25 nr 25�80 constant between

4 and 12

7�9 or until

23 years

<2.5 3, 9, 15, 18, 21, 25

Fe(III) yes titration until pH = 4�12 20�25 nr 30�90 constant between

2 and 13

<6 h <2.5 23, 24, 28

Fe(III) not used not necessary 30 variable during reaction

(see Figure 1)

24 h 5 this study

Fe(III) not used not necessary 70 variable during reaction

(see Figure 1)

7 h 5 this study

Fe(0) and

Fe (II)

The reaction mechanisms and kinetics for goethite synthesis using Fe(0) and Fe(II) are controlled by iron oxidation. This limits the

comparison with the above methods. For specific details, refer to refs 11, 16, 17, 19, 20, and 27).
a Implying batch system, dialysis (semicontinuous reactor), or continuous flow microreactors. Fe(III): mainly Fe(NO3)3 3 9H2O or FeCl3 3 6H2O.
Alkaline source (OH): mainly NaOH or KOH. Additive: e.g. hydrazine sulfate, oleic acid, and xylene.
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3000 infrared microscope in transmission mode, with a MCT mono-
detector at 4 cm�1 resolution. The typical size of the infrared spot on the
sample was ∼50 � 50 μm2. For these measurements, some fine
aggregates of solid products were manually compressed between two
KBr windows in order to deposit a thin film of sample on a KBr window.
2.4. XRD Measurements. X-ray powder diffraction (XRD) ana-

lyses were performed using a D5000, SIEMENS diffractometer in
Bragg�Brentano geometry, equipped with a goniometer theta�theta with
a rotating sample holder. The XRD patterns were collected using Cu
KR1 (λKR1 = 1.5406 Å�) and KR2 (λKR2 = 1.5444 Å�) radiation in the range
2θ = 10�70� with a step size of 0.04� and a counting time of 6 s per step.
2.5. N2 Sorption Isotherms. Three N2 sorption isotherms for the

S1, S2, and S6 samples were performed by using a sorptomatic system
(Thermo Electron Corporation). The specific surface area of powdered
S1, S2, and S6 samples was estimated by applying the Brunauer�
Emmet�Teller (BET) equation in the 0.05 e P/P0 e 0.35 interval of
relative pressure and by using 16.2 Å2 for the cross-sectional area of
molecular N2. A nonlinear regression by the least-squares method was
performed to fit the interval data (nads vs P/P0) in the experimental
isotherms.

3. RESULTS AND DISCUSSION

3.1. Mechanism of Goethite Formation. It has been pro-
posed that the ferrihydrite and/or amorphous iron hydroxide are

crucial precursors for goethite synthesis (see Table 1). The
precursor�goethite transformation, via dissolution of the pre-
cursor nanoparticles followed by precipitation to oriented ag-
gregation accompanied by phase transformation,26 takes several
hours or days under acidic conditions (pH < 3) or alkaline
conditions (pH > 12), depending on the reaction temperature.
However, we tested that acicular goethite particles can be
instantaneously synthesized at room temperature (19 �C) by
adding directly Fe(III) salt or Fe(III) solution in a concentrated
NaOH solution (1 M) (see Figure SI-A). This indicates that the
ferrihydrite and/or amorphous iron hydroxide are not exclusive
precursors for goethite synthesis.
In our experiments, we demonstrate that this precursor is

not necessary to produce submicrometric acicular goethite
(R-FeOOH) using high initial OH/Fe molar ratio (=5) and
moderate temperature (30 and 70 �C). Goethite formation is
characterized by the presence of three successive pH domains;
they are specifically associated with (I) the formation of ferric
hydroxide gel (FeHgel), leading to acid conditions (pH < 2.5);
(II) the spontaneous nucleation of goethite from FeHgel, leading
to alkaline conditions (pH > 11) and the first sedimentable
particles; and (III) the growth of goethite in alkaline conditions
(11 < pH < 13.5). These three steps or pH domains during
goethite formation are well correlated with color evolution (see
Figure 1). The kinetic behavior (pH-color evolution) depends
on the reaction temperature; globally the nucleation�growth of
goethite at 70 �C was close to three times faster than that at
30 �C. The results reveal that well-crystallized goethite particles

Figure 1. Kinetic behavior of pH and color of colloidal dispersion
during formation of acicular goethite at 30 �C (a) and 70 �C (b).

Figure 2. Well crystallized acicular goethite particles precipitated from
ferric hydroxide gel at 70 �C (after 7 h of reaction) and at 30 �C (after
24 h of reaction). For both cases, FeCl3 3 6H2O and NaOH were used as
Fe(III) and (OH�), respectively.
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(high acicular goethite <1 μm in length) are produced after 7 h of
reaction at 70 �C. Conversely, about 24 h of reaction are required
to produce well-crystallized goethite particles (low acicular
goethite <0.5 μm in length) at 30 �C using, in both cases, the

same Fe(III) and (OH�) sources, i.e. FeCl3 3 6H2O and NaOH,
respectively (see Figure 2).
3.1.1. Formation of Ferric Hydroxide Gel. The notion of ferric

gels was introduced in the early 20th century (e.g., ref 29). In the

Figure 3. FESEM images showing the microscopic aspect of the ferric hydroxide gel after 10 min of reaction at 30 �C.

Figure 4. FESEM images showing the first goethite particles precipitated from the ferric hydroxide gel after 6 h of reaction at 30 �C.
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early 1990s, sophisticated structural measurements (X-ray ab-
sorption spectroscopy) were performed by Combes et al.30,31 to
investigate the atomic organization at boundaries of Fe(III)
during formation of various oxy-hydroxides. In those studies,
the degree of structural order, atomic shells, coherent domain
sizes, etc. in powdered samples were reported. In our study, we
used electron microscopy (FESEM) and optical observations
(color evolution reported in Figure 1) to elucidate only the
physical aspect and semiquantitative composition of so-called
ferric hydroxide gel. This has not been reported to the best of our
knowledge. The FESEM images in Figure 3 show the FeHgel
aspect after 10 min of reaction. Herein, microscopic cracks were
generated during gel drying and observed on FESEM images.

Microscopic particles on the surface of the dried gel were also
observed, but they were possibly formed during the drying
process, because these particles are very fragile to the electron
beam; that is, the particles are rapidly transformed/dehydrated
during FESEMmeasurements. The main elemental composition
for FeHgel is Fe, O, and Na, measured by using semiquantitative
EDS analyses. This indicates that the excess of NaOH in the
system plays a significant role in the formation of the FeHgel.
The acidic pH in a colloidal dispersion during this reaction
step (see Figure 1) is in agreement with this assumption. In
situ measurements, by coupling a reaction system with Raman/
infrared spectroscopy would be required to obtain more specific
insights on the composition, formation mechanism, and kinetic
behavior of this FeHgel.
3.1.2. Nucleation of Goethite from Ferric Hydroxide Gel. The

color and pH of FeHgel changed slightly with time before the
nucleation process of goethite, as observed in the synthesis at
30 �C (Figure 1a). Conversely, the viscosity of FeHgel seems to
have increased with time (similar to a polymerization process)
until goethite nucleation. When the nucleation process of
goethite took place from the FeHgel (after about 6 h of reaction
at 30 �C), the pH increased drastically, leading to highly alkaline
conditions (see Figure 1a), due to OH� liberation from the
transformation of the FeHgel into the first goethite particles
(see Figure 4). This pH increase was also associated with a color

Figure 5. FESEM images showing a slight Ostwald coarsening process
from 1 to 10 days for goethite growth at 30 �C.

Table 2. Experimental Conditions for Goethite Synthesis and Mineral Composition of Solid Products Determined by XRD

synthesis OH/Fea T (�C) Fe(III) OH washing time product (s)

S1 5 70 FeCl3 3 6H2O NaOH yes 24 h G, Hb

S2 5 30 FeCl3 3 6H2O NaOH yes 24 h G

S3 5 70 FeCl3 3 6H2O NaOH not 7 h G, Hab

S4 5 70 Fe(NO3)3 3 9H2O NaOH not 7 h G, Cb

S5 5 30 FeCl3 3 6H2O NaOH not 10 days G, Cb

S6 5 70 FeCl3 3 6H2O Ca(OH)2 not 24 h CaFe, P, Cb

aOH/Fe molar ratio. b Slight proportion; G, goethite (R-FeOOH); H, hematite (R-Fe2O3); Ha, halite (NaCl); C, calcite (CaCO3); CaFe, calcium iron
oxide chloride hydrate (Ca2FeO3Cl 3 5H2O); P, portlandite (Ca(OH)2).

Figure 6. X-ray diffraction (XRD) patterns of six different syntheses
(see experimental conditions in Table 1): G, goethite; H, hematite; Ha,
halite; C, calcite; CaFe, calcium iron oxide chloride hydrate; P,
portlandite.
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change of the dispersion from dark brown to orange-brown as
shown in Figure 1.
3.1.3. Growth of Goethite. In our experiments, the growth

process of acicular goethite particles takes place under alkaline
conditions (11 < pH < 13.5). The pH equilibration after several
hours of reaction indicates a macroscopic equilibrium between
goethite and the interacting alkaline solution (see Figure 1).
As mentioned previously, high amounts of acicular goethite
(<1 μm in length) were grown after 7 h of reaction at 70 �C,
while about 24 h of reaction are required to produce well-
crystallized goethite particles (low acicular goethite <0.5 μm in

length) at 30 �C (see Figure 2). Additionally, for goethite
formation at 30 �C, a moderate Ostwald coarsening process
was observed from one day to 10 days (see Figure 5), and the
average particle size (in length) increased from 250 ( 35 to
395 ( 50 nm.
3.2. Mineral Composition.Under the conditions of our study

(Table 2), single-phase goethite particles are formed for OH/Fe
molar ratio (=5), as determined by X-ray diffraction (Figure 6).
Small proportions of calcite, hematite, and halite were also
identified in specific samples. When Ca(OH)2 particles are used
as alkaline source (synthesis S6), a complex mineral composite

Figure 7. (a) FESEMmicrograph showing a complex mineral composite (S6) containing calcium iron oxide chloride hydrate, portlandite, calcite (see
also Figure 6), and possibly amorphous iron hydroxide nanoparticles. (b) N2 experimental sorption�desorption isotherms for the S6 sample and the
BET model fitting the experimental data between 0.05 and 0.35 of relative pressure.
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was synthesized. This powdered material was mainly composed
of unreacted Ca(OH)2 coated by nanosized particles (possibly
amorphous iron hydroxide) (see Figure 7a), well crystallized
particles characterized as calcium iron oxide chloride hydrate
(Ca2FeO3Cl 3 5H2O) from XRD pattern (ICDD # 044-0445)
(see Figure 6), and calcite (minor proportion). The specific
surface area (SBET = 87.3 m2/g) has been measured using a N2

sorption isotherm (see Figure 7b). We note that the XRD results
are in agreement with FTIR measurements (Figure 8). For
example, the deformational modes of hydroxyls (out-of-plane
around 780�800 cm�1 and in-plane around 880�900 cm�1)
typical for goethite are well-defined in the syntheses of S1-to-S5.
Conversely, these deformational modes of hydroxyls are absent
in the synthesis of S6, indicating the absence of the goethite
phase. In this latter case, a complex hydration state of the solid
was observed in the stretching region for OH and H2O. Based on
XRD results, we assumed the presence of adsorbed water,
structural molecular water, and structural �OH groups in the
solid product. The �OH stretching vibration bands for portlan-
dite are well-defined32 but poorly characterized for amorphous
iron hydroxide suspected in S6 (see also Figure 7a).
3.3. Morphology and Size.The morphology and average size

of goethite particles were deduced from FESEM observations;
the length and width of particles were manually measured on 50
isolated particles for five syntheses (S1-to-S5), and the average
values are summarized in Table 3. Based on these results, the

goethite was classed as low, moderate, and high acicular goethite.
Concerning the particle size, two important points are here
mentioned. First, the particle size (in length) increases with an
increase of temperature (see Figure 2), as early reported in the
literature (e.g., ref 14). Second, the length and width of goethite
particles depend on the Fe(III) source: when ferric nitrate is
used, smaller particles (in length) of goethite are synthesized
compared with those for the ferric chloride source at the same
temperature of reaction (see S3 image in Figure 2 and S4 image
in Figure 9). This could be due to adsorption and/or incorpora-
tion of nitrate oxyanions during nucleation�growth of goethite
crystals. Several studies have demonstrated that the crystal
growth processes are often influenced by the presence of foreign
ions, molecules, and/or additives, leading to significant changes
in themorphology, average particle size, particle size distribution,
specific surface area, etc. (e.g., refs 33 and 34). Finally, we note
that the FESEM observations/measurements on the particle size
are in agreement with specific surface areas determined from N2

sorption isotherms for syntheses S1 and S2 (see Table 3 and
Figure 10). Typically, the specific surface area increases with a
decrease of particle size. In our study, the goethite synthesized at
30 �C (S2) has a high specific surface area (SBET = 133.8 m2/g).
Conversely, a moderate specific surface area (SBET = 31 m2/g)
was determined for goethite synthesized at 70 �C (S1), as
illustrated directly in the N2 sorption isotherms (Figure 10). A
submicrometric size of particles and high specific surface
area suggest a high potential as adsorbent for goethite synthe-
sized at 30 �C.

Figure 8. FTIR measurements underlining vibration modes for
goethite in stretching and bending regions and also underlining the
deformational modes of hydroxyls typically observed for the goethite-
phase.

Table 3. Morphology and Average Size of Goethite Particles Measured from FESEM Observationsa

FESEM N2 sorption isotherms

synthesis morphology L: length (nm) W: width (nm) L/W ratio SBET (m2/g)

S1 high acicular 750( 100 60( 20 12.5 31.2

S2 low acicular 250( 35 65( 20 3.8 133.8

S3 moderate acicular 610( 40 85( 30 7.17

S4 low acicular 190( 10 70( 15 2.7

S5 low acicular 395( 50 80( 20 4.8
a Specific surface areas (SBET) for syntheses S1 and S2 determined from N2 sorption isotherms (Figure 10).

Figure 9. FESEM micrograph showing low acicular goethite (S4)
synthesized from the water�Fe(NO3)3�NaOH system at 70 �C.
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4. CONCLUSION

The main aim for this study is to propose a simple and novel
synthesis route for submicrometric acicular goethite (R-FeOOH)
using high OH/Fe molar ratio (=5) and moderate temperature
(30 and 70 �C). FESEM, XRD, FTIR, N2 sorption isotherms,
color evolution, and pH monitoring were used to provide pre-
cious insights on the formation mechanism, particle size, specific
surface area, and morphology of goethite. Three pH regions or
domains characterize the process of goethite formation:
(I) the formation of a ferric hydroxide gel, leading to acid

conditions (pH < 2.5),
(II) the spontaneous nucleation of goethite, leading to

alkaline conditions (pH > 11) and fine sedimentable
particles, and

(III) the growth of goethite in alkaline conditions (11 < pH <
13.5).

Macroscopic ex-situ measurements (pH and color evolution)
show a complex kinetic behavior of the ferric hydroxide gel
before nucleation of goethite. In situ measurements, i.e. coupling
a reaction system with Raman/infrared spectroscopy (immersed
sensors) often used in the fabrication of pharmaceutical com-
pounds, would be required to obtainmore specific insights on the
composition and kinetic behavior of such gel.

High acicular goethite (<1 μm in length) with moderate
specific surface area (31.2 m2/g) was produced at 70 �C. Con-
versely, low acicular goethite (<0.5 μm in length) with high spe-
cific surface area (133.8m2/g) was produced at 30 �C. In both cases,
iron chloride was the Fe(III) source. Submicrometric size of par-
ticles, morphology, high purity, and high specific surface area
(mainly for synthesis at 30 �C) suggest a high potential as adsorbent.
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