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Abstract: Tagua shell is a material generated in the handcrafted jewelry industry, which is discarded
since it does not have a specific use. The present study evaluates this material as an adsorbent for the
removal of lead (II) in aqueous media. The adsorbent was characterized through the point of zero
charge technique, X-ray microanalysis, scanning electron microscopy, and Fourier-transform infrared
spectroscopy. Tests were carried out in a static system using a lead (II) solution of 100 mg·L−1 to
establish the process conditions, setting a pH of 5, an adsorbent dose of 1.8 g/100 mL, and a contact
time of 60 min. The kinetic study performed showed that the experimental data had a better fit
with the pseudo-second order model. The experimental equilibrium data were correlated using
the Langmuir, Freundlich, Toth, Redlich–Peterson, and Sips models, of which the Langmuir and
Sips models proved to be the best to represent the adsorption process due to the high coefficient
of determination they presented at the different temperatures, being between 0.9629–0.9899 and
0.9819–0.9900, respectively. The maximum amount of lead adsorbed was 22.0348 mg·g−1 at a tem-
perature of 298 K. Finally, the thermodynamics study indicated that the process is endothermic,
spontaneous, and thermodynamically stable.

Keywords: adsorption; equilibrium; kinetics; lead; tagua shell; thermodynamics

1. Introduction

Water pollution is one of the most important environmental problems nowadays.
This pollution has been caused by the increase in toxic substances coming mostly from
untreated industrial effluent discharges. An example of this substance is lead (Pb), a heavy
metal that, due to its nonbiodegradable nature, tends to accumulate in the ecosystem,
generating an imbalance in the trophic chain and affecting human health [1]. According
to the Environmental Protection Agency (EPA) and World Health Organization (WHO),
the entry of Pb into the body either by ingestion, inhalation, or through the skin, can
lead to serious problems, such as a lower intelligence quotient, hyperactivity, anemia,
encephalopathy, miscarriages, cardiovascular problems, and decreased renal function [2–4].
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The removal of lead and other heavy metals in water is performed by conventional
methods, such as chemical precipitation, ion exchange, and reverse osmosis. These methods
can be costly due to the technology used, and, in addition, they can generate other types
of contaminants, such as sludge. Adsorption and especially the use of new adsorbents
that do not require physical or chemical treatment for their use become a viable alternative
for the treatment of heavy metals such as lead [1]. Adsorption is a separation process
in which certain components present in a fluid are transferred to the surface of a porous
solid material called an adsorbent [5]. When materials of biological origin are used as
adsorbents, such as microorganisms (e.g., fungi and algae) and plant residue, it is known as
biosorption [6]. A wide variety of materials of biological origin have been used to remove
lead in aqueous solutions, for example, cocoa residues [7], Eichhornia crassipes [8], pineapple
leaf fiber [9], and tomato waste and apple juice residue [10]. Tagua is a seed enveloped by a
brown-colored coat. It comes from the Phytelephas aequatorialis palm commonly found in
the west of Ecuador. The nanocellulose of this seed has been employed in the removal of
heavy metals, such as cobalt, copper, and silver, being for the latter metal where a higher
percentage of removal was achieved (>98%) [11]. However, there are no reports in the
literature where tagua shell (TSH) has been used as an adsorbent for contaminants of
any nature.

For this reason, the aim of the present study is the evaluation for the first time of
TSH as an adsorbent material for the removal of Pb(II) in aqueous media. For this pur-
pose, the adsorption mechanism is specifically analyzed through kinetic, equilibrium, and
thermodynamic studies.

2. Materials and Methods
2.1. Adsorbent and Adsorbate

TSH was obtained in the community of Sosote, Manabí, Ecuador. TSH was tritu-
rated, sieved, and washed with abundant distilled water and dried in an oven (Memmert,
Buechenbach, Germany) at 105 ◦C until a constant weight was obtained. PbNO3 (ob-
tained from Merk ≥ 99.5%) was used to prepare solutions of 20, 40, 60, 80, 100, 120, and
140 mg·L−1 of Pb(II). These solutions were prepared daily and stored at room temperature
in amber glass vials. Concentrations were quantified using Inductively Coupled Plasma
Optical Emission Spectroscopy (ICP-OES) instrument (Thermo Scientific ICap 6500 series
inductively coupled plasma optical emission spectrometer) following the analytical stan-
dards detailed in “Standard Methods for the Analysis of Water and Wastewater” for Pb(II)
detection [12]. All experiments were conducted in triplicate to ensure the reliability of
the results.

2.2. Characterization

The point of zero charge (pHpzc) of TSH was determined by analyzing the variation
in pH (2–11) of 25 mL of distilled water in contact with 0.1 g of adsorbent for 24 h at
300 rpm [13]. The pH was quantified using a Benchtop Fisher Scientific accumet AB150 pH
meter. TSH surface morphology was determined through Scanning Electron Microscopy
(SEM) and X-ray microanalysis (SEM/EDX) on a high resolution Scanning Electron Mi-
croscope (Schottky), with X-ray microanalysis and Electron Diffraction Pattern Analysis
Retrodispersed: Quanta 400FEG ESEM/EDAX Genesis X4M. The specific surface area was
calculated from the N2 adsorption/desorption isotherms by using a surface area analyzer
(Nova Station Quantachrome) and applying the Brunauer–Emmett–Teller (BET) equa-
tion [14]. The IR spectra of TSH before and after adsorption were performed in a NICOLET
iS5 THERMO SCIENTIFIC Spectrometer, with a fast recovery deuterated triglycine sulfate
detector (DTGS) and an optimized KBr/Ge medium infrared beam splitter. Spectra were
obtained in the range of 4000 to 600 cm−1.
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2.3. Experimental Conditions of the Adsorption Process

The effect of the initial pH of the medium was studied using the HYDRA program
developed by Ignasi Puigdomenech (2004) of the Division of Inorganic Chemistry, Royal
Institute of Technology, Sweden. The diagrams were obtained with the lowest and highest
concentration values of the metal species used. It is important to note that these diagrams
were made considering only the properties of the aqueous solutions (concentration, pH,
and ionic strength), without any consideration of the influence of the properties (shape,
charge, mass, etc.) of the TSH used as adsorbent material.

The experimental adsorption tests were carried out in a static system, using an orbital
shaker (New Brunswick Excella E24/E24R) with temperature control, in 250 mL flasks, with
100 mL of Pb(II) solution at 298 ± 1 K. All processed samples were filtered with Whatman
quantitative filter paper (ashless, grade 589/3 blue ribbon). The adsorbent effect of the filter
paper was analyzed, for which it showed nonsignificant differences < 1%. All tests were
performed in triplicate with a variation of less than 5%. The adsorption capacity and the
percentage of removal were obtained using Equations (1) and (2)

qe =
(Co − Ce)V

w
(1)

%R =
(Co − Ct)

Co
× 100 (2)

where qe (mg·g−1) is the adsorption capacity of the adsorbate-adsorbent system, Co (mg·L−1)
is the initial adsorbate concentration, Ce (mg·L−1) is the adsorbate concentration at equi-
librium, V (mL) is the solution volume, and w (mg) is the mass of adsorbent. R is the
percentage removal rate.

The adsorbent dose, effect of contact time, initial concentration, and temperature were
evaluated in batch adsorption experiments. All experiments were performed by stirring
100 mL of Pb(II) solution at the required concentration with a dose of TSH in a 250 mL
Erlenmeyer flask with stirring at a constant speed of 300 rpm. This shaking speed of
300 rpm was decided based on preliminary tests and published literature [15–17].

The effect of adsorbent dose (w) was studied by shaking a 100 mg·L−1 Pb(II) solution
with different doses of TSH, ranging from 0.2 to 3.0 g per 300 min, at 298 K and pH 5.

The effect of contact time was performed with a solution of 100 mg·L−1 of Pb(II)
applying the optimal w of TSH, 298 K, and pH 5, taking aliquots at times of 1, 3, 5, 10, 15,
20, 30, 40, 60, and 120 min.

The initial concentrations tested for the Pb(II) equilibrium study were in the range of
20 to 140 mg·L−1, at a time of 60 min, 298 K, and pH 5.

2.4. Adsorption Kinetics and Equilibrium

The kinetic and equilibrium parameters were determined by employing nonlinear
fitting methods using the Statistica 10.0 software.

The kinetic models of pseudo-first order, pseudo-second order, Elovich, Bangham, and
Weber–Morris intraparticle diffusion were applied to interpret the kinetic data.

The pseudo-first order model is represented by the Lagergren equation (Equation (3)),
where qe and qt are the amount of lead adsorbed at equilibrium and at time t (mg·g−1),
respectively, and k1 (min−1) is the adsorption rate constant [17].

log10

(
qe − qt

qe

)
=

−k1

2.303
t (3)

The pseudo-second order kinetic model is also based on the adsorption capacity of
the solid phase and shows the behavior of the process along the contact time phase. It is



Sustainability 2022, 14, 1309 4 of 16

represented by Equation (4), where K2 is the adsorption rate constant (g·mg−1·min−1), and
qe and qt (mg·g−1) are the amount of lead adsorbed at equilibrium and at time t (min) [17].

qt =
tK2q2

e
1 + tK2qe

(4)

The Bangham kinetic model can be used to verify if pore diffusion is the only rate-
controlling step in the adsorption system employing this equation (Equation (5)), where
KB (mg·g−1·s-α) and αB (<1) are the empirical constants of the equation, and qt (mg·g−1)
is the amount of adsorbate retained per unit adsorbent. If the experimental data can be
represented by the equation, the adsorption kinetics can be limited by diffusion in the
adsorbent pores [17,18].

qt = KB ∗ taB (5)

For the Elovich model (Equation (6)), α (mg·g−1·min−1) and β (g·mg−1) are Elovich
constants obtained from the slope and the intercept of the linear plot of qt vs. Lnt. This
model assumes that the active sites of the bioadsorbent are heterogeneous and thus exhibit
different activation energies, based on a second-order reaction mechanism [19].

qt =
1
β
∗ Ln(α ∗ β) +

1
β
∗ Lnt (6)

The Weber–Morris model is used to determine if the limiting step of the adsorption
process occurs by intraparticle diffusion. Plotting the adsorption capacity of the adsorbent
versus the square root of time, a straight line through the origin of the plane should be
obtained. In Equation (7), Kdif (mg·g−1·min−0.5) is the Weber–Morris kinetic constant, and
C is the constant related to the boundary layer. The authors have added this factor to
provide an accurate representation of the possible difference in regression at the origin of
the graph [17].

qt = kdi f t0.5 + C (7)

On the other hand, for the equilibrium study, the Langmuir, Freundlich, Toth, Redlich–
Peterson, and Sips models were applied.

In the Langmuir model (Equation (8)), qmax (mg·g−1) is the maximum amount of
adsorbate per unit weight of adsorbent required to form a complete monolayer on the
surface at high Ce, and KL (L·mg−1) is determined by graphing Ce/qe vs. Ce [17].

qe =
KLqmaxCe

1 + KLCe
(8)

With respect to the Freundlich model (Equation (9)), KF and n are the constants (KF is
(mg·g−1).(L·mg−1)1/n, and n is dimensionless) [17].

qe = KFCe
1/n (9)

The Redlich–Peterson model, due to its versatility, allows the representation of an
equilibrium adsorption system for a wide range of concentrations and can be applied for
both homogeneous and heterogeneous adsorption processes. The nonlinear equation of
this model is represented by Equation (10), where qe (mg·g−1) is the adsorption capacity at
equilibrium, Ce (mg·L−1) is the concentration of solute present in the solution at equilibrium;
KRP (L·g−1), αRP (L·mg−1), and g are Redlich–Peterson parameters.

qe =
KRPCe

1 + aRPCe
g (10)

The constant g (0 ≤ g ≥ 1) can characterize an isotherm. If g is close to 1, the isotherm
is closer to the Langmuir isotherm, whereas if g is close to 0, the isotherm is closer to the
Freundlich isotherm [20].
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In the Toth model (Equation (11)), KT (mg·g−1) and αT (L·mg−1) are adsorption
constants. z is a component that describes the degree of heterogeneity of the adsorption
systems [20].

qe =
KT ∗ Ce

[αT + Cz
e ]

1
z

(11)

In the Sips model (Equation (12)), qms (mg·g−1) is the maximum amount of adsorbate
adsorbed, Ce (mg·L−1) is the concentration of the aqueous phase at equilibrium, and
Ks (L·mg−1) and ns are Sips constant [20].

qe =
qmsKsCe

ns

1 + KsCns
e

(12)

2.5. Adsorption Thermodynamics

The effect of temperature on the adsorption process was determined at temperatures of
288, 298, 308, and 318 K. The experiments were carried out using 100 mL of Pb(II) solution
at different initial concentrations between 20 and 140 mg·L−1, at pH 5, w appropriate,
for 60 min at 300 rpm. The thermodynamic parameters, Gibbs free energy (∆G◦) was
calculated following Van ’t Hoff equation (Equation (13)), where Kc is the constant obtained
by multiplying the equilibrium constant by 55.5 and by 1000, and R is the gas constant
(8.314 J·mol−1·K−1). The adsorption enthalpy (∆H◦) and adsorption entropy (∆S◦) were
calculated by employing the adsorption data at different temperatures using Equation (14).
The magnitude of ∆H◦ and ∆S◦ was calculated by the slope and the intersection of the lnKc
vs. 1/T graph [17].

∆G
◦
= −RTln(Kc) (13)

ln(Kc) =
∆S
R

− ∆H
RT

(14)

3. Results and Discussion
3.1. TSH Characterization

The pHpzc has an important significance in adsorption processes, which indicates
how the surface charge of the adsorbent is dependent on the pH of the solution. The pHpzc
of TSH was measured by employing the pH drift method, as developed by Xie et al. [21].
Figure 1 shows the curves of the final pH of TSH vs. the initial pH and the initial pH
(x axis) = final pH (y axis).
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The interception with the function y = x is considered to be the pHpzc, which is seven.
In this context, the following can be explained:

1. The surface charge is positive when the pH of the solution is below seven, which
favors anion adsorption;

2. The surface charge is negative when the solution pH is above seven, which favors
cation adsorption, and;

3. The net charge of the adsorbents is zero when the pH is close to pHpzc.

However, in this study, according to the effect of the solution pH on metal speciation
(next section), the adsorption of Pb2+ cation as a function of pHpzc is not related. In this
context, it is considered that other interactions may be stronger than the electrostatic forces
alone so that the effect of surface charge is not so important. However, a cation often forms
complexes with ligands, which are possibly negatively charged. In such a case, the cation
is a negative complex, which can adsorb very well on a positively charged surface [22].

The adsorbent morphology was determined through the study of the micrograph
(Figure 2a,e) obtained from SEM analysis. Irregular and rectangular fragments were
observed, in the form of a skeletal structure, with the presence of linear fibers with pore-
shaped holes. Positive energy spectrograms with X-ray microanalysis (EDX), obtained
from SEM micrographs, show that TSH has regions with a high presence of C (darker
fragments (Figure 2b; Z1)) and high proportions of Si and O (Figure 2c,d; Z2 and Z3). The
high presence of Si in TSH is due to the high abundance of this mineral in the earth’s crust,
which is absorbed by plants and distributed mainly in the fruit peel. The C content is
mainly due to the organic constitution of the plant with the presence of lignin, cellulose,
and hemicellulose. In addition, the presence of various functional groups that have an
affinity for metal complexation can be related, in many cases, in a nonselective manner,
which favors Pb2+ adsorption. For this reason, the presence of Pb2+ on the adsorbent
after adsorption was verified by EDX (Figure 2f; Z6). This behavior has been reported by
different investigations using spectroscopic techniques that facilitate the complexation of
metals [23].

The BET adsorption/desorption isotherms (Figure 3a) obtained by nitrogen physisorp-
tion showed a behavior corresponding to type IV, according to Brunauer’s classification [24],
typical of mesoporous materials. The high surface area determined, with a value of
100.58 m2·g−1, is due to the high content of organic matter present in TSH.

On the other hand, the FTIR spectra of TSH and TSH-Pb(II) are shown in Figure 3b.
For this, the functional groups interacting in the adsorption were recognized. The FTIR
revealed a band between 3000 and 3700 cm−1, indicating the presence of hydrogen-bonded
free OH groups and Si–OH groups on the surface of the adsorbent. After adsorption, this
band showed a small stretching, related to the stretching of the OH band of the Si–OH
group and the water adsorbed on the surface [25]. The peaks at 2920 and 2851 cm−1

were related to the stretching of the OH groups attached to methyl radicals. The peak at
2360 cm−1 was associated with the stretching of the –OH or C=O group of carboxylic acid.
Then in TSH-Pb(II), this peak disappeared, showing the possible interaction of these groups
with Pb(II). The peak at 1633 cm−1 in TSH confirmed the stretching of (–CO). However, it
decreased at TSH-Pb(II), revealing the complex nature of the adsorption [26]. Finally, the
stretching of the band at 1024 cm−1 could be assigned to the C–O of alcohols and carboxylic
acids associated with the charge with the metal.

3.2. Effect of pH in Solution

Figure 4 shows the distribution diagram of lead in solution as a function of the pH for
the concentration ranges studied (20−140 mg·L−1). It can be observed that for a pH lower
than 6.1 the Pb2+ species remained constant. From pH 6.1 (lower concentration) and pH 5.7
(higher concentration), it can be observed that lead begins to precipitate forming Pb(OH)2;
this suggests that the process should be carried out at a pH lower than 5.7 to avoid the
coexistence of two phenomena: adsorption and precipitation. This can be corroborated by
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several other lead biosorption studies where results were obtained at a pH between 4 and
5.5 [27–29]. Based on the above, it was decided to use a pH of 5 for the following tests.
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3.3. Adsorbent Dose

Upon analyzing the adsorption capacity as a function of adsorbent dose (w) (Figure 5),
in the range between 0.2 and 0.8 g/100 mL, there is a marked decrease in adsorption
capacity, which subsequently remains constant. In numerical terms, 0.2 g/100 mL would
indicate that this is the appropriate dose since it represents the highest adsorption capacity
among the doses used. However, this represents an error of analysis due to the fact that
Equation (1) contains w as the denominator, and when values < 1 are applied, the results
will be higher [16]. This behavior can be corroborated by analyzing the R(%) curve, where
it is clearly shown that the removal of Pb(II) is directly proportional to the increase in the
dose used. Starting at 1.8 g of adsorbent, adsorbate removal did not vary significantly
concerning higher amounts of biomass, which is why this amount was considered the
appropriate dose for the following tests.
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Co = 100 mg·L−1).

3.4. Contact Time

Figure 6 shows how lead removal increases as time passes. In the first 15 min of
contact, adsorption occurred rapidly, removing about 90% of the lead. From this point on,
the process occurred slowly until it reached equilibrium after 60 min, removing up to 96%
of the metal.
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3.5. Adsorption Kinetics

The kinetic models used were the pseudo-first order, pseudo-second order, Elovich,
Bangham, and intraparticle diffusion models. The parameters and fits of the kinetic models
used are shown in Table 1 and Figure 7. The choice of the model that best fit the experimen-
tal data was made using the coefficient of determination (R2) and the chi-square (X2).

Table 1. Kinetic parameters of the pseudo-first order, pseudo-second order, Elovich, Bangham, and
intraparticle diffusion models at a concentration of 20, 60, and 100 mg·L−1.

Parameters
Co (mg·L−1)

20 60 100

qe,exp 0.9594 ± 0.0672 2.9022 ± 0.1265 5.2000 ± 0.1875
Pseudo-first order

qe,cal (mg·g−1) 0.9211 2.7081 4.9353
k1 (min−1) 0.6333 0.6298 0.6743

R2 0.6075 0.7088 0.7915
X2 0.1136 0.2420 0.2775

Pseudo-second order
qe,cal (mg·g−1) 0.9687 2.8524 5.1885

k2 (g·mg−1·min−1) 1.1176 0.3687 0.2171
R2 0.8620 0.9320 0.9736
X2 0.0369 0.0547 0.0362

Elovich
β (g·mg−1) 11.0310 3.6203 2.0958

α (mg·g−1·min−1) 83.1308 179.1824 530.8156
R2 0.8423 0.9164 0.8904
X2 0.0333 0.0533 0.1223

Bangham
KB (mg·g−1·s–α) 0.6491 1.8813 3.5107

αB 0.1021 0.1066 0.0997
R2 0.7982 0.8724 0.8402
X2 0.0438 0.0848 0.1831

Intraparticle diffusion
Kdif1 (mg·g−1·min–0.5) 0.1198 0.4419 0.7950

C1 0.4683 1.2320 2.3217
R2

1 0.9681 0.9967 0.9351
Kdif2 (mg·g−1·min−0.5) 0.0180 0.0528 0.1231

C2 0.8832 2.4670 4.4025
R2

2 0.6388 0.3060 0.9630
Kdif3 (mg·g−1·min–0.5) 0.0095 0.0231 0.0189

C3 0.8728 2.6754 5.0231
R2

3 0.8020 0.6263 0.7359
X2 0.0021 0.0051 0.0279

The pseudo-first order, Elovich, and Bangham models presented an R2 value of 0.7915,
0.8904, and 0.8402 respectively, which were less than 0.9. Likewise, they presented a high
X2 value compared to the pseudo-second order model. Therefore, the pseudo-second order
model was the best fit to the experimental data, presenting an R2 of 0.9736. The fit to this
model suggests that the removal mechanism is by chemisorption which implies the forma-
tion of chemical bonds between the adsorbate molecules and the adsorbent surface [30].
These results agree with studies conducted by Jeyakumar and Chandrasekaran [28] and
Qaiser et al. [31], who used marine green algae and Ficus religiosa leaves, respectively, for
the removal of lead ions and whose data were fit to the pseudo-second order model.
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Figure 7. Pseudo-first order, pseudo-second order, Bangham, and Elovich kinetic models fitted to
experimental data (w = 1.8 g and V = 100 mL) for different initial concentrations: (a) 20 mg·L−1,
(b) 60 mg·L−1, and (c) 100 mg·L−1.

To obtain a better interpretation of the adsorption mechanism of the process, the
Weber–Morris intraparticle diffusion model was used. The graphical representation of this
model (qt vs. t0.5) is given by three stages with a linear relationship and establishes that
if any of these stages passes or is projected toward the origin of the graph, intraparticle
diffusion will be the limiting stage of the process. However, if none of the stages meets this
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condition or if there is multilinearity in the experimental data, the adsorption process can
be controlled by several steps or a combination of them [17].

Figure 8 shows that all the stages behave in a linear way, and none passes through
the origin, which means that intraparticle diffusion is not the limiting stage that controls
the adsorption process. Despite this, this model allows us to describe the predominant
mechanism by making an individual analysis for each stage. Through the values of the
coefficients of determination R2 and the diffusion constant Kdif of the first and second stages
(Table 1), it can be indicated that the present adsorption process also has pore diffusion as a
mechanism. Thus, there is a mass transfer or diffusion of Pb(II) from the solution to the
adsorbent film and diffusion of Pb(II) over the pores of the adsorbent. On the other hand,
the increase in C values from one stage to the other indicates that there is a greater effect on
the boundary layer.
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3.6. Adsorption Isotherms

To optimize the design of the adsorption system, it is important to establish the most
appropriate correlation. At this stage, the equilibrium study was carried out at different
temperatures of 288, 298, 308, and 318 K. For their analysis, the Langmuir, Freundlich, Toth,
Redlich–Peterson, and Sips models were applied, whose parameters and adjustments are
shown in Table 2 and Figure 9. All models had a good fit to the experimental data at all
temperatures studied; however, the best fit compared to the others were the Langmuir
and Sips models with R2 between 0.9629−0.9899 and 0.9819–0.9900, respectively. In this
context, the Langmuir model indicates that in the adsorption process there is the formation
of lead monolayers on the surface of the adsorbent and states that there are a finite number
of identical and specific adsorption sites [32,33]. Its RL value was between 0 and 1 at all
temperatures, indicating that the lead removal process has a favorable isothermal behavior.
Also, it is shown that the maximum amount of adsorbed lead (qmax) was 22.0348 mg·g−1.

On the other hand, the Sips isotherm is a model that combines the Langmuir and
Freundlich expressions. It is used to predict heterogeneous adsorption systems and is very
similar to the Langmuir isotherm with the difference that the Sips isotherm has a finite
limit for very high concentrations. The way this model works is that at low adsorbate
concentrations, it reduces to the Freundlich isotherm and at high concentrations, it reduces
to the Langmuir isotherm, which predicts monolayer adsorption [17]. Therefore, based on
the good fit obtained, it can be confirmed that monolayers are formed on the adsorbent
surface when working with high concentrations, as established by the Langmuir model.
In addition, this behavior corroborates that the mechanism of diffusion in the pores exists,
according to the result of the Weber–Morris model.
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Table 2. Parameters obtained from equilibrium models at different temperatures.

Isotherms Parameters
Temperature (K)

288 298 308 318

qe,exp 6.9468 ± 0.1838 7.0366 ± 0.3067 7.1277 ± 0.4989 6.7492 ± 0.3571
Langmuir qmax(mg·g−1) 21.5886 22.0348 18.2598 10.8976

KL(L·mg−1) 0.0372 0.0417 0.0577 0.0912
RL 0.57–0.16 0.55–0.15 0.46–0.11 0.35–0.07
R2 0.9629 0.9638 0.9843 0.9899
X2 0.3020 0.2988 0.1599 0.0767

Freundlich KF [(mg·g−1)·(L·mg−1)1/n] 0.8989 0.9997 1.1574 1.2587
1/n 0.8087 0.8114 0.7651 0.5958
R2 0.9497 0.9509 0.9851 0.9779
X2 0.3949 0.3898 0.1960 0.2018

Toth KT (mg·g−1) 0.9024 18.7226 1.5253 1.8444
αT (L·mg−1) −0.0511 22.8995 1.8839 1.8410

1/z 0.1933 0.9628 0.3316 0.5241
R2 0.9496 0.9637 0.9860 0.9855
X2 0.4010 0.2260 0.1669 0.1161

Redlich–Peterson KRP (L·g−1) 3.8057 1.0153 2.2980 0.9100
αRP (L·mg−1)β 3.2150 0.0986 1.0487 0.0525

g 0.2391 0.7638 0.3625 1.1452
R2 0.9505 0.9603 0.9855 0.9900
X2 0.3976 0.3352 0.1832 0.0799

Sips qms (mg·g−1) 8.9454 9.1036 13.0179 10.3128
Ks (L·mg−1) 0.0316 0.0400 0.0734 0.0923

ns 1.8296 1.8175 11.515 1.0454
R2 0.9819 0.9823 0.9818 0.9900
X2 0.4221 0.4134 0.1604 0.0802
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(b) 298 K, (c) 308 K, (d) 318 K. (w = 1.8 g, V = 100 mL, and t = 60 min).
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3.7. Adsorption Thermodynamics

Thermodynamic parameters such as Gibbs free energy (∆G◦), enthalpy (∆H◦), and
entropy (∆S◦) obtained from Langmuir and Sips constants are shown in Table 3. The ∆G◦

was obtained from the Van ’t Hoff equation, which also allowed us to obtain ∆H◦ and
∆S by graphing LnK vs. 1/T. It can be observed that the value of ∆G◦ decreases as the
temperature increases, indicating that the lead adsorption process on TSH is spontaneous
and thermodynamically stable. The positive value of ∆H◦ in both the Langmuir and Sips
models indicates that the adsorption process is naturally endothermic. This result can be
reaffirmed with the research conducted by Sekar et al. [34] and Ghahremani et al. [35],
who used activated carbon prepared from coconut shell and nano Tricalcium phosphate,
respectively, for the removal of lead ions from aqueous solutions and whose positive ∆H◦

values showed that the process exhibits an endothermic nature. Finally, the positive values
of ∆S◦ indicate that there is an increase in randomness at the solute–liquid interface as the
temperature increases. Furthermore, having positive ∆S◦ indicates that there is an increase
in the degrees of freedom of the adsorbed species, and thus the high ∆S◦ indicates that
there is a strong preference of Pb(II) for the adsorbent surface, suggesting the possibility of
some structural change or rearrangement in the Pb(II)/TSH adsorption complex during
the adsorption process.

Table 3. Thermodynamic parameters of the lead adsorption process.

Temperature (K) ∆G◦ (KJ·mol−1) ∆H◦ (KJ·mol−1) ∆S◦ (J·K−1)

Langmuir
288 −18.0468 22.7687 141.7204
298 −19.4640
308 −20.8812
318 −22.2984

Sips
288 −17.6957 26.2589 152.6201
298 −19.2219
308 −20.7481
318 −22.2743

4. Conclusions

The results demonstrate that TSH, a byproduct of the handcrafted jewelry industry, can
be used as an economical, selective, and efficient adsorbent for the treatment of wastewater
contaminated with Pb(II). Residual TSH used in the present study was efficient for the
adsorption of Pb(II) in aqueous media; using a minimum amount of adsorbent, it achieved
a removal rate close to 96% in 60 min. The good fit of the experimental data with the
pseudo-second order model and the multilinearity in the intraparticle diffusion of the
Weber–Morris model, indicated that the predominant mechanisms of the system were
chemisorption and film and pore diffusion, respectively. Through the equilibrium study, it
was determined that the Langmuir and Sips isotherms had the best fits to the experimental
data, indicating that in the adsorption process, adsorbate–adsorbent monolayer formation
occurs. In this context, as a result of the good fit of the Langmuir and Sips isotherms, the
thermodynamic equilibrium of the system was described with good accuracy, representing
positive enthalpies that demonstrate that the process is endothermic, spontaneous, and
thermodynamically stable.
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