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Pomegranate peel-based activated carbon was prepared using phosphoric acid impregnation for removing copper ions 
from aqueous solutions. The activated carbon sample was characterized using N2 adsorption–desorption isotherms, 
SEM, FTIR, and Boehm titration. Batch adsorption experiments were performed as a function of initial pH, contact 
time, initial ion concentration and temperature. The metal adsorption was found pH dependent, with maximum 
adsorption occurring at an initial pH of 5.4. Langmuir, Freundlich and Temkin isotherms were used to analyze the 
equilibrium data at different temperatures. The Freundlich isotherm was considered to be the best model for 
representing Cu(II) adsorption data. The kinetic studies were analyzed using pseudo-first order, pseudo-second order 
and intraparticle diffusion models, with good fitting to the pseudo-second-order model. The adsorption behavior of the 
binary solution system Cu(II)-Cd(II) showed that the adsorbent has higher selectivity towards copper ions than 
cadmium ions. 
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INTRODUCTION 

Metallic elements always exist in different 
forms in the environment as a result of natural 
causes or certain human activities. In trace 
amounts, they are necessary for living beings.1 
However, in high concentrations, they exhibit 
high- or low-level toxicity.2 This may pose 
particular problems because they accumulate and 
are not biodegradable in the environment.3 The 
heavy metals associated with the concept of 
pollution and toxicity, are generally arsenic (As), 
cadmium (Cd), chromium (Cr), copper (Cu), 
mercury (Hg), manganese (Mn), nickel (Ni), lead 
(Pb), tin (Sn) and zinc (Zn). 

Various techniques, such as precipitation, 
flocculation, ion exchange, electrolysis and 
membrane processes, can be used to remove 
heavy metals from aqueous solutions. However, 
these methods are expensive and can lead to the 
formation of other intermediate dangerous 
compounds. Thus, the selection of inexpensive 
alternative technologies to treat these pollutants is 
very important. Adsorption  has  the  advantage to  

 
be applied in the treatment of various effluents, 
providing an answer to regulatory requirements 
for environmental protection. Several adsorbents 
have been investigated for wastewater treatment, 
including zeolite, silica gel and activated carbon.4 
Previous research studies have shown that 
activated carbon can be a good adsorbent.5-8  

Activated carbons prepared from various 
agricultural wastes have been used as adsorbents 
to remove copper ions from aqueous solutions.5,7-

13 Only El-Ashtoukhy et al.14 investigated the 
copper adsorption capacity of activated carbon 
based on pomegranate peels before, while a few 
other studies have also been reported on the use of 
pomegranate peels as a new adsorbent developed 
for environmental protection.15-18 Pomegranate 
peels are a by-product of the pomegranate juice 
industry. Their abundance and ability to retain 
pollutants make them good adsorbents.19-23 In 
recently published research,19,22,24 pomegranate 
peels are used to prepare chemically activated 
carbons using KOH, H3PO4 and H3PO4-steam as 
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activating agents. The resulting activated carbons 
have very interesting texture and adsorption 
characteristics. This encouraging result, as well as 
the wide availability of this agricultural waste in 
the southern region of Tunisia, has motivated us 
to use pomegranate peels for preparing an 
activated carbon adsorbent for the purpose of 
water treatment. 

In this work, pomegranate peel activated 
carbon was evaluated for the removal of copper 
ions from aqueous solutions. The effects of pH 
solution, contact time, initial copper concentration 
and temperature in the adsorption process were 
examined. FTIR analysis was carried out to 
understand the surface functional groups of the 
adsorbent. Equilibrium data were analyzed by 
different equilibrium isotherm models. Kinetic 
data were evaluated by the pseudo-first order and 
pseudo-second order models. Thermodynamic 
parameters, such as free energy (∆G), enthalpy 
(∆H) and entropy (∆S), were also determined to 
understand the spontaneity and the type of the 
adsorption process. 

 
EXPERIMENTAL 
Chemicals 

Copper nitrate (99.5%) utilized in the present study 
was of analytical grade. A heavy metal stock solution 
of 100 mg/L was prepared by dissolving required 
amounts of Cu(NO3)2 in double-distilled water. Lower 
metal concentrations were obtained by simple dilution. 
 
Preparation of activated carbon  

The pomegranate peel activated carbon “PPAC” 
was obtained by chemical activation, on the basis of 
previous work.22 Briefly, the pomegranate peels were 
impregnated with H3PO4 solution for 2 hours under 
boiling conditions (≈112 °C). The samples were then 
activated under nitrogen flow, at a heating rate of 10 
°C/min up to 400 °C during 2 hours. The obtained 
products were washed several times with hot distilled 
water and dried at 110 °C overnight and then sieved to 
the desired particle sizes to be used for adsorption 
experiments. 
 
Characterization of activated carbon 

The adsorption isotherm of nitrogen onto the AC 
was determined at 77 K, using a Micrometrics ASAP 
2420 volumetric adsorption system. The specific 
surface area (SBET) was calculated based on the 
Brauner-Emmet-Teller (BET) theory. 

Total pore volume was estimated from N2 
adsorption at a relative pressure of 0.99. Total 
micropore volume (VDRN2) was assessed by the 
Dubinin-Radushkevich (DR) equation, applying to the 

appropriate adsorption data. The mesopore adsorption 
volume (Vmeso) was calculated by the BJH (Barret-
Joyner-Halenda) model. These calculations were 
performed by the apparatus software. 

Surface chemistry was characterized by Boehm 
titration and the pH at the point of zero charge (pHPZC) 
was determined according to the experimental 
procedure described elsewhere.22  

For studying the vibrational modes of the PPAC 
functional groups, its FTIR spectrum was measured in 
the 4000 and 400 cm-1 range, using a Spectrum Two 
Perkin Elmer Spectrometer equipped with a DTGS 
detector, with a resolution of 2 cm-1 and 32 scans. 

 
Batch equilibrium adsorption  

The effect of initial pH was studied by performing 
adsorption experiments, which were carried out as 
follows: 0.1 g of activated carbon was mixed with a 50 
mL of copper solution of 40 mg/L. The pH was 
adjusted from 2 to 10, by using 0.1 N HCl or 0.1 N 
NaOH solutions. After adsorption, the pH value that 
allowed maximum copper removal was measured. 

To study the effect of initial copper concentration, 
adsorption experiments were carried out by introducing 
a 0.1 g of PPAC into a series of Erlenmeyer flasks 
containing 50 mL of metal solution, with different 
initial concentration. The mixture was shaken for 140 
min at pH 5.4. The adsorption of copper from aqueous 
solutions was also carried out at different temperatures 
(30, 40, 50 and 60 °C). 

To study the copper adsorption kinetics, a volume 
of 1 L of metal ion solution with each initial 
concentration of 20, 40, and 70 mg/L was poured into a 
jacketed reactor maintained at a fixed stirring speed of 
200 rpm. When the desired value (30 °C) of solution 
temperature was reached, 2 g of the PPAC were added.  

Particle size was also considered an important 
parameter affecting the adsorption kinetics, as it 
governs the diffusion of the adsorbate into the 
adsorbent particles. The adsorption kinetic experiments 
were performed using various average diameter of 
PPAC particles (<0.2 mm, 0.2-0.6 mm, 0.6-0.8 mm). 
All experiments were carried out under the same 
conditions, with a copper initial concentration of 50 
mg/L.  

Experiments of binary adsorption isotherms, using 
both copper and cadmium ions, were performed under 
the same conditions as for single metal adsorption 
isotherms. Initial copper concentration was varied from 
10 to 90 mg/L, while the initial cadmium concentration 
was fixed at 40 mg/L. The adsorption tests were 
carried out discontinuously, in a series of Erlenmeyer 
flasks, into which a volume of 50 mL of an aqueous 
solution of copper-cadmium was introduced, and then 
0.1 g of activated carbon was added.  

The heavy metal ion concentrations of the samples 
filtrated through a 0.45-μm syringe filter were 
analyzed using an inductively coupled plasma atomic 
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emission spectrometer (ICP-AES; Activa-M, HORIBA 
Jobin Yvon).  

The amount of metal ion adsorbed by PPAC was 
calculated using the following equation: 

                 (1) 

where qads is the metal ion uptake (mg/g), C0 – copper 
initial concentration, Cf – copper final concentration, m 
– the weight of PPAC (g) and V is the volume of 
solution in the flask (L). 
 
Modeling of adsorption isotherms 

The three most commonly used adsorption 
equilibrium models are the Langmuir, Freundlich and 
Temkin ones. 

Langmuir’s theory is very useful for the 
monomolecular adsorption of a solute that forms a 
monolayer on the surface of an adsorbent.25 It is 
described by the following expression: 

                 (2) 

where Ce – concentration at equilibrium (mg/L), qe – 
quantity of product adsorbed per unit mass of 
adsorbent (mg/g), qmax – maximum theoretical 
adsorption capacity (mg/g), KL – constant of 
thermodynamic adsorption equilibrium (L/mg). 

The Freundlich model is based on the distribution 
of pollutants between the surface of the adsorbent and 
the fluid phase at equilibrium.26 The Freundlich 
equation is as follows: 

                  (3) 
where Kf is an indication of the adsorption capacity of 
the adsorbent, nf represents the intensity of adsorption 
and indicates whether the adsorption is favorable. If nf 
= 1, the adsorption is linear, if nf < 1, the adsorption is 
chemical, and if nf > 1, the adsorption is physical and 
favorable. 

The Temkin model describes the effects of indirect 
adsorbent–adsorbate interaction on adsorption 
isotherms, suggesting that, due to these interactions, 
the heat of adsorption of all molecules on the same 
layer decreases linearly with the rate of surface 
coverage.27  
The model is given by the following equation: 

               (4) 

where R – ideal gas constant (R = 8.314 J.mol-1.K-1), T 
– temperature (K), A – model constant (L/g). 
 
Kinetic modeling 
Pseudo-first order model 

The pseudo-first order model or Lagergren model28 
is expressed in the following differential form: 

                (5) 

where k1 is the rate constant of the pseudo-first order 
model (min-1), qe is the adsorption capacity at 
equilibrium (mol.g-1), qt is the adsorption capacity at 
time t (mol.g-1) and t is the time (min). By integrating 
Equation (5) between the initial and final time, the 
following relation is obtained: 

                 (6) 
The linearization of the previous equation gives: 

               (7) 
The kinetic parameters of this model can be 

obtained by plotting the line ln (qe - qt) = f (t). 
 
Pseudo-second-order model (PSO) 

The pseudo-second-order model was proposed by 
Ho and Mckay.29 It makes it possible to characterize 
the adsorption kinetics by taking into account both the 
case of rapid binding of solutes on the most reactive 
sites and that of slow binding at sites of low energy, its 
expression is given by Equation (8): 

                (8) 

where k2 – is the second order adsorption reaction rate 
constant (g.mg-1.min-1), qe – is the amount adsorbed at 
equilibrium (mg/g), qt – is the amount adsorbed at time 
t (mg/g), t – contact time (min). 
After integration, we get Equation (9): 

                (9) 

The linearization of the previous equation gives: 

              (10) 

A straight line is obtained by plotting t/qt as a 
function of contact time. Then, the slope and the y-
intercept give the values of qe and the kinetic constant 
k2. 
 
Intraparticle diffusion model 

The intraparticle diffusion model is represented by 
the following equation:  

              (11) 
where qt is the amount adsorbed at time t (mg/g), C – 
the intersection of the line with the ordinate axis. The 
value of C gives an idea of the thickness of the 
boundary layer, because the greater the value the larger 
the intercept, the greater the effect of the boundary 
layer. Also, kint is the intraparticle diffusion constant 
(mg/g min1/2). 
 
Gibbs free energy 

In order to confirm the nature of the adsorption 
process, the important thermodynamic parameters, 
such as the standard Gibbs free energy, ΔG°, enthalpy, 
ΔH°, and entropy, ΔS°, can be estimated from the 
following equations:30 

             (12) 
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             (13) 

The distribution coefficient (Kd) was defined in 
Equation (14): 

               (14) 

where R is the universal gas constant (8.314 J/mol. K), 
and T is the absolute temperature (K). 
 
RESULTS AND DISCUSSION  
Physico-chemical characteristics 
Surface oxygen-containing functional groups 

The FTIR spectrum of PPAC is illustrated in 
Figure 1. It has been reported that some 
decomposition of functional groups in the form 
of volatile matter occurs in the activation 
process at high temperature.31 The broad and 
intense absorption peaks in the 3700–3100 cm-1 
correspond to the O-H stretching vibrations of 
cellulose, pectin, absorbed water, 
hemicelluloses and lignin.32 The band at 3690 
cm-1 corresponds to hydroxyl OH functional 
groups, probably due to adsorbed water. The 
peak at 2990 cm-1 is attributed to asymmetric 

and symmetric aliphatic methyl group in 
PPAC.33 The band at 2340 cm-1 corresponds to 
the stretching of alkynes group.34 Two other 
small peaks can be observed. The stretching 
peaks from 1210 to 1570 cm-1 correspond to the 
presence of C–O (carboxyl) and C–O (carbonyl) 
groups, which shows the presence of carbonyl 
carboxylates on the surface of PPAC.34 When 
pomegranate peels are activated with phosphoric 
acid, the bands that appear between 900 and 1200 
cm-1 may be attributed to the presence of 
phosphorus species in the sample. 

 
Other surface functional groups 

The surface functional groups of the 
pomegranate peel activated carbon, determined 
by the Boehm method, are shown in Figure 2. 
The PPAC has an acidic character, as illustrated 
by the high acid equivalent amount, which is 
equal to 1.4 meq/g. This result is in agreement 
with the values of pHpzc measured as described 
below. 

 

 
Figure 1: Infrared spectrum of PPAC 

 

  
Figure 2: Relative contents of surface functional 

groups of PPAC 
Figure 3: Isoelectric pH of PPAC 
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Figure 4: SEM image of PPAC 

 
Figure 5: N2 adsorption-desorption isotherm of 

PPAC at 77 K 
 
 

Table 1 
Porosity of activated carbon based on pomegranate peels 

 
 SBET (m2/g) Vtot (cm3/g) Vmic (cm3/g) Vmes (cm3/g) Dp (nm) Iodine number 

PPAC 1597 1.118 1.002 0.116 2.99 813 
 
The pH of suspension and pHpzc 

The suspension pH of the prepared activated 
carbon is 3.12, which gives it an acidic 
character. This acidity is related to the type of 
activation that involves the use of phosphoric 
acid as an activating agent. Plotting the curve 
pHfinal = f (pHinitial), as well as the first bisector 
pHfinal = pHinitial, allows us to deduce the pH 
value at the point of zero charge of PPAC (Fig. 
3), which corresponds to the intersection of the 
two curves. 

The acid-base surface properties of PPAC 
are very important, and even seem to prevail 
over its porosity characteristics in the case of 
organic compounds adsorption from the 
aqueous phase. From Figure 3, it can be seen 
that the pHpzc value is 2.8. Therefore, the 
adsorption of cations will be favorable for pH 
values higher than pHpzc (negatively charged 
surface).  

 
Scanning electron microscopy (SEM) 

The SEM image in Figure 4 shows that the 
external surface of the PPAC is full of cavities. It 
seems that the cavities on the surfaces of carbons 
resulted from the evaporation of the phosphoric 
acid, representing the space previously occupied 
by the activating agent.35 The impregnation with 
H3PO4, followed by a thermal treatment under 
inert atmosphere, involves a remarkable 
degradation of the microstructure.35 

 

Textural characterization of the adsorbent 
The adsorption-desorption isotherms of 

nitrogen at 77 K obtained on PPAC are shown 
in Figure 5. The adsorption isotherm is type IV 
according to the IUPAC classification.36 The 
adsorption isotherm shows a sharp increase in 
adsorbed volume up to P/P° of 0.1, which was 
attributed to the presence of micropores. 
However, a gradual increase in this volume 
throughout the relative pressure range could be 
attributed to the presence of mesopores. 
Furthermore, the presence of a small hysteresis 
loop in the adsorption-desorption isotherms 
confirms the existence of this mesoporosity.22 

The total pore volume of PPAC is 1.118 
cm3/g, while the volume of mesopores 
represents 0.116 cm3/g. The main textural 
characteristics of PPAC are presented in Table 
1. 

 
Adsorption study 
Effect of contact time 

Determining the contact time to reach 
adsorption equilibrium is an important step in the 
study of adsorption kinetics. The effect of contact 
time on copper adsorption is given in Figure 6. 
The plotted curve shows that equilibrium is 
reached quickly. Adsorption is very rapid at the 
start of contact between the adsorbate and the 
adsorbent, due to the existence of a large number 
of free sites, which explains the significant slope 
of the curves after the first minutes of contact. A 
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two-step adsorption mechanism is widely reported 
in the literature, in which the first adsorption 
mechanism is fast and quantitatively dominant, 
and the second adsorption mechanism is slow and 
quantitatively negligible.37 

The activated carbon shows good performance 
during the first 30 minutes of copper adsorption, 
and then stabilizes to reach equilibrium. This 
means that the mass transfer resistance of copper 
on the adsorption surface is low. The adsorption 
equilibrium was relatively fast and was reached in 
about 140 min. This equilibrium time is very 
short, compared with other literature results,5,38–43 
which is one of the advantages of the prepared 
PPAC. 

 
Effect of initial pH 

The effect of initial solution pH is shown in 
Figure 7. It is clear that the PPAC adsorption 
capacity increased from 3.509 to 7.037 mg/g as 
the pH increased from 2 to 6. Above pH 6, copper 
precipitation reduces the adsorption capacity. 
Therefore, copper adsorption conditions must be 

considered at a pH below this value. In this pH 
range, the copper is in the Cu2+ form. 

According to Rao et al.,9 the effect of pH is 
directly related to the surface charge of the 
adsorbent material, which is positive for a pH 
lower than the isoelectric pH and, in this case, 
the metal is weakly adsorbed due to 
electrostatic repulsions. Increasing the pH 
beyond the isoelectric pH makes the surface 
charge more negative and hence the amount 
adsorbed increases. Based on these results, 
further kinetic and equilibrium experiments will 
be carried out at an optimum initial pH of 5.4. 

 
Effect of temperature 

Temperature is an important factor governing 
the adsorption process. The effect of this 
parameter on the copper adsorption onto PPAC 
was studied at four temperatures: 30, 40, 50 and 
60 °C. The metal ion concentration varied 
between 10 mg/L and 90 mg/L and the activated 
carbon dose was 0.1 g/L. 

 

  
Figure 6: Effect of contact time on copper 

adsorption onto PPAC at T = 30 °C 
 

Figure 7: Copper ions uptake by PPAC as a function 
of initial solution pH (C0 = 40 mg/L, equilibrium 

time = 140 min, T = 30 °C) 

  
Figure 8: Effect of temperature on copper ion 

adsorption onto PPAC 
Figure 9: Modeling of adsorption isotherm (m = 0.1 g, 

0.2 mm < dp < 0.6 mm, T = 30 °C, pH 5.4) 
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Table 2 
Isotherm model parameters for copper adsorption onto PPAC 

 
Model Parameters T = 30 °C T = 40 °C T = 50 °C T = 60 °C 

Langmuir 

qexp (mg/g) 9.54 9.57 10.06 11.27 
qmax (mg/g) 9.62 9.56 10.41 10.45 

KL(L/g) 0.02 0.04 0.05 0.12 
R2 0.98 0.98 0.98 0.95 

Freundlich 
Kf 1.08 1.34 1.98 2.55 
nf 2.07 2.17 2.59 2.79 
R2 0.98 0.99 0.99 0.99 

Temkin 
A (L/g) 0.14 0.28 0.21 3.46 

B (J/mol) 1.93 2.05 2.27 2.63 
R2 0.92 0.98 0.93 0.96 

 
As illustrated in Figure 8, the amount of 

copper adsorbed increases with increasing 
temperature from 30 to 60 °C. It can, therefore, be 
concluded that the adsorption is endothermic. 
Likewise, Shou et al.44 and Weng et al.45 found 
that the adsorption rate of copper ions increased 
with increasing solution temperatures from 20 to 
40 °C, and from 5 to 50 °C, respectively.  

The enhancement in the adsorption capacity 
might be due to the chemical interaction between 
the adsorbate and the adsorbent, the creation of 
some new adsorption sites, or the increased rate of 
intraparticle diffusion of adsorbate molecules into 
the pores of the activated carbons at higher 
temperature. The process is, therefore, favored at 
high temperature. Similar findings have been 
reported by other researchers working on the 
removal of heavy metal ions from aqueous 
solution by activated carbon.46-47 

To describe the phenomenon of copper 
adsorption on PPAC, different equilibrium 
models have been applied, namely the models of 
Langmuir, Freundlich and Temkin. The fitting of 
the experimental results to the models is presented 
in Figure 9. As Table 2 depicts, copper adsorption 
onto PPAC has a high compliance with the 
Freundlich model (R2 = 0.99). This shows that the 
surface of the adsorbent is heterogeneous and the 
adsorption of copper on the adsorbent occurs in 
multilayer. This finding is in line with the results 
reported previously by El-Ashtoukhy et al.14 and 
Rao and Rehman.48 Furthermore, the values of the 
n coefficient in the Freundlich model indicate the 
high tendency toward adsorbing the copper onto 
the PPAC.  
 
Kinetic study 

Kinetic studies of heavy metal adsorption are 
of great importance, as they allow determining the 

factors involved in the adsorption process. The 
effect of some parameters on the copper 
adsorption kinetics was investigated, such as the 
initial concentration of metal ions and the size of 
the activated carbon particles. 

 
Influence of adsorption time and initial 
concentration of adsorbate 

The effect of the initial metal concentration on 
the adsorption capacity of PPAC was studied for 
concentration values of 20, 40 and 70 mg/L at pH 
equal to 5.8, as shown in Figure 10. It is apparent 
that the adsorbed amounts of Cu(II) increased 
from 3.204 mg/g to 9.204 mg/g due to the high 
quantity of copper ions in the concentrated 
solution.49 

 
Effect of adsorbent particle size 

The results shown in Figure 11 indicate that 
the adsorbed amount of copper increases over 
time until it reaches a constant value. It is clear 
that the decrease in particle size led to an increase 
in the adsorbed capacity of copper. Adsorption is 
a surface phenomenon; therefore a smaller 
particle size provides a relatively larger and more 
accessible surface area and therefore greater 
adsorption equilibrium.50 
 
Application of kinetic models 

It is important to find the rate-limiting step of 
the adsorption process. For this reason, we tested 
kinetic models that are commonly applied to 
suspensions, namely, the pseudo-first order 
model, the pseudo-second order model and the 
intraparticle diffusion model. 
 
Pseudo-first and -second order models 

The experimental results were first fitted to the 
pseudo-first order model. Figure 12 (a and b) 
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gives the plotting of Ln (qe-qt) as a function of 
time. This representation makes it possible to 
deduce the adsorption capacities and the values of 
the R2 regression coefficients for various 
concentrations and various particle sizes. 

The linear form of the pseudo-second order 
model is obtained by plotting t/qt as a function of 
time. Figure 13 (a and b) illustrates the modeling 
of the copper adsorption kinetic data to the 
pseudo-second order model. The curves obtained 
are straight lines with regression coefficients 
close to unity and maximum predicted adsorbed 

quantities close to the experimental ones. This 
shows the validity of this model. 

Based on the results in Table 3, it can be noted 
that the pseudo-second order model is the most 
reliable for determining the copper ion adsorption 
kinetics, as it presents the best fit to the data (R2 = 
0.99). Indeed, the equilibrium adsorption capacity 
values calculated by this model are very close to 
the experimentally determined values. Therefore, 
we can assume that the pseudo-second order 
model is the one that describes best the copper 
adsorption process using PPAC as a new 
adsorbent. 

 

  
Figure 10: Experimental results of Cu (II) adsorption on 
PPAC in terms of initial concentration (T 30 °C; pH 5.4) 

Figure 11: Effect of adsorbent particle size onto 
adsorption capacity 

  
Figure 12: Pseudo-first order model for different initial concentrations of Cu (II) (a) and  

adsorbent particle sizes (b) 

  
Figure 13: Pseudo-second order model for different initial concentrations of Cu (II) (a) and  

adsorbent particle sizes (b) 
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Table 3 
Kinetic parameters of pseudo-first and pseudo-second order models of Cu(II) adsorption onto PPAC 

 

C0 (mg/L) 
Pseudo-first order Pseudo-second order 

k1 
(min-1) R2 qexp 

(mg/g) 
qmodel 

(mg/g) 
k2 

(g.mg-1min-1) R2 qmodel 
(mg/g) 

20 0.01 0.95 3.20 1.64 0.01 0.98 3.3 
40 0.02 0.93 4.51 1.42 0.03 0.99 4.6 
70 0.01 0.87 9.20 1.07 0.05 0.99 9.09 

dp (mm) k1 
(min-1) R2 qexp 

(mg/g) 
qmodel 

(mg/g) 
k2 

(g.mg-1min-1) R2 qmodel 
(mg/g) 

dp <0.2 0.02 0.97 7.97 2.48 0.02 0.99 8.19 
0.2<dp< 0.6 0.03 0.97 6.79 1.53 0.05 0.99 6.94 
0.6<dp< 0.8 0.02 0.96 6.81 4.58 0.008 0.99 7.4 

 
Intraparticle diffusion model 

In order to better understand the process of 
heavy metal adsorption, the model of intraparticle 
diffusion was studied for different initial 
concentrations and different particle sizes. Figure 
14 (a and b) presents the intraparticle diffusion 
model by plotting qt as a function of t^ (0.5). 

The curves representing qt as a function of t^ 

(0.5) are linear and have three parts, which shows 
the presence of three stages governing the 
adsorption onto PPAC. The first stage is assigned 

to external mass transfer. Indeed, the presence of 
a large number of active sites on the surface of 
activated carbon leads to an increase in adsorption 
kinetics during the first step.51 In the second step, 
the possibility of blocking the pores and the steric 
hindrance exerted by the molecules adsorbed on 
the surface of the adsorbent makes it possible to 
slow down the adsorption process.5 During the 
last step, the adsorption reaches equilibrium. All 
copper initial concentration lines did not pass 
through the origin.  

 

  
Figure 14: Modeling of intraparticle diffusion for different initial Cu (II) concentrations (a) 

and different adsorbent particle sizes (b) 
 

Table 4 
Parameters of intraparticle diffusion model 

 

Parameters C0 (mg/L) dp (mm) 
20 40 70 0.6<dp<0.8 0.2<dp<0.6 dp<0.2 

K1 (mg/g.min1/2) 0.697 0.490 0.673 0.63 0.385 0.683 
C -0.795 1.744 6.196 1.367 4.470 4.037 
R2 0.908 0.999 0.958 0.991 0.993 0.996 

K2 (mg/g.min1/2) 0.198 0.129 0.055 0.439 0.137 0.279 
C 1.023 3.058 8.149 2.211 5.442 5.185 
R2 0.984 0.991 0.940 0.984 0.977 0.961 

K3 (mg/g.min1/2) 0.169 0.125 0.253 0.290 0.043 0.143 
C 0.995 3.068 6.230 3.428 6.308 9.326 
R2 0.995 0.893 0.978 0.959 0.879 0.907 
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Table 5 
Thermodynamic parameters for the adsorption of Cu(II) onto PPAC 

 
T (K) ∆G° (kJ.mol-1) ∆H° (kJ.mol-1) ∆S° (J.mol-1K-1) 

303.15 -13.801 

15.813 97.689 313.15 -14.788 
323.15 -15.775 
333.15 -16.732 

 
This indicates that the adsorption of copper on 

the prepared activated carbon is mainly governed 
by external mass transport, where particle 
diffusion was the rate-limiting step.52 

The parameters of the intraparticle diffusion 
model are given in Table 4. Examining these 
parameters, it may be noted that all parts are well 
fitted by the intraparticle diffusion equation, with 
high correlation coefficients.  

Table 5 shows that the rate constants K1, of the 
first part, is higher than the K2 and K3 values of 
the two other parts, because the first adsorption 
stage was faster than the diffusion in the pores of 
PPAC, as shown in Figure 14 (a and b). 
 
Thermodynamic study 

The thermodynamic parameters obtained are 
summarized in Table 5. The data indicate that the 
adsorption of copper ions onto PPAC is a physical 
process, which is defined by the ΔH° value 
(15.813 kJ.mol-1)) between 2.1 and 20.9 kJ.mol-

1.53 The endothermic nature of the process is well 
explained by the positive value of the enthalpy 
change, thereby meaning that increasing 

temperature will favor the adsorption of metal 
ions onto the pomegranate peel activated carbon. 
The negative value of ∆G° shows a spontaneous 
process at 293 K. As the temperature increases, 
the value of ∆G° decreases. The positive value of 
ΔS° is corroborated by the increased randomness 
and disorder at the solid/solution interface during 
the adsorption of copper ions onto PPAC. 
Besides, the positive ΔS° value indicates that the 
biosorption process is entropy-governed rather 
than the enthalpy governed.30 
 
FTIR before and after copper adsorption 

Figure 15 reveals the difference in the FTIR 
spectra of PPAC before and after copper 
adsorption. It can be seen that there are some 
modifications in the IR spectra, depicted by 
changes in the vibration peaks at 2340 cm-1, 2990 
cm-1 and 3690 cm-1 due to chemical changes.33 
The band at 989 cm-1, characteristic of P-
containing groups, plays an important role in the 
Cu (II) adsorption, which is consistent with the 
research results of Gao et al.54 

 

 
Figure 15: FTIR spectra of PPAC before and after copper adsorption 

 



Agricultural waste 

667 

 

 
Figure 16: Competitive adsorption isotherms on PPAC (pH = 5.4, T = 30 °C, 0.2 mm <dp<0.6 mm) 

 
Table 6 

Physical and chemical properties of Cu2+ and Cd2+ 

 

Metal ion Ionic radius 
(A) 

Hydrated ionic radius 
(A) 

Pauling’s 
electronegativity Reference 

Cd2+ 0.95 4.26 1.69 [61] Cu2+ 0.73 4.09 1.90 
 
Effect of cadmium addition 

The adsorption results for the binary copper-
cadmium mixture are shown in Figure 16. As 
illustrated in this figure, copper ions demonstrated 
higher selectivity, as compared to cadmium ions. 
A similar observation was also reported in the 
literature by Bohli et al.,5 who studied the 
adsorption of copper in the presence of cadmium 
ions onto activated carbon developed from olive 
stones.  

Based on previous studies published by 
Kulkarni et al.,55 and Taha et al.,56 the competitive 
adsorption capacity between two heavy metals 
could be explained by factors such as valence 
electron, ionic radius, pH, solution activities and 
Pauling’s electronegativity. According to Table 6, 
it can be noted that both Cu2+ and Cd2+ were 
divalent cations. The selectivity towards copper 
ions has been influenced by their higher 
electronegativity properties (Cu (1.90) > Cd 
(1.69)), smaller ionic (Cu (0.73) < Cd (0.95)) and 
hydrated ionic radius (Cu (4.19) < Cd (4.26)), 
which led to their higher tendency to be adsorbed 
onto the surface of the adsorbent, compared to 
cadmium ions. Generally, the smaller the ionic 
radius, the stronger the bonds between the heavy 
metal ions with the active sites and, thus easier 
adsorption onto adsorbent’s surface and removal 
from the aqueous solution.57 This explains the 
findings of the current study, which showed that 
Cu2+ had higher propensity to be adsorbed and 

removed than Cd2+, although it had lower ionic 
and hydrated ionic radius. 
 
CONCLUSION 

This work focuses on the adsorption of copper 
ions using pomegranate peel based activated 
carbon as a new adsorbent. First, we studied the 
effect of pH on the adsorbing capacity of copper 
ions, which allowed determining the optimum 
adsorption conditions. Then, the adsorption 
isotherms at optimum pH and different 
temperatures in the range of 30-60 °C were 
carried out. The results found allowed concluding 
that this parameter has a beneficial effect on 
adsorption. The thermodynamic study gave a 
positive value for ΔH°, indicating an endothermic 
process, a negative value for ∆G°, indicating a 
spontaneous process, and a positive value for ΔS°, 
indicating the affinity of the adsorbent towards 
copper ions. 

The presence of cadmium ions promoted 
adsorption. Our study shows that the interactions 
between copper and cadmium as adsorbates in a 
binary system improve the copper adsorption 
capacities. The regeneration of the adsorbent will 
be studied in our future work in order to further 
examine the feasibility of using pomegranate 
peels in the development of environmentally 
friendly solutions for the remediation of 
contaminated water. 
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