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a b s t r a c t
Removal of Cu2+, Ni2+, Cd2+ and Zn2+ ions from single- and multi-component aqueous solution using 
porous activated carbon (PAC) has been studied. The PAC was prepared by controlling the carbonation 
temperature of agricultural waste at 500°C and followed by the acid treatment (10 N H2SO4). The 
structural morphology and elemental composition of PAC have been determined by SEM and EDX, 
respectively. Batch adsorption studies have been carried out to optimize the adsorption parameters 
such as solution pH, adsorption dosage, initial metal ion concentration and contact time. Metal ions 
concentrations have been determined by atomic absorption spectrophotometer. Adsorption kinetic 
equations (pseudo-first order, pseudo-second order, Elovich and intraparticle kinetic models) have 
been examined to identify the adsorption process and mechanism using adsorption data of contact 
time. The adsorption kinetic studies show that the adsorption of metal ions onto the PAC follows 
the second-order kinetic model, and the maximum adsorption capacities of the Cu2+, Ni2+, Cd2+ and 
Zn2+ ions were calculated as 57.2, 68.1, 44.2 and 49.3 mg/g, respectively. The adsorption isotherm 
results suggest that the Freundlich isotherm has been fitted well with experimental data of mono- 
and multi-layer adsorption. The effect of temperature on the adsorption of (Cu2+, Ni2+, Cd2+ and Zn2+) 
on PAC has been studied at 298, 303, 308, 313 and 318 K, and thermodynamic parameters such as 
Gibbs free energy change (ΔG°), enthalpy change (ΔH°) and entropy change (ΔS°) have been evalu-
ated. This study shows that the adsorption process of metal ions onto PACs is endothermic, feasible 
and spontaneous in nature.
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1. Introduction

The toxic heavy metal ions such as Cu2+, Ni2+, Cd2+ and 
Zn2+ are well-known pollutants and discharged into the envi-
ronment in the form of industrial wastewater. Soil and water 
system have been severely damaged by the heavy metal ion 
pollutants. These pollutants are non-biodegradable which 
accumulates in the living organism, thus causing physiologi-
cal or neurological damage to human and animal even at low 
concentration. Several methods have been widely applied for 

the removal of heavy metal ions in the atmosphere. Adsorption 
methods are widely used for the removal of heavy metal ions 
because of the simplicity of the experimental procedure in 
comparison with other methods. The commercial activated car-
bon has high adsorption capacity and is a potential adsorbent 
for the removal of metal ions from the industrial wastewater. But 
it is more expensive and involves high operating costs. Thus, 
there is a growing demand to find out low-cost, easily available 
and efficient adsorbent for the adsorption process [1–8].
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Activated carbon is a well-known material and is used 
in chemical purification system to remove the heavy metals 
from gases and aqueous phase liquids. The high surface 
area, microporosity and charge of carbon materials have 
highlighted them as ion exchangers, adsorbents, catalysts 
and separation media. The activated carbon obtained from 
physico-chemical treatment possesses a wide range of pore 
volumes, pore sizes and their microporosity is usually well 
developed which is influenced by the adsorption process 
[9–16]. In the physical treatment, the carbonaceous material 
is exposed to a stream of gases at high temperature (less than 
500°C) or the carbonaceous material is exposed to activation 
agents such as hydroxides, zinc chloride, bicarbonates and 
acids at low temperature (room temperature) as in the 
chemical treatment. However, the activated carbons are used 
in the single-component system, but industrial effluents con-
tain a mixture of metals. The competitive adsorption charac-
teristic materials are required to remove the mixture of metal 
ions from the multi-component system [17–25]. Recently, 
natural materials of acid-activated carbons have gained par-
ticular attention in the adsorption process such as rice husk 
[26], Psidium guajava [27], sweet potato [28], peanut hull 
[29], sawdust [30], neem bark [30], coconut shell [31], olive 
stone [32], cashew nut shell [33] and corncob [34] activated 
carbons.

Most of the researchers reported the adsorption of heavy 
metal ions by the single-component system. However, indus-
trial effluents contain the mixture of metal ions and as a result 
it is necessary to remove two or more metal ions from the 
effluent simultaneously. Therefore, the study on the simul-
taneous adsorption of heavy metals from multi-component 
systems is necessary and most important for the industrial 
effluent treatment. In the present study, the competitive 
adsorption of Cu2+, Ni2+, Cd2+ and Zn2+ ions was investigated 
from single- and multi-component aqueous system using 
modified porous activated carbon (PAC). PAC is prepared 
from a renewable natural (punnai shell) waste material. It 
was chosen as an adsorbent material for the removal of a 
mixture of metals due to molecular recognition sites on its 
surface which is macroporous and inner macropore web that 
increases adsorption capacity. The dynamic behaviors of the 
adsorption experimental parameters have been examined 
and compared the adsorption ability with its raw material. 
The experimental kinetic and thermodynamic parameters 
have been evaluated from the batch adsorption experimental 
data.

2. Experimental setup

2.1. Chemicals

Deionized distilled water and carbonate free water was 
purchased from Vijaya Scientific chemicals, India. PAC was 
prepared from natural waste by the procedure adopted by 
Murugesan et al. [2] in a study. A stock solution of 300 mg/L 
single- and multi-component metal ions was prepared from 
their sulfate (3CdSO4 8H2O, ZnSO4 7H2O, CuSO4 5H2O and 
NiSO4 6H2O) salts. Experimental standard solutions were 
diluted from the appropriate amount of stock solution using 
deionized distilled water. Finally, H2SO4, HCl and NaOH 
were procured from Sigma-Aldrich Chemical, India.

2.2. Synthesis of adsorbents

Punnai shells were collected from Chennai and dried 
well. Image of punnai shells is shown in Fig. S1. The dried 
material was heated in a muffle furnace at a high tempera-
ture of 400°C to obtain the raw enhanced activated carbon 
(AC) in ash form. The AC was subjected to acid treatment 
with H2SO4 to obtain porous surface activated carbon for 
24 h. It was filtered and washed several times to remove 
acid, unwanted impurities and dried at 100°C for a day in a 
hot air oven. Raw material and acid-enhanced activated car-
bons (Fig. S2) were used for the removal of Cu2+, Ni2+, Cd2+ 
and Zn2+ ions from the synthetic corresponding metal ion 
solution [34].

2.3. Characterization of the adsorbents

The modified activated carbon was characterized by 
scanning electron microscopy (SEM), energy dispersive 
X-ray spectrometry (EDX) and particle size analysis. SEM 
is very useful to determine the surface morphology of 
the adsorbent and adsorbed material. EDX provides the 
crystalline and elemental composition information about 
a material from a few nanometer depths of the material 
surface via the electron back-scattered detection system 
attached with a microscope. All the SEM and EDX analyses 
of the PAC and metal ion adsorbed material was recorded 
using the Quanta 200 FEG scanning electron microscope 
at different accelerating voltages with various working 
distances. The particle size analysis is the technique of 
resonant mass measurement to detect and accurately count 
particles in the size range of 50 nm to 5 µm. The particle 
size analysis of adsorbent samples was performed by 
Malvern Instruments Particle Size Analyzer (Zetasizer ver. 
6.20, MAL 1049897).

2.4. Batch adsorption studies

The adsorption experiment was carried out by preparing 
various appropriate concentration from the stock solution and 
stirred for 2 h in a mechanical shaker at 28°C for the removal 
of Cu2+, Ni2+, Cd2+ and Zn2+ions using surface modified acti-
vated carbon (PAC) from single-component (stock solution of 
300 mg/L of Cu2+, Ni2+, Cd2+ and Zn2+) and multi-component 
aqueous media (mixture of 300 mg/L stock solution of Cu(II), 
Ni(II), Cd(II), Zn(II)) by using adsorbent dosage of about 50 
to 200 mg. The adsorption parameters such as solution pH 
(7), contact time (120 min), ambient temperature (28°C) and 
175 rpm were maintained at their optimum in the adsorp-
tion experiment process. Various adsorption parameters (pH, 
adsorption dosage, contact time and metal ion concentration) 
were examined to optimize the adsorption process.
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where Co and Ce are the initial and equilibrium concentrations 
(mg/L) of the metal solutions, respectively. All the adsorption 
experiments were replicated thrice. In the replication process, 
approximately 5% error was obtained.
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2.4.1. Effect of solution pH

The effect of solution pH on adsorption was studied 
using 20 mL solution of 300 mg/L of single-component 
(Cu2+, Ni2+, Cd2+ and Zn2+) and multi-component metal 
ions (mixture of 300 mg/L of (MCu(II), MNi(II), MCd(II), 
MZn(II)) in the pH range 2.0 to 9.0 with an adsorbent dosage 
of 100 mg. The solutions were stirred well in a mechanical 
shaker at 175 rpm for 120 min at ambient temperature (28°C). 
The solutions were then filtered, and the concentration of the 
metal ion in the filtrate was measured using AA6300 atomic 
absorption spectrometer (AAS). Zero-point charge of PAC 
was determined using 50 mL of KNO3 in the pH range 2–12 
(pH was adjusted by adding either 0.1 N HNO3 or NaOH) 
with an adsorbent dosage of 100 mg for 48 h at 28°C.

2.4.2. Effect of adsorption dosage

Batch adsorption studies were performed at different 
adsorbent dosages ranging from 50 to 200 mg with a metal 
solution of 20 mL containing 300 mg/L of single-component 
(Cu2+, Ni2+, Cd2+ and Zn2+) and multi-component metal ions 
(mixture of 300 mg/L of (MCu(II), MNi(II), MCd(II), MZn(II)) 
stirred well in a mechanical shaker at 175 rpm for 120 min at 
28°C. The pH of the solution was maintained at 7.0 for metal 
ions adsorption onto adsorbents, and then the metal ions 
concentration was measured using AAS.

2.4.3. Effect of contact time

Batch adsorption studies were also carried out at different 
contact times between 10 and 180 min with an initial concen-
tration of 300 mg/L single- and multi-component metal ions 
(mixture of 300 mg/L of MCu(II), MNi(II), MCd(II), MZn(II)) 
solution at pH 7.0. 100 mg of adsorbent dosage was taken and 
stirred at 175 rpm at 28°C. At regular time intervals between 
10 and 180 min, the solutions were taken and the metal ions 
concentration was measured using AAS.

2.4.4. Effect of initial metal ion concentration

Equilibrium studies were carried out using 100 mg of 
adsorbent in 20 mL of single-component and the mixture 
of multi-component metal ions solution at different 
concentrations ranging from 100 to 500 mg/L. The solution 
pH of 7 and 120 min contact time was maintained at 28°C. 
After adsorption process, the filtrate metal ion concentrations 
were measured using AAS.

2.5. Adsorption kinetics

Adsorption kinetics for the removal of single- and 
multi-component metal ions was studied using pseudo-first 
order, pseudo-second order, Elovich and intraparticle 
diffusion kinetic models [35–39]. The number of single metal 
ions adsorbed at time t (qe, mg/g) was calculated using the 
following equation:

q C C v
me e t= ×( )−  (2)

where Ct is the concentration of metal ions solution at any 
time t (mg/L), V is the volume of the solution (L) and m is the 
mass (g) of the adsorbent.

2.5.1. Pseudo-first order kinetics equation

The pseudo-first-order equation as given by Lagergren 
relates the adsorption rate to the metal adsorbed amount at 
time t as follows:

d
d
q
t
k q qt

e t= 1( )−  (3)

log( ) logq q q ke t e t− −=  (4)

where qe and qt are the adsorbed amounts of the metal ions at 
equilibrium and time t, respectively, expressed in mg/g, and 
kad is the pseudo-first-order kinetic rate constant, expressed 
in min–1.

2.5.2. Pseudo-second-order kinetics equation

Ho and McKay’s [36] pseudo-second-order kinetic 
equation is represented below: 
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where k2 (g/mg min) is the second-order kinetic rate 
constant; the differential equation is usually integrated and 
transformed in its linear form.

2.5.3. Elovich kinetic model

The experimental data were applied to the Elovich kinetic 
model, which is given in the following equation:

q tt = +
1 1
β

αβ
β

ln( ) ln( )  (7)

where α is the initial adsorption rate constant (mg/(g min)), 
and the parameter β is related to the extent of the surface 
coverage activation energy for chemisorptions (g/mg).

2.5.4. Intraparticle diffusion kinetic model

The intraparticle diffusion model is expressed by the 
following equation suggested by Weber and Morris [39]:

q k t Ct p= +1 2/
 (8)

where kp is the intra-particle diffusion rate constant (mg/g min) 
and t is the time (min).
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2.6. Adsorption isotherms

The non-linear forms of the Langmuir [40] and Freundlich 
[41] adsorption isotherm models were used to evaluate the 
adsorption experimental data. The amount of metal adsorbed 
qe (mg/g) was determined by using the following mass bal-
ance relationship:

q C C V
me o e= ×( )−  (9)

where V is the volume of the solution (L); m is the mass (g) of 
the adsorbent.

2.6.1. Langmuir isotherm model

The Langmuir isotherm model is commonly used for 
adsorption on a completely homogeneous surface, with the 
interaction between the adsorbent and adsorbate molecules. 
The interaction between the adsorbed molecules is negligible. 
This model assumes uniform adsorption energies onto 
the surface, and the maximum adsorption depends on the 
saturation level of the monolayer. The non-linear equation of 
the Langmuir isotherm model is expressed as follows:

q
q K C
K Ce

m L e

L e

=
+1  (10)

where Ce is the equilibrium concentration of the metal ions 
in the solution (mg/L), qe is the adsorbed value of the metal 
ion at equilibrium concentration (mg/g), qm is the maximum 
adsorption capacity (mg/g) and KL is the Langmuir binding 
constant, which is related to the energy of adsorption.

The Langmuir isotherm dimensionless constant of the 
separation factor or equilibrium parameters (RL) can be used 
to predict whether the adsorbents are favorable or unfavor-
able to the adsorption process.

R
bCL = +
1

1 0
 (11)

where b is the Langmuir adsorption equilibrium constant 
and C0 is the initial metal ion concentration.

2.6.2. Freundlich isotherm model

The Freundlich isotherm model is related for adsorption 
on a heterogeneous surface. This model explains multi-layer 
adsorption process. The model applies to adsorption on 
heterogeneous surfaces with the interaction between the 
adsorbed molecules, and the application of the Freundlich 
equation also suggests that the sorption energy exponen-
tially decreases on completion of the sorption centers of an 
adsorbent. This isotherm is an empirical equation, which can 
be employed to describe the heterogeneous systems, and is 
expressed as follows:

q K Ce f e
n= 1/

 (12)

where Kf is the Freundlich constant ((mg/g) (L/mg)1/2) which 
indicates the adsorption capacity and represents the strength 
of the adsorption bond, and n is the heterogeneity factor 
which represents the bond distribution. The values of n, 
between 1 and 10 indicate favorable adsorption.

2.7. Thermodynamic studies

Adsorption studies onto synthesized adsorbents were 
performed with Cu2+, Ni2+, Cd2+ and Zn2+ions at different 
temperatures (298, 303, 308, 313 and 318 K). Thermodynamic 
experiments were carried out with 50 mL of the respective 
initial metal ion concentration, at a constant adsorbent dosage 
of 2 g/L, and with an optimum pH for a predetermined 
contact time. The thermodynamic parameters (ΔG, ΔS and 
ΔH) were evaluated using obtained experimental results 
[42–44].

The thermodynamic study of the adsorption process is 
significant for the practical application. The free energy of the 
adsorption (ΔG°) can be estimated with the equilibrium con-
stant using the following equation:

∆G RT Kc° = − ln  (13)

where Kc is the equilibrium constant (L/g), R is the 
universal gas constant (8.314 kJ/mol K) and T is the absolute 
temperature (K).

 
K

C
Cc
n

e
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where Cn is the equilibrium ion concentration removed from 
the solution which assumed as adsorbed on the adsorbent 
(mg/L), Ce is the equilibrium metal ion concentration (mg/L). 
The plots of ln Kc vs. 1/T are obtained in a straight line and the 
enthalpy change (ΔH°) and the entropy change (ΔS°) values 
were obtained from the slopes and intercepts of this plot, 
respectively. ΔH° and ΔS° were derived from the following 
equations:

∆ ∆ ∆G H T S° = ° °−  (15)

lnK S
R

H
RTc =

° °∆ ∆
−  (16)

2.8. Recyclability

Desorption of the metal ions from adsorbents, to 
regenerate the adsorbent is the most important issue in view 
of the recyclability of the adsorbents. The metal-treated 
adsorbents were treated with 50 mL of 0.2 N HCl solution 
for an hour and the solution was filtered, and the filtrate 
was evaluated to determine the metal recovery, by the AAS. 
The acid-washed adsorbent was again washed with water to 
remove the acid present on the adsorbent surface and was 
reused for further cycles [34].
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3. Results and discussion

3.1. Characterization of the adsorbent

The SEM image of the PAC was taken in order to verify 
the presence of pores on the surface of the PAC adsorbent. The 
surface characterization of PAC and the Cu2+, Ni2+, Cd2+ and 
Zn2+ ion-adsorbed PAC were determined at randomly selected 
points of the surface at an accelerating voltage of 30 kV, and 
a working distance of 50 µm. The SEM images of PAC and 
single-component (only Ni2+ ion) and multi-component 
(MCu(II), MNi(II), MCd(II), MZn(II) metal ions adsorbed 
PAC are shown in Figs. 1(a), (c), and (d), respectively. The 
average pore size of PAC was measured using SEM analysis 
shown in Fig. 1(b). This SEM image indicates the presence of 
a macroporous structure, clearly illustrated by fissures and 
holes. The average pore size in PAC was found to be between 
1.76 and 2.29 µm in diameter.

The pore size of the PAC was further confirmed by the 
particle size analysis. The particle size distribution and 
statistics graph of the PAC are shown in Fig. 2. The particle 
size of the PAC was measured and is found to be in the range 
of 800–2,200 nm. The volume of mean particle size is found 
to be 1,000 nm. The particle size of the PAC was found to 
be small when compared with that of the other adsorbents 
from literature (Table 1). SEM image of PAC (Fig. 1(a)) shows 
that a large number of macropores occurred on the surface 
which creates large surface area assembly and promote 
adsorbent sites. From the SEM and particle size analysis of 
the PAC, it could be confirmed that more adsorbent sites 
are present on the surface of the adsorbent. SEM images of 
metal ion adsorbed PAC with single-component (Fig. 1(c)) 
(only Ni2+ ion) and multi-component (Fig. 1(d)) (mixture 
of MCu(II), MNi(II), MCd(II), MZn(II)) systems show that 

the macroporous structure of PAC is completely filled by 
adsorbate. The result of SEM images of metal ion adsorbed 
PAC suggests that the single- and multi-component 
adsorption occurs on the surface of PAC.

The EDX spectra of PAC and the multi-component 
(MCu(II), MNi(II), MCd(II), MZn(II) ions adsorbed PAC are 
shown in Figs. 3(a) and (b), respectively. The EDX image of 
PAC clearly shows peaks corresponding to C, N, O, Si, S and 
K atoms which indicate the presence of these atoms on the 
surface of PAC. The EDX image of the multi-component ions 
adsorbed PAC shows the corresponding metal ion peaks in 
addition to the others, which confirms the adsorption of metal 
ions on the surface of PAC. Elemental composition (Table 2) 
of EDX analysis further confirms the adsorption onto PAC. 
Exact metal ion concentration and adsorption process were 
further confirmed by AAS analysis.

3.2. Adsorption behavior of PAC

3.2.1. Effect of solution pH on metal ions adsorption 
onto PAC

The percentage metal ion removal graph of the effect 
of pH on adsorption is shown in Fig. 4(a). At lower pH 
(2), the percentage removal of the metal ions is very less 
(40%–50% for the single-component system and 13%–16% 
for the multi-component system) because, in lower pH, 
a large number of hydrogen ions are present around the 
adsorption surface which may be attributed to the compe-
tition with metal ions. PAC adsorbent was carbonized by 
concentrated H2SO4, which enhanced the Bronsted acid sites 
on the surface at lower pH. Such a situation strong electro-
static repulsion was introduced between the adsorbent sites 

Fig. 1. SEM images of (a) PAC adsorbent, (b) pore size of PAC, (c) single-component (only Ni2+ ion) and (d) multi-components (mixture 
of Cu2+, Ni2+, Cd2+ and Zn2+ ions) metal ions adsorbed adsorbent, respectively.
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and adsorbate, which enhanced the adsorption capacity at 
lower pH. With an increase in pH, there is a considerable 
reduction of H+ ions, which facilitates the deprotonation of 
the metal binding sites, which in turn, increases adsorption. 
At high pH (after pH 7), the metal hydroxides increased 
gradually, and hence, decreased adsorption is noticed. The 
percentage removal reaches a maximum value (91%–94% 
for the single-component system and 26%–34% for the 
multi-component system) at a pH of approximately 7.0. 
Hence, in all the batch adsorption experiments, an optimum 
pH value of 7 has been fixed. Zero point charge (pHzpc) of 
the PAC is found to be 5.0. At pH > pHzpc (below pH 5), the 
surface of PAC is positive in nature and adsorbate (metal ion) 
is also positive in nature which enhanced the electrostatic 
repulsion between adsorbent and adsorbate. The electrostatic 
repulsion influenced in the adsorption process and reduced 
the adsorption capacity below pHzpc. At pH > pHzpc (above 

Fig. 2. Particle size distribution and statistics graph of the PAC.

Table 1
Comparison of particle size of various adsorbents for the 
adsorption of metal ions

Adsorbents Particle size References

Palygorskite clay 1–4 µm [45]
Coconut shell 200–297 µm [46]
Thiacalix [4] arene-loaded 
resin

114.80 µm [47]

Rich husk ash 31.30 µm [48]
PAC 1,000 nm Present work

Fig. 3. EDX spectra of (a) PAC and (b) the multi-component (Cu2+, 
Ni2+, Cd2+ and Zn2+ ions) metal ions adsorbed PAC, respectively.
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pH 5), adsorbent (negative charges) and adsorbate (positive 
charges) are opposite charges which introduced electrostatic 
attraction between them, resulting in high adsorption rate on 
the surface of PAC above pHzpc.

The multi-component system adsorption capacity 
decreases when compared with the single-component system 
due to interaction and competition between various metal 
ions in the solution. The multi-component adsorption studies 
show that the affinities order of the four divalent metal ions 
is in the order Ni2+ > Cu2+ > Zn2+ > Cd2+. The results suggest 
that the PAC adsorbent provides a possibility for the selective 
separation of metal ions from multi-component solutions. 
The order is similar to the order of the ionic radii of different 
metal ions studied (Cd2+ = 0.95 Å, Zn2+ = 0.74 Å, Cu2+ = 0.73 Å 

and Ni2+ = 0.69 Å). The smaller the radius of the metal ions, 
the easier is the diffusion of the metal ion on the adsorption 
site, and hence, the higher the percentage removal occurred 
on the surface adsorbent. The adsorption selectivity results 
show that the PAC adsorbent has good adsorption selectivity 
and a high capacity for the removal of various metal ions 
from the mixture.

3.2.2. Effect of initial metal ion concentration on metal ions 
adsorption onto PAC

The experimental results on the effect of initial metal 
ions concentration on PAC adsorption are shown in Fig. 4(b). 
According to the figure, the metal ions adsorption is found to 
be dependent on the initial metal ion concentration. At lower 
concentrations, metal ions counts are very less compared with 
adsorbent sites in the solution. Maximum metal ions could 
interact with the adsorbent sites and facilitate maximum 
adsorption (98%) in the process. At higher concentration, the 
percentage of metal ion removal is decreasing due to the con-
stant and saturation of adsorbent sites. After the equilibrium 
or saturation, more metal ions are left from the adsorbent 
sites in the solution. So, the percentage removal is decreased.

3.2.3. Effect of adsorbent dose on metal ions adsorption 
onto PAC

The influence of the adsorbent dose on the removal of 
single- and multi-component ion onto PAC is shown in Fig. 4(c). 
The percentage removal of the single- and multi-component 

Table 2
Elemental composition results of EDX analysis

Element Wt%
PAC Metal ion adsorbed PAC

C 74.21 56.12
N 6.15 3.15
O 18.77 9.77
K 0.88 0.58
Ni – 12.52
Cu – 9.24
Zn – 7.34
Cd – 5.42

Fig. 4. Effect of (a) pH, (b) initial metal ion concentration, (c) adsorbent dosage and (d) contact time for the adsorption of metal ions 
onto PAC.
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system onto PAC increases from 55% to 99% and 24%–53%, 
respectively, for an increase in the adsorbent dose from 50 to 
200 mg. This is due to an increase in the number of binding 
sites with an increase in the adsorbent dosage. 

In the single-component system, the percentage removal 
reached saturation after a dose of 100–120 mg because 
of the maximum adsorption of metal ions, and the fact 
that the active sites remain vacant on a further increase in 
the adsorbent dose. In the multi-component system, the 
percentage removal has not reached saturation after a dose 
of 150 mg. This is due to the excess of metal ions present in 
the solution, which may proceed with the adsorption process 
further with adsorbent sites. This study suggests that the 
maximum adsorption is attained when all the adsorbent sites 
are filled or occupied by the metal ions.

3.2.4. Effect of contact time on metal ions adsorption 
onto PAC

The results of the effect of the contact time on PAC 
adsorption are shown in Fig. 4(d). The adsorption of Cu2+, 
Ni2+, Cd2+ and Zn2+ ions on PAC increases as the contact time 
is increased and attains equilibrium in 120 min. Initially, 
the rate of adsorption is higher due to a large number of 
adsorption sites being available for the uptake of the metal 
ion from the aqueous medium. After equilibrium, all the sites 

are occupied and saturated by the metal ions. Beyond this, 
there is no adsorption noticed. Hence, in the present study, 
the optimum adsorption occurred is at 120 min and chosen as 
the equilibrium time.

3.3. Adsorption kinetic studies of PAC

The adsorption process of Cu2+, Ni2+, Cd2+ and Zn2+ ions 
onto PAC was investigated using different adsorption kinetic 
equations, such as the pseudo-first order, pseudo-second 
order, Elovich and intraparticle diffusion models. The 
adsorption process and mechanism were verified with 
experimental kinetic parameters.

3.3.1. Pseudo-first-order kinetic model of PAC

The effect of contact time experimental data of Cu2+, 
Ni2+, Cd2+ and Zn2+ ions onto PAC was plotted using 
pseudo-first-order kinetic equation and are shown in Fig. 5(a). 
The values of pseudo-first order equilibrium rate constant 
(kad), correlation coefficient (R2) and equilibrium adsorption 
capacity (qe) were calculated from the slope and intercept of 
the plots of ln (qe – qt) vs. t. The pseudo-first-order kinetic 
constants are listed in Table 3. The correlation coefficients 
for the pseudo-first-order kinetic model were found, and 
they slightly deviated from the pseudo-second-order 
kinetic model. Moreover, a large difference was observed 

Fig. 5. (a) Pseudo-first order, (b) pseudo-second order, (c) Elovich and (d) intraparticle diffusion kinetic models for adsorption of 
metal ions onto PAC.
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between the experimental value and the calculated value of 
equilibrium adsorption capacity. R2 and qe values indicate 
that the pseudo-first-order is poorly fit to the experimental 
data.

3.3.2. Pseudo-second-order kinetic model of PAC

The pseudo-second-order kinetic equation was applied to 
Cu2+, Ni2+, Cd2+ and Zn2+ ions adsorption onto PAC. The values 
of qe and qt were calculated from the adsorption experimental 
data and results are shown in Fig. 5(b). The k2, R2 and qe values 
for the pseudo-second-order kinetics were calculated from 
the plot of t/qt against t (Fig. 5(b)) and are listed in Table 3. In 
the straight lines, the obtained correlation coefficients (>0.99) 
are extremely high. In addition, the calculated equilibrium 
adsorption capacity values also agree with the experimental 
values in the pseudo-second-order kinetic model. The R2 

and qe values of this model suggest that the adsorption data 
are well fitted by the pseudo-second-order kinetics, and 
hence, the rate-limiting step of metal ions onto adsorbent 
may be chemisorption. From this kinetic model, it could be 
suggested that both adsorbent and adsorbate are influenced 
in the adsorption process.

3.3.3. Elovich kinetic model of PAC

The Elovich kinetic equation was also applied to metal 
ions (Cu2+, Ni2+, Cd2+ and Zn2+) adsorption onto PAC. The 
values of qt and ln (t) were calculated from the adsorption 
experimental data, and the results are shown in Fig. 5(c). 
The values of α, β and the correlation coefficient (R2) were 
calculated from the slope and intercept of the plot, and 
the values are listed in Table 3. In the Elovich kinetic plot, 
the characteristic straight lines deviate slightly more than the 
pseudo-first and pseudo-second-order kinetic plot, which is 

confirmed by the correlation coefficient (R2) values. In this 
model, initial adsorption rate of the process (for Cu2+, Ni2+, 
Cd2+ and Zn2+ ions to be 20.09, 28.58, 11.75 and 10.62 mg/g.
min, respectively) was defined from α values. From the high 
initial adsorption rate, it could be suggested that the metal 
ion interaction with PAC is a chemisorption process. The sur-
face coverage was also defined from β values which range 
between 0.1080 and 0.1329 g/mg. Based on this, it could be 
suggested that surface coverage onto the adsorbent is higher. 
The result of the kinetic model indicates that the experimen-
tal data could be fitted with the Elovich kinetic model.

3.3.4. Intraparticle diffusion kinetic studies of PAC

The intraparticle diffusion kinetic equation was also 
applied to the present study of Cu2+, Ni2+, Cd2+, and Zn2+ ions 
adsorption onto PAC, and the results are shown in Fig. 5(d). 
The rate constant (Kp), correlation coefficient (R2) and C val-
ues were derived from the intraparticle diffusion plots and 
listed in Table 3. The plots of qt vs. t1/2 were a double-linear 
straight line when compared with the plots of other three 
kinetic models. If the plot is linear, and if it passes through 
the origin, intraparticle diffusion will be the sole rate-limiting 
factor and boundary layer adsorption will lead to chelation 
in the initial stages. The obtained straight line does not pass 
through the origin. Therefore, the adsorption process seems 
to be feasible. The plot (Fig. 5(d)) indicates that more than 
two stages occurred in the adsorption process. In the first 
stage, the external surface adsorption is attained, and in the 
second stage, intraparticle diffusion is observed. Finally, the 
adsorption equilibrium is obtained after the second stage. 
The diffusion adsorption mechanism is shown in Fig. 6.

The calculated qe values of metal ions onto PAC from 
pseudo-first-order plots deviate from the experimental 
qe values. This kinetic model might not be sufficient to 

Table 3
Kinetic model statistical parameters for Cu2+, Ni2+, Cd2+ and Zn2+ adsorption of PAC

Kinetic model Parameters Metal ions solution (100 mg/L)

Cu2+ ion Ni2+ ion Cd2+ ion Zn2+ ion

Pseudo-first-order kinetic model
ln(qe – qt) = lnqe–kadt 

kad (min–1) 6 × 10–4 4 × 10–4 9 × 10–4 8 × 10–4

qe, cal (mg/g) 43.3 52.4 34.2 37.2

R2 0.9497 0.9350 0.9363 0.9547

Pseudo-second order kinetic model 
t
q k q q

t
t e e

= +
1 1

2
2

K2 (g/mg min) 1.87 × 10–4 1.52 × 10–4 2.14 × 10–4 2.03 × 10–4

qe, cal (mg/g) 54.1 64.5 43.3 47.3

h (mg/g min) 2.44 2.82 1.67 1.97

qe, exp (mg/g) 57.2 68.1 44.2 49.3

R2 0.9907 0.9923 0.9840 0.9873

Elovich kinetic model 

q tt = ( ) + ( )1 1
β

αβ
β

ln ln

α (mg/g.min) 20.09 28.58 11.75 10.62

β (g/mg) 0.1283 0.1329 0.1080 0.1154

R2 0.9360 0.9441 0.9194 0.9429

Intraparticle diffusion kinetic model
mqt = kpt1/2 + C

kp (mg/g.min1/2) 2.19 2.10 2.61 2.43

C 20.48 22.81 13.31 16.35

R2 0.9744 0.9693 0.9612 0.9784
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describe the adsorption mechanism of the PAC–metal ion 
interaction. The correlation coefficient (R2) values were 
found to be between 0.9350 and 0.9547, which shows that 
the pseudo-first-order kinetic model moderately fit with the 
experimental data. The calculated qe values obtained from 
the pseudo-second-order kinetic model agree well with the 
experimental qe values. The pseudo-second-order kinetic 
model straight lines and curves fit well with the experimental 
data than that of the pseudo-first-order kinetic model which 
is confirmed by R2 (0.9840–0.9923) values.

In the Elovich plot, α and β values were defined and 
this explained the rate of initial chemisorption process, the 
surface coverage of adsorbent and the influence of adsorbate 
onto the adsorbent system. From the intraparticle diffusion 
model, the adsorption diffusion mechanism was predicted, 
and the correlation coefficient values were found to be 
very lower than the pseudo-first-second kinetic model, viz, 
between 0.9612 and 0.9784 when compared with other 
kinetic models. From the above results, it is seen that the 
pseudo-second-order model is a better fit than other kinetic 
models. The maximum adsorption capacities of the Cu2+, Ni2+, 
Cd2+ and Zn2+ ions were calculated to be 57.2, 68.1, 44.2 and 
49.3 mg/g, respectively, using the kinetic equation. Hence, it 
is suggested that the adsorption of metal ions onto the PAC 
follows the second-order kinetic model, and the adsorp-
tion process and mechanism were derived using all four 
kinetic models. Reported adsorption capacities of various 
adsorbents for the removal of Cu2+, Ni2+, Cd2+ and Zn2+ ions 
is shown in Table 4. PAC shows higher adsorption capacity 
when compared with another reported adsorbent. It could be 
suggested that PAC is a promising adsorbent for the removal 
of toxic heavy metal ions from industrial wastewater.

3.4. Adsorption isotherm studies of PAC

The non-linear forms of the adsorption isotherm 
experimental data of PAC for Cu2+, Ni2+, Cd2+ and Zn2+ ions 
were evaluated with Langmuir and Freundlich adsorption 
isotherm models using MATLAB R2009a.

3.4.1. Langmuir isotherm model of PAC

The Langmuir isotherm model is related to monolayer 
adsorption, and to adsorption on a homogeneous surface. 

The obtained qe and Ce experimental data from the study of 
the effect of initial metal ion concentration were fitted with 
the non-linear Langmuir adsorption isotherm equation. The 
curve fits well with the experimental data. The Langmuir 
constants (KL), the maximum adsorption capacity (qm) for the 
solid-phase loading and the energy constant related to the 
heat of adsorption were calculated from the non-linear curve. 
The correlation coefficient (R2) values were also obtained 
from the curve. All the constants and parameters of the 
Langmuir isotherm model are listed in Table 5.

From the Langmuir isotherm model, the maximum 
adsorption capacities of PAC for Cu2+, Ni2+, Cd2+ and Zn2+ 
ions were calculated to be 69.50, 74.33, 54.61 and 60.32 mg/g, 
respectively. The RL values between 0 and 1 indicate that 
the adsorbent–metal system is favorable to the adsorption 
process. Otherwise, it is unfavorable. The RL values of the 
PAC–metal ion system for Langmuir were found to be 
between 0.11 and 0.74, which suggests that the adsorption 
process of PAC is favorable. The RL values further confirm 
that PAC is a good adsorbent for the removal of heavy metal 
ions from the single- and multi-component system.

3.4.2. Freundlich isotherm model of PAC

The Freundlich isotherm model is related to multi-layer 
adsorption, and to adsorption on a heterogeneous surface. 
The non-linear Freundlich isotherm curve was plotted from 
PAC adsorption experimental data (qe and Ce) effect of initial 
metal ions concentration using the non-linear Freundlich 
isotherm equation. The isotherm experimental data of PAC 
also fit well with the Freundlich isotherm equation. The 
correlation coefficient (R2), Freundlich constant (Kf) and 
heterogeneity factor (n) were derived from the non-linear 
curves. In the present study, the value of n was found to be 
greater than 1, which indicates that the adsorption of metal 
ions is a favorable one. All the constants and parameters of 
the Freundlich isotherm models are listed in Table 5.

The non-linear adsorption isotherm for adsorption 
of (a) Cu2+, (b) Ni2+, (c) Cd2+ and (d) Zn2+ ions onto PAC is 
presented in Fig. 7. The value of R2 close to 1 indicates that 
the respective equation fits the experimental data best. The 
representation of the experimental data by the two models 
resulted in a non-linear curve with the R2 values, as tabulated 
in Table 5. The correlation coefficient value of the Langmuir 

Adsorbent
 
surface

Adsorbates

Pores

MonolayerMutlilayer

Stage-I Stage-II Stage-III

Fig. 6. Diffusion adsorption mechanism of PAC–metal ions system.
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isotherm for PAC is low when compared with that of the 
Freundlich isotherm models. The experimental data fit based 
on its correlation coefficient values for the Ni2+, Cu2+, Zn2+, 
Pb2+ and Cd2+ ions. The adsorption isotherm results clearly 
suggest that the Freundlich isotherm has a better fit com-
pared with the Langmuir isotherm models and mono- and 
multi-layer adsorption has also occurred due to the physical 
and chemical nature on the adsorbent surface.

3.5. Thermodynamic studies of PAC

The effect of temperature on the adsorption of the Cu2+, 
Ni2+, Cd2+ and Zn2+ ions onto PAC has been studied at 298, 

303, 308, 313 and 318 K, and the results are shown in Fig. 8. 
The thermodynamic parameters, such as Gibbs’ free energy 
change (ΔG°), enthalpy change (ΔH°) and entropy change 
(ΔS°) were derived using thermodynamic equations (Eqs. 
(13)–(16)). ΔH° and ΔS° were defined from the slope and the 
intercept of the plot of lnCe vs 1/T and lnKc vs. 1/T (Figs. 9(a) 
and (b)). The obtained thermodynamic parameters are listed 
in Table 6. The positive enthalpy changes of thermodynamic 
values suggest that the adsorption process is endothermic in 
nature. The negative values of ΔS° describe the randomness 
at the PAC–solution interface during adsorption. The Gibbs 
free energy change increases as the temperature is increased 
and hence decreased adsorption was noticed. At higher 

Table 4
Comparison of reported and PAC adsorption capacity of various adsorbents for the removal of Cu2+, Ni2+, Cd2+ and Zn2+ ions

Adsorbent Modifying agent(s) Adsorption capacity 
(mg/g)

References

Cu2+ ion Ni2+ ion Cd2+ ion Zn2+ion

Sawdust (Dalbergia sissoo) Sodium hydroxide – 10.47 – – [49]
Sawdust (Oak tree) Hydrochloric acid 1.39 2.91 – – [50]
Sawdust (Pinus sylvestris) Formaldehyde in sulfuric acid – – 9.45 – [51]
Sawdust Reactive Orange 13 8.07 9.87 17.09 – [52]
Sawdust (peanut husk) Sulfuric acid 2.96

3.80
– – – [53]

Jute fibres Reactive Orange 13 1.32–2.03 1.65–2.36 – 1.48–2.77 [54]
Spent grain Sodium hydroxide – – 17.3 – [55]
Palm shell activated carbon (GAC) 1.58 0.13 – – [56]
Activated carbons derived 
from waste olive stones

– 0.15 0.15 – – [57]

Activated carbon from 
almond husk

– – 30.76 – – [58]

Activated carbon from 
almond husk

Sulfuric acid – 37.17 – – [58]

Acid modified activated 
carbon (carncob)

Sulfuric acid – 34.34 – – [34]

Acid modified activated 
carbon (punnai shells)

Sulfuric acid 57.2 68.1 44.2 49.3 Present study

Table 5
Isotherm model statistical parameters for Cu2+, Ni2+, Cd2+ and Zn2+ adsorption of PAC

Isotherm models Parameters Cu2+ Ni2+ Cd2+ Zn2+

Langmuir qm

KL

RL

69.50
0.0136
0.43–0.13

74.33
0.0161
0.38–0.11

54.61
0.0036
0.74–0.58

60.32
0.0074
0.57–0.21

R2

SSE
RMSE

0.9498
205.7
8.28

0.9526
169.7
7.521

0.9631
123.6
6.874

0.9694
86.54
5.371

Freundlich KF

n
R2

SSE
RMSE

6.728
1.697
0.9684
87.24
5.393

6.955
1.713
0.9791
58.9
4.4310

2.258
1.177
0.9966
51.8
4.378

3.829
1.376
0.9848
42.82
3.778
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temperature, the interaction between metal ions and PAC sur-
face is weaker than at lower temperature, which influenced 
the adsorption process and decreased adsorption nature. The 
negative ΔG° values indicate that the process is feasible and 
spontaneous in nature. The thermodynamic studies suggest 
that the PAC could be used as an adsorbent for the removal 
of divalent heavy metal ions in aqueous solution at the lower 
temperature and cannot be at a higher temperature.

3.6. Recyclability of PAC

Recyclability studies onto PAC were carried with 0.2 N 
HCl as an eluent and the results obtained are shown in 
Fig. 10. The adsorption–desorption cycles were repeated 
several times, and the desorption rate was found to be very 
rapid, as the almost highest desorption was noticed within 
60 min, for the metal ions (Cu2+, Ni2+, Cd2+ and Zn2+ ions onto 
PAC). The recyclability results show that the efficiency of 
the recycled PAC for the removal of metal ions is nearly the 
same, as that of the fresh one, even after several cycles. The 
reasonable adsorption–desorption behavior of PAC makes it 
a good choice for multi-cyclic use. Based on this, it can be 
concluded that the PAC can serve as a better adsorbent for 
divalent metal ion removal from aqueous solution.

4. Conclusion

The use of the prepared PAC with various pore sizes for 
chelating toxic heavy metal ions by adsorption is a possible 
and an efficient method for solving the problem of the envi-
ronmental pollution in aqueous media. The PAC is completely 
insoluble in aqueous media, and organic solvents and their 
stabilities can be controlled and received considerable atten-
tion in the removal of heavy metal ions owing to their inherent 
advantages over the other methods. The SEM morphological 

Fig. 7. Non-linear adsorption isotherm for adsorption of (a) Cu2+, (b) Ni2+, (c) Cd2+ and (d) Zn2+ ions onto PAC.
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Fig. 8. Effect of temperature for the adsorption of metal ions onto 
PAC.
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study of PAC clearly indicates the presence of pores and 
cavities on the surface of the adsorbents which influence in 
the adsorption process. Adsorption parameters such as solu-
tion pH, adsorbent dosage, contact time and initial metal 
ions concentration were optimized. The competitive adsorp-
tion and selectivity results show that the PAC adsorbent 
has good adsorption selectivity and a high capacity for the 
removal of various metal ions from the mixture. The adsorp-
tion kinetic studies show that the calculated equilibrium 
adsorption capacity (qe) values of the pseudo-second-order 

kinetic model agrees well with the experimental values. 
The adsorption isotherm studies show that the mono- and 
multi-layer adsorption process was occurring on the surface 
of PAC and the maximum monolayer adsorption capacities 
of PAC for Cu2+, Ni2+, Cd2+ and Zn2+ ions were calculated to 
be 69.50, 74.33, 54.61 and 60.32 mg/g, respectively. Studies on 
the effect of temperature showed that there is a decrease in 
the adsorption capacity (qe) with an increase in temperature 
for PAC which reveals that they are endothermic in nature. 
The negative ΔG° values indicate that the process is feasible 
and spontaneous in nature. Based on the above observation, 
it could be concluded that PAC is a promising competent 
adsorbent for the removal of heavy metal ions from aqueous 
solutions, due to their high selectivity, thermal stability and 
absolute insolubility in water.
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Supplementary figures

Fig. S1. Image of punnai shells.

Fig. S2. (A) Raw material and (B) acid-enhanced activated carbons of punnai shells.


