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Abstract 

This study investigated the effects of different pyrolytic temperatures on Pb(II) adsorption from synthetic wastewater 
using waste bamboo chopsticks (BCs) produced via conventional and microwave‑assisted pyrolysis. Eleven biochars 
were prepared and characterized using Brunauer‒Emmett‒Teller analysis, elemental analysis, scanning electron 
microscopy, and Fourier transform infrared spectroscopy. Thereafter, the selected biochars were further analyzed 
through batch adsorption studies. The influence of adsorbent dose, initial Pb(II) concentration, and contact time 
on the removal of Pb(II) from synthetic wastewater was studied. For the adsorbent dose, good removal efficiencies 
and adsorption capacities were observed at an adsorbent dose of 2 g  L−1 and at an initial concentration of 50 mg 
 L−1. For the initial Pb(II) concentration, high adsorption capacities and removal efficiencies were observed at 50 mg 
 L−1 for concentrations ranging from 5 to 100 mg  L−1. The contact time reached equilibrium within 24 h, where BC 
450 W had the highest removal efficiency of 99.9%. Furthermore, the Langmuir isotherm model best represented 
the adsorption of Pb(II) onto biochar, with the highest  qm of 81 mg  g−1 at  R2 = 0.978. Pseudo‑second‑order kinetics 
provided the best overall fit for the adsorption kinetics of the biochars, with  R2 = 1.00 for BC 450 W and BC 700 °C. 
Among the many chemisorption processes identified in previous studies, surface complexation has been identified 
as a possible adsorption mechanism for Pb(II) on the biochars produced. BC biochar could be a sustainable means 
for remediating polluted mine water and managing waste.

Keywords Biochar, Microwave‑assisted pyrolysis, Conventional pyrolysis, Bamboo chopsticks, Pb(II) adsorption, 
Adsorption kinetics, Adsorption mechanisms

1 Introduction
The mining process entails the extraction of precious 
metals and other geologically important materials 
from the earth which has been economically vital in 
the growth of civilization, providing resources for areas 
such as energy generation, construction, and manufac-
turing in its broadness. However, shortfalls have also 
been associated with mining primarily in the release of 
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heavy metals as byproducts, which pose as major envi-
ronmental and health hazards.

Heavy metal byproducts of mining that are com-
monly identified as toxic and are of concern include 
arsenic (As), cadmium (Cd), lead (Pb), and mercury 
(Hg). Among these metals, lead (Pb) stands out for its 
recyclability and widespread use in various industries, 
including automotive, paint, pipe, and petrol [1]. How-
ever, lead exposure can severely impact multiple body 
systems, causing neurological and behavioural issues, 
kidney damage, cancer and anaemia [2, 3].

The presence of dissolved metals in water bodies 
harms aquatic life, damages waterways, and alters land-
scapes. Pb(II)-contaminated soils lack essential nutri-
ents for plant growth, hindering revegetation efforts 
and causing long-term environmental damage. With-
out treatment, Pb(II) can pollute water sources, endan-
gering ecosystems and potentially impacting human 
health [4]. Heavy metals that are byproducts of min-
ing, including Pb(II), negatively affect plant functions, 
leading to bioaccumulation in both plants and animals, 
ultimately increasing species mortality rates [4, 5]. In 
regions facing water scarcity, implementing practical 
methods and circular economy principles could help 
develop effective solutions for removing Pb(II) and 
other byproducts of mining, contributing to sustain-
able waste management practices. In previous studies, 
conventional methods have been used to find effective 
means of remediating the Pb(II)-contaminated water. 
These methods include membrane filtration, reverse 
osmosis, ion exchange, precipitation, peroxide oxida-
tion, coagulation, and adsorption [6–9]. Among these, 
adsorption technology is favoured because it is com-
mercially beneficial, adaptable, simple, and effective for 
eliminating heavy metals [7].

Adsorption is affected by various factors, such as tem-
perature, composition, type of adsorbates and adsor-
bents, and occurrence of contaminants. In addition, 
operational conditions such as pH, pollutant concen-
tration, contact time, adsorbent dosage, and adsorbent 
particle size contribute to overall adsorption once the 
characteristics of the adsorbent are determined [9–11]. 
Adsorption methods are widely used to purify waste-
water from both organic and inorganic toxins without 
generating hazardous byproducts [10]. Various porous 
materials have been investigated in removing impurities 
from wastewater by choosing these adsorbents owing to 
their porous structure and significant surface area. These 
materials include activated carbon, mesoporous carbon, 
nanometal oxides, metal–organic frameworks, carbon 
nanotubes, biochar, and zeolites [12–15]. Among these 
materials, biochar was of particular importance in this 
study.

Biochar is an important substance produced through 
pyrolysis that serves many purposes, including the 
remediation of contaminated water, atmospheric car-
bon capture, and soil conditioning for fertility [15, 16]. 
Biochar is derived from a variety of materials, including 
manure; spoil from the paper and cellulose industries; 
agricultural waste such as coconut shells, bamboo, and 
sugarcane bagasse; and solid organic wastes, such as sew-
age sludge [17, 18]. Chopsticks, particularly disposable 
bamboo chopsticks (BC), are widely used in Southeast 
Asian cutleries. Owing to their convenience and sanitary 
advantages, nonreusable chopsticks add considerably 
to environmental pollution by accumulating in landfills 
after single use, posing a challenge for waste manage-
ment in many Asian countries [19]. Restoring disposable 
chopsticks as biochar feedstock perfectly aligns with cir-
cular economy principles through eliminating waste thus 
pollution, greatly contributing to environmental sustain-
ability through synergistic relations of societies and the 
environment [2], particularly when utilized as biochar for 
environmental purposes [18, 19].

Many studies have explored the use of biochar pro-
duced via conventional pyrolysis (CP) for the removal 
of heavy metals, particularly Pb(II), from aqueous solu-
tions. Few studies have been conducted on biochar pro-
duced via microwave-assisted pyrolysis (MAP). However, 
Godwin et al. [20] reported that MAP can further modify 
the shape of biochar, thus increasing its surface area and 
making it more suitable for removing heavy metals and 
other contaminants.

MAP biochar offers an advantage due to its fast-heat-
ing rates which helps in activating the biochar through 
the development of a microporous structure, oxygen con-
taining functional groups at its surface and improvement 
of catalytic activities [9, 19]. Since bamboo chopsticks 
are known to contain a lot of lignin, cellulose and hemi-
cellulose; MAP is able to produce biochar that has been 
irradiated from within, further enabling the biochar pro-
duced to have high surface area and large pore volume 
for effective pollutant removal [11, 16].

With approximately 80 billion chopstick pairs pro-
duced in China and distributed worldwide per annum, 
their rate in use and disposal therefore are yet to be 
recorded. However, the contribution of this waste to 
overall pollution can be reduced to limit environmen-
tal problems like air pollution, water contamination, 
and soil diseases. Transferring it into biochar material 
is a promising way to ensure this. Although this mate-
rial has already been presented in several studies where 
BC had been carbonized into carbon-based energy, for 
 CO2 capture, and bio-oil accumulation [12, 21, 22]. How-
ever, studies on BC biochar were in their infancy when 
this study was conducted where previous studies mainly 
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focused on characterization, soil application and p-nitro-
phenol removal [17, 19, 23]. This work investigates the 
adsorption properties and adsorption mechanisms of 
Pb(II) on BC biochars produced using conventional hori-
zontal pyrolysis and MAP, comparing their characteriza-
tions and effectiveness in adsorbing Pb(II).

In this study, novelty is noted in the use of dispos-
able BC as feedstock for biochar produced through MAP 
and compared to BC that is produced by conventional 
means at different thermal conditions to compare its 
effectiveness based on its physicochemical differences 
in the removal of Pb(II) typically found in contaminated 
wastewater.

Therefore, this study aimed to evaluate the effect of 
various temperatures on the production of BC biochars 
generated through CP and MAP for the treatment of syn-
thetic wastewater containing Pb(II). The objectives of this 
research include the following key points: (1) to synthe-
size and characterize pristine biochars produced using 
CP and MAP methods at various temperatures or pow-
ers; (2) to assess and compare how the manufacturing 
temperature or power influence the capacity of different 
pristine biochars to adsorb Pb(II) in synthetic waste-
water by studying the physicochemical characteristics, 
adsorption kinetics and isotherms; and (3) to propose the 
adsorption mechanisms of pristine biochar after Pb(II) 
adsorption to understand the methods involved in Pb(II) 
removal.

2  Materials and methods
2.1  Materials
Waste BCs were collected from the institution’s cafete-
ria and dormitories at National Taiwan University. The 
raw materials were cleaned and oven-dried for 12 h. Fur-
thermore, the materials were pulverized using a grinder, 
sieved through a number 50 mesh sieve (0.297  mm), 
stored in plastic containers and placed in a desiccator 
prior to biochar production. Lead nitrate (Pb(NO3)2) 
was acquired from Sigma Aldrich (United Kingdom) and 
used without further refinement to prepare a 1000  mg 
 L−1 stock solution of single-element synthetic wastewa-
ter, which was further diluted to the preferred concentra-
tions during analyses.

2.2  Biomass composition
Using the ASTM D1762-84 standard, BC biomass was 
analyzed to evaluate its physical composition through 
proximate analysis. These physical components include 
the moisture, volatile matter, and ash content of the bio-
mass before it is subjected to pyrolysis. Two different ele-
mental analyzers were used to determine the elemental 
compositions of the raw biomass and biochar through-
out the study. The first elemental analyzer used was an 

Elementar UNI cube from Germany, which provided the 
ultimate analysis of the sample, specifically measuring 
the composition of carbon (C), nitrogen (N), and hydro-
gen (H). Another elemental analyzer (Elementar Vario EL 
Cube, Germany) was primarily used for oxygen analysis.

2.3  Biochar preparation
2.3.1  CP
Pulverized BC were placed in ceramic boats and pyro-
lyzed in a horizontal tube furnace (Thermo Fischer Sci-
entific Lindberg/Blue M, USA). The tube furnace was 
then heated at a rate of 10 °C  min−1 from room tempera-
ture to the desired temperature (300, 400, 500, 600, and 
700 °C) under a 100 mL  min−1 nitrogen gas purge, where 
the biomass was pyrolyzed for 60 min. After the experi-
ment, the resulting biochar was collected, cooled, washed 
with deionized water, dried at 70 °C for 24 h, and stored 
in a desiccator until further analysis. The different bam-
boo biochar samples were labelled BC 300 °C, BC 400 °C, 
BC 500 °C, BC 600 °C, and BC 700 °C, indicating the tem-
peratures used for their production. The experiments 
were conducted in triplicates to ensure reproducibility of 
results.

2.3.2  MAP
Finely ground waste BC, weighing approximately 20  g, 
were placed in quartz glass crucible subjected to MAP 
using a single-mode microwave oven operating at a fre-
quency of 2.45  GHz and a maximum power output of 
2000 W [19]. A thermocouple sensor was placed at the 
base of the quartz crucible to monitor the temperatures 
of the biomass samples at different microwave power lev-
els. To ensure oxygen-free conditions, nitrogen gas was 
introduced continuously into the system at a flow rate 
of 100  mL   min−1. Once a stable inert environment was 
achieved, the microwave power was activated and set to a 
predetermined level for 20 min.

The synthesized biochar was then allowed to cool in a 
desiccator and washed with deionized water. The biochar 
was then dried in an oven at 70  °C for 24  h and stored 
in a desiccator before application. MAP was conducted 
across a range of microwave powers varying from 200 to 
450 W: BC 200 W, BC 250 W, BC 300 W, BC 350 W, BC 
400 W, and BC 450 W. The experiments were conducted 
in triplicates to ensure reproducibility of results.

2.4  Characterization of bamboo chopstick biochar
Various methods have been used to characterize biochar. 
These include proximate analysis of the biomass, scan-
ning electron microscopy (SEM), elemental composition 
analysis, Brunauer‒Emmett‒Teller (BET) analysis, and 
spectroscopy. Proximate analysis of the bamboo chop-
sticks biomass was conducted using the ASTM Standard 



Page 4 of 17Mabaso et al. Sustainable Environment Research           (2024) 34:31 

Test Method D1762–84 to determine the proximate 
and ultimate analyses through calculations using the 
obtained data, which yielded moisture, volatile matter, 
fixed carbon, and ash results. Fourier transform infrared 
(FTIR) spectroscopy was used to study the surface func-
tional groups of the biochars produced at various pyroly-
sis temperatures, and analyses were performed using a 
Perkin Elmer IS10 spectrometer (Perkin Elmer, USA) 
comprising of a KBr pellet containing between 1–2% of 
the biochar produced, a wavelength range from 4000 
to 400   cm−1, with 8 scans per analysis. FTIR spectros-
copy was used to analyze the changes in the functional 
groups of the biochars before and after Pb(II) adsorption. 
The surface morphologies of the biochar samples were 
examined by SEM (JEOL JSM-7600F, Japan). Further-
more, textural features and pore structures, including the 
BET-specific surface area, pore size and total volume of 
the biochars, were studied using the automated surface 
area and porosity system ASAP 2420 (Micromeritics, 
USA) where degassing of approximately 0.15 g of sample 
occurred for 12  h and results were obtained after con-
ducting micropore analyses. Elemental Analyses were 
conducted using Elementar UNI cube (Germany), which 
measured the composition of carbon (C), nitrogen (N), 
and hydrogen (H), and Elementar Vario EL Cube (Ger-
many), which was primarily designed for oxygen analysis.

2.5  Adsorption isotherm and kinetics studies
Batch adsorption experiments were conducted to evalu-
ate the Pb(II) removal efficiency and adsorption capaci-
ties of the selected biochars, namely, BC 200 W, BC 450 
W, BC 500  °C, and BC 700  °C. Aqueous solutions with 
various concentrations of Pb(NO3)2 were prepared as 
heavy metal sources. The biochar samples (0.05 g) were 
mixed with 25  mL of Pb(II) solution in 50  mL coni-
cal centrifuge tubes, shaken in a reciprocal oscillating 
bath (Yih Der BT-350, Taiwan) at 180 rpm for 24 h, and 
allowed to settle. The solutions were filtered through 
a 0.45 µm syringe filter and analyzed for Pb concentra-
tions using inductively coupled plasma‒optical emission 
spectrometry (Perkin Elmer Optima 8300 DV, USA). All 
batch adsorption experiments were carried out at room 
temperature in triplicate. All experiments were con-
ducted at a pH of 5 using 0.1 M NaOH/0.1 M HCl. The 
effects of the adsorbent dose, initial Pb(II) concentra-
tion, and contact time were investigated to evaluate the 
overall influence of the biochar. The removal efficiencies 
and adsorption capacities were evaluated using equations 
(Eqs. (S1) and (S2)) in the Supplementary Materials.

For the adsorption kinetic studies, 0.05 g of BC at vari-
ous temperatures was added to 25  mL of a 50  mg  L−1 
solution of Pb(II) to evaluate the adsorption process as a 
function of time (0, 60, 120, 360, 720, and 1440 min) at 

25 °C for 24 h. The study of the adsorption isotherms was 
also performed by adding 0.05 g of biochar to 50 mL of a 
Pb(II) solution at different concentrations (5, 10, 20, 50, 
100 mg  L−1) in 50 mL conical flasks, stirred constantly at 
180 rpm, 25 °C for 24 h. The points t = 0,  Ce = 0 and  qt= 
0 were added to adsorption and kinetic data as required 
to model the initial adsorption stage in the respective 
analyses.

To effectively analyze the isotherm and kinetics data, 
common models for isotherms, including the Langmuir 
and Freundlich models, and traditional models for kinet-
ics, such as the pseudo-first-order (PFO) and pseudo-sec-
ond-order (PSO) models, were used.

2.6  Statistical analyses
All the data were statistically analyzed and plotted using 
Microsoft Excel 2019 and OriginPro 2024 (Originlab 
Corporation, 2024). All the tables were designed using 
Microsoft Word 2019. The t-test was performed on 
OriginPro 2024 to statistically observe the significance 
(p ≤ 0.05) of removal efficiencies and adsorption capaci-
ties in the effect of adsorbent doses and initial Pb(II) 
concentrations.

3  Results and discussion
3.1  Characterization of the biochars produced
3.1.1  Proximate analysis
Proximate analysis of the raw BC produced moisture, 
volatile matter, fixed carbon, and ash contents that were 
8.8, 71.7, 18.6, and 0.7%, respectively. The moisture con-
tent obtained was double that reported by Xu et al. [17], 
but it was still less than 10%, which indicates that the 
biomass was pyrolyzed uniformly during the analysis 
[15], whereas the ash content was 0.7%, which was less 
than that reported by Xu et al. [17]. Low ash and mois-
ture contents signify favorable feedstocks where binding 
active sites are available and accessible upon applica-
tion [16]. However, the volatile matter and fixed carbon 
results for bamboo chopstick biomass are similar to those 
reported by Xu et al. [17], and these results indicate the 
high reactivity and applicability of the feedstock when it 
is pyrolyzed. The results obtained are depicted in Table 1.

3.1.2  Elemental analysis
The results of the ultimate analysis of the biochar samples 
produced using different pyrolysis methods and thermal 
conditions are shown in Table 2, where BC is indicative of 
BC biochar. When the temperature was increased from 
300 °C to 700 °C for CP (BC 300 °C to BC 700 °C), the C 
content of the biochar increased from 68–87%, whereas 
for microwave pyrolysis (BC 200 W to BC 450 W), it was 
observed that with an increase in power, there was an 
increase until BC 400 W and a decrease at BC 450 W to 
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76.3%. The C content increased due to the formation of a 
more condensed carbon structure through the polymeri-
zation reaction and reduction of (-OH) surface functional 
groups from all the biochars via dehydration [17, 23]. In 
contrast, the O content decreases with increasing pyroly-
sis temperature and microwave power. The O content in 
both the MAP and CP biochars was drastically reduced 
in the respective biochar samples because of the dissocia-
tion of weaker bonds and greater CO and  CO2 losses in 
the early stages of pyrolysis [24]. Both methods produced 
biochars with a negligible mass fraction of nitrogen; how-
ever, the nitrogen content increased when the pyrolysis 
temperature increased from 300 to 500  °C owing to its 
resistance to heating and not being easily volatilized. This 
observed trend agreed with the results obtained by [22], 
in which the H content gradually decreased with increas-
ing temperature.

As indicated in Table  2, the H/C and O/C ratios 
decreased with increasing microwave power for MAP 
and with increasing temperature for CP. The H/C atomic 
ratio decreased from 0.61 for BC 200 W to 0.31 for BC 
450 W, whereas for CP, the ratio decreased from 0.71 
for BC 300  °C to 0.26 for BC 700  °C. This indicated 
that the unsaturated carbons in the sugars and carbo-
hydrates of the biomass that were difficult to hydrolyze 
and decompose were transformed into relatively stable 
C with higher aromaticity and saturation in the biochar, 
especially with increasing temperature and power [19]. 
According to Fahmi et al. [25], the H/C ratio can serve as 
a reliable gauge of biochar aromaticity and stability, with 
increased stability being linked to lower H/C ratios.

Furthermore, the O/C ratio is a significant indicator of 
biochar stability, where the typical ratio range is between 
0.2 and 0.6. Biochars with values closer to 0.6 have lower 
stability, and those with values lower than 0.2 show even 
greater stability [23]. This was noted for the biochars pro-
duced using both pyrolytic methods, where the O/C ratio 
decreased for all biochars with increasing thermal con-
ditions. The ultimate analysis yielded results that were 
comparable to those reported in the literature [11, 17].

3.1.3  Surface area and pore analysis
To further characterize the biochar produced, BET tests 
were performed, and the results of the MAP biochar 
were compared with those of CP BC (Table 3). The devel-
opment of pores within BC biochar during CP and MAP 
is anticipated. The BC biochars produced using conven-
tional pyrolysis had lower BET surface areas between 
18 and 234  m2  g−1 and pore sizes within a smaller range 
of 3.7–5.8  nm. In the context of MAP, the BET surface 

Table 1 Proximate and ultimate analysis of pulverized bamboo 
chopsticks

Remark: Average data are depicted with standard deviations

Proximate Analysis Percentage (wt.%)
 Moisture 8.89 ± 0.00

 Volatile matter 71.76 ± 0.02

 Fixed carbon 18.65 ± 0.04

 Ash 0.71 ± 0.02

Ultimate Analysis Percentage (wt.%)
 C 46.05 ± 0.01

 H 6.51 ± 0.04

 N 0.16 ± 0.01

 O 47.40 ± 0.13

Table 2 Ultimate analysis of bamboo chopstick biochar produced at different temperatures and via different methods

Remark: Average data are depicted with standard deviations

Sample Biochar Yield (%) Ultimate Analysis (%) Atomic Ratios

C H N O H/C O/C

Microwave Assisted Pyrolysis

 BC 200 W 23.30 ± 2.82 73.59 ± 0.22 3.79 ± 0.19 0.37 ± 0.03 21.57 ± 0.19 0.61 ± 0.03 0.21 ± 0.05

 BC 250 W 16.75 ± 0.63 80.24 ± 0.09 2.97 ± 0.04 0.40 ± 0.00 15.85 ± 0.24 0.44 ± 0.01 0.15 ± 0.00

 BC 300 W 13.25 ± 2.19 81.38 ± 0.26 2.60 ± 0.02 0.44 ± 0.01 15.10 ± 0.10 0.38 ± 0.00 0.14 ± 0.00

 BC 350 W 12.97 ± 3.02 82.85 ± 0.11 2.40 ± 0.00 0.47 ± 0.01 14.57 ± 0.25 0.34 ± 0.00 0.13 ± 0.00

 BC 400 W 7.85 ± 1.48 82.92 ± 0.16 2.23 ± 0.28 0.43 ± 0.00 14.51 ± 0.23 0.32 ± 0.04 0.13 ± 0.00

 BC 450 W 5.25 ± 0.07 76.33 ± 0.19 2.01 ± 0.01 0.42 ± 0.00 14.79 ± 0.25 0.31 ± 0.00 0.15 ± 0.00

Conventional Pyrolysis

 BC 300°C 36.00 ± 2.54 68.47 ± 0.18 4.10 ± 0.01 0.36 ± 0.01 25.67 ± 0.06 0.72 ± 0.00 0.28 ± 0.00

 BC 400°C 26.25 ± 0.64 76.31 ± 0.04 3.65 ± 0.00 0.37 ± 0.01 17.36 ± 0.20 0.57 ± 0.00 0.17 ± 0.00

 BC 500°C 23.39 ± 2.18 83.96 ± 0.10 3.16 ± 0.00 0.40 ± 0.00 9.47 ± 0.01 0.45 ± 0.00 0.08 ± 0.00

 BC 600°C 21.16 ± 0.19 81.34 ± 0.08 2.47 ± 0.01 0.36 ± 0.00 12.19 ± 0.19 0.36 ± 0.00 0.11 ± 0.00

 BC 700°C 19.56 ± 0.03 87.28 ± 0.28 1.89 ± 0.03 0.38 ± 0.00 9.37 ± 0.05 0.26 ± 0.00 0.08 ± 0.00
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areas ranged from 165 to 414  m2  g−1, and the pore sizes 
varied between 3.7 and 10.6  nm (Table  3). The biochar 
generated at 450 W exhibited the highest BET surface 
area of 414  m2  g−1 and the smallest pore size of 3.7 nm. 
The biochar produced by MAP exhibited smaller pores, 
resulting in a greater surface area than that generated by 
CP (Table 3). These observations are consistent with the 
findings of Islam et al. [26] and Mari Selvam and Balasu-
bramanian [27], where biochar derived from microwave 

pyrolysis facilitated the thermal degradation of conden-
sable hydrocarbons trapped within biochar pores, leading 
to the production of gaseous byproducts. This phenom-
enon contributed to the increase in biochar porosity and 
surface area. Additionally, BC containing lignin, cellulose, 
and hemicellulose undergo uneven degradation during 
thermal conversion, impacting biochar surface character-
istics, specifically pore size and distribution [22]. Notably, 
all the BC biochars displayed mesoporous features, with 
pore sizes ranging from 3.7 to 10.6 nm.

3.1.4  SEM surface analysis
The SEM micrographs in Fig.  1 show that the biochars 
produced primarily displayed honeycomb and hollow 
tubular structures, suggesting a wooden origin [17]. 
As the pyrolysis temperature increased, more pores 
appeared on the walls of the hollow tubes, primarily for 
BC 450 W and BC 700 °C. This phenomenon results from 
the thermal degradation of hemicellulose, cellulose, and 
lignin during pyrolysis, leading to the release of volatiles 
and the formation of pores [11, 17, 26, 27].

The biochars derived from BC biomass pyrolyzed at 
various temperatures exhibited relatively smooth sur-
faces, with some exhibiting visible mesoporous pores, 
which is consistent with the average pore size results pre-
sented in Table 3. For the MAP, BC 200 W, BC 300 W, BC 
350 W, and BC 450 W exhibited distinct pore formations 
that varied and became more distinct with increasing 

Table 3 BET specific area and pore volume analysis of biochar 
produced via microwave‑assisted and conventional pyrolysis

Pyrolysis 
Method

Adsorbent SBET  (m2  g−1) VT  (cm3  g−1) Average 
Pore Size 
(nm)

MAP BC 200 W 166 0.058 10.62

BC 250 W 342 0.008 4.30

BC 300 W 288 0.093 5.85

BC 350 W 268 0.092 5.08

BC 400 W 270 0.070 4.34

BC 450 W 414 0.120 3.70

CP BC 300 °C 19 0.004 5.85

BC 400 °C 60 0.014 4.46

BC 500 °C 81 0.026 4.75

BC 600 °C 173 0.052 4.93

BC 700 °C 234 0.031 3.75

Fig. 1 Micrographs depicting MAP biochar (a) BC 200 W and (b) BC 450 W and CP biochar (c) BC 500 °C and (d) BC 700 °C
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power and temperature, as noted in Fig. 1a and b and Fig. 
S1.

From the SEM images, it is evident that the BC bio-
chars prepared via CP at BC 400 °C (Fig. S2), BC 500 °C, 
and BC 700  °C (Figs.  1c and d) exhibit honeycomb-like 
pore structures with well-defined pores. Specifically, the 
biochar prepared at 500  °C displayed precisely defined 
pores with the emergence of new small pores, similar to 
the findings obtained by Xu et al. [17]. The biochars pro-
duced through MAP were highly porous and displayed a 
rougher surface with increasing power, and biochars pro-
duced through CP produced notably smoother surfaces 
(see Fig. 1).

3.1.5  FTIR spectroscopy of the biochar before batch 
adsorption studies

The physicochemical properties of biochar, which are 
determined by its functional groups, govern its abil-
ity to remove Pb(II). Figure 2 shows the FTIR spectra of 
BC produced using different pyrolysis methods, namely, 
MAP and CP. The FTIR spectra of the microwave-pyro-
lyzed biochar displays distinct peaks. The strong and 
broad bands at approximately 3438   cm−1 were nota-
ble for BC 200 W and BC 450 W for microwave pyrol-
ysis (Fig.  3a), while a similar band at approximately 
3415  cm−1 was prominent for BC 500 °C and BC 700 °C 
for CP (Fig. 3b). This band corresponds to the stretching 
vibrations of O–H [17, 28].

As the pyrolysis temperature increased during CP, 
the sharp O–H band was not as prominent as when 
the spectra were observed at lower temperatures. This 
is due to the pyrolysis of the components that make up 
the biochar, leading to the loss of functional groups due 

to the volatility of the products produced, such as  CO2 
[17]. However, in microwave pyrolysis, the O–H band 
decreased from 200 to 350 W, reappeared at 400 W, and 
persisted at 450 W. This suggests a reduced water content 
with increased temperature for CP and increased hydro-
gen bonding sites with elevated power for microwave 
pyrolysis, which is indicative of the presence of cellulose 
and hemicelluloses [17, 28].

The C-H stretching vibrations of alcohol and phe-
nol structures (2900   cm−1), the C = O stretching vibra-
tion of carboxylic acids (1700   cm−1), and the strong 
band at approximately 1600   cm−1 due to aromatic ring 
group compounds are present in both MAP and CP bio-
char [11]. In addition, the absorbance peaks at 1100–
1120  cm−1 were attributed to C–O stretching vibrations 
[17]. These peaks gradually decreased with biochar 
produced at increased temperature ranging from 300 
to 700  °C. For microwave pyrolysis, the C–H stretch-
ing vibrations at approximately 2900   cm−1 decreased at 
powers of 250–300 W and reappeared from 400 to 450 
W. Biochar produced at lower temperatures through CP 
between 300 and 400 °C shows diverse organic character-
istics, including aliphatic structures, and is composed of 
more C—H and C = C functional groups [28].

3.2  Evaluation of batch adsorption
3.2.1  Effect of the adsorbent dose
Increasing the adsorbent dose (2–10 g  L−1) yielded varied 
results for biochar produced by CP and MAP. At a dos-
age of 2 g  L−1, the removal efficiency trend was BC 450 
W > BC 700 °C > BC 500 °C > BC 200 W, with the highest 
removal efficiency of 99.7% for BC 450 W. At a dosage 
of 4 g  L−1, the removal efficiency decreased in the order 

Fig. 2 FTIR spectra of the bamboo chopstick biochar produced with a) MAP and b) CP
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BC 700 °C > BC 450 W > BC 200 W > BC 500 °C, with the 
highest removal efficiency of 99.8% for BC 700  °C. At 6 
and 8  g  L−1, BC at 700  °C maintained the highest bio-
char activity, followed by BC at 500  °C, 200 W, and 450 
W, with BC removal efficiencies ranging between 99.3% 
and 99.6% at 700 °C. At 10 g  L−1, BC at 200 W surpassed 
biochar activity, followed by BC at 500 °C, BC at 700 °C, 
and BC at 450 W; achieving the highest removal effi-
ciency of 99.8% (see Fig. 3). With these results, statistical 
analyses were conducted to observe the effects of adsor-
bent dose on the biochar studied, finding that p-values 
for adsorbent dose in relation to removal efficiencies 
were < 0.0001. This indicated great significance due to the 

difference in the data range of the factors observed and 
not necessarily the impact of the results (Table S1).

Furthermore, the results indicate that biochars pro-
duced at higher temperatures or power (700 °C and 450 
W) demonstrated the highest removal efficiencies, with 
adsorption capacities of 25.6 and 25.5  mg   g−1 for BC 
450 W and BC 700 °C, respectively, at 2 g  L−1 (Fig. 4). 
Overall, the results showed over 80% removal of Pb(II) 
across the investigated adsorbents at different dosages, 
and the adsorption capacities were notably greater at 
24–25  mg   g−1 at 2  g  L−1 than at higher dosages after 
24  h of contact, which correlates with Eq. (S2) in the 
supplementary materials, as the adsorption capacity 

Fig. 3 Graphs depicting (a) the removal efficiency of Pb(II) and (b) the adsorption capacity of the biochar at different adsorption capacities 
of the selected adsorbents produced using different pyrolysis methods

Fig. 4 Graphs depicting a) the removal efficiency of Pb(II) and b) the adsorption capacity of the biochar at different initial Pb concentrations 
for the 4 selected biochars produced using different pyrolysis methods
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decreases with increasing mass [29]. Similar findings 
were observed in a study conducted by Chen et al. [30] 
where lower adsorbent doses were preferred as adsorp-
tion capacities observed were greater. This observation 
guides further studies conducted, where an adsorbent 
dose of 2 g  L−1 will be used for all adsorption isotherm 
and kinetic studies.

3.2.2  Effect of the initial Pb(II) concentration
Figure 4a and b show the effect of varying initial Pb(II) 
concentrations on the adsorption of BC 200 W (pro-
duced at 238.4 °C), BC 450 W (at 475.1 °C), BC 500 °C, 
and BC 700 °C using 2 g  L−1 over a 24 h period. At a low 
concentration of 5 mg  L−1, the highest biochar removal 
efficiency ranged from BC 200 W > BC 500  °C > BC 
700 °C > BC 450 W, where the removal efficiency ranged 
from 98.1 to 99.6%. At 10  mg  L−1, the removal effi-
ciency changed slightly in the order of BC 450 W > BC 
200 W > BC 500 °C > BC 700 °C, where the removal effi-
ciency ranged from 89.6–98.6%. At 20 mg  L−1, all bio-
chars removed heavy metals at a rate of 90% or more. 
However, a constant removal efficiency order was 
maintained from 50 to 100 mg  L−1, where the removal 
efficiency trend was observed to be BC 450 W > BC 
700  °C > BC 500  °C > BC 200 W, and the removal effi-
ciencies ranged between 38.4% and 96.7%. In all the 
trends observed at different initial Pb(II) concentration 
removal efficiencies, BC 450 W remained consistent 
with the high removal of Pb(II) [29]. This may be due 
to the biochar’s high surface area, low pore size, and 
highly notable pores compared with those of the other 
biochars used in the analysis. It was further noted that 
at increased initial concentrations, the BC 500  °C and 
BC 700  °C removal efficiencies decreased because of 
the availability of sorption sites [31]. Statistical analy-
ses were performed on the results and all p-values were 
observed to be insignificant (Table S2).

The adsorption capacities of BC at 200 W, BC 450 
W, BC 500  °C, and BC 700  °C are consistent with the 
observed removal efficiencies. Notably, as the initial 
Pb(II) concentration increased, the adsorption capacity of 
the biochar increased [29]. Specifically, at 20 mg  L−1, all 
the biochars demonstrated similar adsorption capacities 
within the range of 9.4 to 9.9 mg  g−1. Overall, the highest 
adsorption capacity was achieved by BC 450 W, reaching 
31 mg  g−1 with a corresponding low removal efficiency of 
63% at 100  mg  L−1. This suggested that adsorption sat-
uration took place at high concentration of 100 mg  L−1, 
similar to findings observed by Cai and Ye [32]. Two iso-
thermal models were employed to fit the adsorption data 
and determine the underlying factors contributing to this 
phenomenon.

3.2.3  Effect of contact time
To observe the effect of contact time, the experiment was 
conducted at a Pb(II) concentration of 50 mg  L−1 because 
of the differences between conventional biochars and 
microwave biochars regarding the influence of the ini-
tial Pb(II) concentration. An adsorbent dosage of 2 g  L−1 
was applied, as per the findings of the effect of adsorbent 
dose, to investigate the effect of contact time. The results 
shown in Fig. 5 indicate that the adsorption of Pb(II) by 
BC 450 W and BC 700  °C consisted of two stages: (i) a 
very fast step at the beginning lasting from 0 to 1 h and 
(ii) a slow step lasting from 1 to 24  h, which depicted 
equilibrium being reached over this time, similar to 
findings by Chen et  al. [30]. The maximum adsorption 
occurred within 24 h, with adsorption removal efficien-
cies of 99.9% and 99.8% for BC 450 W and BC 700  °C, 
respectively. This was possibly due to the large surface 
areas observed for the biochars (see Tables  4 and 5). 
However, the removal of Pb(II) using BC 200 W and BC 
500  °C revealed lower removal efficiencies over the set 
period, resulting in lower removal efficiency compared to 
BC 450 W and BC 700 °C. This could be attributed to the 
surface area, pore volume, and accessibility of available 
adsorption sites [11, 31]. The biochars with lower pore 
volumes and surface areas (BC 200 W and BC 500  °C) 
exhibited slower and lower adsorption over time owing 
to pore filling. Further investigation of the effect of time 
on the adsorption kinetics was performed. For BC 450 
W and BC 700 °C, 1 h can be selected as the appropriate 
adsorption time; whereas for BC 200 W and BC 500 °C, 
time longer than 24 h may be required as pore volumes 
are lower and the availability of active sites on these bio-
chars is less than those of BC 450 W and BC 700 °C.

Fig. 5 Effect of time on the removal efficiency of Pb(II) using BC 200 
W, BC 450 W, BC 500 °C and BC 700 °C
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3.3  Adsorption isotherm models
The associations between the adsorbates and adsor-
bents at different adsorbent doses, initial concentrations, 
and contact times were described using adsorption iso-
therms. Adsorption isotherms were used to clarify the 
metal adsorption mechanisms involved in the removal of 
Pb(II) in synthetic wastewater and the role of biochar in 
overall adsorption. The nonlinear Freundlich and Lang-
muir isotherm models were used in this study to examine 
the equilibrium adsorption data for Pb(II) removal.

The Langmuir isotherm model – Eq. (1) represents the 
nonlinear form of the Langmuir isotherm model:

where  qe is the amount of Pb(II) adsorbed (mg  g−1) at 
equilibrium,  qm is the maximum monolayer adsorption 
capacity (mg  g−1),  Ce is the concentration of adsorbate at 
equilibrium (mg  L−1), and  KL is the Langmuir constant (L 
 mg−1).

The Freundlich isotherm is represented below by 
Eq. (2):

where the Freundlich constant  KF (L  mg−1) is a measure 
of the adsorption capacity, and n (dimensionless) indi-
cates the adsorption effectiveness (where 1/n ≤ 1 is effec-
tive and 1/n ≥ 1 is ineffective).

The isotherm models were validated using root-
square mean error (RSME) and chi-square (χ2) tests 

(1)qe =
qmKLCe

1+ KLCe

(2)qe = KFC
1

n
e

[33]. Additionally, a dimensionless parameter called 
the separation factor  (RL) was calculated to express 
whether the isotherms are favorable (0 <  RL < 1), linear 
 (RL = 1), unfavorable  (RL > 1) or irreversible  (RL = 0). 
Equation (3) was used, and the results are displayed in 
Table 4.

By evaluating the important parameter values of the 
Freundlich and Langmuir isotherms in Tables 4 and 5, 
the Langmuir isotherm model proved to be the best fit 
model, in which the adsorbents displayed reasonable 
 KL values that show the affinity of the adsorbate to the 
adsorbent [26], good  qm values, low RSME, low χ2 val-
ues, and good coefficient of determination  (R2) ranging 
from 0.9808 to 0.9997; having  qm values ranging from 
18 to 89  mg   g−1, showing great adsorption capacities 
compared to most pristine plant-based biochar [34]. 
 RL values that range from 0.002 to 0.061 indicate the 
favorable nature of the isotherms presented, where 
the lower values are more favorable because  KL has an 
inverse relation to  RL. The Langmuir adsorption iso-
therm is characterized by monolayer coverage on the 
surface of the biochars, indicating a homogenous dis-
tribution of Pb(II) on the active sites of the biochar [10, 
14].

Although the Langmuir model fit the isotherm data of 
the adsorbate better than the Freundlich model, the Fre-
undlich adsorption isotherm parameters were further 
evaluated. According to Islam et al. [26] and Shikuku and 
Mishra [33], lower values of 1/n indicate strong interac-
tions between the adsorbate and adsorbent. This can 
be seen in Table 5 for all the biochars, as the values are 
below 1.

Furthermore, according to Di et  al. [34], a high  KF 
indicates greater adsorption capacity of the adsorbent 
of interest. The  KF values further validated the stronger 
interaction between the adsorbate and adsorbent, par-
ticularly for MAP-produced adsorbents, as biochar with 
the highest  KF value was BC 450 W, with a  KF value of 
19.1 L  mg−1. The Freundlich and Langmuir adsorption 
isotherm models are shown in Fig. 6a–d.

(3)RL= 1

1+KLC0

Table 4 Langmuir adsorption isotherm parameters for the adsorption of Pb(II) on BCs

Adsorbent Isotherm Parameters

KL(L  mg−1) qm(mg  g−1) R2 RL RMSE χ2

BC 200 W 5.1 19 0.920 0.002 2.168 4.700

BC 450 W 0.4 79 0.994 0.026 1.531 2.343

BC 500 °C 0.2 79 0.995 0.058 1.269 1.609

BC 700 °C 0.1 89 0.978 0.061 2.705 7.317

Table 5 Freundlich adsorption isotherm parameters for the 
adsorption of Pb(II) on BCs

Adsorbent Isotherm Parameters

KF (L  mg−1) 1/n R2 RSME χ2

BC 200 W 8.9 0.17 0.860 2.794 7.804

BC 450 W 19.1 0.65 0.970 3.354 11.251

BC 500 °C 11.1 0.67 0.989 1.854 3.436

BC 700 °C 11.6 0.72 0.965 3.378 11.412
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3.4  Adsorption kinetics models
The rate of adsorption was investigated by employing 
both PFO and PSO kinetics models (Eqs. (4) and (5), 
respectively). The following equation was used to evalu-
ate the pseudo-first-order model.

where  qt (mg  g−1) is the adsorption amounts at time t 
(min) and  k1  (min−1) is the PFO adsorption rate constant 
[35]. The following equation was used to evaluate the 
PSO model.

where  k2  is the PSO constant of PSO [35]. The kinetic 
models were validated using the RSME and  R2.

The adsorption behavior of lead ions (Pb(II)) on bio-
chars produced at 200 W, 450 W, 500  °C, and 700  °C 

(4)qt = qe(1− e−k1t)

(5)qt =
k2q

2
e t

1+ k2qet

aligns more accurately with the PSO kinetic model. 
Additionally, this is evidenced by the comparison of the 
correlation coefficients, where the PFO model yielded 
 R2 values of 0.78 for BC 200 W and 0.91 for BC 500 °C. 
These figures are notably lower than those from the PSO, 
which are 0.87 and 0.96, respectively, indicating a bet-
ter fit [33]. Moreover, the  qt values calculated using the 
PSO model were comparable to the Pb(II) adsorption 
experimental  qe values and did not fit well with the data 
obtained using the PFO model, as depicted in Table  6. 
However, for BC 450 W and BC 700  °C, the correlation 
coefficient was  R2 = 1.00 for both PFO and PSO kinetic 
models. This may be due to the abundance and accessi-
bility of binding sites on the biochar [35]. This indicates 
the occurrence of both chemisorption and physisorption 
processes, but to a greater extent, chemisorption as it has 
been found to be a rate-limiting step for the adsorption 
of lead onto biochar in previous studies [32]. The results 
obtained can be found in Table 6 and Fig. 7.

Fig. 6 The Freundlich and Langmuir adsorption isotherms of a) BC 200 W, b BC 450 W, c BC 500 °C, and d BC 700 °C for the adsorption of Pb(II) in 50 
mg L.−1 solution at pH 5
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CP is the most commonly reported method for pro-
ducing biochar. While it offers benefits in terms of waste 
valorization, it also presents several challenges. These 
include uneven distribution of pyrolysis products due to 
non-selective heating, higher energy consumption, and 
longer times required to reach the target temperature 
[36]. Additionally, this method is often sluggish and inef-
ficient, relying heavily on the instrument’s convection 
currents and the biomass’s thermal conductivity [20]. The 
low thermal conductivity of biomass further complicates 
achieving higher heat transfer rates, making the process 
time-consuming [23].

MAP stands out for its heating; at the level and uniform 
volume heating capability it offers. A distinguishing fea-
ture of this method. The process results in power conver-
sion efficiency, and rapid yet thorough convection as its 
key advantages [11]. Additional perks reduced impurities 
in the end product, reduced thermal inertia effect and 
quick reaction times are advantages [20]. In summary, 

MAP ensures controlled and efficient heating. Compared 
to pyrolysis methods for producing biochar, microwave 
irradiation results in levels of fixed carbon and signifi-
cant lignin breakdown. It also enhances carbon stability. 
Increases both surface area and pore volume. The quick 
heating process in microwave pyrolysis fosters the forma-
tion of structures, oxygen functional groups on surfaces 
and catalytic properties [23]. Microwave derived bio-
char exhibits consistent chemical characteristics. Unlike 
conventional approaches; MAP uniformly heats a sam-
ple from within allowing for thorough biomass pyrolysis 
before application as biochar [37].

With this, this distinctly shows the capability of MAP 
being more scientifically feasible and economically viable 
for the production of biochar, especially when consider-
ing production time, the principles behind the method 
used and the quality of the biochar produced through 
physicochemical analyses. The results obtained in this 
study further prove that biochar produced at 450 W was 

Table 6 PFO and PSO kinetic parameters for Pb(II) adsorption from synthetic wastewater solution using selected biochar

Adsorbent qe Pseudo First Order (PFO) Pseudo Second Order (PSO)

mg  g−1 qt (mg  g−1) RSME k1  (min−1) R2 qt, (mg  g−1) RSME k2 (g  mg−1 
 min−1)

R2

BC 200 W 19 16 3.03 0.01 0.78 18 2.32 0.00 0.87

BC 450 W 25 25 0.01 0.06 1.00 25 0.14 0.02 1.00

BC 500 °C 21 18 2.21 0.01 0.91 20 1.47 0.00 0.96

BC 700 °C 25 25 0.05 0.09 1.00 25 0.03 0.12 1.00

Fig. 7 The research findings and the optimized PFO and PSO kinetic models for BC 200 W, BC 450 W, BC 500 °C, and BC 700 °C
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more effective in adsorbing Pb(II) when observing the 
adsorption isotherms and kinetic studies conducted.

3.5  Possible adsorption mechanism analysis
A variety of reactions occur between an adsorbate and an 
adsorbent, which helps to determine the type of mecha-
nisms that occur during investigation. These reactions 
include chemisorption and physisorption reactions [3, 
38]. Considering that the Langmuir model was the best 
model for Pb(II) adsorption onto the biochars, monolayer 
chemisorption which entails pore filling, surface com-
plexation, electrostatic interaction of Pb(II) most likely 
occurred on the homogenous surface area of the inves-
tigated biochar [3]. Furthermore, since the PSO model 
best describes the adsorption kinetics of the study, it can 
be noted that, similar to Shafiq et  al. [29], the adsorp-
tion kinetic model adheres more to the chemisorption 
mechanism. To identify the forms of the chemisorption 
mechanism in this study, FTIR was further investigated 
and compared with the initial FTIR (Fig. 2a and b).

To further understand the adsorption mechanism of 
Pb(II) on the BC surface, FTIR spectral analyses of the BC 
200 W, BC 450 W, BC 500 °C, and BC 700 °C adsorbents 
after Pb(II) adsorption are shown in Fig. 8a and b. Sharp 
new bands were observed at approximately 1630   cm−1, 
where a decreased shift in the spectra occurred because 
Pb(II) was actively complexed with the carboxylic acid 
group initially observed in the biochars before adsorption 
(approximately 1700  cm−1, see Fig. 2a and b), an indica-
tion of surface complexation between the carboxylic 
acid group and the metal ion Pb(II) similar to findings by 
Aborisade et al. [39].

Narrower peaks were also observed at approximately 
1380  cm−1, which are characteristic of a shift in the spec-
tra observed at 1600  cm−1 before adsorption. The adsorp-
tion of Pb(II) resulted in a shift in the spectra, indicating 
a compound with weak C-H bending bands (alkane) and 
showing the hydrophilic characteristics of the biochars 
[11, 29]. The shift in the identified bands belong to the 
alkene (C = C) group, demonstrating that Pb(II) diffuses 
onto the selected BC biochar to fill the biochar pores, 
which is a physical process (Fig. 8) on the biochar surface 
[3, 29, 31]. This is also verified by the adsorption kinetic 
models, whereby although the best fit model was the PSO 
model, the PFO (particularly at higher temperatures and 
power) displayed good  qt values and good coefficient cor-
relation values, indicating that physical processes exist 
in the adsorption of Pb(II). Other previously observed 
functional groups (O–H and C-O) remained constant; 
however, asymmetric C-H stretching vibrations at 
approximately 2900   cm−1 were no longer observed in 
the biochars generated through conventional pyrolysis, 
indicating a decreased “nonpolar aliphatic fraction”, as 
stated by Aborisade et  al. [3]. Electrostatic interactions 
may have occurred on the surface of biochar due biochar 
produced from plant-based material exhibiting negative 
charges which is depicted by zeta potential observed in 
the Fig. S3. Similarly, the findings observed are closely 
related with those found by Zhou et  al. [28]. Possible 
mechanisms are depicted in Fig. 9.

3.6  Comparison to other adsorbents for Pb(II) adsorption
The study conducted shows similar adsorption capaci-
ties among the biochar experimented upon over a period 
of 24  h, with slight differences observed where biochar 

Fig. 8 FTIR spectra of a) microwave pyrolyzed and b) conventional pyrolyzed bamboo chopstick biochar after the adsorption of Pb(II)
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produced at 450 W produced a higher adsorption capac-
ity compared to the other biochar of interest. Studies 
conducted by Shi et  al. [36] further confirm that low 
adsorption capacities can be attained in Pb(II) adsorption 
using CP, which is also influenced by the adsorbent dose 
and the initial concentrations used in the study. How-
ever, when biochar produced by CP is modified, greater 
adsorption capacities are observed. This is primarily due 
to more functional groups introduced onto the surface of 
the modified biochar, giving the biochar a greater chance 
at adsorption. However, according to Potnuri et al. [19], 
biochar produced using MAP exhibit greater surface area 
compared to CP. This is highly observed on biochar dem-
onstrated on Table 7 where Nzediegwu et al. [7] and Qi 
et  al. [37] use pristine biochar and further show similar 
or higher adsorption capacities of Pb(II) than those of 
modified CP-produced biochar. In some instances, bio-
char may not necessarily need to be modified but modi-
fication may improve the rate of adsorption and removal 
efficiency as well (Table 7).

3.7  Limitations of the study
This study found that comparing biochar generated by 
various processes (MAP and CP) at variable but com-
parable temperatures provided comparable character-
istics but differing overall outcomes in the adsorption 
and removal of Pb(II) in synthetic wastewater. However, 
it was discovered that significant limitations to the study 
should be acknowledged. First, consider the temperature 
differences between the two ways for producing biochar. 

This is because the operator controls the CP temperature, 
whereas operator merely controls the MAP power and 
the thermocouple monitors the temperature. Secondly, 
the impact of the biochar generated might not apply to 
other heavy metals present in heavy metal wastewater. 
The use of single-element synthetic wastewater could 
have been the limiting factor in this section, preventing 
a thorough analysis with other heavy metals present and 
limiting the comparison of Pb(II) elimination with other 
metals in solution. To determine how well biochar works 
to remove additional heavy metals from aqueous media, 
more research is needed. Thirdly, the study should be 
optimized by factoring various aspects using the design 
of experiment to ensure that time, resources, and accu-
racy are taken into account before fully experimenting 
without taking into account crucial factors like time, 
temperature, initial concentration, pH, and contact time. 
This is currently being implemented in on-going studies.

With these drawbacks, the study’s encouraging find-
ings highlight the potential benefits of MAP biochar 
over CP-produced biochar and the ways in which it may 
be used to remove pollutants from solutions. Aspects 
such as evaluating and comparing the cost-effectiveness 
in using the pyrolytic methods investigated will assist in 
investigating the financial implications associated with 
the potential real-world application of the biochar being 
produced, optimization of studies considering a range of 
parameters using design of experiments, and the effects 
of the modification of the most feasible biochar is yet to 
be investigated too.

Fig. 9 Depiction of the possible mechanisms on the different BCs for Pb(II) adsorption
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4  Conclusion
MAP and CP have proven effective in producing bio-
char from waste BC and in removing Pb(II) from syn-
thetic wastewater. The characteristics of the biochar 
investigated, particularly SEM, BET, elemental analyses, 
and FTIR, were able to provide a foundation that could 
clarify the effectiveness and possible changes in the bio-
char applied in the study after adsorption. The biochars 
produced using MAP provided adsorbents comparable 
to those produced by CP The surface areas  (SBET) were 
comparable, although BC 450 W (produced at approxi-
mately 475  °C) had a larger  surface area and slightly 
smaller pores than BC 700  °C. The surface morphology 
obtained using SEM revealed a honeycomb yet tubular 
structure, where a difference was observed between the 
microwave-assisted biochar, which produced biochar 
with highly visible pores, and the biochar produced using 
CP, where the structure displayed a few pores. FTIR 
was used for chemical characterization of the biochar 
produced, and the results were similar for both pyro-
lytic methods used before application. The efficiency of 
biochar in removing Pb(II) was evaluated through vari-
ous pyrolysis techniques and temperatures, taking into 
account factors such as the amount of adsorbent, the ini-
tial concentration of Pb(II), and the duration of contact. 
The ability of biochar to adsorb was found to be stable 
and correlated with the initial concentration utilized. Fol-
lowing the batch adsorption experiments, the Langmuir 

and Freundlich isotherms were both examined. The 
Langmuir isotherm was identified as the most accurate 
model. Additionally, the PSO kinetic model was recog-
nized as the most suitable kinetic model, highlighting the 
chemical nature of Pb(II) adsorption across all biochar 
samples tested in this research. The FTIR results showed 
that the biochar surface functional groups, carboxylic 
and aromatic carbons, were involved in Pb(II) adsorp-
tion. Furthermore, the shift in these functional groups 
after adsorption suggested that surface complexation was 
the primary adsorption mechanism. Generally, a BC con-
centration of 50 mg L-1 appears to be more suitable for 
Pb(II) removal in synthetic wastewater based on the bio-
char characteristics, the effects of adsorbent dosage, the 
effects of initial concentration and contact time, and the 
obtained adsorption isotherm and kinetic results. Over-
all, BC biochar was found to be a highly effective and 
environmentally friendly solution for tackling the issue 
of Pb(II) polluted water and managing the excess amount 
of chopstick waste. In contributing to the already existing 
knowledge where biochar is used primarily for character-
ization and in soil remediation, narrowly addressing pol-
lution in the form of Pb in wastewater using BC biochar 
produced using CP and MAP, and comparatively discuss-
ing the findings is distinctly novel. Future work including 
design optimization studies would be best to use going 
forward, fieldwork implementation, and possibly evalu-
ating the cost–benefit analysis of using both methods 
implemented in this study for largescale production.

Table 7 Comparison of the adsorption capacities of biochar produced using MAP and CP

Precursor Material Method Temperature 
(°C)/ Power 
(W)

Modified/ Pristine Metal(s) 
Removed

Adsorbent Dose qe (mg  g−1) References

Bamboo Chopsticks Microwave‑Assisted 
Pyrolysis

200 W Pristine Pb (II) 2 g  L−1 18 This study

450 W 24

Conventional pyrolysis 
(Tube furnace)

500 °C Pristine 23

700 °C 23

Empty Fruit Bunch 
(EFBB)

Conventional Pyrolysis 250 °C Course‑EFBB Pb(II) 2.5 g  L−1 55 [25]

Medium‑EFBB 58

Fine‑EFBB 103

Eupatorium adenop-
horum

Conventional Pyrolysis 
(Tube furnace)

800 °C Modified CEA‑1 Pb(II) 0.5 g  L−1 18 [40]

Modified CEA‑2 98

Modified CEA‑3 84

Canola (Brassica napus) Microwave assisted 
pyrolysis

500 °C Pristine Pb(II) 1 g  L−1 106 [7]

Manure Pellet 60

Saw dust of white 
spruce (Picea glauca)

7

Wheat (Triticum aes-
tivum)

59.2

Hemp Microwave assisted 
pyrolysis

600 °C, 2.7 kW Magnetically Modified Pb (II) 0.5 g  L−1 61 [33]

Unmodified/ Pristine 27
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