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a b s t r a c t
The current work represents the removal of lead from aqueous solution onto three adsorbents namely 
insolubilized humic acid (IHA), porous carbon (PC) and insolubilized humic acid mounted on porous 
carbon (IHPC). The effect of contact time, pH, adsorbent dose and the initial concentration of lead 
ions on the adsorption process were investigated. Freundlich, Langmuir and Dubinin–Radushkevich 
(D–R) isotherm models were implemented to describe the lead adsorption by the three adsorbents. 
The results showed that the Langmuir model was the best model to describe the adsorption of lead 
onto the adsorbents in current study. The Langmuir maximum adsorption capacities were 714.3, 454.5 
and 333.3 mg/g for IHPC, IHA and PC, respectively. The obtained data followed the pseudo- second-
order kinetic model. Adsorption energy values indicated that a chemisorption process takes place 
as supported by Fourier transform infrared analysis. The humic acid-carbon hybrid material (IHPC) 
exhibited much higher affinity and adsorption capacity for lead ions than the pure materials (IHA and 
PC) indicating that IHPC can be used as potential adsorbent for water treatment.

Keywords:  Insolubilized humic acid; Porous carbon; Insolubilized humic acid mounted porous carbon; 
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1. Introduction

Water contamination by heavy metals has gained more 
attention in the last decades due to the increased demand 
of heavy metals in many industries [1]. Lead is non- 
biodegradable and toxic, and causes nervous disorders, 
 kidney diseases, anemia and death.

It exists in surface water due to its implementation in dif-
ferent types of industries such as mining, painting, pigments, 
plastic industries, industrial and domestic workflow, batter-
ies, glass and steel, and alloy industries [1–3]. The widespread 
presence of lead and its adverse effects on human being and 
living organisms make it a serious environmental problem. 
The WHO guidelines indicated 0.01 mg/L as the permissi-
ble limit for Pb ions in drinking water [4,5]. Therefore, the 
research on the removal of Pb from aqueous solution is 
urgently needed to be kept within the permissible limits.

Lead can be removed from aqueous solutions by several 
methods such as adsorption, biosorption, chemical precipi-
tation, ion exchange and membrane separation techniques 
[6,7]. However, the technical issues and economic feasibility 
retard the use of most of these methods [8]. Among these 
methods, adsorption is widely implemented due to the con-
venient design and operation conditions [6,8,9].

Adsorption of heavy metals on activated carbons gained 
much attention in the last decade due to its high surface 
area, large pore volume, high surface activity and exis-
tence of different types of active function groups, especially 
oxygen-containing groups, which are appropriate for the 
adsorption of metals such as Pb ions [8,10,11]. Moreover, acti-
vated carbon is thermally stable and inert, and can be used at 
different ranges of pH [12]. However, the cost of preparation 
and regeneration of activated carbon is considered high; there-
fore, it is considered as less economic adsorbent. Consequently, 
there is a continuous research for economical adsorbents for 
the removal of Pb ions and heavy metals from aqueous media. 
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Currently, many researchers have been focused on humic 
acid as low-cost adsorbent. It can be extracted from peat, 
from soil and also on large scale from lignite. Humic acid 
has many advantages as adsorbent such as a large number 
of surface-active functional groups that make it a promising 
adsorbent for water and wastewater treatment. However, 
its solubility in water renders the application in water treat-
ment [13]. To overcome the solubility of humic acid and high 
cost of activated carbons, we reported in our previous work 
a new hybrid materials gathering both humic acid and acti-
vated carbons [14]. These materials are insolubilized humic 
acid mounted porous carbon (IHPC) and carbon-coated humic 
acid. These hybrids have high affinity for adsorption of organic 
pollutants much higher than activated carbon and humic acid.

In the current work, porous carbon (PC), insolubilized humic 
acid (IHA) and IHPC were implemented for the adsorption of 
Pb ions from water. To check the capability of the new material 
(IHPC), the effect of pH, concentration of lead ions, contact time 
and dose of adsorbent have been investigated. A full compari-
son between IHPC, IHA and PC in adsorption of lead was con-
ducted to prove the merit of the new material (IHPC).

2. Materials and methods

2.1. Chemicals

The chemicals used in the current study were of analytical 
grade and provided by Merck (Darmstadt, Germany). Stock 
Pb2+ solution of concentration 1,000 mg/L was prepared by dis-
solving an appropriate amount of Pb(NO3)2 in deionized water, 
and the volume was completed to 1 L. The working solutions 
were then prepared from the stock solution by dilution.

2.2. Preparation of adsorbents

The preparation procedures and characterization of the 
studied adsorbents (PC, IHA and IHPC) are described in 
other work [14].

2.3. Adsorption experiments

The batch adsorption studies were carried out by con-
tacting the adsorbent with the synthetic Pb2+ solution in 100 
glass reagent bottles. The experiments was conducted at 
room temperature (25°C ± 1.0°C) using a mechanical shaker 
at 200 rpm. All samples were filtered, and the Pb2+ concen-
tration was measured in the filtrate. To distinguish between 
possible lead ions precipitation and actual lead adsorption, 
controls were used without adsorbent materials.

2.3.1. Effect of contact time

The effect of contact time was conducted by performing 
the batch adsorption experiments with an initial Pb2+ ions 
concentration of 20 mg/L and 0.5 g/L of adsorbent at different 
time intervals (5, 10, 30, 45,60, 90 and 120 min).

2.3.2. Effect of pH

The batch experiment was carried out at different pH 
value (from 2.3 to 6.2): below pH 2 the high proton concen-
tration minimizes the metal adsorption, and above pH 6.5 

Pb2+ precipitation is favored [15]. The pH of the solutions was 
adjusted either by 0.1 N hydrochloric acid or sodium hydrox-
ide. The mixture was shaken for the optimum contact time and 
filtered, and the final pH of each sample was determined.

2.3.3. Effect of adsorbent dosage

The adsorbent dosages were varied from 0.05 to 1 g/L 
using a fixed volume of 100 mL of 20 mg/L of Pb2+ at the 
 optimum pH and contact time.

2.4. Adsorption isotherms

Adsorption isotherm experiments were performed 
by shaking Pb2+ solutions of different concentrations 
(45–350 mg/L) using the optimum dose of each adsorbent for 
25 min for PC and 30 min for IHA and IHPC at pH of 6.2.

The adsorption isotherm models are important in studying 
the interaction between adsorbent and adsorbate and to opti-
mize the implementation of adsorbents. Freundlich, Langmuir 
and Dubinin–Radushkevich (D–R) isotherm are three differ-
ent adsorption isotherms that were used to describe the data 
of lead adsorption onto PC, IHA and IHPC [16].

2.4.1. Langmuir and Freundlich isotherms

Langmuir and Freundlich equations are the most widely 
implemented models to describe the relationship between 
equilibrium metal uptake (qe) and final concentrations (Ce) at 
equilibrium.

The linear form of Langmuir isotherm model is given by 
the relationship:

C
q q q

Ce

e
e= +

1 1

max maxK
 (1)

where K (L/g) is the equilibrium adsorption constant, which 
is related to the affinity of the binding sites, and qmax (mg/g) 
is the maximum amount of metal ion adsorbed per unit mass 
of adsorbent in case of occupation of all binding sites. The 
Langmuir parameters (K and qmax) can be calculated by plot-
ting Ce/qe vs. Ce.

The logarithmic form of Freundlich equation is given by:

log log logq K
n

Ce f e= +
1  (2)

where n and Kf are the Freundlich constants, which are 
related to the adsorption capacity of the adsorbent and the 
adsorption intensity.

2.4.2. Dubinin-Radushkevich (D–R) isotherm

The D–R isotherm is more general than Langmuir iso-
therm because it does not assume a homogeneous surface or 
constant potential of adsorption. The nature of adsorption 
process chemical or physical can be predicted from the D–R 
model. The linear form of the D–R isotherm equation can be 
expressed as follows:

ln lnq Xe m= −βε2  (3)
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where qe is the amount of lead ions adsorbed per unit mass of 
adsorbent (mol/g); Xm is the maximum adsorption capacity; 
β is the activity coefficient related to mean sorption energy 
(mol2/kJ2); and ε is the Polanyi potential that equal to:

ε = +








RT

Ce
ln 1 1  (4)

where R is the general gas constant (J/mol K), and T is the 
absolute temperature (K). The adsorption energy can also be 
calculated by using the following equation:

E =
−

1
2β

 (5)

2.5. Adsorption kinetics 

For adsorption kinetic tests, optimum dose of the tested 
adsorbents was added to Pb2+ solutions (20 mg/L) at pH of 
6.2 for different time intervals. The kinetic data were fitted to 
pseudo-first-order, pseudo-first-order and Elovich models.

2.5.1. Pseudo-first-order model 

The integrated form of the pseudo-first-order kinetic 
model can be expressed as follows [17]:

log log( )
.

q q q
k t

e t e− = − 1

2 303
 (6)

where qe (mg/g) and qt are the amounts of metal ions adsorbed 
on the adsorbent at equilibrium and at a time t, respectively, 
while k1 is the rate constant of the first-order adsorption 
model (min–1).

If the pseudo-first-order kinetics can be applied, the plot 
of log (qe − qt) vs. t shall provide a linear relationship from 
which k1 and predicted qe can be calculated from the intercept 
and slope of the plot.

2.5.2. Pseudo-second-order model 

The linear form of the pseudo-second-order model equa-
tion is expressed as follows [18]:

t
q k q

t
t e

= +
1 1

2

 (7)

where k2 is the rate constant (g/mg min).

2.5.3. Elovich model 

The Elovich kinetic model can be expressed by the 
following equation [19]:

q te = +
1 1
β

αβ
β

ln ln( ) ( )  (8)

where a (mg/g min) is the initial rate of adsorption, and 
β (g/mg) is related to the activation energy and extent of 
surface coverage for chemisorption during the adsorption 
experiment.

2.6. Determination of Pb2+ concentration

The concentration of Pb2+ was determined according to 
the American Public Health Association (APHA) method [20] 
using atomic absorption spectrophotometer (Varian Spectra 
AA 220, USA) with graphite furnace and equipped with deu-
terium arc background corrector. The precision of the metal 
measurement was determined by analyzing samples in trip-
licate, and for each series of measurements, an absorption 
calibration curve was constructed.

3. Results and discussion

3.1. Characterization of the prepared materials

The preparation and characterization of the newly pre-
pared material, IHPC, were extensively discussed in our 
previous paper [14]. Briefly, the prepared material has large 
mesopore volume in addition to the macroporosity. The 
Fourier transform infrared (FTIR) analysis revealed the pres-
ence of carboxyl, carbonyl, alcoholic and phenolic hydroxyl 
group and C=C stretching as a surface functional groups on 
the prepared materials [14].

In order to get a clear picture about the contribution of 
surface function groups in the adsorption of Pb2+, FTIR analy-
sis (Fig. 1) was carried out for the studied adsorbents (IHPC, 
IHA and PC) before and after the adsorption of lead. 

Fig. 1 shows that the major infrared bands in the three 
adsorbents are at around 3,420; 2,920; 1,720; 1,610; 1,410; 1,250; 
1,170; and 1,033 cm–1, which correlated to phenolic hydroxyl 
stretching; aliphatic C–H stretching; carboxyl and carbonyl 
C=O stretching; aromatic C=C stretching; C–H bending of the 
CH2 and CH3 groups; C–O stretching and O–H deformation of 
COOH; alcoholic hydroxyl stretching; and C–O stretching of 
polysaccharide substances, respectively [14]. In Fig. 1(c) (IHPC 
samples), it could be observed that, the band at 1,167 cm–1 cor-
responding to alcoholic hydroxyl stretching disappeared after 
the adsorption of Pb2+. Moreover, it could be observed that 
there is a considerable shift in the bands 3,432; 1,610; 1,410 and 
1,033 after the adsorption of Pb2+ indicating that the adsorp-
tion takes place on these surface functional groups. Therefore, 
the adsorption process might be chemisorption process.

3.2. Adsorption study

3.2.1. Contact time effect

Fig. 2 represents the effect of contact time on adsorption 
of Pb2+ ions using PC, IHA and IHPC. The results revealed 
that the adsorption of Pb2+ takes place in two steps: the first 
step (the first 10 min), the rate of adsorption is very rapid, 
then the rate slows down, and the adsorption increased 
gradually till the equilibrium was attained at 25 min for PC, 
and 30 min for both IHA and IHPC. Therefore, the optimum 
contact time for the adsorption of Pb2+ was set at 25 min 
for PC and 30 min for IHA and IHPC. It is clearly observed 
from Fig. 3 that (a) IHPC and IHA remove 99.82% and 
96.47%, respectively, after 30 min, while for PC, the maxi-
mum adsorption (92.35%) was attained at 25 min, and (b) 
IHPC has the highest adsorption capacity for Pb2+ among 
the adsorbents used in this study. Therefore, mounting of 
humic acid on PC introduced a new material having higher 
affinity for lead ions than pure PC and IHA.



219S.T. El-Wakeel et al. / Desalination and Water Treatment 74 (2017) 216–223

3.2.2. pH effect

pH was identified as the main parameter that controls 
the process of metal sorption [21]. This is attributed to (a) the 
strong competition between proton and Pb2+ in acid medium, 
(b) the pH effect on the chemical precipitation of Pb2+ at 
higher pH values and (c) ionization of surface functional 
groups on the adsorbents. Therefore, selection of pH is a 
significant point for the adsorption of Pb2+ by the adsorbents 
in the current study [22,23]. The pH effect on the adsorp-
tion of Pb2+ ions is given in Fig. 3. The results indicated that 
the adsorption of Pb2+ increased with increasing pH values. 
This might be caused by the formation of hydronium ions 
at low value of pH, which limits the approach of Pb2+ to the 
adsorbent surface through repulsive forces. Also, hydronium 
ions might compete with Pb2+ to occupy the adsorption sites. 
Moreover, at high pH the IHA surface starts to have a nega-
tive charge, which makes an electrostatically favorable situa-
tion for higher Pb2+ adsorption.

The maximal percentage removal of Pb2+ was 99.95%, 
97.75% and 95% for IHPC, IHA and PC, respectively, indicat-
ing that IHPC has higher affinity for Pb2+ than IHA and PC. 
Since a chemical precipitation of Pb2+ was expected to take 
place at pH 6.5 as reported in literature [15] so a pH of 6.2 was 
used as the optimum value in the rest of experiment.

80

85

90

95

100

5001000150020002500300035004000

%
 T

ra
ns

m
ita

nc
e

Wave number / Cm-1

PC

PC + Pb
34

23

29
23

.5

16
21

.8

14
33

.8
2

10
33

.7

66
8.

8

12
49

.6

34
32

16
09

17
29

45
9.

7

60

65

70

75

80

85

90

95

100

5001000150020002500300035004000

%
 T

ra
ns

m
ita

nc
e

Wavenumber/ Cm-1

IHA

IHA + Pb

29
21

.6

16
06

.4

75
6 66

9
76

6

10
39

.4

12
42

.914
31

.9

17
00

.9

34
24

34
22

75

80

85

90

95

100

5001000150020002500300035004000

%
 T

ra
ns

m
ita

nc
e

Wavenumber/ Cm-1

IHPC

IHPC + Pb

34
23

.9

16
99

.9

14
28

.9
15

96
.7 12

54
.5

10
36

.5
99

3

76
0.

7
66

8

11
6716

18

14
12

a) 

c) 

b) 

Fig. 1. FTIR of: (a) PC, (b) IHA and (c) IHPC before and after the 
adsorption of Pb2+.

Fig. 2. Effect of contact time on the adsorption of Pb2+ onto IHA, 
IHPC and PC (adsorbent dose, 0.5 g/L; initial concentration, 
20 mg/L; pH, 5.3).

Fig. 3. Effect of pH on the adsorption of Pb2+ onto IHA, IHPC 
and PC (adsorbent dose: 0.5 g/L; initial concentration: 20 mg/L; 
 contact time: 25 min for PC and 30 min for IHA and IHPC).

Fig. 4. Effect of adsorbent dose on the adsorption of Pb2+ onto 
IHA, IHPC and PC (initial concentration: 20 mg/L; pH: 6.2; 
contact time: 25 min for PC and 30 min for IHA and IHPC).
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3.2.3. Effect of adsorbent dose

The effect of adsorbent dosage is illustrated in Fig. 4. The 
data indicated that the adsorption of Pb2+ was increased with the 
subsequent increase in the adsorbent dose and nearly became 
stable at dosage higher than 0.5 g/L for the three adsorbents 
under study. This behavior was attributed to the formation of 
aggregates at higher dosage of adsorbents that decreases the 
available surface area for adsorption. Thereafter, a dosage of 
0.5 g/L was used as optimum value in the rest of study.

3.2.4. Effect of lead ion concentration on the distribution 
constant Kd

The distribution ratio Kd for the adsorption of Pb2+ onto 
IHPC, IHA and PC as a function of the initial concentration 
of Pb2+ ions in solution was studied at constant temperature 
(25°C ± 0.1°C). Kd was calculated as follows [24]:

K = amount ofmetal in adsorbent
amount of metal in solutiond










VV
m

 (9)

where m is the amount of adsorbent (g), and V is the used 
volume of solution (mL).

Fig. 5 shows Kd as a function of Pb2+ concentration. The 
data revealed that the Kd values were decreased with increas-
ing Pb2+ initial concentration. This might be due to the occu-
pation of the less energetically favored sites with increasing 
Pb2+ concentration in solution.

3.3. Adsorption isotherms

3.3.1. Freundlich and Langmuir adsorption isotherms

The driven parameters of Freundlich and Langmuir 
adsorption isotherm models are listed in Table 1. R2 val-
ues indicated that the Langmuir isotherm model describes 
the adsorption of lead to PC, IHA and IHPC better than 
Freundlich model. Therefore, the adsorption of lead is mainly 
homogeneous, and a monolayer adsorption takes place on the 
surface of PC, IHA and IHPC. The qmax (Table 1) were deter-
mined to be 714.3, 454.5 and 333.3 mg/g from Langmuir iso-
therm for IHPC, IHA and PC, respectively. IHPC has higher 
adsorption capacity than IHA and PC indicating that mount-
ing of IHA on PC was successful and beneficial in improving 
the adsorptive characteristics of IHA and PC. Moreover, IHPC 
has superior adsorption capacity for lead when compared 
with literature. For example, Baker and Khalili [25] reported 
qmax value of 60.241 mg/g for lead by IHA at pH 4 and tem-
perature 65°C. Chen et al. [26] reported qmax value of 58 mg/g 
for lead by hydrogel of starch immobilized humic acid. Also, 
qmax values of 27.5 and 2.8 mg/g were reported [27,28] for lead 
adsorption by pine cone activated carbon and manganese 
oxide modified activated carbon, respectively.

To further investigate the adsorption intensity, the 
dimensionless constant separation factor (RL) was calculated 
according to the following equation:

R
b CL

e

=
+

1
1

 (10)

The RL value gives indication on the nature of the adsorp-
tion process. It has been argued that the adsorption process 
is unfavorable if RL > 1; linear if RL = 1; favorable if 0 < RL < 1 
and irreversible if RL = 0.

The RL values obtained for the materials under study 
were in the range of 0.3–0.9 for IHPC, 0.29–0.86 for IHA and 
0.34–0.87 for PC. These results indicate that the adsorption 
process of lead ions onto the prepared materials is favorable.

3.3.2. Dubinin–Radushkevich (D–R) isotherm

The data in Table 1 illustrate the D–R driven parameter 
for the adsorption of Pb2+ onto PC, IHA and IHPC. It is well 
documented that the calculated mean free energy of adsorp-
tion (E) can provide a knowledge about the mechanism of 
adsorption, physical or chemical. If E value in the range from 
8 to 16 kJ/ mol, the adsorption takes place chemically, while if 

Fig. 5. Effect of Pb2+ concentration on the adsorption process (ini-
tial concentration: 45–350 mg/L; adsorbent dose: 0.5 g/L; pH: 6.2).

Table 1 
Summary of isotherm model parameters for the adsorption of Pb2+ onto IHPC, IHA and PC (adsorbent dose: 0.5 g/L; initial 
 concentration: 45–350 mg/L; pH: 6.2)

Adsorbent Langmuir Freundlich Dubinin–Radushkevich (D–R)
K qmax R2 Kf n R2 Xm β E R2

IHPC 0.008 714.3 0.984 13.02 1.47 0.986 0.0182 –6.914 × 10–9 8.504 0.997
IHA 0.0084 454.54 0.991 12.87 1.7 0.989 0.0109 –6.866 × 10–9 8.533 0.992
PC 0.005 333.3 0.998 4.49 1.37 0.98 0.0071 –7.12 × 10–9 8.38 0.993

Note: K (L/mg) is the equilibrium adsorption constant; qmax (mg/g) is the maximum amount of metal ion adsorbed per unit mass of adsorbent; 
Xm (mol/g) is the maximum adsorption capacity; β (mol2/J2) is constant related to the activation energy and extent of surface coverage; and E 
(KJ/mol) is the adsorption energy.
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energy value is less than 8 kJ/mol, the adsorption occurs phys-
ically [29]. In the current study, the mean adsorption energy 
(Table 1) was 8.504, 8.533 and 8.38 kJ/mol for the adsorption 
of Pb2+ onto IHPC, IHA and PC, respectively, indicating that 
the adsorption of Pb2+ takes place chemically on the surface 
functional groups.

3.4. Adsorption kinetics

3.4.1. Pseudo-first-order model

Table 2 shows the obtained data for the first-order 
model. This model failed to introduce a real estimation of 
the qe of adsorbed Pb2+ onto IHPC, IHA and PC since the 
experimental values of qe were much higher than the fitted 
values in spite of the correlation coefficient R2 are compara-
tively high. This indicated that the first-order reaction can-
not describe the adsorption of Pb2+ onto IHPC, IHA and PC.

3.4.2. Pseudo-second-order model

The plot of t/qt vs. t according to Eq. (7) gave straight lines 
for the adsorption of Pb2+ onto IHPC, IHA and PC. The rate 
constant of the second-order k2 and qe were calculated from 
the slope and the intercept (Table 2). The obtained values of 
qe from this model were very close to experimental values, a 
first indicator for the suitability of this model. The R2 values 
obtained from this model were 0.9999, 0.9998 and 0.9997 for 
the adsorption of Pb2+ onto IHPC, IHA and PC, respectively.

3.4.3. Elovich model

The correlation coefficients R2 obtained by Elovich 
model were 0.708, 0.7393 and 0.7993 for PC, IHA and IHPC, 
respectively. This revealed that the Elovich model was not 
appropriate for fitting the adsorption data of lead ions onto 
the prepared adsorbent materials used in the current study.

3.4.4. Intraparticle diffusion model

In order to explore the adsorption mechanism, the 
obtained data were tested by the intraparticle diffusion 
model. The sorption might be described through three suc-
cessive steps: (i) adsorption across the external boundary 
layer film, (ii) adsorption at the site on adsorbent surface (this 
step is often proposed to be very rapid) and (iii) the diffuse 
of adsorbate molecules by a pore diffusion processor through 
solid surface diffusion mechanism [30].

The Weber’s diffusion model can describe the intraparti-
cle diffusion model as follows [31]:

q k t Ct p= +1 2/  (11)

where kp is the rate constant of the intraparticle diffusion 
(mg/g min1/2) and the rate constant for the intraparticle trans-
port C expressed in mg/g min1/2.

If the plot of qt vs. t1/2 gave a straight line passing through 
the origin, then the adsorption of the ions follows a diffusion 
mechanism. While, when pore diffusion describe the adsorp-
tion process, the relationship will be non-linear.

Fig. 6 indicated that the lines do not pass through the 
origin and the adsorption process comprises two phases: the 
initial portion reveals external mass transfer while the linear 
portion is due to pore intraparticle or film diffusion. This sug-
gests that the intraparticle diffusion is not the rate-limiting 
step for the adsorption and both intraparticle diffusion and 
film diffusion might be the rate-limiting steps for the adsorp-
tion of Pb2+ onto the prepared adsorbents.

To test whether the adsorption takes place through intra-
particle diffusion or film diffusion mechanism, the results 
have been analyzed by the Boyd’s kinetic model [32]. The 
simple form of the rate equation can be represented by:

F
m

m Bt
m

= − − 
=

∞

∑1 6 1
2

1
2

2

π
exp  (12)

Fig. 6. Intraparticle diffusion kinetics of Pb2+ adsorption onto 
IHPC, IHA and PC (adsorbent dose: 0.5 g/L; initial concentra-
tion: 20 mg/L; pH: 6.2).

Table 2 
Pseudo-first-order and pseudo-second-order kinetic models for Pb2+ adsorption onto PC, IHA and IHPC (adsorbent dose: 0.5 g/L; 
initial concentration: 20 mg/L; pH: 6.2)

Adsorbent qe,exp. Pseudo-first-order model Pseudo-second-order model
K1 qe,cal. R2 K2 qe,cal. R2

IHPC 39.94 0.096 8.68 0.9870 0.0353 40.32 0.9999
IHA 39.00 0.125 13.02 0.9199 0.0471 38.91 0.9998
PC 38.00 0.132 19.11 0.8757 0.0261 38.31 0.9997

Note: qe,exp. (mg/g): experimental qe values and qe,cal. (mg/g): calculated qe values.
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where F (qe /qt) is the fractional attainment of equilibrium at 
time t and the time constant B (min–1) calculated by Eq. (13):

B
D
r
i=
π2

2
 (13)

Di is the effective diffusion coefficient of the adsorbate in the 
sorbent phase (cm2/min); r is the radius of the adsorbent par-
ticle (cm); and m is an integer that defines the infinite series 
solution. Bt is given by Eq. (14):

B Ft = − − −0 4977 1. ln( )  (14)

If the plot of Bt vs. t gave a straight line passes through the 
origin, this indicating that the adsorption process is con-
trolled by the particle-diffusion mechanisms. Otherwise, the 
adsorption is controlled by the film diffusion. From Fig. 7, it 
is clear that the plots are neither linear nor passes through 
the origin which reveals that the intraparticle diffusion is the 
rate-controlling step with the film diffusion.

4. Conclusion

From the current study, it could be concluded that the IHPC 
as an inexpensive new material exhibited much higher affin-
ity for adsorption of Pb2+ than PC and IHA. The kinetics of the 
adsorption studies revealed that the adsorption of Pb2+ obeys the 
second-order model. Langmuir adsorption isotherm was found 
to be the best isotherm model to describe the adsorption of lead 
ions onto the three adsorbents with R2 > 0.98. The maximum 
adsorption capacity order was IHPC > IHA > PC. The IHPC as a 
prepared new material can be used as an efficient adsorbent for 
practical application in water and wastewater treatment.
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