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Abstract The experimental conditions for preparation of

pomegranate peel carbon and Fe(III) modified pome-

granate peel carbon were studied. The effects of main

experimental parameters on carbon preparation such as

carbonization time, carbonization temperature and Fe(III)

impregnation ratio in pomegranate peel were investigated.

The prepared carbons in various conditions were charac-

terized by consideration of the production yield, ash con-

tent, iodine number, pH of zero point charge and their

ability for adsorption of methylene blue. After preparation

of carbons, their efficiency for removal of Cd2? species

from aqueous solution was investigated. The effect of

experimental parameters such as Cd2? initial concentra-

tion, pH of solution and contact time was studied by batch

adsorption experiments. The fitting of experimental data in

thermodynamic isotherms matched the linear results with

Langmuir and Freundlich isotherms. The adsorption

capacity for Cd2? species on Fe(III) modified pomegranate

peel carbon was 22.72 mg/g and the adsorption kinetic

presented the pseudo-second-order kinetic model.

Keywords Pomegranate peel carbon � Iron modified

carbon � Cadmium removal � Adsorption isotherm �
Cadmium adsorption

Introduction

Utilization of biomass from agricultural wastes as raw

materials for production of activated carbons is an eco-

nomic approach particularly in countries rich in agricul-

tural by-products (Soleimani and Kaghazchi 2007).

Numerous studies have been devoted to the preparation of

low-cost high-quality activated carbons from agricultural

biomasses, such as rice straw (Oh and Park 2002), rice hust

(Wang et al. 2007), coconut shell (Li et al. 2008), oil palm

shell (Hussein et al. 1996), corn cob (Tsai et al. 1998),

bagasse (Onal et al. 2007) and pistachio nut shell (Yang

and Guo 2004), which are widely used in different fields

such as adsorbents, filters, catalysts or catalyst supports in

water treatment, gas separation, and medicine (Babel and

Kurniawan 2003). Activated carbon has extensive uses

such as adsorbent for removal of wide range of contami-

nants from liquids and gases in industries and environment.

Liquid-phase applications are treatment of potable water,

treatment of wastewater, and decolorization of sugar, and

the three largest gas-phase applications are air purification,

automotive emission control, and solvent vapor recovery

(Mohammad-Khah and Ansari 2009).

Pomegranate (Punica granatum L.) is an important

commercial fruit crop that is extensively cultivated in parts

of Asia, North Africa, the Mediterranean and the Middle

East (Saad et al. 2012). Iran is one of the most important

pomegranate producers and exporters in the world, and its

total production is more than 670,000 tons. Pomegranate

fruits are widely consumed fresh or processed into juice,
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jams, syrup and sauce. The non-edible portion (peel) of

fruit is about 40–45 % of the total fruit weight and consists

of several constituents, including polyphenols, ellagitan-

nins and gallic and ellagic acids (Tehranifar et al. 2010).

Therefore, the idea to change the agricultural waste of

pomegranate to activated carbon is so important because it

provides a low-cost material to produce a valuable product

and help to clean the environment.

Based on this approach, the removal of lead(II) and

copper(II) from aqueous solutions were studied using raw

pomegranate peel and thermally and chemically activated

carbon prepared from pomegranate peel (El-Ashtoukhy

et al. 2008). Also the removal of direct blue-106 dye as an

environmental pollutant from aqueous solution was studied

using physically and chemically modified activated car-

bons prepared from pomegranate peel (Amin 2009).

Phosphoric acid and zinc chloride at volumetric ratio of 1:1

and nitric acid solution followed by pyrolysis was used for

preparation of activated carbon in both studies. In other

work, pomegranate husk was converted into activated

carbon by dehydration process using concentrated sulfuric

acid and tested for its ability to remove hexavalent chro-

mium from wastewater (El Nemr 2009).

The main objective of this study was to develop new

chemical methods for preparation of modified activated

carbons from pomegranate peels using Fe(II) and Fe(III)

ions and evaluate the possibility of their power as adsor-

bents for removal of Cd2? species from aqueous solutions.

The optimization of adsorption parameters such as pH,

adsorbents mass, initial cadmium concentration and time

have been investigated. Also the thermodynamics and

kinetics of adsorption have been evaluated. This work was

carried out in December 2014 in Department of Chemical

Technology, Iranian Research Organization for Science

and Technology, Tehran, and the Laboratory of Analytical

Chemistry, Shahid Sadoughi University of Medical Sci-

ence, Yazd, I. R. Iran.

Materials and methods

Procedure for preparation of carbons

Pomegranate peels (PP) used in this study were prepared

from the pomegranates produced in Yazd gardens in Iran at

2014. The separated peels were washed with distilled

water, dried in laboratory temperature in absence of sun

light for 2 weeks, ground in a ball mill and sieved between

18 and 40 mesh sizes. 10 g of residual mass was individ-

ually transferred to crucibles, obstructing with door to

prevent diffusion of oxygen, and introduced into the pro-

gramming furnace and heated at different temperatures

(300, 400 and 500 �C), for desired times (0.5, 1, 2, 3, 4 h)

given in Table 1. After cooling to laboratory temperature,

the solid was washed with distilled water at 50 �C to

remove excess materials. The carbon samples were dried at

105 �C for 2.5 h and ground and sieved for further tests.

Another part of pomegranate peel (50 g) was divided to

five equal parts (10 g), and each part was soaked in 10 ml

1, 2, 3, 4 and 5 % (w/v) FeCl3 solution, respectively, for

12 h. After dryness in oven at 80 �C for 2 h and cooling to

lab temperature, the solid was washed with distilled water

to remove excess materials and Cl- ions and named FePPC

and used as raw material for chemically modified carbon

preparation. Then, these composite biomasses carbonized

in the programming oven under optimum conditions and

the prepared carbon named FePPC.

Characterization of prepared carbons

For characterization of prepared carbons, FTIR spec-

troscopy and five specific standard procedures were per-

formed to compare preparation parameters according to

their importance in classification of the activated carbon.

Iodine number determination

The iodine number was measured using the standard test

method ASTM D4607. The iodine number was determined

taking 1 g of carbon sample in a clean Erlenmeyer flask,

adding 10 ml of 5 % (v/v) HCl, closed and swirled until the

carbon was completely wet. It was gently heated before

boiling to remove any sulfur. After cooling to room tem-

perature, 100 ml of 0.1 M iodine (Merck, Germany) solu-

tion was added. The solution was vigorously shaken and

filtered. Twenty-five milliliters of the filtrate solution was

titrated with 0.1 M sodium thiosulfate (Merck, Germany)

solution in the presence of starch indicator.

Decolorization of methylene blue

For consideration of the decolorization potential of the

prepared carbons, 100 ml of methylene blue (Sigma-

Aldrich, USA) solution (200 ppm) was added in an

Erlenmeyer flask containing 0.200 g activated carbon,

shook for 30 min and filtered using membrane filter. The

color of the filtrate was determined using a Lambda-25

UV–Vis spectrophotometer (Perkin Elmer, USA) at the

wavelength of 665 nm (Kipling and Wilson 1960).

Determination of ash content

The ash content of the prepared carbons was determined

using the standard test method ASTM D2866-11. A cru-

cible was washed with 10 % (v/v) nitric acid and heated in

a furnace to 500 �C, cooled in a desiccator and weighed.
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0.250 g of the carbon samples was transferred into crucible

and heated at 550 �C for 4 h. The percentage of ash content

was determined from weight differences before and after

ignition.

Determination of pH

pH was determined by ASTM D 3838-05 method. Sus-

pension of 0.100 g carbon samples to 100 ml distilled

water in an Erlenmeyer flask. The suspension was vigor-

ously shaken for 10 min at laboratory temperature. The

samples were permitted to stabilize, and the pH was

measured by using a calibrated pH meter (Corning 3400,

UK).

Determination of zero point charge pH

Zero point charge pH (pHzpc) is an indicator for the surface

charge of carbon samples. For determination of pHzpc,

50 ml of 0.01 M NaCl solution was added in six 100-ml

Erlenmeyer flasks, and its initial pH (pHi) was adjusted

between 2 and 12 with dilute solution of HCl or NaOH.

Then, 0.200 g of carbon samples was added to each solu-

tion, and shaken for 10 min and kept for 24 h. The final pH

(pHf) of solutions was measured by using a calibrated pH

meter. The pHzpc of carbon samples was extracted from

plot of pHf versus pHi (Gupta and Nayak 2012).

Adsorption experiments

Batch adsorption experiments were carried out in labora-

tory scale and temperature. All working solutions were

freshly prepared from 1000 ppm Cd2? stock solution

(Sigma-Aldrich, USA). A desired mass of adsorbent was

added to a series of Erlenmeyer flask containing 100 ml of

50 ppm Cd2? at primary pH. Samples were agitated for 5,

10, 20, 30, 60, 90 and 120 min on laboratory shaker, and

then centrifuged at 3500 rpm for Cd2? analysis. Adsorp-

tion isotherms were recorded by varying the initial Cd2?

concentration from 10 to 200 mg/l with 0.25 g/100 ml of

adsorbent at pH = 6.36 and the optimum contact time of

60 min. Residual cadmium in samples was measured by

atomic absorption spectrometry (Varian AA240, Australia)

at wavelength 228.8 nm, slit of 0.5 nm for low concen-

tration (\20 ppm), wavelength of 352.5 nm, slit of 0.2 nm

for high concentration ([20 ppm), and air–C2H2 flow rate

of 4:1.7 ml/min.

Data analysis

pH of zero point charge

The point of zero charge is an important interfacial

parameter which is extensively used in characterizing the

ionization of a surface. When particles such as oxides,

sulfides, and activated carbons are dispersed in aqueous

solution, they get surface charge corresponding to disso-

ciation of surface functional groups that react in aqueous

solution. When carbon surfaces are exposed to water,

adsorption of ions (H?, OH-) produce hydroxylated sur-

face according to Eqs. 1 and 2:

MOHþ Hþ �!MOHþ
2 ð1Þ

MOHþ OH� �!MO� þ H2O ð2Þ

The net charge can be positive or negative,

corresponding to the carbon structure, the ionic strength

of solution and the pH. At relatively low pH’s, the particles

Table 1 Carbonization yield of pomegranate peel at different time and temperature and the specification of prepared carbon

Carbonization time (h) Carbonization yield (%) pH Ash content (%) I2 number (mg/g) MB removal (%)

Temperature 300 �C
1 55.8 4.67 9.2 886 86.1

2 52.7 5.06 10.0 939 90.2

3 44.9 5.24 11.4 964 91.3

4 44.0 5.26 12.0 969 89.1

Temperature 400 �C
0.5 53.2 5.40 8.8 856 82.0

1 45.1 5.64 9.2 962 91.3

2 40.9 5.98 9.8 981 91.3

3 38.2 6.11 9.9 983 92.2

Temperature 500 �C
0.5 44.3 5.76 11.4 823 91.3

1 37.8 6.11 10.4 843 91.2

2 37.0 6.24 9.1 867 91.0
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have positive charge, and at relatively high pH’s, the

particles have a negative charge. The point at which the

total net charge on adsorbent surface reaches zero is named

the point of zero charge (Gupta and Nayak 2012).

Adsorption isotherm models

In order to successfully represent the equilibrium adsorp-

tive behavior, it is important to have a satisfactory

description of the equation state between the two phases

composing the adsorption system. An adsorption isotherm

describes the fraction of adsorbate molecules that are par-

titioned between liquid and solid phases at equilibrium.

Several important two variable isotherms are available to

design the adsorption systems (Vijayaraghavan et al. 2006).

Freundlich isotherm

The Freundlich isotherm is applicable to both monolayer

(chemisorption) and multilayer adsorption (physisorption)

and is based on the assumption that the adsorbate adsorbs

onto the heterogeneous surface of adsorbent. The linear

from of Freundlich equation is expressed as:

Lnqe ¼ LnKF þ
1

n
LnCe ð3Þ

where KF and n are Freundlich isotherm constants related

to adsorption capacity and adsorption intensity, respec-

tively, and Ce is the equilibrium concentration (mg/l).

Langmuir isotherm

The Langmuir isotherm assumes monolayer adsorption on

a uniform surface with a finite number of adsorption sites.

Once a site is filled, no further sorption can take place on

that site. As such the surface will eventually reach a sat-

uration point where the maximum adsorption of the surface

will be achieved. The linear form of the Langmuir isotherm

model is described as:

Ce

qe
¼ 1

KLqm
þ Ce

qm
ð4Þ

where KL is the Langmuir constant related to the energy of

adsorption and qm is the maximum adsorption capacity

(mg/g).

Adsorption kinetics

Pseudo-first-order, pseudo-second-order, Elovich and intra-

particle diffusion models were used to test the experimental

data and thus explain the adsorption kinetic process. The

procedure of adsorption kinetic was identified to adsorption

equilibrium, samples were withdrawn at time intervals and

the concentrations of Cd2? ions similarly measured (Al-

masi et al. 2012).

Adsorption capacity

Adsorption capacity q (mg metal ion per g) was determined

by mass balance, as follows:

qt ¼ ðC0 � CtÞ �
V

m
ð5Þ

where C0 and Ct are ion concentrations (mg/l) at initial and

time of t, respectively, V is the volume of the solution (ml)

and m is the mass of adsorbent (g).

Pseudo-first-order kinetic

The pseudo-first-order equation (Lagergren’s equation)

describes adsorption in solid–liquid system based on the

adsorption capacity onto one adsorption site on the surface

of adsorbent (Salam 2013):

SþMnþ
aq �!k1 SMsolidphase ð6Þ

where S represents an unoccupied adsorption site on the

surface of adsorbent and k1 is the pseudo-first-order rate

constant (h-1).

The linear from pseudo-first-order model can be

expressed as:

Lnðqe � qtÞ ¼ Lnqe � k1t ð7Þ

where qe and qt (mg/g) are the adsorption capacity at

equilibrium and time t (h), respectively.

Pseudo-second-order kinetic

The pseudo-second-order rate assumes that one ion is

adsorbed onto two sorption sites on the adsorbent

surface:

2SþMnþ
sol �!

k2
S2Msolidphase ð8Þ

It has been applied for analyzing chemisorption kinetic

from liquid solutions and linearly expressed as:

t

qt
¼ 1

k2q2e
þ 1

qe
t ð9Þ

where k2 is the rate constant for pseudo-second-order

adsorption (g/mg h) and k2qe
2 (mg/g h) is the initial

adsorption rate.

Elovich kinetic

The Elovich equation is one of the rate equations widely

used to the adsorption of solute from liquid solution. The

linear form by assuming AEBE � t and applying a
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boundary conditions qt = 0 at t = 0 and qt = t at t = t is

presented as:

q ¼ aLnðaaÞ þ aLnt ð10Þ

where q represents the amount of adsorbed at time t, a is

the adsorption constant and a is the initial adsorption rate.

Intra-particle diffusion equation

The intra-particle diffusion equation is expressed as

(Sukpreabprom et al. 2014):

qt ¼ kit
0:5 þ I ð11Þ

where ki is the intra-particle diffusion rate constant (mg/

g min0.5) and I is the intercept.

Gibbs free energy

The standard Gibbs free energy DG� (kJ/mol) was calcu-

lated using the equilibrium constant:

DG
� ¼ �RT lnK0 ð12Þ

The expression of K0 can be simplified by assuming that

the concentration in the solution approaches zero resulting

in Cs ? 0, and the activity coefficients approach unity at

these very low concentrations (Huang et al. 2007). And it

can be written as:

K0 ¼ Cs

Ce

ð13Þ

where Cs and Ce are metal ion concentration adsorbed

(m mol/g) and metal ion concentration in equilibrium

solution (mol/l).

Results and discussion

Optimization of carbonization conditions

The adsorption capacity of activated carbon is highly

influenced by preparation conditions such as temperature,

activation time and chemical impregnation ratio. These

parameters influence the pore development and surface

characterization. In this work, we separately optimized the

effect of these parameters on carbonization of pomegranate

peels and Fe(III) modified pomegranate peels by one factor

at a tome optimization procedure.

Effect of temperature and time on activated carbon

preparation

In order to produce the high product yield and adsorption

capacity of activated carbon for economical validity, the

temperature and time of carbonization must be well con-

trolled. The samples were pyrolyzed at desired tempera-

tures and activation times and then the ash content, pH,

iodine number, removal efficiency of MB, and yield of

preparing activated carbon under these conditions were

analyzed. The temperature and time conditions and their

results are presented in Table 1.

Product yield is an important measure of the feasibility

for preparing activated carbon from a given precursor.

According to Guo and Rockstraw (Guo and Rockstraw

2006), significant product yield differences can be

observed depending on the origin of carbon material and

activation process. The activated carbon yields decreased

with increasing of time in a constant temperature and for

all states were in a range of 37.0–57.8 % (Table 1). These

results are in agreement with the findings of other

researchers who reported carbon yield of 39.99–55.44 %

for most activated carbon raw materials (Ioannidou and

Zabaniotou 2007). It can be seen that the local agriculture

by-product studied in present work has suitable carboniza-

tion yield.

According to Puri and Bansal (Puri and Bansal 1965),

the iodine number value is an indication to the surface area

of the activated carbon. Iodine adsorption is a simple and

fast adsorption method to determine the adsorptive capac-

ity of activated carbon. The amount of iodine adsorbed

increased with increasing of time for all temperatures and

reached to maximum of 983 mg/g at 400 �C and 3 h

(Table 1).

Another method for evaluation of the surface area and

the pore size distribution of prepared activated carbons is

removal of methylene blue. The methylene blue removal

value represent the adsorption capacity of activated carbon

for molecules with dimension similar to methylene blue

and the surface area which results from the presence of

pore sizes greater than 1.5 nm (Kannan and Sundaram

2001). The removal of methylene blue increased slowly

with increasing time in constant temperature and gave a

maximum value of 92.2 % for carbon prepared at 400 �C
for 3 h (Table 1).

The Brunauer–Emmett–Teller (BET) graphs of nitrogen

adsorption–desorption isotherm and pore size distribution

for FePPC is shown in Fig. 1a, b. As shown in Fig. 1a, the

BET adsorption–desorption isotherms of FePPC can be

described as type-IV hysteresis loops, which are indicative

of the mesoporous nature of carbon porosity. Also Fig. 1b

exhibited a narrow pore distribution with a peak value of

around 2.5 nm, which is in good agreement with the

methylene blue adsorption.

Other important parameters for characterization of car-

bon are pH and ash content. pH of activated carbon can be

defined as the pH of a suspension of carbon in distilled

water. The presence of acid functional group such as
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carboxylic, phenolic and others on the surface of carbon

may cause the acidic property of activated carbon. The

pyrolysis step increases charge surface of the sample and

activation process increases the surface area and porosity

of activated carbon (Chong Lua et al. 2009). The activated

carbon prepared at 400 �C and for 3 h had the maximum

pH value (pH = 6.11), which indicates higher functional

groups. Ash content represents the non-carbon or mineral

materials, which is not chemically combined with the

carbon surface. It consists of various useless mineral sub-

stances, which become more concentrate during the acti-

vation process. It comprises of 1–20 % and primarily

depends on the type of raw materials and activation pro-

cess. High ash content is undesirable for activated carbon

since it reduces the mechanical strength of carbon and

affects adsorption capacity. The ash content of prepared

carbons at different conditions was varied in range of

9.2–12.0 % which showed pomegranate peel has suit-

able ash content.

The temperature for preparation of carbon should be

high enough to dry and volatilize all non-carbonaceous

substances during carbonization. If the temperature of

carbonization is too high, it sorely affects the activity of

produced carbon. This parameter influences the molecular

architecture of the carbonized materials and leads to variety

of the surface sites and pores (Li et al. 2008; Zhao et al.

2015). Primary works showed that by heating a material at

500–700 �C for 3 h lead to the formation of activated

carbon with large surface area (Li et al. 2008). Changing

the prepared carbon structure by the imperfect burn off

material layers changes the arrangement of active sites in

carbon skeleton. Adsorption capacity of prepared carbons

especially for metal ion depends on a number of acidic

polar oxygen functional groups present on its surface.

Therefore, the optimum temperature and time of car-

bonization was selected with regard to these parameters

based on the experimental data from Table 1 as 3 h for

time of carbonization, and 400 �C for temperature of car-

bonization. This is due to the fact that at relatively mod-

erate temperature (300–500 �C), the oxygen is highly

reactive and flows though the formed porous structure

toward the inner of the particles (Laine and Yunes 1992).

Under optimum conditions, the ash content, pH value,

iodine number, efficiency of MB removal and carbon yield

for prepared carbon were 9.9 %, 6.11, 983 mg/g, 92.2 %

and 38.2 % respectively.

Infrared technique was used for identification of func-

tional groups on the carbon samples. The FTIR spectra of

prepared activated carbon were obtained in KBr pills

(Philips PU 9624 FTIR spectrometer, UK) and indicated

that there were various functional groups detected on the

surface of prepared carbons. Infrared spectra of PPC and

FePPC (Fig. 2) showed the characteristic peaks of PPC at

1623.06 cm-1 (C=O stretching) faced to significant shift in

FePPC to 1615.49 cm-1 (C=O) which indicated the inter-

action of the functional groups of active constituents in

pomegranate peel and complex formation after addition of

Fe ions. Comparison of PPC and FePPC spectra on the

other hand revealed the shifting of certain peaks. Signifi-

cant band shifting from 3430.52, 1623.06, 1319.58, and

575.76 cm-1 on PPC to 3428.75, 1615.49, 1317.92, and

567.01 cm-1 on FePPC, respectively, corresponding to the

bonded OH stretching, C=O stretching in carboxyl and C–

O–C stretching and Fe–O has revealed the successful

binding of Fe(III) ions onto pomegranate peel to form

modified carbon. A similar observation has been reported

for interaction of orange peel and magnetic nanoparticle in

the Gupta study (Gupta and Nayak 2012).

Fig. 1 BET graphs of nitrogen adsorption and desorption isotherm (a) and pore size distribution (b) for iron modified pomegranate peel carbon

(FePPC)
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Effect of impregnation ratio of Fe(III)

to pomegranate peel on activated carbon

preparation

In order to optimize the effect of Fe(III) impregnation ratio,

five concentrations of 1–5 % (w/v) of FeCl3 corresponding

to ratios of 0.1–0.5 were impregnated to pomegranate peel

(PP) and allowed to react with natural functional groups in

PP, and then the biomass was heated at optimum conditions

for carbonization. The activated carbons prepared with

0.1–0.5 impregnation ratios were used for removing of

Cd2? species. Figure 3 illustrates the dependence of the

removal efficiency of the activated carbon against the

impregnation concentration of 1–5 % (w/v) FeCl3
solutions.

It is observed that at selected experimental conditions

the use of impregnation concentration of 1 % (w/v) FeCl3
corresponding to ratio of 0.1 results in the highest removal

efficiency. Higher percentage of FeCl3 increases the ash

content of activated carbon and reduces the removal effi-

ciency. The presence of iron in iron modified pomegranate

peel carbon was confirmed by energy-dispersive X-ray

spectroscopy (EDX) analysis. The results showed the peaks

of Fe with abundance of 9.55 wt% in FePPC.

Optimization of adsorption parameters

Physiochemical factors such as temperature, rate of agita-

tion, contact time, pH of solution, adsorbate initial con-

centration and adsorbent mass affect the mechanism,

capacity and rate of adsorption. Optimized parameters of

contact time, adsorbate initial concentration and adsorbent

mass have a large economic impact on the adsorption

process. It is clear that the less contact time and high

adsorption capacity cause the process industrially applica-

ble. Therefore, the effects of effective parameters were

initially optimized in the constant agitation and

temperature.

Effect of contact time

The time required for reaching the adsorption process to

equilibrium was determined. The initial concentration of

Cd2? 50 mg/l was impacted with 0.25 g of each adsorbent

at initial solution pH of 6.36. Figure 4 shows the efficiency

of Cd2? adsorption on prepared carbons at different

adsorption times. Graphs indicate rapid initial uptake rate

of Cd2? adsorption at beginning until 30 min, and after that

the adsorption rate became constant. It was found that the

Fig. 2 FTIR spectra of pomegranate peel carbon (PPC) and iron modified pomegranate peel carbon (FePPC)

Fig. 3 Effect of impregnation of FeCl3 concentration on carbon

preparation for removal of Cd2? ions
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equilibrium was attained after 60 min with final adsorption

of 52.1 % for PPC and 71.5 % for FePPC. It is obvious that

by increasing time, adsorption of Cd2? ions on both

adsorbents increased. The adsorption rate at first depends

on unoccupied sites on the surface of carbons; therefore,

the Cd2? ions adsorption was relatively high. Thereupon,

the extent of Cd2? species adsorption was constant with

rising contact time until the process reached to equilibrium.

Such an adsorption rate could be attributed to the external

surface diffusion. Since nearly all the active sites of PPC

and FePPC exist on their exterior, thus they are easily

available to Cd2? species for adsorption and rapidly

approach to equilibrium.

In addition, the contact time is one of the parameters

affecting on development of surface charges adsor-

bent/solution interface. A medium uptake of the Cd2?

species and establishment at period of 60 min indicates the

chemical process is dominant for adsorption of ions.

Effect of pH

The pH of solution has a remarkable impact on the

adsorption process, whereas it governs the dissociation of

active sites on the adsorbent, the degree of ionization and

speciation of metals. In order to characterize the effect of

pH on Cd2? species adsorption, the batch equilibrium

adsorption experiments were conducted at the pH value in

the range of 3–8 for both adsorbents. The selected pHs

correspond to Ramos study for Cd2? speciation (Ramos

and Rangl 1997), and they showed the predominant species

at pH[ 8.0 was Cd(OH)2, pH = 7–8 was Cd(OH)?and

pH\ 7 was Cd2?. The extent of Cd2? adsorption onto PPC

and FePPC as a function of pH also is reported in Fig. 5.

The maximum percent of Cd2? removal on PPC and

FePPC (29 and 89 %, respectively) were observed at

pH = 7–8. It significantly drops at pH value less than 7, so

the variation of pH leads to positive charge of surface and a

highly decreasing of Cd2? ions adsorption on the FePPC.

According to the acid-base Pearson theory (Pearson

1968), hard acids prefer to interact with hard bases and soft

acids with soft bases. At pH lower than 7, Cd2? ions exist

in free ionic form with soft acid characteristics and have

tendency for interaction with carboxyl groups as soft bases;

the result caused increase in adsorption process. On the

other hand the carboxyl or hydroxyl groups of adsorbents

change to –COOH and –OH with H? due to higher con-

centration and mobility of H? ions in the solution which

compete with Cd2? for adsorption onto the sites of carbon,

so adsorbent not able to adsorb the metal ion. It seems that

the adsorption process occurs by physical adsorption or ion

exchange in low pH. The maximum adsorption in the pH

range of 7–8 may be due to the interaction of Cd(OH)?

with negative sites of oxygen in carboxyl and hydroxyl

groups present in surface of carbon samples. In this pH

range, there are lower concentrations of H? ions and active

sites on the carbon surface are more negative, therefore

caused greater adsorption of Cd2? species.

The pHzpc of an adsorbent is an important characteristic

parameter, which determines the pH that the adsorbent

surface is electrically neutral. The pHzpc of carbon samples

was extracted from plot of pHf versus pHi and showed

pHzpc of PPC and FePPC were 9.34 and 6.03, respectively.

This was mostly ascribed to the fact that the pHzpc of

FePPC was shifted from 9.34 to 6.03 after modification

with Fe?3 ions. This further revealed that FePPC had more

amounts of acidic functional groups on the surface com-

pared to the PPC. Similar observation was made for

modification of orange peels with iron oxide nanoparticles

(Gupta and Nayak 2012).

At pH less than 6, the surface charge of PPC and FePPC

are positive, that is unfavorable for adsorption of Cd2?.

When 6\ pH\ 8, the surface charge of PPC is positive

and for FePPC is negative, thus it is only favorable for the

adsorption of Cd2? species on FePPC. At the same time,

because of the increasing fraction of Cd(OH)?, the elec-

trostatic attraction between PPC surface and Cd2? species

weakened. At pH[ 8, the Cd2? species appear in the form

Fig. 4 Effect of contact time on adsorption of Cd2? species on PPC

and FePPC

Fig. 5 Cd2? species adsorption onto PPC and FePPC as a function of

pH
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of Cd(OH)2 particles and physically adsorb on carbon

surface, whereas the experiments of the Cd2? adsorption on

prepared carbons were carried out in the range of 3–8, thus

it resulted in medium rate for adsorption. The variation of

pH from 2 to 6 did not cause any increase in Cd2? species

removal (15–20 % for PPC and 51–67 % for FePPC), but

at pH greater than 7, a moderate increase in the adsorption

rate of Cd2? species on the FePPC was observed, and it

reached to 90 %.

Adsorption kinetic

The kinetic values of adsorption were analyzed using

pseudo-first-order, pseudo-second-order, Elovich kinetic

and intra-particle diffusion models. These models correlate

solute adsorption to predict the required reactor volume.

The linear forms of these models have been introduced by

Eqs. 7–11. Figure 6 shows the linear relationship of the

graphs, in which qe and k is determined from the slope and

intercept of lines, respectively. Among the plots, the linear

regression correlation coefficient (R2 value) of the pseudo-

second-order line is higher than the others (Table 2).

These results confirm that the Cd2? species adsorption

onto FePPC is well represented by the pseudo-second-order

kinetic model. This means that the adsorption rate is pro-

portional to Eq. 9 and to the squared of Cd2? species

concentration. As seen in Fig. 6, in the beginning, there is

high concentration of cadmium ions so the adsorption rate

is fast and after 60 min, the adsorption rate becomes slow

to 120 min. Adsorption does not significantly change with

further increase in the contact time after reaching to

equilibrium time of 120 min.

Adsorption isotherm

Adsorption capacity is an important parameter in consid-

eration of adsorption process. According to mass balance

Eq. 5, the initial adsorbate concentration, solution volume

and adsorbent dosage affect adsorption capacity. In this

work, isotherm studies were recorded by varying the initial

concentrations of Cd2? ions and the adsorption capacity qe
(mg/g) was calculated at constant volume and adsorbent

dosage. The experimental data were fitted to two kinds of

popular isotherm equations (Langmuir, Freundlich). The

linearized Langmuir and Freundlich isotherm plots are

showed in Fig. 7. The estimated parameters with correla-

tion coefficient (R2) for the different models have been

listed in Table 3. The value of R2 is considered as a mea-

sure of the goodness-of-fit of experimental data on the

isotherm’s model. The R2 values confirmed that adsorption

of Cd2? species onto the FePPC obeyed to the both

Langmuir and Freundlich isotherms.

Langmuir adsorption isotherm

The Langmuir isotherm is based on the assumption that

maximum adsorption corresponds to formation of a satu-

rated monolayer of solute particles on the adsorbent surface

and the energy of adsorption is constant (Won et al. 2006).

The essential characteristic of the Langmuir isotherm may

be expressed in terms of dimensionless separation param-

eter RL, which is indicative of the isotherm shape that

predicts whether an adsorption system is favorable

(0\RL\ 1) or unfavorable (RL[ 1). RL from Langmuir

equation was obtained 0.21 that showed adsorption of Cd2?

species on FePPC is favorable. qmax (mg/g) in the Lang-

muir equation indicates the measure of adsorption capacity

under the experimental conditions which was for FePPC

22.72 mg/g and had a good agreement with experimental

values reported in previous works on other adsorbents

(Table 4). However, a direct comparison of adsorbent
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Fig. 6 Linear relationship of pseudo-first-order, pseudo-second-order

and Elovich kinetic models for adsorption of Cd2? species onto the

FePPC
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materials is difficult due to the differences in experimental

conditions. The obtained biosorption capacity of Fe–PPC

for removal of cadmium (II) ions from aqueous solutions

shows that, except for some nanosorbents, the experimental

data of the present study were found to be higher than other

adsorbents. However, it is very important to consider the

environment effect aspects of the nanoparticles to form an

appropriate sorbent. As a result, it could be concluded that

pomegranate peel carbon prepared from wastes of

pomegranate juice processing used in this study had an

additional advantage of being abundant and economic.

Freundlich adsorption isotherm

The Freundlich isotherm is an empirical equation which

confirms that the stronger binding sites are first occupied

and the binding strength decrease with the increasing

degree of site occupation. In Freundlich isotherm, the

parameter n is heterogeneous factor, indicative of bond

energies between metal ion and the adsorbent and KF,

related to bond strength. At pH of 6.35, KF and nF obtained

to be 5.42 and 3.7 indicate that the binding capacity and the

affinity between the FePPC and Cd(II) ions is strong.

Adsorption thermodynamic

Thermodynamic considerations of an adsorption process

are necessary to conclude whether the process is sponta-

neous or not. The Gibbs free energy change thermody-

namic parameter (DG�) is indicator of spontaneous

reaction. The negative values of DG� confirm the

Table 2 Kinetic parameters for

adsorption of Cd2? species on

FePPC

Kinetic model Constant and correlation Calculated data

Pseudo-first-order K1 (min) 0.12

qe (mg/g) 11.38

R2 0.978

Pseudo-Second-order K2 (g mg-1 min-1) 0.40

qe (mg/g) 14.70

R2 0.999

Elovich AE 0.68

BE 316.61

R2 0.906

Intra-particle diffusion B 60 min Kipd 1.251

I 6.983

R2 0.955

Intra-particle diffusion C 60 min Kipd 0.052

I 13.74

R2 0.659
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R2 = 0.9328
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Fig. 7 Freundlich and Langmuir isotherm plots for adsorption of

Cd2? species onto FePPC

Table 3 Isotherm adsorption data for adsorption of Cd2? species

onto FePPC

Isotherm models Constant and correlation Calculated data

Langmuir KL (min) 0.075

qmax (mg/g) 22.72

R2 0.952

Freundlich KF (g mg-1 min-1) 5.42

nF 3.70

R2 0.938
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feasibility of the process and the spontaneous nature of

adsorption process. The standard Gibbs free energy change

can be determined from the thermodynamic equilibrium

constant, K0 (or the thermodynamic distribution coefficient

Kd) in Eq. 12. Equilibrium constant was determined using

directly from the equilibrium adsorption and isotherm

models (Table 5). Negative DG� value indicates the

adsorption of Cd2? species onto FePPC is naturally spon-

taneous. Von Oepen et al. have obtained the adsorption free

energy of several kinds of interactions as follows: Van der

Waals forces 4–10 kJ/mol, hydrophobic interactions

5 kJ/mol, hydrogen bonding 2–40 kJ/mol, coordination

exchange 40 kJ/mol, dipole forces 2–29 kJ/mol, chemical

bonds more than 60 kJ/mol (Von Oepen et al. 1991).

According to Table 4, there is a large difference between

the free energy change of the Langmuir and Freundlich

isotherm models. According to experimental data, the main

interactions for adsorption of Cd2? species onto the FePPC

adsorbent are in the range of dipole forces.

Conclusion

The fixed at a time variable method was used to optimize

the conditions for preparation of pomegranate peel carbons.

At optimum carbonization temperature of 400 �C and

combustion time of 3 h, the best carbonization yield was

resulted. For chemical modification of pomegranate peel

surfaces with Fe(III) ions, the impregnation ratio of 0.1 was

used that caused suitable functional groups to increase on

the surface of carbon samples and improved the capacity of

adsorption and observed that Cd2? species adsorption on

FePPC reached to 22.72 mg/g capacity at pH = 6.36

(pHzpc).

The adsorption kinetic study of Cd2? species onto the

prepared carbons represented that the adsorption obeyed

the pseudo-second-order and nonlinear intra-particle dif-

fusion models. At equilibrium conditions, both of Lang-

muir and Freundlich isotherms showed similar results for

adsorption of Cd2? species onto the FePPC. This means

that modification of pomegranate surfaces with Fe(III) ions

caused monolayer and multilayer adsorption of Cd2? spe-

cies. The results indicated that FePPC has good potential

for removal of Cd2? species from contaminated aqueous

solutions.
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