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ABSTRACT

In this study, nanostructured γ-alumina is used as an adsorbent for the removal of nickel
from aqueous solutions using a fixed-bed column and batch experiments. Different
parameters, including the initial nickel solution concentration, contact time, and pH were
analyzed to determine their optimum values. The results showed that adsorption efficiency
increased as contact time increased; optimum contact time was observed to be 150 min. The
efficiency of removing metal ions from an aqueous solution increased as pH increased from
2.5 to 4.5, but decreased as pH rose higher, thus, optimum pH was determined to be 4.5.
The Langmuir isotherm model showed better agreement with the experimental data than
the Freundlich and Tempkin isotherm models. The maximum capacity of the adsorbent in
the Langmuir equation was 78.74 mg/g. In the present study, adsorbent bed performance
breakthrough curves for different adsorbent bed heights, influent flow rates, and concentra-
tions were analyzed. The experimental data showed an increase in adsorption capacity at
lower flow rates and higher influent concentrations and bed heights. To solve the bed
equations, the lumped method was used to predict the breakthrough curve and model
overall mass transfer coefficient (Koverall) and axial dispersion coefficient (Dz) parameters to
compare with experimental results.

Keywords: Nickel; Nanostructured γ-alumina; Isotherm; Breakthrough curve; Dynamic
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1. Introduction

Heavy metal ions dissolved in aqueous solutions
are considered to be hazardous pollutants because of
their toxicity, even at low concentrations [1]. These
toxic metal ions commonly exist in process waste
streams from mining operations, metal-plating

facilities, power generation facilities, electronic device
manufacturing units, and tanneries [2–4].

Nickel is a heavy metal found in wastewater that
may cause illnesses such as lung and bone cancer and
result in extreme weakness, headache, dizziness, vom-
iting, chest pain, and shortness of breath [5]. Accord-
ing to the US Environmental Protection Agency, the
maximum allowable concentration of nickel in drink-
ing water is 0.1 mg/L [6]. Various methods exist for
the removal of heavy metals, including ion exchange,*Corresponding author.
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reverse osmosis, electrochemical operations, biological
treatment, chemical precipitation, membrane filtration,
oxidation, coagulation, and solvent extraction. These
methods are often time-consuming, expensive, and
inefficient.

Adsorption, however, has a simple design, is rela-
tively inexpensive and has high removal efficiency,
making it one of the most popular methods for
the removal of heavy metals from aqueous solutions
[7–13]. A number materials used to remove heavy
metals from wastewater, such as activated carbon [14],
natural and synthetic zeolite [15,16], alumina [17],
chitosan [18], nanomaterials such as carbon nanotubes
[19], nanometal-oxides [20] magnetic nanoparticles
[21], lignite [22], biosorbents such as agricultural waste
and biomass [23,24], have been investigated for the
adsorption of heavy metals. Nanoalumina is a metallic
oxide that is an important ceramic material. γ-alumina
has more active sites on its surface than α-alumina,
and it has good mechanical strength, high thermal sta-
bility, and high surface area. Nanoalumina is widely
used in chemical reactions as a catalyst, and in mem-
brane processes and wastewater treatment [25–27].

Ghorai et al. [28] investigated the removal of
fluoride ions using activated alumina in batch and
continuous operations. A one-dimensional model for
isothermal, axially dispersed fixed-bed adsorption was
numerically solved and compared with their
experimental results.

Adak et al. [29] investigated the removal of phenol
from a water environment using surfactant-modified
alumina. The adsorption capacity of an adsorbent was
obtained at different bed heights, column diameters,
constant concentration, and flow rates.

Hong et al. [30] studied the adsorption of Ni (II)
on γ-type alumina using a differential bed reactor in
aqueous solutions to determine its adsorption charac-
teristics and overall adsorption rate.

Afkhami et al. [31] have studied the removal of
metal cations Pb(II), Cd(II), Cr(III), Co(II), Ni(II), and
Mn(II) from water samples using nanoalumina
modified with 2,4-dinitrophenylhydrazine. Optimal
experimental conditions for pH, adsorbent dosage,
and contact time were established.

The present study evaluated the ability of
nanostructured γ-alumina adsorbent to adsorb Ni(II)
from aqueous solutions using the batch system and a
fixed-bed column. The metal uptake and the effect of
pH on the percentage of removal of metal ions were
investigated. Langmuir, Frenundlich and Tempkin iso-
therms were compared with the batch experimentation
results. The effects of flow rate, initial concentration of
nickel, and fixed-bed height on nickel adsorption were
considered.

2. Materials and methods

2.1. Materials

Alumina nanoparticles with 99.9% purity were
purchased from Nano-Pars Lima Co. All prepared
materials had high purity, and deionized distilled
water was used. Analytical grade Ni(NO3)2 (Merck)
was used without further purification. pH adjustments
were performed using 0.1–1.0 mol/L HNO3 and
NaOH solutions. Heavy metal analysis was carried
out using a PG 990 atomic absorption spectrophotom-
eter. A digital pH meter (Sartorius PB-11) was used
for pH measurement. Flow rates were regulated using
a peristaltic pump (Etatron DS, Italy) capable of
adjusting flow rates in the mL/min range.

2.2. Batch studies

Batch experiments were carried out in different
sets using 20–110 mg/L nickel with an initial concen-
tration of 160 mg/L in contact with 0.5 g of nanostruc-
tured γ-alumina at pH 4.5 for 150 min at room
temperature. After 150 min of agitation to reach equi-
librium conditions, the solid/liquid phases were sepa-
rated by centrifuging at 10,000 rpm for 15 min. Nickel
residual concentration in a transparent liquid was ana-
lyzed using an atomic absorption spectrophotometer.
Batch equilibrium experiments determined an
optimum pH values of 2.5–6.5 with an initial concen-
tration of 20 mg/L in contact with 0.5 g of adsorbent.
To evaluate the minimum time required to reach
equilibrium, 25 min time intervals and an initial
concentration of 20 mg/L was used. Concentration
analysis was performed for up to 200 min.

The percentage of metal ion removed from
aqueous solution by the adsorbent is expressed as
Eq. (1):

R% ¼ C0 � Ce

C0
� 100 (1)

C0 is the initial concentration of the metal ions (mg/L),
and Ce is the equilibrium concentration of metal ions
(mg/L).

Regeneration studies were not done in the present
research. The saturated adsorbent can be regenerated
using chemical regeneration [32].

2.3. Column studies

A Pyrex column 30 cm in height and 1 cm in
diameter was used for upward flow. The adsorption
column was packed with spherical particles of
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nanostructured γ-alumina between the two layers
of glass wool. Fig. 1 shows a schematic of the
experimental setup.

In order to investigate the effect of flow rate on the
behavior of the adsorbent column, flow rates of 3, 6,
and 9 mL/min at a constant concentration of 50 ppm,
a constant bed height of 15 cm were used. Heights of
10, 15, and 20 cm (7.0585, 10.6028, and 14.1371 g) with
a constant concentration 50 ppm and constant flow
rate of 6 mL/min were used to investigate the effect
of height on the behavior of the adsorbent column. To
investigate the effect of initial concentration of the
nickel ion on the behavior of the adsorbent column,
concentrations of 30, 50, and 80 ppm at a constant bed
height of 15 cm and constant flow rate of 6 mL/min
were applied. For all experiments, sampling was done
from the effluent solution at specified time intervals,
and residual nickel concentration was measured by
atomic absorption spectroscopy. All experiments were
carried out at room temperature and pH 4.5.

The maximum adsorption capacity of the
adsorbent in a fixed-bed column is calculated as
Eqs. (2) and (3) [33]:

qtotal ¼ Q

1; 000

Z ttotal

0

ðC0 � CtÞdt (2)

qe;max ¼ qtotal
w

(3)

where qe,max is maximum adsorption capacity of the
adsorbent (mg/g), Q is flow rate (mL/min), C0 is initial

concentration (mg/L), Ct is concentration in specified
time (mg/L) and w is mass of the adsorbent (g).

3. Results and discussion

3.1. Characterization of adsorbent

The spheres were made with is γ-alumina
nanopowder with an average size of 20 nm. The
resulting spheres are 2–3 mm in diameter. The BET
surface area is about 138 m2/g which exhibits good
adsorption efficiency. The bulk density and porosity
are 0.9 g/cm3 and 0.5246, respectively. The chemical
analysis of the adsorbent is presented in Table 1.

3.2. Batch studies

3.2.1. Effect of pH

The pH is important because it effects the removal
of cations from the aqueous solution, since it deter-
mines the surface charge of the adsorbent and the
degree of ionization of the adsorbate. To minimize the
effect of nickel precipitation, the pH range was kept at
2.5–6.5. The effect of pH on adsorption efficiency is
shown in Fig. 2. As seen, a pH of 4.5 provides maxi-
mum adsorption. Fig. 2 shows that the removal effi-
ciency of Ni(II) increased as pH increased from 2.5 to
4.5 and decreased when the pH was greater than 4.5.

The adsorbent surface in contact with the aqueous
solution from the formation of hydroxyl functional
groups has a tendency to adsorb counter ions
[34]. The extremely acidic environment and high
concentration of protons at low pH creates

Fig. 1. Schematic diagram of the experimental column.
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competition between protons and metal ions for the
occupation of active sites on the adsorbent and can
decrease adsorption efficiency [35]. At a higher pH
(4.5–6.5), the competition between active sites and
hydroxide ions in interaction or reaction with nickel
ions increased as hydroxide ion concentration
increased. The formation of metal hydroxides and its
precipitation leads to a decrease in adsorption
efficiency. A higher pH of 6.5 caused by the formation
of Ni (OH)2 resulted in negligible adsorption of Ni2+

species [36].

3.2.2. Effect of contact time

The time profile of Ni2+ adsorption is plotted in
Fig. 3. The removal efficiency of the metal ions
reached maximum value after 150 min because of the
vacant sites at the initial times, but adsorption then
decreased as the number of active sites decreased,
which finally led to a smooth curve.

3.2.3. Adsorption isotherms

Different isotherm equations have been devel-
oped to design and optimize the adsorption process
and describe adsorbent behavior [37]. In this study,

experimental adsorption equilibrium data were
evaluated using the Langmuir, Freundlich and
Tempkin adsorption isotherm models. The equilib-
rium adsorption capacity of adsorbent was calculated
as Eq. (4) [38]:

qe ¼ V C0 � Ceð Þ
W

(4)

where qe is the equilibrium adsorption capacity of
adsorbent (mg/g), V is the volume of metal ions
solution (L), and W is the weight of the adsorbent (g).

The Langmuir model assumes that the adsorbent
surface is homogeneous, and adsorption energy is uni-
form for all sites and only a single layer of molecules
on the adsorbent surface are absorbed [39]. The linear
form of the Langmuir isotherm is expressed as Eq. (5)
[39,40]:

1

qe
¼ 1

bqm

1

Ce
þ 1

qm
(5)

where qm is the maximum adsorption capacity (mg/g)
of adsorbent. b is the equilibrium constant (L/mg) that
is a criterion of the tendency of the metal to adsorb
onto the active sites of the adsorbent surface. A larger
b value represents higher adsorption energy. The qm
parameter was 78.74 mg/g, which shows the high
adsorption capacity of the adsorbent. The dimension-
less constant of the separation factor or equilibrium
parameter to predict the adsorption efficiency and
usability of the Langmuir equation is determined as
Eq. (6) [41]:

RL ¼ 1

1þ bC0
(6)

RL values between 0 and 1 indicate favorable
adsorption, while RL > 1, RL = 1, and RL = 0 indicate

Table 1
Chemical analysis of nanostructured γ-alumina

S. no Chemical analysis Value

1 Al2O3(minimum) % 99
2 Ca(maximum), ppm 25
3 V(maximum), ppm 7
4 CL(maximum), ppm 315
5 Na(maximum), ppm 70
6 Mn(maximum), ppm 3
7 Co(maximum), ppm 2

Fig. 2. Effect of pH on removal Ni (II) efficiency.
Conditions: 0.5 g adsorbent, 100 mL of 20 mg/L of nickel.

Fig. 3. Effect of contact time on removal Ni (II) efficiency.
Conditions: 0.5 g adsorbent, 100 mL of 20 mg/L of nickel,
pH 4.5.
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unfavorable, linear, and irreversible adsorption
processes, respectively [41]. The RL value for nickel
adsorption onto the nanostructured γ-alumina was
found to be 0.5086, which shows favorable adsorption
onto the adsorbent.

The Freundlich equation is an empirical model for
multilayer adsorption onto heterogeneous surfaces of
adsorbents. The linear form of the Freundlich isotherm
is expressed as Eq. (7) [42]:

log qe ¼ logKf þ 1

n
logCe (7)

where Kf and n are Freundlich constants. Kf is the
adsorption coefficient and represents the adhesion
ability of the adsorbate onto the adsorbent and n
reflects the metal adsorption ability. Linear equilib-
rium, favorable, and unfavorable adsorption isotherms
are reflected by n = 1, n > 1 and n < 1, respectively
[43]. Since the value of n was 1.2093, it indicated
favorable and almost linear adsorption.

The Tempkin isotherm equation is presented as
Eq. (8) [44]:

qe ¼ BT ln ðKT CeÞ (8)

The isotherm can be expressed in linear form as Eq.
(9):

qe ¼ BT lnKT þ BT lnCe (9)

BT and KT are Tempkin empirical isotherm constants.
The linear plots of the Langmuir, Freundlich and
Tempkin isotherms are shown in Figs. 4–6, respec-
tively. The parameter values of the isotherms are
shown in Table 2. A comparison of the correlation
coefficients (R2) obtained from these isotherms can be
expressed as a criterion for the agreement of the
experimental data with the theoretical results. The
values of R2 in Table 2 indicate that Langmuir model
gives a better fit to the experimental data.

As found by previous studies on the reaction
mechanism, nickel predominantly chemisorbed onto
the surface the nanostructured γ-alumina [45–47].

3.3. Column studies

3.3.1. Breakthrough studies

A diagram of effluent concentration vs. time is
known as a breakthrough curve. Initially, because of
the number of available sites for the adsorbent, the ion
metal effluent concentration reached its lowest value;

but, over time, with the occupation of adsorbent sites
by the adsorbate, the effluent concentration increased.
Finally, upon adsorbate bed saturation, as time
increased, the effluent concentration reached the
influent concentration. In this study, the bed
non-equilibrium model was used for the pore
diffusion mechanism and overall mass transfer

Fig. 4. Langmuir plot for adsorption of Ni (II) onto
nanostructured γ-alumina. Conditions: adsorbent dose
5 g/L and pH 4.5.

Fig. 5. Freundlich plot for adsorption of Ni (II) onto
nanostructured γ-alumina. Conditions: adsorbent dose
5 g/L and pH 4.5.

Fig. 6. Tempkin plot for adsorption of Ni (II) onto
nanostructured γ-alumina. Conditions: adsorbent dose
5 g/L and pH 4.5.
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coefficient. The experimental conditions for adsorption
process dynamic modeling include assumptions such
as:

� Concentration gradient being in the longitudinal
direction.

� Regardless of the rate, fluid phase, and adsorbed
phase concentration variations in the radial
direction of the bed.

� Constant cross section along the bed.
� The axial dispersion diffusion from the low flow

rate.
� Neglecting the pressure drop from the liquid

phase.
� Constant temperature from the low concentration

of adsorbate molecules.
� Neglecting surface diffusion and assuming pore

diffusion because of the large pores in the
adsorbent.

� Neglecting Knudsen diffusion and using molecu-
lar diffusion mechanism because of the small
adsorbate molecule diameter compared with the
adsorbent pore diameter.

For nanoparticles, the last two hypotheses can be
considered as correct approximates in this experiment.
The linear method was used to solve the partial differ-
ential equations (PDE). In this method, PDE is con-
verted to an ordinary differential equation and only
geometric derivatives were expanded, making it faster
and more accurate than other numerical solution
methods. The physical model is illustrated in Fig. 7.

A mathematical study of breakthrough analysis
was carried out using a one-dimensional model for
isothermal, non-equilibrium, axially dispersed
single-component fixed-bed adsorption [28]. Partial
mass balance for component i with the selection of a

cylindrical element from the cylindrical bed is
expressed as Eq. (10):

AeuC� AeDz
@C

@z
¼ Ae uCþ @ðuCÞ

@z
dz

� �

� AeDz
@C

@z
þ @2C

@z2
dz

� �
þAccumulation

(10)

Accumulation ¼ eAdz
@c

@t
þ ep

@cp
@t

ð1� eÞadzþ qp
@q

@t
ð1� eÞadz

(11)

where C is bulk concentration (mol/L), Cp is pore
concentration (mol/L), q is solid concentration (mg/g),
u is fluid velocity (m/s), A is the cross section area of
bed (m2), ρp is adsorbent particle density (mg/L), ε is
intraparticle void fraction of bed, εp is adsorbent
porosity and Dz is axial dispersion coefficient (m2/s).

In Eq. (11), the first term is the accumulation of
bulk fluid inside the element, the second term is
moderate accumulation of fluid in the pores of the
adsorbent inside the element, and the third term is
moderate accumulation of the adsorbent inside the
element. By rearranging Eqs. (10) and (11), the
following is obtained:

�Dz
@2C

@z2
þ @ðuCÞ

@z
þ @C

@t
þ 1� e

e
ep
@Cp

@t
þ qp

@q

@t

� �
¼ 0

(12)

Ni can be expressed using different formulas and vari-
ous mass transfer resistances. The fluid phase driving
force concentration was used for Eq. (13) and the solid
phase driving force as used for Eq. (14) [48]:

Table 2
Isotherm models constants

Isotherm Parameter Value

Langmuir qmax (mg/g) 78.74
b (L/mg) 0.048
R2 0.9998

Freundlich 1/n 0.826
Kf (mg1−nLng−1) 3.84
R2 0.9957

Tempkin BT 10.126
KT 1.114
R2 0.9518

Fig. 7. Physical model of the adsorbent bed.
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Ni ¼ @Cp

@t
ep þ qp

@q

@Cp

� �
¼ ki C� Cp

� �
(13)

Ni ¼ qp
@q

@t
¼ ki qe � qð Þ (14)

where Ni is mass transfer flux (mol/L.s), qe is
equilibrium solid concentration and ki is lumped mass
transfer coefficient.

Eq. (14) was used in the present study because the
driving force of mass transfer is in the fluid phase.
The boundary and initial conditions are:

B:C:1:Cðz; tÞ ¼ C0 þDz

u

@Cðz; tÞ
@z

; z ¼ 0 (15a)

B:C:2:
@Cðz; tÞ

@z
¼ 0; z ¼ l (15b)

Cðz; 0Þ ¼ 0 (15c)

To calculate the overall mass transfer coefficient, both
internal and external mass transfer resistance are
added. The overall mass transfer coefficient is
expressed as Eq. (16) [49]:

1

Koverall
¼ Rp

3kf
þ R2

p

15De
pep

(16)

where kf is external mass transfer coefficient (m/s),
Dp

e is effective pore diffusivity coefficient (m2/s) and
Rp is radius of adsorbent particle (m).

The effective pore diffusivity coefficient, Dp
e is cal-

culated as Eq. (17) [49]:

De
p ¼

Dp

sp
(17)

Dp ¼ 1
1
Dm

þ ð 1
Dk
Þ (18)

where Dp is effective pore diffusivity coefficient (m2/s),
τp is tortuosity factor, Dm is molecular diffusion coeffi-
cient (m2/s) and Dk is Knudsen diffusion coefficient
(m2/s).

Because of the small diameter of the adsorbate
molecule compared with the adsorbent pore diameter,
the Knudsen diffusion is ignored. Thus, Eqs. (17) and
(18) are simplified as:

De
p ¼

Dm

sp
(19)

Since the path of molecule movement into the
adsorbent pores is not direct, a tortuosity factor is
calculated as Eq. (20) [50]:

sp ¼ 1=ep (20)

The Re and Sc values are in the range of experimental
conditions, and there is agreement with Wakao and
Funzakri; the mass transfer coefficient between the
fluid and adsorbent particles is given by Eq. (21) [51]:

Sh ¼ kfdp
Dm

¼ 2þ 1:1ðScÞ0:33ðReÞ0:6 (21)

This relation is valid for 3 < Re < 10,000 and
0.6 < Sc < 70.

Since fluid velocity is low, axial dispersion is
assumed for this packed bed. The axial dispersion
coefficient is calculated as Eq. (22) [51]:

Dz

Dm
¼ c1 þ c2

dpu

Dm
¼ c1 þ c2

ðReÞ � ðScÞ
e

(22)

where γ1 = 20/ε and γ2 = 0.5. These values were
selected because they best empirically fit the
experimental results.

3.3.2. Effect of bed height

To study the effect of bed height on nickel
removal, sorbent doses of 7.0685, 10.6028, and
14.1371 g (10, 15, and 20 cm) were placed in the
column. An aqueous solution of nickel with a constant

Fig. 8. Comparison of experimental breakthrough curves
with theoretical in different bed heights (C0 = 50 mg/L,
Q0 = 6 mL/min).
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flow rate of 6 mL/min and constant concentration of
50 ppm passed through the column. The characteristic
curves are shown in Fig. 8. Upon reaching the mass
transfer zone (MTZ) at the bottom of the column, bed
breakthrough occurred and nickel concentration
reached that of Ca (Ca = 0.01 C0). The breakthrough
point at bed heights of 10, 15, and 20 cm occurred at
15, 80, and 130 min, respectively. It can be concluded
that the breakthrough point occurs later for greater
bed heights.

The maximum adsorption capacity of nanostruc-
tured γ-alumina at bed heights of 10, 15, and 20 cm
were 6.91, 7.95, and 8.18 mg/g, respectively. This indi-
cates that the maximum adsorption capacity of the
adsorbent increased as bed height increased. As seen
in Fig. 8, the saturation times at heights of 10, 15, and
20 cm were 720, 1,168, and 1,472 min, respectively. As
bed height increased from 10 to 15 to 20 cm, the satu-
ration time increased 62.2% and 104.4%, respectively.
These results revealed that increasing bed heights
increases saturation time and the slope of break-
through curve becomes gentler; thus, the MTZ devel-
ops at higher bed heights. Malkoc et al. [52]
investigated the removal of Ni (II) from an aqueous
solution using waste of a tea factory in a fixed-bed
column. The increase in bed height from 10 to 30 cm
increased adsorption capacity of the adsorbent from
10.57 to 13.6 mg/g.

3.3.3. Effect of flow rate

The breakthrough curve for ion metal adsorption
at different flow rates, a constant influent concentra-
tion (50 ppm) and constant bed height (15 cm) is
shown in Fig. 9. At flow rates of 3, 6, and 9 mL/min,
the breakthrough times were 360, 80, and 30 min,
respectively, and bed saturation times were 1,941,
1,168, and 742 min, respectively. As flow rate
increased from 3 to 6 to 9 mL/min, saturation time
decreased 39.8 and 61.7%, respectively. More contact
time between the metal ions and adsorbent increased
breakthrough and saturation times at lower flow rates.

At flow rates of 3, 6, and 9 mL/min, the maximum
adsorption capacity of the nanostructured γ-alumina
were 8.95, 7.95, and 7.01 mg/g, respectively; thus,
metal ion adsorption per unit of mass of adsorbent
increased, because there were more available active
sites of adsorbent at lower flow rates.

3.3.4. Effect of initial nickel concentration

To study the effect of initial nickel concentration
on removal efficiency of Ni(II) at different initial
concentrations, bed height and flow rate were kept

constant at 15 cm and 6 mL/min, respectively
(Fig. 10). At initial nickel concentrations of 30, 50, and
80 ppm, the maximum adsorption capacity of the
adsorbent was 7.48, 7.95, and 8.11 mg/g, respectively.
At initial Ni(II) concentrations of 30, 50, and 80 ppm,
breakthrough times were 150, 80, and 30 min and bed
saturation times were 1,489, 1,168, and 888 min,
respectively. Increasing initial concentration from 30
to 50 to 80 ppm, decreased saturation time 21.5 and
40.36%, respectively. The results indicate that, as influ-
ent concentration increased, the bed saturated earlier
and the slope of the breakthrough curve increased.

Model parameters under various operating condi-
tions for the fixed-bed column are listed in Table 3.
The results indicate that increasing the flow rate and,
consequently, increasing Re, increased Dz, as shown in
Eq. (22). The nickel concentration gradient decreased
as initial nickel concentration increased, and thus, it
can be concluded that Dz decreased. Overall, mass
transfer resistance decreased as flow rate increased,
thus, Koverall increased.

Fig. 9. Comparison of experimental breakthrough curves
with theoretical in different flow rates (C0 = 50 mg/L,
L0 = 15 cm).

Fig. 10. Comparison of experimental breakthrough curves
with theoretical in different initial concentrations
(Q0 = 6 mL/min, L0 = 15 cm).

2200 R. Saadi et al. / Desalination and Water Treatment 53 (2015) 2193–2203



Koverall increased as the metal ion concentration
increased and, consequently, the concentration
gradient decreased. According to Fick’s law with
constant mass transfer flux, Koverall increased.

4. Conclusion

The results of this study indicate that the nano-
structured γ-Al2O3 has good potential for adsorbing
heavy metal ion Ni (II) from aqueous solutions. The
removal process is strongly dependent on contact
time, solution pH, and initial solution concentration.

The effects of these parameters on nickel removal
percentage were also studied. pH is an important fac-
tor affecting the adsorption efficiency. In present
study, the removal efficiency of Ni (II) increased as
pH increased from 2.5 to 4.5 and decreased at higher
pH values. The optimum pH was determined to be
4.5. The results showed that nickel adsorption
increased as contact time increased and the maximum
percentage of removal was observed at 150 min.

Of the Langmuir, Freundlich and Tempkin iso-
therms, the Langmuir model with R2 = 0.9998 gives a
better fit to the experimental data. The maximum
capacity of the adsorbent in the Langmuir equation
was determined to be 78.74 mg/g. The dimensionless
constant of separation factor RL was 0.5086, which
shows favorable adsorption onto the adsorbent. With
this value, the nanostructured γ-alumina was deter-
mined to be an appropriate adsorbent for the removal
of nickel.

Initial nickel concentration, bed height, and flow
rate were effective for the adsorption capacity of the
adsorbent and shape of the breakthrough curves. The
adsorption capacity of the adsorbent increased at
lower flow rates, higher bed heights, and influent con-
centration.

From the change in the slope of the adsorption
capacity under various operating conditions, it can be
concluded that the effect of concentration is greater
than that of bed height and the effect of bed height is

greater than that of flow rate on the removal of Ni2+

from an aqueous solution. Breakthrough curves with
gentler slopes and increased time for saturation
occurred at higher flow rates, lower bed heights, and
higher influent concentration.

In the lumped method, assigning partial mass
balance along the bed can describe the behavior of the
breakthrough curve for the adsorption of Ni (II) ions
onto nanostructured γ-alumina in a fixed bed column.
The model included pore diffusion, surface diffusion,
and axial dispersion diffusion resistances. Since
surface diffusion resistance was negligible, it was
ignored. Model parameters, including the overall mass
transfer coefficient (Koverall) and axial dispersion
coefficient (Dz), were obtained by fitting the
experimental data to the theoretical model.
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Nomenclatures

C0 — initial concentration (mg/L)
Ce — equilibrium concentration (mg/L)
Ct — concentration in specified time (mg/L)
C — bulk concentration (mol/L)
Cp — pore concentration (mol/L)
qmax — maximum adsorption capacity of the

adsorbent
qe — equilibrium adsorption capacity of adsorbent

(mg/g)
q — solid concentration (mg/g)
Q — flow rate (mL/min)
L — bed height (m)
W — mass of the adsorbent (g)
V — volume of metal ions solution (L)
A — cross section area of bed (m2)

Table 3
Lumped model parameters in the fixed bed column

Q (mL/min) L (cm) C0 (mg/L) Koverall (1/s) Dz (m
2/s) qe,exp (mg/g) qe,cal (mg/g)

3 15 50 6.98 × 10−5 1.4732 × 10−6 8.95 8.85
9 15 50 1.64 × 10−4 1.4063 × 10−4 7.01 6.94
6 15 50 1.05 × 10−4 4.3452 × 10−5 7.95 7.86
6 10 50 1.47 × 10−4 6.9512 × 10−5 6.91 6.81
6 20 50 8.21 × 10−5 4.4671 × 10−5 8.18 8.10
6 15 30 9.07 × 10−5 5.9621 × 10−5 7.48 7.39
6 15 80 1.32 × 10−4 4.0692 × 10−5 8.11 8.03

R. Saadi et al. / Desalination and Water Treatment 53 (2015) 2193–2203 2201



u — fluid velocity (m/s)
R — removal percentage of metal ion from

aqueous
b — langmuir equilibrium constant (L/mg)
RL — dimensionless constant of separation factor
Kf — freundlich constant
n — freundlich constant
BT — tempkin constant
KT — tempkin constant
ρp — adsorbent particle density (mg/L)
ε — intraparticle void fraction of bed
εp — adsorbent porosity
Ni — mass transfer flux (mol/L.s)
ki — lumped mass transfer coefficient
kf — external mass transfer coefficient (m/s)
Koverall — overall mass transfer coefficient (1/s)
dp — diameter of adsorbent particle (m)
Rp — radius of adsorbent particle (m)
Dz — axial dispersion coefficient (m2/s)
Dp

e — effective pore diffusivity coefficient (m2/s)
Dp — effective pore diffusivity coefficient (m2/s)
Dm — molecular diffusion coefficient (m2/s)
Dk — knudsen diffusion coefficient (m2/s)
τp — tortuosity factor
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