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a b s t r a c t
This research aimed to develop modified adsorbents from grains residual biomass of four canola 
genotypes (canola meal) with H2O2, H2SO4 and NaOH (0.1 mol L–1) for removal of Pb2+ from water. 
The adsorbents were characterized by the point of zero charge (pHPZC), Fourier-transform infrared 
spectroscopy, thermal stability and porosimetry (Brunauer–Emmett–Teller and Barrett–Joyner–
Halenda). Doses of adsorbent and the pH of the contaminated solution were evaluated. In addi-
tion, kinetics, equilibrium and thermodynamics studies were performed. The modified biosorbents 
presented an irregular appearance regarding its surface morphology, the presence of aldehyde, 
ketone and carbonyl functional groups (allowing the connection with metallic ions in solution) and 
pHPZC different from that observed for the precursor material. The adsorption of Pb2+ was influ-
enced by the used adsorbent doses. The ideal contact time was found between 80 and 140 min. 
The adsorption kinetics indicated the predominance of chemical adsorption. The best adjustments 
occurred for the Langmuir model and genotype 3, which showed the higher value of Qm, the best 
adsorption rates (80%) which were found by modification by H2SO4. From these results, it is pos-
sible to affirm that there are differences in adsorption among different genotypes of canola, and 
these waste materials are a promising alternative for the treatment of water contaminated with Pb2+.

Keywords:  Advanced water treatment; Biosorption; Bioremediation; Canola meal; Modified adsorbents; 
Toxic metals
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1. Introduction

Currently, the quality of environmental compartments 
has been highly discussed around the world, mainly 
because of the importance of these resources in the world 
and because of its relevance in the maintaining of life 
and health of all living beings [1,2].

In this sense, water resources have received greater 
attention, mainly due to the low availability of drinking 
water in nature, since all freshwater available on the planet 
accounts for only 0.3%, and it is stored in rivers and lakes; 
being these the main sources for human consumption [3].

Water has great importance for the maintenance of 
ecosystems and living beings, however, its quality has been 
gradually compromised by the different human activities. 
Among them, industrial and agricultural activities, charac-
terized by the high production of residues with contami-
nants and toxic substances stand out [4].

Agricultural activities, for example, are responsible for 
the release of pesticides and fertilizers into water bodies. 
These products are characterized by high concentrations 
of toxic compounds [5]. Similarly, industrial activities, 
depending on the production processes employed, are also 
responsible for the launch of these compounds [3].

Among the harmful compounds released by these 
activities, there are toxic metals, which cause great impacts 
on water resources, mainly due to their capacity of accu-
mulation and distribution between the environmental 
compartments, besides the possibility of its bioaccumulation 
in the tissues of living beings, representing great environ-
mental risk. Among all toxic metals, some are responsible 
for greater damage to the environment and humans, such as 
lead since this compound has high toxicity [6].

Given the importance of toxic metals, it is necessary 
to develop low-cost and feasible new technologies for the 
decontamination of environmental compartments. Although 
commercial activated carbon has excellent metal removal 
efficiency, it has a complex production system, which makes 
it expensive for the treatment of large quantities of water [7].

In order to reduce the cost of the adsorbent, researchers 
are seeking to evaluate and develop renewable and alter-
native adsorbent materials to reduce operational costs [8]. 
This also occurs because the high agricultural and agro- 
industrial production generates a high amount of waste that 
results in several environmental problems [9], and these 
materials are a good source of raw-material for eco-friendly 
adsorbents.

Canola cultivation tends to expand in Brazil and world-
wide and its residues may have in the future a much higher 
economic value than today. There are some results in the 
literature that demonstrate that the use of canola grain 
residues can become sustainable biosorbents for water 
decontamination [10,11]. However, those articles are not 
very recent, besides not considering the fact that there are 
numerous genotypes of canola cultivated worldwide.

Considering the aforementioned, this research aimed: 
(i) to study the decontamination of Pb2+ in water using bio-
sorbents produced with canola grain residues; (ii) to eval-
uate the differences in Pb2+ removal of water contaminated 
with biosorbents from residues from different genotypes of 
canola (canola meal); (iii) to evaluate if different chemical 

activations in biosorbents from canola meal can result in 
differences in the removal of Pb2+ from the aqueous medium.

2. Material and methods

2.1. Development of canola-based adsorbents

The biomass (grains) of canola in natura from four dis-
tinct genotypes (G1 = Hyola 76; G2 = Hyola 61; G3 = Hyola 
411; G4 = Hyola 433) was dried for 48 h at 60°C. The resulted 
material was smashed and sieved (14 and 65 mesh) aiming 
at the standardization of the particles between 0.212 and 
1.40 mm. After realizing this process, the oil of the grains was 
extracted using the methodology of the Soxhlet type system 
[12], and then, the resulting material was dried at 60°C for 
24 h for total evaporation of the solvent (n-hexane) used to 
extract the oil.

In order to improve some characteristics of the precur-
sor material (surface area, number of adsorption sites and 
porosity, for example), chemical modifications were applied 
in the biosorbent (canola in natura). For the modification, 
the canola biomass of each genotype was placed in immer-
sion with 0.1 mol L–1 solution of H2O2, H2SO4 or NaOH [13], 
considering a ratio of 1:10 (m v–1) in 125 mL Erlenmeyer 
with constant stirring of 150 rpm at 60°C for 6 h. After this 
process, the modified adsorbents were washed with dis-
tilled water. The materials originate were: for genotype 1 
(Hyola 76): G1 in natura, G1 H2O2, G1 H2SO4 and G1 NaOH; 
for genotype 2 (Hyola 61): G2 in natura, G2 H2O2, G2 H2SO4 
and G2 NaOH; for genotype 3 (Hyola 411): G3 in natura, 
G3 H2O2, G3 H2SO4 and G3 NaOH; and for genotype 4 
(Hyola 433): G4 in natura, G4 H2O2, G4 H2SO4 and G4 NaOH.

Aiming the removal of Pb2+ in the solutions, a fortified 
mono-elementary solution with metallic ions Pb2+ (prepared 
from the salt of lead nitrate [Pb(NO3)2] P.A. ≥ 99% Sigma-
Aldrich, St. Louis, USA) was prepared. For the desired con-
centrations of the Pb2+, a 1,000 mg L–1 solution was used as 
initial solution. The desired pH rates were adjusted by add-
ing NaOH 0.1 mol L–1 or HCl 0.1 mol L–1.

The adsorbent characteristics were also evaluated, for 
this, the adsorbents pHPZC was obtained. The pHPZC refers 
to the pH in which the resultant of the adsorbent surface 
charge is null [14].

Another characteristic that was determined was the 
vibrational spectroscopy in the infrared region. This para-
meter evidences the molecular structure of the material 
from the analysis of vibrational modes related to functional 
groups in the adsorbent. For the analysis, specters by trans-
mittance were obtained by using KBr pellets, which were 
analyzed using a Shimadzu 8300 (Kyoto, Japan) Fourier-
transform infrared spectroscope, considering the region 
between 400 and 4,000 cm–1 with a resolution of 4 cm–1.

Scanning electron microscopy (SEM) analysis was con-
ducted by using a microscope JEOL JSM 6360-LV (Tokyo, 
Japan) equipped with energy dispersive microscopy. For the 
analysis of this parameter, the samples were dispersed in 
double-sided tape coated with a thin layer of gold (30 nm) 
using the Bal-Tec SDC sputter coater (Scotia, New York, 
United States).

The surface analysis, size and pore volume were per-
formed using Quantachrome Nova 1200e equipment 
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(Boynton Beach, Florida, USA), where 500 mg of material 
was heated to 200°C under vacuum for approximately 4 h. 
After this process, it was performed the adsorption and 
desorption of N2. The surface size and pore volume were 
calculated using the standard Brunauer–Emmett–Teller 
(BET) [15] and pore size was obtained using the method 
of Barrett–Joyner–Halenda (BJH) [16], as shown in Table 1.

Aiming to evaluate the thermal stability of the materials, 
thermogravimetric analyzes (TGA) were performed. A TGA 
4000 Perkin Elmer thermogravimetric analyzer was used 
(Waltham, Massachusetts, USA), where the materials were 
heated to a temperature ranging from 30°C to 900°C, under a 
heating rate of 10°C min–1 under nitrogen atmosphere.

2.2. Adsorption studies on canola-based materials

For the evaluation of the adsorption process, adsorption 
studies were also conducted. Thus, the study on the influence 
of the adsorbent dose and the influence of the pH of the Pb2+ 

solution was performed by using a central composite design. 
For this end, adsorbent masses ranging from 200 to 1,200 mg 
were evaluated (i.e., proportion of 4 to 28 g L–1).

For these preliminary tests, 50 mL of Pb2+ solution 
(10 mg L–1) in different pH values were set in contact in 
Erlenmeyers with the adsorbent doses. The Erlenmeyer 
containing the adsorbent was then placed in a thermostatic 
Dubnoff system and stirred for 60 min at 200 rpm. After that, 
in order to determine the Pb2+ concentration by flame atomic 
absorption spectrometry (FAAS) [17], the samples were 
filtered and aliquots were taken.

Aiming to evaluate the adsorption kinetics, 200 mg 
of modified canola-based adsorbents were placed in a 
125 mL Erlenmeyer bottles and set in contact with 50 mL of 
10 mg L–1 solutions (adsorbent dose of 4 g L–1), at pH 5.00 at 
25°C. Those Erlenmeyers were stirred for periods between 
10 to 180 min. After this step, in order to determine the 
concentration of the residual Pb2+ by FAAS and to evaluate 
kinetics parameters, samples were taken. The results were 
evaluated by the linear mathematical models of pseudo- 
first-order [18], pseudo-second-order [19], Elovich [20] and 
Weber–Morris [21], as described in Table 1.

In order to evaluate the removal of metals in higher 
concentrations (up to 200 mg L–1) equilibrium studies were 
conducted. In this way, 200 mg of the mass of the adsor-
bent was placed in 125 mL Erlenmeyer with 50 mL of Pb2+ 
solution (adsorbent dose of 4 g L–1) in increasing concen-
trations (from 5 to 200 mg L–1), considering pH equal to 
5.00, 25°C and 60 min of stirring. After the stirring, sam-
ples were taken and Pb2+ concentration was obtained by 
FAAS. The results were evaluated by the mathemati-
cal models of Langmuir [22], Freundlich [23], Dubinin–
Radushkevich [24] and Sips [25], as presented in Table 1.

The influence of temperature in the adsorption process 
was evaluated in five temperature conditions, being them: 
15°C, 25°C, 35°C, 45°C, and 55°C. For that purpose, 50 mL of 
Pb2+ solution at 50 mg L–1 were added in 125 mL Erlenmeyer 
containing 4 g L–1 of the canola-based adsorbents. The 
Erlenmeyer was then stirred for 60 min. After this step, 
samples were taken for the determination of Pb2+ by FAAS. 
The thermodynamics parameters (ΔG°, ΔH° and ΔS°) were 
estimated according to Sari et al. [26] and Gonçalves et al. [27].

The last test conducted was performed in order to 
verify the possibility of the reuse of the materials. For that, 
the canola-based adsorbents used in isotherms tests were 
dried for 24 h at 60°C (post-adsorption). The recovered 
mass was set in contact with 50 mL of HCl 0.1 mol L–1 with 
stirring at 200 rpm for 90 min at 25°C. The final concentra-
tion of the desorbed Pb2+ was determined by FAAS.

3. Results and discussion

Chemical modifications in the canola-based adsor-
bents caused changes in pHPZC (Fig. 1). From the chemi-
cal point of view, when water or effluent has a higher pH 
than pHPZC, negative charges predominate on the adsor-
bent surface [28] favoring cations adsorption, such as 
Pb2+. As observed, the average pHPZC for canola biosorbent 
(in natura) is 5.98 ± 0.05, for the modification with H2O2 is 
6.34 ± 0.13, for the modification with H2SO4 is 1.49 ± 0.02, 
and for NaOH is 8.65 ± 0.57.

As observed in Fig. 1, the chemical modifications of 
canola biomass caused changes, modifying the pHPZC of 
canola-based adsorbents, the differences found in the 
pHPZC among the in natura and modified materials are 
related to the characteristics of the material used in the acti-
vation. Góes Casqueira and Lima [29], for example, who 
worked with a stalk of banana in natura and physically 
treated as biosorbent, did not observe changes in the pHPZC 
value of the treated material relative to the precursor, how-
ever, these authors did not use chemical modification in 
the adsorbents. On the other hand, using chemically acti-
vated carbon from olive stones, [30] found differences in 
the pHPZC values, evidencing that the use of some chemical 
compounds during the activation can change the values of 
pHPZC [30].

Hydrogen peroxide, a powerful oxidizing agent, has 
the potential to cause changes in the surface of the mate-
rial, similar to what was observed by Schwantes et al. [13] 
by studying adsorbents modified from pine bark in the 
removal of diverse toxic metals.

The acid treatment is able to improve the thermal sta-
bility of materials. H2SO4 exhibits a higher degree of oxida-
tion and removal of lignocellulosic, even at relatively low 
temperatures (45°C) and low concentrations [31,32].

Alkaline treatment with NaOH tends to remove surface 
impurities as well as to induce a rough surface of the fibers, 
improving fiber-matrix adhesion and, consequently, the 
mechanical properties of the material [33].

The oxidizing, acidic or alkaline agent reacts with the 
numerous functional groups in canola biomass, generating 
reactions of hydrolysis, oxidation, dehydration, protonation/
deprotonation, among others.

The modified adsorbents retain the surface characteris-
tics of its precursor (Fig. 2), however, with some remarkable 
modifications.

The microstructures and morphologies of the canola- 
based adsorbents G. in natura (G1 – in natura, G2 – in natura, 
G3 – in natura, G4 – in natura) and the modified adsorbents 
(G1 – H2O2, G2 – H2O2, G3 – H2O2, G4 – H2O2; G1 – H2SO4, G2 
– H2SO4, G3 – H2SO4, G4 – H2SO4; G1 – NaOH, G2 – NaOH, 
G3 – NaOH, G4 – NaOH) were observed under amplification 
of 2,400 times (Fig. 2).
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Table 1
Mathematical linear models used in the current research

Brunauer–Emmett–Teller and Barrett–Joyner–Halenda models
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p and p0 are the equilibrium and the saturation pressure of 
adsorbates at the temperature of adsorption; v is the adsorbed 
gas quantity; vm is the monolayer adsorbed gas quantity. c is the 
BET constant; g is the surface tension of liquid nitrogen; v1 is the 
molar volume of the liquid; R is the universal gas constant; T is 
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Qeq and Qt (mg g–1): quantities of adsorbate retained per gram of 
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A: the speed of initial chemisorption (mg g–1 h–1); B: number of 
suitable sites, related to the extent of surface coverage and the 
activation energy of chemisorption (g mg–1)

Intraparticle diffusion 
[21]

Q K t Cieq id= +1 2/ Kid: intraparticle diffusion constant (g mg–1 min–1/2); Ci: suggests the 
thickness of boundary layer effect (mg g–1); t: time

Equilibrium linear models

Langmuir [22]
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Ce or Ceq: concentration at equilibrium; Qe or Qeq: amount adsorbed 
at equilibrium per unit of mass of the adsorbent; KL or qmb and 
Cm: reflect properly the nature of the adsorbent material and can 
be used to compare the performance of adsorption; Cm or Qm: 
maximum capacity of adsorption; KL or qmb: adsorbent–adsorbate 
interaction forces
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1 Ceq: concentration on balance; Qeq: amount adsorbed at equilibrium 
per unit of mass of adsorbent; KF and n: parameters of Freundlich

Dubinin–Radushkevich 
[24]

ln lnQ Q Bddeq = − ε2 Qeq: amount adsorbed ion per unit mass of the adsorbent (mol g–1); 
Qd: adsorption capacity (mol L–1); Bd: coefficient related to the 
energy of sorption (mol2 J–2); ε: the potential of Polanyi; R: universal 
gas constant (kJ mol–1 K–1); T: temperature (K); Ceq: liquid phase 
equilibrium concentration (mol L–1)
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Qeq and Ceq have the same meanings as in the previous isotherms; 
qmax corresponds to the maximum sorption capacity (mg g–1); Ks is 
the equilibrium constant of Sips (L mg–1) and represents the degree 
of heterogeneity of the system, and can vary from 0 to 1. If n = 1 
means that the system is homogeneous, matching the Langmuir 
model, n < 1 represents increased heterogeneity

Thermodynamics linear models

Gibbs free energy [26] ∆G RT Kd° = − ln Kd: the ratio of the quantity adsorbed per unit of adsorbent (Qeq) 
and solution concentration in equilibrium (Ceq); R: universal gas 
constant (8.314 J mol–1 K–1); T: temperature used in the experiment 
(Kelvin). The values of ΔH° and ΔS° were obtained from the graph 
of lnKd in the function of 1/T

Enthalpy and entropy 
[26]

lnK S H
R RTd =
°
−
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The surface of canola-based in natura, according to Figs. 2 
(G1, G2, G3 and G4) exhibits irregular and heterogeneous 
structures, with spongy and fibrous appearance. These char-
acteristics can be indicative of the existence of favorable con-
ditions for adsorption [13].

For adsorbents modified with H2O2 (Figs. 2 G1 – H2O2, 
G2 – H2O2, G3 – H2O2, G4 – H2O2), it can be observed irreg-
ular surfaces with cracks and porous cavities, all these 
characteristics are presented in function of the oxidizing 
power of H2O2.

For canola adsorbents modified with H2SO4 (Figs. 2 
G1 – H2SO4, G2 – H2SO4, G3 – H2SO4, G4 – H2SO4), it can 
be observed a heterogeneity on the adsorbent surface, with 
pore-shaped cavities created by the oxidizing power of 
H2SO4. Due to the dehydrating action of sulfuric acid H2SO4 
(1.0 mol L–1), it configured an irregular and heterogeneous 
surface.

As NaOH is a strong base of high solubility, it possibly 
caused irregular, heterogeneous surface and cavities (Fig. 2 
G1 – NaOH, G2 – NaOH, G3 – NaOH, G4 – NaOH). In fact, 
these characteristics assist in the adsorption of metals by 
increasing the surface area of the adsorbent. There are some 
studies in literature, such those conducted by Wan Ngah 

and Hanafiah [34], Schwantes et al. [35], and de Campos et 
al. [33], which all evidence the improvement in the metals 
adsorption rates by using chemical pre-treatments in vegetal 
origin adsorbents, such as NaOH, H2SO4, tartaric acid, reac-
tive orange 13, and among others.

Fig. 3 exhibits the possible functional groups in canola- 
based adsorbents. The strong and wide bands found in the 
region of 3,400 to 3,300 cm–1 can be attributed to the vibra-
tional stretching of alcohols and phenols (O–H) bonds [36]. 
Similar results in the region of 3,400 to 3,300 cm–1 were 
observed by [37], when studying biosorbents from Pinus 
elliottii in the removal of chromium (Cr3+).

The vibrational elongations found in the region of 
3,000–2,800 cm–1 may be related to a vibrational C–H bond, 
which is found in alkanes or alkyl groups [38].

According to [39], the bands comprised in 1,740 to 
1,760 cm–1 indicate the presence of aldehyde and ketone 
carbonyl groups, which are abundant in lignin and cel-
lulose. These results corroborate with those obtained by 
Schwantes et al. [13], who developed pine barks adsorbents.

The bands located at 1,680–1,620 cm–1 and 1,550–
1,370 cm–1 can be attributed to the presence of vibrational 
stretches of C=C type bonds found in alkenes [40,41].
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Fig. 1. pHPZC for the canola-based adsorbents. ΔpH: final pH – initial pH.
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The bands found from 1,070 to 1,150 cm–1 can be attributed 
to the occurrence of C–O bonds, which are abundant in 
lignin and phenols [38–42,43]. Nacke et al. [44] obtained 
similar results studying Jatropha curcas based adsorbents.

From the infrared spectra, we can also observe that the 
modification with H2SO4 conferred more intense bands to 
genotype 4, when compared to the other genotypes in the 
same modification. Similarly, the bands observed for G1, 
G2 and G4 modified with NaOH were weak compared 
to genotype 3, which for the same modification showed 
much more intense bands.

In the first instance, by comparing the infrared spec-
tra of in natura with modified materials, several clusters 

in the in natura material are also exposed in the modified 
adsorbents, demonstrating that the modified materials still 
have characteristics of the precursor biomass.

However, some bands are only seen in the mod-
ified materials, as the bands in 1,740 to 1,760 cm–1 for the 
modifications with H2O2, H2SO4 and NaOH, in all the 
genotypes. These bands may be related to the C=O bonds 
of aldehydes, ketones, carbonyls, amides and esters, 
respectively [45,46].

It is important to mention that the adsorption of metal 
ions is related to the presence of functional groups, such 
as alcohols, carboxylic, carbohydrates and protein groups. 
Various functional groups found in the natural material 

 

 

 

 
 

G1 in natura G2 in natura G3 in natura G4 in natura 

G1 H2O2 G2 H2O2 G3 H2O2 G4 H2O2 

G1 H2SO4 G2 H2SO4 G3 H2SO4 G4 H2SO4 

G1 NaOH G2 NaOH G3 NaOH G4 NaOH 

Fig. 2. SEM of canola-based adsorbents in magnification of 2,400 times.
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(in natura) remained after the treatment with the modifying 
solutions (H2O2, H2SO4, NaOH) indicating the presence of 
cellulose and lignin, which are complex natural polymers 
and provide many active sites for the adsorption process.

The thermal stability of the adsorbents was performed 
to verify the dynamics weight loss of after treatment with 
H2O2, H2SO4 and NaOH (Table 2 and Fig. 4).

It is observed that the genotypes, in their in natura form, 
exhibit different thermal stability, both in the number of 
events as in observed temperature ranges. This is possibly 
due to the genetic characteristics of the genotypes, which 
may have in their biomass greater or lesser amounts of 
compounds such as proteins, cellulose, carbohydrates, etc.

For the adsorbents in natura and modified with H2O2, 
H2SO4 and NaOH the first loss of mass is related to the 
release of moisture absorbed by the adsorbents.

Modifications with NaOH provided higher thermal sta-
bility and uniformization of the canola biomass, as a certain 
homogeneity is observed in the number of events (3) and 
the observed temperature ranges.

The adsorption and desorption BET and BJH isotherms 
by in natura adsorbents and adsorbents modified with H2O2, 
H2SO4 and NaOH, are used for the estimate of the specific 
surface area (SSA) of the adsorbents, as well as pore volume 
and diameter (Table 3).

The results of SSA evidenced that the modification with 
H2SO4 has improved the SSA in the genotypes G2, G3 and 
G4 when compared to the in natura material. The adsor-
bent G4 H2SO4 exhibited the highest values for surface area 
(0.879 m2 g–1), followed by G2 H2SO4 (0.786 m2 g–1) while 
the smaller SSA was observed for G3 H2O2 (0.003 m2 g–1). 
Similar results were found in the literature, such as the 
study with biosorbents of Pinus barks modified with H2SO4 
(0.33 m2 g–1) and NaOH (0.48 m2 g–1) and cassava barks 
modified with H2SO4 (0.4637 m2 g–1) [13].

The observed values for SSA are lower from those 
obtained for sugarcane bagasse modified with acetic anhy-
dride (10.72 m2 g–1) [47]. The observed volume of pores, 
although small, are higher than those obtained by Schwantes 
et al. [13] in modified cassava residues (0.00307 cm3 g–1).

According to International Union of Pure and Applied 
Chemists (IUPAC) [48], the pores of some material can 
be classified into three groups, being them, microporous 
(diameter smaller than 2 nm), mesoporous (diameter big-
ger than 2 nm and smaller than 50 nm), and macroporous 
(diameter bigger than 50 nm). In this sense, it can be evi-
denced that the adsorbents in natura and modified are 
classified, in most part, as microporous and mesoporous.

According to Boniolo [8], the presence of microporosity 
is a desirable feature in relation to the adsorptive process. 
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Fig. 3. Infrared spectrum analysis from 4,000 to 400 cm−1 for the canola-based adsorbents.
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Considering the importance of the microporosity, the mod-
ified genotypes G2 and G4 exhibited characteristics of 
microporosity in relation to the in natura material. It can be 
observed that for G1 all the chemical modification improved 
the pore diameter in terms of microporosity. For the gen-
otype G3, the materials in natura, modified with H2O2 and 
NaOH showed mainly mesoporosity, while the genotype 
modified with H2SO4 exhibited microporosity.

Considering that this investigation aims Pb2+ removal, 
the presence of microporous and mesoporous in the mate-
rial favor the adsorption process, since the estimate ionic 
radius of Pb2+ is 0.118 nm [49], allowing the intraparticle dif-
fusion as a possibility. The results demonstrate that adsor-
bents were effectively altered, thus demonstrating that the 
modification process may alter the canola-based biomass 
differently, and therefore may be favorable or not to adsorp-
tion of metal ions.

In tests that aim to verify the adsorption efficiency, the 
adsorbent dose and the pH are important parameters that 
influence the removal capacity [50]. The lower doses of 
canola-based adsorbents showed the highest Pb2+ removal 
rates (Fig. 5). In most cases, the use of 4 g L–1 of canola-based 
adsorbents removes around 1.5–2.0 mg g–1 of Pb2+. For the 
modifications with H2O2 the evaluated pH range has an 
influence on the adsorbent rate, the same was observed in 
other studies [13,27].

Table 2
Thermal stability of canola-based adsorbents

In natura materials

Number of events Temperature (°C) Weight loss (%) Weight loss rate (% min–1)

G1 G2 G3 G4 G1 G2 G3 G4 G1 G2 G3 G4 G1 G2 G3 G4

1 1 1 1 7.3 81.6 86.7 85.6 6.9 6.2 6.6 8.2 0.86 0.70 0.73 0.12
2 2 2 2 319 318.3 318.4 309.0 40.0 32.6 60.9 62.3 3.10 2.72 2.83 0.37
3 3 3 3 401.9 413.8 851.2 852.0 24.0 29.4 13.7 11.1 1.97 2.97 0.74 0.10
4 4 797.8 879.3 8.2 11.5 0.93 0.62
5 880.7 4.0 0.82

Materials modified with H2O2

1 1 1 1 82.5 73.0 82.6 85.5 8.9 8.9 7.0 7.2 0.89 1.00 0.67 0.70
2 2 2 2 343.6 180.0 407.0 333.3 59.2 1.6 65.6

63.6
2.65 0.39 3.58 2.55

3 3 3 3 858.7 327.9 877.4 415.8 9.3
56.2

4.1 0.61 2.71 0.53 3.82
4 4 388.0 880.8 3.83 3.08 3.83
5 877.0 10.5 10.50

Materials modified with H2SO4

1 1 1 1 79.3 80.8 89.3 87.1 6.7 7.5 6.4 6.4 0.74 0.78 0.64 0.66
2 2 2 2 257.1 312.1 333.9 334.8 10.2

57.1
63.3 61.8 2.28 2.86 3.10 2.84

3 3 3 3 305.8 439.8 859.7 870.4 30.8 5.8 1.9 3.20 1.32 0.42 0.37
4 4 408.1 856.9 15.5 3.4 1.71 0.46
5 886.6 3.8 0.50

Materials modified with NaOH
1 1 1 1 88.4 90.0 82.3 101.4 9.2 9.0 9.8 6.7 0.85 0.83 0.94 0.59
2 2 2 2 356.8 371.9 362.8 386.6 59.6 61.4 60.4 65.2 2.95 2.96 2.84 3.34
3 3 3 3 827.3 853.1 817.2 845.2 13.6 13.9 15.8 9.6 0.77 0.89 1.00 0.78

G1 = genotype 1 (Hyola 76); G2 = genotype 2 (Hyola 61); G3 = genotype 3 (Hyola 411); G4 = genotype 4 (Hyola 433).

Table 3
Specific surface area (SSA), the average diameter of pores 
and pore volume of canola-based adsorbents by BET and BJH 
method

Adsorbents SSA (m2 g–1) Pore average 
diameter (nm)

Pore volume 
(cm3 g–1)

G1 in natura 0.290 1.546 0.00147
G2 in natura 0.258 2.492 0.00106
G3 in natura 0.194 8.487 0.00755
G4 in natura 0.288 1.912 0.00124
G1 H2O2 0.103 14.850 0.00048
G2 H2O2 0.074 1.549 0.00070
G3 H2O2 0.003 3.306 0.00150
G4 H2O2 0.066 14.020 0.00065
G1 H2SO4 0.145 3.299 0.00182
G2 H2SO4 0.786 1.542 0.00137
G3 H2SO4 0.433 1.550 0.00061
G4 H2SO4 0.879 1.727 0.00122
G1 NaOH 0.111 2.832 0.00066
G2 NaOH 0.062 1.685 0.00029
G3 NaOH 0.062 2.416 0.00026
G4 NaOH 0.225 1.186 0.00079
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However, for all other studied cases, the evaluated pH 
range 3.0–7.0 does not have an influence on the Pb2+ removal, 
that is, the canola adsorbents, when modified with H2SO4 or 
NaOH have great flexibility, removing high amounts of Pb2+ 
in the pH spectrum of 3.0–7.0. Therefore, pH 5.0 was chosen 
as the ideal pH to perform the equilibrium, thermodynamics 
and kinetics, because, as described and studied by [44] evalu-
ating adsorbents from jatropha fruit wastes (Jatropha curcas L.), 
[37] pine bark (Pinus elliottii) adsorbents, [35,13] cassava 
barks wastes (Manihot esculenta), above this pH ranges, heavy 
metals in solution such Pb2+ tend precipitate more easily.

Values of R2 closer to 1 were observed for the pseudo- 
second-order model, which presupposes chemical adsorp-
tion between Pb2+ ions and canola-based adsorbents, with 
R2 values of all genotypes higher than 0.99 for this model. In 
this case, in addition to good mathematical adjustments, we 
also observe convergent values for Qeq (cal.) and Qeq (exp.), 
in most cases. The results obtained by the pseudo-second- 
order model suggest the occurrence of Pb2+ chemisorption 
by adsorbents based on canola grains residue [19].

Thus, according to Table 4, despite the satisfactory val-
ues obtained for R2 in the Elovich model in some cases, it 
is evidenced that the pseudo-second-order model provided 
the best adjustments for the kinetics study of Pb2+ ions on 
canola-based adsorbents. This situation indicates that the 
control of the velocity mechanism is based on chemical 
adsorption [19], promoted by the sharing or exchange of 
electrons between adsorbent and adsorbate [51].

Adsorption isotherms can be classified into classes 
and subgroups as proposed by Giles et al. [52] and are 
exhibited in Fig. 6.

The in natura materials of genotypes 2, 3 and 4 exhibited 
Langmuir type “L-type” isotherms [52], showing an initial 
tendency to bend down due to decreased availability of the 
active sites. They show the difficulty of filling vacant sites 
and the poor interaction between the solvent molecules and 
the sites of the adsorbent. This is the most common type and 
its characteristic is adsorption in monolayers, being repre-
sented mainly by Langmuir and Freundlich models.

For genotype 1, only the in natura material presented 
an “S-type” isotherm [52], which has a curvature facing 
upwards, presenting a point of inflection because there 
is a competition of the molecules of the solvent or other 
molecules by the site of the adsorbent solid making them 
weaker than the adsorbate–adsorbent and solvent-adsorbent 
interactions.

All genotypes modified with H2O2 showed Langmuir 
type “L-type” isotherms [52], except for genotype 3 where 
there was not isotherm formation, all other genotypes 
modified with H2SO4 showed “S-type” isotherms [52].

For the genotype 2 modified with NaOH, isotherm 
formation was not achieved, the other genotypes modi-
fied with NaOH exhibited the “type L”, that is, isotherms 
of Langmuir [52], these isotherms show an initial tendency 
to bend down due to decreased availability of active sites. 
This isotherm model also evidence the difficulty of filling 
vacant sites and the poor interaction between solvent mole-
cules and adsorbent sites, this is the most common type and 
its characteristic is adsorption in monolayers.

By the obtained results (Table 5), good adjustments (R2) 
were found for Langmuir and Freundlich, however with 

predominance in Pb2+ monolayers, according to the best fit 
by Langmuir model [25].

Langmuir’s RL values indicate that there is favorabil-
ity in the adsorptive system [22], thus, in the studied cases 
of canola adsorbents, the sorption systems are favorable 
for the toxic metal uptake, with values ranging from 0.003 
[G1 (Hyola 76) NaOH] to 0.196 [G1 (Hyola 76) H2SO4].

According to Dada et al. [53], values of Freundlich’s n 
parameter higher than 1 indicate highly energetic active 
sites in the adsorbent surface. In our study, all adsor-
bents exhibited RL > 1, with values observed from 0.0001 
[G2 (Hyola 61) H2SO4; and G4 (Hyola 433) in natura] to 8.136 
(G4 (Hyola 433) H2O2).

These results corroborate with those obtained by Nacke 
et al. [44], where jatropha adsorbents exhibited good R2 
values for the Langmuir and Dubinin–Radushkevich, sug-
gesting the formation of monolayers and chemisorption of 
Cd2+. It is worth mentioning the results for G1 NaOH, with 
the highest values of Qm = 48.78 mg g–1. It is observed that 
the highest values of Qm always occurred for canola in natura 
and activated with NaOH, independent of the genotype.

In the case of genotype analysis, G3 presented the 
highest values of Qm, except for the activation with H2SO4 
(activation with H2SO4 resulted in lower values of Qm for 
all genotypes). The preparation of the activated carbons 
from sunflower oil cake by sulfuric acid activation with dif-
ferent impregnation ratios was carried out by Karagöz et 
al. [54]. In that study 10 < Qm > 17, similar values to those 
obtained in current research.

Dubinin–Radushkevich also exhibited good adjust-
ments, suggesting the occurrence of chemisorption on cano-
la-based adsorbents, with values E > 8 kJ mol–1, except for G1 
NaOH, G2 in natura and G4 in natura, with E < 8 kJ mol–1 [34].

For G1 NaOH the value of E = 0.144 kJ mol–1, this is 
well below the obtained for other activations and geno-
types, suggesting purely physical adsorption, the physical 
adsorption is also evidenced by the value of n obtained in 
the linearization of the Freundlich model. When 1/n > 1 the 
adsorption tends to be physical or cooperative [55].

The nature of the adsorption process can be evaluated 
by thermodynamics parameters [56]. As can be seen in 
Table 6, the ΔG° value for ion Pb2+ on genotypes G1, G2 and 
G4 in natura, G1, G2, G3 and G4 H2O2, G2 H2SO4, and G1 
and G4 for NaOH were positive for all studied tempera-
tures, suggesting that the process, in these cases, are spon-
taneous and favorable. The opposite was observed for Pb2+ 
on genotype 3 in natura, G1, G3 and G4 H2SO4, and G2 and 
G3 for NaOH.

When the enthalpy values (ΔH°) are positive the sys-
tem is endothermic, as observed for genotypes G1, G2 and 
G3 for the in natura material, G1, G2, G3 and G4 for H2O2, 
G2 for H2SO4, and G1 and G4 for NaOH. In turn, the nega-
tive values of ΔH° for the remaining material show that the 
process was exothermic. The results in Table 6 also demon-
strate values of ΔH° greater than 40 kJ mol–1. These results 
suggest possible chemisorption [57].

The entropy values (ΔS°), for G3 in natura, G1, G3 
and for H2SO4 and G2 and G3 for NaOH, suggest a slight 
increase in system disorder. In these cases, according to 
Rao and Khan [58], there is an increasing disorder of the 
solid- solution interface, indicating increased randomness 
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Fig. 6. (a) (Qeq vs. time): kinetics (200 mg L–1) and (b) (Qeq vs. Ceq): equilibrium studies (from 5 to 200 mg L–1) of canola-based adsorbents 
in Pb2+ removal.
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Table 5
Adsorption parameters for linear models of Langmuir [22], Freundlich [23], Dubinin–Radushkevich [24] and Sips [25] in the removal 
of Pb2+ by canola-based adsorbents

Canola – G1 (Hyola 76) In natura H2O2 H2SO4 NaOH
Langmuir

C
q q b

C
qm m

eq

eq

eq= +
1

Qm (mg g–1) 34.843 30.864 14.513 48.780
b or KL (L mg–1) 0.066 0.074 0.020 1.357
RL 0.070 0.062 0.196 0.003
R2 0.982 0.996 0.978 0.988

Freundlich

logq k
n

Cf
F

eq eqlog log= +










1
KF (mg g–1) 4.238 15.584 0.272 23.222

n 2.059 5.230 1.268 0.0003
R2 0.984 0.983 0.986 0.900

Dubinin–Radushkevich

ln lnQ Q Bddeq = − ε2

ε = +












RT
C

ln
eq

1 1

Qd (mol g–1) 0.0008 0.0003 0.0003 0.0009

E (kJ mol–1) 10.783 17.149 9.534 0.144

R2 0.960 0.970 0.983 0.935

Sips

ln ln ln
max

Q
Q Q n

C
n

k
eq s s

L
eq

eq−












= +

1 1
n 1.097 1.556 1.034 0.335

Ks or L (L mg–1) 0.067 0.312 0.019 0.947

R2 0.984 0.979 0.984 0.961

Canola – G2 (Hyola 61) In natura H2O2 H2SO4 NaOH
Langmuir

C
q q b

C
qm m

eq

eq

eq= +
1

Qm (mg g–1) 44.843 15.898 12.674 30.120
b or KL (L mg–1) 0.043 0.121 0.029 0.479
RL 0.103 0.039 0.144 0.010
R2 0.994 0.999 0.982 0.985

Freundlich

log logq k
n

Cf
F

eq eqlog= +










1
KF (mg g–1) 0.875 18.749 0.959 13.436
n 1.023 6.729 0.0001 1.115

R2 0.989 0.978 0.986 0.928

Dubinin–Radushkevich
ln lnQ Q Bddeq = − ε2

ε = +












RT
C

ln
eq

1 1

Qd (mol g–1) 0.004 0.0002 0.0002 0.023

E (kJ mol–1) 7.955 19.611 10.206 8.638

R2 0.986 0.989 0.994 0.935
Sips

ln ln ln
max

Q

Q Q n
C

n
k

s s
L

eq

eq
eq−












= +

1 1
n 0.771 1.007 1.245 0.149

Ks or L (L mg–1) 0.060 0.672 0.021 0.468

R2 0.996 0.984 0.997 0.991
Canola – G3 (Hyola 411) In natura H2O2 H2SO4 NaOH
Langmuir
C
q q b

C
qm m

eq

eq

eq= +
1

Qm (mg g–1) 50.000 31.056 5.061 133.333
b or KL (L mg–1) 0.099 0.160 0.327 0.381
RL 0.048 0.030 0.015 0.013
R2 0.988 0.999 0.993 0.977

Freundlich

logq k
n

Cf
F

eq eqlog log= +










1

KF (mg g–1) 8.317 23.399 2.345 36.914
n 2.321 5.263 3.412 1.621

R2 0.992 0.768 0.933 0.998

Dubinin–Radushkevich

ln lnQ Q Bddeq = − ε2

ε = +












RT
C

ln
eq

1 1

Qd (mol g–1) 0.0009 0.0004 0.0001 0.005

E (kJ mol–1) 11.624 18.898 13.608 11.470

R2 0.992 0.746 0.914 0.997
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Sips

ln ln ln
max

Q
Q Q n

C
n

k
s s

L
eq

eq
eq−












= +

1 1

n 8.210 0.493 2.810 0.641
Ks or L (L mg–1) 1.18 e–9 0.065 3.4 e–4 1.935

R2 0.998 0.979 0.975 0.978

Canola – G4 (Hyola 433) In natura H2O2 H2SO4 NaOH
Langmuir

C
q q b

C
qm m

eq

eq

eq= +
1

Qm (mg g–1) 48.543 33.557 13.947 46.511
b or KL (L mg–1) 0.049 0.071 0.027 0.342
RL 0.092 0.065 0.151 0.014
R2 0.989 0.995 0.984 0.993

Freundlich

logq k
n

Cf
F

eq eqlog log= +










1
KF (mg g–1) 3.296 20.197 0.300 19.098
n 0.0001 8.136 1.304 4.016

R2 0.989 0.960 0.992 0.991

Dubinin–Radushkevich
ln lnQ Q Bddeq = − ε2

ε = +












RT
C

ln
eq

1 1

Qd (mol g–1) 0.0044 0.0002 0.0002 0.0004
E (kJ mol–1) 7.905 22.360 10.206 16.666

R2 0.991 0.979 0.983 0.991

Sips

ln ln ln
max

Q
Q Q n

C
n

k
s s

L
eq

eq
eq−












= +

1 1

n 1.026 0.809 1.033 0.745
Ks or L (L mg–1) 0.068 0.627 0.032 0.448

R2 0.978 0.989 0.983 0.999

Qm (mg g–1): maximum adsorption capacity; KL or b (L mg–1): constant related to the adsorbent/adsorbate interaction forces; RL: Langmuir 
constant; KF (L mg g–1): related to adsorption capacity; n (Freundlich or Sips – dimensionless): related to the heterogeneity of the solid; 
Qd: maximum adsorption capacity; E: mean sorption energy. Ks or L (L mg–1): constant of Sips; R2: coefficient of determination.

Table 6
Thermodynamics parameters for canola-based adsorbents

Modification Temperature (°C) Average Qeq (mg g–1) ∆G° (kJ mol–1) ∆H° (kJ mol–1) ∆S° (J mol–1)

G1 in natura

15 7.97 22.59 ± 0.67

10.35 –0.04
25 7.69 23.02 ± 0.67
35 6.87 23.44 ± 0.67
45 6.57 23.87 ± 0.67
55 6.54 24.29 ± 0.67

G2 in natura

15 5.99 10.72 ± 0.38

3.62 –0.02
25 5.40 10.96 ± 0.38
35 10.01 11.21 ± 0.38
45 5.6 11.46 ± 0.38
55 5.43 11.70 ± 0.38

G3 in natura

15 5.16 –20.16 ± 0.44

–12.09 0.02
25 6.13 –20.44 ± 0.44
35 7.05 –20.72 ± 0.44
45 6.8 –21.00 ± 0.44
55 7.05 –21.28 ± 0.44

G4 in natura

15 6.13 85.38 ± 2.42

41.16 –0.15
25 5.48 86.91 ± 2.42
35 5.63 88.45 ± 2.42
45 1.99 89.98 ± 2.42
55 1.57 91.52 ± 2.42

G1 H2O2

15 10.58 70.27 ± 1.90

35.64 –0.12
25 9.74 71.47 ± 1.90
35 8.05 72.67 ± 1.90
45 7.88 73.87 ± 1.90
55 8.92 75.07 ± 1.90

(Continued)



A.C. Gonçalves et al. / Desalination and Water Treatment 197 (2020) 261–279276

Modification Temperature (°C) Average Qeq (mg g–1) ∆G° (kJ mol–1) ∆H° (kJ mol–1) ∆S° (J mol–1)

G2 H2O2

15 7.68 18.22 ± 0.56

7.97 –0.03
25 6.90 18.58 ± 0.56
35 5.34 18.93 ± 0.56
45 7.10 19.29 ± 0.56
55 6.44 19.65 ± 0.56

G3 H2O2

15 3.24 78.41 ± 2.06

40.93 –0.13
25 3.06 79.72 ± 2.06
35 10.53 81.02 ± 2.06
45 9.73 82.32 ± 2.06
55 8.37 83.62 ± 2.06

G4 H2O2

15 7.30 162.91 ± 4.34

83.75 –0.27
25 10.66 165.66 ± 4.34
35 9.10 168.41 ± 4.34
45 6.15 171.16 ± 4.34
55 6.60 173.91 ± 4.34

G1 H2SO4

15 4.50 –6.06 ± 0.04

–5.35 0.002
25 4.88 –6.08 ± 0.04
35 5.76 –6.11 ± 0.04
45 4.79 –6.13 ± 0.04
55 5.34 –6.16 ± 0.04

G2 H2SO4

15 8.50 67.18 ± 1.88

32.81 –0.11
25 7.19 68.37 ± 1.88
35 4.65 69.57 ± 1.88
45 5.48 70.76 ± 1.88
55 5.57 71.95 ± 1.88

G3 H2SO4

15 7.30 –52.55 ± 1.29

–28.93 0.08
25 5.27 –53.37 ± 1.29
35 5.83 –54.19 ± 1.29
45 6.36 –55.01 ± 1.29
55 8.75 –55.83 ± 1.29

G4 H2SO4

15 3.91 –36.89 ± 0.86

–21.09 0.05
25 3.66 –37.44 ± 0.86
35 4.54 –37.99 ± 0.86
45 5.13 –38.54 ± 0.86
55 7.19 –39.09 ± 0.86

G1 NaOH

15 11.87 42.83 ± 1.06

23.34 –0.06
25 10.06 43.50 ± 1.06
35 11.11 44.18 ± 1.06
45 11.53 44.86 ± 1.06
55 10.60 45.53 ± 1.06

G2 NaOH

15 8.02 –108.29 ± 2.92

–55.04 0.18
25 10.01 –110.14 ± 2.92
35 10.98 –111.99 ± 2.92
45 9.90 –113.84 ± 2.92
55 10.07 –115.69 ± 2.92

G3 NaOH

15 9.92 –47.44 ± 1.30

–23.63 0.08
25 10.84 –48.27 ± 1.30
35 6.79 –49.09 ± 1.30
45 7.97 –49.92 ± 1.30
55 11.35 –50.75 ± 1.30

G4 NaOH

15 11.83 84.11 ± 2.13

45.17 –0.13
25 11.97 85.46 ± 2.13
35 11.84 86.81 ± 2.13
45 11.01 88.16 ± 2.13
55 10.75 89.51 ± 2.13

Table 6 Continued
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at the solid/solution interface, which may occur due to the 
substitution of water molecules of the solution previously 
adsorbed by metal ions. In other cases, the values of ΔS° 
smaller than 0, indicate no disorder in the system.

From the initial concentration of the influence tests, 
it was possible to evaluate the efficiency of Pb2+ adsorption 
(%) and desorption (%) for the canola-based adsorbents.

The following desorption rates were obtained by acid 
elution of Pb2+, for genotype 1: C. in natura (40%); C. H2O2 
(41%); C. H2SO4 (71%) and C. NaOH (81%); For genotype 
2: C. in natura (48%); C. H2O2 (32%); C. H2SO4 (43%) and  
C. NaOH (38%); For genotype 3: C. in natura (52%); C. H2O2 
(75%); C. H2SO4 (56%) and C. NaOH (77%); For genotype 
4: C. in natura (39%); C. H2O2 (41%); C. H2SO4 (49%) and C. 
NaOH (45%). The averages and the standard deviations from 
240 analytical determinations that estimate the adsorption 
and desorption rates are exhibited in Figs. 7a and b, showing 
the average values for each modifying solution and its effect 
in adsorption and desorption rates, as well as the effect of the 
different genotypes.

Although some acceptable values for desorption 
(G1 C. H2SO4 and C. NaOH, G3 C. H2O2 and C. NaOH) were 
observed, the majority of the materials had low elution rates. 

These results suggest that the adsorption process is in most 
of the cases a chemical nature, since, according to Albadarin 
et al. [59], low elution rates indicate that the metal ion is 
strongly bound to the active sites of the adsorbent by means 
of chemical bonds.

4. Conclusion

In general, it can be concluded that the adsorbents from 
Brassica napus L. in natura (canola meal) and chemically 
modified with H2O2, H2SO4 and NaOH showed differences 
in structure, morphology, porosity, point of zero charge and 
thermal stability. The evaluated pH range only influences the 
adsorption of Pb2+ when it is used H2O2 as a modifying agent. 
For other adsorbents, the pH studied range (3.0–7.0) did not 
influence the Pb2+ adsorption. However, there was a signifi-
cant difference in the used adsorbent dose, with the use of 
4 g L–1 as the ideal ratio for the efficient removal of Pb2+ from 
aqueous medium.

In addition, it was observed that the canola-based adsor-
bents have surface functional groups as aldehyde, ketone 
and carbonyl, which allow the connection with metallic ions 
in solution.

 

b 

a  

Fig. 7. Average % of adsorption and desorption rates for canola-based adsorbents. (a) The effect of the modifying solution in the 
adsorption and desorption rate of Pb2+. (b) The effect of the evaluated genotypes (1 to 4) in the adsorption and desorption rates of Pb2+. 
Different letters in the bars show a statistical difference among treatments at 5% by the Tukey’s test.
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The ideal contact time range was found between 80 and 
140 min. The obtained results in adsorption kinetics indi-
cate that the biosorbents presented better adjustment by the 
pseudo-second-order model suggesting the occurrence of 
chemisorption. The best adjustments (R2) were observed for 
the Langmuir, and genotype 3 (Hyola 411) exhibited a bet-
ter average of Qm 54.86 mg g–1 (average of Qm from in natura, 
H2O2, H2SO4 and NaOH) as well as the highest percentage of 
adsorption (80%).

The application of the Dubinin–Radushkevich model 
demonstrates that the removal of Pb2+ by the canola-based 
adsorbents occurs by chemisorption, with a predomi-
nance of monolayers. The adsorbents modified with NaOH 
demonstrated a higher percentage of desorption. However, 
the percentage of desorption between the different geno-
types and treatments did not differ statistically. The high 
desorption rates suggest the possibility of reuse of the cano-
la-meal adsorbents for several cycles of adsorption.

From the results obtained in this research, it is possible to 
affirm that the modified adsorbents of canola present them-
selves as a promising alternative for the industry, through 
their use in systems of treatment of contaminated water, 
especially for the removal of Pb2+, increasing the sustainabil-
ity of its productive chain.
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