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700050 Ias, i, Romania

2 Research Institute for Agriculture and Environment, “Ion Ionescu de la Brad” University of Agricultural
Sciences and Veterinary Medicine, 700490 Ias, i, Romania

3 Laboratory of Physical Chemistry of Polymers, Petru Poni Institute of Macromolecular Chemistry,
700506 Iaşi, Romania
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Abstract: Rapeseed seeds are one of the most important categories of raw materials used to obtain
biofuels. However, the biomass resulting after oil extraction is still considered waste, for which
valorization solutions are sought. In this study, we propose the use of this type of residual biomass
(rapeseed waste biomass (RWB)) as a biosorbent for the removal of toxic metal ions from aqueous
media. Two toxic metal ions were selected for the experimental studies, namely: Pb(II) and Hg(II).
The optimal biosorption conditions, for both metal ions, were selected based on response surface
methodology and were verified experimentally in batch systems. More than 92% of the initial amount
of Pb(II) and Hg(II) are retained under the following conditions: pH = 6.5 for Pb(II) and 4.0 for Hg(II);
biosorbent dosage = 4.0 g/L; contact time = 3 h; temperature = 25 ± 1 ◦C. Isotherm (Langmuir, Fre-
undlich and Temkin models) and kinetic (pseudo-first order, pseudo-second order and intra-particle
diffusion models) modelling of the experimental data were used for the quantitative evaluation of
both biosorption processes. Although the Langmuir maximum biosorption capacities are different
(higher in the case of Pb(II) (61.97 mg/g) than in the case of Hg(II) (51.32 mg/g)), the pseudo-second
order kinetic constants have the same order of magnitude. This shows that the retention of both
metal ions involves similar elementary steps and that RWB behaves as a typical biosorbent. These
characteristics, together with the very good desorption behavior, provide a complete picture of the
possible applications of this waste in environmental decontamination processes.

Keywords: rapeseed waste biomass; biosorption; Pb(II) and Hg(II) ions; isotherm modelling;
kinetic modelling

1. Introduction

It is well-known that industrial activities are the main sources of environmental
pollution with heavy metal ions, due to the discharges of incompletely or improperly
treated industrial effluents. In this way, heavy metal ions reach water sources, where due
to their non-biodegradability, toxic effect and tendency to accumulate, they significantly
contribute to the degradation of the quality of ecosystems and affect the health of plants,
animals and even people [1,2]. However, heavy metal ions cannot be replaced from
production activities. Even the most toxic heavy metal ions (such as Pb(II) and Hg(II) [3])
have a particular industrial importance in sectors such as: the extractive industry and the
manufacture of alloys, paints, batteries, etc., [4–6], which makes them still frequently used
on a large scale. Industrial effluents resulting from these production activities are therefore
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expected to contain heavy metal ions in concentrations that can vary over a fairly wide
range. For this reason, it is necessary to treat these effluents before discharging them into
the environment.

In the most general sense, the treatment of industrial effluents involves reducing
the concentration of polluting chemical species below the maximum value allowed by
the legislation [7]. Various physico-chemical methods, including chemical precipitation,
electrochemical processes, membrane-related processes, solvent extraction, coagulation,
flocculation, ion exchange, etc., [8–11], have been examined to evaluate their applicative
potential in the removal processes of metal ions from aqueous media. However, the
moderate efficiency in treating large volume of effluents, the high consumption of reagents
and energy, the generation of large amounts of sludge, etc., [11,12] are just some of the
disadvantages of these methods, which limits their applicability.

In contrast, biosorption is considered a much more economical and environmen-
tal friendly method that can be used to treat aqueous effluents containing heavy metal
ions [12–15]. The easy adaptation to different working conditions, the low cost of operation
on a large scale, the wide variety of materials that can be used as biosorbents (natural
materials, agricultural or industrial waste), etc., are just a few of the arguments that have
made biosorption intensively studied in the literature [16–18] as an alternative to clas-
sical industrial wastewater treatment methods. However, to date, the applicability of
biosorption processes in industrial wastewater treatment is quite limited [18]. With few
exceptions, this limitation is mainly due to finding a suitable biosorbent for large-scale use.
Such a biosorbent must be available in large enough quantities to ensure the continuity of
industrial processes but also have a low purchasing cost, so that it is accessible to as many
industrial activities as possible. Thus, most natural materials (algae, aquatic or terrestrial
plants, bacteria, fungi, etc.) [19–22], although they allow the quantitative removal of many
metal ions and have a regional availability and a rather high cost of preparation, and, for
this reason they are not suitable for a large scale use. Agricultural wastes (cereal straw,
chaff, stem of leaves of plants, seed husks, etc.) [23–26] already have established uses (in
the manufacture of animal feed, organic composts, etc.), which have proven their economic
viability. Furthermore, many of the industrial wastes (those from the food, pharmaceutical
or cosmetics industry) [27,28] have a reduced stability over time and can often contain
microorganisms, which make them more difficult to use in biosorption processes.

A special category of industrial waste is that from the production of biofuels. Different
types of biomass (soy, rapeseed, mustard, algae, etc.) [29] are successfully used for the
extraction of oils, necessary for biofuels manufacturing. Biomass wastes resulting from
the extraction are most often incinerated to obtain thermal energy. Therefore, the use of
such wastes as biosorbents in the removal of metal ions from aqueous media can be an
alternative for their valorization. In addition, the use of these materials in biosorption
processes is advantageous because: (i) being industrial waste—they are found in sufficiently
large quantities and have a low cost, and (ii) they are already ground and sieved, which
means that is in need of a reduced number of steps for the biosorbent preparation.

In this study, rapeseed waste biomass (RWB) was selected as a biosorbent for the
removal of toxic Pb(II) and Hg(II) metal ions from aqueous media. RWB was obtained
in the laboratory, after the n-hexane extraction of oils from rapeseed, and its selection for
experimental studies was made, taking into account its importance as a raw material in
the production of biofuels [30]. The obtained material (RWB) was characterized (by FTIR
spectrometry and SEM microscopy) and was used as a biosorbent for the removal of toxic
metal ions (Pb(II) and Hg(II)) in batch systems. The biosorptive performance of RWB
was tested at different initial metal ions concentration and contact time, under optimal
experimental conditions. The optimal experimental conditions were obtained using the
response surface methodology method and were verified experimentally. The equilibrium
and kinetic data were modelled using different isotherm and kinetic models, and the
characteristic parameters of these models were analyzed. The retention and quantitative
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recovery of the studied toxic metal ions show that RWB behaves as a biosorbent and can
represent an alternative in environmental remediation processes.

2. Materials and Methods
2.1. Materials and Reagents

Rapeseeds (purchased from a local farm (Iaşi, Romania)) were washed several times
with distilled water (to remove impurities and dust from their surface), dried for 6 h at
105 ◦C, ground and sieved. The obtained rapeseed biomass was then subjected to an oil
extraction process, using n-hexane as solvent, to obtain rapeseed waste biomass (RWB).
After removal from the Soxhlet extractor, RWB was air-dried (3 days, at room temperature)
and kept in desiccators until its use in biosorption studies.

To obtain stock solution of metal ions (10−2 mol M(II)/L), chemical reagents of analyt-
ical purity (lead nitrate, mercuric nitrate) were used. The working solutions were prepared
from the stock solution. All of the solutions needed to carry out the experiments were
prepared using fresh distilled water. HNO3 solutions (10−4–1 mol/L) were used to adjust
the pH at optimal values and as the desorption agent.

2.2. Establishing Optimal Conditions

The optimal experimental conditions for the quantitative removal of Pb(II) and Hg(II)
ions were established using response surface methodology (Design-Expert software). In
this modelling, the independent variables were considered: pH (1.0–6.5), biosorbent dose
(4.0–20.0 g/L) and temperature (10, 25 and 55 ◦C). The concentration of metal ions and
contact time were kept constant (40 mg/L and 180 min), and the optimal values of these
parameters were selected based on the values of the removal percents (R, %) calculated by
the software. For validation, these optimal conditions were verified experimentally.

2.3. Biosorption Studies

The effect of initial metal ions concentration and contact time were experimentally
examined in batch systems in the following conditions: pH of 6.5 for Pb(II) and 4.0 for Hg(II),
biosorbent dosage of 4.0 g/L and ambient temperature (25 ± 1 ◦C). The initial concentration
of metal ions varied between 22 and 532 mg M(II)/L, while the variation range of the contact
time was between 5 and 180 min. In each experiment, 25 mL of aqueous solution of metal
ions (with known concentration) was mixed with 0.2 g of RWB, for a set period of time, and
then filtered (on quantitative filter paper). The concentration of metal ions in the initial (c0,
mg/L) and final (c, mg/L) solutions was analyzed spectrophotometrically (see Section 2.4).

The efficiency of the biosorption processes was evaluated using the biosorption ca-
pacity (q, mg/g) and the removal percent (R, %), calculated according to relations (1)
and (2).

q =
(c0 − c)× V

m
(1)

R =
c0 − c

c0
× 100 (2)

where V is volume of solution (25 mL), and m is the mass of RWB (0.2 g).
In desorption experiments, 0.05 g of RWB loaded with each metal ion was treated with

10 mL of HNO3 solution (10−4–1 mol/L), mixed for 3 h and then filtered. The concentration
of metal ions was analyzed spectrophotometrically (see Section 2.4), and the desorption
efficiency (Desorption, %) was calculated using Equation (3).

Desorption, % =
100 × cdesorb.

m × qe
(3)

where cdesorb. is the concentration of metal ions after desorption (mg/L), qe is the biosorption
capacity (mg/g) and m is the mass of loaded-RWB (0.05 g).
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All experiments were performed in triplicate, and the values presented in this study
represent the average values.

2.4. Analytical Methods

The main analytical characteristics of the spectrophotometric methods (Digital Spec-
trophotometer S 104D, 1 cm glass cell) used to determine the concentration of Pb(II) and
Hg(II) ions in aqueous solutions are presented in Table 1. The selection of these methods
took into account the ease of their practical use and the accuracy of the obtained results.

Table 1. Analytical characteristics of the spectrophotometric methods used in the analysis of Pb(II)
and Hg(II) ions.

Analytical Parameter Pb(II) Hg(II)

Color reagent 4-(2-pyridylazo)-resorcinol Methyl thymol blue
λmax, nm 530 610

Buffer solution Acetate, pH = 6.0 HMT, pH = 6.0
Limit of detection, ppm * 0.1095 0.1103

Precision, % * 0.43 1.02
Notations: HMT—hexamethylentetraamine; (*)—values obtained from calibration curves.

The functional groups on the RWB surface were identified using FTIR spectrometry
(FTIR Bio-Rad spectrometer, Berlin, Germany) (400–4000 cm−1; resolution of 4 cm−1, KBr
pellet technique)), and the surface morphology of the biosorbent was analyzed using
SEM images (SEM/EDAX Hitach S3000N (Tokyo, Japan), 20 kV). Before recording the
FTIR spectra and SEM images, the solid biosorbent samples were dried in air (22 ± 1 ◦C)
and homogenized. Others psysico-chemical characteristics of this biosorbent have been
previously reported [31].

2.5. Modeling of Experimental Data

The experimental isotherms were analyzed using the Langmuir, Freundlich and
Temkin models. The mathematical equations of these three models are [32,33]:

Langmuir model : q =
qmax × KL × c
1 + (KL × c)

(4)

Freundlich model : q = KF × c1/n (5)

Temkin model : q = B × ln(AT × c) (6)

where q is the biosorption capacity at equilibrium (mg/g), qmax is the maximum biosorption
capacity (mg/g), KL is the Langmuir constant (L/g), c is the equilibrium concentration
of metal ions (mg/L), KF is the Freundlich constant (L/g), n is the heterogeneity factor,
AT is the Temkin binding constant (L/g), and B is a constant correlated with the heat of
biosorption process (J/mol).

The kinetic models used to describe the experimental data were: the pseudo-first order
model (Equation (7)), the pseudo-second order model (Equation (8)) and the intra-particle
diffusion model (Equation (9)) [34,35].

qt = qe ×
(

1 − e−k1·t
)

(7)

qt =
k2 × q2

e ·t
1 + (k2 × qe·t)

(8)

qt = kdi f f . × t1/2 + c (9)

where qe, qt are the biosorption capacities at equilibrium and at different times (mg/g), k1
is the rate constant of the pseudo-first order model (1/min), k2 is the rate constant of the
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pseudo-second order (g/mg min), kdiff is the intra-particle diffusion rate constant (mg/g
min1/2), and c is the concentration of metal ions from solution at equilibrium (mg/L).

The model that best describes the experimental data was chosen based on the values
of the regression coefficients, calculated from ANOVA statistics.

3. Results and Discussion
3.1. Optimization of Biosorption Conditions

To reduce the number of experiments required to establish the optimal biosorption
conditions, response surface methodology was used, as described in a previous study [36].
The results obtained by response surface methodology (Table 2) have shown that the
biosorption of Pb(II) and Hg(II) ions occurs with the highest efficiency (R > 88%) at different
initial pH but at the same values of biosorbent dose, contact time and temperature.

Table 2. Optimal conditions for the biosorption of Pb(II) and Hg(II) ions onto RWB.

Pb(II) Hg(II)

Response surface
methodology

Metal ions concentration, mg/L 40.0 R = 88.12% 40.0 R = 90.47%
pH 6.69 3.79

Biosorbent dose, g/L 4.12 3.98
Contact time, min 180 180
Temperature, ◦C 25 25

Experimental
Metal ions concentration, mg/L 40.0 R = 92.06% 40.0 R = 97.64%

pH 6.5 4.0
Biosorbent dose, g/L 4.00 4.00

Contact time, min 180 180
Temperature, ◦C 25 25

The experimental verification of the theoretically obtained values for the biosorption
parameters confirms that the retention of Pb(II) and Hg(II) ions on RWB occurs quanti-
tatively (R > 92%) at a pH of 6.5 for Pb(II) and 4.0 for Hg(II), biosorbent dose of 4.0 g/L,
contact time 180 min and temperature 25 ◦C (Table 2). These conditions were considered
optimal and were used in subsequent experimental studies.

3.2. Evaluation of the Biosorption Efficiency

In these experimental conditions, established as optimal, the initial concentration of
Pb(II) and Hg(II) ions varied between 22 and 532 mg/L, and the values of biosorption
capacities (q, mg/g) and removal percents (R, %) are shown in Figure 1.

Figure 1 shows that increasing the initial concentration of metal ions causes an increase
in the biosorption parameters (q and R) over the entire studied concentration range for
both metal ions. Thus, the biosorption capacity increased from 1.70 to 55.55 mg/g in the
case of Pb(II) ions and from 1.05 to 50.03 mg/g in the case of Hg(II) ions, while the removal
percent increase from 77.06 to 92.83% for Pb(II) ions and from 24.45 to 99.43% for Hg(II)
ions (Figure 1).

The increase in biosorption parameters with the increase in the initial concentration of
metal ions shows that RWB has a sufficiently large number of functional groups that can
interact with metal ions from aqueous solution and that these functional groups are mostly
located on the surface of biosorbent, because they allow the quantitative biosorption of
Pb(II) and Hg(II) even at high initial concentrations.

In order to highlight the nature of the functional groups and the morphology of the
biosorbent surface, FTIR spectra and SEM images of RWB were recorded before and after
the biosorption of Pb(II) and Hg(II) ions from aqueous solution (Figure 2).
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Figure 2. FTIR spectra (a) and SEM images (b) recorded for RWB before (1) and after Pb(II) (2) and
Hg(II) (3) biosorption.

It can be seen from Figure 2a that RWB (spectra 1) has hydroxyl (3285 cm−1), carboxyl
(1744 cm−1), carbonyl (1652 cm−1), ether (1160 cm−1), etc., functional groups on its surface,
which can represent binding sites for Pb(II) and Hg(II) ions in aqueous solutions. Moreover,
these functional groups are placed on different geometric planes, taking into account the
morphological non-uniformity of the surface, easily observed in Figure 2b (image 1). These
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structural features are mainly determined by the cracking of vegetable cells due to the
solvent extraction stage and show that RWB has the potential to be used as a biosorbent for
the removal of metal ions from aqueous media.

On the other hand, it should be noted that, after the biosorption of metal ions, neither
the morphology (Figure 2b, images 2 and 3) nor the absorption bands from the FTIR
spectra (Figure 2a, spectra 2 and 3) change significantly. This means that the retention
of Pb(II) and Hg(II) ions on the RWB surface occurs predominantly through electrostatic
(ion-exchange type) interactions, without forming new chemical bonds. The retention
of metal ions by such electrostatic interactions indicates that the biosorption process is
reversible and will occur until an equilibrium state is reached. This observation has two
important consequences from a practical point of view.

The first is related to the fact that the retention of metal ions on RWB will take
place much more efficiently at high initial concentrations of metal ions than at low initial
concentrations. This is evident from the data presented in Figure 1, where it can be seen that,
at the lowest value of the initial concentration (22 mg/L), the removal percents are 77.06%
for Pb(II) and 24.45% for Hg(II), while at the higher value of initial concentration of metal
ions (532 mg/L), the removal percents exceed 92% (92.83% for Pb(II) and 99.43% for Hg(II)).
Therefore, the use of RWB as a biosorbent allows the reduction, even significantly, of the
concentration of Pb(II) and Hg(II) ions in aqueous media but not their complete removal
precisely due to reaching the equilibrium state. The concentration of metal ions present in
the aqueous solution at the end of the biosorption process (cf, mg/L) increases with the
increase of the initial concentration of metal ions (c0, mg/L) (Figure 3), and these values
exceed the maximum permissible limits [37] throughout the studied concentration range.
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The second consequence is related to the reversibility of these biosorption processes.
The retention of Pb(II) and Hg(II) ions onto RWB predominantly through ion exchange
interactions makes their desorption take place with maximum efficiency in the presence
of concentrated mineral acid solutions. This is why the desorption of Pb(II) and Hg(II)
ions retained on RWB was carried out with HNO3 solutions of different concentrations
(10−4–1 mol/L), and the obtained results are illustrated in Figure 4.

As can be seen from Figure 4, desorption of Pb(II) and Hg(II) ions retained on RWB
occurs quantitatively (over 96%) in the presence of HNO3 solutions with a concentration
higher than 0.1 mol/L. Under these conditions, 10 mL of HNO3 solutions (0.1 mol/L) is
sufficient to release the retained metal ions from 0.05 g of loaded-RWB, thus ensuring the
recovery of retained Pb(II) and Hg(II) ions. In addition, since the desorption of metal ions
takes place in strong acid media (HNO3 solution, 0.1 mol/L, pH = 1.008), they will be
found as free divalent ions in the desorption solution, being able to be reintroduced into
the technological circuit.

On the other hand, due to the quantitative desorption of Pb(II) and Hg(II) ions on
loaded-RWB, this biosorbent can be used in several biosorption/desorption cycles. In
addition, the chemical oxygen demand (COO, mg O2/L) [37] determined for the aque-
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ous solution before and after desorption does not vary significantly (7.41%, from 81.06 to
87.07 mg O2/L), suggesting that no constituents are released from the biosorbent during
the desorption step. Therefore, at least theoretically, RWB can be used in 26 biosorp-
tion/desorption cycles before its biosorption capacity drops to half.
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Figure 4. Desorption efficiency of Pb(II) and Hg(II) ions retained on RWB biosorbent.

All these observations (quantitative retention of Pb(II) and Hg(II) ions from aqueous
media, quantitative recovery of retained metal ions by desorption in acid media, but also
the relatively large number of cycles of use) are arguments in favor of using RWB as a
biosorbent for significantly reducing the concentration of metal ions in industrial effluents.
In this way, the valorization of this waste biomass can be achieved, as well as the recovery
of Pb(II) and Hg(II) ions that can be reused in technological processes. Both aspects are in
accordance with the principles of the circular economy.

3.3. Modelling of Biosorption Isotherms

The modelling of biosorption isotherms is a useful tool that can be used to evaluate the
efficiency of the studied biosorption processes. In this study, the experimental isotherms
were modelled using Langmuir, Freundlich and Temkin models. The linear representation
of the isotherm models are presented in Figure 5, and the isotherm parameters calculated
for the biosorption of Pb(II) and Hg(II) ions onto RWB are summarized in Table 3.

Table 3. Isotherm parameters for the biosorption of Pb(II) and Hg(II) ions on RWB biosorbent.

Isotherm Parameter Pb(II) Hg(II)

Langmuir model
R2 0.9124 0.8613

qmax, mg/g 61.97 51.32
KL, L/mg 0.0839 0.0659

Freundlich model
R2 0.9976 0.9772
n 2.12 4.58

KF, L1/n/g·mg1/(n−1) 4.8707 4.0682

Temkin model
R2 0.9289 0.9492

AT, L/g 0.1310 0.0371
B, J/mol 31.18 14.97

The values of the regression coefficients (R2) of the linear representations from Figure 5
shows that equilibrium data for the biosorption of Pb(II) and Hg(II) ions on RWB are
best described by the Freundlich model compared to the Langmuir and Temkin models,
although there are no significant differences (R2 values are close to 0.9 in all cases). This
does not mean that the biosorption of Pb(II) and Hg(II) ions takes place in multiple layers,
but rather that the metal ions are retained on a heterogeneous surface, where the superficial
functional groups are found in different geometric planes. The heterogeneity of the RWB
surface was proven by SEM images (Figure 2b) and is mainly determined by the solvent
extraction stage, when the cell walls of the rapeseed biomass are cracked. In these cracks,
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new functional groups appear that can interact with metal ions from aqueous solution.
Moreover, due to the large dimensions of these cracks, the newly formed functional groups
are located on the RWB surface, even if they are found on different geometric levels.
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Figure 5. Linear representations of Langmuir model (a), Freundlich model (b) and Temkin model
(c) for the biosorption of Pb(II) and Hg(II) ions onto RWB.

Analyzing the values of the parameters from Table 3, it can be observed that:

(i) the retention of Pb(II) and Hg(II) ions on RWB is a favorable process event at high
initial concentrations of metal ions because the values of the Freundlich parameters
(n) are greater than unity;

(ii) the maximum biosorption capacities calculated from the Langmuir model (qmax,
mg/g) have values close to those obtained experimentally for both metal ions
(55.55 mg/g for Pb(II) and 50.03 mg/g for Hg(II)). In addition, the close values
of qmax for the two ions show that the biosorption efficiency depends mainly on their
charge and ionic radius. When these parameters have close values (as in the case
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of Pb(II) and Hg(II) ions), the efficiency of the biosorption processes does not differ
much (92.83% for Pb(II) and 94.80% for Hg(II));

(iii) the relatively small values of the heat of biosorption calculated from the Temkin model
support the hypothesis that the biosorption of Pb(II) and Hg(II) ions on RWB take
place predominantly through electrostatic interactions.

Therefore, the modelling of the equilibrium data obtained for the retention of Pb(II)
and Hg(II) ions on RWB indicates that, in the biosorption mechanism, an important role
is played by the electrostatic interactions between positively charged metal ions and
negatively charged functional groups of the biosorbent. Even if these functional groups are
found in different geometric planes, they can interact with the metal ions until monolayer
coverage is formed, after which the biosorption process reaches equilibrium.

3.4. Modelling of Kinetic Data

Kinetic modelling is important for establishing the rate-controlling step of the biosorp-
tion process, because it is known that the retention of metal ions usually involves several
successive elementary steps [38,39]. Therefore, kinetic modelling is necessary to highlight
the involvement of physical or chemical elementary steps in the mechanism of biosorption
process. In this study, the experimental data were analyzed using pseudo-first order model,
pseudo-second order model and intra-particle diffusion model (Equations (7)–(9)). The
linear representations of each model are illustrated in Figure 6, while the kinetic parameters
are summarized in Table 4.

Table 4. Kinetic parameters for the biosorption of Pb(II) and Hg(II) on RWB biosorbent.

Kinetic Parameter Pb(II) Hg(II)

qe,exp, mg/g 3.3369 4.8479

Pseudo-first order
R2 0.8641 0.9669

qe,calc mg/g 0.0029 0.0021
k1, 1/min 0.0032 0.0115

Pseudo-second order
R2 0.9969 0.9999

qe,calc mg/g 3.3189 4.8923
k2, g/mg min 0.0772 0.0979

Intra-particle
diffusion model

R2 0.9070 0.8764
c, mg/L 2.5685 3.9955

kdiff, mg/g min1/2 0.0531 0.0720

The high values of the regression coefficients (R2 > 0.99) and the closeness between
the experimental and calculated biosorption capacities indicate that the kinetics of the
biosorption processes of Pb(II) and Hg(II) ions on RWB is best described by the pseudo-
second order kinetic model. Therefore, the retention of these metal ions involves chemical
(most likely electrostatic) interactions, for which two active centers (functional groups)
located in favorable geometrical positions are required [40]. This is easy to achieve in the
case of the RWB biosorbent due to its heterogeneous surface (Figure 2b). This hypothesis is
also supported by the linear representations of the intra-particle diffusion model (Figure 5c).
Unlike most biosorption processes, in this case the dependencies qt vs. t1/2 are made up
of a single region, for both metal ions. This single region of the dependencies illustrated
in Figure 5c shows that the metal ions diffuse from the bulk solution to the vicinity of
the biosorbent particles [41], where they bind to the functional groups without having to
penetrate inside their pores. This is due, on the one hand, to the fact that RWB surface has
large cracks due to the extraction step, and, on the other hand, Pb(II) and Hg(II) ions gave
large volumes (ionic radius is 146 nm for Pb(II) and 132 nm for Hg(II)) [41], and once bound,
they block the access of other metal ions from the solution to the interior of smaller pores.
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(b) and intra-particle diffusion model (c) for the biosorption of Pb(II) and Hg(II) ions onto RWB.

In addition, it should be noted that both dependencies do not pass through the origin;
therefore, the elementary diffusion processes do not represent the rate-controlling step [42]
in the kinetics of the studied biosorption processes.

The differences between the kinetic parameters of Pb(II) and Hg(II) are mainly due to
the geometric dimensions of these ions. Thus, Hg(II) ions, which have a smaller volume,
are retained in a larger quantity and with a higher rate on RWB, compared with Pb(II) ions
(Table 4).

3.5. Mechanism of Pb(II) and Hg(II) Ions Biosoprtion on RWB

The experimental results discussed in the previous sections showed that:
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(i) the retention of Pb(II) and Hg(II) ions takes place on the RWB surface until a monolayer
coverage is formed. Due to the high degree of heterogeneity of the biosorbent surface,
the Freundlich model better describes the experimental data (Table 3);

(ii) the retention of Pb(II) and Hg(II) ions follows the pseudo-second order kinetic model,
which implies the existence of some chemical interactions (most likely of an elec-
trostatic nature) between metal ions and the superficial functional groups of the
biosorbent. Each metal ion needs two functional groups to be retained, and these
must be found in appropriate geometric positions for the biosorption process to take
place (see Table 4);

(iii) the retained metal ions are easily released in the presence of HNO3, and the effi-
ciency of desorption process is higher the higher the concentration of HNO3 used as
desorption agent (see Figure 4);

(iv) the FTIR spectra of the biosorbent change very little after the retention of Pb(II) and
Hg(II) ions, therefore the possibility is excluded that biosorption takes place through
precipitation, reduction or complexation (see Figure 2a). The most important shifts
of the maxima of the absorption bands are those corresponding to hydroxyl groups
(3285 cm−1) and C=O groups (1711 cm−1), which suggest that these groups are mainly
involved in the retention of metal ions.

Consequently, the biosorption of Pb(II) and Hg(II) ions on RWB through the ion
exchange mechanism is a viable alternative that can explain the experimental data. The
schematic illustration of the elementary steps involved in the biosorption of Pb(II) and
Hg(II) ions on RWB is presented in Figure 7.
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Based on these observations, the biosorption of Pb(II) and Hg(II) ions on RWB involves
the following steps: (1) metal ions reach the surface of the biosorbent from the mass of the
solution by diffusion; (2) there are numerous hydroxyl and C=O groups on the surface
of the biosorbent due to the cracking of the vegetable cell walls (extraction step); (3) the
hydroxyl groups interact first with the metal ions in the solution (due to the preference
of these metal ions for ligands with oxygen and high electron density). The intermediate
complex thus formed tends to stabilize (and obtain a square-planar configuration) by an
additional interaction with the lone pair of electrons from the oxygen atom (most likely
from a planar C=O group). Following these interactions, protons are released, and the final
pH of the aqueous solution (measured at the end of biosorption) decreases (from 6.5 to
5.83 in the case of Pb(II) and from 4.0 to 3.49 in the case of Hg(II)). Since most of these
between the metal ions in the aqueous solution and the superficial functional groups are
predominantly electrostatic, the formed complexes have a rather low stability. Therefore,
when the loaded-biosorbent is treated with HNO3 solution, the desorption of the metal
ions occurs easily. All of these observations demonstrate that RWB behaves as a typical
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biosorbent and can represent an alternative for the removal of toxic metal ions, which is in
accordance with the principles of the circular economy.

3.6. Comparison of RWB Performances with Other Biosorbents

Although comparing the efficiency of different biosorbents for a given metal ion is
difficult, due to different working conditions, this can still be done using the maximum
biosorption capacity (qmax, mg/g), calculated from the Langmuir model. In Table 5 are
summarized the values of this parameter for various biosorbents used in the literature for
the removal of Pb(II) and Hg(II) ions, including the results obtained in this study.

Table 5. Maximum biosorption capacities (mg/g) of various biosorbents for Pb(II) and Hg(II) ions.

Biosorbent Pb(II) Hg(II) Reference

Chlorella vulgaris - 42.10 [43]
Phaseolus aureus hulls 21.80 - [44]

Fruit peel waste 2.18 19.01 [45,46]
Potato starch phosphate 106.52 51.38 [47]

Leaves of date tree 58.83 - [48]
Rape straw 253.2 - [49]

Peanut shells 27.03 1.90 [20]
Biochar from wood wastes 24.00 202.00 [20]

RWB 61.97 51.32 In this study

Table 5 demonstrates that the biosorptive performances of RWB for Pb(II) and Hg(II)
ions are comparable to the values obtained for other biomasses under similar experimental
conditions. Therefore, RWB can be used as a biosorbent and can represent an alternative
for the removal of toxic metal ions from aqueous media.

4. Conclusions

Due to the extensive use in the biofuels industry, rapeseeds waste (RWB) can represent
a problem for the environment, and therefore solutions must be found for their valorization.
In this study, this waste was used as biosorbent for the removal of toxic metal ions (Pb(II)
and Hg(II)) from aqueous media. Experimental conditions established by response surface
methodology (pH = 6.5 for Pb(II) and 4.0 for Hg(II); biosorbent dosage = 4.0 g/L; contact
time = 3 h; temperature = 25 ± 1 ◦C) were considered optimal because they ensure the
removal of more than 92% of the initial concentration of each metal ion. The modelling of
the experimental data shows that, although maximum biosorption capacities are different
(higher in the case of Pb(II) (61.97 mg/g) than in the case of Hg(II) (51.32 mg/g)), the
pseudo-second order kinetic constants have the same order of magnitude. This indicates
that the retention of both metal ions involves similar elementary steps and that RWB
behaves as a typical biosorbent. Moreover, the detailed analysis of the experimental results
shows that RWB allows the quantitative retention of Pb(II) and Hg(II) ions from aqueous
media and the quantitative recovery of retained metal ions by desorption in acid media
but also that it can be used in a relatively large number of biosorption/desorption cycles.
The removal of Pb(II) and Hg(II) ions from aqueous media on RWB by a predominant ion
exchange mechanism opens new perspectives for the use of this biosorbent and for the
retention of other metal ions. Therefore, the use of RWB as a biosorbent to significantly
reduce the concentration of metal ions in industrial effluents is a viable alternative that can
be used on a large scale. In this way, the valorization of this waste biomass can be realized,
but also the recovery of retained metal ions (Pb(II) and Hg(II) ions, in this case) that can
be reused in technological processes. Both aspects are consistent with the principles of the
circular economy.
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