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ABSTRACT

Activated carbons were prepared from rice husk for the adsorption of Pb(II) from aqueous
solution. The textural properties of the prepared carbons were characterized from the
adsorption of nitrogen at 77 K and scanning electron microscopy. Fourier-transform infrared
spectroscopy, base and acid neutralization capacities, pH of the active carbon slurry, and
pH point of zero charge (pHpzc) were used to characterize the surface oxygen functional
groups. The effect of experimental parameters such as pH, initial concentration, contact
time, and temperature on the adsorption was investigated. The equilibrium data were ana-
lyzed by the Langmuir and Freundlich models, which revealed that Langmuir model was
more suitable to describe the lead adsorption than Freundlich model. The adsorption kinet-
ics could be expressed by the pseudo-second-order model where boundary layer diffusion
tends to be the rate-limiting step. Solution pH exhibited remarkable impact on the adsorp-
tion process and the maximum amount adsorbed was obtained at pH 5. The adsorption
capacity of the carbon sample is related to the porosity and the surface chemistry, which
are dependent on the method of activation.
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1. Introduction

The removal of heavy metals from water is impor-
tant in terms of protecting public health and environ-
ment owing to their accumulation in living tissue
throughout the food chain as non-biodegradable pol-
lutants [1,2]. Lead is recognized as a long-standing
environment contaminant. It can be found in wastewa-
ter generated by various industries such as acid bat-
tery, ceramic, glass manufacturing, metal plating,
electroplating, mining, and smelters [3]. Acute lead
poisoning in human beings causes severe damage to
the kidney, liver, brain, nervous system, a rise in

blood pressure, miscarriage, and abortions [4,5]. There
are various techniques for reducing the toxicity of
heavy metals, including chemical precipitation,
adsorption, electrolysis, ion exchange, and membrane
separation [6]. Adsorption onto activated carbon was
found to be a promising technique as it enables the
removal of trace amount of lead from solution [7]. For-
tunately, activated carbons can be prepared from
renewable biomass materials including apricot stone
[8], hazelnut husks, coconut shells, peanut shells, and
rubber wood sawdust [9,10]. Rice husk (RH) accounts
for about 20% of the total weight of rice plants. The
processing and transformation of RHs into activated
carbon with good adsorption properties would
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alleviate problems of disposal and management of
these waste by-products and produce value-added
products from RHs for wastewater treatment. Most of
the activated carbons are produced by thermal proce-
dures (physical) or chemical routes [11,12].

This article reports the preparation of low-cost
ACs from RH by sodium hydroxide and steam activa-
tion. The textural properties and the chemistry of the
surface of the carbons and their roles towards the
removal of Pb(II) from aqueous solution by static
batch experiments were investigated. In addition, the
effect of experimental parameters such as solution pH,
initial concentration, contact time, and temperature
was studied. Furthermore, equilibrium, kinetic and
thermodynamic studies on the adsorption of Pb(II)
onto the activated carbon were also carried out for the
design of adsorption process.

2. Experimental

2.1. Materials

RH from the rice mill of El-Mansoura city (Egypt)
was used as raw material. RH was first washed with
distilled water to remove dust and other adhering
impurities and then dried at 383 K for 48 h. Finally,
the dried product was ground and sieved to different
particle sizes. Studies were focused on size fraction
0.3–0.5 mm. Lead nitrate was supplied by BDH. A
stock solution of lead (1,000mg/L) was prepared by
dissolving the required amount of Pb(NO3)2 in dou-
ble-distilled water. The stock solution was diluted
with distilled water to obtain the desired concentra-
tion. Other chemicals used were of analytical grade.
Before use, all the glass wares were washed with nitric
acid and then washed with doubly distilled water.

2.2. Preparation of activated carbons (adsorbents)

2.2.1. Preparation of non-activated carbons HC and LC

Sample HC was prepared as following: 100mL of
13M sulfuric acid was added to the RH, and the mix-
ture was heated to 448–453 K for 20min with occa-
sional stirring. The resulting black mixture was
allowed to cool and then filtered using a Buchner fun-
nel under vacuum. The black spent sulfuric acid was
filtered off and the carbonized material was washed
several times with distilled water and was stored [13].

Carbonization product LC was prepared by car-
bonization of dried RH pre-leached with HF. Leaching
was made at room temperature using 25% analytical
grade hydrofluoric acid. The acid solution volume-to-
mass ratio was 2.5:1. Dried HF-leached RH was cal-

cined separately in the absence of air in batch process
using stainless steel reactor at a rate of 10 K/min from
room temperature up to 773 K and soaking at this
final temperature for 3 h.

2.2.2. Preparation of physically activated carbon (SLC)

Steam activated carbon (SLC) was obtained by gas-
ifying a portion of LC carbon with a mixture of nitro-
gen and steam at 1,173 K to burn off = 29 wt.%.
Sample LC was contained in a stainless steel tube
positioned vertically in a tubular muffle furnace. The
entering gas mixture was passed through the “LC”
bed, which was supported upon a fine chromel screen.
The flow rate was sufficient to keep the sample “Jig-
gling.” This was achieved by passing nitrogen as a dil-
uent through the sample during steam run [14].

2.2.3. Preparation of chemically activated carbon

An activated sample NLC was prepared by soak-
ing LC in the presence of substantial weight of analyt-
ical grade NaOH, dissolved in the least amount of
water for 48 h (carbon: solid NaOH = 1:3W/W). The
paste was then dried. After that, the dried product
was calcined at a rate of 10 K/min to the final temper-
ature of 1,123 K, which was maintained for 3 h. After
cooling, the resulting mixture was washed with hot
distilled water until pH 6.5 to eliminate activating
agent residues and other inorganic species formed
during the process. The carbon obtained was dried at
383 K for use in adsorption and analytical investiga-
tions [15].

2.2.4. Oxidation of the activated carbons

Samples Ox-NLC and Ox-SLC were prepared by
heating SLC and NLC with concentrated nitric acid
(10mL/g carbon) to almost dryness at 363 K followed
by washing and drying [16].

2.3. Characterization of prepared activated carbon

2.3.1. Low-temperature adsorption of nitrogen

The textural properties (surface area and porosity)
of the activated carbons were investigated using a vol-
umetric apparatus of conventional type. The adsorbent
was degassed at 473 K under reduced pressure of
10−5 torr for 8 h prior to adsorption measurements.
The surface area, SBET, was determined from
isotherms using the Brunauer–Emmett–Teller equation
[17]. The total pore volume VT (mL/g) was also
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calculated from the volume of nitrogen adsorbed near
saturation, i.e. at P/P˚ = 0.95. Another textural parame-
ter, i.e. the mean pore radius �r (nm) was calculated
from the relationship:

�r ¼ 2VT � 103

SBET
(1)

Additional information was obtained by comparison
with standard adsorption data on a reference non-por-
ous carbon. Thus, volume of N2 adsorbed at specific
relative pressures (Va) is plotted against the corre-
sponding standard reduced value (αs) at same relative
pressure (αs-plot). Standard data given by Selles-Perez
and Martin-Martinez were utilized [18]. An estimate
for the total surface area Sα was determined from
slope of the line connecting the early points to the ori-
gin, and the non-microporous surface area San from the
slope of the line connecting the high pressure data
(beyond αs = 1.0). Extrapolation of the latter linear sec-
tion to meet the Va-axis represents the volume within
micropores (Va

m). The volume of nitrogen adsorbed at
relative pressure = 0.1 may be taken as a measure of
the micropore volume Vmic.

2.3.2. Scanning electron microscopy

Scanning electron microscopy (SEM): Micrographs
of SLC and NLC were obtained using scanning elec-
tron microscope (SEM; JEOL, model 6400). Prior to the
analysis, the samples were dried at 110˚C for 4 h. A
thin layer of gold was coated on the samples for
charge dissipation.

2.3.3. Chemistry of the carbon surfaces

2.3.3.1. Surface functional group determination. Fourier-
transform infrared (FT-IR) spectroscopy: FT-IR spectra
were recorded between 4,000 and 400 cm−1 using a
Mattson 5000 FT-IR spectrometer. Disks were pre-
pared by first mixing 1mg dried carbon sample with
500mg of KBr (Merck for spectroscopy) in an agate
mortar and then pressing the resulting mixture at 5
tonne/cm2 for 5min and 10 tonne/cm2 for 5min
under vacuum.

2.3.3.2. Selective neutralization analysis. Acid and basic
functional groups on the AC surface were determined
by the method proposed by Boehm [19]. Solution of
NaHCO3 (0.05 N), Na2CO3 (0.05 N), NaOH (0.05 and
0.15 N), and HCl (0.05 N) were prepared using CO2-
free distilled water. A 25mL volume of these solutions
was added to vials containing 0.25 g of AC. These

samples were shaken until equilibrium. When equilib-
rium was reached, the carbon was separated from
solution by filtration. The excess of base or acid was
determined by back titration using (HCl 0.05 and
0.15 N) and NaOH (0.05 N) solutions.

2.3.3.3. Determination of pH of the slurry. About 0.5 g of
carbon sample was shaken with 25mL CO2-free dis-
tilled water and then, the pH of filtrate was measured.

2.3.3.4. Determination of PHPZC. Initially, 50mL of
NaCL was placed in several closed Erlenmeyer flasks.
The PH within each flask was adjusted to a value
between 2 and 12 by adding either HCl (0.1M) or
NaOH (0.1M). Then, 0.15 g was added to each flask,
the flasks were agitated for 48 h, and the final PH was
then measured. The PHPZC is defined by the point
where the curve PHfinal vs. PHinitial crosses the line
pHfinal = pHinitial [20].

2.4. Adsorption studies

The adsorption experiments were carried out by
contacting precisely weighted sample of carbon with
50mL of Pb(II) in the sealed 100mL Erlenmeyer
flasks. The flasks were then shaken at 150 rpm in a
constant temperature shaker at pre-selected tempera-
ture for 24 h. The effect of contact time (0–300min),
concentration (50–500mg/L), and solution pH (2–6)
was studied at 298 K. After equilibrium, the solutions
were filtered, and the concentration of Pb(ll) ions was
determined using an atomic absorption spectropho-
tometer (JBT 932 EA SP).

3. Results and discussions

3.1. Textural properties

Fig. 1 shows the nitrogen adsorption–desorption
isotherms at 77 K of SLC, HC, NLC, Ox-NLC, and Ox-
SLC. The isotherms show the characteristics of type I
and type II of the BDDT classification [21]. The iso-
therms exhibit steep initial part and well-developed
knee bend at P/P˚ = 0.1–0.2. The narrow closed hyster-
esis loop exhibited by the sorbent investigated may be
taken as an evidence of capillary condensation and the
existence of both micro- and mesopores. The αs-plots
(Fig. 2) are corresponding to type α1-b and α1-a classi-
fication, indicating the developed porosity in the car-
bons. Detailed characteristics of the porosity of these
carbons were summarized in Table 1.

Inspection of Table 1 shows the following: (1)
Carbonization by concentrated sulfuric acid is associ-
ated with the observed increase of SBET, VT, and �r
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Fig. 1. Nitrogen adsorption–desorption isotherm at 77 K for different carbons samples.
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Fig. 2. αs-plots for nitrogen adsorption– desorption isotherm at 77 K on different carbons samples.

Table 1
Textural properties of the investigated carbons as determined from nitrogen adsorption at 77 K

Sample SBET (m2/g) Sα (m2/g) Sam (m2/g) San (m2/g) Va
m (mL/g) Va

m (mL/g) Vmic (mL/g)

HC 245.7 263.2 114.4 148.5 0.20 0.07 0.093
SLC 770.6 830.1 701.5 128.5 0.30 0.30 0.310
NLC 2,254.2 2,275.3 1,808.1 467.5 0.69 0.69 0.856
Ox-SLC 610.1 614.3 446.2 168.2 0.23 0.36 0.289
Ox-NLC 1,038.6 1,108.1 876.7 231.4 0.27 0.38 0.437

Note: The significance of the italic values represent the volume of micropores.
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because of a drastic destruction of the structure of pre-
cursor, dehydration, oxidation, erosion of narrow
pores, and dissolving a large fraction of inorganic con-
tent. (2) Steam activation to a burn off = 29% enhances
creation of new pores and burning of redeposited car-
bons inside the pores leading to increase in the surface
area and in the total pore volume compared with LC.
(3) Activation of LC with considerable amounts of
NaOH at 1,023 K resulted in tremendous increase in
the surface area and total pore volume because NaOH
may react with the carbon which resulted in a loss of
carbon according to the following equation [22]:

4NaOHþ C ! Na2CO3 þNa2Oþ 2H2 (2)

(4) The reduction in surface area and pore volume
after oxidation with nitric acid may be related to sev-
eral factors such as: pore entrance blockage by oxy-
genated surface functional groups and large molecules
of residual humic-type compounds, electrostatic repul-
sion of surface probe molecule (nitrogen), and erosion
of carbon by nitric acid.

3.2. SEM

The SEM images (Fig. 3) show the morphology of
the samples. The morphologies of activated carbons
show irregular shapes. The surface of the activated
carbon developed erratic cracking and enhanced
roughness and flaking. Many large pores were clearly
found on the surface of the activated carbon. The
well-developed pores had led to the large surface area
and porous structure of the activated carbon.

3.3. Chemistry of the carbon surface

3.3.1. FT-IR analysis

Fig. 4 shows FT-IR spectra for carbon samples
(SLC, HC, NLC, Ox-NLC, and Ox-SLC). All the carbon
samples show wide band at about (3,250–3,425 cm−1)
due to O–H stretching mode of hexagonal group and
adsorbed water. The shoulders observed at (2,850–
2,950 cm−1) due to aliphatic (C–H) and appear for all
carbon samples [23]. The bands near 1,600 cm−1 are
due to C=C stretching vibration in aromatic ring and
are observed for SLC and HC. Very small peak near
1,700 cm−1 due to (C=O) stretching vibrations of
ketones, aldehydes, lactones, or carboxyl groups is
observed in sample (SLC) [24]. The weak intensity of
this peak indicates that prepared activated carbon con-
tains small amount of carboxyl group. The broad
absorption within the range (1,300–1,000 cm−1) can be
ascribed to various C–O bonds such as those in ethers,
phenols, and esters [25]. The HNO3-treated carbon
shows a significantly different trend in the FT-IR spec-
tra. Firstly, the appearance of a sharp absorption peak
at 1,670–1,730 cm−1 indicates the abundant introduc-
tion of carboxyl–carbonate structures. The bands at
(1,715–1,730 cm−1) for Ox-SLC and Ox-NLC are due to
stretching vibration of carboxyl groups on the edges
of layer plane [26].

3.3.2. pH slurry, pH (PZC), and Boehm titration

The pH of SLC and NLC slurries was 6.06 and
6.99, respectively. The pH of the slurries for HC, Ox-
SLC, and Ox-NLC is 2.2, 2.4, and 2.8 which indicates

Fig. 3. SEM for activated carbons: (a) SLC and (b) NLC.
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the domination of Bronsted acidic groups on their sur-
faces. The pHpzc is defined as the pH where the net
surface charge is zero. pHpzc can be also considered as
the pH value below which the surface of the carbon
particles in solution is, on average, positively charged,
the converse being true for pH > pHpzc. Oxidation of
SlC and NLC was brought about a drastic decrease in
the pH of their slurries as well as of their pHpzc due
to the pronounced increase in the concentration of
acidic groups on their surface.

The chemistry of the surface of the AC is better
determined from their base neutralization capacities
(meq/g). NaHCO3 neutralizes carboxylic groups,
whereas these neutralized by Na2CO3 but not by
NaHCO3 were believed to be lactones. The weakly
acidic groups neutralized by NaOH but not by
Na2CO3 were postulated as phenols. Neutralization
with 0.15 N NaOH was assumed to determine all the
acidic functional groups on the surface including Car-
bonyl groups.
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Fig. 4. FT-IR spectra of different carbon samples.
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The functional groups on the surfaces of the ACs
are listed in Table 2 expressed as (meq/g).

Table 2 reveals that the increase in the total oxy-
genated group is generally associated with a decrease
in the value of pHpzc. HC sample measured high neu-
tralization capacity, i.e. 6.77meq/g. This can be attrib-
uted to the severe conditions used in the preparation
of this sample, which led to carbonaceous materials
loaded with oxygenated groups on the surface. NLC
showed low acidic character due to the high activation
temperature, which may result in the decomposition
of acidic groups. Oxidation with concentrated nitric
acid creates new carboxylic groups.

3.4. Lead adsorption

3.4.1. Effect of pH

The equilibrium amount of lead adsorbed at pH
values between 2 and 6 was calculated from the equa-
tion:

qe ¼ ðC0 � CeÞV
M

(3)

where C0 and Ce are the initial and equilibrium con-
centrations (mg/L), respectively, V is the volume of
adsorption solution (L), and M is the mass of carbon
sample (g). The amount adsorbed by ox-NLC
increased from 125 at (pH 2) to 238.26 at (pH 5) and
for sample HC from 53.24 at (pH 2) to 100.704 at (pH
5) (Fig. 5). At low pH, the surface of the adsorbent
was surrounded by hydronium ions that compete with
metal ions, preventing the metal ions from approach-
ing the binding sites on the adsorbent. When the pH
level increases, the covered H3O

+ leaves the carbon
surface and makes the active sites available to Pb(II).
The final equilibrium pH of the reaction mixture was
found to be (1.8, 2.7, 3.7, 4.5, and 5.4) for HC and (1.6,

2.5, 3.4, 4.4, and 5.3) for OX-NLC where the initial pH
was (2, 3, 4, 5, and 6) indicating that an ion-exchange
mechanism between (H+ and Pb(II)) may be included
in the adsorption of Pb(II). In addition, the negative
charge on the surface of carbon increases because pH
value is higher than pHpzc and the oxygen-containing
functional groups became deprotonated with the
increase in pH so the electrostatic attraction between
AC and Pb(II) was enhanced, increasing the amount
of Pb(II) adsorption according to equation:

2ðS-COHÞ þM2 $ ðS-COÞ2 Mþ 2Hþ

At pH 5.0, the adsorption capacity of (HC and Ox-
NLC) almost reaches the maximum value. Because the
speciation diagram of lead shows that at pH > 6.0 spe-
cies such as [Pb(OH)]+, [Pb3(OH)4]

+, and [Pb(OH)2]
will be produced [27]. In order to guarantee to truly
examine the adsorption property of carbon samples as

Table 2
Functional groups (meq/g), surface pH, and pHpzc of the prepared carbons

Carbon
Carboxylc
(meq/g)

Lactonic
(meq/g)

Phenolic
(meq/g)

Carbonyl
(meq/g)

Total
acidic

Total
basic

Surface
pH pHpzc

SLC 0.33 0.07 0.36 1.15 1.91 1.10 6.06 7.39
NLC 0.07 0.24 0.07 0.07 0.45 0.31 6.99 6.56
Ox-

SLC
0.66 0.09 0.38 1.17 2.30 0.17 2.42 3.63

Ox-
NLC

0.97 0.17 0.17 1.21 2.52 0.09 2.85 3.23

HC 2.52 1.28 0.74 2.23 6.77 0 2.26 3.04

2 3 4 5 6
0

50

100

150

200

250

q e
 (m

g/
g)

pH

HC

Ox-NLC

Fig. 5. Effect of pH on adsorption of lead ions Pb(II) on
HC and OxNLC.
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well as to avoid precipitation of Pb(II) ions, all the fol-
lowing experiments were conducted at pH 5.0.

3.4.2. The effect of contact time

The amount of lead adsorbed at time t, qt (mg/g),
was calculated from equation:

qe ¼ ðC0 � CtÞV
M

(4)

where Ct (mg/L) is the concentration of the metal
adsorbed at time t. As seen in Fig. 6, the adsorption of
Pb(II) ions increased sharply during the first 30min
and attained equilibrium within 2 h. The fast adsorp-
tion at the initial stage may be due to the higher driv-
ing force leading to fast transfer of metal ions to the
surface of adsorbent particles and the availability of
the active sites on the adsorbent. To ensure that suffi-
cient contact time was obtained, further adsorption
experiments were carried out for 8 h.

3.4.3. Adsorption kinetic

To evaluate adsorption kinetics, two common mod-
els were applied to the experimental data obtained at
adsorption processes. These are pseudo-first order and
pseudo-second order. The differential form of the
pseudo-first-order model of adsorption can be
expressed [28] as:

dqt
dt

¼ k1ðqe � qtÞ (5)

where qe and qt (mg/g) are the amounts of lead
adsorbed at equilibrium and at time t, respectively,
and k is the equilibrium constant (min−1). Integration

of Eq. (2) and by applying the initial conditions qt = 0
at t = 0:

logðqe � qtÞ ¼ log qe � k1
2:303

t (6)

The differential form of the pseudo-second-order reac-
tion equation may be written as [29]:

dqt=dt ¼ k2ðqe � qtÞ2 (7)

where K2 is the pseudo-second rate constant (mg/g
min). After integration considering the boundary con-
ditions, the linearized form of this model is given as:

t

qt
¼ 1

k2qe2
þ 1

qe
t (8)

A comparison of the different kinetic models for the
adsorption of Pb(II) onto (HC and Ox-NLC) is illus-
trated in Fig. 7. It can be seen that the pseudo-first-
order kinetic curves do not give a good fit to the
experimental kinetic data. This disagreement can also
be confirmed by low R2 values. On the contrary, the
results presented an ideal fit to the pseudo-second-
order model with the extremely high R2 (0.9998–
0.9999). A good agreement can further be supported
by the similar values of the calculated and experimen-
tal values of qe. The values of the parameters and the
correlation coefficient obtained by two kinetic models
are listed in Table 3.

3.4.4. Mechanism of adsorption

The mechanism of adsorption is usually demon-
strated by three steps [30]. 1—Film diffusion, which
involves the movement of adsorbate molecules from
the bulk of the solution towards the external surface
of the adsorbent. 2—Transfer of ions from the surface
to the intraparticular active sites (particle diffusion). 3
—Adsorption of ions by the active sites of adsorbent.
Because the third step is a very rapid process, it does
not belong to the rate-controlling steps. Therefore, the
rate-controlling steps mainly depend on either film
diffusion or particle diffusion. The intraparticle diffu-
sion model was first proposed by Weber and Morris
[31] who concluded that the uptake was proportional
to the square root of the contact time during the
course of adsorption, i.e.

qt ¼ Kdt
0:5 þ C (9)

0 1 2 3 4 5 6 7 8 9
0

50

100

150

200

q t
(m

g/
g)

t(hour)

HC

Ox-NLC

Fig. 6. Kinetic for adsorption of Pb(II) onto HC and
Ox-NLC.
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where Kd is the rate constant of the intraparticle diffu-
sion [mg/gh0.5]. The value of Kd is obtained from the
slope of the straight line, whereas C is the intercept.
The value of C is a measure of the thickness of the
boundary layer. The larger the intercept, the greater is
the boundary layer effect. The parameters Kd, C, and
R2 are listed in Table 4. According to this model, the
dual nature of the curves may be attributed to the dif-
ference of the adsorption extents in the initial and
final stages. The first steep portion stands for the
external surface adsorption, and the second portion
raises gradually with the intraparticle diffusion. If the
intraparticle diffusion is the rate-limiting step, the plot
of qt vs. t

1/2 should be linear and pass through the ori-
gin. None of the intraparticle diffusion plots passed
through the origin which revealed that the intraparti-
cle diffusion was part of the adsorption but was not
the only rate-controlling step and refers to the effect of
film diffusion (boundary layer diffusion).

In order to predict the actual slow step involved,
the kinetic data were further analyzed using the Boyd
kinetic model to distinguish between film diffusion
and particle diffusion. Boyd kinetic equation [32] was
applied, which is represented as:

FðtÞ ¼ 1� 6

p2
X1
n¼1

1

n2
expð�n2BtÞ (10)

where f is the fractional attainment of equilibrium at
different times (t), and B(t) is a mathematical function
of F.

f ¼ qt
qe

(11)

where qt and qe is the amount adsorbed at time (t) and
equilibrium, respectively.
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Fig. 7. Pseudo-first order and pseudo-second order for adsorption of Pb(II) by HC and Ox-NLC.

Table 3
First- and second-order kinetic parameters for adsorption of lead on HC and Ox-NLC

Sample qe, exp (mg/g)

Pseudo-first-order kinetic model Pseudo-second-order-kinetic-model

qe1 (mg/g) K1 (1/h) R2 qe2 (mg/g) K2 (g/mgh) R2

Hc 90.1 31.2 1.2 0.981 91.7 0.069 0.999
Ox-NLC 236.2 48.7 1.3 0.916 238.1 0.073 0.999

Table 4
Intraparticle diffusion and Boyd plot parameters for adsorption of lead onto investigated carbons

Samples
Intraparticle diffusion Boyd plot

Kd (mg/gh0.5) C (mg/g) R2 Intercept R2

HC 1.57 85.79 0.902 0.88 0.925
Ox-NLC 1.84 231.20 0.85 1.00 0.982
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Reichenberg [33] managed to obtain the following
approximations:

BðtÞ ¼ �0:4977� lnð1� FÞ for F values[ 0:85 (12)

and for

F values\0:85; BðtÞ ¼ ffiffiffi
p

p �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p� p2FðtÞ

3

� �s !2

(13)

The plot of B(t) against time t can be employed to test
the linearity of the experimental values. If the plots
are linear and pass through origin, then the slowest
(rate controlling) step in the adsorption process is the
internal diffusion, and vice versa. Fig. 8 shows that
the plots are linear but do not pass though the origin
suggesting that the adsorption process is controlled by
film diffusion.

3.5. Equilibrium adsorption isotherm

The isotherm data were obtained by plotting
amount of lead adsorbed on the solid (mg/g) against
the remaining concentration of lead in the solution
(mg/L). The equilibrium isotherms describe how the

adsorbent interacts with the adsorbate. Equilibrium
adsorption isotherms are illustrated in Fig. 9. The cor-
relation of experimental results to adsorption model
can help to understand the mechanisms of adsorption.
Two isotherm models, namely, Langmuir and Freund-
lich were employed to describe the adsorption of
Lead.

The Langmuir adsorption isotherm [34] assumes
that adsorption occurs at specific homogenous sites
within the adsorbent and makes the estimation of
adsorption capacities under various conditions a sim-
ple task. The linear form of Langmuir isotherm can be
represented as:

Ce

qe
¼ 1

bqmon
þ 1

qmon
Ce (14)

where qe is the equilibrium concentration of lead on
the adsorbent (mg/g), Ce the equilibrium concentra-
tion in the solution (mg/dm3), qm is the maximum
adsorption capacity (mg/g), and b (L/mg) is known
as the Langmuir constant related to the heat of
adsorption.

A straight line of slope = 1
qm

and intercept of 1
bqm

is obtained when Ce/qe is plotted against Ce. One of
the essential characteristics of the Langmuir isotherm

Table 5
Langmuir and Freundlich constants for adsorption of Pb(II) by carbon samples

Sample
Langmuir parameters Freundlich parameters

qmax (mg/g) b (L/mg) R2 Kf (mg/g) n R2

SLC 51.1 0.021 0.970 6.88 3.04 0.962
Ox-SLC 119.9 0.032 0.989 30.87 4.54 0.938
NLC 49.2 0.054 0.994 11.82 3.90 0.974
Ox-NLC 261.7 0.053 0.998 124.461 8.13 0.921
HC 100.7 0.029 0.999 51.77 10.46 0.947
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Fig. 10. Adsorption isotherm for HC and Ox-NLC at different temperatures.
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can be expressed by a separation factor, RL; which is
defined as:

RL ¼ 1

1þ bC0
(15)

where C0 is the highest initial solute concentration.
The RL value implies whether the adsorption is
unfavorable (RL > 1), linear (RL = 1), favorable (0 < RL

< 1), or irreversible (RL = 0). It is observed that all
the RL values obtained were between 0 and 1, show-
ing that the adsorption of lead on the activated car-
bon was favorable. The RL values decrease with the
increase in initial lead concentration, indicating that
the adsorption was more favorable at higher lead
concentration.

The Freundlich equation [35] can be applied to
non-ideal sorption on heterogeneous surfaces as
well as multi-layer sorption and is expressed by the
following equation:

ln qe ¼ lnKf þ 1

n
lnCe (16)

where Kf and n are Freundlich constants related to
adsorption capacity and adsorption intensity,
respectively. Isotherm parameters were calculated
and summarized in Table 5. As shown in the table,
the correlation coefficients for the linear Langmuir
regression fits are larger than that for the Freundlich
plot so the Langmuir model could describe well the
adsorption isotherms of Pb(II) uptake from aqueous
solution throughout the whole range of concentra-
tions.

Table 5 shows that pronounced Pb(II) uptake
was associated with tremendous increase in the sur-
face acidity of the activated carbon and a noticeable
decrease in its surface area so it can be concluded
that the surface acidity, ion exchange, electrostatic
attraction, and coordination with COOH functional
groups enhance Pb(II) adsorption compared with
the role of the textural parameters.

3.6. Adsorption thermodynamics

In order to determine the thermodynamic
parameters, the sorption studies were carried out at
different temperatures for two samples (HC and Ox-
NLC). Fig. 10 shows the effect of temperature on
adsorption of lead at three different temperatures on
HC and Ox-NLC. Table 6 shows the increase in
uptake of Pb2+ with temperature which can be
ascribed to the increase in the adsorption rate ofT
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lead ions and the change in size of pores, indicating
that the adsorption is an endothermic process.

The change in standard free energy, (ΔG˚), of
adsorption was calculated from the following equa-
tion:

�G� ¼ �RT ln b (17)

where R is gas constant, T is temperature in K, and b
is Langmuir constant (L/mole). Standard enthalpy
(ΔH˚) and entropy (ΔS˚) of adsorption could be esti-
mated from van’t Hoff equation:

ln b ¼ ��H�

RT
þ�S�

R
(18)

The slope and intercept of van’t Hoff plot are equal to
��H�
RT and �S�

R , respectively. The values of ΔG˚, ΔH˚,
and ΔS˚ are shown in Table 7. The negative values of
ΔG˚ indicate the spontaneous nature of adsorption
process. The positive value of enthalpy change indi-
cates that the adsorption is endothermic in nature.
This is also observed from the increase in adsorption
capacity with temperature. ΔS values are all positive
indicating that the adsorbed lead is more free on the
adsorption sites of activated carbon than in aqueous
medium.

4. Conclusions

Activated carbon with high surface area can be
prepared form RH, a residue of the agricultural activ-
ity. The activated carbon modified with nitric acid
shows low surface area and higher acidity compared
to other carbon samples except HC. Lead adsorption
was dramatically enhanced after the carbon was oxi-
dized, which indicates that adsorption is mainly
dependant on coordination with surface functional
groups. The optimum pH range for adsorption of lead
was five. The maximum adsorption capacity for sam-
ple Ox-NLC was 263mg/g. The adsorption of lead
followed pseudo-second-order kinetics, and the
adsorption is controlled by boundary layer effect. The

adsorption was found to be spontaneous and endo-
thermic.
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