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ABSTRACT: The presence of nickel in aquatic systems due to discharge of industrial effluents is of concern because of its toxic and
nonbiodegradable nature. Its removal from water and wastewater is mandatory. Though activated carbon has been effective in
removing metallic species including nickel from water and effluents, its high cost limits its large scale application to developing
nations. The present paper addresses the removal of nickel from aqueous solutions by alumina nano particles. The adsorbent, nano
alumina powder, was synthesized in the laboratory and was characterized by X-ray diffractometry (XRD), Fourier transformation
infrared spectroscopy (FTIR), and transmission electron microscopy (TEM). The BET surface area and porosity of nanosized
alumina powder were found to be 78.79 m2 g�1 and 0.51, respectively. The initial concentration of nickel, agitation speed, and
contact time were found to affect the removal of nickel from aqueous solutions. Kinetic studies were performed and pseudofirst
order, second order, intraparticle diffusion, andmass transfer studies were carried out. The equilibrium data were analyzed by various
isotherms viz. Langmuir, Freundlich, Dubinin�Radushkevich, and Temkin and Pyzhev isotherms. Results of the present study
revealed that nano particles of alumina powder can be used for a large scale treatment of water containing Ni(II) in particular and
that of pollutant species in general.

1. INTRODUCTION

The presence of heavy metals in the environment is of major
concern because of their toxicity and tendency for bioaccumula-
tion in the food chain even at relatively low concentrations.
Because of their toxicity and various harmful effects, most of the
heavy metals have been recognized as priority pollutants and
have been reported to accumulate in the environment causing
potential short-term and long-term adverse effects to fauna, flora,
and humans.1,2 The tremendous increase in the use of heavy
metals in different industrial applications, especially over the past
few decades, has inevitably resulted in an increased amount of
“metal pollution” of water bodies. Nickel is regularly used in the
manufacture of stainless steel, coins, metallic alloys, super alloys,
nonferrous metals, mineral processing, paint formulation, elec-
troplating, batteries manufacturing, forging, porcelain enameling,
copper sulfate manufacture, and steam-electric power plants.3�5

Nickel may be beneficial as an activator of some enzyme systems
in trace amounts and is identified as participating in important
metabolic reactions; its intake in higher concentrations results in
different types of diseases such as pulmonary fibrosis, lung
cancer, renal edema, and skin dermatitis. Some nickel com-
pounds such as the carbonyls are carcinogenic and are easily
absorbed by skin.6

In view of the toxicity, wastewaters rich in nickel should be
properly treated prior to their discharge. Conventional methods
for removal of nickel from aqueous solutions include solvent
extraction, electrochemical treatment, ion exchange, chemical
precipitation, chemical oxidation/reduction, filtration, reverse
osmosis, membrane technologies and evaporation recovery.7�11

Most of the methods have their inherent merits and demerits.

Some of them are extremely expensive. A major disadvantage
with conventional treatment methods is the production of toxic
chemical sludge. The disposal/treatment of the sludge is expen-
sive and “non eco-friendly”. Comparatively, the adsorption
process seems to be a more attractive method in water pollution
control in terms of cost, simplicity of design, and operation.12

Activated carbon is a promising and widely used adsorbent for
wastewater treatment and has been successfully used for the
removal of various types of pollutants including metallic species.
However, because of high cost, its large scale application is
limited to developed nations only. A variety of waste materials,
minerals, and clays have also been used as adsorbents for the
removal of a variety of pollutants at the laboratory scale, but they
offer a very low efficiency of removal. Nanosized materials are
new functional materials, which offer high surface area and have
come up as effective adsorbents.13 Nano alumina is one of the
most important ceramic materials widely used as an electrical
insulator, presenting exceptionally high resistance to chemical
agents, as well as giving excellent performance as a catalyst for
many chemical reactions, in microelectronic, membrane applica-
tions, and water and wastewater treatment.14,15 Pure alumina
nanoparticles have been synthesized by a variety of techniques
such as controlled precipitation, ultrasonic flame pyrolysis, gel
combustion, sol�gel, and the combustion method.16 Among
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various available methods, the sol�gel method is simple and
cost-effective for the synthesis of nanosized alumina. By the
sol�gel method, the size and morphology of nanoparticles can
also be controlled.

In the present study, nano alumina was synthesized by the
sol�gel method and used for the adsorption of nickel ions from
their aqueous solutions. For the adsorption of Ni(II) from
aqueous solutions, batch adsorption experiments were con-
ducted and various important parameters affecting the removal
process were optimized. Kinetics and equilibrium studies were
carried out for a better understanding of adsorption process.

2. EXPERIMENTAL SECTION

All the chemicals used in the present study were of AR/GR
grade and were procured from Merck, Mumbai, India. Nano
alumina powder was synthesized by using the sol�gel method.
The details of synthesis of the nano alumina powder are reported
elsewhere.10 The adsorbent nano alumina was characterized by
different techniques viz. XRD, TEM and FTIR. The BET surface
area of alumina adsorbent was also determined.
2.1. Determination of pHzpc (Point of Zero Charge). pHzpc

is a fundamental property of a water/oxide interface. Determination
of pHzpc was done to investigate the surface behavior of nano alumina
powder.17,18 For determination of pHzpc, a solution of 0.01 M NaCl
was prepared, and its pHwas adjusted in the range between 2 and 12
by using NaOH or HCl. Then 50mL of 0.01MNaCl was taken in a
flask and 0.20 g of the adsorbent was added in flasks containing 0.01
M NaCl solution of different pH values. These flasks were then kept
for 48 h and after that the pHof the solutionswasmeasuredby using a
pH meter (IKON digital pH meter). A graph was then plotted
between pHfinal vs pHinitial. The point of intersection of the “pHfinal vs
pHinitial” curves represents the pHzpc of the adsorbent.
2.2. Adsorption Experiments. The adsorbent, nano alumina

powder was used for the removal of Ni(II) from aqueous
solutions and the effect of various important parameters on
removal of Ni(II) was studied. For the removal of Ni(II), usual
batch adsorption experiments were conducted. A stock solution
of Ni(II) was prepared by dissolving nickel sulfate in 1000 mL of
distilled water and this solution was used to prepare working
solutions of Ni(II) of different concentrations. The ionic
strength of the aqueous solutions was maintained at 1.0 �

10�2 M NaClO4. For batch adsorption experiments, 0.25 g of
adsorbent was added to 50 mL of aqueous solutions of Ni(II)
ions of varying concentration in 250 mL stoppered conical flasks.
All of the adsorption experiments were conducted at (25 (
0.5) �C, at a pH of the working solution and agitation rate of
100 rpm on a shaking thermostat. After the equilibrium time, the
adsorbent was separated from the aqueous phase by centrifuga-
tion at 10 000 rpm for 10 min.
The amount of metallic ions adsorbed per unit mass of the

adsorbent was determined by using the following equation:

qe ¼ ðCi � Ce=WÞV ð1Þ
where qe is the amount adsorbed per unit mass of the adsorbent
(mg 3 g

�1), Ci and Ce are the initial and equilibrium concentra-
tions of the adsorbate, respectively (mg L�1), W is the mass of
adsorbent (g), and V (L) is volume of the solution.
The percentage removal of metallic ions was calculated from

the following equation:

% removal of metallic ions ¼ ðCi � Ce=CiÞ � 100 ð2Þ
The residual concentration of Ni(II) in the supernatants were

determined by a UV�visible spectrophotometer (Spectronic 20,
Bausch and Lomb; USA) at 445 nm with a dimethyl glyoxime
(DMG) method by following the standard methods.19

3. RESULTS AND DISCUSSION

3.1. Characterization of the Adsorbent.Nanoalumina pow-
der was characterized by XRD for its phase confirmation and
determination of the diameter of the particles (figure not given).
A TEM of the adsorbent particles shows that the particles are of
nano size (Figure 1).
Surface characteristics of the adsorbent particles were investigated

by FTIR. FTIR spectra of the bare and Ni(II) loaded adsorbent are
shown in Figures 2 and 3. In nano alumina, the vibrations of OH and
Al�OH and Al�O bonds generated are observed in the infrared
region. The stretching vibration of the OH� ions of residual water
and solvent in the gel produced are indicated by a very intense broad
band at (3000 to 3600) cm�1, whereas their bending vibration
generated the band at 1632 cm�1.20

Figure 1. TEM of nanoadsorbent alumina powder.

Figure 2. FTIR of nanoadsorbent alumina powder.
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The presence of peaks in the region (3000 to 3600) cm�1 is
related to the lattice of water molecules. They indicate the
presence of moisture in the powder or KBr. The stretching
vibrations of the Al�OH bond gave rise to the band at
1555 cm�1. The weak bands observed between (1100 to
1200) cm�1 were produced by the Al�O bonds.21

There is no significant change in the FTIR of bare and Ni(II)
loaded nano adsorbent alumina powder (Figures 2 and 3) which
confirms that there is no formation of new groups between the
adsorbates and adsorbents. Plots of N2 gas adsorption�desorp-
tion isotherms, for nanoadsorbent alumina powder, are shown in
Figure 4. The surface area of the nanoadsorbent was found to be
78.798 m2

3 g
�1.

The pHzpc of nanoadsorbent alumina powder was determined
from the point of intersection of the pH initial vs pHfinal curve with

the pH initial� pH final line (Figure 5) and was found to be 7.9. In
the literature, it is reported that alumina has a hydroxylated
surface and it has pHzpc ≈ 9.2 but as alumina is calcined above
1000 �C, its pHzpc decreases.

22 Similar observations have been
observed in the present study also.
3.2. Determination of Time of Equilibrium and Optimum

Ni(II) Concentration. A study of the effect of contact time and
concentration on adsorption of Ni(II) on nanoadsorbent alumi-
na shows that removal increased from (96.60 to 99.0) % by
decreasing the concentration of Ni(II) in solution from (75 to
25) mg 3 L

�1 at 25 �C and 0.01 M NaClO4 ionic strength
(Figure 6). The equilibrium time was found to be 120 min.
These findings reveal that the adsorption process is highly
dependent on the initial concentration of Ni(II) ions. A higher
removal at lower concentration is of industrial importance.
3.3. Determination of Optimum Agitation Speed. Adsorp-

tion of metallic ions from aqueous solutions is influenced by
agitation speed also. Knowledge of agitation speed is important
because agitation speed influences the distribution of the solute
in the bulk solution.23,24 Agitation rate is an important parameter,
since it can promote a certain turbulence which ensures an
intimate contact between the two phases (adsorbent�adsor-
bate). In present study three different agitation speeds (50, 75,
and 100) rpm were selected to investigate the effect of agitation
speed on the removal of metallic species by adsorption on the
selected adsorbent. During this study, all other parameters were

Figure 3. FTIR of Ni(II) loaded nanoadsorbent alumina powder.

Figure 4. N2 gas adsorption -desorption isotherm for the nanoadsor-
bent alumina powder (9, adsorption; b, desorption).

Figure 5. Plot for determination of pHzpc of nanoadsorbent alumina
powder (9, pH initial vs pH final(without adsorbent); b, pH initial vs pH
final (with adsorbent).

Table 1. Characterization of Nanoadsorbent Alumina
Powder

characterization of nanoadsorbent alumina

phase γ and R-Al2O3

particle diameter/(nm) 15�20

BET surface area/(m2
3 g

�1) 78.79

porosity 0.51

density/(g 3 cm
�3) 1.33

pHzpc 7.9
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kept constant. It is clear from Figure 7 that removal of metallic ions
increases by increasing agitation speed. It was found to be amaximum
(96.6%) at the highest agitation speed (Figure 7).An increasing trend
of removal by increasing agitation speed was also reported earlier.25

The results indicate that a moderate speed of 100 rpm was optimum
as it facilitates proper contact between the metal ions in solution and
the binding sites and thereby promotes effective transfer of adsorbate
ions to the adsorbent surface and the sites. Further, for the study of the
effect of “mixing rate” on removal (%) of Ni(II) by adsorption, it was
found that at 100 rpm removal was higher. After optimizing the value
of the mixing rate, this value has been used for the study of other
parameters. Experiments were conducted at 150 rpm also, but the
change in removal at this rpmwas not significant, and because of this,
a rpm of 100 was taken as optimum in the experiments.

4. KINETIC MODELING FOR THE REMOVAL OF NI(II)
FROM AQUEOUS SOLUTIONS

4.1. Pseudofirst Order Kinetic Model. The pseudofirst order
model can be expressed by following the equation:26

dq
dt

¼ k1ðqe � qtÞ ð3Þ

The integrated form of the above expression is as follows:

logðqe � qÞ ¼ log qe �
k1

2:303
t ð4Þ

k1 (min�1) is the first order rate constant, qe and q are the
amounts of adsorbate species adsorbed at equilibrium and at any
time respectively (mg g�1). The value of k1 was determined from
the slope of the linear plots of log(qe � q) vs t at different
temperatures (figure not given).
4.2. Pseudo-second Order Kinetic Model. The kinetic data

were also analyzed by the pseudo second order kinetic equation.
The second order model assumes that the rate limiting step is
chemisorption in nature. The mechanism may involve valence
forces by sharing or through the exchange of electrons between
adsorbent and adsorbate. This can be expressed as follows:27

dq
dt

¼ k2ðqe � qtÞ2 ð5Þ

where k2 (g 3mg�1
3min�1) is the rate constant of the pseudo-

second order kinetic equation. The integrated form of above
equation can be expressed as follows:

t
qt

¼ 1
k2qe

2
þ 1
qt

t ð6Þ

h ¼ k2qe
2 ð7Þ

h is known as the initial sorption rate. The value of qe and k2 can
be determined by the slope and intercepts of the straight line of
the plot “(t/qt vs t)”, respectively (figure not given). The values
of the pseudofirst order and pseudosecond order rate constants
for the removal of Ni(II) by adsorption on nano alumina at
different temperatures are given in Table 2. It is clear from
Table 2 that values of k1 increase by increasing temperature
which confirms the endothermic nature of Ni(II) adsorption on
nano alumina. Experimental values of qe did not agree with the
calculated values obtained from the linear plots of the pseudo-
first order equation. Values of calculated qe from the pseudo-
second order kinetics almost agreed with the experimental values
of qe.
4.3. Intraparticle Diffusion Study.Themost commonly used

technique for identifying the mechanism involved in the sorption
process is by fitting the experimental data to an intraparticle
diffusion model. The overall adsorption of solute onto the solid
surface may be controlled by one or more steps, e.g., boundary

Figure 7. Effect of agitation speed on the removal of Ni(II) by
adsorption on nanoadsorbent alumina powder.

Figure 6. Effect of initial concentration and contact time on the removal
of Ni(II) by adsorption on nanoadsorbent alumina powder.

Table 2. Pseudo-First Order and Pseudo-Second Order Rate
Constants for the Removal of Ni(II) by Adsorption on Nano
Alumina at Different Temperatures

pseudo-second order model

temperature k1 k1

( 0.5 �C �10�2 min�1 R2 �10�2 min�1 R2

25 1.83 0.979 0.266 0.999

35 1.95 0.991 0.261 1

45 2.30 0.996 0.683 1
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layer (film) or external diffusion, pore diffusion, surface diffusion
and adsorption onto the pore surface or in combination of
several steps.
Generally, an adsorption process is diffusion controlled, if the

rate is dependent on the rate of diffusion of the components toward
one another. Previous studies have reported that the plot of qt vs t

1/2

represents multilinearity, which characterizes the two or more steps
that are involved in the sorption process. In usual batch experiments
also, the adsorption can occur by intraparticle diffusion. To confirm
this, values of the rate constant of intraparticle diffusion kid were
calculated from the slopes of the linear portions of the plots of
“amount adsorbed vs square root of time” (Figure 8) at different
temperatures by using the following equation:28

qt ¼ kidt
1=2 ð8Þ

where qt is the amount adsorbed at time t (mg 3 g
�1), and t1/2 is the

square root of the time (min1/2). It is an empirically found functional
relationship common to most adsorption processes where uptake
varies almost proportionally with t1/2 rather than with contact time.
The values of kid were calculated from the slope of curves at different
temperatures from intraparticle diffusion plots (Figure 8) and are
given in Table 3. Diffusion is an endothermic process and the rate of
adsorption will increase with an increased solution temperature when
pore diffusion is the rate limiting step.29 In the present study, the
process is expected to be controlled by pore diffusion. The sorption at
higher temperatures becomes more dependent on intraparticle

diffusion, which would be the rate limiting step.30 Slope of final linear
portion is a measure of intraparticle pore diffusion.28

4.4. Mass Transfer Study. For any process of removal by
adsorption, it is important to know the extent of transfer of a
pollutant species from the bulk to the surface of the solid
adsorbent particles and at the interface of liquid and solid
particles. A number of steps can be considered participating in
the process of removal and the overall removal by sorption is
assumed to occur using a three step model:31

i. Mass transfer of solute from the aqueous phase onto the
solid surface.

ii. Sorption of solute on to the surface sites.
iii. Internal diffusion of solute via either a pore diffusionmodel

or homogeneous solid phase diffusion model.
During the present studies, step (ii) has been assumed rapid

enough with respect to other steps and therefore is not the rate
limiting step in these studies. For recent studies this probability
was examined by using the following mass transfer model:31

ln
Ct

C0
� 1
ð1þmkÞ

� �
¼ ln

mk
1þmk

� �
� 1þmk

mk

� �
βLSst

ð9Þ
where k is a constant and is the product of Langmuir’s para-
meters, m is the mass of the adsorbent per unit volume, βL
(cm 3 s

�1), the coefficient of mass transfer, Ss is the specific
surface area. The values of m and Ss have been determined as
follows:

m ¼ W
V

ð10Þ

Ss ¼ 6m
dpδpð1� εpÞ ð11Þ

where εp is the porosity of the adsorbent, dp is the diameter of the
adsorbent, and δp is the density of adsorbent.
Values of βL, the coefficient of mass transfer, were calculated at

different temperatures by the slopes and intercepts of the plots of
ln[(Ct/C0) � 1/(1 þ mk)] vs t (Figure 9) and are given in
Table 4. A value of βL of the order of 10

�5 or greater shows that

Figure 8. Intraparticle diffusion plots for the removal of Ni(II) by
adsorption on nanoadsorbent alumina powder at different temperatures.
(9) (25 ( 0.5) �C; (b) (35 ( 0.5) �C; and (2) (45 ( 0.5) �C.

Table 3. Intraparticle Diffusion Rate Constant for the Re-
moval of Ni(II) by Adsorption on Nanoadsorbent Alumina
Powder at Different Temperatures

intraparticle diffusion rate constant

temperature Kid

(0.5 �C �10�2 mg 3 g
-1
3min

�1

25 1.36

35 0.08

45 0.06

Figure 9. Mass transfer plots for the removal of Ni(II) by adsorption on
nanoadsorbent alumina powder at different temperatures. (9) (25 (
0.5) �C; (b) (35 ( 0.5) �C; and (2) (45 ( 0.5) �C.
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the rate of transfer of mass from the bulk to the solid surface is
rapid enough.32 It is clear from the perusal of the plots that some
points deviate from linearity. This is because of the variation in
the extent of mass transfer at those stages.

5. EFFECT OF TEMPERATURE OF NI(II) REMOVAL BY
NANOADSORBENT ALUMINA POWDER

Temperature is an important parameter affecting adsorption
processes. Most adsorption processes are exothermic in nature
but in some cases, endothermic adsorption is also reported.11 It is
considered that in endothermic processes, the number of active
sites on the adsorbent increase with increasing temperature. Due
to availability of more number of active sites, adsorption of the
species increases by increasing temperature. In the present
investigations the adsorption of Ni(II) by nanoadsorbent alumi-
na was investigated at (25, 35, and 45 (( 0.5)) �C. The other
experimental conditions viz. pH, concentration, dose and agita-
tion speed were constant. The ionic strength of the aqueous
solutions was maintained at 1.0 � 10�2 M NaClO4. The
adsorption of Ni(II) ions has been found to increase with an
increase in temperature from (25 to 45) �C. It may be attributed
to either an increase in the number of active sites available or the
desolvation of the adsorbing species and the decrease in the
thickness of the boundary layer surrounding the adsorbent with
the temperature, so that the mass transfer resistance of the
adsorbate in the boundary layer decreases.10

6. DETERMINATION OF ACTIVATION ENERGY

Activation energy, Ea, can be calculated by using the Arrhenius
equation:33

ln k ¼ ln A� Ea
RT

ð12Þ

where A is the frequency factor (min�1), k = rate constant value
for the metal adsorption, Ea = activation energy in kJ 3mol�1, T =
temperature (K), and R = 8.314 kJ 3mol�1

3K
�1.

The value of Ea can be calculated by the slope of graph ln k vs
1000/T (Figure 10). The activation energy was found to be 8.96
kJ 3mol

�1. A low activation energy indicates that the removal of
Ni by nano alumina occurs through physical adsorption.

7. ADSORPTION ISOTHERMS FOR THE REMOVAL OF
NI(II) FROM AQUEOUS SOLUTIONS

Adsorption isotherms are important tools for the analysis of
adsorption processes as they provide information on the initial
experimental setup to determine the feasibility of an adsorption
treatment. Eequilibrium studies are useful to obtain the adsorption

capacity of the adsorbents. To get the equilibrium data, initial
concentrations were varied while the adsorbent dose in each sample
was kept constant. The time of equilibrium was chosen considering
the results of kinetic studies of metal removal by nano alumina.
Equilibrium data were generated by mixing the nanoadsorbent in
50 mL of metal solution of desired concentration. After equilibrium,
the nanoadsorbents were separated from the solution by centrifuga-
tion. The residual concentrations of metallic ions in the bulk were
determined. Three different temperature viz. (25, 35, and 45 ((
0.5)) �Cwere selected for the equilibrium studies. The ionic strength
of the aqueous solutions of metallic ions was maintained at 1.0 �
10�2MNaClO4. In the present study different isotherms such as the
Langmuir, Freundlich, Dubinin�Radushkevich, and Temkin iso-
therms were used.34�38

7.1. Langmuir Adsorption Isotherm. The Langmuir adsorp-
tion isotherm model is valid for a mono layered coverage of
adsorbent by the solute. The Langmuir isotherm is based on the
assumption thatmaximum adsorption corresponds to a saturated
monolayer of solute molecules on the adsorbent surface, that the
energy of adsorption is constant. The linearized expression of the
Langmuir model can be expressed as follows:34

Ce

qe
¼ 1

Q 0b
þ Ce

Q 0 ð13Þ

where Ce (mg 3L
�1) and qe (mg 3 g

�1) are the concentrations of
adsorbate and amount of adsorbate adsorbed at equilibrium, respec-
tively.Q0 (mg 3 g

�1) andb (L 3mg
�1) are the terms related to capacity

and energy of adsorption, respectively, and are known as Langmuir’s
constants. The equilibrium data were plotted as Ce/qe vs Ce.
Langmuir capacities were calculated by using eq 13. The data

has been plotted as Ce/qe vs Ce (figure not given). The values
of Q0 and b were found to be 30.82 mg 3 g

�1 and 0.49 L 3mg
�1

respectively at 298 K. For the Langmuir isotherm, a dimension-
less separation factor can be expressed by the following
equation:35

RL ¼ 1
ð1þ bC0Þ ð14Þ

whereC0 is the initial solute concentration (mg 3 L
�1) and b is the

Langmuir adsorption equilibrium constant (L 3mg
�1). The

dimensionless constant separation factor, RL, is used to test

Figure 10. Plot of ln k vs 1000/T for determination of activation energy.

Table 4. Values of the Mass Transfer Coefficient for the
Removal of Ni(II) by Adsorption on Nanoadsorbent Alumina
Powder at Different Temperatures

coefficient of mass transfer

temperature βL � 10�5

( 0.5 �C cm 3 s
�1

25 0.55

35 0.57

45 0.85
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whether the adsorption is favorable or not. The value of RL
indicates the type of the isotherm to be either unfavorable (RL >
1), linear (RL = 1), favorable (0 <RL < 1), or irreversible (RL = 0).
The values of RL are given in Table 5. The value of RL further
confirms the validity of this model. The values ofRL are 0 <RL < 1
and suggest that for adsorption of Ni(II) on nanoadsorbent
alumina is favorable.
7.2. Freundlich Adsorption Isotherm.The equilibrium data

were also examined by the Freundlich adsorption isotherm.
The Freundlich model assumes that the uptake of metal ions
occurs on a heterogeneous adsorbent surface. The Freundlich
equation indicates the adsorptive capacity or loading factor on
the adsorbent surface. The Freundlich model is expressed as
follows:

qe ¼ KfC
1=n ð15Þ

The logarithmic form of the equation is expressed as follows:36

log qe ¼ log Kf þ 1=ðn log CeÞ ð16Þ
whereKf is the Freundlich constant denoting adsorption capacity
(mg 3 g

�1) and 1/n is the empirical constant indicating adsorp-
tion intensity (L 3mg

�1) and depends on the temperature and

properties of the adsorbate and adsorbent. They are measure of
adsorption capacity of the adsorbent and adsorption intensity
respectively. Ce is the residual concentration of the solute
remaining in the solution (mg 3 L

�1), qe is the amount of
adsorbate adsorbed by a unit mass of adsorbent at equilibrium
(mg 3 g

�1). The value of Kf and n are calculated by the slopes and
intercepts of the plots of log Ce vs log qe. The values of Kf and n
were found to be 9.66 mg 3 g

�1 and 1.59 L 3mg�1 at 298 K.
7.3. Dubinin�Radushkevich (D-R) Isotherm.To investigate

the nature of the adsorption process, the D-R isotherm was
applied for experimental data. The D-R isotherm does not
assume a homogeneous surface or constant sorption potential.
The D-R equation can be expressed as follows:37

qe ¼ qm expð�Bε2Þ ð17Þ

The linear form of above equation can be expressed as

ln qe ¼ ln qm � Bε2 ð18Þ

ε2 ¼ RT ln 1þ 1
Ce

� �
ð19Þ

where R is the gas constant (8.314 J 3mol�1
3K

�1) and T is the
absolute temperature. The values of qm and B can be obtained by
the intercept and slope of the graph of ln qe vs ε

2 (Figure 11).
The values of B and qm were found to be 16.13 � 10�8 and

489.77 mg 3 g
�1 respectively at 298 K

E ¼ 1ffiffiffiffiffi
2B

p
� �

ð20Þ

where E is the mean free energy of sorption per molecule of the
sorbate (kJ 3mol�1)
The magnitude of E determines the type of adsorption

process. The value of E was found to be 17.60� 10�5 kJ 3mol
�1

at 298 K.
7.4. Temkin and Pyzhev Isotherm. According to this iso-

therm the adsorption in the layer decreases by the coverage due

Table 5. Values of the Dimensionless Constant Separation
Factor, RL, for the Removal of Ni(II) by Adsorption at
Different Temperatures

temperature

( 0.5 �C RL

25 0.0018

35 0.0017

45 0.0013

Figure 11. Dubinin�Radushkevich isotherm of Ni(II) on nanoadsor-
bent alumina.

Figure 12. Temkin plot for adsorption of Ni(II) on nanoadsorbent
alumina powder.
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to interaction between adsorbate and adsorbent:38

qe ¼ RT
b

ln ACe ð21Þ

qe ¼ B1 ln Aþ B1 ln Ce ð22Þ
where B1 = RT/b, T = absolute temperature (K), R = gas constant
(8.314 J 3mol

�1
3K

�1), A = equilibrium binding constant, qe =
amount of adsorbedNi(II) per unit weight of adsorbent (mg 3 g

�1),
and Ce = concentration of Ni(II) ions in aqueous solution at
equilibrium. The values ofB1 andA can be calculated by a slope and
intercept respectively from a graph of qe versus lnCe (Figure 12).B1
is related to the heat of adsorption. The values of B1 and A were
found to be 5.55 mg 3 g

�1 and 35.73 L 3mg
�1 at 298 K.

It was also possible to test the equilibrium data using one isotherm
equation only, but in order to ascertain validity of data over a wide
range of considerations, the datawere testedwith the selectedmodels.
Interestingly, more than one model fitted the data satisfactorily.
Further, at one tempearature, a particular model was more suitable
and at other temperature, another model was more suitable.

8. CONCLUSIONS

On the basis of present studies the following conclusions may
be drawn:
• Nano alumina was successfully synthesized by the sol�gel
method and its size was found to be in (15 to 20) nm range.
The surface area of nanoadsorbent aluminawas 78.79m2

3 g
�1.

• FTIR of the bare and Ni(II) loaded nanoadsorbent con-
firmed that there is no change in surface characteristics of
the nanoadsorbent after adsorption.

• The pHzpc of nanoadsorbent alumina was determined and
found to be 7.9.

• Initial concentration and contact time were found to affect
the removal process and % removal of Ni was found to
increase on decreasing the initial adsorbate concentration.

• Agitation speed also affects removal of adsorbates. Removal
of Ni(II) ions was a maximum at 100 rpm.

• The removal process follows pseudo-second order kinetics
better.

• The values of the coefficient of mass transfer for the systems
were significant and are indicative of a sufficiently rapid
transfer of adsorbate species from the bulk to the surface
and/or solid/liquid interface.

• The activation energy was found to be 8.96 kJ mol�1.
• The Langmuir, Freundlich, Dubinin�Radushkevich, and
Temkin and Pyzhev isotherm studies further confirm the
suitability of nanoadsorbents for adsorption of Ni(II).

• Nanoadsorbent alumina was found to be quite efficient for
the removal of Ni(II) from aqueous solution. It can be used
for designing treatment plants for the removal of Ni(II)
from water and wastewater.
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