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Abstract: This novel study investigated and proposes the use of Pycnanthus angolensis seed husk for
the sequestration of Pb(II) from contaminated solutions, with the aim of contributing to the urgent
need for accessibility to quality water, sustainable management of water and the environment in
line with the Sustainable Development Goals (SDGs). The activated Pycnanthus angolensis seed husk
was developed by modifying the pure sample (P-PA) with ethylene-glycol (E-PA) and Iso-butanol
(I-PA). Infrared spectroscopy (FTIR), scanning electron microscopy (SEM), the Brunauer-Emmett-
Teller (BET) analyzer, thermogravimetric analyzer (TGA), and X-ray diffractometer (XRD) were
used to characterize the adsorbents before and after adsorption. The batch adsorption studies
carried out revealed the highest adsorption of Pb(II) at pH 6 and 180 min for all the adsorbents.
The functional groups, as well as the shifts in peaks after modification, were confirmed using FTIR
analysis. In addition, SEM images show a heterogeneous, rough surface with sufficient cavities
of the adsorbent after modification. The physiochemical characteristics indicated that BET pore
volume and pore diameter increased for E-PA and I-PA compared to P-PA. The experimental data
obtained indicated that Langmuir and pseudo-first-order (PFO) best described the isotherm and
kinetic models, respectively. The adsorption mechanism revealed that the adsorption of Pb(II) was
controlled mainly by pore filling, while electrostatic interaction, surface complexation, and ionic
exchange also occurred minimally. The thermodynamic parameters, ∆H◦ and ∆G◦, suggest an
endothermic and spontaneous adsorption process, respectively. The findings in this study indicate
that Pycnanthus angolensis seed husks offer cost-effective and sustainable solutions that are readily
accessible for wastewater treatment.

Keywords: biosorbent; adsorption mechanism; lead adsorption; error function; thermodynamics;
Pycnanthus angolensis; chemical-treated biomass

1. Introduction

Recent reports have shown that heavy metals, even at a minimal concentration, could
be detrimental to life forms [1–3]. Due to their highly toxic nature and their inability to
undergo degradation, they have become a global concern and a major target for most scien-
tists [4–6]. These metals have also been found in living cells [1]. Within living organisms,
they tend to accumulate, binding to nucleic acids and proteins, thereby disrupting essential
cellular functions and causing severe health consequences [1,7,8].
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Lead (Pb) contamination has been listed as a major global concern due to its toxicity
and negative impact on the human system [9–11]. It enters the environment primarily via
the metal processing industries, chemical industries, mining, paint, and battery production
processes [12–14]. Although there is a minimal level of Pb(II) in the surface water, when
water is used without being purified, it accumulates in the environment [15]. More so,
when substances contaminated with Pb(II) enter the food chain and are consumed at
concentrations above the acceptable limit by plants or animals, it is detrimental to their
health [16–18].

Among the different technologies used for wastewater treatment, adsorption has
proven to be a reliable and environmentally friendly method [19–21]. Recent research
has explored the use of agricultural and biological waste materials as adsorbents for
removing metal ions from contaminated solutions. Notable examples include black cumin
seed [22], Terminalia mantaly [23], fruit peels from banana, granadilla, and orange [24],
peanut shells and compost [25], Ajwa Date Pits [26], and endocarp waste of Gayo Coffee [27].
These materials offer cost-effective and sustainable solutions that are readily accessible
in large quantities [28,29]. Other reported adsorbents employed for the adsorption of
contaminants are Gigantochloa bamboo [30], Nepenthes rafflesiana pitcher (NP), Nepenthes
rafflesiana leaves [31], and modified waste shrimp shell (MSS) [32].

Previous reports showed that different functional groups on biomaterial surfaces are
the driving factor in the removal of contaminants [33]. To improve its adsorption efficiency,
researchers have used different modification methods (thermal, acid, base, and organic
reagents) to address it. These modifications result in an increase in the biosorbents’ pore
cavities and enhance the number of oxygen-containing functional groups on the surface of
the material, thereby improving its adsorption efficiency [34]. While many chemicals have
been used for the modification of adsorbents [35–37], research is still scanty on the use of
organic reagents to increase adsorption efficiency.

The Pycnanthus angolensis seed husk is widely called African nutmeg because of its
close resemblance to nutmeg species seeds. It comes from a tropical plant in the Myristi-
caceae family and has been used to treat a wide range of health problems in Africa [38]. The
fruits, which possess an oblong shape, consist of seeds abundant in oil content that are
enclosed within a rigid outer shell [39]. The tree exhibits a substantial size, characterized
by a diminutive crown consisting of branches positioned perpendicularly to the trunk [40].
In Nigeria, it is used in the treatment of chest pain, malaria, and bacterial infections [41].
This is because the seed contains bioactive compounds like quinone-terpenoids, lignans,
isoflavonoids, kombic acid, tocochromanols, vitamins, and other compounds found in
essential oils [38]. The Pycnanthus angolensis seed husk contains predominantly fat, carbo-
hydrate, protein, and lignocellulosic materials (cellulose, hemicellose, and lignin), which
are suitable materials for adsorption [29,31]. The structure of lignocellulose, tocochotrienol
derivatives, and myristoleic acid contains sufficient (OH), (CO), (COOH), and (C=C) func-
tional groups that could necessitate an effective removal process, thus necessitating this
investigation for its potential as an adsorbent [16,42]. However, while this seed has been
employed for medical applications [42] and for anti-malaria analysis [39], there has been no
reported work on the use of Pycnanthus angolensis seed husk for the removal of contaminants
in aqueous solutions.

Therefore, the goal of this work is to use Pycnanthus angolensis seed husk as an adsor-
bent to remove Pb(II) from aqueous solutions, activate some of the adsorbents with ethylene
glycol and iso-butanol to improve its adsorption capacity and compare the adsorbents. The
research also targets to characterize the prepared adsorbents using infrared spectroscopy
(FTIR), scanning electron microscopy (SEM), the Brunauer-Emmett-Teller (BET) analyzer,
thermogravimetric analyzer (TGA), and X-ray diffractometer (XRD). Finally, the research
hopes to investigate the potential of the adsorbents for the sequestration of Pb(II) from
wastewater. Lead contamination in aqueous environments poses a significant threat to both
human health and ecosystems, demanding immediate attention. Traditional wastewater
treatment methods often rely on non-renewable resources and can be energy-intensive,
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presenting sustainability challenges. Thus, the justification for this research lies at the inter-
section of pressing environmental concerns [43,44], the need for sustainable solutions [45],
and the promise of innovative and eco-friendly materials. With these critical issues in
view, this study proposes the sequestration of lead ions using innovative and eco-friendly
chemically modified Pycnanthus angolensis seed husk—a novel approach with multifaceted
sustainability implications. The novelty of this present research centers around the applica-
tion of this natural, renewable, and biodegradable material, the Pycnanthus angolensis seed
husk, as an efficient adsorbent for lead ions.

2. Materials and Method
2.1. Adsorbent Preparation

The appropriate amount of sample required for the analysis was collected in line with
the stipulated guidelines set by the Convention on International Trade in Endangered
Species of Wild Fauna and Flora and was identified in the Plant Science and Biotechnology
Department, University of Nigeria, Nsukka.

The seed husk was washed with clean water, sun-dried for 72 h, and subsequently
pulverized to achieve a very fine particle size. The dried residue was sieved to get a
homogenous size (diameter less than 1.0 to 250 µm). 100 g of the powdered seed husk
was treated with 250 mL of iso-butanol for 48 h to get the iso-butanol-modified Pycnanthus
angolensis (I-PA). 250 mL of ethylene glycol was also used to treat another 100 g of the
powdered seed husk for 48 h, and the filtrate was labeled (E-PA) while another sample
of powered, unmodified seed husk was labeled (P-PA). The samples were washed with
de-ionized water, and the filtrate was tested several times until it became neutral. The
residues were dried in an oven at 105 ◦C, allowed to cool, and stored in an airtight container.
The dried samples were characterized to ascertain the impacts of organic solvent on the
Pycnanthus angolensis seed husk on adsorption. A graphical illustration of this procedure is
presented in Figure 1.
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2.2. Characterization of Adsorbents

As shown in Figure 2, the samples were characterized using Fourier transform infrared
spectroscopy (FTIR), scanning electron microscopy (SEM), the Brunauer-Emmett-Teller
(BET) analyzer, the thermogravimetric analyzer (TGA), and an X-ray diffractometer (XRD).
Fourier-transformed infrared spectroscopy (Perkin Elmer Spectrum 65 FT-IR spectropho-
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tometer, Rodgau, Germany) was used to determine the functional groups present in the
biosorbents, and the spectra were recorded in the range of 500–4000 cm−1. The surface
structure of the sorbent under different magnifications was obtained using scanning elec-
tron microscopy (SEM). The surface area, pore diameter, and pore sizes were investigated
using the Brunauer-Emmett-Teller (BET) analyzer (JW-DA: 76502057en, Beijing, China).
The Rigaku D/Max-llC X-ray diffractometer (Applied Rigaku Technologies, Cedar Park,
TX, USA) was used to measure the XRD spectra of the modified adsorbents to determine
their crystallinity, and the TGA was used to measure the thermal stability of the adsorbents.
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2.3. Adsorbate Preparation and Models
2.3.1. Preparation and Dilution of Pb(NO3)2 Stock Solutions

A stock solution of Pb with a concentration of 1000 mg/L was made by dissolving
1.598 g of Pb(NO3)2 salt in a small amount of de-ionized water in a beaker and stirring it
with a glass rod until the salt was completely dissociated. It was appropriately transferred
into a 1 L volumetric flask and made up to the mark with de-ionized water. Several
concentrations of synthetic wastewater containing lead (II) ions were later prepared using
serial dilution.

2.3.2. Batch Adsorption Studies

In this work, the influence of the reaction conditions on the adsorption capacity of
the prepared adsorbents for the uptake of lead was ascertained using the batch technique.
10 mL of the prepared adsorbate at different known concentrations were charged individ-
ually into five different beakers. I g of the adsorbents were accurately weighed and put
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into each of the 250 mL beakers containing the adsorbate at a constant pH of 5 and room
temperature. The beakers were put in a magnetic flask shaker at 100 rpm for 20 min to
ensure adsorption efficiency was attained. After equilibrium was attained, these mixtures
were filtered at various time intervals, and the filtrate was stored. The final concentration
of Pb(II) was analyzed with an atomic absorption spectrometer. The quantity of Pb(II) ion
uptake onto the P-PA, E-PA, and I-PA from mixtures was estimated, and the appropriate
variables were employed to determine the isotherm and kinetic models. Figure 2 shows
the breakdown of the experimental batch adsorption process.

2.3.3. Isotherm Models

Five isotherm models were used to evaluate the adsorption efficiency of the modified
sorbents with the target metal ions [46]. This study was done using the linearized forms of
the various models, such as Langmuir, Freundlich, and Temkin, the Dubinin–Radushkevich
models, and Flory–Huggins models [47]. However, Langmuir and Freundlich models are
mostly used for the adsorption of contaminants from aqueous solutions [48]. The summary
of the parameters used for the isotherm and kinetic plots is presented in Table 1.

Table 1. Summary of parameters used for the Isotherm and Kinetic model linear plots.

Model Plot Equations

Langmuir Ce
Ce

vs. Ce (1)
Freundlich ln qe vs. ln Ce (2)
Tempkin qe vs. ln Ce (3)

B = RT
bT

(4)
D-R ln qe vs. ε2 (5)

Florry Huggins log(1− θ) vs. log
(

θ
Co

)
(6)

PFO log(qe,cal − qt) vs. t (7)
PSO t

qt
vs. t (8)

ID qt vs. t0.5 (9)

2.3.4. Langmuir Isotherm Model

Langmuir predicts the monolayer adsorption mechanism of metal ions onto the sorbent
surfaces [25]. The linearized equation of the Langmuir model (Equation (1)) was employed
to evaluate the isotherm variables.

Ce

qe
=

1
qmKL

+
1

qmCe
(1)

qe (mg/g) signifies maximum adsorption, Ce (mg/L) denotes the optimum concen-
tration of the metal ion, KL (L/mg) denotes constant, and qm (mg/g) is the theoretical
optimum adsorption capacity.

2.3.5. Freundlich Model

The Freundlich isotherm (Equation (2)) describes multilayer adsorption mechanisms in
which the metal ion interacts with the heterogeneous surface, giving divergent adsorption
energy on the entire surface [49].

qe =
1

nF
ln Ce + lnKF (2)

where qe = equilibrium adsorption of metal ions onto the functionalized adsorbent,
KF = Freundlich constant, and nF = intensity of the adsorbents.

2.3.6. Temkin Isotherm Model

Temkin isotherm model (Equation (3)) suggests that the adsorbate/adsorbent inter-
action indirectly affects the adsorption process [50]. This model only accounts for the
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irregular range of metal ion concentrations [51]. The linearized expressions used in this
study are shown in Equations (3) and (4).

qe = BlnAT + BlnCe (3)

where
B =

RT
bT

(4)

where T equals temperature (K), R = universal gas constant, bT is the constant connected to
adsorption heat (KJ/mol), and A = constant (L/g).

2.3.7. Dubinin-Radushkevich Isotherm Model (D-R)

The D-R model describes the relationship between the adsorption curve and the
surface area of the biosorbents [52]. Additionally, this isotherm model predicts the mul-
tilayer interaction using Van Der Waal’s force, which is used in the physical adsorption
procedure [53]. The Dubinin-R linear equation is generally represented as follows:

ln qe = ln qm − Bε2 (5)

where B denotes constant, while qm (mg/g) signifies theoretical equilibrium.

2.3.8. Flory-Huggins Isotherm

Flory-Huggins model gives insight into the extent of surface coverage of the sorbate
interactions on the sorbent [54]. The linearized equation used in this study is shown in
Equation (6).

ln
(
θ

Co

)
= lnKFH + nln(1− θ) (6)

where θ = degree of surface coverage, n = number of sorbates entrapped in the adsorption
areas, and KFH are Flory–Huggin’s constants (Lmol−1).

2.4. Kinetics Study

In this study, pseudo-first-order (PFO), pseudo-second-order (PSO), and intra-particle
diffusion models (ID) were employed to investigate the adsorption rates. The linearized
expression of the PFO, PSO, and intra-particle diffusion model equations are shown in
Equations (7)–(9), respectively [30,31,55,56].

log (qe,cal − qt) = log qe,cal − k1t (7)

t
qt

=
1

k2qe,cal
+

t
qe,cal

(8)

qt = k3 t0.5 + C (9)

where qt (mg/g)denotes adsorption efficiency in a specific time t (min), K1 (min−1), K2
(mg/g min), and K3 (g/mg min−1/2) describe the rate constants of the PFO, PSO, and ID
models, respectively, and C = intercept.

2.5. Thermodynamic Equilibrium

Thermodynamic equilibrium was estimated to study the process of metal ion uptake,
its feasibility, and spontaneity. The following equations were used in the study [57].

∆G◦= − RTlnKC (10)
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lnKC = −
(

∆H
◦

R

)
+

(
∆S

◦

R

)
(11)

where the values for KC were estimated using Equation (12)

KC =
qe
Ce

(12)

where ∆G◦ = change in standard Gibbs free energy, R is a universal gas constant
8.314 Jmol−1 K−1, and T = Temperature, ∆H◦, ∆G◦, and ∆S◦ denotes change in enthalpy,
free energy, entropy, respectively, and FH = adsorption equilibrium constant.

2.6. Removal Efficiency and Uptake Capacity

The percentage of the metal ions removed and the adsorption capacity of the adsor-
bents for Pb(II) were estimated using Equations (13) and (14), respectively.

Percentage removal efficiency =
100(Co −Ce)

Co
(13)

qe =
(Co −Ce)V

m
(14)

where Co = the initial metal ion (mg/L), Ce (mg/L)= equilibrium concentration, qe (mg/g)=
maximum adsorption capacity, V (L) denotes volume, and m (g) = adsorbent mass.

Error Functions

To assess how well the kinetic models fit the experimental data, two error functions
were examined. The Hybrid Fractional Error Function (HYBRID) was used to improve the
fit of the square of errors function at low concentration levels. The Marquardt’s Percent
Standard Deviation (MPSD) error function is similar to a geometric mean error distribution
that has been adjusted based on the system’s degree of freedom [58]. The HYBRID is
presented in Equation (15)

HYBRID =
100

n− p∑


(

qe,exp−qe,cal

)
qe,exp

2

(15)

MPSD error function is presented in Equation (16).

MPSD = 100

√√√√ 1
(n− p)∑

(
qe,exp − qe,cal

qe,exp.

)2

(16)

where qe,exp = experimental adsorption capacity, qe,cal = calculated adsorption capacity,
n = number of experimental data points, and p = the number of each parameter.

3. Results and Discussion
3.1. Characterization of Adsorbents
3.1.1. Fourier Transform Infra-Red Spectroscopy (FTIR)

Figure 3A–F illustrate the FTIR spectra of the biosorbents and the functional groups
present in the adsorbent before and after the adsorption process. As presented in Figure 3A,
the broad peak between 1250–750 cm−1 is attributed to the C–O bending vibration of
carboxylic groups, alcohol, ketones, and aldehydes [59]. The bending peak at 1543 and
1464 cm−1 was due to the C–O bending vibration of carboxylate (–COO–) and the N–H of
the amide 1 group [60]. The band between the range of 1700–1733 and 1650 cm−1 suggests
conjugated carbonyl (C=O) and (C=C). 2063 cm−1 denotes carbon triple bond carbon or
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CN). The peaks between 2923 and 2852 cm−1 range correspond to the stretching vibration
of the C–H aliphatic. The broad peak at 3433 cm−1 correlates with the stretching vibration
of the OH− and N–H groups of the cellulose, hemicellulose, and lignin materials [61]. The
oxygen-rich functional groups (–OH), (–C=O), and (–COOH) that account for the binding of
the metal ion with the adsorbent are rich in both cellulosic and hemicellulose materials [62].

On activation, there was a sudden disappearance of 1650 cm−1 attributed to C=C and
the C-O bending vibration of carboxylate (–COO–)in the ethylene glycol modified (E-PA)
adsorbent (Figure 3B), as well as observable shifts in the wave numbers of the activated
adsorbent before and after adsorption. Some of the observed shifts are 3433 to 3505, 2923
to 2905, 2063 to 2099, 1733 to 1734 and 1464 to 1462 cm−1 for E-PA, and 3433 to 3432, 2063
to 2086, and 1543 to 1556 cm−1 for I-PA (Figure 3C). The observed shifts in peaks in the
FTIR spectra after modification can be attributed to the interactions between functional
groups of the adsorbent and the Pb(II) ion. This modification ensured that there were no
interferences with undesirable compounds during the adsorption process and increased
the pore cavities and surface area of the adsorbent [63].
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Figure 3. FTIR spectra of P-PA (A), Pretreated E-PA (B), I-PA (C), and spent P-PA (D), spent E-PA (E),
spent I-PA (F) of Pycnanthus angolesis seed husk.

The spectra of the spent adsorbents confirm the participation of (–OH, –NH, C–O, and
C=O) functional groups in the adsorption of Pb(II) ion and changes in the broadband of
some peaks after Pb(II) adsorption, indicating the adsorption process of the target metal
binding on the sorbent surface [26].

3.1.2. SEM Analysis

The surface morphologies of the adsorbents before modification, after modification,
and after adsorption under different magnifications are presented in (Figure 4). The pure
adsorbent (see Figure 4A) shows shallow pore structures. However, after modification
(Figure 4B,C), the outer surface showed a heterogeneous, rough, uneven display of its
surface with sufficient cavities, which will possibly be favorable for the adsorption of Pb(II)
ion. The rough, sufficient, and larger cavities observed could be attributed to the impacts
of the activation on the sorbent [25].

After adsorption, due to the presence of Pb(II) impurities, the SEM image revealed a
homogenous and filled surface (Figure 4E,F) [64]. Similar observations have been reported
by other researchers [23,65]. Shafiq et al. [65] developed a biosorbent from Eucalyptus
camdulensis biochar. Before adsorption, the external EU-biochar surface was rough and
had significant pore structures, while after adsorption processes, the adsorbent surface
consisted of minute particles and brighter zones.

3.1.3. X-ray Diffraction

The XRD analyses were employed to understand and give insight into the crystal
nature of the modified biosorbents. The results obtained for the I-PA and E-PA are shown
in Figure 5. E-PA (see Figure 5a) spectra showed five diffraction peaks at 2θ = 25◦, 30◦, 36◦,
44◦ and 62◦ attributed to the reflective planes of (110), (111), (121), (200), (311), respectively,
while I-PA (see Figure 5b) reveals similar cellulosic diffraction at 2θ = 30◦, 35◦, 40◦, 55.5◦,
65.2◦ corresponding to (110), (111), (121), (200), and (311) planes of reflection, respectively.
The sharp peaks obtained in these diffractions suggest a distinct alignment of a perfect
crystalline structure [66]. Akpomie and Conradie [55] obtained similar cellulose diffraction
peaks for a natural organic-silver nanocomposite for oil removal in water. The sharp peaks
obtained in these spectra could be attributed to the influence of the chemical modification
on Pycnanthus angolesis seed husk.
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3.1.4. Brunauer-Emmett-Teller (BET) Analysis

The physicochemical features of the pure Pycnanthus angolesis seed husk (P-PA) and
the modified (E-PA and I-PA) were presented in Table 2. From the data generated, the
surface area and pore volume of the pure biosorbent are 65.200 m2/g and 0.055 cm3/g,
respectively. The surface area of the ethylene-glycol-activated adsorbent is 66.400 m2/g,



Sustainability 2023, 15, 15446 11 of 24

with a pore volume of 0.6355 cm3/g, while 60.500 m2/g and 0.6355 cm3/g were obtained
for the surface area and pore volume of the Iso-butanol activated adsorbent, respectively.

Table 2. Physiochemical features of pure (P-PA) and modified (E-PA and I-PA) Pycnanthus angolensis
seed husk adsorbent.

Adsorbent Type Surface Area (m2/g) Pore Volume (cm3/g) Pore Diameter (Å)

P-PA 65.200 0.605
24.540 24.540

E-PA 66.400 0.635 28.340
I-PA 60.500 0.635 30.340

The surface area obtained for the iso-butanol and ethylene glycol adsorbents is higher
than some of the previously reported works, such as the acid-modified onion skin at
10.62 m2/g [67], garlic waste at 5.62 m2/g [68], and fennel seed at 3.668 m2/g [16]. Com-
paratively, the activated adsorbents showed higher pore sizes than the pure adsorbent. The
high pore size obtained could be attributed to the dissolution of hemicelluloses and pectin
from the cell wall of the sorbent [69]. The high surface area and pore diameter obtained
indicate an abundant adsorption site on the adsorbent surfaces [70]. Table (see Table 2)
shows an increase in pore size, pore volume, and surface area of the treated adsorbent
compared to the pure sample (P-PA), suggesting that the ethylene glycol and iso-butanol
(E-PA and I-PA) activated adsorbent could be more efficient in the adsorption process.

3.2. Thermal Stability

Figure 6 shows the thermal stability of the pure ethylene glycol and iso-butanol-
modified Pycnanthus angolesis seed husk (P-PA, E-PA, and I-PA). The result showed that the
samples were stable up to 500 ◦C with three stages of degradation. An initial mass loss of
−0.035 mg was observed in all the samples below 275, 255, and 270 ◦C for the P-PA, E-PA,
and I-PA, respectively.
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Figure 6. TGA thermogram of P-PA (a), E-PA (b) and I-PA (c).

This initial weight loss is linked to the loss of water from the adsorbents. Another
mass loss of 0.24, 0.22, and 0.26 mg was observed on the TGA curve from 255 to 350 ◦C for
P-PA, E-PA, and I-PA, respectively, due to the breakdown of hemicellulose and cellulose
and the subsequent formation of a carbonaceous residue, which decomposes until it reaches
500 ◦C for all the adsorbent. This observation agrees with the reports of Eze et al. [23] on
the TGA/DTA analysis of Terminalia mantaly seed husk biosorbent for the sequestration of
ions from an aqueous solution.

3.2.1. Effect of pH

In adsorption studies, the pH study is an important parameter because it affects both
the oxidation state of the contaminants in the aqueous system and the surface property
of the adsorbent [71]. Its impact in this study was determined at pH 2, 4, 6, 8, and 10 on
10 mg/L at 298 K, as presented in Figure 7 for the P-PA and E-PA and I-PA, respectively.
From the graph, there was an observable rapid increase in Pb(II) ion adsorption with an
increase in pH value from 2 to 4 in the pure adsorbent before attaining equilibrium at pH 6
(see Figure 7). A spontaneous increase at lower pH was also observed for the modified
adsorbents up to pH 6 (Figure 7).
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Figure 7. Effect of pH on Pb(II) onto P-PA, E-PA, and I-PA at 10 mg/L at 298 K reaction condition. 
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Figure 7. Effect of pH on Pb(II) onto P-PA, E-PA, and I-PA at 10 mg/L at 298 K reaction condition.

This is due to the activation of the surface functional groups, a decrease in hydrogen
ion concentration, and electrostatic desirability, which promote metal ion adsorption [72].
The optimum adsorption efficiency of Pb(II) ion was achieved at pH 6 for all the adsorbents.
At this point, the adsorption of Pb(II) ions remained constant. This is because, at a higher
pH, the adsorption efficiency decreases as a result of the formation of soluble hydroxyl
complexes and insoluble hydroxide precipitation [73]. Similar observations were also
reported by Wang et al. [74] and Radha et al. [75].

3.2.2. Effect of Contact Time

For the pure adsorbent (Figure 8), the adsorption occurs relatively rapidly within the
first 120 min and remains constant after 180 min. I-PA (Figure 8) showed rapid adsorption
until maximum adsorption removal was attained at 180 min and decreased gradually after
200 min, while E-PA increased gradually from 50 to 120 min before attaining equilibrium at
180 min. The rapid increase in adsorption could be attributed to sufficient adsorption sites,
making Pb(II) interact easily with the site [76]. In this study, the maximum adsorption time
obtained was faster than in the study of Radha et al. [75], which used a chitosan-derived
copolymeric blend for Pb(II) ion and Cd2+ ion removal.

This result is corroborated using the SEM image (see Figure 4), which shows that
after modification, the outer surface showed a heterogeneous, rough, uneven display of its
surface with sufficient cavities, which will possibly be favorable for the uptake of Pb(II)
ion [77]. After equilibrium was achieved, further increases in time resulted in no significant
change in the Pb(II) adsorption, showing that the binding sites are already saturated for the
adsorption of Pb(II) ion [4]. Similar results were observed for the uptake of Pb(II) ion using
biosorbent derived from the endocarp waste of Gayo coffee [27].
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3.2.3. Effect of Initial Metal Concentration

Figure 9 illustrates the impacts of metal ion concentration on the adsorption capacity
of the prepared adsorbents for the uptake of lead. The sequestration of Pb(II) ion onto
the P-PA, E-PA, and I-PA increased rapidly with an increase in the initial concentration of
Pb(II) ion in the aqueous system. The reason is that at the initial adsorption stage, there
is a higher usage of the active sites or enormous availability of unused active sites on the
adsorbents [78]. Previous studies have reported a similar rapid increase in adsorption
capacity with an increase in initial metal concentration [79].

Sustainability 2023, 15, 15446 16 of 26 
 

2 3 4 5 6 7 8

0.4

0.5

0.6

0.7

0.8

0.9

q e
 (m

g/
g)

Ce (mg/L)

  I-PA
  E-PA
  P-PA

 
Figure 9. Effect of concentration on Pb(II) onto P-PA, E-PA, and I-PA. 

3.3. Isotherm Studies 
The isotherm models give insight into the adsorption mechanism, adsorbent-adsorb-

ate interaction, and adsorbent materials [80]. The coefficient of regression (R2) obtained 
from the plot of each model was used to select the isotherm model that correlates better 
with the adsorption of Pb(II). The parameters and estimated adsorption isotherm are 
shown in Table 3. 

Table 3. Estimated values obtained for different Parameters of the isotherm models. 

Isotherm 
Model Parameters P-PA E-PA I-PA 

Langmuir qm (mg/g) 0.714 0.581 0.523 
 KL (L/g) 0.866 3.685 −20.141 
 RL 0.025 0.0059 −0.011 
 R2 0.985 0.992 0.987 

Freundlich KF ((mg/g)/(mg/L) n) 0.483 0.443 0.414 
 n 14.854 7.622 5.328 
 R2 0.628 0.674 0.749 

Temkin At (L/g) 473.212 1.387 3.301 
 B 0.073 0.161 0.197 
 bt (kJ/mol) 34.047 15.415 12.601 
 R2 0.788 0.733 0.704 

D-R qm 0.803 0.785 0.8074 
 E −30.30 −36.523 −25.649 
 R2 0.905 0.551 0.805 

Florry Huggins KFH 0.014 0.001 0.002 
 nFH −1.734 −3.034 −2.677 

Figure 9. Effect of concentration on Pb(II) onto P-PA, E-PA, and I-PA.
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3.3. Isotherm Studies

The isotherm models give insight into the adsorption mechanism, adsorbent-adsorbate
interaction, and adsorbent materials [80]. The coefficient of regression (R2) obtained from
the plot of each model was used to select the isotherm model that correlates better with
the adsorption of Pb(II). The parameters and estimated adsorption isotherm are shown in
Table 3.

Table 3. Estimated values obtained for different Parameters of the isotherm models.

Isotherm Model Parameters P-PA E-PA I-PA

Langmuir qm (mg/g) 0.714 0.581 0.523
KL (L/g) 0.866 3.685 −20.141

RL 0.025 0.0059 −0.011
R2 0.985 0.992 0.987

Freundlich KF
((mg/g)/(mg/L) n) 0.483 0.443 0.414

n 14.854 7.622 5.328
R2 0.628 0.674 0.749

Temkin At (L/g) 473.212 1.387 3.301
B 0.073 0.161 0.197

bt (kJ/mol) 34.047 15.415 12.601
R2 0.788 0.733 0.704

D-R qm 0.803 0.785 0.8074
E −30.30 −36.523 −25.649

R2 0.905 0.551 0.805
Florry Huggins KFH 0.014 0.001 0.002

nFH −1.734 −3.034 −2.677
R2 0.410 0.733 0.501

Langmuir Isotherm model suggests a monolayer adsorption mechanism and the
possible formation of a homogenous surface on the sorbent. The regression coefficients
(R2 = 0.985, 0.992, and 0.987) obtained from this model for P-PA, E-PA, and I-PA adsorbents,
respectively, are higher than the ones obtained from other models, suggesting a perfect
description of the experimental data. The perfect fits obtained suggest that the adsorption
surfaces are homogenous, and the adsorption process follows a monolayer adsorption
mechanism [81]. The maximum adsorption capacities (qm) estimated were 0.714, 0.581, and
0.523 mg/g for the P-PA, E-PA, and I-PA, respectively. The Freundlich isotherm suggests
a multilayer adsorption mechanism and a likely heterogeneous adsorption surface [55].
The values of the correlation coefficient (R2 = 0.628, 0.674, and 0.749) obtained for the pure
adsorbent and both modified adsorbents are lower than those obtained in the Langmuir
isotherm. This implies that the Freundlich isotherm does not correlate best with the removal
of Pb(II) ion onto the sorbents. However, the n values obtained for the adsorption study are
<10, indicating a favorable removal of Pb(II) ions by the adsorbents [56]. Temkin models
give insight into adsorbent and adsorbate interactions. The lower R2 values (0.788, 0.733,
and 0.704) obtained are lower than the ones obtained for the Langmuir model and thus
do not correlate better with the uptake of Pb(II) ion onto the adsorbents. The Dubinin–
Radushkevich isotherm is used to evaluate the nature of the adsorption process (a physical
or chemical reaction) [82]. The lower regression coefficient values (R2 = 0.905, 0.551, and
0.805) and (R2 = 0.410, 0.733, and 0.501) obtained for the Dubinin–Radushkevich Isotherm
and Flory Huggins models for P-PA, E-PA, and I-PA, respectively, denote that these models
do not correlate best in describing the process of Pb(II) ion removal.

3.4. Kinetics Studies

The kinetic data obtained from the studies of PFO, PSO, and ID were used to study
the adsorption mechanism of the Pb(II) ion on the adsorbents. The estimated kinetic
parameters are presented in Table 3. The comparison of the kinetic models shows that
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PFO best describes the kinetic adsorption of Pb(II) ion onto the adsorbents than PSO
due to the degree of closeness between the qe,Exp and the qe,cal suggesting a physical
adsorption process (formation of a weaker bond), which could be the reason for the lower
adsorption capacity.

The lesser values obtained in HYBRID and MPSD error function analysis for the
PFO (Table 4) also supported this observation. The intra-particle plot for pure and Iso-
butanol Pycnanthus angolensis seed husk did not pass through the origin, suggesting that
film and intra-article diffusion simultaneously controlled the rate-limiting step [83]. This
observation is similar to the adsorption of Pb(II) ions onto naturally aged and virgin
microporous materials [84].

Table 4. Kinetic parameters for the uptake of Pb(II) ion on the pure and modified adsorbents.

Kinetic Models Parameter P-PA E-PA I-PA

qe,Exp 0.526 0.534 0.565
Pseudo-first-order

K1 (min−1) −0.007 −0.008 −0.002
qe,cal (mg/g) 0.344 0.387 0.153

R2 0.763 0.897 0.885
HYBRID 5.133 3.23 17.79

MPSD 36.172 32.201 49.337
Pseudo-second-order

qe,cal (mg/g) 1.139 1.098 2.517
K2 (L/mg min) −0.023 −0.021 0.022
h (mg/L min) −0.029 −0.024 0.142

R2 0.942 0.954 0.972
HYBRID 34.332 29.651 397.862

MPSD 58.137 56.302 107.238
Intra-particle diffusion

K3 (mg/g min−1/2) 0.125 0.340 0.094
C 0.555 −1.829 0.952
R2 0.823 0.861 0.719

3.5. Thermodynamic Studies

Table 5 lists the estimated thermodynamic parameters for the adsorption of Pb(II) ions
onto the P-PA, E-PA, and I-PA. The equations used in evaluating these parameters were
established (see Equations (10) and (11)). The ∆G◦ values for the sequestration of Pb(II) ion
unto the adsorbents were negative for all adsorbents, showing that the adsorption process
was spontaneous (i.e., occurred without the input of external energy).

Table 5. Calculated values of Thermodynamic parameters.

Adsorbents T (K) ∆G◦ (kJ/mol) ∆H◦ (kJ/mol) ∆S◦ (J/mol K)

P-PA 313 −8.83 −33.91 −81.91
323 −6.06
333 −7.32

E-PA 313 −1.04 32.82 78.48
323 −5.90
333 −7.47

I-PA 313 −8.56 73.85 206.60
323 −8.08
333 −4.45

For E-PA, it was observed that Gibbs free energy decreased as the temperature in-
creased, indicating that the removal efficiency was enhanced at high temperatures [85].
The negative value of ∆H◦ obtained for the pure adsorbent depicts exothermic adsorp-
tion, while upon impregnation, the endothermic nature of the adsorption process was
indicated by the positive values of ∆H◦ [86]. In addition, the increased random interaction
observed during the adsorption process of the Pb(II) ion onto the modified adsorbents
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was indicated by the positive ∆S◦ against the negative value ∆S◦ obtained for the pure
adsorbents [87]. Ghanim et al. [79] observed a similar result using acid-modified poultry
litter-derived hydrochar.

3.6. Adsorption Mechanism

The determination of the adsorption mechanism is of considerable significance in un-
derstanding the adsorption process. This process relies on various factors, including the
morphology and functional groups that exist on the surface of the adsorbent, as well as the
size and charge characteristics of the contaminants [16]. Pycnanthus angolensis seed husks
consist primarily of lignocellulosic materials, which consist of hemicellulose, cellulose, and
lignin. Lignocellulosic materials possess a significant abundance of oxygen-rich functional
groups, including hydroxyl (–OH), carbonyl (–CO), and carboxyl (–COOH), which makes
them very suitable for adsorption processes [88]. The mechanism that controls the adsorp-
tion process is illustrated in Figure 10. To assess the mechanism of adsorption that controls
the sequestration of Pb(II) from aqueous solution unto the Pycnanthus angolensis seed husk,
spectroscopic techniques (SEM and FTIR) were employed. Deduction from the SEM analysis
showed that the adsorption of Pb(II) unto the surface of the adsorbents was necessitated
due to the large pore structures observed, which served as a binding site for Pb(II) and were
further corroborated by the assessment of the kinetic model that suggested physisorption. In
addition, the shifts and disappearance of the broad band observed in the FTIR spectra (see
Figure 3B,C) suggest the likelihood of a chemical adsorption mechanism. The charged ion
on some of the functional groups (OH, N–H, COOH, C=O) identified using the FTIR on the
adsorbents may interact with the ion of the sorbate via the interaction between the negatively
charged oxygen and the positively charged metal ion (electrostatic interaction), ion exchange,
and the formation of a complex with the oxygen-carrying group on the adsorbents. Therefore,
it is assumed that, with the functional groups present on the adsorbent’s surface and the
presence of hydrogen bonding and cation interaction, the removal of Pb(II) from the aqueous
solution is probable. This observation is similar to the report of Mabungela et al. [16] on the
adsorption of Pb(II) onto fennel seeds and Wang et al. [74] on the Pb(II) adsorption using
pectin/activated carbon-based porous microspheres.
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3.7. Comparing the Performance of Pycnanthus angolensis Seed Husk with Other Adsorbents

The results of this study were compared to those of previous studies that used different
adsorbents to study the adsorption of Pb(II). A comparison of these results is presented
in Table 6. Pretreated Pycnanthus angolensis showed lower adsorption capacity compared
to some of the adsorbents previously reported. However, despite the lower adsorption
capacity observed, it showed a higher percentage removal efficiency of 96.75, 96.44, and
95.91% compared to most biosorbents previously reported (Table 5). Therefore, it is still
recommended for the treatment of wastewater and for the use of other forms of modifying
agents (acid, base, or thermal) to enhance its absorption capacity.

Table 6. Comparison of properties of Pycnanthus angolensis seed husk with other adsorbents used for
the adsorption of Pb(II).

Biosorbent qm (mg/g) Isotherm
Model Optimal pH % Removal

Efficiency Reference

Chemically pretreated Pycnanthus
angolensis Seed Husk 0.714 Langmuir 6 96.75 This study

Acid-treated fennel seed 18.79 Langmuir 8 - [16]
Banana peel 2.18 Langmuir 5 - [89]

Bagasse fly ash 2.50 Langmuir 5 95.00 [90]
Black sapote seeds 5.50 Langmuir 9 96.60 [91]

Melocanna baccifera (Poaceae) 10.66 Langmuir 6 81.69 [92]
Orange Peel Cellulose 50.10 Langmuir 4 98.33 [29]

Dyed shells of groundnut 0.106 Langmuir - - [93]
Soya bean 0.72 Langmuir 4 70.42 [94]

3.8. Research Implications for Wastewater Treatment and Contributions to Sustainability

The need for proficient wastewater treatment methods has been driven by the dearth
of safe drinking water as well as other environmental consequences. Adsorption tech-
niques are gaining popularity as a practical method for detoxifying contaminated water.
Despite a wide range of adsorbents being discussed in the literature, biosorption is a vi-
able alternative method for eliminating contaminants from water [95]. It has a number
of benefits, including ease of use, good adsorption capacity, high recoverability, and the
ability to be modified [96]. A growing number of biosorbents have been developed and
enhanced using environmentally friendly, secure, and cost-effective processes adhering
to the ideals of sustainable chemistry [97]. Biosorbents offer interesting and intriguing
properties for the removal of contaminants. Additionally, the sorbents exhibit excellent
adsorption qualities and capacities following a variety of activations that enhance the rate
of the adsorption process. In light of these, the use of modified Pycnanthus angolensis seed
husk in the sequestration of Pb(II) from wastewater, as well as its kinetics, isotherm, and
mechanism of adsorption, were explored.

This research paper holds significant implications for sustainability in the context
of wastewater treatment and environmental protection. The results demonstrated the
potential of the use of modified Pycnanthus angolensis seed husk for applications in real-life
scenarios for the regeneration of biosorbents. Below are some of the key ways in which this
research aligns with sustainability principles:

Pollution mitigation: This research addresses the pressing issue of lead pollution in
water, a matter of significant environmental concern in recent times. Lead contamination
has detrimental effects on human health and aquatic ecosystems. By developing an effective
method for lead removal from wastewater, this research contributes to reducing water
pollution and protecting the environment.

Resource efficiency: The utilization of the Pycnanthus angolensis seed husk as a natural
adsorbent for lead ion removal represents a sustainable approach, as it would potentially
reduce the reliance on synthetic and non-renewable materials in metal removal from
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aqueous solutions, such as in wastewater treatment process. This method thereby promotes
resource efficiency and minimizes the ecological footprint of conventional treatments.

Renewable and biodegradable material: Pycnanthus angolensis seed husk is a renewable
and biodegradable resource, offering the choice for commitment to sustainable practices of
using environmentally friendly alternatives to synthetic adsorbents. Studies have reported
that synthetic adsorbents often pose disposal challenges and environmental harm.

Low-cost solution: The findings of this research offer a cost-effective solution for lead
removal from aqueous media and for wastewater treatment, especially for many resource-
constrained developing countries and regions. The cost-effectiveness of the Pycnanthus
angolensis seed husk method enhances its applicability and aligns with sustainability goals
of affordability and accessibility.

Reduced energy consumption: The proposed lead adsorption method also contributes
to sustainability, as it requires less energy compared to traditional treatment processes. This
reduction in energy consumption will not only lower the operational costs but also reduce
the carbon footprint associated with wastewater treatment.

Social and environmental impact: The potential positive impacts of adopting this
method on local communities and ecosystems cannot be overstated. As more lead contam-
ination cases are addressed in affected areas, the research would help in improving the
quality of life of residents and wildlife.

Regulatory compliance: The present research complies with environmental regulations
and standards pertaining to wastewater quality. This alignment with established standards
underscores commitment to responsible and sustainable research practices.

Long-term benefits: The Pycnanthus angolensis seed husk method offers the prospect of
long-term sustainability by utilizing a renewable resource and promoting environmentally
responsible practices in wastewater treatment. The potential for lasting benefits is central
to the sustainability of the proposed approach.

In summary, the research findings have indicated that modified Pycnanthus angolensis
seed husk can be used to remove Pb(II) from aqueous solutions such as wastewater. This
research paper significantly contributes to the needed remediation strategies towards
achieving the Sustainable Development Goal (SDG) of ensuring access to clean, safe water
and promoting sustainable wastewater treatment practices and water management.

4. Conclusions

In conclusion, the pure adsorbent was successfully modified using ethylene glycol
(E-PA) and iso-butanol (I-PA) in order to enhance its adsorption capacity. The FTIR spectra
confirm the participation of OH, –NH, C–O, C=O, and C–H functional groups in the
uptake of Pb(II) ion and shifts in the broadband of some peaks after Pb(II) ion removal,
indicating effective binding of the target metal on the sorbent surface. XRD confirms
the influence of the modification on the Pycnanthus angolesis seed husk. SEM images of
modified adsorbents (E-PA and I-PA) under different magnifications exhibited abundant
cracked surfaces, enhanced pore structures, and cavities that can aid in the entrapment of
Pb(II) ion compared to the pure adsorbent (P-PA). This result is corroborated by the higher
pore size recorded for the E-PA and I-PA compared to the pure adsorbent (P-PA) in BET
analysis. TGA revealed that the samples recorded three steps of degradation and were
stable up to 500 ◦C. The linear plot of the isotherm and kinetic models shows that the uptake
of Pb(II) ion on the adsorbents correlates better with the Langmuir model, which indicates
a monolayer adsorption mechanism and possible formation of a homogenous surface of
the sorbent. The kinetics of Pb(II) ion uptake fit best with the pseudo-first-order model
and were corroborated by the relatively lower values estimated in the error function for all
adsorbents. Thermodynamics revealed a spontaneous and endothermic adsorption process.
At the same time, the adsorption mechanism revealed that the uptake of Pb(II) onto the P-
PA, E-PA, and I-PA mainly involves electrostatic interaction, surface complexation, physical
adsorption, and ionic exchange. In addition, the maximum adsorption efficiency was
attained at 180 min at pH 6, while the adsorption increases as the concentration increases
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for all adsorbents. The result demonstrated the potential of the use of Pycnanthus angolensis
seed husk for applications in real-life scenarios for the regeneration of biosorbents. The
use of Pycnanthus angolensis seed husk significantly contributes to the needed remediation
strategies to further the Sustainable Development Goal (SDG) of ensuring access to clean
water and promoting sustainable water management.
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