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a b s t r a c t
This study reports on batch adsorption experiments aimed at sequestration of Pb(II) ions from syn-
thetic wastewater at low concentrations onto canola stalk. The surface of the canola stalk was analysed 
using Fourier transform infrared spectroscopy, scanning electron microscopy, and energy dispersive 
X-ray spectroscopy systems. The sorption efficiency of the canola stalk for the elimination of lead 
ions was investigated for a range of pHs, contact times, concentration of lead ions and canola stalk 
dosages. The experimental data were evaluated applying the Freundlich, Langmuir, Harkins-Jura, 
Redlich–Peterson and Halsey isotherm equations. The results fitted excellently into the Freundlich 
and Halsey isotherm models. The Freundlich maximum multilayer sorption capacity was obtained 
to be 10.923 mg/g. The dynamic mechanism of lead adsorption was investigated over time using 
pseudo-second-order, pseudo-first-order, Elovich, fractional power and intraparticle diffusion kinetic 
models. The kinetic study indicated the adsorption data best fitted into the pseudo-second-order 
equation. The final results demonstrated the effective and fast sorption performance of canola stalk as 
a low cost and natural adsorbent to treat lead-contaminated wastewater.
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1. Introduction

Heavy metals are toxic contaminants that are mostly 
distributed in urban stormwater run-off and industrial 
wastewaters as a result of some mining operations, elec-
tronic assembly planting, battery manufacturing and etching 
operations [1]. Although some of heavy metals are known 
as important for human life such as Zn, Cu and Fe, some 
others are recognized as purely toxic heavy metals. Pb(II) 
is one of the significant harmful heavy metals for human 
health and the body which is frequently found in industrial 
wastewater. Drinking lead contaminated water even at low 
concentrations may cause life-threatening diseases such as 
cancer, kidney damage, brain damage and liver problems 
[2]. Therefore, it is necessary to remove lead from aqueous 

solutions. Several conventional physical, chemical and bio-
logical systems have been used to eliminate Pb(II) ions from 
contaminated aqueous solutions including membrane fil-
tration, electrolysis, chemical precipitation, magnetic base 
methods, water filtration and adsorption techniques [3–10]. 
The cost of some of the cited techniques is prohibitively high, 
while others cannot remove low Pb(II) ion concentrations 
efficiently [11,12]. Although adsorption is a reasonable pro-
cess for removing dissolved lead from contaminated water, 
the cost of using conventional media (e.g., activated carbon 
and resin) makes it cost inhibitive for the treatment of large 
quantities of wastewater [13,14]. It also takes a long time in 
some cases to achieve adsorption equilibrium [15]. In recent 
decades, interest in the use of cost-effective adsorbents to 
reduce the expense of water treatment process has intensi-
fied. Attention has been focused on natural agricultural waste 
materials such as seeds, fruit peel, nut shells, and fruit shells 
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as low-cost and environmentally friendly adsorbents which 
are highly efficient and mostly available in large quantities 
[16–20].

A review of the literature reveals that canola stalk has 
not been examined as an adsorbent for the elimination of 
lead ions from contaminated water. This agricultural waste 
adsorbent has a number of advantages: it is cheap and bio-
degradable, it has a porousness surface and it is able to 
subsequent Pb(II) ions from contaminated water quickly 
and effectively. The main advantage of using natural raw 
materials as an adsorbent is the usage of chemicals during 
the water treatment process is minimized. In contrast, chem-
ical and thermal treatments are generally expensive and 
energy intensive processes and the possibility of releasing 
unwanted by-products from chemically treated adsorbents 
into water may create a need for further remediation pro-
cedures. Canola stalk has been used in a small number of 
studies to remove dye and hexavalent chromium from con-
taminated water [21–24]. Therefore, in this research canola 
stalk was characterized and its adsorption tendency for the 
removal of Pb(II) from synthetic lead contaminated water 
under influence of different experimental factors such as 
pH, contact time, canola stalk dosage and lead concentra-
tion were studied. Various operational conditions were opti-
mized and utilized for isotherm and kinetics modelling.

2. Experimental method

2.1. Materials and chemicals

The canola stalk for the present study was collected 
from a local farm in Western Australia. Once collected, the 
adsorbent was completely washed with deionized water a 
number of times to remove dust, dirt and lighter soluble con-
taminants. The washed canola stalk was thoroughly dried in 
an oven at 100°C for 24 h. This was ground and sieved to 
attain the desired size of 300 µm maximum. The size of the 
adsorbent was measured by a Mastersizer (Malvern 3000). 
Based on the obtained result, more than 90% of the canola 
stalk particles were under 296 µm.

A serial dilution procedure was used to prepare the 
desired adsorbate solutions from the high purity stock stan-
dard lead (1,000 mg/L) solution. Hydrochloric acid (0.1 mol/L) 
and the required amount of stock solution were added to the 
volumetric flask containing deionized water each time. All 
of the chemicals that were used in this study were obtained 
from Agilent Technologies Australia and Merck Pty Limited, 
Australia.

2.2. Instruments

In this study the microwave plasma atomic emission 
spectroscopy (Agilent 4200 MP-AES) was applied to analyse 
the concentration of lead ions during the experiment. The pH 
of the solutions was measured by a pH meter (Rowescience 
WP-90Z). The functional groups of the canola stalk surface 
were identified using the Fourier transform infrared spec-
troscopy (FTIR) (PerkinElmer UTAR Spectrum two) within a 
range of 4,000–400 cm–1. Scanning electron microscopy (SEM) 
(JEOL JSM-6000) was used to determine the characteristics 
(including roughness) of the adsorbent surface. The chemical 

composition of the canola stalk was investigated by energy 
dispersive X-ray spectroscopy (EDS) (DX200s).

2.3. Adsorption batch tests

In this study all of the batch tests were conducted in 
100 mL flasks. After adding the necessary amount of canola 
stalk, the prepared 100 mL solutions were shaken by a tem-
perature-controlled mechanical shaker (RATEK OM11 digital 
orbital shaking incubator) at 200 rpm. The temperature was 
kept constant at 23°C during all the batch experiments. The 
pH of the mixtures was adjusted by adding 0.1 M NaOH and 
0.1 M HCl solutions. After stirring the samples for the pre-
determined desired contact time, the mixtures were filtered 
out and the aqueous phase of every sample was analysed 
for its Pb(II) concentration using MP-AES. Different exper-
imental parameters such as initial adsorbent pHs (2–10), 
contact times (5–120 min), lead concentrations (5–15 mg/L) 
and dosages (10–30 g/L) were tested to obtain the maximum 
adsorption capacity of canola stalk. The equilibrium contact 
time was obtained after testing different predetermined time 
intervals. The following equations were applied to compute 
the adsorption capacity of the canola stalk and the percent-
age of lead ions that were removed:
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where qe is the amount of sorption capacity of the canola stalk 
(mg/g), Ci and Ce are the initial lead concentration and equi-
librium concentration of Pb(II) (mg/L), Di is the initial dosage 
of canola stalk (g) and V is the volume of the contaminated 
solution (L). The mechanism of the adsorption is shown 
in Fig. 1.

 

Pb (II) 
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Fig. 1. Scheme of the mechanism of adsorption process.
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3. Theory of the isotherm and kinetic models

In present study the sorption equilibrium for lead 
removal from synthetic wastewater using canola stalk was 
investigated using a number of different isotherm models 
developed by Langmuir, Harkins-Jura, Freundlich, Redlich–
Peterson and Halsey. The Langmuir isotherm is a model 
developed based on assumptions about the monolayer 
adsorption process and the homogeneous surface of the 
adsorbent containing a limited number of active sites [25]. 
The Langmuir isotherm assumes that all identical adsorption 
sites have an equal affinity for binding [25]. The Freundlich, 
Harkins-Jura and Halsey isotherm models are derived by 
assuming multilayer adsorption onto a heterogeneous adsor-
bent surface [26,27]. The Redlich–Peterson isotherm is a 
combination of two isotherm equations (the Langmuir and 
Freundlich) including three combined elements from these 
isotherm models [28]. Consequently, the Redlich–Peterson 
isotherm model could involve multilayer adsorption process 
[27]. The distribution of active sites and the heterogeneous 
pore distribution of the adsorbent attest to the possibility of 

the multilayer adsorption process in Halsey and Harkins-
Jura isotherm models, respectively [29,30]. The adsorption 
process is strongly influenced by the surface characteristics 
and chemical compositions of the adsorbent [31]. In this 
regard, in this study five kinetic models are proposed to eval-
uate the residence time for lead ion sorption and investigate 
whether the particle interactions are based on physisorption 
or chemisorption process. Nonlinear and linear equation 
forms of all applied isotherm and kinetic models are pre-
sented in Table 1. After considering initial and final bound-
ary conditions (t = 0 – t and qt = 0 − qt), the nonlinear kinetic 
equations become linear. All of the constant parameters of 
the isotherm and kinetic equations can be attained from the 
slope and intercept of the linear form plots.

4. Results and discussion

4.1. Surface characteristics of canola stalk

Different functional groups available on the canola 
stalk surface were identified by FTIR instrument. The 

Table 1
Nonlinear and linear forms of different isotherm and kinetic models
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b1, q1: Langmuir constants; Kf, nf : Freundlich constants; AH, BH: Harkins-Jura constants; AR, BR, β: Redlich–Peterson constants; kH, nH: Hasley 
constants; qt: Amount of lead adsorbed by canola stalk at time ‘t’; Kf: constant value of pseudo-first-order kinetic equation; Ks: constant value 
of the pseudo-second-order; Ki (mg/g min1/2) and Cid (mg/g): intraparticle diffusion rate constant values; α and β: constant values of the Elovich 
kinetic equation; ε and ω: constant values of the fractional power kinetic equation.
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FTIR spectra of the canola stalk before (a) and after (b) the 
adsorption experiments are shown in Fig. 2. The wavelength 
was in the range of 4,000–400 cm–1. Table 2 demonstrates 
the intramolecular bindings available on the canola stalk 
surface.

According to the results, canola stalk contains cellulose 
fibre and lignin owing to the existence of carboxyl, phenol, 
and hydroxyl groups on its surface [18,34]. Based on the 
graphs presented in Fig. 2, no major changes can be seen in 
the FTIR spectra of canola stalk after the experiment.

The hydrogen bond distance (RH) is found from the 
following equations [41]:

∆ = × −( )νH R4,430 2 84. H  (3)

∆ = −ν ν νH M H  (4)

where νH is the OH groups infrared frequency of the canola 
stalk which were obtained from the FTIR spectra before 
(3,337 cm–1) and after (3,337 cm–1)  the  experiment  and  νM 
is the monomeric OH stretching infrared spectrum of 
the (3,600 cm–1). The energy of the OH stretching bands is 
calculated as follows [41,42]:

E
K

=
−( )ν ν

ν
OH H

OH

 (5)

where K is a constant value (K = 0.0038 kJ), and νOH is the 
standard spectrum of the free OH groups, which is taken 
to be 3,650 cm–1. The calculated energy of the OH stretch-
ing bond on the surface of canola stalk after the experiment 
(22.37 kJ) was found lower than the energy value before the 
adsorption process (22.51 kJ). This could be a consequence of 
adsorbing water during the experiment and the lower quan-
tity of intramolecular OH bonds after the process of adsorp-
tion. In contrast, the OH bond distance was found to have a 
slightly higher value of 2.781 Å after the adsorption of Pb(II) 
ions onto the canola stalk in comparison with the hydro-
gen bond distance before the experiment 2.780 Å. This may 
be due to the intramolecular hydrogen bonds between the 
available phenolic functional groups in lignin and cellulose 
on the canola stalk surface [38]. A contrary relation between 
hydrogen bond energy and hydrogen bond distance was 
observed.

SEM images were captured to compare the surface 
roughness and morphological aspects of the canola stalk 
before and after the experiment. Fig. 3 shows the spatial 
properties of the canola stalk before (a) and after (b) the 
experiment. As shown in Fig. 3(a), there are numerous holes 
on the surface of the canola stalk before the experiment. The 
porosity and roughness of the adsorbent surface enhance the 
possibility of physical adsorption. The surface of the canola 
stalk became smoother after the experiment. Fig. 3(c) indi-
cates the result of EDS analysis. Elemental analysis of the 
canola stalk surface using an EDS system shows that canola 
stalk contains a high percentage of carbon (85.48%) and 
14.52% of oxygen.

4.2. Influence of pH on Pb+2 uptake

Based on the experimental design, a series of batch 
experiments was performed at different initial pH values 
(2–10) by adding 10 g/L of canola stalk into 100 mL prepared 
lead solutions. The experiments were conducted at different 
lead concentrations (5, 10 and 15 mg/L). All the experiments 
were conducted at a constant agitation speed of 200 rpm for 
120 min and a temperature of 23°C. The pH of the mixtures 
was precisely adjusted by adding 0.1 M HCl and 0.1 M NaOH 
solutions. The pH of the mixture generally has a remarkable 
influence on the sorption process, so the percentage removal 
of the lead ions is dependent on the pH value. Due to the 

Fig. 2. Canola stalk FTIR spectra before the experiment (a) and 
after the experiment (b).

Table 2
FTIR analysis results of the functional groups available on the 
canola stalk

Wavelength 
(cm–1)

Functional group References

3,337, 3,339 Overlapping of the different 
stretching modes of the hydroxyl 
group

[32,33]

2,917, 2,909 Eminent asymmetric 
sp³-hybridized C–H stretch bond

[18,34]

1,733, 1,734 Aldehyde C=O carboxyl groups [35]
1,597, 1,599 Aromatic C=C symmetrical 

stretching
[36]

1,505, 1,504 [37]

1,370, 1,371 C–H bending [38]
1,238, 1,239 Asymmetric C–O–C stretching 

bending vibration
[39]

1,157 Nonsymmetric bridge C–O–C 
vibration

[37]

1,100 C–O valence vibrations of carbo-
hydrate groups

1,034, 1,032 C–N stretching vibration [37]
897 Amorphous region [40]
559, 556 Out-of-plane O–H bending 

vibrations
[40]
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existence of H⁺ at lower acidic pHs, the surface of the canola 
stalk became protonated so the attraction between the pos-
itively charged surface and Pb+2 decreases. As shown in 
Fig. 4(a), by increasing the pH from 2.0 to 4.0, the percentage 
of Pb(II) ions removed rose slightly: 96.2%–98% at 5 mg/L 
lead concentration, 95.8%–97.1% at 10 mg/L lead concentra-
tion and 95.4%–96.3% at 15 mg/L lead concentration. After 
the pH was increased from 4.0 to 6.0 the amount of adsorbed 
lead ions fell. The uptake of lead ions slightly increased with 
the rise of the pH from 6.0 to 7.0. For lead concentrations 
of 5, 10 and 15 mg/L, the percentage removal of Pb+2 was 
found to be 96.7%, 95.4% and 94.6%, respectively, at pH 
7.0. Rising the pH from 8.0 to 10.0 resulted in a small drop 
of almost 2% for all lead concentrations. This pattern was 
repeated for different adsorbate concentrations. Adsorption 
is a complex process affected by different surface character-
istics and experimental factors such as microprecipitation, 
surface charge and the number of anionic binding groups 
on the adsorbent surface. Thus, the percentage removal of 
Pb+2 ions was found to be highest at pH 4.0 owing to the 
efficient exchange of metal cations with anionic groups such 
as –C6H5O−, –OH and –COO− on the canola stalk surface. 
The electrostatic and van der Waals interactions between 
the oppositely charged functional groups on the canola stalk 
surface and Pb+2 ions explain the increased uptake of lead 
ions at pH 4.0.

4.3. Influence of contact time at different Pb+2 concentrations

The influence of contact time was studied by performing 
a series of experiments with different contact times from 5 
to 120 min for various initial metal concentrations (5, 10 and 
15 mg/L) at pH 4.0. The temperature and the adsorbent 

dosage were kept constant at 23°C and 10 g/L, respectively, 
during the experiment. The adsorption rate was rapid at the 
beginning of the adsorption process: after 5 min 95.5%, 94.5% 
and 93.2% of lead ions were removed at lead concentrations 
of 5, 10 and 15 mg/L, respectively. The rate of the adsorption 
became slower in the later stages of the experiment, mov-
ing towards saturation at 30 min. The maximum uptakes of 
Pb(II) were calculated to be 98%, 97.1% and 96.2% at equilib-
rium time (30 min) and initial lead concentrations of 5, 10, 
and 15 mg/L, respectively (Fig. 4(b)). The high extraction effi-
ciency could be due to the interactions between anionic bind-
ing groups such as hydroxyl (–OH), phenoxide (–C6H5O−), 
and carboxylate (–COO−) and Pb+2 as cations on the canola 
stalk surface [43]. Moreover due to the great number of 
active sites on the canola stalk surface, the adsorption rate 
was quick in the early stage of the process and continued at 
a slower rate until the saturation of active sites was achieved 
and equilibrium was reached [43,44].

4.4. Influence of canola stalk dosage on Pb+2 uptake

The percentage of Pb+2 removal and the amount of 
adsorbed lead onto canola stalk per unit at different initial 
canola stalk dosages (10, 20 and 30 g/L) and initial metal con-
centrations of 5, 10 and 15 mg/L are shown in Fig. 4(c). All the 
experiments were conducted at optimized pH 4.0 and equi-
librium time of 30 min. The temperature was kept constant 
during the testing. As shown in Fig. 4(c), the amount of Pb+2 
(at concentration of 15 mg/L) adsorbed onto canola stalk was 
found to be 1.496, 0.496 and 0.297 mg/g per unit at canola 
stalk dosages of 10, 30 and 50 g/L, respectively. The percent-
age of lead ion elimination slightly reduced when the metal 
concentration was increased. This could be the result of the 

 

 

(a) (b) 

(c) 

Fig. 3. SEM images of canola stalk before the experiment (a) and after the experiment (b), and EDS spectra of canola stalk (c).
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blocking of some adsorption sites due to the agglomeration 
of Pb+2 ions on the canola stalk surface. In addition, the reduc-
tion in the adsorption rate per active site on the canola stalk 
when the number of particles increased could be the result 
of a higher number of active sites existing on the canola stalk 
surface. This would provide more options for the penetration 
of the Pb(II) ions on the active sites, which would reduce the 
adsorption rate.

4.5. Breakthrough and exhaustive capacity

The breakthrough capacity is an important factor in the 
adsorption process to indicate the efficiency and cost effec-
tiveness of the adsorbent for the removal of the adsorbate 
[45]. One gram canola stalk was placed into a column (6 mm 
internal diameter and 22 mm bed height) with glass wool 
support. 1,000 mL of lead solution with initial concentra-
tion of 5 mg/L (Ci) was then infiltrate the column at a flow 
rate of 1 mL/min. The effluent was collected in 150 mL in the 
beginning and then 50 mL fractions. MP-AES was utilized 
to determine the residual Pb(II) concentrations (Ce) of each 
fraction. The breakthrough curve was obtained by plotting 
Ce/Ci versus volume of effluent. The exhaustive capacity 
were found when the Ce/Ci = 1. Fig. 5 shows that 250 mL of 
the Pb(II) solution could pass through the column without 
detecting lead ions when 1 g of the canola stalk was used. 

The breakthrough and exhaustive capacities were found to 
be 13.82 and 24.58 (mg/g), respectively.

4.6. Adsorption isotherm models

Based on the obtained experimental data, the relation-
ship between canola stalk dosages and the remaining lead 
concentrations in the solution can be defined by isotherm 
equations. The isotherm equations of Pb(II) ions were used 
at the previously established optimum pH and contact time. 
All of the isotherm factors were gained from the intercepts 
and slope of the linear form plots of Fig. 6. Correlation coef-
ficient values (r2) represent the reliability of isotherm models 
in regard to the equilibrium data [27]. In this research, the 
collected adsorption experimental data were evaluated using 
five different isotherm models. The separation factor of the 
Langmuir isotherm (RL) can be calculated as follows [46,47]:

R
b CL
L i

=
+

1
1

 (6)

where bL is the Langmuir constant value (L/mg). The RL is an 
indicator that shows the adsorption process is an unfavour-
able (RL > 1), linear (RL = 1), irreversible (RL = 0) or a favourable 
process (0 < RL < 1). In this work the values of RL were in the 
range of 0–1, which reflects a desirable adsorption process for 
the elimination of Pb(II) using canola stalk.

Table 3 shows the calculated constant parameters of dif-
ferent isotherm equations and correlation coefficient values. 
According to Table 3, the Harkins-Jura equation is not able to 
describe the lead adsorption process due to the low correla-
tion coefficient values. The comparison between the Redlich–
Peterson and the Langmuir isotherm models indicates that 
the Redlich–Peterson model predicted the mechanism of 
adsorption better than the Langmuir equation due to the 
higher coefficient of correlation. In Table 3 it can be seen that 
the β values, which are obtained by trial and error, are not 
close to unity which concludes the isotherms are approach-
ing the Freundlich more than Langmuir isotherm [48].

The highest correlation coefficient values were found for 
both the Freundlich and Halsey isotherm models. This means 
that the obtained experimental data of Pb(II) ions extraction 
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onto canola stalk fitted well into the Freundlich and Halsey 
equations. The Freundlich isotherm is developed based on 
the assumption that the stronger binding sites are taken first. 
The affinity for binding reduces while a greater number of 
sites are occupied [49]. The values of 1/nf were found to be in 
the range of 0–1 for the Freundlich isotherm, which indicates 
a favourable sorption process of Pb(II) ions onto canola stalk. 
The fact that the achieved experimental data fitted well into 
the Freundlich and Halsey models may be ascribed to the 
heterogeneous distribution of active sites and the multilayer 
sorption process of lead ions onto canola stalk [50,51].

Fig. 7 shows the Freundlich isotherm validation linear 
plot where, qexp is the adsorption capacity of lead ions on 
canola stalk calculated from the experimental results and qf is 
the predicted theoretical adsorption capacity calculated from 
the Freundlich equation. The coefficient of nondetermination 
function explains the relationship between the obtained data 
from the experiments, and the theoretical predicted values 
from the isotherm equation which can be calculated as fol-
lows [27]:

Coefficient of nondetermination = −1 r2  (7)

The correlation coefficient value of 0.9999 indicates that 
qexp and qf values are consistent with each other with the 
coefficient of nondetermination of 0.0001.

Table 3
Parameters of the Langmuir, Harkins-Jura, Freundlich, Redlich–
Peterson and Halsey isotherm equations for lead adsorption 
onto canola stalk

Isotherm models and 
constant parameters

Adsorbent dosage (g/L)

10 30 50

Langmuir
bL (L/mg) 2.315 0.769 0.481
Q1 (mg/g) 2.567 1.478 1.158
RL 0.027 0.077 0.117
r2 0.9768 0.9968 0.9893
Freundlich
1/nf 0.606 0.783 0.836
Kf 2.073 0.692 0.396
Qm (mg/g) 10.923 5.935 3.925
r2 0.9999 0.9994 0.9999
Harkins-Jura
AH 0.242 0.020 0.007
BH –0.185 –0.145 –0.115
r2 0.9519 0.9364 0.9437
Redlich–Peterson
β 0.397 0.535 0.315
AR 5.96 1.48 0.97
BR 0.483 1.203 1.470
r2 0.9997 0.9993 0.9998
Halsey
nH 1.651 1.277 1.196
kH 3.335 0.625 0.330
r2 0.9999 0.9994 0.9999

(d)

Fig. 6. Langmuir (a), Freundlich (b), Harkins-Jura (c), Redlich–
Peterson (d) and Halsey isotherm (e) plots for Pb(II) removal 
using different dosages of canola stalk.
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Table 4 demonstrates the comparison of the maximum 
adsorption capacities of lead ions onto various agricultural 
waste adsorbents. Comparing the results of using canola 
stalk with other biosorbents for the sequestration of lead ions 
indicates that canola stalk has a higher adsorption capacity 
than other adsorbents. According to the obtained high per-
centage removal of Pb(II) ions (98%) by canola stalk, it can 
be concluded that canola stalk is highly effective at removing 
lead from aqueous solutions.

4.7. Adsorption kinetics

The study of kinetics is one of the major characteris-
tics employed in the evaluation of the sorption mechanism. 
In this work, five kinetic models were applied to the obtained 
experimental results to study the dynamic mechanism of 
Pb(II) ion adsorption over time. The pseudo-second-order, 
pseudo-first-order, Elovich, intraparticle diffusion and frac-
tional power kinetic linear plots are shown in Fig. 8. Table 5 
shows the kinetic factors obtained from the linear regression 
of the plots.

In regard to the correlation coefficient values which are 
shown in Table 5, the pseudo-first-order, Elovich and frac-
tional power kinetic equations are not suitable for model-
ling the extraction of Pb(II) onto canola stalk. Although 
intraparticle diffusion kinetic equation has more potential 
to estimate the kinetic behaviour of the sorption mech-
anism, the obtained experimental data fitted into the 

q f
 (m

g/
g)

qex (mg/g)

Fig. 7. Freundlich isotherm validation.

Table 4
Adsorption properties comparison of various adsorbents for 
Pb(II)

Adsorbent Maximum  
sorption  
capacity (mg/g)

Reference 

Canola stalk 10.92 This study
Hazelnut shell 1.78 [52]
Barley straw 4.64 [3]
Coca shell 6.23 [53]
Olive stone 6.39 [54]
Date stem 5.15 [55]
Militia ferruginea plant leaves 3.3 [56]
Gmelina arborea leaves 4.6 [57]

Fig. 8. The pseudo-first-order (a), pseudo-second-order (b), 
Elovich (c), intraparticle diffusion (d) and fractional power (e) 
kinetic plots of lead ions adsorbed onto canola stalk.
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pseudo-second-order kinetic equation best. As seen in Table 
5, the highest r2 values of the pseudo-second-order indicate 
that the adsorption process of Pb(II) onto canola stalk could 
be accurately modelled with this kinetic equation. Fitting the 
obtained experimental data into the pseudo-second-order 
kinetic equation indicates that the sorption process could be 
chemisorption involving some valence forces [58]. Moreover, 
the adsorption rate may be simultaneously controlled by an 
intraparticle diffusion process. The contribution of the intra-
particle diffusion of Pb(II) ions and canola stalk cannot be 
neglected.

Fig. 9 demonstrates the amount of lead ions adsorbed 
onto canola stalk at different initial adsorbate concentrations. 
This parameter (qt) was calculated using the pseudo-first-or-
der, pseudo-second-order, Elovich, intraparticle diffusion 
and fractional power kinetics equations and was compared 
with the obtained qt values of the experimental data over 
time.

The sorption capacity of the canola stalk depends on 
several surface characteristics and experimental factors. The 
physiochemical nature of the canola stalk including surface 
area, type and number of anionic functional groups and sur-
face porosity have significant impact on its adsorption abil-
ity. At the same time initial pH, canola stalk dosage, Pb(II) 
concentration and contact time as experimental conditions 
have an influence on the capacity of the canola stalk to uptake 
toxic lead ions from synthetic wastewater.

5. Conclusions

In this study canola stalk was applied as an effective 
natural agro-waste adsorbent to eliminate toxic Pb(II) ions 
from synthetic wastewater. The adsorbent was analysed by 
SEM, EDS and FTIR characterizing systems. The adsorption 
ability of the canola stalk was studied under different exper-
imental conditions, with variation in initial pHs, contact 
times, adsorbent dosages and lead concentrations. Based on 
the presented results, canola stalk demonstrated an excellent 
adsorption performance with a high extraction capacity of 
98% for Pb(II) at pH 4.0 with an equilibrium time of 30 min. 
The maximum sorption capacity of lead ions onto canola stalk 
which was computed from the Freundlich isotherm model 
was found to be 10.923 mg/g. The kinetics study showed that 
the obtained data from the experiments fitted best into pseu-
do-second-order model. The mechanism by which canola 
stalk adsorbs lead might be described as chemisorption via 

Table 5
The correlation coefficients and the parameters of the experi-
mental data, pseudo-second-order, pseudo-first-order, fractional 
power, Elovich and intraparticle diffusion kinetic models

Kinetic models and 
constant values

Adsorbate concentration (mg/L)

5 10 15

Experimental data
qe 0.546 0.995 1.496
Pseudo-first-order
Kf 0.082 0.076 0.084
r2 0.984 0.989 0.993
Pseudo-second-order
Ks 8.009 4.453 2.447
qe 0.549 1.001 1.507
r2 1 1 1
Elovich
α 0.519 0.946 1.405
β 0.008 0.014 0.026
r2 0.98 0.983 0.99
Intraparticle diffusion
Ki 0.004 0.008 0.014
Ci 0.522 0.952 1.417
r2 0.999 0.995 0.998
Fractional power
ε 0.519 0.946 1.407
ω 0.014 0.014 0.018
r2 0.98 0.971 0.991

Fig. 9. Amount of Pb(II) ions adsorbed over time at initial adsor-
bate concentrations of 5 (a), 10 (b) and 15 (c) mg/L using the 
pseudo-first-order, pseudo-second-order intraparticle diffusion, 
fractional power, Elovich and experimental data.
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anionic binding groups followed by some ion exchange and 
physical interactions. Overall, it can be concluded that canola 
stalk is an inexpensive, nontoxic and biodegradable adsor-
bent with ability to quickly and effectively remove Pb(II) ions 
from the synthetic wastewater.
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