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ABSTRACT: The aim of present research is to investigate
sorption characteristic of nanoadsobent charcoal ash (ash) for
the removal of Ni(II) from aqueous solutions and wastewater.
The sorption of Ni(II) is carried out by batch method. The
optimum conditions of sorption were found to be as follows: a
sorbent amount of 3 g in 100 mL of aqueous solutions, contact
time of 120 min, and pH 4. In optimum conditions, removal
efficiency was 94.2 % for the Ni(II). Three equations, i.e.,
Morris−Weber, Lagergren, and pseudo second order, have been tested to track the kinetics of the removal process. The
Langmuir, Freundlich, and D-R are subjected to sorption data to estimate sorption capacity. It can be concluded that ash has the
potential to remove Ni(II) ions from aqueous solutions at different concentrations. Desorption efficiency had been tested by
water saturated with CO2 and by aqueous solution of NaOH, and the results were not considerable. The effect of temperature
has been studied; it was found that increasing temperature has a positive effect on the adsorption, and the thermodynamic
parameters ΔH, ΔS, and ΔG are evaluated. Thermodynamic parameters showed that the adsorption of Ni(II) onto ash was
feasible, spontaneous, and endothermic under the studied conditions. At the end, ash was used for plating wastewater treatment
so that the results were considerable. The removal efficiency of COD, Cr, Ni(II), Zn(II), and color were 68.3, 75.4, 91.5, 92.8,
and 63.5 %, respectively. In this paper, different parameter such as pH, temperature, etc. were studied for Ni(II) adsorption onto
ash, meanwhile this adsorbent is used for real wastewater (plating wastewater) treatment.

■ INTRODUCTION
Heavy metal ions have become an ecotoxicological hazard of
prime interest and increasing significance, because of their
accumulation in living organisms.1 Ni(II) is present in effluents
of a large number of industries. People often suffer from allergy
due to exposure to nickel-containing materials, and the carcino-
genic effects of nickel have also been well documented.2 Nickel
is a toxic heavy metal widely used in silver refineries, electro-
plating, zinc base casting, and storage battery industries.3

Current treatment processes for Ni(II) removal from waste-
water include precipitation, coagulation, ion exchange, mem-
brane separation, lime softening, and adsorption. Compared
with other methods, adsorption technology has received much
more attention because it is convenient and economical for
reducing trace quantities of heavy metals.4,5 Though the use of
commercial activated carbon is a well-known adsorbent for the
removal of heavy metals from water and wastewater, the high
cost of activated carbon limits its use as an adsorbent in developing
countries. Hence, several research workers used different low-
cost adsorbents such as coconut coir pith,6 sawdust,7 sludge
ash,8 banana pith,9 activated phosphate rock,10 vermiculite,11

and montmorillonite.12 In spite of several researchers adopting
various low-cost adsorbents, there is still a need to develop

suitable adsorbents for the removal of heavy metal from aqueous
solutions. Adsorption of trace heavy metals onto solid phases and
associated surface coatings is considered very important in con-
trolling heavy metal activity. In recent years considerable
attention has been paid to the investigation of different types of
low-cost sorbents especially using metal-oxide modified
adsorbents, such as sand,13−15 zeolite,16,17 and diatomite.18

Fly ash is a waste material originating in great amounts in
combustion processes. Although it may contain some hazard-
ous substances, such as heavy metals, it is widely utilized in
industry in many countries. For example, in 1994, approx-
imately 6.74 million metric tons of coal fly ash was used in
the United States in cement and concrete products.19 Although
fly ash utilization in construction and other civil engineering
applications is expected to increase, it is unlikely that this will
ever use all the fly ash generated. Research is therefore needed
to develop new alternative environmental friendly applications
that can further exploit fly ash. Potential environmental impacts
of fly ash utilization have been extensively studied and are well
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understood. Leachability of heavy metals from ashes is relatively
low20 and thus the risks associated with the heavy metals libera-
tion into the environment do not exceed an acceptable level.
When used for acidity control in mining and sulfide ore treat-
ment, the lignite fly ash reduced concentrations of dissolved
metals in waters to values that meet the European regulatory
limits for potable water.21Various kinds of ashes have been used as
low-cost sorbents for the removal of heavy metals,20,22organics,23,24

as well as dyes23,25−27 from waters. The applicability of the fly
ashes for water treatment depends strongly on their origin. Fly
ashes from waste incinerators seem to be unsuitable because of
their nonstable composition and properties. It was shown that
both total contents of heavy metals as well as there leased
(leached) amounts of these pollutants are higher in the case of
the incinerator fly ashes in comparison with coal fly ashes.28

Ash generated in sugar industry probably does not contain large
amounts of toxic metals and has been widely used for
adsorption of pollutants from waters.24,26

The present research was devoted to the application of ash
for the removal of Ni(II) in batch mode. The effects of pH,
temperature, contact time, and initial Ni(II) concentration were
investigated. Isothermal models and kinetics of adsorption were
studied, and thermodynamic parameters were determined. Also
desorption efficiency had been tested by water saturated with
CO2 and by aqueous solution of NaOH. In the end, the
adsorbent has been used for plating wastewater treatment.

■ EXPERIMENTAL SECTION
Ash Preparation and Characterizations. For preparation

of ash, charcoal was used; the procedure was putting it in an oven
for 24 h after burning charcoal. For determining the initial
composition of fly ash, 750 mg of dried ash sample was treated for
2 days with 20 mL of 200 g/L HF. Then 80 mL of 50 g/L H3BO3
was added to dissolve a possible precipitate of CaF2. The
determination of SiO2 was performed according to the ASTM D
27956 molybdosilicate method and the SO3 according to the
ASTM D1757 gravimetric method. For all experiments, the mea-
surements were carried out as triplicate runs. The physicochemical
characterization of ash was performed using standard procedures.
Characterization of the ash was carried out by surface area analysis,
bulk density, particle size distribution analysis, and scanning
electron microscopy (SEM). The surface area of the ash was
measured by BET (Brunauer−Emmett−Teller nitrogen
adsorption technique). The density of ash was determined by
specific gravity bottle. The moisture content determination of
adsorbent was carried out with a digital microprocessor-based
moisture analyzer (Mettler-LP16). The particle size distribution
analysis was carried out using a Particle Size Distribution
analyzer (model 117.08, Malvern instruments, U.S.A.). The
results of particle size distribution are shown in Table 1. To

understand the morphology of adsorption of Ni(II) on the ash,
the samples were gold sputter coated and SEM micrographs
were taken using SEM (model S3400, Hitachi, Japan). Table 2

shows the chemical composition of ash. Bulk density and
surface area are reported in Table 3. The zero-point charge of
the ash was determined by the solid addition method.29 The
structure of ash was studied using X-ray diffractograms (XRDs)
obtained from an X-ray diffracto-meter (model No. XRD
3000P, Seifert, Germany). Nickel concentrations in supernatants
were analyzed by flame atomic absorption spectrophotometry,
Perkin-Elmer model 2100 (Perkin-Elmer, Uberlingen, Germany).
The wavelength was 323 nm that allowed the measuring of Ni
concentrations in the range 0−200 ppm without diluting the
solutions. Flow rates were 3.03 min−1 for air and 1.0 for acetylene.

Preparation of Ni (II) Solutions. A solution of Ni was
prepared using analytical grade NiCl2 provided by Merck
Company and stored at room temperature. Before using of this
powder, it was dried for 1 h at 120 °C.

Batch Adsorption Experiments. Adsorption experiments
were carried out in 150 mL flasks, and the total volume of the
reaction solution was kept at 100 mL. The flasks were shaken at
400 rpm for the required time in a water bath shaker. The effect
of solution pH on the removal of ash was investigated over the
pH range from 2 to 10. The initial solution pH was adjusted
using 0.5 mol·L−1 HCl or 0.5 mol·L−1 NaOH. After equilibra-
tion, the suspension of the adsorbent was separated from
solution by filtration using Whatman No. 42 filter paper. Blank
experiments were conducted to ensure that no adsorption was
taking place on the walls of the apparatus used. All experiments
were conducted in duplicate and mean values were used. The
results of these studies were used to obtain the optimum con-
ditions for maximum heavy metal removal from aqueous
solution. The experimental error was below 3%, the average
data were reported. The removal efficiency of Ni(II), % removal,
was calculated as

= − ×C C C% removal ( )/ 100i f i (1)

where Ci is the initial concentration (mg·L−1) and Cf is the final
concentration (mg·L−1). q is the amount of metal adsorbed per
specific amount of adsorbent (mg/g). The sorption capacity at
time t, qt (mg·g

−1), was obtained as follows

= −q C C V m( ) /t i t (2)

where Ci and Ct (mg·L
−1) were the liquid-phase concentrations of

solutes at initial and a given time t, V was the solution volume, and

Table 1. Particle Size Distribution of the Ash (400−500 μm)

adsorbent (μm) ash (%)

400−420 24.2
420−440 23.4
440−460 27.1
460−480 20.3
480−500 10.2

Table 2. Bulk Chemical Composition of Fly Ash

oxide g/kg

SiO2 247.9
Fe2O3 44.1
Al2O3 128.8
TiO2 2.4
CaO 483.8
MgO 42.6
SO3 44.3
Na2O 3.1
K2O 6.4

Table 3. Characteristics of Ash

adsorbent ash

surface area (m2·g−1) 62.1
bulk density (g·cm−3) 1.15
zero-point charge, pH 8
mean diameter (m) 2.4 × 10 −4
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m was the mass ash (g). The amount of adsorption at equilibrium,
qe, was given by

= −q C C V m( ) /e i e (3)

where Ce (mg·L
−1) was the ion concentration at equilibrium.

Desorption Experiments. Leaching tests by water
saturated with CO2 and aqueous solution of acetic acid were
carried out. Exhaust ash samples, resulting from multielement
sorption experiments, were used.
Test by Water Saturated with CO2. Desorption experi-

ments were carried out using pure water saturated with CO2
with an initial pH value of 9. A 3 g sample of exhaust ash was
placed into 0.2 L of leaching solution. After shaking for 24 h at
20 °C, the mixture was filtered by 0.45 mm Millipore filter and
the eluate analyzed for metal ion concentration.
Test by Aqueous Solution of NaOH. These experiments

were carried out using different concentration of NaOH aqueous
solution. A 3 g sample of exhaust ash was placed into 0.2 L of
leaching NaOH solution. The pH was adjusted to 9 during the
experiments by small additions of NaOH aqueous solution.
After shaking for 24 h at 20 °C, the mixture was filtered by
0.45-mm Millipore filter; the metal ion content in the eluate
was determined by atomic absorption.

■ RESULTS AND DISCUSSION

Surface Characterization. The ash surface chemistry
before and after adsorption were evaluated by SEM. The SEM
with clear image with smooth shape in ash before adsorption was
observed (Figure 1a). After adsorption (Figure 1b) light point
is position of particles on the adsorbent after adsorption
process. As can be seen in Figure 1c, the adsorbed particles were in
the 30−60 nm range so this adsorbent has high potential in the
nanometer size particle adsorption. EDX analysis of adsorbent
before and after Ni(II) adsorption (data not shown) confirmed
this observation. The presence of Ni(II) on ash proved that the
Ni(II) removed from solution had been adsorbed onto ash.
The X-ray diffraction spectra can give information about the

changes in the quantity of the amorphous parts in ash after
adsorption. As could be seen from Figure 2 in the X-ray
diffraction spectra of ash there were no peaks at 2θ about 44−
53° and 77° in Figure 2a but these peaks is appeared in the ash
X-ray after adsorption process (Figure 2b) that associated
nickel is adsorbed onto ash.30

Effect of Contact Time. The rate at which adsorption take
place is of most important when designing batch adsorption
experiments. Consequently, it is important to establish the time
dependence of such systems under various process conditions.
The experimental runs measuring the effect of contact time on
the batch adsorption of metal solution containing 100 mg/L of
Ni (II) at 20 ◦C and initial pH value 4 and ash dose of 3 g in
100 mL is shown in Figure 3. For Ni(II), sorption rate reaches
up to 94.2% when contact time is 120 min, and then little
change of sorption rate is observed. This result revealed that
adsorption of Ni(II) is fast and the equilibrium was achieved by
2 h of contact time. Taking into account these results, a contact
time of 2 h was chosen for further experiments.
Effect of pH Sorption. The pH of the solution affects the

charge on the surface of the adsorbents, so the change in pH
also affects the adsorption process and the H+ ion concentra-
tion may react with the functional groups on the active sites on
the adsorption surface. Figure 4 shows the zeta-potentials of the
ash particles in water measured at various pH’s. It can be seen

that the ash particles are negatively charged at low pH’s and
positively charged at high pH’s, having a point of zero charge
(PZC) at a pH of 8. Therefore, it can be expected that
positively charged metal ions are likely to adsorb onto the
negatively charged ash particles at a pH below 8. In general,
adsorption of cations is favored at pH > pHPZC. The pH of the
solutions has been identified as the most important variable
governing metal adsorption. This is partly due to the fact that
hydrogen ions themselves are strong competing ions and partly

Figure 1. SEM image of ash before adsorption (a) after adsorption (b)
and after adsorption with more zoom (c).
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that the solution pH influences the chemical speciation of the
metal ions as well as the ionization of the functional groups
onto the adsorbent surfaces. In order to evaluate the influence
of this parameter on the adsorption, the experiments were
carried out at different initial pH values. The effect of pH on
adsorption efficiencies are shown in Figure 5. The optimum pH
value of 4 is observed for the Ni(II). The low degree of
adsorption at low pH values can be explained by the fact that at
low pH values the H+ ion concentration is high and therefore
protons can compete with the lead cations for surface sites. In
addition when pH increases, there is a decrease in positive
surface charge (since the deprotonation of the sorbent
functional groups could be occurs), which results in a lower
electrostatic repulsion between the positively charged metal ion
and the surface of ash, favoring adsorption.
Kinetics of Sorption. Most of the adsorption trans-

formation processes of various solid phases are time dependent.
To understand the dynamic interactions of Ni(II) with ash and

to predict their fate with time, knowledge of the kinetics of
these processes is important.31

Although several models have been used for batch reactors to
describe the transport of adsorbates inside adsorbent particles,32,33

the mathematical complexity of these models makes them
inconvenient for practical use. Simple and explicit relationships
between the adsorption performance and operating conditions
are therefore preferable. In this respect, lumped kinetic models,
which how the spatially averaged solid phase concentration (qt)
changes with adsorption time, are much simpler and easier to
apply for practical operations. Models in this category include
pseudofirst- and pseudosecond-order rate equations and the
intraparticle diffusion model. The pseudofirst- and pseudo-
second-order models assume that the difference between the
average solid phase concentration (qt) and the equilibrium
concentration (qe) is the driving force for adsorption and that
the overall adsorption rate is proportional to this driving force.
Both equations have been widely applied to explain the

Figure 2. XRD pattern of ash (a) before and (b) after adsorption.

Figure 3. Effect of contact time on the removal efficiency (the initial
concentration, pH, volume of solution, and amount of adsorbent were
100 mg/L, 4, 100 mL, and 3 g, respectively).

Figure 4. Zeta-potential of the ash at various pH’s.

Figure 5. Effect of pH on the removal efficiency (the initial con-
centration, contact time, volume of solution, and amount of adsorbent
were 100 mg/L, 120 min, 100 mL, and 3 g, respectively).
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experimental results obtained for aqueous pollutants such as
dyes and metal ions.33−36

The adsorbate transport from the solution phase to the
surface of the adsorbent particles occur in several steps. The
overall adsorption process may be controlled either by one or
more steps, e.g., film or external diffusion, pore diffusion,
surface diffusion and the adsorption on the pore surface, or a
combination of more than one steps. In a rapidly stirred batch
adsorption, the diffusive mass transfer can be related by an
apparent diffusion coefficient, which will fit the experimental
sorption-rate data. Generally, a process is diffusion controlled if
its rate dependent upon the rate at which components diffuse
toward one another. To investigate the change in the
concentration of sorbate onto sorbent with shaking time, the
kinetic data of Ni(II) ions sorption onto ash were subjected to
Morris−Weber (intraparticle) eq 437

= +q K t C( )t id
0.5

(4)

where qt is the sorbed concentration of Ni(II)ions at time t.
The plot of qt versus t

1/2 is given in Figure 4. The value of rate
constant of Morris-weber transport, Kid, calculated from the
slope of the linear plot are shown in Figure 6. The rate constant

k = 0.09 min−1 was calculated from the slope of the straight line
with a correlation factor of 0.961.
The pseudofirst order of the sorption of Ni(II) ions onto ash

was evaluated by treating the data to the following form of
Lagergren rate expression (5),38 to determine the rate constant
of sorption for Ni(II) ions−ash system:

− = −q q q k tlog( ) log ( /2.303)te e (5)

where qe is the sorbed concentration at equilibrium and k is the
first order rate constant. The linear plot of log(qe − qt) against
time t (Figure 7) demonstrates the applicability of the above
equation for Ni (II) ions sorption onto ash. The rate constant
k = 0.03 min−1 was calculated from the slope of the straight line
with a correlation factor of 0.95.

The kinetic data of Ni(II) ions sorption onto ash was
subjected to pseudosecond order eq 639

= +t q Kq t q/ 1/( ) /t e
2

e (6)

The rate constant was calculated from the slope of the straight
line (Figure 8). The rate constant was calculated from the slope

of the straight line (Figure 8). The rate constant k = 0.24 min−1

was calculated from the slope of the straight line with a
correlation factor of 0.999. From Table 2, the kinetic data well
fitted the pseudofirst-order, the pseudosecond-order and the
intraparticle diffusion model. However, the correlation coef-
ficients (r2) of pseudosecond-order are greater than pseudofirst-
order which indicated that the pseudosecond order equation is

Figure 6. Morris−Weber plot of Ni(II) sorption onto ash (the initial
concentration, pH, volume of solution, and amount of adsorbent were
100 mg/L, 4, 100 mL, and 3 g, respectively).

Figure 7. Validation of Lagergren plot of Ni(II) sorption onto ash (the
initial concentration, pH, volume of solution, and amount of adsorbent
were 100 mg/L, 4, 100 mL, and 3 g, respectively).

Figure 8. Pseudosecond order plot of Ni(II) sorption onto ash (the
initial concentration, pH, volume of solution, and amount of adsorbent
was 100 mg/L, 4, 100 mL, and 3 g, respectively).
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better than pseudofirst-order. So, the adsorption process was
controlled by pseudosecond-order equation and the intra-
particle diffusion model. The correlation coefficient of the
intraparticle diffusion equation is lower than the pseudosecond-
order equation. It could be interpreted as follows: first, the
removal of Ni(II) from aqueous solution cannot be neglected
relative to the amount of Ni(II) in the solution; second, the
intraparticle diffusivity relies on the solid phase concentration
in a large degree.40,41 Due to the two reasons, the correlation
coefficient of the intraparticle diffusion equation is not high. Also
this suggests the assumption behind the pseudosecond-order
model that the Ni(II) uptake process is due to chemisorptions.42

The assumption behind the pseudosecond-order kinetic model
was that the rate-limiting step might be chemisorptions involving
valence forces through sharing or exchange of electrons between
adsorbent and adsorbate.43,44 Azizian45 explored the kinetics of
adsorption from a solution onto an adsorbent theoretically, and
found that the adsorption process obeyed first-order kinetics at
high initial concentration of solution while it obeyed pseudo-
second-order kinetics at lower initial concentration of solution.
Effect of Ash Dosage on Sorption of Ni(II). Adsorbent

dosage is an important parameter because this determines the
capacity of an adsorbent for a given initial concentration of the
adsorbate at the operating conditions. The effect of ash dose
was studied for a by varying the dose between 0.5 and 4 g in
100 mL aqueous. These tests were conducted at a temperature
of 20 °C, with optimum pH value for Ni(II). The initial metal
ion concentration was 100 mg/L. It was observed that the
adsorption percentage of Ni(II) onto the ash increased rapidly
with the increasing of adsorbent concentration (Figure 9).

This result is expected because the increase of adsorbent dose
leads to greater surface area. When the adsorbent concentration
was increased from 0.5 to 3 g, the percentage of Ni(II) ions
adsorption increased from 76.3 to 94.2. At higher concentra-
tions, the equilibrium uptake of Ni(II) did not increase signi-
ficantly with increasing ash. Such behavior is expected due to
the saturation level attained during an adsorption process.46 For
subsequent studies, a dose of 3 g of ash into 100 mL aqueous
solution was selected. The data of Figure 9 were fitted to Langmuir,

Freundlich, and Dubnin−Randkovich (D-R) models in order
to examine the models constants at different temperature
adsorption isotherms.

Isotherm Model. The adsorption isotherm is based on the
assumption that every adsorption site is equivalent and
independent of whether or not adjacent sites are occupied.
Isotherms show the relationship between metal concentration
in solution and the amount of metal sorbed on a specific
sorbent at a constant temperature.

Langmuir Isotherm Model. The Langmuir theory
describes the monolayer coverage of adsorbate on a homo-
geneous adsorbent surface. The adsorption isotherm is based
on the assumption that sorption takes place at specific homo-
geneous sites within the adsorbent and that once an adsorbate
molecule occupies a site, no further adsorption can take place at
that site. The saturation monolayer can be represented by the
following expression (7):

= +q q K C K C( )/(1 )e o L e L e (7)

where qe is the amount of metal adsorbed per specific amount of
adsorbent (mg·g−1), Ce is equilibrium concentration of the solution
(mg·L−1), and qo is the maximum amount of metal ions required to
form a monolayer (mg·g−1). The Langmuir equation can be re-
arranged to linear form for the convenience of plotting and deter-
mining the Langmuir constants (KL) as below. The values of qo and
KL can be determined from the linear plot of Ce/qe versus Ce

= +
C
q q K q

C
1 1e

e o L o
e

(8)

The equilibrium data were analyzed using the linearized form the
Langmuir adsorption isotherm eq 8. The Langmuir con-
stants, KL, and monolayer sorption capacity, qo, were calculated
from the slope and intercept of the plot between Ce/qe and Ce
(Figure 10). The results and equations are indicated in Figure 10

and Table 4. As can be seen, the slope of line is negative, so this
equation is not suitable for these data.

Freundlich Isotherm Model. While Langmuir isotherm
assumes that enthalpy of adsorption is independent of the

Figure 9. Effect of dosage on the removal efficiency (the initial con-
centration, pH, volume of solution, and contact time was 100 mg/L, 4,
100 mL, and 120 min, respectively).

Figure 10. Langmuir sorption isotherm for Ni(II) (the initial
concentration, pH, volume of solution, and contact time was 100 mg/L,
4, 100 mL, and 120 min, respectively).
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amount adsorbed, the empirical Freundlich equation, based on
sorption on heterogeneous surface, can be derived assuming a
logarithmic decrease in the enthalpy of adsorption with the
increase in the fraction of occupied sites. The Freundlich equa-
tion is purely empirical based on sorption on heterogeneous
surface and is given by

=q K C( ) n
e F e

1/
(9)

KF and (1/n) are the Freundlich constant and adsorption
intensity, respectively. Equilibrium constants evaluated from the
intercept and the slope, respectively, of the linear plot of log qe
versus log Ce based on experimental data. The Freundlich
equation can be linearized in logarithmic form for the deter-
mination of the Freundlich constants as shown below

= +q K n Clog( ) log( ) 1/ log( )e F e (10)

The slope and the intercept correspond to (1/n) and KF,
respectively. It was revealed that the plot of log qe and log Ce
yields a straight line (Figure 11). The results are indicated in
Table 4.

The Freundlich isotherm constants KF and n are constants
incorporating all factors affecting the adsorption process such as
of adsorption capacity and intensity of adsorption. The
constants KF and n were calculated from eq 10 using Freundlich
plots as shown in Figure 11. The values for Freundlich con-
stants and correlation coefficients (r2) for the adsorption process

are also presented in Table 4. The values of n between 1 and 10
(i.e., 1/n less than 1) represent a favorable adsorption. The values
of n, which reflects the intensity of adsorption, also reflected the
same trend. The n values obtained for the adsorption process re-
presented a beneficial adsorption. The Freundlich-type adsorption
isotherm is an indication of surface heterogeneity of the adsorbent
while Langmuir-type isotherm hints toward surface homogeneity
of the adsorbent. This leads to the conclusion that the surface of
ash is made up of small heterogeneous adsorption patches which
are very much similar to each other with respect to adsorption
phenomenon.47,48

D-R Isotherm Model. The D-R49−51 model was chosen to
estimate the characteristic porosity and the apparent free
energy of adsorption. The model assumed that the character-
istics of the sorption curves are related to the porosity of the
adsorbent. The linear form of this model is expressed by

= − βεq qln( ) ln( )e m
2

(11)

where qe is the amount of Ni(II) adsorbed per unit dosage of
the adsorbent (mg·g−1), qm is the monolayer capacity (theoretical
maximum capacity), β (model constant (mol2·KJ−2) or the poro-
sity factor) is the activity coefficient related to mean sorption
energy, and ε is the Polanyi potential described as

ε = +RT Cln[1 (1/ )]e (12)

where R is a gas constant in kJ·mol−1·K−1, T is the temperature in
Kelvin, and Ce is as defined earlier. From the plots of ln qe versus
ε2 (Figure 12) the values of β and qm were determined by the

slope and intercept of the linear plot. The value of E evaluated
from the slope (β) of D-R curve using equation (E = 1/√2β) is
11.8 kJ·mol −1 which is in the range of 9−16 kJ·mol−1, expected for
chemisorptions or ion exchange. The statistical results along with
the isotherm constants are also given in Table 1. As our results
show, adsorption of Ni(II) by ash can be fitted using Freundlich
equation also the D-R equation shows considerable correlation
factor. Although the Freundlich isotherm provides the information

Table 4. Isotherm Constant for Ni(II) Adsorption onto Ash

Langmuir equation

y = −0.0301x + 2.1718
Freundlinch parameter

k n r

0.363 0.84 0.98
D-R parameter

qm β r2

10.86 1 × 10−6 0.88

Figure 11. Freundlich sorption isotherm for Ni(II) (the initial
concentration, pH, volume of solution, and contact time was 100 mg/L,
4, 100 mL, and 120 min, respectively).

Figure 12. D-R sorption isotherm for Ni(II) (the initial concentration,
pH, volume of solution, and contact time was 100 mg/L, 4, 100 mL,
and 120 min, respectively).
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about the surface heterogeneity and the exponential distribution of
the active sites and their energies, it does not predict any saturation
of the surface of the adsorbent by the adsorbate. Hence, infinite
surface coverage could be predicted mathematically. In contrast, D-
R isotherm relates the heterogeneity of energies close to the
adsorbent surface. If a very small subregion of the sorption surface
is chosen and assumed to be approximately by the Langmuir
isotherm, the quantity can be related to the mean sorption energy,
E, which is the free energy for the transfer of 1 mol of metal ions
from the infinity to the surface of the adsorbent.40,41

Effect of Initial Concentration of Ni(II) on the
Adsorption. The experiments were carried out using various
concentrations of Ni(II) solution under the determined
optimum pH values and contact time. The effect of initial
Ni(II) ion concentration was investigated in the range of 100−
1000 mg·L−1. The results are presented in Figure 13. The Ni(II)

adsorption capacity of the ash first increased with increasing the
initial concentration of metal ion and then reached a saturation
value at about 600 mg·L−1 and the maximum equilibrium
uptake for Ni(II) was 16.3 mg·g−1. Then the value did not
significantly change with the initial metal ion concentration.
The results indicate that there is a reduction in Ni(II)
adsorption, owing to the lack of available active sites required
for the high initial concentration of Ni(II). The higher uptake
of Ni(II) at low concentration may be attributed to the
availability of more active sites on the surface of the adsorbent
for lesser number of adsorbate species.

■ ADSORPTION THERMODYNAMICS

Effect of Temperature on Adsorption of Ni(II). To
study the effect of temperature adsorption experiments are
carried out at 20−50 °C at optimum pH value of materials and
adsorbent dosage level of 3 g in 100 mL of solutions. The
equilibrium contact time for adsorption was maintained at 2 h.
The percentage of adsorption increases with rise of temperature
from 20 to 50 °C. The results were shown in Table 5 and it
revealed the endothermic nature of the adsorption process

which later utilized for determination of changes in Gibbs free
energy (ΔG), heat of adsorption (ΔH), and entropy (ΔS) of
the adsorption of Ni(II) from aqueous solutions. The increase
in adsorption with rise in temperature may be due to the strength-
ening of adsorptive forces between the active sites of the
adsorbents and adsorbate species and between the adjacent
molecules of the adsorbed phase.

Effect of Temperature on Thermodynamics Parame-
ter on Adsorption of Ni(II). To study the thermodynamics of
adsorption of Ni(II) on ash, thermodynamic constants such as
enthalpy change ΔH, free energy change ΔG and entropy
change ΔS were calculated using eqs 13−15. The values of these
parameters are given in Table 6. Thermodynamic parameter ΔH,

ΔS, and ΔG for the Ni(II) ions−ash system were calculated
using the following equations:

= −K F F/(1 )c e e (13)

= − Δ + ΔK H RT S 3log /(2.303 ) /(2.30 R)c (14)

Δ = −G RT Kln c (15)

where Fe is the fraction of Ni(II) ions sorbed at equilibrium. It
is noted that all ΔG values shown in Table 6 are negative. This
suggests that the adsorption process is spontaneous with high
preference of Ni(II) for ash. The free energy (negative values)
increases (from −48.7 to −134.7 kJ/mol) with an increase of
temperature from 20−50 °C, which clearly shows that the
process is favorable at higher temperature. The changes of
energy for physical adsorption are generally smaller than that of
chemisorption. The changes of energy for physical adsorption
are in the range of 0 to 19.646 kJ·mol−1, and that of chemical
adsorption −59.42 to −397.1 kJ·mol−1.52 As shown in Table 3,
the magnitude of adsorption free energy (ΔG) ranging from
−48.7 to −134.7 kJ·mol−1 suggests that the adsorption can be
considered as a chemisorption. The enthalpy change ΔH is
positive (endothermic) due to increase in adsorption on suc-
cessive increase in temperature. The positive value of ΔS
reveals the increased randomness at the solid−solution
interface during the fixation of the ion on the active sites of
the sorbent. The positive value of ΔS suggests the increased
randomness at the solid-solution interface during the
adsorption of Ni (II) ions on ash. On the adsorption of Ni
(II), the adsorbed solvent molecules, which are displaced by the
adsorbate species, gain more translational entropy than is lost

Figure 13. Effect of initial concentration on the removal efficiency
(the amount of ash, pH, volume of solution, and contact time was 3, 4,
100 mL, and 120 min, respectively).

Table 5. Effect of Temperature on the Removal Efficiency

temperature, °C removal efficiency of Ni

20 94.2
30 95.1
40 96.7
50 97.5

Table 6. Thermodynamic Parameter for Adsorption of
Ni(II) onto Ash

ΔH (kJ·mol−1) ΔS (kJ·kmol−1) T (°C) ΔG (kJ·mol−1) r2

20 −48.7
Ni 23.83 0.1 30 −75.5 0.98

40 −104.1
50 −134.7
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by the adsorbate ions, thus allowing for the prevalence of
randomness in the system.53

Desorption Experiments. To check whether metal ion can
be desorbed from the exhaust ash, two tests were carried out to
simulate the leaching as well by rainwater (test by water
saturated with carbon dioxide) as by NaOH percolates. Table 7

reports that the desorption efficiency is not considerable. As
can be seen, NaOH concentration increase has positive effect
on the desorption process but after 0.5 M, the NaOH con-
centration has not significant effect on the desorption
efficiency. Findings indicate the low reversibility of the sorption
process at the pH values of both tests. Leaching by NaOH is
more effective than by CO2-saturated water.
Application of Ash for Removal of the Heavy Metals

and COD from Plating Wastewater. Upon completion of
basic adsorption experiments, the efficacy of ash in the removal
of Cr(VI), Zn(II), Ni, and COD from industrial wastewater was
evaluated. To this end, a bulk wastewater sample was obtained
from a local plating wastewater (Shahi, Iran). The pH, color,
and material concentration of collected wastewater was
determined at the beginning of adsorption experiments, are
shown in Table 8. The pH of wastewater was 3.4. Adsorption

was performed on 100 mL of wastewater with an ash dose of
3 g. The suspensions were stirred at room temperature (20 °C)
and 200 rpm. Table 8 shows Cr(VI), Zn(II), Ni, and COD
removal from wastewater in terms of percent removal. As can
be seen, ash is an efficient and cost-effective adsorbent for the
removal of Cr(VI), Zn(II), Ni, and COD from industrial waste-
waters. The main advantages of ash for the removal of Cr(VI),
Zn(II), Ni, and COD from water and wastewater include a high
adsorption rate, capacity, and efficacy, as well as a short equili-
bration time. Furthermore, ash is available as a no-cost waste
and can be used without modifications. Thus, ash adsorption is
environmentally friendly and achieves treatment goals in a
simple and low-cost manner.

■ CONCLUSIONS
Adsorption studies on ash have been shown to be highly
effective in removing of Ni(II) from aqueous solution. This
adsorbent is widely available as a waste material, is mechanically
stable, and most importantly is environmentally appealing. In
addition, this adsorbent does not mix with water, and it can be
separated very easily from water. The maximum Ni(II) ions
adsorption capacity of ash is very close to other adsorbents.
Therefore, it may be used as an alternative adsorbent, replacing
costly materials, such as activated carbon, resins, etc. The
maximum Ni(II) ions is 94.2 %. The optimum conditions of
sorption were found to be: a sorbent dose of 3 g in 100 mL of
Ni(II) contact time of 120 min, pH 4 for the Ni(II). The results
gained from this study were well described by the theoretical
Freundlich. The kinetic data indicated that the adsorption
process was controlled by pseudosecond-order equation.
Desorption of Ni(II) from ash have been studied using 0.5 M
NaOH and by water saturated with CO2, maximum desorption
efficiency was 35%. The effect of temperature has been studied;
it was found that increasing temperature has positive effect on
the adsorption, the thermodynamic parameters ΔH, ΔS, and ΔG
are evaluated. Thermodynamic parameters showed that the
adsorption of Ni(II) onto ash was feasible, spontaneous and
endothermic under studied conditions also ash was used in
plating wastewater treatment that the results is considerable.
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