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Abstract

Microcellular injection-molded oyster shell nano-powder (OSP) with polypropylene (PP) is a
potential adsorbent material that can reduce toxic metal ion contamination in groundwater. This
study aims to investigate the PP/OSP composite material properties and determine the toxic metal
ion adsorption properties of polypropylene/oyster shell nano-powder (PP/OSP) in an aqueous
medium. This research focused on lead Pb(Il) ion using different parameters such as contact time, pH
value, and initial concentrations to optimize the conditions for heavy metal remediation.
Characterization techniques such as XRD, SEM, FTIR, and TGA were used to analyze the surface
morphology, functional groups, and thermal stability, respectively. The adsorption isotherms were
conducted, and the behavior was consistent with the Langmuir and Temkin isotherms. A pseudo-
first-order kinetic model was preferred, with a maximum adsorption capacity for lead removal
obtained at 13,89 mg/g.

Keywords: oyster shell nano powder; polypropylene; microcellular injection molding; compounder;
Lead Pb(IlI); adsorption

Opyster is a mollusk and a marine shellfish, also known as “milk of the sea.” It is a major marine
resource with high nutritional value. Recently, researchers have focused on natural fillers such as calcium
oxide (CaO), which has a spherical shape. OSP is an inexpensive and readily available resource that can
be used in thermal stabilizers, heavy metal adsorption, and flame retardant applications [1]. Furthermore,
Taiwan is an island with an abundance of marine resources, including oysters, abalones, and clams. One
practice in a circular economy is reusing such materials to produce new products, among which their use
as polymer fillers is the most effective application. However, microplastics pose a potential risk to human
health through transmission and bioaccumulation in the food chain [2] as they have already been widely
detected in food [3]. In the future, the environmental exposure risk of microplastics may increase as plastic
production is expected to reach 318 million tons annually in 2050 [4]. Furthermore, environmental
microplastics could serve as carriers for heavy metals from rivers to the sea due to their small size, large
specific surface area, and hydrophobicity [5]. As commonly detected pollutants in the environment [6],
heavy metals such as Cu, Cr, and Pb were also frequently found in environmental microplastics [7], with
metal concentration similar to or higher than those in sediment phases [8].
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Although microplastics can adsorb heavy metals [8,9], the adsorption capacity varies with the
type of microplastics and heavy metals due to differences in physicochemical properties. For
example, polystyrene and film microplastics have greater adsorption capacity for Cu(Il) than
polyvinyl chloride, polyethylene, fishing line fibers, and bottle cap particles because of the favorable
physicochemical properties of film microplastics [10]. Compared with Cu and Cd, Pb shows a higher
affinity to Polypropylene (PP) because it more readily binds to functional groups on microplastics,
enhancing adsorption [11]. In addition, particle size is an essential factor influencing adsorption. In
the environment [12], microplastics are further fragmented into smaller parts due to environmental
dynamics, which affects the adsorption capacity of heavy metals on microplastics [13].

Moreover, Polypropylene (PP) is one of the most widely used polymers in packaging and
industrial applications owing to its low cost and excellent properties such as low density and high
chemical resistance[14]. It has been widely applied to biomedical materials because of its non-
cytotoxicity, ease of processing, and recyclability [15]. However, it lacks antibacterial properties,
allowing bacteria to easily inhabit PP [16]. Therefore, modifications are necessary to render it
antibacterial or biocompatible. Nevertheless, combining antimicrobial agents with PP is challenging
because of its hydrophobicity and lack of functional groups [17]. Its surface, however, can be
modified using several methods, including chemical, flame, Co-y-ray, corona, ultraviolet, and plasma
treatment [18].

Several studies have reported modifying the surface of PP by incorporating different fillers such
as SiO2 [19], CaCOs [20], AL2Os [21], nano-clay [22], and ZnO nanoparticles [23]. The applications for
various purposes depend on the properties of these inorganic nanoparticles. Joudeh et al. [25]
modified PP first by irradiation with y-ray in the presence of acetylene and then through extrusion
blending with Ag nanoparticles; the resulting nanocomposites exhibited notable antimicrobial
activity. Other studies revealed that ZnO is an efficient antibacterial agent for PP [26]. However, the
study investigated incorporating nano oyster shell powder (OSP) as a filler material to enhance PP's
mechanical, chemical, and physical properties and to improve its adsorption efficiency [27].

Some studies have focused on recycling OSP waste and converting it into valuable products
[27,28]. Hsu, [29]reported that oyster shell powder (OSP) can effectively adsorb certain heavy metals,
such as Pb(II) and Ni(Il), from wastewater. OSP can be treated using hydrothermal techniques, and
several technologies related to OSP have been used to construct porous scaffolds [30] and produce
raw materials for bone tissue engineering. Oyster shell, as a recyclable material, offers potential for
adsorption in removing heavy metal ions from wastewater and contaminated groundwater [31].
Reusing oyster shells as an alternative, low-cost, and non-toxic adsorption material reduces
environmental impact while adding economic and practical value as a waste product [32].
Accordingly, reusing waste oyster shells as an adsorption material for wastewater remediation
provides an innovative approach to environmental improvement [33]. It also increases the value of
waste and contributes to the development of the oyster meat industry in South Africa. The main
objective of this study was to investigate the adsorption potential of Polypropylene/oyster shell
powder as an effective adsorbent for metallic ion uptake in solution and to characterize
Polypropylene/oyster shell powder adsorption mechanisms[34,35]. Batch adsorption experiments
were conducted to study the effects of contact time, pH value, initial concentration, and dosage on
adsorption efficiency.

2. Materials and Methods

Nano OSP was supplied as received by Hans Global Textile Co., Taiwan, while Polypropylene
(PP) with part number K1035 and a melt flow index of 38 g/10 min was provided by Taiwan Formosa
Co., LTD. The chemical composition of PP is (CsHs)n, and OSP consists of 98.2% CaO. The nano-OSP
content was 2, 5, 7, and 12 wt%, respectively, and the mixing ratios are shown in Table 1. The mixing
process was performed by spraying liquid wax (1 vol.% of batch weight 600 g, 6 CC for 7 wt% OSP)
on the PP pellets' surface inside a plastic bag, and the powder dispersion was completed by hand-
shaking the plastic bag. One batch of 600 g OSP/PP composites produced approximately 25 molds of
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ASTM D638 tensile specimens. Microcellular injection molding (as shown in Figure 1) was conducted
using an Arburg-420C 1000 injection molding machine equipped with Mucell® capability. Foamed
samples were crushed using a plastic grinder for the adsorption study. The thermal decomposition
temperature was determined by thermogravimetric analysis (TGA) (SII TG/DTA6200), and the
experiment was conducted with samples (10 mg) in air at temperatures ranging from 40 to 600 °C,
with a heating rate of 10 °C/min. The cellular structures of the foamed composites were examined
using a JEOL JSM6360 SEM system. The PVT property was measured using Smart RHEO of CEAST,
Italy. X-ray diffraction (XRD) was performed on a PANalytical PW3040/60 X'Pert Pro, with Cu Ka
radiation (45 kV, 40 mA) and a wavelength A=1.54 °A. The scan angle covered 2°< 20< 70 ° for the
polymer composites at a scan speed of 3° min-.

Table 1. Mixing ratio of PP/OSP bio-composites.

OSP (g) PP (g) Total weight
(8)
Neat PP 0 600 600
2 wt% 12 588 600
5 wt% 30 570 600
7 wt% 42 558 600
12 wt% 72 528 600

Gas supply .
(N, or €O,) Gas metering system

-

1]
| H

- — | 340 Bar

E Supercritial fluid (SCF) ' :
MuCell Tnterface Kit

Shut Off Nozzle ~ Wiping i‘ ﬁ CompIssion

Foamed part with Microcellular structure
Mold Temperature Controler

Figure 1. Microcellular injection molding setup.

3. Kinetic and Equilibrium Sorption Studies

The study employed a systematic batch adsorption methodology to investigate the effects of pH,
initial metal concentration, and contact time on Pb(Il) removal. For each experiment, approximately
0.17 g of the PP/OSP was measured and reacted with aqueous solutions of the metal ions [36]. These
mixtures were agitated on a mechanical shaker at a constant speed of 150 rpm and maintained at a
controlled temperature of 25 °C. Subsequently, the pH of the aqueous solutions was carefully
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adjusted from 2 to 12 using 0.1 M HCI and NaOH. At the same time, other parameters were held
constant to determine the influence of pH on metal ion adsorption. The effect of initial metal ion
concentration was investigated by exposing the PP/OSP to solutions containing 0.1 to 1.25 mg-L of
Pb(II). Furthermore, the effect of contact time was examined by measuring the adsorbed metal ions
at predefined intervals ranging from 5 to 30 minutes at 5-minute intervals.

After the experiments, the mixtures were filtered, and the metal ion concentrations in the
supernatants were quantified using ICP-OES, ensuring the reliability and accuracy of the results. The
quantities of adsorbed metal species at equilibrium (Qe) and their removal efficiencies (R) were
calculated using Equations 1 and 2:[37]

Co —Ce

Qe =(——)m (1)

%R =(“=2)100 2)
Here, Q. represents the amount of adsorbed metal species at equilibrium, Co and C. denote the initial
and equilibrium concentrations of the metal ions, respectively, V'is the volume of the solution, and m
is the mass of the PP/OSP. The adsorption kinetics were assessed using Equation 3, where Q: and C:
represent the amount of metal species adsorbed and the concentration at time t, respectively.

Removal efficiency (R:) at any time t was calculated using Equation 4.
Co —Ct

Qr=(——)m (3)

Co —Ct

R =(=5)100 (4)

This approach aligns with the growing interest in developing efficient and cost-effective
methods for heavy metal removal from water and wastewater[38,39].

3.1. Characterization Method

Different polymers and composite samples required varying axial speeds, with composites
generally requiring lower axial speeds compared to neat polymers and microplastics before
adsorption characterization. Fourier-transform infrared spectroscopy (FTIR) analysis was conducted
using a Spectrum 3 Tri-Range FT-IR Spectrometer in Johannesburg, South Africa, employing
scanning wavelengths ranging from 400 to 4000 cm™. X-ray diffraction (XRD) was used to analyze
microplastics and qualitatively evaluate the degree of crystallization. The thermal properties of the
PP/OSP were assessed through thermogravimetric analysis (TGA) using the EXSAR6000 SII TG/DTA
6200 equipment, where approximately 10 mg of the PP/OSP was heated in air at a rate of 10 *C-min™’
from ambient temperature to 900 C. Subsequently, the dispersion morphology of the PP/OSP was
examined using a JSM-IT300 InTouch Scope. Scanning electron microscope (SEM) inspection was
performed with a Sigma 360 FE-SEM, XEISS, Oberkochen, Germany. Furthermore, the concentration
of heavy metal ions in aqueous media was quantified using an inductively coupled plasma optical
emission spectroscopy (ICP-OES), Agilent 720 series.

4. Results & Discussion
4.1. Fourier Transformation InfraRed (FTIR)

The Fourier transform infrared spectrometer FT-IR-ATR was used to evaluate the chemical
characteristics of the PP/OSP composite. A wavenumber range of 3250 to 566 cm™ was applied to
investigate the functional groups of the PP/OSP composite (Figure 2). All spectra with different ratios
are illustrated in the figure below. As observed, with increasing OSP content within the PP matrix,
the peak intensity decreases, and a shift in the composite wavelength occurs after OSP incorporation.
The regions at 864 cm™ and 1433 cm™ in the PP+OSP spectrum are attributed to the appearance of the
C=0 functional group from the carbonate ion (Fleet M, 2009) [40], indicating the presence of CaCOs
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in the PP/OSP composite. The peak at 2125 cm! is assigned to -CH: stretching, and the peak at 1712
cmlis assigned to -CH stretching. The region at 3254 cm™ is attributed to the -OH stretching of
carboxyl groups. However, in the PP/OSP 5wt %, peaks were not detected in the composites, possibly
due to the low concentrations of OSP. This suggests that a weak chemical reaction between PP/OSP
may have occurred due to the aggregation and poor dispersion of OSP in the PP composite with 5

wt% OSP [41].
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Figure 2. FT-IR spectrum of the polypropylene oyster shells.

4.2. Physical Properties: P-V-T Diagram

The polymer’s PVT and viscosity values are required to perform the computer simulations of
injection molding mold flow analysis. Typically, such information is supplied by the polymer
suppliers. However, these data are often unavailable for polymer composites. Figure 3 shows the P-
V-T values for neat PP and 12 wt% OSP composites. PP is a semi-crystalline, non-polar polymer with
a high shrinkage rate [42]. Its melting temperature is around 160 °C, showing a significant increase in
specific volume during melting between 110~160 °C. The specific volumes are 1.114 and 1.254 cm’/g
for temperatures of 110 and 160, respectively, at 10 MPa. The volume expansion rate is 11.2%. The
minimum and maximum P-V-T values for neat PP at 10 MPa are 1.08 and 1.31 cm?3/g, respectively.
Figure 3 also presents the P-V-T values for 12 wt% OSP of PP composites, with minimum and
maximum values of 0.946 and 1.142 cm?/g, respectively, at 10 MPa. These values are smaller than
those of neat PP. The main component of OSP is calcium carbonate, whose volume expansion is lower
than that of the polymer when heated. Golzar et al. [43] examined the P-V-T properties of wood
plastic composites (WPC) for extrusion. They found that the viscosity order at a shear rate of 8 s
was 40 wt% WPC > 20 wt% WPC > HDPE, while at shear rates above 9 s7, the sequence changed to
20 wt% WPC > HDPE > 40 wt% WPC.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 3. P-V-T value for neat PP and 12 wt.% OSP composites.
4.3. XRD

To understand the material structure and crystalline phase, X-ray diffraction (XRD) analysis was
conducted on PP, OSP, and PP/OSP composites. Neat PP shows characteristic peaks at 28values of
13.9,16.7, 23.6, and 19.1, which are related to the semi-crystalline nature of PP. The diffraction peaks
of OSP appear at 18, 22.9, 29.4, 317, and 36.2 (Figure 4), indicating that it is primarily composed of
CaCO:s, typically in the aragonite and calcite state. After heating to approximately 700~900 C, the
XRD pattern changes to CaO. These data agree with the reported data in the literature for calcite [44].

—OSP
10000 4 Neat PP
— 7 wt% OSP/PP
8000
Py 14.2
2 60004 23 291
@ — P e o R -
9
£ 29.4
4000 —
18 29 31y 362
0+

L L L L L L L L L L L L
4 8 12 16 20 24 28 32 36 40 44 48 52 56 60
2 Theta (Degree)

Figure 4. XRD characteristics of OSP, neat PP, and 7 wt.% OSP composites.

4.4. Thermal Properties

The thermal stability of OSP plays a crucial role in processing PP polymer. PP/OSP bio-
composites were analysed using TGA. Figures 5A and 5B show thermogravimetric analysis (TGA)
and the first derivative TG curve of the PP/OSP composites. Although oyshell shells contain other
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oxides in their chemical composition, these did not significantly influence the thermal stability
behavior of PP. The composites of PP with oyster exhibited higher onset decomposition and
maximum decomposition temperatures. The temperature data indicate a single-phase degradation
step, which can be attributed to the elimination of critical functional groups such as the carboxylic
group [C=0]. This mass loss results in a maximum weight loss (Tmax) with a total mass loss of 95%.
The remaining residual mass can be attributed to the PP structure with residual CH functional
groups. The thermal stability increased remarkably after loading OSP into the PP matrix. This
improvement might be attributed to the higher compatibility between PP and OSP. This result
confirms better adhesion between OSP and PP at higher filler content, resulting in a more stable
structure at a higher temperature [45].

804
1]
»
3 60+
- -0.04 4
5 g
§° 40
N -0.06
2 ppIOSP 2 with ——PPIOSP 2 wt%
——PPIOSP 5 wt% 0084 pp/OSP 5 wi%
04— PPIOSP 7 wi% —— PPIOSP 7 wt%
\——PPIOSP 12 wt% ‘ . ‘ 10— PPIOSP 12 wtt%|_ ' ‘ .
100 200 300 400 500 600 0 200 400 600 800 1000
Temperature ("C) Temperature (°C)

Figure 5. Thermogravimetric curves of PP/OSP biocomposites.

4.5. SEM Micrographs

The surface SEM micrographs of PP/OSP 2 wt% (Figure 6A) showed a sponge-like material with
fractures. The weak deformation of the biocomposite is due to cavities, resulting from fewer OSP
aggregations and poor interfacial adhesion between the PP matrix and the OSP filler. The 5 wt%
sample (Figure 6B) illustrated a change in morphology, characterized by an irregular and rougher
surface. In the 7wt% sample(Figure 6C), an increased amount of the OSP filler was indicated by a
slight change in morphology and a rough surface, revealing excellent compatibility between OSP and
PP. This improvement is attributed to the increased weight percentage supporting the PP matrix,
where the fillers introduced interfacial bonding between the two materials. The 12 wt% sample
(Figure 6D) exhibited fractures similar to those observed in Figure 6C.
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Figure 6. SEM images of PP/OSP biocomposites: (a) 2 wt% OSP; (b) 5 wt% OSP; (c) 7 wt% OSP; (d) 12 wt% OSP;
(e) neat OSP.

An overview of the cell density and dimension is represented in Figure 7. The assessment
provides an outline of the effect of oyster shells on polypropylene performance. The figure shows a
gradual increase in cell density, while cell size decreases with increasing oyster mass. As the oyster
mass reaches 5 wt.%, the cell density remains constant, and the cell size decreases from 50
micrometers to 25 micrometers. These findings indicate that oyster shell particles act as
heterogeneous nucleating agents that promote cell nucleation in polypropylene during microcellular
foaming. The significant improvement in cell nucleation is attributed to the addition of oyster shell
powder, which creates numerous heterogeneous boundaries and reduces cell nucleation energy [46]
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Figure 7. Cell size and cell density of oyster shell powder on polypropylene.

4.6. Effect of Initial Concentration, pH, Dosage, and Time

The effect of initial metal ion concentration on the percentage removal of Pb(II) was investigated
within the initial concentration range 0.125 to 1.25 ppm. Figure 8(A) illustrates the variation of metal
ion removal efficiency by PP/OSP 5 wt% nanocomposite against initial concentration. Among all
adsorbents, PP/OSP 5 wt% exhibited the best performance, achieving an optimal removal efficiency
of 73.35% at 0.75 ppm.

PH is a critical parameter in adsorption between adsorbent and adsorbate particles. This is
because the surface binding sites on the adsorbent are more effectively exposed for adsorbing the
adsorbate, depending on the acidic or alkaline nature of the media. In this study, pH affected the
adsorption process by influencing the level of protonation of the functional groups on the adsorbent
surface and altering its surface charge. Figure 8(B) shows the effects of pH on the removal efficiency
of Pb(II) using PP/OSP 5 wt% nanocomposites. The removal percentage increased with pH, reaching
equilibrium at pH 6 using the PP/OSP 5 wt% adsorbent. Nonetheless, as pH further increased, there
was a sudden fall in uptake efficacy from pH 7 onwards. The overall Pb(Il) ion remediation was
observed at pH 6 with 86.6 % efficacy using PP/OSP 5 wt% nanocomposite. The mechanism of pH
relies on Pb(II) uptake [43], as indicated in previous experimental work. Toxic metal ion uptake can
be divided into three different steps, viz., hydrolysis when pH > 6, adsorption or surficial remediation
when 5 <pH <6, and competitive adsorption between Pb* and HsO* when pH <5. Thus, the outcomes
in Figure 6 suggest that remediation of Pb(II) ions is favorable via adsorption or surficial deposition.
Accordingly, the negatively charged adsorbent surface selectively attracted Pb(II) within the 5 < pH
< 6 pH range. Hydrolysis of Pb(Il) is likely to reduce the absorption of free Pb(Il) ions [47].

In this study, the investigation of the effects of adsorbent dosage and adsorption time is crucial
for determining the adsorption capacity of PP/OSP 5 wt% nanocomposite. In Figure 8C, the removal
of Pb(II) ions was varied using a dosage from 0.5 to 0.25 g. Observing the removal of Pb(II) in Figure
8C reveals that the uptake efficacy increases with the adsorbent dose. This is due to the increased
availability of active sites on the surface of the PP/OSP 5 wt% nanocomposite for metal ion
adsorption. Equilibrium was achieved at a 0.17 g with a removal efficiency of 91.1% for Pb(II) ions.
The addition of mass increased the Pb(II) metal ion uptake. Figure 8D demonstrates the difference in
percentage remediation of Pb(Il) over a period range of 5, 10, 15, 20, 25, and 30 minutes using 0.17g
of PP/OSP 5wt% nanocomposites with pH 6 and 0.75 ppm Pb(Il) initial concentration as constants.
From Figure 8D, the optimal Pb(II) remediation on PP/OSP 5 wt% was achieved at an adsorption
capacity of 13.89 mg/g. The maximum remediation of Cd(II) was completed within 25 min using the
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PP/OSP 5 wt% nanocomposite. After 25 min, the nanocomposite reached equilibrium and showed a
reduction in adsorption capacity.

—=— PP/OSP 2 wt%
—e— PP/OSP 5 wt%
—— PP/OSP 7 wt%
—v— PP/OSP 12 wt%
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Figure 8. Adsorption of Pb(Il) ions on PP/OSP as a function of initial metal concentration (A) and effect of pH

(B), function of dose (C), and effect of time measured in mg/g (D).

4.7. Adsorption Isotherm

The adsorption isotherm analysis of Pb(Il) ions on PP/OSP 5 wt% was carried out to understand
the adsorption mechanism [48]. To improve the design of the adsorption system for the removal of
Pb(II) ions from aqueous solutions, it is essential to describe the relationship between the amount of
Pb(II) ions adsorbed per unit weight of adsorbent (qe) at adsorption equilibrium and the residual
concentration of Pb(II) ions in the solution. Two models were used to analyze the experimental data
and describe how adsorbents and adsorbates interact [49].

The desired isotherm was determined by evaluating the correlation coefficients for the linear
forms of the conventional isotherm equations. Table 1 presents the values of the isotherm correlation
coefficients based on these linear equations. Several studies have used two classical adsorption
equilibrium models—the Langmuir equation (3) and the Freundlich equation (5) —for metal ions
sorption by polymer composites [50]

4.7.1. Langmuir Isotherm

Whenever the plot fits a Langmuir isotherm, a plot of Ce/qe versus Ce is linear (Figure 8). The
R? values (R>=0.327) indicate that the PP/OSP 5 wt% adsorption data do not follow the Langmuir
model. CH, OH;, and C=0 functional groups were involved in the uptake of Pb(II) from aqueous
solutions using the PP/OSP 5 wt% polymer composite; however, the results did not conform to the
Langmuir adsorption model. The most important parameter in the Langmuir adsorption model is
RL, a dimensionless constant defined as an equilibrium factor used to evaluate whether the
adsorption system is satisfactory or unsatisfactory [51]. RL is calculated from the initial concentration
using Eq. 6. If RL ranges between 0 and 1, the sorption is categorized as favourable, meaning that
adsorption occurs at specific homogeneous sites within the adsorbent [52]. The dimensionless
constant was found to be satisfactory, with a value of 0.86.
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__qmKCe
" 1+KCe ()

where ge is the adsorption capacity for each concentration (mg/g); gm is the maximum adsorption
capacity or the adsorption capacity when the system achieves equilibrium (mg/g); K is the
equilibrium constant (mg/L); and Ce is the adsorbate concentration (mg/L).

1
" 1+KCo (6)

where K is related to the energy of adsorption (I/mg) and Co is the initial concentration

4.7.2. Freundlich Isotherm

The Freundlich isotherm model is based on a correlation describing the adsorption of solutes
from a liquid to a solid surface and assumes that the adsorbent surface is heterogeneous (e.g.,
different sites with numerous adsorption energies are involved). Choy, McKay, and Porter presented
the nonlinear form of the Freundlich isotherm as[49]:

ge = KfCel/™ 7)
where ge is the adsorption capacity for each concentration (mg/g); Kf is the Freundlich constant
(Lm/g); Ce is the adsorbate concentration (mg/L); and 1/ is the heterogeneity factor. The linear plots
with good correlation coefficients (>0.900) indicate that the adsorption followed the Freundlich

isotherm model. The correlation coefficient of 0.94 suggests that the PP/OSP 5 wt% composite
exhibited favourable Pb(II) uptake.

4.7.3. Temkin Isotherm

The Temkin model assumes that heat adsorption for metal ions decreases with surface saturation
due to continuous interactions between the adsorbent and dye molecules. The Temkin model is
expressed as:

g=BInkT BIn C. )

where B is the Temkin constant that is controlled by the adjusted uptake temperature (J mol™), Kris
the binding constant of the Temkin isotherm (L/g), g. is the amount of dye adsorbed at equilibrium
(mg/g), and Ceis the dye equilibrium concentration at a constant temperature (mg L) [53]. The
constants B and KT can be obtained from the slope and intercept of the plot of ge versus In Ce, as
shown in Figure 9 C below.

Kt (dm?3/g) represents the equilibrium binding energy corresponding to the optimum binding
energy, and BT (J/mol) is a constant related to the heat of adsorption. R is the ideal gas constant, and
T is the absolute temperature.

Table 2. Freundlich isotherm and Langmuir isotherm results of PP/OSP 5 wt% composites.

Langmuir isotherm Freundlich isotherm Temkin isotherm
Metal Ru K R2 Qmax Kt n R2 At Bt R?2
ions (mg/g)
Pb(ID) 0.997 0.001 0.38 13,89 50,98 1.73 094 2355 1,385 0975
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Figure 9. Linearized fits for Langmuir (A), Freundlich (B), and Temkin isotherm (C), 0,8 ppm of Pb(Il), 0.17 g
PP/OSP 5 wt% composites.

4.8. Kinetic Models

This study examines the rate of adsorption and adsorption mechanism on PP+OSP by applying
pseudo-first-order and pseudo-second-order models. The correlation coefficients indicate the degree
of agreement between the experimental data and the predicted model values. The linear form of the
Lagergren et al. equation was used for the pseudo-first-order model as:

Kad

log(ge — qt) = logge — ——t )

2,303

where ge and gt refer to the amounts of Pb(Il) adsorbed on the PP/OSP 5 wt% nanocomposites at
equilibrium time and time ¢ (min), and Kad represents the pseudo-first-order constant (min). The
rate constant, Kad, and correlation coefficients for different Pb(II) ion concentrations were calculated
from the linear log plots (ge-qt) versus t. A best-fit line was plotted, and the correlation coefficient (R?)
was obtained at 0.97, as shown in Figure 10 B. The correlation coefficient successfully fit the
experimental data, which indicated that the adsorption of Pb(Il) ions onto polymer composites
followed pseudo-first-order kinetics for Pb(II) adsorbate.

The pseudo-second-order equation is expressed as Equation 10 below. For second-order kinetics
to be valid, the plot of t/g4(t) versus t must be linear. Figure 9 shows the plot of the pseudo-2nd-order
model, with a linear fit of a correlation coefficient of R?=0,10, indicating that Pb(II) sorption followed
the pseudo-2nd-order model, as shown in Table 3. For the 2nd-order kinetic model to be applicable,
the correlation coefficient must be greater than 0.9. It is therefore concluded that the Freundlich
isotherm was not a better fit for the experimental data compared to the Langmuir isotherm for Pb(II)
ions removal on PP/OSP 5 wt% polymer composite. Hence, the sorption process of Pb(Il) ions on
PP/OSP 5 wt% polymer composites followed the first-order kinetics.

The linear form of the Lagergren et al. equation was used for pseudo-second-order as:

=gt (10)
qt  K2ge2 qe

It should be noted that the pseudo-second order kinetics is only applicable when the plot of t/q(t)
versus t shows a linear relationship. Figure 10B presents the plot for the pseudo-second order model,
where the correlation coefficient, R2=0.10 for Pb(lI), indicates that the model was not suitable for
Pb(Il) adsorption.
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Figure 10. Linearized fits for pseudo-first order (A) and pseudo-second order (B) of Pb(II) with 0.17g PP/OSP 5
wt% composite at 25 °C.

Table 3. Coefficients of sorption kinetics for Pb(II) removal on PP/OSP 5 wt% and their correlation coefficient (R?
)-(Experimental conditions: Co = 0.75 mg L™; dosage = 0.17 g per 250 mL; mixing rate = 250 rpm; T =25+ 1 °C;
pH = 6.0 = 0.2 for Pb(IL)).

Adsorbent Metal ion Initial Pseudo 1st order Pseudo 2nd order
Conc.
Calc. equil. Ki (min?) R? K2 (min™) R?
(mg/L)
Uptake qe
(mg/g)
PP/OSP 5 wt% Pb (II) 0,75 mg/L 13.89 mg/g 5,710 0.971  1.19%10* 0.102

4.9. Desorption Studies

Figure 11 illustrates the desorption studies of Pb(Il) by PP/OSP 5 wt% in aqueous solutions.
Desorption refers to the reuse and recycling of the adsorbent through several cycles. Therefore, the
repeated adsorption and desorption cycles after adsorbent regeneration serve as significant
indicators of performance. The adsorption test was conducted at 25 °C, pH 610.5, an initial Pb(II)
concentration of 0.75 ppm, 0.17 g mass, 10 mL volume, and 25 minutes contact time. The desorption
experimentation was performed at 25 °C, pH 8, using 1.0M NaOH as the desorption solution, with
an initial Pb(II) concentration of 0.75 ppm, and a contact time of 25 min. The desorption removal rate
of Pb(Il) concentration on PP/OSP 5 wt% drastically decreased with an increase in the number of
recycle times, which led to an early equilibrium and a rise in the residual Pb(II) ion concentration in
solution. This was evident when the removal rate decreased from 90 % to 55 % after eight cycles, as
shown in Figure 10. This indicates that the efficient adsorbent remained effective after eight cycles for
reuse.
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5. Conclusions

Instrumental analysis of the biocomposite confirmed a successful synthetic route for fabricating
foamed PP/OSP biopolymer with varying weight percentages of 2, 5, 7, and 12 wt%. The increased
weight percentage of the PP/OSP biocomposite enhanced its thermal and chemical stability, as
illustrated in Figures 2 and 5. The increase in cell density is attributed to the incorporation of oyster
shell in the polypropylene. Functional groups were identified using FTIR-ATR, and all samples
exhibited parent material characteristics, which can be attributed to low OSP loading. OSP did not
significantly affect the thermal stability. The prepared PP/OSP biopolymers, with ratios of 2, 5, 7, and
12 wt% OSP, were used as heavy metal adsorbents for Pb(II) adsorption from aqueous solutions. The
remediation of Pb(II) on the PP/OSP biocomposite followed the Langmuir isotherm, indicating that
Pb(II) ions were adsorbed on homogeneous sites with uniform binding energies, forming a single
layer on the biocomposite surface. It was established that the removal of Pb(Il) from aqueous
solutions occurred predominantly through chemical adsorption, consistent with pseudo-second-
order kinetics.
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