
Introduction

Iron oxide and oxyhydroxide have attracted extensive
technological and scientific attention due to their po-
tential applications in pigments, catalysts, gas sen-
sors, magnetic recording media and so on [1].
Goethite (�-FeOOH), as one of the most common
iron oxyhydroxides in nature [2], is frequently used as
an important raw material to produce magnetic iron
oxide and pigments. It is well known that the thermal
transformation of goethite to hematite is a crucial step
in further fabricating iron oxides [3]. Many theoreti-
cal and experimental investigations have been per-
formed to study the mechanism of this transformation
[4]. By spectral investigations, Wolska [5] concluded
that goethite is firstly transformed into hydrohematite
and then into hematite with increasing temperatures.
Özdemir and Dunlop [6] studied the low-temperature
dehydration of goethite and found that small amounts
of magnetite occurred as the intermediate product
during the thermal transformation. Gualtieri et al. [7]
performed and in-situ study of the goethite–hematite
phase transformation by real time synchrotron pow-
der diffraction and demonstrated that an intermediate
phase with nonstoichiometric composition
(protohematite) formed after the decomposition of
goethite. While, Watari et al. [8] and Goss [9] con-
cluded that the transformation proceeded via a direct
dehydration of goethite to hematite without any inter-
mediate phase.

These results in debate are correlated with the sur-
face hydration of goethite compounds. As is for all
nanoscale solids, the sizes and structural properties are
highly related with the surface hydration [10]. As a re-
sult, thermal stability and surface hydration structure of
goethite have great influences on the physical and
chemical properties and are directly relevant to the cur-
rent problems in their applications. Betancur et al. [11]
studied the effect of water content on the magnetic and
structure properties of goethite and concluded that the
surface water and excess hydroxyls played the substan-
tial roles in the magnitude of the hyperfine field. Wal-
ter et al. [4] observed the dependence of the dehydration
mechanism on the commercial goethite particle size.
Apparently, these inconsistent and confusing results
among different research groups mentioned above are
owing to the lack of knowledge about the surface
hydration structure of goethite.

On the other hand, the surface hydrated struc-
tural properties and optical spectra are significantly
influenced by the finite size effects. Recent works by
Li et al. [12, 13] have clearly demonstrated that the
surfaces of nanoparticles became highly hydrated
with a particle size reduction and the finite size ef-
fects were indicated by a systematic shift in the elec-
tronic spectra. Several infrared investigations on
goethite [14, 15] have established that two broad
bands at 3136 and 3415 cm–1 are associated with the
surface hydroxyl and bulk hydroxyl stretching modes,
whereas the bands located at 894 and 796 cm–1 are im-
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portant diagnostic modes of goethite. However, the
influence of particle size or the surface hydration
layer on the infrared spectrum is not unclear. Herein,
we prepared goethite nanorods with different diame-
ters. We systematically studied their size-related vi-
bration and thermal stability properties. We also
found that hydrated goethite nanorods can be used to
remove the heavy metal Cd2+ ions from wastewater.

Experimental

All chemical reagents used in this work were of analyti-
cal grade. The detailed synthetic procedures are de-
scribed as follows: Firstly, 8 g (0.2 mol) of sodium hy-
droxide was dissolved in 150 mL distilled water. Then,
freshly prepared 100 mL of 0.6 M ferrous chloride solu-
tion was added drop-wise into the above solution under
vigorously stirring. Keeping stirring at room tempera-
ture for 3 h, a yellow suspension solution was formed.
The precipitate was aged at room temperature for 12 h,
then washed fully with distilled water and dried at 40°C
for 6 h. The sample thus obtained was named as G-RT.
To precisely control the sizes of goethite nanoparticles,
the as-prepared yellow suspension solution was trans-
ferred to 25 mL Teflon-lined stainless steel autoclaves,
sealed and hydrothermally treated at 100, 120, 140, 160,
180, and 200°C for 12 h, respectively. When the forma-
tion reactions were completed, autoclaves were cooled
naturally to room temperature. The yellow products
were harvested by pressure filtration, and washed fully
with distilled water until no chloride anions in the
supernatant were detected using 1 M AgNO3 solution.
The products were then dried at 40°C for 6 h and named
as G-100, G-120, G-140, G-160, G-180 and G-200, re-
spectively.

Structural characteristics of the samples were
measured by powder X-ray diffraction (XRD) at room
temperature on a Rigaku D/MAX25000
diffractometer with a copper target. The average grain
sizes (D) were calculated from the most intense dif-
fraction peak (110) using the Scherrer formula,
D=0.9�/�cos�, where � is the X-ray wavelength em-
ployed, � is the diffraction angle of the most intense
peak (110) and � is defined as the half-width after
subtracting the instrumental broadening. The particle
sizes and morphologies of the samples were investi-
gated using transmission electron microscope (TEM)
on a JEM-2010 apparatus with an acceleration volt-
age of 200 kV. The specific surface areas of the
goethite nanocrystallines were determined from the
nitrogen absorption data at liquid nitrogen tempera-
ture using Barrett–Emmett–Teller (BET) technique
on a Micromeritics ASAP 2000 Surface Area and Po-
rosity Analyzer. The infrared optical properties were
measured using a Perkin-Elmer IR spectrophotometer

at a resolution of 4 cm–1. Water contents of the sam-
ples were determined using thermogravimetric analy-
sis (TG) at a heating rate of 15°C min–1 from room
temperature to 900°C in a N2 atmosphere at a flux of
30 mLmin–1 and under ambient atmospheric pressure.

The removal capability of low concentration
heavy metal ions from wastewater was investigated.
Firstly, aqueous solution of Cd2+ was prepared from
analytical reagent grade CdNO3·4H2O with a concen-
tration of 0.14 mg L–1. 0.2 g of as-prepared samples
were suspended in 200 mL Cd2+ solution with mag-
netically stirring at room temperature. The pH value
of the system was set at 6.0�0.5. After staying in air
for a given period of time, 10 mL aliquots of the sus-
pension were withdrawn and centrifuged. The con-
centration of Cd2+ in the supernatants was determined
by flame atomic absorption spectroscopy using
Varian AA-10 spectrophotometer.

Results and discussion

Figure 1 gives the XRD pattern for G-RT sample ob-
tained at room temperature. No impurity peaks asso-
ciated with �-FeOOH, �-FeOOH, or �-Fe2O3 were
observed. All diffraction peaks matched well the stan-
dard data for goethite (JCPDS card No. 29-0713), in-
dicating the formation of pure �-FeOOH. All diffrac-
tion peaks were broadened, which can be the result of
the fine particle size. XRD patterns of the samples af-
ter hydrothermal treatments are similar to that of
G-RT sample. A slight sharpening of the XRD peaks
with increasing the treatment temperature is ob-
served, as shown in inset of Fig. 1, although all dif-
fraction peaks still exhibited a high degree of broad-
ness due to their small particle sizes. By application
of the Scherrer formula, the average particle sizes cal-
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Fig. 1 X-ray diffraction pattern of G-RT sample. Inset repre-
sents the enlarged diffraction peak (110) for goethite
samples obtained after hydrothermal treatments at
given temperatures



culated from the most intense diffraction peak (110)
are 13, 17, 20, 24 and 32 nm for G-RT, G-120, G-160,
G-180 and G-200, respectively.

Morphology of the goethite samples was visual-
ized by TEM measurements. TEM images for G-100
and G-180 are shown in Figs 2a and b. It is seen that all
samples consisted of uniformly distributed nanorods
with perfectly smooth surfaces. The top end of FeOOH
nanorods was acicular. From Fig. 2, it can be found that
increasing the hydrothermal treatment temperature did
not significantly change the particle shape of goethite.
The corresponding high resolution transmission electron
microscopy (HRTEM) photos presented in Figs 2c and
d clearly showed that the samples are composed of tiny
single crystals with high crystallinity, while the amor-
phous layer or short-range disordering distribution is
also seen at surfaces. The interplanar spacing value of
the goethite nanorods was about 0.422 nm for G-100
and 0.267 nm for G-180, which are much closer to those
of 0.418 nm for (110) plane and 0.269 nm for (130)
plane as calculated from XRD. These results indicated
that the nanorods grew along the [001] direction
(c-axis). The average diameter of G-100 nanorods was
about 16 nm and the length was up to 800 nm, while the
average diameters for G-180 increased up to about
26 nm. The diameters of the nanorods obtained by TEM
measurements were slightly larger than the calculated
values from (110) diffraction peak using Scherrer for-
mula, which might be related to the presence of
non-crystalline surface layers [16]. The average particle
sizes calculated from the diffraction peak (110) reflected
the diameters of the nanorods approximately. Therefore,
in the following discussion, we would use the average
particle sizes calculated from diffraction peak (110) to
address the diameter effect of nanorods.

Specific surface areas of the goethite nanorods
were determined using BET technique. Figure 3 shows

the BET surface areas for all samples as a function of
the rod diameter. The specific surface areas of goethite
nanorods decreased with increasing the rod diameter.
The relationship between the BET surface area values
(S) and the rod diameters (D) can be described by a sim-
ple function: S= –10+942/D. If the goethite nanorods
are approximately taken as a column form, the specific
surface areas can be expressed as:
S=�DL/�(D/2)2L	=(4/	)(1/D), where L is the length of
the nanorod, 	 is the density of the goethite. Assuming
that the density of the present nanorods equals to
	=4.258 g cm–3 for bulk goethite, we obtained constant
term of 4/	=939.4 (m2 g–1nm) very close to 942
(m2 g–1nm). This means that the goethite nanorods were
well dispersed with a weak agglomeration.

Goethite structure is characterized by relatively
dense packing and strong hydrogen bonding with iron
ions that occupy one-half of the vacancies in an ap-
proximately hexagonally closely packed oxygen
framework [17]. All hydroxyl units are in the same
environments, while the hydrogen bonds point in two
different directions [18]. The splitting of the hydroxyl
stretching and deformation bands are the result of the
strong coupling between the different hydroxyl
modes [18]. Figure 4 shows the infrared spectra of the
hydrated goethite nanorods. A very strong band ob-
served at about 3135 cm–1 is associated with the typi-
cal bulk hydroxyl stretching mode in goethite,
whereas the weak shoulder near 3415 cm–1 is ascribed
to the stretching modes of the surface absorbed water.
With increasing the treatment temperatures (also the
rod diameters), the intensity of the band at 3415 cm–1

gradually reduced, indicating a decrease in the
hydration content, which is further confirmed by our
TG. In the range of 400–1000 cm–1, four strong bands
located at 898 (
1), 797 (
2), 631 (
3) and
459 (v4) cm

–1 with two weak shoulder vibrations near
670 and 490 cm–1 were observed. The band near
898 cm–1 (v1) is attributed to the hydroxyl deforma-
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tion vibration in the a–b plane, and the band at about
797 cm–1 (v2) is ascribed to the hydroxyl deformation
vibration that is parallel to the c-axis. These bands are
diagnostic bands of goethite [17]. Applying a method
of normal coordinate analysis, Verdonck et al. [14]
calculated the vibrational frequencies for goethite and
deuterated goethite and found that the infrared bands
at 630 and 495 cm–1 were rather insensitive to
deuteration and assigned to Fe–O stretching vibra-
tions. Therefore, the band observed at 631 cm–1 (v3) in
Fig. 4 can be ascribed to Fe–O vibration in a–b plane,
while the 459 cm–1 (v4) band is attributed to Fe–O vi-
bration in b–c plane [18]. It is noted from Fig. 4 that
both bands v1 and v4 shifted towards higher frequen-
cies, while the band v3 to lower frequency as rod di-
ameters increased. Band v2 almost kept the constant
frequency. The blue shift of v1 band is indicative of an
increased strength of O–H bond, which will be further
discussed in terms of the TG analysis. As stated
above, the as-obtained goethite nanorods were ori-
ented along c-axis direction. The band v2 located at
about 797 cm–1 is originated from the hydroxyl defor-
mation vibration parallel to c-axis. Therefore, no ob-
vious shift was observed for v2. On the other hand, the
red shift of v3 band might be related to the enhanced
ionicity of Fe–O bond in the a–b plane and the in-
creased crystallinity [19].

The surface hydration structure and thermal sta-
bility properties of goethite samples were examined
by TG-DTA. A typical TG-DTA profile for G-200 is
presented in Fig. 5. The curves of other goethite sam-
ples (not shown) exhibited similar thermal behaviors
to that of G-200. Contrast to the continuous mass loss
reported in [20], three well-resolved mass loss steps
were observed in the temperature range of 30–700°C,
and the corresponding endothermic peaks in DTA
curve were also seen at about 105, 270, and 315°C,
respectively. Above 550°C, sample mass remained
constant. The total mass loss is about 11% for G-200,
which is slightly larger than the theoretical value of

10.1% for FeOOH. The extra mass loss should come
from the absorbed water. Furthermore, the total mass
loss monotonously increased as the specific surface
areas (or reduction of the rod diameters), as shown in
inset of Fig. 5, which is in good agreement with our
FTIR spectral observation.

For our goethite nanorods, the first mass loss step
occurring at about 105°C is mainly assigned to the re-
moval of free water or physisorbed water. It has been of-
ten reported that the mass loss in the temperature range
from 200 to 700°C with an endothermic peak corre-
sponds to the dehydroxylation of goethite [20]. How-
ever, in the same temperature range, the mass loss for
our goethite nanorods took place in two discrete steps
with a double endothermic peak. The differential
thermogravimetry (DTG) curves clearly showed these
discrete processes, as illustrated in Fig. 6. It is worthy to
note that peak temperatures of DTG are identical to the
corresponding temperatures in DTA curves. With in-
creasing the rod diameter, the intensity of the DTG
peaks at about 100°C became weaker, indicating the de-
crease of physisorbed water. On the other hand, accom-
panying the decrease in relative intensity of peak at
about 270°C, rod diameter increase also moved the
DTG peak at about 300°C to high temperatures.

Concerning the dehydration reaction,
Ishikawa et al. [21] observed several endothermic peaks
for Ti-doped �-FeOOH particles in the temperature
from 200 to 300°C. They thought that the number of
dehydroxylation endothermic peaks was related to the
crystallinity of goethite samples. Schwertmann [22] re-
ported a double peak of dehydroxylation for well crys-
tallized �-FeOOH and attributed it to an intermediate
phase with a slightly higher dehydroxylation tempera-
ture generated during heating. Al-substituted goethite
was also found to show a double peak, which was as-
cribed to the difference of dehydroxylation temperatures
of Al–OH and Fe–OH [23]. In order to explore the ori-
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gin of the double mass loss steps in the temperature
range of 250–350°C and get some insights into the
mechanism of dehydration of goethite, the products
were quenched from 270 and 370°C during heating the
sample G-RT in TG-DTA measurement. Their XRD
patterns are shown in Fig. 7. It can be seen that the prod-
uct quenched from 270°C remained a tetragonal
�-FeOOH phase coexisting with a minor part of
�-Fe2O3, while no traces of hydrohematite or other in-
termediate [24] were observed.With increasing the tem-
perature up to 307°C, goethite completely transformed
into �-Fe2O3. Therefore, the double peaks should be as-
sociated with different chemical processes.

For the goethite nanorods, there might exist am-
ple dangling bonds at the surfaces due to the unsatu-
rated coordination of Fe atom. These dangling bonds
would interact with the water molecules on surfaces,
resulting in the hydrated surface structure. Therefore,
the surface hydrated structure could be stabilized by
the hydrogen bonds with the coordinated oxygen of
goethite lattice and the adjacent bridging OH– groups.
One or two atomic layers of water molecules (referred
as chemisorbed water) formed a stable hydrated ter-
mination of the goethite nanorods, as confirmed by
the outmost amorphous layers of nanorods in Figs 2c
and d. These stable hydrated termination layers would
be firstly removed when the temperature was in-
creased to 206°C, and a skin of �-Fe2O3 shell would
form in the surface of goethite to retard the dehydra-
tion of the bulk [24]. Therefore, the second mass loss
step, corresponding to the DTG peak at about 270°C
primarily originates from the dehydration of
chemisorbed water or the amorphous layers of
nanorods. The thermal stability of the amorphous lay-
ers is independent on the diameters of the goethite
nanorods. As indicated in Fig. 6, the temperatures of
the second maximal mass loss peak kept nearly con-
stant for all goethite nanorods. Further increasing
temperature led to a complete dehydration of goethite
nanorods and transformation into hematite. The third
and most important region of mass loss with a corre-

sponding endothermic peak at 315°C is associated
with the dehydration of bulk structural hydroxyl and
conversion of goethite to hematite. Comparing the
preciously reported dehydration temperatures [18],
our goethite samples showed higher dehydration tem-
perature because the hydrated surface structure can
hinder the dehydroxylation. On the other hand, with
increasing the rod diameter, the positions of the mass
loss peaks associated with the dehydroxylation of
bulk structural hydroxyl shifted toward higher tem-
peratures, which should be related to the variation of
strength for Fe–O–H bonds, similar to many other
particle size-induced structural transformations [25].

Goethite is a main component of soil clay miner-
als [26], and could act as the dominant adsorbent in
removing the heavy metal ions from wastewater. It is
presumed that adsorption involves both a coordina-
tion interaction at specific surface sites of goethite
and electrostatic interaction between adsorbing ions
and the charged surfaces [27], which is dominated by
the surface structural properties of goethite. For the
heavy metal contamination, three most detrimental
metals are cadmium, mercury, and lead. Cadmium has
the most dangerous long-term effects on human
health [28]. Therefore, the adsorption property of
as-obtained goethite nanorods in removing heavy
metal ions was evaluated by selecting cadmium ions
as the contamination species to remove. The effect of
cadmium removal with G-140 as the contact time is
shown in Fig. 8. Inset Fig. 8 shows the percentage up-
take of Cd2+ on goethite nanorods with different spe-
cific surface areas for 5 and 120 min. It appears that
for a relatively short time period, significant removal
of Cd2+ ions is achieved. After this initial fast adsorp-
tion period, the uptake of Cd2+ ions reaches the ad-
sorption equilibrium in about 60 min and the maxi-
mum adsorption percentage is 96.4%. The ability of
cadmium removal increased with the surface areas of
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goethite nanorods. It is noted that the maximum ad-
sorption decreased only slightly with time till 300 min
and again slightly increased with time. Furthermore,
all of the adsorptions remained above 91%, suggest-
ing that the goethite nanorods possessed an excellent
removal capacity of Cd2+ ions from aqueous solution.
The detailed investigation of removal of other heavy
metal ions by goethite nanorods is under progress.

Conclusions

Goethite nanorods with different diameters were pre-
pared via a simple hydrothermal method. The hydroxyl
deformation vibration in a–b plane showed a blue shift
with increasing the rod diameter, indicating the in-
creased strength of O–H bond. The opposite shift of
Fe–O vibration observed in a–b plane is associated with
the decreased covalency of Fe–O. All goethite nanorods
contained a hydrated amorphous layer on their surface,
which decomposed at 270°C regardless of the rod diam-
eter and formed a skin of �-Fe2O3 shell in the surface of
goethite to retard the dehydration of the bulk. Further in-
creasing beyond 300°C led to a complete dehydration of
goethite nanorods and transformation into hematite. The
as-prepared goethite nanorods are proved to be promis-
ing in removal of Cd2+ ions from wastewater.
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