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Abstract: The study involved pyrolyzing biomass from Parthenium hysterophorus at temperatures of
300, 500, and 700°C to generate charcoal adsorbents (PTC 300, PTC 500, and PTC 700) at reduced
prices. Subsequently, the PTCs were evaluated for their efficacy in eliminating Pb (II) from industrial
effluent. Through the manipulation of operational parameters and the analysis of mathematical
models, PTC 500 exhibited the highest adsorption capacity among the synthesized adsorbents,
achieving 20.40 mg Pb (II)/g. The major mechanisms for Pb (II) adsorption onto biochar derived
from P. hysterophorus are ion exchange with inherent mineral cations and surface complexation with
oxygenated functional groups (-COOH, -OH). The enhanced immobilization efficacy is due to
electrostatic attraction and lead precipitation within the pores of biochar. The pseudo-first order and
Langmuir models provided the most precise characterization of Pb (II) adsorption onto PTCs in the
batch adsorption study. An increased Pb (II) concentration, reduced flow velocity, and elevated bed
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height collectively enhanced Pb (II) sorption in the fixed bed column. The Clark model most accurately
represented the adsorption process and aligned with the experimental data in comparison to the other
column models (Thomas, Yoon-Nelson, Clark, and Bohart-Adams models). The supplemental
experimental results were consistent with the breakthrough curves. The maximum adsorption capacity
achieved using the column approach was 8.16 mg/g. In contrast to rival adsorbents, PTCs exhibited
significant reusability potential and enhanced adsorption efficiency.

Keywords: invasive biomass valorization; environmental sustainability; circular economy; lead
contamination; water purification

1. Introduction

Heavy metals, such as lead (Pb), are among the hazardous pollutants in industrial effluent, posing
significant risks to the environment and public health. Lead accumulates in cells and is classified as a
carcinogenic and non-biodegradable pollutant. This may result in enduring health consequences such
as cancer, renal impairment, and neurological disorders [1]. Lead contamination of rivers due to mining,
battery production, electroplating, and pigment manufacturing has raised significant alarm, especially
in developing countries with sometimes insufficient wastewater treatment systems. Consequently, the
elimination of lead from industrial effluent is a significant environmental and public health concern,
especially in poorer countries where sewage treatment facilities are often inadequate [2]. In wastewater
treatment, fundamental approaches for heavy metal removal, such as ion exchange, chemical
precipitation, coagulation-flocculation, and membrane filtration, have been widely employed [3,4].
Nevertheless, these methods sometimes produce hazardous secondary waste requiring further
treatment, substantial operational costs, and intricate logistics. Consequently, there has been a surge in
demand for economical, sustainable, and environmentally friendly alternatives. Adsorption-based
treatment approaches have garnered significant interest due to their user-friendliness, efficacy, and
ability to handle trace contaminants. Biochar, a carbon-dense material generated from the pyrolysis of
biomass in low-oxygen conditions, has demonstrated potential as an adsorbent for the extraction of
heavy metals. High porosity, extensive surface area, numerous surface functional groups, and robust
stability are significant physicochemical properties of biochar that enhance its capacity to bind heavy
metals [5].

The emphasis has shifted to producing biochar from low-cost, locally available materials such as
invasive plants, forestry byproducts, and agricultural waste. The invasive alien plant P. hysterophorus
has attracted attention due to its rapid growth, wide distribution, and harmful impacts on biodiversity
and agriculture [6]. Despite being a significant ecological and economic threat in numerous regions,
converting this weed into biochar yields two beneficial environmental outcomes: It mitigates the
proliferation of the invasive species and provides a sustainable adsorbent for wastewater treatment.
According to studies [7-9] , biochar made from parthenium and other lignocellulosic wastes has a
great deal of promise for eliminating hazardous heavy metals, especially lead, from tainted water by
means of surface complexation, ion exchange, and magnetism. Consequently, using biochar derived
from parthenium weed to extract toxic lead from industrial effluent represents an innovative and
sustainable approach that integrates environmental conservation with waste valorization [10]. Biochar is
esteemed for its environmental benefits; yet, there are risks linked to its improper production or
utilization. Biochar may contain heavy metals, ash, or residual polycyclic aromatic hydrocarbons (PAHs),
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contingent upon the feedstock and pyrolysis conditions. If biochar is not properly stabilized, recycled,
or disposed of after absorbing heavy metals such as Pb (II), the residual biochar is classified as
secondary hazardous waste [11].

Research has emphasized the significance of underutilized biomass sources, such as invasive
plant species, forestry outputs, and agricultural wastes, for biochar production. Parthenium
hysterophorus is an exceptionally invasive species of international significance. It is a toxic weed that
presents health hazards to humans and livestock, results in considerable agricultural losses, and
diminishes biodiversity. It is an ideal candidate for conversion into charcoal owing to its rapid growth
and low economic value. Producing biochar from parthenium mitigates its environmental impact while
generating a sustainable adsorbent material. Studies have demonstrated that various forms of biochar
can sequester toxic elements such as lead via surface complexation, ion exchange, and electrostatic
attraction [12].

Adsorption may be conducted continuously or in discrete batches. Although continuous research
data on adsorption is essential for the practical application of wastewater treatment, batch adsorption
trials are vital for acquiring the necessary knowledge regarding the removal of specific pollutants.
Continuous adsorption is often conducted in a fixed-bed column, where wastewater interacts with an
adsorbent medium. In continuous adsorption, wastewater consistently flows into and out of the column,
while the concentrations of the adsorbent and solution ions within the column vary, hence sustaining
dynamic equilibrium. The consequences of continuous adsorption are assessed through column
absorption capacity, breakthrough curve profile, and efficacy in contaminant removal. Operating
variables such as bed depth, bed width, flow rate, and beginning pollutant concentration influence
these characteristics [13]. The application of biochar derived from Parthenium weeds for lead removal
in industrial wastewater has not garnered as much focus as biochar produced from forestry and
agricultural residues. Bridging this gap is particularly crucial in regions with significant Parthenium
infestations and industrial effluents. In this study, we aim to evaluate the adsorption efficacy of biochar
derived from Parthenium weed for the removal of hazardous lead from industrial effluent. This study
elucidates adsorption capacities and mechanisms, providing an innovative strategy for managing
invasive weed species and promoting the development of eco-friendly, cost-effective, and sustainable
wastewater remediation solutions.

This study is notable, as we utilize a poisonous plant to produce biochar, demonstrating
competitive adsorption effectiveness relative to alternative adsorbents, and employ a dual experimental
methodology to enhance understanding of scalability. PTCs appear to be a viable eco-friendly solution
for industrial wastewater treatment, fostering the circular economy and environmental restoration,
owing to their reusability and cost-effectiveness. We enhance biochar-based adsorption by tackling
practical issues in continuous-flow systems through the integration of waste valorization and efficient
Pb (I) removal. Biochar formed from Parthenium hysterophorus exhibits a complex adsorption
process, unlike biochars produced from conventional agricultural waste, where adsorption
effectiveness is primarily governed by surface area and nonspecific physical adsorption. Due to its
mineral-rich biomass content, Parthenium biochar possesses several exchangeable cations that
facilitate the removal of Pb (II) through ion exchange, and it forms strong complexes with oxygen-
containing functional groups on its surface [14]. Furthermore, the hierarchically organized pores
facilitate effective pore-filling processes and enhance mass transfer [15]. A notable advancement of
this study is the incorporation of chemically active sites within an accessible porous structure in
Parthenium hysterophorus biochar, distinguishing it from other biochars utilized in agriculture [16].

This paper offers an extensive analysis of batch and fixed-bed column systems, linking the
technical elements of laboratory-scale investigations with real-world applications in the field. To attain
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a more profound understanding of the adsorption capacity and kinetics, multiple isotherm models are
analyzed and correlated with the experimental results. The reutilization capacity of these agro-weed
adsorbents is examined for each PTC. The reusability and cost-effectiveness of PTCs highlight their
potential as a sustainable solution for industrial wastewater treatment, aligning with the ideals of the
circular economy and environmental restoration. We tackle practical issues in continuous-flow systems
by combining waste valorization with efficient Pb (II) removal, thus progressing the domain of
biochar-based adsorption.

2. Materials and methods
2.1. Chemicals and composition of Pb (Il) solution

A 1000 mg/L Pb (1) stock solution was prepared using lead nitrate [Pb (NO3)2] and subsequently
diluted with deionized water for batch adsorption investigations. The solution was formulated utilizing
deionized water. We also employed other chemicals supplied by Sigma Aldrich, such as potassium
hydroxide (KOH), sodium hydroxide (NaOH), sulfuric acid (H2SOs), nitric acid (HNO3), and
hydrochloric acid (HCI). Each chemical exhibited a purity of 99%. Column and batch studies were
performed utilizing genuine industrial effluent, with samples obtained from the Hattar Industrial
region (33.8507N, 72.85005<E) battery manufacturing facility that produces lead batteries. The
untreated samples were collected and stored at 4<C in a refrigerator. Conventional methods were
utilized for the characterization of the substance [17].

2.2. Collection of Parthenium and production of biochar

Approximately 20 kg of fresh parthenium weed (P. hysterophorus) was collected from several
sites in the Rawalpindi district of Pakistan (33.232578N, 73.390846E). The biomass was desiccated
under sunlight following purification with distilled water to eliminate residual dust. To diminish the
moisture content to below 10%, it was further mechanically pulverized into smaller fragments of
around 3 cm and desiccated in an oven maintained at 105<C [18]. Subsequently, the feedstock was
densely packed within ceramic crucibles and sealed with lids. Subsequently, the crucibles were placed
in a Vulcan D-550 muffle furnace in the United States for pyrolysis. The feedstock underwent pyrolysis
for 120 minutes at a steady rate of 5C per minute over three temperatures: 300, 500, and 700 <C.
Subsequent to pyrolysis, the resultant biochars (identified as PTC 300, PTC 500, and PTC 700, with
PTC denoting the biochar and the numeral indicating the pyrolysis temperature) were permitted to cool
to ambient temperature within a desiccator prior to being sieved through a 1.5 mm screen to ensure
uniform particle size. The biochar yield was determined using the equation provided below [19].

2.3. Batch adsorption study

Experiments were performed on an orbital shaker (KJ-201, BD, China) at 150 rpm. Due to its
remarkable purity, consistency, and minimal chemical interaction, it guarantees reproducibility and
reduced Pb (1) retention [20]. The samples were initially filtered with Whatman #42 filter paper and
subsequently analyzed using an atomic absorption spectrophotometer (AAS) (BK-AA320N Shimadzu,
Japan) to determine the residual concentration of Pb (I1) [21]. Control samples, which lacked PTCs,
were also analyzed for each group. To validate the results, three replicates of each adsorption test were
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performed. The quantity of Pb (Il) extracted and assimilated was determined using Eqs (1) and (2),
respectively:

Ci—Ce

Removal (%) = x 100 (1)

i
Ci—Ce

Adsorption capacity (mg/g) = [T] XV (2)

where ‘C;’ is the initial Pb (II) concentration (mg/L), ‘Ce’ is the equilibrium Pb (II) concentration (mg/L),
‘W’ is the weight of PTC (g), and ‘V’ is the volume of solution (L).

Through a systematic set of experiments, the working conditions were optimized to attain the
highest lead removal efficiency. Initially, the following parameters were held constant during the
investigation: A total of 10 mg/L Pb (II) content, 1.5 g/L PTC dosage, wastewater temperature of
25 +£2 <€, and a 24-hour adsorption duration. Following the modification of the initial Pb (I1)
concentration from 0.5 to 15 mg/L, while keeping all other parameters constant, the PTC adsorbent
dosage was optimized within the range of 0.2 to 3.5 g/L and a pH spectrum of 2 to 14. An assessment
and enhancement of the interaction duration ranging from 10 to 1440 minutes was performed [22].

2.4. Adsorption isotherm and kinetic models
Four distinct isotherm models (Langmuir, Temkin, Freundlich, and Dubinin-Radushkevich) were

utilized to analyze Pb (I1) adsorption data for certain PTCs. The non-linear forms of the models were
employed as delineated in Eqs (3)—(6), and the bonding energy was computed using Eq (7).

Langmuir: Q. = %116:(1:—%3 3)

Freundlich: Q, = KzC2/" (4)

Temkin: Q. = %Ln(ACe) (5)
Dubunin-Radushkevich: Q, = Qp exp [—BD {RTIn (1 + Ci)}z] (6)
E = oo )

where ‘n’ is the adsorption strength constant, ‘R’ is gas constant (8.314 J/mol/K), ‘T’ is absolute
temperature (K), ‘B’ is heat of adsorption (kJ/mol), ‘A’ is binding constant (L/mg), ‘Qp’ is the
Dubinin’s adsorption capacity (mg/g), ‘Bp’ is the energy constant (mol*/kJ?), ‘E’ is the energy of
bonding (kJ/mol), and ‘Qmax’ is Langmuir’s maximum adsorption capacity (mg/g).

The following three kinetic models, Eqs (8)—(10), were used in their non-linear geometries to help
explain the Pb (II) sorption onto PTCs [23]:

Pseudo first order: q; = qo(1 — e‘k’lt) (8)
b2
Pseudo second order: q; = ii—q‘:t 9)
24e
Elovich: Q, = %Ln(oth +1) (10)
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where ‘t’ is the contact period (min), ‘o’ is the rate of adsorption (mg/g-min), ‘B’ is sorption constant (g/mg),
‘qe’ 1s the equilibrium Pb (II) concentration (mg/g), and ‘ki’ (1/min) and ‘k2’ (g/mg-min) are the rate
constants for pseudo first order and pseudo second order, respectively.

2.5. Reuse of adsorbent

A desorption experiment was done on PTC 500 using five distinct 0.1N regeneration agents
(CH3COOH, H2S04, HCI, NaOH, NacCl) to evaluate its potential for reuse after Pb (11) adsorption. The
PTC 500, including Pb (1), was agitated at 150 rpm for one hour, mixed with the suitable desorbing
agent, and the aqueous concentration of Pb (I1) was measured by AAS. Two-step screening approaches
were employed as per the methodology delineated to efficiently recover PTC 500 post-washing [18].
The suspension was initially filtered using Whatman # 42 filter paper. This initial filtration stage
reduced the likelihood of the finer membrane becoming obstructed by eliminating coarse particles. The
filtrate was subjected to vacuum filtration over a 0.22 m nylon-cellulose membrane following partial
clarification to guarantee the total retention of submicron PTC 500 particles, resulting in a clear
solution appropriate for AAS [24]. These measures were integrated to optimize throughput, retention
effectiveness, and analytical precision. The resultant aqueous concentration of Pb (I1) was quantified
utilizing Eq (11).

. _ Total of Pb (II) desorbed (mg/g)
Desorption % = Total of Pb(II) adsorbed (mg/g) 100 (11)

2.6. Column adsorption study

The sorption efficacy of adsorbents in continuous systems is a vital consideration for evaluating
their viability in industrial applications. Figure 1 illustrates the fixed-bed column layout at the
laboratory scale. A vitric column of 5 cm in diameter and 120 cm in height was included in the
apparatus. Glass fleeces were used at both ends of the column to avert adsorbent loss in the treated
water. The column was filled with a predetermined concentration of adsorbent. De-ionized (DI) water
was employed to saturate the column, facilitating the release of trapped gases between the adsorbent
particles. A peristaltic pump (Longer, China) was employed to transfer Pb (Il) from the base of the
column through the adsorbent [25].

All residual adsorbent was removed from the treated effluent utilizing a membrane filter (0.45 pm).
The operating parameters for the column study were optimized by a systematic set of tests to achieve
maximal Pb (1) removal. The pH was initially sustained at 6, the Pb (Il) content fluctuated between
50 and 100 mg/L, the bed height was modified between 10 and 20 cm, and the mass of PTC 500 used
varied between 50 and 150 g. The flow rate was modified to range from 8.33 to 12.50 mL/min. The
volume of the solution varied between 12,000 and 18,000 mL. The interaction duration ranging from
10 to 1440 minutes was evaluated and enhanced.
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Figure 1. Schematic of Pb (II) adsorption column setup.
2.7. Breakthrough curve study

The buckling behavior of Pb (II) on PTC 500, selected for its greatest adsorption in batch
investigations, was characterized by the breakthrough curve (50%) as depicted in the C+/Co vs T graph,
according to [26]. The mass adsorbed of Pb (1) (mg/g) was calculated using the area (A) under the
breakthrough curve and the flow volume (mL) according to Eqs (12)—(14).

Total mass adsorbed : q (0.5) = Q f::oo's( — % ) d; (12)
Adsorption capacity: q,. = qO-S/W (13)
Effluent volume: V = Qt (14)

where ‘W’ indicates the mass of PTC (g) filled in the column. At a specified flow rate, pH, and bed
height, a predetermined quantity of PTC was introduced into the column, followed by the injection of
a suitable volume of Pb (II) solution from the bottom. An automated collector collected the wastewater,
while a ball valve equipped with a flowmeter regulated and monitored the flow rate. The removal
efficiencies, adsorption capacity, and kinetics were measured utilizing the numerical nonlinear models
of Clark, Thomas, Yoon-Nelson, and Bohart-Adams, as delineated in Eqs (15)—(17).

Clark Model: Ct/CO = (1 + (n/A) exp(=K; xt))~"/n (15)
Thomas model: Ct/CO = 1/(1 + exp(Kryg X (qo X M — Q;))) (16)
Yoon — Nelson model: Ct/CO = 1/(1 + exp(Kyy X (t — T))) (17)

Bohart — Adams model: Ct/CO =1/(1 + exp(%— K4 Cot)) (18)

where ‘Cy’ is effluent concentration (mg/L), ‘Co’ is initial concentration (mg/L), ‘k’ is rate constant, ‘t’
is time (min), ‘A’ is adsorption capacity constant and flow rate, ‘n’ is sorption intensity, ‘qo’ is
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adsorption capacity (mg/g), ‘M’ is adsorbent mass (g), ‘Q’ is flow rate (mL/min), and ‘t’ is time for
50% breakthrough (min).

3. Result and discussion

Scanning electron microscopy (SEM), EDX spectra illustrated in Figures 2(a)—(c), and point of
zero charge (pHp.) measurements depicted in Figure 3 were employed to investigate the
physicochemical properties of parthenium-derived biochar [27]. The figure displays the SEM of the
structure, illustrating its heterogeneity and porosity characterized by elongated channels, cracks, and
voids. The biochar’s macroporous and mesoporous structure, characterized by a pore size ranging from
around 0.1 to 12.16 pm, enhances the transport of metal ions. The capacity for heavy metal adsorption
is augmented by the presence of several active sites, as shown by the irregular surface morphology [28].

ul Scale 359 cts Cursor. 0.000

Figure 2. SEM photographs and EDX spectra of biochars derived from Parthenium
hysterophorus (PTC 300) (a), (PTC 500) (b), and (PTC 700) (c).
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Figure 3. pHpzc spectra of biochars (PTC 300, PTC 500, and PTC 700) derived from
Parthenium hysterophorus at three temperatures (300, 500, and 700°C).
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PTC 500 possesses a pHp,c 0f 9.2, indicating that when the solution’s pH falls below this threshold,
the biochar’s surface exhibits a net negative charge. The adsorption studies were conducted at a
working pH of 6.0, which is below the pHp... The mostly negative charge of the biochar surface
facilitated the electrostatic attraction of positively charged Pb (II) ions. The positive surface charge
characteristics of PTCs support their capacity to remove cationic metals from water [29].

Despite variations attributed to pyrolysis temperature, the FTIR analyses of PTC 300, PTC 500,
and PTC 700 biochar, both pre- and post-Pb (II) adsorption (Figure 4), together corroborate the
significance of oxygen-containing functional groups in lead binding. The participation of hydroxyl,
carboxyl, and quinone moieties in Pb (II) complexation was evidenced by the O—H stretching at 3306 cm™
shifting to lower wavenumbers with diminished intensity at 3230 cm ™, the C=0O/C=C bands near
1564 cm™ broadening to 1566 cm™, and the C—O vibrations at 1106 cm™ decreasing to 1033 cm™ [30]. A
novel band at 657 cm™ also indicated the production or precipitation of Pb—O bonds.

(a)

PTC 300

PTC 500

Transmittance (%)

[y PR S —— -

3306 2980

Q= e e T
o
N
-

3600 3000 2400 1800 1200 600

Wave number (cm'1)

Figure 4. FTIR spectra of biochars before adsorption of Pb (II) (PTC 300, PTC 500, and
PTC 700) derived from Parthenium hysterophorus at three different temperatures (300,
500, and 700°C).

The presence of hydroxyl, carboxyl, and phenolic groups was validated by the PTC 500, at 2080
with carbon stretching attributed to Pb adsorption, where broad O—H bands (cm™) shifted to 3230 upon
Pb loading, C=0 stretching (1796 cm™) and aromatic/COO™ peaks (1566 cm™) exhibited significant
alterations, and C—-O stretching (1033 cm™) diminished. Vibrations of Pb—O were attributed to new
bands below 600 cm™ [31].

The O-H absorption at 3230 cm™* for PTC 700 diminished post-adsorption, the C=O band at 1796
cm ! and the COO /aromatic C=C peaks at 1566 cm! shifted, and the C—O peak at 1106 cm™ exhibited
reduced intensity. New absorptions also appeared in the region below 600 cm™, further signifying the
formation of Pb—O bonds. The FTIR results across all pyrolysis temperatures indicate that the primary
active sites for Pb (II) adsorption via complexation, ion exchange, and surface precipitation
consistently include hydroxyl, carbonyl, carboxyl, and phenolic groups. The minor discrepancies in
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peak positions and intensities indicate the alterations in the structure and chemistry of biochar as the
pyrolysis temperature increases [32].

3.1. Batch adsorption study
3.1.1.  Effects of adsorption parameters

The principal aspects in the adsorption process encompass the starting concentration of the adsorbate,
the dosage of the adsorbent, the pH of the solution, and the duration of contact. Figure 5(a)—-(d)
demonstrates the influence of these factors on the removal and adsorption efficacy of PTCs for Pb (II)
from water. Figure 5(a) depicts the influence of initial Pb (II) concentration on the adsorption
capabilities of three PTCs. PTC 500 demonstrated a peak adsorption capacity of 7.16 mg/g at an initial
concentration of 15 mg/L for Pb (II). The removal effectiveness of all PTCs diminished after 10 mg/L,
presumably due to the colonization of functional sites on the PTC surface by Pb (II) ions and
interactions with adsorbed functional groups. A prevalent pattern noted among all PTCs reveals that
Pb (II) adsorption escalates with increased starting concentrations, ascribed to intensified interactions
between the adsorbent and adsorbate molecules. As the concentration of PTCs rises, the adsorption of
Pb (II) diminishes (Figure 5(b)), owing to the restricted availability of PTCs sites for adsorption [33].
The adsorption capabilities of the PTCs at a minimum dosage of 0.2 mg/L were as follows: PTC 500
had a concentration of 20.40 mg/g, PTC 700 followed with 19.95 mg/g, and PTC 300 had 11.60 mg/g.
This arose from the multitude of active spots on the surface of PTC 500.

The adsorption of Pb (II) reached its zenith at pH 6, maintained relative stability until pH 8, and
thereafter diminished, as illustrated in Figure 5(c), due to excellent adsorption conditions and limited
surface areas of PTCs [34]. The decrease noted beyond pH 8 can be ascribed to the increased
precipitation of Pb(OH): on the surfaces of PTCs, in conjunction with cation exchange [35,36].

The adsorption capabilities were quantified as 6.23 mg/g for PTC 500, 5.84 mg/g for PTC 700,
and 5.48 mg/g for PTC 300. The peak adsorption of Pb (1) for PTCs transpired at pH 6, signifying the
involvement of electromagnetic processes in conjunction with additional adsorption mechanisms,
including surface complexation, ion exchange, and precipitation [37] . Figure 5(d) illustrates the effect
of contact period on the percentage of Pb (I1) elimination and the amount adsorbed by various PTCs.
The maximum adsorption of Pb (1) transpired within 45 minutes of contact time. Following the fast
adsorption phase, a more gradual phase ensues until equilibrium is attained. The findings demonstrate
that the pace of chemical interaction between Pb (11) and PTCs is swift, achieving maximum adsorption
within a short duration of 45 minutes. PTC 500 demonstrated superior adsorption capacity relative to
PTC 300 and PTC 700. Co-precipitation may expedite the fast elimination of Pb (I1) [38]. During the
sluggish phase, the interaction between Pb (11) and the PTCs surface may entail intra-particle mobility [39].
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Figure 5. Effects of (a) Initial concentration, (PTC dose =1.5 g/L, pH = 6, Time = 1440 min,
Temp = 25°C); (b) PTC dose (pH = 6, Conc of Pb (II) = 10 mg/L, Time = 1440 min, Temp =
25°C) (c¢), pH (PTC dose = 1.5 g/L, Conc of Pb (II) = 10 mg/L, Time = 1440 min, Temp =
25°C); and (d) contact time (PTC dose = 1.5 g/L, pH = 6, Conc of Pb (II) = 10 mg/L, Temp =
25°C) on removal and adsorption of Pb (II) by biochars (PTC 300, PTC 500, PTC 700). The
Bar chart represents Removal % and the curve chart represents Adsorption (mg/g).
3.1.2.  Isothermal study
The correlation coefficients (RZin Table 1 and Figure 6 (a)—(d) demonstrate that the adsorption
data for PTC 500 aligns well with the Langmuir and Freundlich isotherm models, but does not adhere
to the Temkin and D-R models. Langmuir estimated a maximum adsorption capacity (Qmax) of
18.57 mg/g for PTC 500, which notably exceeded the capacities of PTC 300 (12.37 mg/g) and PTC
700 (12.94 mg/g). The 1/n values forecasted by the Freundlich model for all PTCs exceeded 1,
signifying favorable adsorption of Pb (I1). The Temkin model indicated that the B values for all PTCs
were below 8 kJ/mol, signifying that the adsorption process was classified as physisorption [40].
Consistent with the Langmuir demonstration, the Qp values forecasted by the Dubinin-Radushkevich
model were much greater for PTC 500 (7.55 mg/g) than for PTC 700 (6.63 mg/g) and PTC 300 (6.38 mg/g).
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Table 1. Parameters for Pb (II) adsorption onto biochars (PTC 300, PTC 500, and PTC
700) determined using isothermal and kinetic models.

Isothermal models

Langmuir Freundlich Temkin Dubinin Radushkevich
R? Quax Ko R?> I/m Kr R> B A R2 Qb =
(mg/g) (V/mg) (mg/g) (kJ/ mol) (Vmg) (mg/g) (J/mol)
PTC 0992 12.37 0.07 0977142 0098 0.9351.83 1.61 0971638 1
300
PTC 0994 20.40 0.04 0.9811.28 0.93 0.9032.14 148 0970755 1
500
PTC 00988 12.94 0.07 09681.41 1.00 0.9261.91 1.59 09726.63 1
700
Kinetic models
Pseudo-first-order Pseudo-second-order  Elovich IPD
R2 Je k] Rz e k2 Rz o B R2 C k]

(mg/g) (min™)

(mg/g) (g/mg-min)

(mg/g-min) (g/mg)

(mg/g) (mg/g-min™?)

PTC 0.921 552 0.04 0.7955.83 0.011 0.4908.31 1.56 0.18 3.73 0.067
300
PTC 0.938 6.19 0.05 0.7896.51 0.012 0.43925.58 1.57 0.14 446 0.064
500
PTC 0.899 5.75 0.04 0.7666.06 0.010 0.45510.19 1.53 0.15 3.93 0.066
700
8 - 8 -
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Figure 6. Non-linear fittings of isothermal models. (a) Langmuir, (b) Freundlich, (c)
Temkin, (d) Dubinin Radushkevich (D-R), and kinetic models, (e) pseudo-first-order, (f)
pseudo-second-order, (g) Elovich model, and (h) intra-particle diffusion, on Pb (II)
adsorption onto PTC 300, PTC 500, and PTC 700.

The findings of the isotherm models demonstrated that PTC 500 displayed the greatest adsorption
of Pb (11) relative to PTC 300 and PTC 700. The elevated R? and Qmax values of the Langmuir isotherm
signify a homogeneous monolayer adsorption process, whereas the active sites on the surface exhibit
numerous significant benefits for adsorption [41]. The Temkin isotherm model further underscores the
uniform distribution of binding energies throughout the PTCs [42]. In contrast, the Freundlich, Temkin,
and Dubinin-Radushkevich models indicate heterogeneous adsorption, reflecting significant
variability in the surfaces of the PTCs. The adsorption of Pb (I1) on PTCs appears to include multiple
mechanisms, as evidenced by the well-fitted isothermal models [43], which include pore-filling
diffusion (Dubinin-Radushkevich model), multilayer adsorption (Freundlich model), and monolayer
adsorption (Langmuir model).

We examined the adsorption of Pb (I1) utilizing four kinetic models: Intra-particle diffusion (IPD),
pseudo-second order (PSO), Elovich, and pseudo-first order (PFO). Figure 6(e)—(h) illustrates the
curve fittings for each model, while Table 1 lists the associated parameters. The R? values, ranging
from 0.144 to 0.938, demonstrated that the PFO, PSO, and Elovich models are appropriate for the Pb (I1)
Kinetic adsorption data. However, the results were inconsistent with the intraparticle diffusion concept,
as evidenced by an R? value below 0.5. In the assessment of the PTC series, PTC 500 exhibited
enhanced estimated equilibrium adsorption capacity (ge) values for PFO and PSO, measured at 6.51
and 6.19 mg/g, respectively, in contrast to PTC 300 and PTC 700. Furthermore, PTC 500 exhibited an
elevated adsorption rate of 20.40 mg/g-min. PTC 500 demonstrated superior adsorption capacity for
Pb (1) relative to PTC 300 and PTC 700, as evidenced by kinetic results consistent with isothermal
models. This signifies the participation of several unique adsorption mechanisms. The robust
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connection of the kinetic data with the PFO and PSO models demonstrated that Pb (1) is adsorbed
onto all PTCs, especially PTC 500, by a mix of physisorption and chemisorption processes [44].
The maximum adsorption level observed in this investigation, in comparison to other biochars
employed for the same Pb (I1) removal from aqueous solutions, indicated a higher performance in
this research (Table 2).

Table 2. Comparison of the adsorption capacity of biochar derived from Parthenium
hysterophorus at 500°C (PTC 500) from this study with other reported studies.

Biochar Pyrolysis Adsorption Reference
temperature (€) capacity
(mg/g)
Bamboo, bagasse, and tire biochar 105 0.15 [13]
Wheat straw powder biochar 350 9.95 [45]
Coffee husk biochar 350 13.08 [44]
Parthenium hysterophorus biochar 500 18.41 [10]
Prosopis wood biochar 400 18.72 [32]
Parthenium hysterophorus biochar 500 20.40 This study

3.1.3.  Industrial wastewater and reusability study

At this stage of the inquiry, the specified operational parameters in Section 2.3 were selected to
remove Pb (II) from actual industrial wastewater through a batch adsorption experiment. The results
demonstrated a 97% elimination of Pb (II). Additionally, a significant decrease in other conventional
wastewater pollutants was noted, as demonstrated in Table 3. The physical structure of PTC 500
successfully caught total suspended solids (TSS), resulting in a 70% reduction. It comparably removed
organic pollutants and total dissolved solids (TDS) through adsorption and ion exchange mechanisms.
Additional treatment of industrial wastewater is required to meet the permitted limits established by
NEQS for biological oxygen demand (BOD) and chemical oxygen demand (COD) characteristics [46].

Table 3. Real industrial wastewater characteristics before and after adsorption through PTC 500.

Parameters NEQS Inlet real After adsorption % Removal
wastewater

COD (mg/L) 400 3,220 £1.2 2,049 +2 55%

BOD (mg/L) 250 1,440 +1.02 734.4 %2 49%

TDS (mg/L) 3,500 2,236 £2.12 1,788.8 £1 20%

pH 6-9 6.28+0.18 6 0.1 --

EC (Ds/m) N/A* 3.40%0.22 3.45x1 --

TSS (mg/L) 400 612 +0.1 184 +0.1 70%

Pb (mg/L) 0.5 (mg/L) 0.85 +0.01 0.025 +0.01 97%

*N/A = Not available, NEQS = National Environmental Quality Standards.
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Five successive adsorption—desorption cycles were conducted to comprehensively assess the
regeneration and reusability of the synthesized PTC 500 utilizing five distinct 0.1N regenerative
agents (CH3COOH, H»>SOs4, HCI, NaOH, NaCl). Acidic eluents, including HCIl, H>SO., and
CHsCOOH, were employed to promote proton exchange with adsorbed Pb (II) ions and to dissociate
metal-functional group complexes through the protonation of oxygen-containing surface groups [47].
NaCl was employed to assess the reversibility of ion-exchange and electrostatic interactions by
competitively displacing Pb (II) ions with Na* ions [48]. To evaluate the adsorbent’s stability under
acidic conditions and the desorption behavior associated with variations in surface charge and metal
speciation, NaOH was introduced [49]. Prior to reuse, the Pb (II)-imbued PTC 500 was rinsed with
deionised water, treated with the requisite reagent after each sorption cycle, and subsequently dried in
an oven at 80°C.
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Figure 7. (a) Desorption of Pb (II) by different desorbing agents, and (b) Removal and
adsorption of Pb (II) from industrial wastewater by biochar (PTC 500).

Figure 7(a) illustrates the fluctuation in regeneration efficacy based on the reagent utilized. The
PTC 500 exhibited an adsorption capacity for CH3COOH cleaning of 98.9% in the initial cycle, which
progressively diminished to 95% in the second cycle and further to 86% in the third cycle. Following
the fourth and fifth cycles, the regeneration efficiency was about 79% and 75%, respectively. H>SO4
demonstrated reduced regeneration efficiency, sustaining 60% after five cycles, while HCI, NaOH, and
NaCl showed significant retention of adsorption capacity at 50%, 45%, and 30% respectively, likely
attributable to considerable structural modifications and the depletion of surface functional groups [50].
The most substantial reduction in reusability occurred after CH3COOH treatment; following five
cycles, capacity decreased from 20.40 to 15.3 mg/g, indicating an efficiency of just 20%. The PTC
500 successfully removed 95% of Pb (II) from wastewater, exhibiting an adsorption capacity of
18.74 mg/g (Figure 7(b)). The unexpectedly diminished adsorption capacity of PTC 500, recorded at
below the anticipated value of 20.40 mg/g, may be ascribed to the conflicting effects of several soluble
cations in wastewater, as indicated by increased electrical conductivity (EC) and total dissolved solids (TDS)
levels. The diminished capacity for Pb (II) adsorption in actual wastewater, compared to synthetic
solutions, is attributed to the presence of competing ions and the heightened ionic strength of the matrix.
Elevated TDS and EC values indicate an increase in dissolved ions such as Ca**, Mg**, Na*, and K*,
which may compete with Pb (II) for ion-exchange sites and oxygen-rich functional groups on the
charcoal surface. Furthermore, elevated ionic strength can mask the electrostatic interactions between
Pb (II) and the negatively charged functional groups, resulting in diminished adsorption efficiency.
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The interaction of these elements likely results in a reduction in Pb (II) absorption in complex
wastewater systems [51]. Notably, following treatment with PTC 500, the Pb (II) concentration in
the treated wastewater was 0.025 mg/L, which is below the permissible limit of 0.5 mg/L set by
Pak-EPA (2000).

3.1.4.  Column study

A fixed-bed column incorporated an adsorbent methodically positioned within its framework. A
Pb (I1) solution with a specified influent concentration was supplied at a steady flow rate and sustained
under strictly regulated circumstances. The effluent concentration was consistently checked at regular
intervals over time. The adsorbent exhibited a substantial capacity for holding Pb (1) molecules,
leading to a significantly low effluent concentration. Nevertheless, the presence of Pb (lI) in the
effluent could be ascribed to the gradual saturation of the adsorption sites at the column’s entrance
over time. As saturation advanced through the bed, the effluent concentration gradually increased,
approaching the influent concentration, indicating the onset of column collapse. Figure 8 depicts the
conventional breakthrough curve, generated by graphing the normalized effluent concentration (Ct/Co)
against time. This curve depicts the operational characteristics of the adsorption column and its
efficient mass transfer performance [52].

In the column experiment, the PTC 500 was the most efficient adsorbent according to the results
derived from the batch study. This study defined the breakthrough point (tos) as the moment when the
effluent concentration (C:) reached 50% of the influent concentration (C+/Co = 0.5) [53]. The different
operating conditions were analyzed as detailed in Table 4.

1.2 q
o
Q
=
o
—=—PTC 500

0 200 400 600 800 1000 1200 1400 1600
Time (min)

Figure 8. Breakthrough curves for Pb (II) adsorption on PTC 500 (pH 6, time 1440 min,
temp = 25°C, Bed height (mass of adsorbent) = 10 cm (50 g), initial concentration of
Pb (I) = 100 mg/L, Flow rate = 8.33 mL/min). Solid line = model calculation; data marks =
experimental measurements.
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Table 4. Column parameters with different bed heights, flow rates, and vent concentration.

Vent Flowrate  Bed Mass of Breakthrough Treated Adsorption
Conc. (mL/min)  Height PTC500  curve point volume capacity
(mg/L) (cm) (9) (50%) (min)  (mL) (mg/g)
50 8.33 10 50 17.6 11,999 2.94

70 8.33 10 50 24.6 11,999 4.09
100 8.33 10 50 49.0 11,999 8.16
100 8.33 10 50 49.0 11,999 8.17
100 10.83 10 50 32.63 15,595 7.16
100 12.50 10 50 20.83 18,000 5.21
100 8.33 10 50 48.0 11,999 8.00
100 8.33 15 100 99.58 11,999 8.30
100 8.33 20 150 155.3 11,999 8.64

3.1.5. Influence of variables

Investigations were performed at a pH of 6 using PTC 500, with a column bed height between 10
and 20 cm, and a vent concentration of 50 to 100 mg/L, to analyze the impact of flow rate on the
adsorption of Pb (1) in the column, as depicted in Figure 9(a). The flow rates in a continuous fixed-
bed column experiment affected the removal efficiency of Pb (I1). We investigated the elimination of
Pb (1) by assessing the impact of various flow rates specifically 8.33, 10.83, and 12.50 mL/min while
keeping bed heights at 10 cm and metal concentrations at 100 mg/L. A decrease in flow rate from 12.5
to 8.33 mL/min resulted in an increase in breakthrough and fatigue times. An increased flow rate
reduced the contact time of the Pb (1) solution, compromising its adsorption capacity by the adsorbent.
As the flow velocity decreased, the residence time of the solution increased, facilitating its permeation
via the pores [54]. As the flow velocity diminished, the adsorption capacity increased from 5.21 to
8.17 mg/g, as indicated in Table 4. The findings demonstrated the need of regulating the influent flow
rate and contact duration to optimize the removal of Pb (II) and prevent premature saturation, thus
ensuring the best performance of the fixed-bed system [55]. The breakthrough curve of Pb (Il) was
assessed at a concentration of 100 mg/L and a flow rate of 8.33 mL/min, employing bed heights of
10 cm (50 g), 15 cm (100 g), and 20 cm (150 g). The recorded suffusion and breakthrough timings
demonstrated an increase with the rise in bed height from 10 to 20 cm, as depicted in Figure 9(b). The
adoption of increased bed heights led to diminished effluent concentrations and prolonged saturation
periods for the adsorbent, as demonstrated in Table 4. A smaller bed attained saturation more rapidly
due to fewer binding sites and an enlarged surface area for metal adsorption, while a longer bed
demonstrated extended functionality. Increasing bed height has been demonstrated to considerably
delay breakthrough and saturation events by expanding the mass transfer zone, as indicated by the
findings in [1]. The prolonged residence time facilitates enhanced reduction and adsorption processes
for Pb (Il). Thus, an increase in bed height results in improved efficiency in the use of adsorbents,
which is consistent with findings from other studies [56]. The ideal bed height for maximizing
adsorption was 10 cm, and this parameter was selected for subsequent experiments. Another study [57]
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exhibited analogous adsorption patterns concerning different bed heights. We investigated the effects
of varying concentrations of Pb (II) (50, 70, and 100 mg/L) on the breakthrough curve, with a flow
rate of 8.33 mL/min and a bed height of 10 cm. The elevation in concentration from 50 to 100 mg/L
caused a significant modification of the breakthrough curve (Figure 9(c)). The recorded break and
saturation periods demonstrated a reduction in relation to the elevation of Pb (I1) content (Table 4). At
diminished concentrations, a larger volume of Pb (Il) was required for efficient removal, and the
breakthrough time extended primarily due to decreased mass transfer during the adsorption phase. The
augmented adsorbate volume per unit surface area of the PTCs caused earlier saturation, hence
reducing saturation time with the increase in Pb (I1) concentration [58]. As the concentration of Pb (I1)
rose, the adsorption capacity correspondingly increased due to the accelerated saturation of the PTCs.
The findings demonstrated the need of regulating the influent flow rate and contact duration to enhance
the removal of Pb (1) and prevent early saturation, thus ensuring the best performance of the fixed-
bed system.
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Figure 9. Effects of (a) Flow rate, (pH = 6, time 1440 min, temp = 25°C, Bed height (mass
of adsorbent) = 10 cm (50 g), 15 cm (100 g), 20 cm (150 g), initial concentration of Pb (I) =
100 mg/L, 70 mg/L,50 mg/L) (b) Bed height (mass of adsorbent) (pH = 6, time 1440 min,
temp = 25°C , Flow rate = 8.33 mL/min, 10.83 mL/min, 12.50 mL/min, initial
concentration of Pb (II) = 100 mg/L, 70 mg/L,50 mg/L), and (c) Initial concentration of
Pb (II) (pH = 6, time 1440 min, temp = 25°C, Bed height (mass of adsorbent) = 10 cm (50 g),
15 cm (100 g), 20 cm (150 g), flow rate = 8.33 mL/min, 10.83 mL/min, 12.50 mL/min, on
adsorption by biochar (PTC 500).

3.1.6. Column models

The continuous mode experiment showed that an elevation in bed height resulted in a decrease in
flow velocity, whereas an increased concentration of Pb (11) augmented the sorption of Pb (1I) onto
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PTC 500 biochar. The modeling results for column adsorption, depicted in Figure 10(a)—(l) and
summarized in Table 5, demonstrated that an increase in bed height from 10 to 20 cm, a decrease in
flow rate from 12.50 to 8.33 mL/min, and an elevation in initial Pb (1) concentration from 50 to 100
mg/L resulted in the Clark model being the optimal fit, as indicated by the Adjusted R=3alues related
to the Freundlich isotherm model. The batch adsorption investigation established that the Freundlich
isotherm model accurately represented the adsorption of Pb (1) on PTCs. The Clark model asserted
that the forces propelling intraparticle diffusion correspond to the transverse multilayer composition
on the material’s surface [59]. The rate of decrease in adsorption probability for all adsorbate molecules
is linked to the probability of adherence and the degree of infiltration of the adsorbate into the adsorbent,
as described in the Yoon—Nelson column model [60]. The notion that attaining equilibrium is not an
instantaneous process is essential to the Bohart—-Adams model. The adsorption rate is affected by the
quantity of adsorbate and the residual capacity of the adsorbent [61].

Table 5. Parameters of Clark model, Y-N model, Thomas model, and Bohart—Adams model.

Clark model

Parameters K¢ (mL/min mg) A R?
Effect of column height (cm)

10 0.16 0.81 0.97
15 0.15 0.93 0.99
20 1.13 0.96 0.99
Effect of concentration (mg/L)

100 0.15 0.82 0.97
70 0.11 0.77 0.97
50 0.05 0.73 0.95
Effect of flow rate (mL/min)

8.33 0.15 0.89 0.96
10.83 0.10 0.73 0.95
12.50 0.10 0.62 0.91
Y-N model

parameters Kyn (mL/min mg) T (min) R?
Effect of column height (cm)

10 10.24 49.94 0.73
15 8.07 39.90 0.83
20 6.46 29.62 0.99
Effect of concentration (mg/L)

100 0.10 49.9 0.75
70 0.06 51.81 0.72
50 0.005 61.38 0.25
Effect of flow rate (mL/min)

8.33 10.1 49.9 0.71
10.83 82.3 85.4 0.67
12.50 39.3 200.1 0.21

Continued on next page
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Thomas model

Parameters Kt (mL/min mg) Jac (MY/Q) R?
Effect of column height (cm)
10 10.62 3.19 0.86
15 11.44 2.42 0.97
20 100.75 1.83 0.99
Effect of concentration (mg/L)
100 10.44 3.18 0.85
70 3.54 4.87 0.77
50 055 17.04 0.75
Effect of flow rate (mL/min)
8.33 10.48 3.29 0.85
10.83 0.48 17.40 0.68
12.50 0.33 29.39 0.68
Bohart-Adams model
Parameters Kga (ML/min mg) No (mg/L) R?
Effect of column height (cm)
10 1.42 3.57 0.84
15 2.30 1.80 0.97
20 1.48 18.68 0.99
Effect of concentration (mg/L)
100 0.06 1.55 0.86
70 3.28 1.52 0.81
50 3.29 1.07 0.54
Effect of flow rate (mL/min)
8.33 0.06 3.46 0.85
10.83 3.02 3.42 0.60
12.50 3.02 3.42 0.56
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Figure 10. Non-linear fittings of breakthrough curves models, (pH = 6, time 1440 min,
temp = 25°C, Flow rate = 8.33 mL/min, 10.83 mL/min, 12.50 mL/min, initial concentration
of Pb (I) = 100 mg/L, 70 mg/L, 50 mg/L, bed height (mass of adsorbent) = 10 cm (50 g),
15 cm (100 g), 20 cm (150 g)) (a)—(c) Clark, (d)—(f) Thomas, (g)—(i) Yoon—Nelson, (j)—(1)
Bohart-Adams on Pb (II) adsorption onto biochar (PTC 500).

The examination of the modified R? values revealed that the Clark model exhibited a more
favorable fit under diverse situations than the Bohart—-Adams (B-A) Thomas model and the Yoon
Nelson (Y-N) model. With the elevation of the bed height, the Thomas model (0.99), Bohart-Adams
model (0.99), Clark model (0.99), and Y-N model (0.99) demonstrated approximately equivalent fits
to the column adsorption data. The elevation of initial Pb (Il) concentration led to a diminished fit for
the Thomas, Y-N, and B-A models, each presenting an adjusted R=of 0.65, in contrast to the Clark
model, which exhibited a markedly superior adjusted R*value of 0.95. Correspondingly, as the flow
rate diminished, the adjusted R? value for the Clark model was superior (0.96) in comparison to the
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other models. The findings demonstrated that adsorption efficiency improved with greater bed height
and elevated inlet Pb (1) content, as seen by the high adjusted R? values of 0.99 across all models. A
decrease in flow rate improved the bed’s adsorption capacity, thereby confirming the Clark model’s
efficacy in predicting adsorption behavior under these conditions [62]. The notable consistency
between the Clark and improved Thomas models indicated that chemisorption at active sites, along
with concentration-driven mass transfer in the column system, was the primary mechanism for the
adsorption of Pb (1) on PTC 500.

3.1.7.  Regeneration and treatment of industrial wastewater by column adsorption

The achievement of sustainable industrial development, in accordance with the comprehensive
concept of sustainability encompassing economic, social, and environmental aspects, is largely
contingent upon the deployment of efficient technologies that produce advantageous socio-economic
and environmental outcomes. This advancement includes new strategies and the optimization of
processes that yield optimal results while minimizing resource usage, hence providing significant
benefits such as environmental sustainability and enhanced productivity. Exceptional adsorption
capability, ease of reusability without substantial loss in adsorption capacity, and long-term
reusability are critical features for practical applications. We employed the PTC 500 for Pb (II)
adsorption, followed by desorption experiments utilizing a 0.1N CH3COOH solution as the
desorbing agent (Figure 11(b)). The regeneration cycle involved the passage of the desorbing agent
through the column at a flow rate of 8.33 mL/min, with a column height of 10 cm (50 g), and a vent
concentration of 100 mg/L for a specified duration. The breakthrough curve point (50%) occurred at
49 minutes. A washing phase utilizing deionized water was performed for a further 30 minutes before
initiating the subsequent cycle of Pb (11) adsorption. Furthermore, following five cycles of adsorption-
desorption, the PTC 500 exhibited a consistent removal efficiency exceeding 85% of its initial capacity,
as illustrated in Figure 11(a). This discovery demonstrated the composite material’s potential for
repeated application in efficiently eliminating Pb (I1) ions from wastewater streams.
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Figure 11. (a) Removal and adsorption of Pb (II) from industrial wastewater by biochar
(PTC 500) through column study, and (b) Regeneration of PTC 500 in different cycles
from industrial wastewater.

AIMS Environmental Science Volume 13, Issue 2, 362-394.



384

3.1.8.  Adsorption mechanism

Despite variations attributed to pyrolysis temperature, the FTIR analyses (Figure 12(a, b)) of PTC 300,
PTC 500, and PTC 700 biochar, pre- and post-Pb (II) adsorption, collectively substantiated the
involvement of oxygen-containing functional groups in lead binding. The participation of hydroxyl,
carboxyl, and quinone groups in Pb (II) complexation was evidenced by the O—H stretching at 3306 cm™
migrating to lower wavenumbers with diminished intensity at 3230, while the C=0/C=C bands near
1564 cm™ broadened to 1566 [63].

Following the adsorption process, the aliphatic stretching peak and the C—O vibrations at 1106 cm™
diminished to 1033, signifying the formation of a complex between Pb (II) and the surface of PTCs.
Furthermore, PTC 500 demonstrated an elevated concentration of C = C; [64]. The post-adsorption
FTIR measurements indicated that the elimination of the 2980 cm-1 signal is associated with the
establishment of the Cr—Pb bond [65].

2Pb*2 4+ 2(C = Cm — H30%) > 2(C = Cmt — Pb) + 2H;0*

When Pb (II) approaches an oxygen-containing group (—OH, —COOH on PTCs), the oxygen
transfers a lone pair of electrons to the vacant orbital of Pb (II), resulting in the formation of a
coordinate (dative) covalent bond. The bond arises from oxygen (base) giving electrons, and Lead (acid)
accepts electrons to give a Lewis acid-base mechanism [66].

Pb*2 + RCOOH + H,0 — RCOPb + H;0*
Pb*2 + ROH + H,0 — ROPb + H,0*

Lead (II) interacts with minerals such as carbonates, phosphates, and hydroxides in biochar to
produce insoluble precipitates of PbCOs, Pbs(PO4)2, and Pb (OH)2 [67].

Pb*?> + OH™ - Pb(OH),
Pb*? + C03* - PbCOs
Pb*? + P0O;3 > Pby(PO,), ©)

A novel band at 657 cm™ also indicated the production or precipitation of Pb (II). The
involvement of hydroxyl, carboxyl, and phenolic groups was validated by the PTC 500, at 2080,
indicating carbon stretching attributed to Pb adsorption. Notably, broad O—H bands (cm™) shifted to
3230 upon Pb (II) loading, while C=O0 stretching (1796 cm™) and aromatic/COO™ peaks (1566 cm™)
exhibited significant alterations, and C—O stretching (1033 cm™) diminished. New bands below 600 cm™
were attributed to Pb—O vibrations. The surface of PTCs consists of exchangeable cations, such as K*, Na*,
Ca?", Mg*, and H*, which are loosely bound to negatively charged functional groups (-COO~, —-OH",
phenolic) [65]. As Pb (II) 1ons in the solution neared the biochar surface, they displayed an increased
charge density and a heightened affinity for the negatively charged sites. Pb (II) exchanges with the
loosely bound cations [68].

Pb*? + —COONa - —COOPb + Na*
Pb*? + —COOK - —COOPb + K™
Pb*? + —C00Ca - —COOPb + Ca*?
Pb*? + —COOMg —» —COOPb + Mg*?
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The O—H absorption at 3230 cm™' for PTC 700 diminished post-adsorption, the C=O band at
1796 cm™ and the COO/aromatic C=C peaked at 1566 cm™* shifted, and the C—O peak at 1106 cm™!
exhibited reduced intensity, confirming surface complexation. Pb (II) ions established direct bonds
with functional groups on the biochar surface, leading to the formation of stable spherical complexes.
These ions are electrostatically associated with negatively charged functional groups, including

carboxylate (—COQO"), hydroxyl (-OH), and alkoxide (—O~) groups, while concurrently retaining their
hydration shell of surrounding water molecules (H-0) [69].

Pb*?+ = COOH —» = COOPb + H*
Pb*2 +2 = COOH - = (CO0),Pb + 2H*
Pb*?4+=0H - =O0OPb+ H*

New absorptions also appeared in the range below 600 cm™, further signifying the formation of
Pb—O bonds. The FTIR results across all pyrolysis temperatures indicated that the primary active sites
for Pb (II) adsorption via complexation, ion exchange, and surface precipitation consistently include
hydroxyl, carbonyl, carboxyl, and phenolic groups. The minor discrepancies in peak positions and
intensities indicate alterations in the structure and chemistry of biochar as the pyrolysis
temperature increases.
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Figure 12. FTIR spectra of PTC 300, PTC 500 and PTC 700, respectively, (a) before
adsorption of Pb (II), (b) after adsorption of Pb (II) from wastewater.

The SEM examination results (Figure 13) demonstrated that the biochar processed a highly
porous structure, marked by a substantial presence of micropores, which enhanced its surface area and
provided accessible pathways for the adsorption of Pb (II) ions. The complex pore structure facilitates
the rapid passage of Pb (II) ions from the bulk solution into the internal framework of the biochar,
leading to their physical trapping and immobilization [70]. Visual observations from SEM examination
indicated an increase in pore abundance and accessibility, particularly for PTC 500, which correlated
with enhanced Pb (I1) adsorption capacity, despite the absence of quantitative measurements for specific
surface area and pore size distribution in this study. Besides surface complexation and ion exchange
mechanisms, the porous structure likely facilitated the diffusion of Pb (II) ions into internal adsorption sites,
therefore occupying the pores. Consequently, pore filling may not be the sole determining factor, but rather
an auxiliary process that enhances overall adsorption efficacy [71]. The micropores not only offer
physical confinement but are also adorned with oxygen-containing functional groups. These groups
enable further adsorption mechanisms, including cation exchange and surface complexation, thus
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enhancing the overall uptake capacity. lon exchange is proposed as a potential adsorption process
owing to the presence of native cations and Pb (II) on the biochar surface.

20kV  X1,000 1an 20kV  X2,500 10pm 20kvV  X1,000
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Figure 13. (a)—(c) SEM images with EDX spectra, (d)—(f) elemental mapping of PTC 300,
PTC 500, and PTC 700, respectively, after adsorption of Pb (II).

Furthermore (Figure 14), the precipitation of Pb (II) species, including Pb (OH): or PbCOs, within
the confined micropores contributes to the stabilisation of the adsorption process. The SEM results
indicated that the porous and microporous structure of the biochar is crucial for the removal of Pb (II),
facilitating a synergistic interaction among pore filling, ion exchange, and surface complexation
mechanisms [72].
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Figure 14. Overall mechanism of adsorption of Pb (II).
3.1.9.  Future prospectives

The maximum Pb (I1) adsorption capacity was recorded for PTC 500, owing to ion exchange with
inherent mineral cations and surface complexation with oxygenated functional groups. In future studies,
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researchers should focus on refining pyrolysis settings and post-activation techniques to enhance these
active areas. Enhancing the immobilization and selectivity of Pb (I1) can be achieved by altering the
surface chemistry of biochar to increase the density of -COOH and -OH groups. Moreover, it is
recommended to employ advanced spectroscopic techniques such as XPS to corroborate the proposed
mechanisms and enhance comprehension of Pb binding states. To enhance the feasibility of employing
biochar derived from parthenium for the continuous removal of Pb (Il) from industrial wastewater,
additional adjustment of fixed-bed operating parameters and extended regeneration studies are
necessary. After reuse, PTCs functioned as a replacement for cement and aggregate in cementitious
composites and were integrated into wood-polypropylene composites and plasters as an additive.

3.1.10. Proposed industrial mechanism

Figure 15 depicts a possible industrial layout for wastewater treatment. A continuous adsorptive
water treatment method can be successfully illustrated by a rotating the arrangement of two parallel
columns for wastewater treatment, as shown in the image. Examine two columns utilizing biochar as
an adsorbent substance. Wastewater traverses Column A, whereby biochar efficiently eliminates lead
and other pollutants. After the wastewater treatment is finalized, the flow is routed to Column B to
maintain ongoing processing. Column B is purifying water, while Column A is subjected to a washing
procedure using a specialized elution solvent to remove trapped contaminants, thus preparing Column
A for reutilization. This cycle, in which A functions while B regenerates and then alternates, guarantees
an uninterrupted process. The system’s advantage is the concurrent processes of adsorption and
regeneration, which eliminates the time and costs related to system downtime. It is more economical
and minimizes supplementary pollutants.

Flow sheet for Industrial wastewater
column adsorption setup

Industrial wastewater = Eluent

S -

valve 5

G =

Filtered water Waste

Peristaltic Pump

Figure 15. Proposed industrial configuration for wastewater treatment.
4. Conclusions

In this study, we evaluated a carbonaceous adsorbent derived from weeds, demonstrating
effective adsorption of Pb (I1). The thermal stability and adsorption capacity of PTCs were evaluated
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by pyrolyzing them at 300, 500, and 700<C. Optimization of Pb (II) removal in batch studies was
achieved at a concentration of 10 mg/L, pH 6, 1.5 g/L adsorbent and a contact duration of 45 minutes
to attain adsorption equilibrium. PTC 500 surpassed PTC 300 and PTC 700, achieving 94% compared
to 83% and 90%, respectively, owing to its superior pore structure and active sites at intermediate
temperatures. The adsorption of PTC 500 was robust in batch and fixed-bed column methodologies.
In addition to surface chemical groups, Lewis interactions, cation exchange, and n—m stacking
interactions facilitated the removal of Pb (Il). The batch adsorption experiment indicated that Pb (1)
may interact with C-z in PTC 500. These procedures are proposed based on functional group analysis
and relevant literature. Langmuir calculated a maximum adsorption capacity of 20.40 mg/g. The
isotherm and kinetic data align closely with the Langmuir and pseudo-first-order theories. Adsorption
evaluations on fixed-bed columns revealed the adsorbent’s industrial viability. Lead (Il) was removed
from solutions containing various ions. The Clark model is most applicable when there is a higher
initial Pb (11) concentration, reduced flow velocity, and increased bed height, all of which enhance Pb (I1)
sorption onto PTC. The greatest adsorption capacity in the fixed-bed column was 8.16 mg/g, indicating
that varying conditions had a greater impact on external mass transfer at the outer layer. The Clark
model, which most accurately aligned with the column data, confirmed the significance of film
diffusion in breakthrough behavior. Consequently, film diffusion predominates in column operations,
while pore diffusion governs batch adsorption, even when both resistances are involved. Producing
saturated columns with 0.1 N CH3COOH facilitates a minimum of five adsorption-desorption cycles.
As such, PTC 500 has the potential to serve as an effective adsorbent for Pb (1) in the future.
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