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Abstract

In the present investigation, γ-alumina nanoparticles with high specific surface area (351 
m2/g) and relatively narrow pore size distribution was prepared using sol-gel method in the
presence of aluminum isopropoxide as an aluminum precursor, distilled water, acetic acid as
hydrolysis rate controller and tert-butanol as solvent.

The calcined γ-alumina nanoparticles were characterized using X-ray diffractometer (XRD), 
scanning electron microscope (SEM) and nitrogen adsorption-desorption techniques.

Prepared γ-alumina was tested for the adsorption of Pb2+ from aqueous solution at toxic

metal concentrations, and isotherms were determined. The Pb2+ adsorption performance of the
as-prepared samples was studied by atomic adsorption spectroscopy (AAS) method.
According to the results, the prepared γ-alumina showed the great adsorption performance of 
Pb2+ with a high adsorption rate and adsorption capacity of 1150 mg/g when the adsorption
reached to equilibrium for 5 min at room temperature and pH=5.5. The adsorbed amount
increased rapidly with pH variation from pH 3 to 9. The optimum contact time, initial
concentration of adsorbate, adsorbent mass and pH were determined and Langmuir, Freundlich
and Tempkin adsorption models were obtained using metal ions concentrations in ranging from
100 to 400 mg/L. Correlation coefficients (R2) of Langmuir, Freundlich and Tempkin adsorption
isotherms were 0.9994, 0.9975 and 0.9982, respectively, and Langmuir isotherm was more
suitable for adsorption on γ-alumina than others. Also presence of Pb2+ ions has been confirmed
by infrared spectroscopy.

Efficient synthesis strategy, exceptionally high specific surface area and high adsorption
efficiency of these mesoporous γ-alumina nanoparticles showed an excellent ability to remove 
Pb2+ heavy metal ions from aqueous solution that could find potential utility in the purification of
polluted water.
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1. INTRODUCTION
Adsorption performance of different alumina compounds, especially α-alumina, was 

investigated in many researches and various results have been reported, but properties of γ-
alumina have been studying less than the others. A variety of conditions are affecting on adsorb
behavior such as method of preparation, morphology and crystallinity of the used adsorbent, the
type of adsorbent and etc. [1]. it could be noted that of the needs of a suitable solid adsorbent
high specific surface area of its particles, controlled dimensions of particles, high capacity of
heavy metals adsorption, high speed adsorbent restoration and low manufacturing cost also
various factors such as type and concentration of adsorbates, type and concentration of
adsorbent, time and temperature while stirring adsorption, pH of solution affected on the

adsorption rate.
Nowadays the preparation of nanostructures has gained significant importance with phase

characteristics, size and shape of the particles and the controllable crystallinity, using methods
such as hydrolysis, thermal decomposition, chemical vapor deposition, sol-gel, etc. [2 and 3].
Wang et al. [4] prepared alumina nano fibers by hydrolyzing aluminum nitrate in the presence of
hexamethylenetetramine. Rajendran and Bhattacharya [5] used the sol-gel emulsion method to
obtain thermally stable alumina spheres with diameter less than 1 mm.

Vallet-Regí et al. [6] used the spray pyrolysis method and Károly and Szépvölgyi [7] used
thermal plasma to obtain hollow alumina spheres with diameter less than 100 μm. 
Single crystalline nanorods were prepared by Y.J.Zhu et al. [8] using thermal decomposition of
boehmite precursor. Also in the other research, H.Y.Zhu et al. [9] synthesized γ-alumina nano 
fibers from aluminum hydrate colloids using polyethylene oxide surfactant. Shen et al. [10]
developed a simple solid-phase method for the synthesis of high quality boehmite and γ-alumina 
nanorods. Palkar [11] obtained porous spheres of γ-alumina with 0.5 mm diameter using the sol-
gel process. Also Santos et al. [1] provided macro pores γ-alumina based on gel process with or 
without presence of porosity maker particles such as soot and sawdust.

Ji et al. [12] produced meso porosity alumina, with high specific surface area using the
precursor of tri-sec-butoxide aluminum. By the similar raw material, Valente et al. [13] produced
γ-alumina and Ki-Won Jun et al. [14] prepared the γ-alumina activated by silica and Woodfield 
et al. [15] synthesized the meso pore γ-alumina. Rezaei et al. [16] produced nanocrystalline γ-
alumina with sucrose surfactants and showed increasing of the specific surface area and particle
size reduction of resulted γ-alumina. However, Liu et al. [17] did not use surfactants due to the
thermal instability, environmental risks and the high price in the preparation of γ-alumina. 

Peng et al. [18] produced γ-alumina with a specific surface area of 158 m2/g with a chemical
deposition process at room temperature in an aqueous solution using ammonium bicarbonate and
various aluminum mineral salts. Jun et al. [19] and Zhai et al. [20] also synthesized γ-alumina 
particles in the same way and using low-cost aluminum nitrate and aluminum chloride,
respectively, but the relatively high and useful specific surface area for the adsorption process
was not found.

Various properties of alumina adsorption were studied much less in comparison with other
adsorbent materials, yet. Mahmoud et al. [21] using a commercial alumina with specific surface
area of about 155 m2/g, to investigation of heavy metal adsorption process and found to
maximize the adsorption capacity 29 mg/g. Providing γ-alumina from sodium aluminate derived 
from scrap aluminum, as a cheap precursor by precipitation with sulfuric acid is performed by
Asencios et al. [22]. After calcination in 773 k γ-alumina was obtained, and it was used for the 
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adsorption of cadmium, zinc and lead heavy metals from aqueous solutions. Bhaumik et al. [23]
have prepared meso pore γ-alumina with specific surface area of about 250 m2/g and 2-10 nm
particle diameter using sodium salicylate and have studied its ability to adsorb arsenic by it.
Mousavi Zavvar et al. [24] also used γ-alumina obtained by solvent burning for the Zn heavy 
metal adsorption and reached to maximum adsorption capacity 58 mg/g. Yu et al. [25]
investigated the impact of environmental conditions on the adsorption behavior of 63Ni(II) on the
surface of commercial γ-alumina, in their study.

In the present study, it is focused on γ-alumina nanoparticles preparation based on sol-gel 
method at low temperature with specific surface area higher than 350 m2/g, high pore volume
and well defined narrow pore size distribution for Pb2+ adsorption. This research was also
emphasized on using almost cheap raw materials with accepted level of purity.

2. EXPERIMENTAL PROCEDURE
2.1. Starting Materials

Preparation of the good quality γ-alumina nanoparticles was done by sol-gel method from almost 
cheaper raw materials without environmental pollution which has a high purity. Aluminum isopropoxide
alkoxide as aluminum precursor instead of aluminum inorganic salt will produce γ-alumina powder with a 
higher specific surface area. On the other hand, this material is cheaper and easily available rather than
many other alkoxides such as tri-sec-butoxide aluminum. Aluminum isopropoxide (AIP,
Al(OCH(CH3)CH3)3, >98.0% wt%, MERCK Art. No.801079), tert-butanol ((CH3)3COH, >99.0% wt%,
MERCK Art. No.822264), and acetic acid (AA, CH3CO(OH), >63.0% wt%, MERCK Art. No.62) were
used as starting materials. In all preparations distilled water was used.

All solutions for the Pb heavy metal sorption experiments were prepared using Lead nitrate salt
(Pb(NO3)2, ≥ 99.5% wt%, MERCK Art. No.107398). The aqueous solution initial pH was adjusted to
the desired value using negligible amount of 0.01 or 0.1 M nitric acid (HNO3, ≥65.0% wt%, MERCK Art. 
No.100443) or ammonia (NH3, ≥25.0% wt%, MERCK Art. No. 105432) solution.  

All Materials were of analytical grade reagents and used as received without further purification. All
glassware was cleaned with nitric acid, rinsed thoroughly and dried before use.

2.2. Synthesis of γ-Alumina 
All experiments were conducted under air atmosphere. Aluminum isopropoxide was used as an

aluminum precursor, acetic acid as hydrolysis rate controller and tert-butanol as solvent during synthesis.
The weight ratios of reactants AIP: Solvent, AIP: H2O, and AIP: AA were 1:60, 1:1, and 40:1 during
processing, respectively. Initially, 3 g (15 mmol) of AIP was added to tert-butanol solvent to 0.065 molar
AIP solution was prepared, under continuous and vigorous magnetic stirring at room temperature for 3 h
until all AIP particles dissolved. Then, the mixture of 0.07 ml (1 mmol) acetic acid and 3 ml (166 mmol)
distilled water was added drop-wise into the above solution. The solution was magnetically stirred for 3 h
for completion of hydrolysis.

In all time the reaction, solution was stirred at 150 rpm to form a uniform product. On completion of
addition of two solutions together, the final solution was placed in a glass vessel at room temperature for
24 h resulted in formation of the gel material. Finally, the gel was dried in an oven at 120°C for 6 h in
flow of air. Obtained white dry gel, was pulverized and passed through a 70 mesh sieve to the next test to
be done on it.

Heat treatment for powder calcination was took place in a normal environment, using a laboratory
chamber furnace which equipped with thermal string of silicon carbide and the ability to reach 1500°C
maximum temperature. The sample was poured in an alumina crucible and was heated to 600ºC with
ramp rate of 2ºC/min and was maintained in that temperature for 6 hours so that obtained γ-alumina white 
powder after slow and gradual cooling in the furnace. A ramp rate of 2°C/min was used to (1) avoid rapid
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dehydration to ensure uniform pore construction and (2) ensure uniform heat transfer to achieve better
homogeneity and avoid rapid grain growth [15].

Reactivity of precursors depends on the chemical properties of them [26]. Aluminum isopropoxide is
sensitive to moisture and even air moisture is sufficient for the start of hydrolysis reaction. The performed
final reaction at low temperature is shown in follow:

Al(OR)3 + 2H2O  AlO(OH) + 3R(OH)
In this reaction, R is the propyl group (–C3H7). Accordingly, the hydrolysis reaction is done

completely, due to high water content and high tendency of the aluminum isopropoxide to
reaction with water. Using of aluminum isopropoxide precursor in solution, propylene glycol is
formed as a by-product of the reaction as expected, in this research. But this compound is
decomposed and came out of the system during calcination of prepared powder; without
undesirable effects on the final product.

2.3. Adsorption essay
Uptake solutions in initial concentrations of 100, 200, 300 and 400 mg/L of bivalent Pb2+

adsorbate in distilled water were prepared from the Pb(NO3)2 salt precursor.
The samples were taken as control sample from these solutions, before beginning the study

of adsorption. 500 ml of solution were mixed with a certain amount of prepared γ-alumina 
nanoparticles powder in certain conditions, to investigate the process of adsorption. Mixing
operation was taking place in a clean glass jar on a magnetic stirrer (Heidolph MR 3001 K).

The adsorption isotherms were obtained under favorable conditions for the adsorption of
Lead, in contact time (adsorbate/adsorbent) of 3, 5, 10, 20, 30, 60 and 120 minutes, magnetic
stirring at 300 rpm, adsorbent mass in solution = 0.02, 0.04 and 0.06 g/L, initial pH of Lead
solution = 3 to 9 and all solutions at room temperature (approximately 293 K).

Heavy metal concentration in final solution was measured using atomic absorption
spectrometry and the heavy metal adsorption and adsorption capacity per unit mass of adsorbent
were calculated by comparing that with the initial concentration. After adsorption process, solid
and liquid phases (adsorbate/adsorbent) were separated by centrifuging at 5000 rpm for 30 min
then filtration by Whatman filter paper and dried at room temperature, finally. The resulting
precipitate was pulverized and passed through 70 mesh sieve until the experiments to be
performed on them.

2.4. Characterization
2.4.1. X-Ray Diffraction (XRD)

Phase identification and crystallinity of the sample was done by X-ray diffraction using
Siemens D-500, semi-automatic, at room temperature with Cu-Kα radiation. The sample
diffraction intensity is measured in the Bragg angle (2θ) range between 20-80°, a second
residence time per step and 0.02 degrees of step size for each point. The data are collected with
sample rotation. It is noteworthy that Cu-Kα radiation was obtained from a copper X-ray tube
operated at 30 kV and 25 mA (λ= 1.5404 Å). Obtained phase were identified by comparing the 
diffraction angle of XRD peaks with the corresponding intensity values in the ASTM cards and
PANalytical X'pert High Score Plus software, 2.2b version by 2006-11-01 release date. The full
width at half maximum (FWHM) is determined accurately after correcting for instrument
broadening and the particle size is then estimated by using Scherer equation in nanometer [27]:

DXRD= (1)
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λ is the wavelength of the incident radiation, β is the full width of diffraction peak at half 
maximum intensity (FWHM) and θ is the diffraction angle. This equation can be used when the 
crystalline particle size is less than 1000 Å. Calculated particle size using this method is
estimated and applying the correct ratio can be improved the accuracy of this method. In order to
determine the particle size, the peaks of the pages with the maximum intensity were used, due to
they have the clear and appropriate separation than the other peaks. Distance values between the
crystal plates have been calculated by the equation (2), known as Bragg's law.

nλ=2dsinɵ                          (2) 

2.4.2. Nitrogen Gas Adsorption/Desorption
The specific surface area, the total pore volume, the average and distribution of pore

diameter of the calcined sample was measured using a nitrogen gas adsorption/desorption
isotherm from the curve data at liquid nitrogen temperature (77.4 K), using a Belsorp instrument
(mini-ΙΙ version). The pore volumes were determined at a relative pressure P/Po= 0.99. Specific
surface areas were calculated using the Brunauer-Emmett-Teller (BET) equation, at P/P0 range
between 0.05-0.35. It should be noted that P is partial pressure in the adsorbed gas in equilibrium
at 77.4 K by Pascal, and Po is the partial pressure in the adsorbed gas in experimental conditions
by Pascal. Pore size distribution of the sample obtained employing the Barrett-Joyner-Hatenda
(BJH) model (N2 gas adsorption on silica as reference). The as-prepared sample was degassed at
150°C in a vacuum flow for 12 h to remove the water and any impurities physisorbed on the
solid surface. In this study, adsorption is usually expressed by the isotherms which are equivalent
to the amount of adsorbed material on the surface of the adsorbent [28]. The contrary, desorption
isotherms are obtained by measuring the amount of desorbed gas. Isotherms of Ι, ΙΙ and ΙΙΙ type 
is usually reversible, but Ι type could have a hysteresis loop. The hysteresis loop also can be seen 
in the type of ΙV and V. The hysteresis loop indicates on the presence of meso pores in the 
material and helps to achieve some information about the geometry of the pores. Assuming
sphericity and same size of the particles, the measured specific surface area for the sample in
crystallite forms was converted to equivalent particle size according to the equation (3) [29]:

DBET= (3)

DBET is the average particle size by nm, SBET is the specific surface area expressed in m2/g
and ρ is the theoretical density expressed in g/cm3.

2.4.3. Scanning Electron Microscopy (SEM)
The SEM images were obtained with a CAMBRIDGE-S360 scanning microscope operated

at an acceleration voltage of 20 kV and were used to study the surface of the adsorbent. To
prototyping, powder samples were suspended in acetone to form a dilute suspension. One to two
drops of the suspension, that its container was in the ultrasonic device, were dropped on clean
glassy plates. After drying, the plates were used to produce microscopic images.

2.4.4. Fourier Transform Infrared Spectroscopy (FTIRs)
Infrared spectroscopy is an important tool in the identification of the functional groups that

may be present in different substances. FTIR spectra of samples dispersed on KBr disks were
recorded at room temperature using Perkin Elmer spectrometer (Spectrum 400, United States)
over the range of 4000 to 400 cm−1 at a resolution of 4 cm−1 and 30 scans for each run. Disks
were dried at 373K for 24 h prior to recording the FTIR spectrum.
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2.4.5. Atomic Absorption Spectroscopy (AAS)
The initial and final concentrations of used heavy metal in the adsorption experiments were

determined using atomic absorption spectroscopy (GBC932 Plus) that provided with hollow
cathode lamp for Lead (λ= 217.0 nm). Ensuring the results analysis, the test is repeated triplicate 
for each sample and the average of them was reported as the concentration of the solution.

In the study of adsorption process two fundamental and affecting factors are introduced [30].
The first factor is the amount of adsorbed heavy metal onto the adsorbent material per unit mass
of adsorbent which is defined by the follow equation:

(4)

where Ci and Cf are the initial and final concentration of the adsorbent in solution (mg/L)
respectively, V is the solution volume containing heavy metal ions (Pb2+) in liters, m is the
adsorbent mass (γ-alumina) in grams and qt is the adsorption capacity (mg of adsorbate/g of
adsorbent).

Another factor is removal percentage that is defined as follow:

(5)

Reaching equilibrium, when the adsorption and desorption rate on the absorbent was equal,
and there isn't any significant change in heavy metal ions concentration of the solution; qe (mg/g)
and %Removal are defined as the amount of adsorbed heavy metal onto the adsorbent per unit
mass of adsorbent and removal percentage in the equilibrium state, respectively.

2.4.6. Adsorption Isotherms
Adsorption isotherms are offering quantitative relationships between the amount of the

adsorbate on the surface of a solid material and concentration of that in the solution phase at a
given temperature which investigation of them, is one of the most important ways to introduce a
suitable adsorbent to heavy metals removal, in the adsorption process [22].

Langmuir, Freundlich and Tempkin isotherm models that are more use than other models are
used in this study.

2.4.6.1. Langmuir Isotherm
This model based on the assumption that all adsorption active sites are equivalent and is

homogeneous in terms of energy and has the same adsorption action [22]. In addition, adsorption
is restricted to a monolayer and there are no lateral interactions between adsorbed molecules.
The linearized related to this isotherm is represented by the following equation:

(6)

Ce is the concentration of remaining adsorbate in solution at equilibrium (mg/L), qe is the
amount of adsorbate per gram of adsorbent at equilibrium (mg/g), qmax (mg/g) and b (L/mg) are
Langmuir constants related to the maximum adsorption capacity and adsorption energy,
respectively.

In linear curve of versus Ce, values of and are slope and intercept, respectively;

which the Langmuir constants is calculated using them. The essential characteristic of Langmuir
equation is prediction whether an adsorption system is ‘favorable’ or ‘unfavorable’ could be
expressed by dimensionless constant called equilibrium parameter RL, which is defined from the
following relation [25]:
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RL = (7)

b is Langmuir constant (L/mg), and C0 is the initial concentration of adsorbate in solution
(mg/L).

As described by Hall et al. [31], RL values indicate the shape of isotherm: (1) unfavorable
(RL > 1), (2) linear (RL = 1), (3) favorable 0 < RL < 1, and (4) irreversible (RL = 0).

2.4.6.2. Freundlich Isotherm
This isotherm based on the assumption that the adsorbing surface is energetically

heterogeneous and consisting of adsorption sites of various energies [22]. The linearized form of
the Freundlich equation is as follows:

Lnqe = LnKf + LnCe (8)

qe is the amount of adsorbate per gram of adsorbent at equilibrium (mg/g), Ce is the
concentration of remaining adsorbate in solution at equilibrium (mg/L), Kf and n are Freundlich
constants related to the adsorption capacity (mg/g) and adsorption intensity (g/L), respectively.

In linear curve of Lnqe versus LnCe, values of and LnKf are slope and intercept,

respectively; which the Freundlich constants is calculated using them. is a dimensionless

constant between zero and one, which n=1 represents the completely linear behavior between
adsorption capacity and concentration of remaining adsorbate in solution at equilibrium.
Whatever the value of n is more than 1 indicates that highly adsorption occurs in the high
equilibrium concentration.

2.4.6.3. Tempkin Isotherm
Tempkin isotherm is given as [24]:

(9)

It can be expressed in the linear form as:
(10)

Ce is the concentration of remaining adsorbate in solution at equilibrium (mg/L), qe is the
amount of adsorbate per gram of adsorbent at equilibrium (mg/g), KT is the equilibrium binding
constant corresponding to the maximum binding energy (mg/L) and constant B is related to the
heat of adsorption (L/g). The isotherm constants are determined using curve of LnCe versus qe,
which B and KT are calculated using slope and intercept, respectively.

3. RESULTS AND DISCUSSION
3.1. X-Ray Diffraction

The crystalline nature of the γ-alumina prepared with aluminum isopropoxide in presence of
tert-butanol alcoholic solvent was studied by X-ray diffraction. The resulting pattern in high-
angle diffraction is shown in figure 1. According to this figure and using the X'pert software, the
three main reflections of γ-alumina phase are clearly observed as broad peaks at 2θ angles around 
37°, 46°, and 66° which correspond to the [311], [400] and [440] planes respectively, are
according with JCPDS PDF No. 001-1308 and indicate that transformations occurred from the
boehmite phase to γ-alumina after calcination. The diffraction peaks observed in the XRD 
pattern were broad, because the crystallites were very small. Such a size indicates to their partly
weak crystalline nature in the prepared γ-alumina. It should be noted that no peak of other phases 
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of alumina is recognizable in the diffraction pattern of prepared sample and the γ-alumina phase 
is the only detectable phase.

The calculation was done for prepared γ-alumina based on Scherrer equation in the [440] 
planes with the most intensity of diffraction and 2θ angle value of 66° that the average particle
size (DXRD) was 5.4 nm. The prepared sample had nanometer structure due to less than 100 nm
size of the particles. Since the d-spacing could be considered a measure of the distance between
layers in a crystal structure, the values calculated by the Bragg's law for the above peaks of the
prepared sample XRD pattern are 0.239 nm, 0.198 nm and 0.141 nm, respectively that indicates
the decrease in this distance and thus reduction of the structure lattice parameter with increasing
X-ray diffraction angle.

Fig. 1: X-ray diffraction pattern at high angles diffraction for prepared γ-alumina

3.2. Textural Properties
Textural properties of BET analysis consist of particles specific surface area, total pore

volume and average pore diameter and also average particle size of the γ-alumina prepared via 
sol-gel method using aluminum isopropoxide in presence of tert-butanol solvent and acetic acid
catalyst are presented in table 1.

Table 1: Textural properties of prepared γ-alumina 

Average particle

size (nm)

Average pore

diameter (nm)

Total pore

volume (cm3/g)

Specific surface

area (m2/g)

5.3412.431.09351
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The nitrogen adsorption/desorption isotherm of the sol-gel derived γ-alumina is shown in 
figure 2. According to IUPAC classification, the obtained isotherm for this sample is
characterized as V type. This isotherm has been extended in almost flat and stretched condition
until reach high relative pressures, which is the characteristic of meso porosity solids. In
addition, the significant mutation occurs in the curve at high relative pressures of about P/P0 =
0.9, which indicates presence of some macro pores in the structure of the sol-gel derived sample.

The shape of the hysteresis loops can be correlated with the change in pore structure, which
in this case can be a phase transformation from boehmite to γ-alumina with different 
morphologies [28]. In this study, hysteresis loop for prepared sample occurred at a relative
pressure range of P/P0 = 0.4-0.98. It is H1 type that adsorption and desorption branches has
parallel mode completely, so the most of pores are in cylindrical shape. The ultimate amount of
adsorbed nitrogen by the sample is more than 600 cm3/g, indicating presence of large volume
pores.

Fig. 2: Nitrogen adsorption/desorption isotherm for prepared γ-alumina

Pore size distribution of prepared γ-alumina obtained employing the BJH model is shown in 
figure 3. It indicates on relatively narrow uniform distribution of micro and mesopores with 1-10
nanometer sizes in the sample, which the related maximum peak is seen in 2.1 nm. It is
noteworthy, based on done research a narrow pore size distribution in the range of 1 to 10 nm of
interest for both adsorption and catalytic applications [28].
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Fig. 3: BJH model of prepared γ-alumina

3.3. Morphology
Figure 4 shows the SEM image of the prepared γ-alumina sample which it has spongy 

structure and small particle sizes. These results are in good agreement with the crystallite sizes
which are estimated by XRD and BET data. The SEM image shows a regular and porous
morphology of prepared nanometer γ-alumina sample with different pore sizes and shapes. 

Fig. 4: SEM image of prepared γ-alumina (×15000)

3.4. Proposed Mechanism for The γ-Alumina Nanoparticles Formation with High Specific 
Surface Area

A sol-gel transfer reaction between precursor and solvent molecules may eventually affect
the cross-linking mechanism in void regions of different sizes within the gel network.

In the present study, sol particles of boehmite form as a result of hydrolysis and
condensation reactions. The slower hydrolysis and the faster condensation lead to formation of
polymeric chains with high cross-linking and branching [32]. The enhanced cross-linking in the
gel network resulted in larger voids regions which is agree with the observed higher specific
surface area, the larger total pores volume, and the significant mesoporosity of the final products.
On the other hand, discontinuity of the gel network may be referred to encapsulating of the sol
particles of boehmite in the primary solution during drying process and solvent evaporation.
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In these conditions, the specific surface area of prepared γ-alumina depends on the extent of 
aggregation and dissolution of gel grains; so that aggregation of the gel grains lead to the
formation of γ-alumina nanoparticles with higher specific surface area, and dissolution and 
decomposition of them bring formation of γ-alumina nanoparticles with lower specific surface 
area [33].

Intergrowth of the boehmite sol particles in the gel network occurred through hydrogen
bonding and interspacing, in which alcohol as a solvent affected on the particle size and specific
surface area, so that the specific surface area decreases with increasing of chain length of used
alcohol, which could be caused by increasing pore sizes of the corresponding sample [34].

In acidic conditions, the encapsulated alkoxide particles decomposed upon calcination and
resulting in further porosity, which may explain the formation of γ-alumina nanoparticles 
prepared from alkoxide. This mechanism supports the formation of mainly mesopores of smaller
average diameter and the absence of noticeable amount of macropores in prepared γ-alumina 
nanoparticles, in presence of tert-butanol as a solvent. In this sample, pores were homogeneous
and the final aggregates were ordered. This may be referred to the formation of small and
homogeneous sol particles of the boehmite precursor.

Acetic acid plays some crucial role in controlling the microstructure of γ-alumina 
nanoparticles due to moderate boehmite particle growth speeds in different modes. That is
probably through its selective adsorption on high-energy faces of boehmite particles during the
aging process [35]. In these conditions, high energy levels would not be available for growth and
therefore crystal growth speeds are significantly reduced because of the strong interaction
between CH3COO groups of acetic acid and high energy levels of boehmite particles. On the
other hand, due to gradually nucleation of boehmite during the aging process where no
adsorption of acetic acid takes place; energy levels minimized and boehmite nanoparticles with
specified morphology is formed.

3.5. Adsorption studies: Lead removal by prepared γ-alumina nanoparticles
3.5.1. Effect of Contact Time

The adsorption of Pb heavy metal on γ-alumina as a function of contact time was 
investigated at primary concentration of 200 mg/L of Pb, pH value of 5.5±1 and temperature of
293±2 K with adjusted shaking 300 rpm, during times of 3, 5, 10, 20, 30, 60 and 120 minutes.
The heavy metal ions adsorption took place by the γ-alumina nanoparticles at the first 5 minutes 
of reaction as figure 5 shows which represents a high-speed adsorption process. All the places
were empty in the early stages of the adsorption and rapid diffusion of Lead ions occurs from the
aqueous solution to the outer surfaces of the γ-alumina nanoparticles. In the next step, low rate 
adsorption of these ions is due to long-distance diffusion of them into the internal pores of γ-
alumina nanoparticles.
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Fig. 5: Effect of contact time with γ-alumina nanoparticles on concentration decreasing of Pb2+ ions
(rpm=300, pH=5.5, T = 293 K)

According to figure 6 can also be found that Pb2+ ion uptake is reached a maximum value, per
unit mass of adsorbent material (adsorption capacity) after 5 minutes and equilibrium mode is
obtained and then no significantly increase is seen with increasing contact time until 120
minutes.

Fig. 6: Effect of contact time with γ-alumina nanoparticles on adsorption capacity of Pb2+ ions
(rpm=300, pH=5.5, T = 293 K)

3.5.2. Effect of Initial Concentration of Adsorbate
Figure 7 shows adsorption capacity in initial concentrations of 100, 200, 300 and 400 mg/L

of Pb2+ ions as a function of time. As seen up to a concentration of 400 mg/L of Pb2+ ions,
adsorption is done from solution on the surface of the γ-alumina nanoparticles, completely. Also 
can be concluded that after 5 minutes of the process, variation in concentration is negligible and
Pb adsorption process rate by γ-alumina nanoparticles has been equal with desorption speed. 
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The results show that adsorption capacity in the solution increases with an increasing amount
of initial concentration of heavy metal ions. Indeed, with a higher initial concentration, driving
force is creating to overcome all the obstacles transfer heavy metal ions, between the solution
and solid phase [36].

It is noteworthy that in the subsequent experiments the primary concentration of 200 mg/L of
Pb was chosen as the initial concentration to investigate the effect of other factors on the uptake.

Fig. 7: Effect of contact time and initial concentration of Pb2+ ions on adsorption capacity
(rpm=300, pH=5.5, T = 293 K)

3.5.3. Effect of Adsorbent Mass
The effect of different concentrations of adsorbent on Pb heavy metal adsorbtion onto the γ-

alumina nanoparticles was investigated in different times. According to the figure 8 for 0.02,
0.04 and 0.06 g/L of γ-alumina nanoparticles adsorbent in balance conditions, adsorption 
capacity of Pb2+ ions are 1150, 500 and 300 mg of Pb per gram of adsorbent γ-alumina 
nanoparticles and removal percentage are 11.5, 10 and 9%, respectively.

It was found that increasing the amount of adsorbent material reduced removal percentage of
heavy metal ions; because more amount of adsorbent material caused reducing the contact area
due to agglomeration of particles and overlap of active adsorption places.

As the figure shows the adsorption capacity is reduced with increase in the amount of
adsorbent. Because it increased collisions between particles, thus particle aggregation and
reduction of adsorbent specific surface area occurs. Also, increasing the amount of adsorbent, by
increasing competition between the adsorbent particles, caused to reduction of adsorption
capacity; that all of the above is justified by the 4 equation.

Above reviews indicate that the amount of adsorbent cannot be increase surface contact
between metal ions and the adsorbent surface, infinitely. So to reduce the cost of doing
adsorption process in various steps, suitable amount of adsorbent should be determined
proportional to the initial concentration of adsorb and adsorption capacity, primarily.
Accordingly, in this study, the 0.02 g/L of γ-alumina nanoparticles adsorbent was used as the 
optimal value in each of the studies.
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Fig. 8: Effect of contact time and adsorbent mass on adsorption capacity of Pb2+ ions
(rpm=300, pH=5.5, T=293 K)

3.5.4. Effect of pH Values
In this part, the role of pH has been investigated to heavy metals removal. For this purpose,

by using a solution of nitric acid and ammonia, initial pH of the aqueous solution under constant
conditions such as the amount of adsorption and adsorbent was set from 3 to 9, in a range from
acidic to alkaline environment. Adsorption capacity and removal percentage of Pb2+ ions in
aqueous solution in 3 to 9 pH is shown in figures 9 and 10, respectively. As seen after 5 minutes
in different pH, adsorption has stabilized nearly and adsorption process has reached to
equilibrium.

Fig. 9: Effect of contact time and aqueous solution pH on adsorption capacity of Pb2+ ions
(rpm=300, adsorbent mass=0.02g/L, primary concentration of Pb2+ ion=200mg/L, T=293 K)
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At the basic pH, the OH− on the surface of nano structured γ-alumina provides the binding 
cations ability. The decrease of pH leads to the neutralization of surface charge, and OH− is
displaced from the surface. When the surface of γ-alumina nanoparticles carries negative 
charges, it facilitates to adsorb cations. The heavy metal removal percentage curve can be
divided into three regions as figure 10 shows: (1) gradually increasing of the Pb adsorption from
about 1% to 7.5% when the pH of the solution increases from 3 to 5 (region I); (2) in region II,
the adsorption of Pb increases sharply on γ-alumina from 7.5% to 24% in the pH region of 5 to 7; 
and (3) from pH 7 to 9, Pb is adsorbed gradually with a decreasing steep from 24% to 29.5%
(region III).

Fig. 10: The effect of aqueous solution pH on Pb2+ removal percentage
(rpm=300, adsorbent mass=0.02g/L, primary concentration of Pb2+ ion=200mg/L, T=293 K)

Referred areas indicate on existence of different mechanisms for the adsorb process.
Selective adsorption of Pb2+ions by γ-alumina nanoparticles is due to the specific characteristics 
of Pb2+ ions that can be seen more in a specified pH range. Figure 11 shows the relationship
between the relative amount of Pb2+ ions with pH in aqueous solution and the presence of Pb in
the forms of Pb2+, Pb(OH)+, Pb(OH)2, Pb(OH)3

-, and Pb(OH)4
2- in different pH values [37].

According to this figure can be seen that Pb2+ ions are the main component of in aqueous
solution up to approximately pH=7. Pb(OH)+ positively charged factor is stable in the range of
pH=5-11.5 and at about pH =8.5 reaches to a maximum. While bivalent Pb2+ hydroxide
(Pb(OH)2) began to deposit from pH=7.5 and reached to a maximum in pH=10.5, and is the main
component of water solution. Pb(OH)4

2- and Pb(OH)3
- negative factors are formed at above the

7.5 and 9 pH respectively and are in the solution. So it can be concluded, in the area of I, in an
acid environment and at 3 to 5 pH, since the adsorption mechanism is active only, there are
competition between the Pb2+ and H+ ions for being on the surface location and on the other hand
because of H+ ions surface of the adsorbent will be positively charged so the adsorption rate of
Pb2+ ion is low. In area of II and by increasing the pH up to 7, despite the activation of Pb(OH)+

due to increasing of factors with negative charge in surface, the adsorption rate increases. In the
area of III, the alkaline pH range and at 8 and 9 pH, a gradual increase in the adsorption of Pb on
the surface of the γ-alumina nanoparticles can be attributed to the formation of different types of 
Pb. Due to the presence dominant component of Pb(OH)+ and a minor amount of Pb2+, Pb(OH)4

2-

and Pb hydroxide factors in this area, also because of the negative charge on the surface of the
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adsorbent, both the mechanism of surface adsorption and precipitation of hydroxide phase acted
in parallel that it tends to increase the adsorption amount. It should be noted that the contribution
of adsorption mechanisms is higher compared to deposit formation mechanisms.

Accordingly, it can be found that the main Pb adsorb on the surface of the γ-alumina 
nanoparticles due to rapid and stable adsorption because of the appropriate places on the surface
of the adsorbent and thus make a strong bond with adsorption places. This means that the main
adsorption mechanism is not based on the deposition of Pb hydroxide species. Because according
to the results at low pH a considerable adsorption takes place. Although decrease in the acidic
pH can be due to competitive adsorption of H3O+ ions which their concentration increase with
pH decreasing. According to the results of previous studies in pH between 7.5 to 10, Pb
adsorption along deposit of that on the surface of the adsorbent which this could be another
reason for the significant increase of Pb adsorption in alkaline pH [38].

Fig. 11: Relative component distribution of variety of Pb as a function of pH in aqueous solution [37]

3.5.5. Adsorption isotherms
Linear graph of equivalent adsorption isotherms related to adsorption of Pb on the surface of

γ-alumina nanoparticles is shown in figure 12, in the initial concentrations of 100, 200, 300 and 
400 mg/L of Pb2+ ions at room temperature. Adsorption data were used for various isotherms,
such as Langmuir, Freundlich and Tempkin isotherms.
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Fig. 12: Linear graph of equivalent adsorption isotherms
a) Langmuir b) Freundlich c) Tempkin for bivalent Pb2+ adsorb on the surface of γ-alumina nanoparticles 

(adsorbent mass=0.02 g/L, pH=5.5, T=293 K)

There is appropriate and well match between the theoretical models and data from
experimental results according to the correlation coefficient of chart. Also, the resulting
correlation coefficient characterized that the Langmuir adsorption isotherm, is the best isotherm,
between existing models and is more compatible with the obtained results. Table 2 is presented
obtained constants coefficient from isotherm equation.

Prediction of to be favorable adsorption system or not in Langmuir model is done by
determination of RL dimensionless constants with the 7 equation. This value for bivalent Pb2+

adsorption, in the initial concentrations of 100, 200, 300 and 400 mg/L of Pb2+ ions was obtained
0.26, 0.15, 0.11 and 0.08, respectively, on the surface of the γ-alumina nanoparticles that the 
values between 0 to 1 indicate having appropriate adsorption systems.

Table 2: Langmuir, Freundlich and Tempkin parameters for the adsorption of Lead on the surface of
 γ-alumina nanoparticles 

Langmuir parameters Freundlich parameters Tempkin parameters

qmax

(mg/g)

b

(L/mg)
R2 Kf

(mg/g)

n

(g/L)
R2 KT

(mg/L)

B

(L/g)
R2

1428.57 0.028 0.9994 469.19 5.78 0.9975 1.97 197.48 0.9982
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3.6. Fourier Transform Infrared
The adsorption capacity of an adsorbent is dependent on the chemical reactivity of functional

groups at the adsorbent surface [39]. In this study, the created changes in the infrared spectrum
bands was investigated after the adsorption of Pb2+ ions by the γ-alumina powder. 

The presence of Pb2+ ions (not detected by X-ray diffraction, due to its low content) has been
confirmed by infrared spectroscopy. Fig. 13 shows the Fourier Transform Infrared (FTIR)
spectra for the γ-alumina powder recorded in KBr pellet before and after Pb2+ adsorption. There
were significant changes on FTIR spectrum of γ-alumina after interaction with Pb2+ ions.

The strong broadening band at 3800-3000 cm–1 occurs due to the hydrogen bond between the
various hydroxyl groups in the γ-alumina powder.  

Another broadening band at 1000-400 cm–1 correspond to Al–O vibration existed. The broad
–OH stretching adsorption band appeared at 3473.02 cm–1 reveals the presence of hydroxyl
groups. The adsorption band appeared at 798.84 cm–1 represents aluminum ions. These results
are in agreement with the FTIR spectrum of γ-alumina as reported elsewhere [40 and 41]. 

Comparing the FTIR spectra of γ-alumina powder before and after Pb2+ adsorption (a and b)
shows decreasing of the –OH stretching mode intensity, appearing the bending mode of Pb2+ at
586.98 cm–1 and new peaks at 2927.81 and 1384.53 cm–1 and disappearing of the three peaks at
2104.05, 1084.05 and 798.84 cm–1 after adsorption process. It is indicating that these groups
participate in the adsorption process. Also, adsorption band related to OH- groups shifted from
3473.02 cm−1 to 3492.85 cm−1 following Pb2+ adsorption.

An obvious change in the peak position and intensity at 900-500 cm−1 region in spectra of γ-
alumina powder after Pb2+ adsorption could be assigned to the formation of Pb–O and also O–
Pb–O bond. In γ-alumina powder after Pb2+ adsorption distinct peak at 586.98 cm−1 and changes
in peak position and intensity around 1100-500 cm−1 can be assigned to asymmetric stretching
vibration of Pb–O and stretching vibration of weakly bonded O2- atom with Pb2+.
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Fig. 13: FTIR spectra of γ-alumina powder a) before and b) after Pb2+ adsorption

4. CONCLUSION
The present study was successful in synthesizing porous γ-alumina nanoparticles using a 

facile sol-gel process. The prepared γ-alumina in the presence of tert-butanol as a solvent even 
after calcining process of the boehmite at 600°C had a specific surface area of 351 m2/g, a pore
volume of 1.09 cm3/g, particle size of 5.34 nm and suitable pore size distribution which are
desirable for heavy metal adsorption. This work also showed that prepared γ-alumina powder 
had the great adsorption performance of Pb2+ with a high adsorption rate and adsorption capacity
of 1150 mg/g when the adsorption reached equilibrium for 5 min at room temperature and
pH=5.5.
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