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Abstract It is important that one should have knowledge
of the thermal stability of synthesized nanomaterials. In
this research, thermal analyses of both dynamic and con-
trolled rate thermal analysis (CRTA) combined with
infrared emission spectroscopy have been used to deter-
mine the thermal stability of iron-doped boehmite. Iron-
doped boehmite nanofibres with varying iron contents have
been prepared at low temperature using hydrothermal
treatment in the presence of non-ionic poly (ethylene
oxide) surfactant. The TEM images show that the result-
ing nanostructures are predominantly nanofibres when
Fe doping is less than 5%; in contrast, nanosheets are the
dominant for 10% Fe-doped boehmite. No nanofibre was
observed in the case of 20% Fe-doped boehmite, instead,
nanotubes, nanosheets and iron-rich nanoparticles were
formed. Both dynamic thermal analysis and CRTA show
that Fe-doped boehmite nanomaterials dehydroxylate at
higher temperatures than pure boehmite nanofibres. In
general, the higher the doped Fe %, the higher the dehy-
droxylation temperature. The dehydroxylation temperature
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indicated in the infrared emission spectroscopy of doped
boehmite nanomaterials is in harmony with those in other
thermal analysis studies.

Introduction

In recent years, synthesis of inorganic materials on the
nanoscale with special morphologies has been shown to
be of great significance in material science [1, 2]. The
intrinsic properties of nanoscale materials are mainly
determined by their composition, structure, crystallinity,
size and morphology [3]. In particular, one-dimensional
(1D) nanoscale inorganic materials including nanofibers,
nanowires and nanotubes have attracted intensive interest
due to their distinctive geometries, novel physical and
chemical properties, and potential applications in many
areas [4-10].

Because of the high surface area, chemical and ther-
mally stable properties and mesoporous properties, vari-
ous alumina phases have been extensively used as carriers
and supports for a variety of catalysts operating at both
high and low temperatures. Alumina can be employed as
catalyst [11], adsorbent [12, 13], composite materials [14,
15] and ceramics [16-18]. Boehmite (y-AIOOH), a prin-
cipal oxo-hydroxide of aluminium, can be used as
building units and directing templates in the preparation
of core/shell materials [16, 19]. Boehmite nanofibres were
first synthesized by John Bugosh in 1961 [20]. Boehmite
is also a crucial precursor in sol-gel technique for pre-
paring high-purity and high-strength monolithic o-alumina
ceramics for use as substrates for electronic circuits,
abrasive grains, high-temperature refractory materials,
fibres and thin films [21]. Since the resulting alumina
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prepared from boehmite can keep the original size and
morphology after calcination, great efforts have been
devoted to the investigation of nanoscale boehmite
materials, especially 1D nanostructures, such as nanofi-
bres and nanotubes [22, 23].

Recently, Zhu et al. [24] reported an interesting new
synthesis method in which a surfactant was used. Rather
than acting as templates for the synthesis of mesoporous
materials, the surfactant was able to direct formation of
boehmite fibres [23]. It was also reported that a much
higher Al concentration and lower temperatures can be
used in this method compared to those used in traditional
methods for the synthesis of boehmite nanofibres. This is
an efficient approach of producing nanofibres in large
quantity. The growth of boehmite nanofibres can be
improved through a supply of fresh precipitate of alu-
minium hydrate at regular intervals, and the fibres can
grow to over 100 nm in length under well-controlled
reaction conditions. It is well known that the necessity of
catalyst or absorbent separation later is an important
problem in industrial catalytic process and water treat-
ment. Apart from filtration technique, magnetic separation
is another good method [25, 26]. In order to achieve
magnetic property, doping with iron would be an ideal
way. Besides, when doped with iron, the resulting
boehmite nanostructure may have special optical proper-
ties which will enable it to be used for further industrial
applications.

The synthesis of 1D boehmite nanostructures has been
attracting much attention since a long time due to its
unique properties and the potential for broad applications
in industries as mentioned above. A variety of 1D
boehmite nanostructures including nanofibers [27], nano-
tubes [27], nanorods [28] and nanobelts [28] were
successfully prepared under different hydrothermal condi-
tions at temperatures in the range of 100-180 °C in the
past few years. In order to ensure the good quality
including the morphology, size and enhanced property of
the resultant Fe-doped 1D boehmite nanostructures, it is
crucial and also the first step is to design a simple and
efficient synthesis route.

Considering the energy efficiency and the resultant
properties of the final products, we are aiming to produce
iron-doped boehmite nanostructures with medium size
and high crystallinity under a relatively low hydrothermal
temperature. Zhu et al. [27] studied the synthesis of
boehmite by adding NaAlO, solution into acetic acid
solution and hydrothermally treating at 100 °C and
reported that no nanofibres but irregular-shaped particles
were formed without surfactant PEO at a PEO/Metal ion
ratio of 0.47, whereas lath-shaped nanofibres, with a
length over 50 nm and a constant thickness of about 3 nm
were formed after 2 days of hydrothermal treatment.

Zhu’s result indicates that the use of PEO is important in
order to achieve the desired 1D boehmite nanostructures.
We mimicked this process and tried adding NaOH solu-
tion into Al (NOs); solution and hydrothermally treating
at similar conditions with and without PEO [6]. It showed
that boehmite nanotubes were formed with and without
the presence of surfactant PEO after 2 days of hydro-
thermal treatment at 100 °C with an average length of
about 100 nm. The morphology and size of the resultant
nanotube products had a similar length and width as that
of nanofibres prepared by Zhu’s group, which enable
these tubes exhibit much higher surface areas than fibres.
Kuang et al. [22] fabricated boehmite nanotubes in the
presence of a cationic surfactant CTAB through hydro-
thermal treatment at 120 °C. The typical length of the
nanotubes prepared by Kuang et al. was in the range of
30-70 nm with the inner and outer diameter in the range
of 3-4 nm and 5-6 nm, respectively. The preparation of
large nanobelts and nanorods was also reported [28, 29] at
a high temperature of 180 °C. A higher hydrothermal
temperature normally can improve the growth rate of
crystals and form crystals with high crystallinity. Zhu
et al. [27] found a novel boehmite nanofibre synthesis
approach where a regular supply of a fresh precipitate of
aluminium hydroxide during hydrothermal treatment at
100 °C with a PEO-to-metal ion ratio of 0.4:1. Through
this approach, it was reported that a rapid growth rate of
boehmite fibers was achieved. Zhu et al. [27] proposed
that the fresh precipitates of aluminum hydroxide act as a
resource of building blocks attaching to the both ends of
the existing fibres under the assistance of surfactant PEO
to elongate fibres. On the basis of the above information,
we choose to prepare Fe-doped 1D boehmite nanostruc-
tures through Zhu’s novel synthesis approach at a hy-
drothemal temperature of 120 °C using Al (NO;); and
NaOH as starting materials.

This study is a follow-up on the iron-doped boehmite
study. The detailed characterization and discussion of
phase, morphology and composition of the resultant
nanostructures were reported in our earlier study [8]. The
main focus of this study is the thermal analysis and infrared
spectroscopy of the iron-doped nanostructures. Brief sum-
mary and discussion on the morphology and phase are
presented at first to help understand the thermal analysis
applied and infrared spectroscopy results. There have been
very few studies underlying the importance of the thermal
stability of nanomaterials. In this study, boehmite nanofi-
bres based on the low temperature and soft chemical
methodology were synthesized by introducing iron as
dopant, and a series of iron-doped boehmite nanofibres
with varying iron contents has been systematically studied
using a combination of thermal analysis and infrared
emission spectroscopy.
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Experimental
Synthesis of Fe-doped boehmite nanofibres

A total amount of 0.25 mol aluminium nitrate and ferric
nitrate were mixed before being dissolved in ultra-pure
water. In order to make a comparison, mixtures with iron
molar percentage of 0, 1, 2, 3, 4, 5, 10 and 20% were
prepared separately and then dissolved in ultra-pure water
to form solution with a metal ion-to-H,O molar ratio of
1:100 and heated to 80 °C. A 5 mol L™' NaOH solution
was then added drop-wise at a constant rate of 5 mL min ™"
to form precipitate. Then, it was aged for 3 h with constant
stirring at 80 °C, the resulting precipitate was recovered by
centrifugation, washed with pure water four times to
remove sodium nitrate. The fresh precipitate was then split
into five parts evenly for hydrothermal treatment and
characterization. Water and non-ionic PEO surfactant
Tergitol 15-S-7 (C12,14H25,290 (CH2CH20)7H, AldrlCh)
with average molecular weight of ~ 508 were mixed with
the first part of precipitate at a metal:PEO:H,0 molar ratio
of 1:0.4:16. The viscous mixture was stirred for 1 h at
room temperature and then transferred into an autoclave
and kept in oven at 120 °C. The remaining three parts of
fresh precipitate and the same amount of ultra-pure water
were added into autoclave every two days. Accordingly,
the molar ratio of metal:PEO:H,0 changed to 2:0.4:32;
3:0.4:48 and 4:0.4:64, respectively, after 2, 4 and 6 days.
The final product was washed with water first and then
acetone and dried in air at 80 °C.

X-ray diffraction

The XRD analyses were performed on a PANalytical
X’Pert PRO X-ray diffractometer (radius: 240.0 mm).
Incident X-ray radiation was produced from a line-focused
PW3373/10 Cu X-ray tube, operating at 45 kV and 35 mA,
providing Ko; wavelength of 1.540596 A. The incident
beam passed through a 0.04 rad Soller slit, a }2° divergence
slit, a 15-mm fixed mask and a 1° fixed anti-scatter slit.
After interaction with the sample, the diffracted beam was
detected by an X’Celerator RTMS detector. The detector
was set in scanning mode, with an active length of
2.022 mm. Samples were analysed utilising Bragg-Brent-
ano geometry over a range of 3—75° 20 with a step size of
0.02° 20, with each step measured for 200 s.

Thermal analysis
Dynamic experiment Thermal decomposition of the iron-
doped boehmite samples was carried out in a Derivatograph

PC-type thermoanalytical instrument (Hungarian Optical
Works, Budapest, Hungary) with the thermoanalytical
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equipment being capable of recording the thermogravi-
metric (TG), derivative thermogravimetric (DTG) and dif-
ferential thermal analysis (DTA) curves simultaneously.
The sample was heated in a ceramic crucible in static air

atmosphere at a rate of 5 °C min ',

Controlled rate thermal analysis experiment Thermal
decomposition of the iron-doped boehmite samples was
carried out in a Derivatograph in a flowing air atmosphere
(250 cm® min™") at a pre-set, constant decomposition rate
of 0.15 °C min~"'. (Below this threshold value the samples
were heated under dynamic conditions at a uniform rate of
0.1 °C min~'.) The samples were heated in an open
ceramic crucible at a rate of 0.1 °C min~'. Using the
quasi-isothermal, quasi-isobaric heating program of the
instrument, the furnace temperature was regulated pre-
cisely to provide a uniform rate of decomposition in the
main decomposition stage.

Infrared spectroscopy

Infrared spectra were obtained using a Nicolet Nexus 870
FTIR spectrometer with a smart endurance single bounce
diamond ATR cell. Spectra over the 4000-525 cm ™' range
were obtained by the co-addition of 64 scans with a reso-
lution of 4 cm™" and a mirror velocity of 0.6329 cm s~ .
Spectral manipulation such as baseline adjustment,
smoothing and normalisation was performed using the
GRAMS® software package (Galactic Industries Corpora-

tion, Salem, NH, USA).

Infrared emission spectroscopy

A FTIR emission spectroscopy was carried out on a Nicolet
Nexus 870 FTIR spectrometer equipped with a TGS
detector, which was modified by replacing the IR source
with an emission cell. A description of the cell and prin-
ciples of the emission experiment have been published
elsewhere [30-33]. Approximately 0.2 mg of sample was
spread as a thin layer (approximately 0.2 microns) on a 6-
mm diameter platinum surface and held in an inert atmo-
sphere within a nitrogen-purged cell during heating.

Band component analysis was undertaken using the
Jandel ‘Peakfit’ (Erkrath, Germany) software package
which enabled the selection of the type of fitting function
and allowed specific parameters to be fixed or varied
accordingly. Band fitting was done using a Lorentz—Gauss
cross-product function with the minimum number of
component bands used for the fitting process. The Lorentz—
Gauss ratio was maintained at values greater than 0.7 and
fitting was undertaken until reproducible results were
obtained with squared correlations () greater than 0.995.
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Band fitting of the spectra is quite reliable providing that there
is some band separation or changes in the spectral profile.

Results and discussion
Transmission electron microscopy

All the resultant samples were identified as boehmite. Typ-
ical TEM images for the undoped and Fe-doped boehmites
after 8 days of hydrothermal treatment at 120 °C with reg-
ular supply of fresh precipitate of Fe-doped aluminium
hydroxide are shown in Fig. 1. When the pure boehmite was
hydrothermally treated at a lower temperature of 100 °C
with all the other conditions remaining the same, nanotubes
were formed [8]. Boehmite nanotubes doped with gallium
were also achieved via a similar hydrothermal route at
100 °C [7]. However, when the treated temperature was
increased to 120 °C, as can be seen in Fig. 1, the charac-
teristic morphology of boehmite prepared with and without
Fe doping is of lathlike nanofibres. Interestingly, the mor-
phology of boehmite was nanofibres doped with yttrium
when treated at the same hydrothermal conditions at 100 °C
[34]. The morphology change indicates hydrothermal tem-
perature, and dopants play an important role in the mor-
phology and growth of boehmite crystal. As shown in Fig. 1,
nanofibres are dominant in synthesized boehmite samples
with the doped Fe percentage no more than 5%. The mor-
phology and size of Fe-doped nanofibres with doped Fe
percentage in the range of 1-5% are very much similar;
therefore, only 3% and 5% Fe-doped boehmites were pre-
sented in Fig. 1. As expected, the higher hydrothermal
temperature resulted in the formation of much longer
boehmite nanostructures. Pure nanofibres with lengths up to
300 nm were synthesized, which is around two times longer
than that reported in a previous study where boehmite
nanofibres were prepared at a lower temperature of 100 °C
[6]. The resultant Fe-doped boehmite nanofibres prepared at
120 °C were overall shorter than the pure boehmite nanofi-
bres that were prepared under the same conditions, but
remarkably longer than those pure boehmite nanofibres/
nanotubes synthesized at 100 °C. Both nanosheets and
nanofibres were observed in 10% Fe-doped sample where
nanosheets with beveled ends were dominant. Instead of
forming nanofibres, nanotubes as well as nanosheets and
iron-rich phase were formed. Based on EDX analysis con-
ducted in our previous study [8], only a limited amount of Fe
substituted Al in the boehmite nanostructures. A linear rela-
tionship between added % Fe and actual % Fe for samples
after ageing but before hydrothermal treatment was observed
in the range of 1-20% doped Fe. However, a miscibility gap
occurred after 8 days of treatment showing the maximum
aluminium that can be substituted by iron is about 4.4%.

The mechanism of the growth of boehmite nanotubes at
100 °C in the presence of the nonionic surfactant PEO has
been systematically investigated [6, 8]. It was proposed
that the initially formed 1D nanotubes after 2 days of
hydrothermal treatment at 100 °C with PEO being firstly
attached to the surface of PEO micelles through hydrogen
bonding; then the tiny nanotubes, the so-called building
units, growing along the micelles; that the growth rate
slowed down or even ceased when the length of the
nanotube was approaching towards the total length of the
directing micelle. However, the growth of boehmite
nanostructures at 120 °C with PEO cannot be interpreted
through the above mechanism. An obvious reason for the
same is that the length of PEO micelles decreases with the
increase in temperature [35, 36] whereas the resultant
nanofibres were much longer than the expected length of
PEO micelles. This result suggested that at a higher tem-
perature (120 °C), PEO is not the key factor for the growth
of boehmite 1D nanostructures. It was reported that rela-
tively large boehmite nanorods can be achieved at a high
temperature of 180 °C without any surfactant under a
similar hydrothermal conditions using the same starting
materials [29, 34], which also show that surfactant is not
crucial for the growth of boehmite nanostructures at rela-
tively high temperatures. It is well known that Oswald
ripening occurs during crystal growth where small particles
with a critical radius r. are present. If r < r., the particle
grows; if r > r., the particle shrinks; and r. is determined
by the experimental conditions [37]. It can be proposed that
the growth of boehmite nanofibres under 120 °C is con-
trolled by the Oswald ripening process. In the process of
boehmite growth, the PEO micelles may act as templates
which interact with those tiny doped boehmite nanocrys-
tallites forming longer 1D nanostructures. A supplementary
experiment for the synthesis of undoped or doped boeh-
mites should be performed at 120 °C without surfactant
PEO for further comparison. Even if PEO surfactant had
little effect on the formation of doped boehmite nanofibres,
it can be expected that there would be a higher surface area
of alumina prepared with surfactant due to the large
amount of micro- and mesopores generated by PEO after
calcination.

X-ray diffraction

The X-ray diffraction patterns of the hydrothermally trea-
ted boehmite are shown in Fig. 2. The XRD patterns show
the precipitates to be boehmite y-AIOOH except for a
minor amount of bayerite formed in 0% and 1% samples.
In accordance with the Debye—Scherrer equation, the
crystallite sizes vary initially from 15.5 nm in pure
boehmite, to a constant value of ~22 nm with Fe doping.
The XRD peaks in the patterns for 1% Fe-doped boehmite
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Fig. 1 TEM images of a pure
boehmite, b 3% Fe, ¢ 5% Fe, d
and d’ 10% Fe, e 20% Fe-doped
boehmite nanostructures
prepared at 120 °C after 8 days
of hydrothermal treatment

nanostructures show decreased peak width with the
increase in hydrothermal time, indicating a gradual
increase in crystallinity of the nanostructures during the
soft chemical treatment. Compared to boehmite prepared at

@ Springer

100 °C, a remarkably larger crystallite size at 120 °C,
which is about 20% larger, was observed. The larger
crystallite size could partially contribute to the formation of
longer fibres.
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Thermal analysis

The study of the thermal stability of materials is of
importance for our understanding of nanomaterials. One
method of studying the thermal stability is to undertake
thermal analysis experiments. There are several method-
ologies for thermal analysis, which can be used. Two of
such experiments, namely the first one is the so-called
dynamic experiment in which the nanomaterial is heated at
a constant rate, and the second experiment involves con-
trolling the heating rate according to the mass loss. This
latter technique is called CRTA or the controlled rate
thermal analysis.

The dynamic experiment

In the dynamic experiment a constant heating rate is
employed to determine the temperatures of mass losses.
The dynamic thermal analyses of the boehmite and Fe-
doped boehmite are shown in Fig. 2a—f. The results of the

Table 1 Decomposition stages under dynamic conditions for Fe-doped boehmites

Sample: Boehmite 3% Fe doped Sample: Boehmite 5% Fe doped Sample: Boehmite 10% Fe doped Sample: Boehmite 20% Fe doped

Sample: Boehmite 1% Fe doped

Mass loss

Temperature
range (°C)

Mass loss

Temperature
range (°C)

Mass loss

Temperature
range (°C)

Mass loss

Temperature
range (°C)

Mass loss

Temperature
range (°C)

(Sample mass:
121.78 mg)

(Sample mass:
67.96 mg)

(Sample mass: (Sample mass:
116.16 mg)

62.65 mg)

(Sample mass:
61.79 mg)

%

mg

%

mg

%

mg

%

mg

%

mg

4.8

5.8
4.1

27-176
176-278

35

2.4

24-155
155-219
219-286
286-360
360-509
509-894

5.6

26-134
134-181

6.9

43

4.2 30-191

2.6

25-166

34

1.8
5.2

54

1.2
35
3.7

6.5

3.0

35
15.6

2

34
18.6

1

181-291
291-521

0.5

1

6.6

191-370

1.9
13.8

1.2
8.5

166-279
279-500

39
9.5

4.7
11.6

279-356

1.6

356-511

9.6

7.7

4.8

370-495
495-865

1.5

1.8

511-866

1.5

1.0

0.9

1.1

521-800

1.6

1.0

1.1

500-884
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Fig. 3 Dynamic thermal analysis of a boehmite and b 1%, ¢ 3%, d 5%, e 10%, f 20% Fe-doped boehmite

calculations shown in the Appendix are reported in
Table 1.

Pure synthesized boehmite shows three decomposition
steps. The step which is characteristic of boehmite is the
sharp DTG step at 321 °C with a mass loss of 17.1%. The
first mass loss occurs at around 91 °C with a mass loss of
9.0%. This mass loss step is attributed to the loss of
adsorbed water. The second mass loss step is observed at
around 233 °C and accounts for the major mass loss step
with 4.8% mass loss. The third mass loss step occurs at
321 °C. This mass loss is attributed to interstitial water
trapped between the boehmite layers. The theoretical mass
loss based upon the equation 2A100H — Al,O3 + H,O is
11.5%. A large exotherm is observed in the DTA pattern at

@ Springer

233 °C and is attributed to the enthalpy required for the
combustion of the surfactant used in the synthesis of
boehmite.

The DTG pattern for the 1% Fe-doped boehmite
(Fig. 3b) shows three mass loss steps at 82, 255 and
441 °C. There are three endothermic peaks observed at 90,
260 and 455 °C. The mass loses are 4.2, 1.9 and 13.8%
over the temperature ranges 25-166, 166-279 and 279—
500 °C, respectively. By comparison of the thermal anal-
ysis patterns for pure synthetic boehmite and 1% Fe-doped
boehmite, the effect of the Fe doping is to raise the tem-
perature of dehydroxylation of the boehmite quite signifi-
cantly from 321 °C to 441 °C. Transmission electron
microscopy of the boehmite and the 1, 3 and 5% doped
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Fig. 4 Controlled rate thermal analysis of a boehmite and b 1%, ¢ 3%, d 5%, e 10%, f 20% Fe-doped boehmite

boehmite shows that the materials consist only of nanofi-
bres. Thus, this thermal analysis pattern for the 1% Fe-
doped boehmite is that of a Fe-doped boehmite nanofibre.

This effect of increase in dehydroxylation temperature is
also observed for the 3% doped boehmite (Fig. 3c). The
temperature of dehydroxylation has increased to 416 °C.
Three peaks in the DTG curve are observed at 88, 319 and
416 °C. Three peaks are also observed in the DTA pattern
with endotherms at 95 and 430 °C and an exotherm at
250 °C. These enthalpy changes are associated with (a) the
loss of adsorbed water (b) dehydroxylation of boehmite and
(c) combustion of the surfactant. For the 3% Fe-doped
boehmite, mass losses that are observed in the 30-191,
191-370, 370495 and 495-865 °C temperature ranges are
6.9, 10.5, 7.7 and 1.6%, respectively (Table 1). This

temperature dehydroxylation increase is also observed for
the 5% doped boehmite (Fig. 3d). The temperature of de-
hydroxylation has increased to 423 °C. Four DTG peaks
are observed at 89, 186, 233 and 423 °C. For the 5%
Fe-doped boehmite mass losses that are observed in the
26-134, 134-181, 181-291, 291-521 and 521-800 °C
temperature ranges are 4.8, 3.0, 13.4, 18.6 and 0.9%,
respectively. The DTA pattern shows greater complexity.
DTA peaks are observed at 89, 186, 249, 333 and 484 °C.
These enthalpy changes are assigned to (a) water desorp-
tion, (b) goethite dehydroxylation, (c) combustion of the
surfactant and (d) boehmite dehydroxylation.

As the % of doping is increased, the number of mass
loss steps increases. For the 10% Fe-doped boehmite, five
mass loss steps are observed at 78, 196, 252, 320 and
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433 °C (Fig. 3e). There is a strong exothermic peak at 3 %
260 °C. It is proposed that this peak is due to the com- § " é B | s F 3 - E =z
bustion of the surfactant. The number of DTG steps is e |28 %_E
associated with an increased number of phases. As the § Z %% w| 2@ n 28
concentration of Fe is increased, the hydrothermally D) =CalE| = o
treated boehmite becomes a mixture of nanofibres and E
nanosheets. These peaks are possibly attributable to (a) a“g’ g _
first decomposition step to goethite (b) the decomposition P g g ® ® = w
of the surfactant and (c) decomposition step to boehmite g = :'1 i ‘ll' 1 E
nanosheets. The DTG pattern of the 20% Fe-doped S1E 8 a2 835
boehmite is similar to that of the 10% Fe-doped
boehmite. Five mass loss steps are observed at 99, 243, 'é % ® n o ® o o
314 and 450 °C with mass losses of 4.8, 3.4, 3.9, 9.5 and S|, ED coeTe
1.5%. )2 Lé%
R PR
The controlled rate thermal analysis experiment 2
g
=
The thermal analysis of the synthetic boehmite and Fe- é 15)6
doped boehmite under controlled CRTA conditions are 5|5 R § § § §
shown in Fig. 4a—f. The results of the calculations shown g g % S ongx e
in the Appendix are reported in Table 2. The CRTA result s e 2 - - e
for boehmite synthesized at 120 °C is shown in Fig. 4a.
Two pseudo-isothermal steps at 60 °C and 292 °C are 3 g < f S o
observed and are attributed to dehydration and dehydr- 3 Z f g
oxylation of boehmite. 2|y B2 - o e
The CRTA of the 1% doped boehmite displays signifi- S|SB | 2| v g~
cant differences to that of the pure boehmite. The DTG 2
curve for the 1% Fe-doped boehmite shows peaks at 67, % °
242 and 423 °C (Fig. 4b). This latter mass loss occurs as o? g 06 o e a e o w
an isothermal step. These mass loss steps are ascribed to = g;’ :I "_‘“ '{\,I” ;I ? $
dehydration, loss of surfactant and dehydroxylation of the 8 § E %f) b g e ﬁ E g
boehmite. The DTG curve for the 3% Fe-doped boehmite E
shows peaks at 70, 280 and 385 °C (Fig. 4c). None of _§ 5 .
these steps appears to be isothermal. The DTG curve in the 2|8 é’ || > % 2
CRTA experiment for the 5% doped boehmite appears § % 225
different from the 1% and 3% doped boehmite curves. o ‘; Z %'g w | = < ° <
Peaks are observed at 59, 141, 282 and 380 °C. It is noted Bl |=2= 18" ha e -
that after 153 °C, there is almost a continuous mass loss. § ‘qé
The CRTA of 10% and 20% Fe-doped boehmite sample E18|e
display four steps which are in harmony with the dynamic § ;A g o © ° o o
experiments. The DTG curve for 10% Fe-doped boehmite = %é éﬂ;ﬂ il) f? # %I
shows peaks at 69, 172, 215, 270, 391 °C. Peaks at 72, AR & 8 8¢
209, 272 and 394 °C were observed for 20% Fe-doped _ig
boehmite. § 5 @ — 2 9
. PRI -
Infrared emission spectroscopy 2|0 |22y
Elsl2E3 L] o =
The infrared emission spectra of the 5% and 10% Fe-doped Z|=|2g2lEln =2 -
pectra of the 5% an » Fe-dope g1l
boehmite in the 700-1700 cm™' region are shown in E|E
Fig. 5a and b and in the 27003900 cm ™' region in Fig. 6a E E’ g _
and b. These figures show the change in intensity of the |y § g Q ey e
infrared bands as a function of temperature. The infrared = Il =) 0 aQ :[ 7
absorption spectra of boehmite y-AIOOH shows two bands Sl3[&8E o =& o~
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Fig. 5 Infrared emission spectra of a 5% and b 10% Fe-doped boehmite in the 700-1700 cm™

at 3090 cm ™' and 3297 cm ' assigned to the OH stretching
vibrations of boehmite and at 1080 cm™"' and 1160 cm™"
assigned to JOH deformation modes. In Fig. 5a, infrared
bands are observed at 1066 cm ™' and 1135 cm™' which are
assigned to the JOH deformation modes. The intensity of
these two bands decreases until no intensity remains by
350 °C. This temperature in the infrared emission spectra
indicates the temperature of dehydroxylation. The value is in
agreement with the thermal analysis studies. The bands at
750 cm™" and 860 cm ™! are ascribed to OAIO vibrations.
Other infrared bands are observed at 1258, 1315, 1390 and
1465 cm™'. These bands are attributed to overtone and
combination bands which can be commonly observed in the
infrared emission spectra. It is noted that the intensity of
these bands is also lost by 350 °C.

For the 10% Fe-doped boehmite, the infrared bands are
observed at 1066 cm ™' and 1150 cm ™' and as before are
assigned to the JOH deformation modes. The intensity of
these bands approaches zero by 350 °C. The two bands at
750 cm™" and 806 cm™! attributed to OAIO stretching
vibrations appear to be retained until quite high tempera-
tures, e.g. ~700 °C.

0

1200 700

Wavenumber/cm™

! region

The infrared emission spectra in the OH stretching
region show two bands at 3140 cm™' and 3340 cm™'
ascribed to the boehmite OH stretching vibrations as well
as bands at 2867, 2933 and 2967 cm™! attributed to CH
stretching vibrations of the templating surfactant. The
intensity of both sets of bands diminishes as the tempera-
ture is raised. No intensity in these bands remains by
450 °C. In the infrared emission spectra of the 10% Fe-
doped boehmite, two bands at 3125 cm™" and 3350 cm ™!,
assigned to the boehmite OH stretching vibrations, show no
intensity by 450 °C. The positions of these bands suggest
that the OH units of boehmite are strongly hydrogen bon-
ded. An additional band at 3669 cm™' is observed and
assigned to free or non-hydrogen bonded OH units of the
boehmite.

Conclusions
Fe-doped boehmite nanofibres ~250 nm in length with

varying widths and nanosheets have been prepared at
120 °C using soft chemical hydrothermal methodology
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Fig. 6 Infrared emission spectra of a 5% and b 10% Fe-doped boehmite in the 2700-3900 cm™" region

using PEO as a surfactant directing agent. In comparison
with the pure boehmite nanostructures prepared at the same
condition, the doped Fe has little effect on the morphology
and size of the resultant nanostructures when the doped
Fe% is less than 5%; whereas the doped Fe has significant
influence on the growth of boehmite nanostructures when
the doped Fe% is no less than 10%. Fibres or needles were
formed at low Fe-doped samples. With the increasing iron
content nanosheets are formed. Nanotubes were formed
when added Fe content is increased to 20%.

At low doped Fe%, the dynamic thermal analysis of the
Fe-doped boehmite nanofibres shows three decomposition
steps which are assigned to dehydration, dehydroxylation of
boehmite and further dehydroxylation. At high doped Fe%,
as the % of Fe doping is increased, the number of mass
losses steps increases due to the increased number of phases
formed, which is in agreement with TEM results. For the
Fe-doped boehmite with Fe concentration above 5%, the
thermal decomposition is of a mixed system consisting of
both boehmite nanofibres and boehmite nanosheets. The
relatively sharp DTG steps at the range of 320-450 are

@ Springer

characteristic of doped boehmite. Compared to pure
boehmite nanostructures, Fe-doped boehmite nanostruc-
tures dehydroxylate at remarkably higher temperatures. It is
also noted that there is an obvious gradual increase in de-
hydroxylation temperature with the increase in the doped
Fe% from 2% to 20%.

The infrared emission spectra show bands at 1066 cm™
and 1150 cm™' for 5% Fe-doped boehmite, bands at
1066 cm™' and 1150 cm™' for 10% Fe-doped boehmite
which can be assigned to the JOH deformation modes. The
intensity of these bands approaching zero by 350 °C indi-
cates the temperature of dehydroxylation. The value
obtained by infrared emission spectra is in agreement with
the thermal analysis studies.
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Appendix
AlO(OH) - xH,O — AIO(OH) + xH,0

Calculation of water content for Fe-doped boehmite using

the formula AIO(OH) - xH,0O

(A) 1% Fe-doped boehmite
Composition: AIO(OH) - xH,O
Loss of water up to 129 °Cis 5.3 mg (0.294 mmol)
Mass of dehydrated mineral is 124.54 mg (2.076
mmol)
Thus, the amount of crystallization water is 0.14
mol.

(B) 3% Fe-doped boehmite
Composition: AIO(OH) - xH,O
Loss of water up to 166 °Cis 7.4 mg (0.411 mmol)
Mass of dehydrated mineral is 111.24 mg (1.854
mmol)
Thus, the amount of crystallization water is 0.22
mol.

(C) 5% Fe-doped boehmite
Composition: AIO(OH) - xH,O
Loss of water up to 110 °Cis 6.5 mg (0.361 mmol)
Mass of dehydrated mineral is 146.66 mg (2.444
mmol)
Thus, the amount of crystallization water is 0.15
mol.

(D) 10% Fe-doped boehmite
Composition: AIO(OH) - xH,O
Loss of water up to 141 °Cis 6.5 mg (0.361 mmol)
Mass of dehydrated mineral is 188.12 mg (3.135
mmol)
Thus, the amount of crystallization water is 0.12
mol.

(E) 20% Fe-doped boehmite
Composition: AIO(OH) - xH,O
Loss of water up to 158 °Cis 10.5 mg (0.583 mmol)
Mass of dehydrated mineral is 250.37 mg (4.173
mmol)
Thus, the amount of crystallization water is 0.14
mol.
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