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Abstract: In this study, AlOOH nanostructures were successfully synthesized 
using the solvothermal method at 180 °C. The effects of the pH of the solution 
(3, 4.5, 6.5, 10 and 12.5) on the synthesized samples were investigated system-
atically in detail, when ethanol and NaOH were the solvent and pH-adjusting 
agent, respectively. Fourier transform infrared spectroscopy, X-ray powder 
diffraction and field emission scanning electron microscopy were used to char-
acterize the synthesized samples. The specific surface area, pore size distri-
bution and pore structure of different AlOOH structures at various pH levels 
were also discussed in terms of the N2 adsorption/desorption test. According to 
the experimental results, the FESEM micrographs showed that the products 
were nanostructures, and the AlOOH nanoparticles larger on increasing the pH 
from 4.5 to 12.5. The structure characterization revealed that the resulting 
AlOOH nanostructures were pure and had a well-defined crystalline structure 
with a crystal size of 9.3–20.5 nm. Furthermore, the boehmite obtained at pH 
12.5 exhibited a large surface area of 131 m2 g-1 and a high total pore volume 
of 1.24 cm3 g-1.  

Keywords: boehmite; pH; pore volume; nanostructures. 

INTRODUCTION 
Boehmite (AlOOH) and Al2O3 have attracted considerable research interest 

as they are widely used in the assembly of catalysts and catalyst supports,1–9 
filters,10 abrasives,11 membranes,12,13 adsorbents,14 various ceramics,15,16 opti-
cal devices17 and biomedical materials.18 Boehmite is an aluminium oxy-hydro-
xide which can be a frequently used precursor for the fabrication of Al2O3 mat-
erials.19,20 AlOOH, especially in a nanoscale size, is used as an additive in poly-
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mer materials,21 due to its low price, excellent mechanical properties, good 
chemical stability, and high surface area and large pore volume. 

To date, boehmite has been successfully synthesized with different struc-
tures. Many researchers reported various morphologies of AlOOH, such as nano-
tubes,22 nanofibers,23 nanowires,24 sphere-like superstructures25 and flower-like 
nanostructures with a high adsorption capacity.26 The flower-like boehmite and 
alumina structures were synthesized by Abdollahifar et al.20 and Zhang et al.27 
using hydrothermal and solvothermal methods, respectively. Abdollahifar17 con-
trollably synthesized AlOOH and Al2O3 nanorods via the hydrothermal route. 
Using boehmite as a catalyst support, Baneshi et al.2 synthesized CuO/ZrO2/  
/Al2O3 and CuO/CeO2/Al2O3 nanocatalysts, which showed higher catalytic acti-
vity. Other hierarchical boehmite nanostructures were also synthesized using 
different methods.28–35 

The synthesis method has an important effect on the properties and char-
acteristics of material products. Conventional processes for synthesizing boeh-
mite nanostructures include sol–gel,36 precipitation,37 hydrothermal,20,30 solvo-
thermal19 and other related routes. Among the reported synthetic routes, the sol-
vothermal technique has been broadly employed as an effective method due to its 
mild synthesis conditions and flexible changes of experimental parameters, and is 
an economic and versatile method for the preparation of low-dimensional nano-
materials with controllable sizes and shapes. In this method, the synthesis condi-
tions, such as solvent, reaction temperature and time, solution pH, addition of 
surfactants and pH adjustment regents, have great effects on the structure and 
character of boehmite.19,20,28,30,31,38 Undoubtedly; the research and develop-
ment of producing AlOOH with various structures are beneficial for many 
branches of modern science and technology. 

Herein, a new and facile route to the fabrication and growth of boehmite 
nanostructures is presented, in which the effect of pH was investigated.  

EXPERIMENTAL 
The utilized starting materials were Al(NO3)3·9H2O, NaOH, and absolute ethanol, which 

were purchased from Scharlau, Spain, and used without further purification.  
Typically, 5 g Al(NO3)3·9H2O was dissolved in 60 mL of ethanol and stirred for 5 min at 

room temperature. NaOH solution (2 M) was subsequently added dropwise to the solution to 
give lacteous precipitates. At this point, the pH value of the reaction mixture was ≈3, 4.5, 6.5, 
10 or 12.5. The mixture was then transferred into a Teflon-lined stainless steel autoclave and 
heated at 180 °C for 24 h (the corresponding pressure was 19.4 atm according to Antoine 
Equation calculation).39 These samples were treated by centrifugation, rinsed with ethanol 96 
% several times, and then dried overnight at 60 °C in an oven. The prepared boehmite samples 
were labelled N-3, N-4.5, N-6.5, N-10 and N-12.5.  

FTIR spectroscopy was performed using a Rayleigh WQF-510 spectrometer in the range 
of 400–4000 cm-1 at room temperature. Powder X-ray diffraction (XRD) analysis was 
performed on a Bruker B8 Advance diffractometer. The X-ray patterns were recorded in step 
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scanning using CuKα radiation (λ = 1.54 Å) at a scan rate of 1° min-1 in the 2θ range 5 to 85°. 
The surface morphology and particles sizes were analysed by a field emission scanning elec-
tron microscope (FESEM, Hitachi S-4160 XL30). The specific surface area of the synthesised 
samples was determined using a BEL SORP, Mini II-310 analyser. In this technique, the 
Brunauer–Emmett–Teller (BET) equation40 was employed to calculate the specific surface 
area, and the mean pores size were calculated using the original Barrett, Joyner and Halenda 
(BJH) method.41 

RESULTS AND DISCUSSION 

The phase composition of the samples was examined by XRD. The XRD 
patterns of the samples synthesized solvothermally for 24 h at different pH levels 
are shown in Fig. 1. When compared to the standard pattern, the reflections of all 
samples were readily indexed to the orthorhombic boehmite phase γ-AlOOH 
(JCPDS No. 021-1307), and no other peaks belonging to impurities could be 
observed, indicating the high purity of the products. The results indicate that the 
obtained AlOOH can be indexed to an orthorhombic cell with lattice parameters 
of a = 3.7 Å, b = 12.227 Å, and c = 2.867 Å. It could be seen that there was no 

Fig 1. XRD patterns of the as-syn-
thesized: a) N-3, b) N-4.5, c) N-6.5,
d) N-10 and e) N-12.5 sample. 
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linear increase in any specific diffraction peak with increasing pH of the solution. 
On the other hand, the intensities for most of the diffraction peaks gradually 
increased with the increasing of pH of solution. Moreover, the peak intensity of 
(031) increased with increasing the solution pH from 4.5 to 12.5, indicating 
improved crystallization and particle growth. This phenomenon was demon-
strated in some research papers, which showed that with increasing particle size, 
the peak intensities for the materials increased.42,43 Additionally, it was noted 
that the diffraction peaks in the XRD patterns of the samples were of high inten-
sity and narrow, which indicates the good crystallinity of the samples, especially 
for the boehmite synthesized in the basic pH solution.  

The crystallite sizes were calculated using the Scherrer equation, d = (kλ)/  
/(Lcosθ), where k is a dimensionless shape factor, λ is the wavelength of the 
X-rays, L is the full width of diffraction peak at half maximum intensity 
(FWHM), and θ is the Bragg angle. The calculated crystallite sizes of N-3, N-4.5, 
N-6.5, N-10 and N-12.5 samples were 12.5, 9.3, 9.4, 13.2 and 20.5 nm, respect-
ively (crystallite sizes calculated by using average of three highest peaks: (120), 
(031) and (200)). Comparison of XRD patterns of the prepared samples showed 
that the pH of solution influenced the size of the crystallite phase of samples, and 
the extent and intensity of crystallinity of samples increased with increasing the 
pH solution from 4.5 to 12.5. 

The effects of the solution pH on the FTIR spectra of the AlOOH architect-
ures are shown in Fig. 2. Generally, the FTIR spectra were similar for all 
samples, regardless of the difference in the peak intensities. There are two 
regions (400–2500 cm–1 and 2500–4000 cm–1) for the samples. In the region of 

Fig 2. FTIR spectra of the syn-
thesized samples: a) N-3, b) 
N-4.5, c) N-6.5, d) N-10 and e) 
N-12.5. 
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400–2500 cm–1, well-resolved sharper bands were observed. As could be seen in 
Fig. 2, five strong bands were observed for the boehmite samples at 480, 631, 
747, 1065 and 1156 cm–1.44 The sharp band at 480 cm–1 is assigned to the angle 
deformation of O=A–(OH), which results in the peaks at 631 and 747 cm–1, 
attributed to the (AlO)–O–H angle bending.20,38 The intensity of these bands was 
stronger for the sample synthesised at pH of 12.5. The sharp peak at 1065 cm–1 
and small shoulder at 1156 cm–1 are assigned to the (OH)–Al=O asymmetric 
stretching vibrations and O–H bending, respectively. The acute peak at 1385 cm–1 
corresponds to the nitrate anion, which was not thoroughly removed by washing. 
As a comparison, the intensity of this band is stronger for the synthesized sample 
with pH 6.5 as it had not been washed well. The band at 1640 cm–1 could be 
assigned to bending vibrations45 of the OH group from adsorbed water. In the 
region 2500–4000 cm–1, the samples showed two broad and resolved bands at 
3095 and 3301 cm–1, which could be assigned to the νas(Al)O–H and νs(Al)O–H 
stretching vibrations. These two bands became sharper with increasing of pH, 
which indicates the high crystallinity46 of samples prepared in the basic pH value. 

It was very interesting to find that the pH of solution had a considerable 
effect on the morphologies of the as-prepared boehmite. FESEM analysis was 
conducted to represent clearly the structural characteristics of the samples. 
Representative FESEM images of samples are shown in Fig. 3. Lower and higher 
magnification analyses were performed on all samples. According to Fig. 3a, the 
N-3 sample had a different shape compared with other prepared samples, and 
consisted of more nano-layers with a mean width size of around 40 nm. How-
ever, on increasing the pH of the solution to 4.5, the final product was mainly 
composed of many uniform particles with an average size of 35 nm (Fig. 3b). 
When the pH was increased to 6.5, the particle size became larger than the 
particle size in N-4.5. When the pH of the solution was increased from 4.5 to 
12.5, the obtained micrograph images, regarding the increasing crystallinity and 
particle size, were in agreement with and confirmed the results of the FTIR 
spectra and the obtained XRD patterns.  

In general, the average size of the particles in the synthesized samples 
regularly increased from almost 35 to 57 to 155 to 542 nm on increasing of pH 
from 4.5 to 6.5 to 10 to 12.5, respectively. The histograms of the particle size 
distribution for the samples are shown in Fig. 4. According to these results, the 
pH of solution had strong effects on the particle size and formation of boehmite 
by the solvothermal method. 

The porous structure and texture of the samples were investigated by N2 
adsorption/desorption analysis. The results of the textural properties, and porosity 
structures and positions of the synthesized AlOOH nanostructures are listed in 
Table I. These results imply that the pH is quite important in the preparation of 
AlOOH by the solvothermal method. 
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Fig. 3. FESEM images of: a) N-3, b) N-4.5, c) N-6.5, d) N-10 and e) N-12.5. 
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Fig. 4. Histograms showing the particle size distribution in: a) N-4.5, b) N-6.5, c) N-10 

and d) N-12.5. 

TABLE I. Textural properties of the synthesized boehmite samples 

Sample  Microporosity, % Mesoporosity, % 
≤ 2 nm 2-5 nm 5–10 nm 10–15 nm 15–25 nm 25–40 nm 40–50 nm 

N-3 10.5 15.3 24.6 26.2 20.7 1.6 0.5 
N-4.5 5.0 21.7 34.6 37.0 1.4 0.2 0.0 
N-6.5 6.7 33.2 59.6 0.20 0.1 0.0 0.0 
N-10 6.0 19.8 40.0 30.9 2.8 0.3 0.1 
N-12.5 6.3 27.3 33.3 15.7 10.7 5.3 1.1 

The nitrogen adsorption–desorption isotherms and the corresponding pore- 
-size distribution curves (inset) for all the prepared samples are shown in Fig. 5. 
All the samples exhibit type IV with a type H2 hysteresis loop, except for N-12.5 
that shows type H1.47 These adsorption characteristics are usually attributed to 
adsorption in mesoporous materials, which were classified by IUPAC.47 A 
comparison of all samples shows an increase in the amount of adsorbed N2 at 
high relative pressures (p/p0 = 0.6–1.0), especially for N-12.5, suggesting larger 
pore volumes for this sample. The pore size distributions calculated for all the 
samples are shown in the inset of Fig. 5, indicating that they are mainly in the range 
of 2–60 nm, which further confirms the presence of micro- and meso-pores. 
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Fig. 5. Nitrogen adsorption–desorption isotherms and the corresponding pore size distribution 

curves (inset) for samples: a) N-3, b) N-4.5, c) N-6.5, d) N-10 and e) N-12.5. 

The parameters for the pore structure for all samples including the total sur-
face area from BET and t-plots, total pore volume from BET and BJH methods, 
microporosity, mesoporosity, and the average pore diameter are listed in Table II. 

TABLE II. Porosity structures and positions of synthesized boehmite samples 
Sample 
name 

Stotal
a 

m2 g-1 
Stotal

b 
m2 g-1 

Vp
c 

cm3 g-1 
Vp

d 
cm3 g-1 

Vmic
e 

cm3 g-1 
Vmes

f 
cm3 g-1 

Vmac
g 

cm3 g-1 
Dp

h 
nm 

N-3 65.4 83.7 0.50 0.51 0.053 0.445 0.001 15.5 
N-4.5 54.6 71.3 0.42 0.43 0.021 0.399 0.000 13.1 
N-6.5 46.9 62.8 0.24 0.24 0.016 0.224 0.000 7.2 
N-10 99.4 136.1 0.80 0.81 0.048 0.751 0.000 11.4 
N-12.5 131.0 175.4 1.24 1.23 0.078 1.159 0.003 19.2 
a Total surface area from the BET method; b total surface area from t-plots; c total pore volume 
from the BET method; d total pore volume from the BJH method; e microporosity; f mesoporosity;  
g macroprosity; h average pore diameter
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The sample obtained at neutral pH (6.5) had the lowest surface area, pore 
volume, and average pore diameter, and all these characteristics increased with 
increasing of pH. The AlOOH synthesised at pH 12.5 showed a significant 
broadening of the pore size distribution and an increase in the pore size. More-
over, the N-12.5 sample exhibited a high specific surface area of 131 m2 g–1 and 
a large pore volume of 1.24 cm3 g–1. In general, larger specific surface area and 
pore volume are favourable for many applications, such as catalysis.48–50 

CONCLUSIONS 

A new and facile solvothermal method was successfully utilized to produce 
different boehmite nanostructures with crystallite sizes of 9.3–20.5 nm, surface 
areas of 46–131 m2 g–1, and pore volumes of 0.24–1.24 cm3 g–1. The most 
significant aspect of the present study was that AlOOH powders could be pre-
pared at different pH levels with controlled sizes. The results showed that 
AlOOH synthesized at pH 3 was a nanostructure with several nano-sized layers. 
Nevertheless, with increasing pH from 4.5 to 12.5, the size of particles grew from 
35 to 542 nm. The sample synthesized at pH 12.5 showed a high surface area and 
large pore volume. It is believed that such ordered boehmite particles could have 
a wide range of potential applications, such as catalysis and adsorption. 
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И З В О Д  
НОВИ ПРИСТУП СИНТЕЗИ И РАСТ НАНОКРИСТАЛНОГ AlOOH 

СА ВЕЛИКОМ ЗАПРЕМИНОМ ПОРА 

FARHAD SALIMI1, MOZAFFAR ABDOLLAHIFAR1,2, POURIA JAFARI1 и MASOUD HIDARYAN1 

1
Department of Chemical Engineering, College of Science, Kermanshah Branch, Islamic Azad University, 

Kermanshah 67131, Iran и 
2
Department of Chemical Engineering, National Taiwan University, 

Taipei, 106, Taiwan 

У овом раду је успешно синтетизован наноструктурни AlOOH солвотермалном 
методом на 180 °C. Детаљно је испитиван утицај pH раствора (3, 4,5, 6,5, 10 и 12,5) на 
својства синтетизованих узорака, при чему је етанол коришћен као растварач, а NaOH 
за подешавање pH раствора. За карактеризацију узорака коришћени су инфрацрвена 
спектроскопија са Фуријеовом трансформацијом (FTIR), рендгенска дифракциона ана-
лиза (XRD) и скенирајућа електронска микроскопија (FESEM). Вредности специфичне 
површине, као и расподела величина пора и структура пора добијених узорака, одре-
ђене су адсорпцијом/десорпцијом азота и анализиране у зависности од pH вредностима 
раствора. FESEM микрографије су показале да су добијени наноструктурни производи и 
да AlOOH наночестице расту са повишењем pH од 4,5 до 12,5. Структурна карактери-
зација је показала да су добијени узорци AlOOH добро дефинисане кристалне структуре, 
са кристалима димензија 9,3–20,5 nm. Бемит добијен при почетној pH 12,5 има велику 
специфичну површину од 131 m2 g-1 и велику запремину пора од 1,24 cm3 g-1.  

(Примљено 13. јула, ревидирано 9. новембра, прихваћено 14. новембра 2016) 
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