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ORIGINAL ARTICLE

Lead ion adsorption by biochar manufactured from downed timber: the effect of 
downed timber maturity and environmental exposure period
Yucheng Penga, Ruiqi Lia, Muhammad Irfana, Shaoyang Liub, Dengjun Wangc, Thomas Elderd, Qiangu Yane and 
Zhiyong Caie
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of Chemistry and Physics, Troy University, Troy, AL, USA; cSchool of Fisheries, Aquaculture and Aquatic Sciences, Auburn University, Auburn, AL, USA; 
dSouthern Research Station, USDA-Forest Service, Auburn, AL, USA; eForest Products Laboratory, USDA-Forest Service, Madison, WI, USA

ABSTRACT  
Downed timber is valuable for manufacturing biochar in environmental remediation applications due to 
the low cost of raw materials and low-temperature manufacturing process. Loblolly pine (Pinus taeda L.) 
trees at different maturities (15-, 30-, and 39-year-old) with 0, 6, and 12 months of local environmental 
exposure in the southeastern region of the US were collected for biochar manufacturing. The biochar 
samples were characterized for their physicochemical properties, including morphologies, elemental 
compositions, surface functional groups, carbon structure, pH, electrical conductivity, and specific 
surface area. The Pb2+ adsorption isotherms were measured. The results indicated that the biochar 
physicochemical properties, affected by the tree maturities and the environmental exposure periods, 
significantly impacted the Pb2+ adsorption capacity. The Pb2+ adsorption capacity of biochar increased 
with the environmental exposure of wood for 6 months, followed by a decrease for biochar made 
from wood with an environmental exposure of 12 months. A recommendation can be made that 
downed timber collected up to a 6-month environmental exposure period can manufacture biochar 
with superior performance regarding adsorbing Pb2+ in water systems. The research outcome offered 
insights for the biochar manufacturing community to prepare forest feedstock for biochar production 
with better performance in Pb2+ adsorption.
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Introduction

Available freshwater resources are decreasing due to world 
population growth, rapidly developing industries, increasing 
urbanization, exhaustive natural resources exploitation, long- 
time droughts, and often occurrences of extreme weather 
(Carolin et al. 2017, Vardhan et al. 2019, Zamora-Ledezma 
et al. 2021, Mahmoud et al. 2023, Olsen et al. 2023). Additional 
contamination of water resources with pollutants resulting 
from human activity and natural events, like volcanoes, earth
quakes, or storms, worsen the water shortage even in rich 
water supply regions (Stewart et al. 2006, Uprety et al. 2017, Vil
larín and Merel 2020, Zamora-Ledezma et al. 2021). Among the 
pollutants released from natural and anthropogenic sources, 
heavy metal contaminants in freshwater resources are a long- 
existing and ever-evolving threat to human health and the eco
system (Kurniawan et al. 2006, Fu and Wang 2011, Gautam et al. 
2015, Inyang et al. 2016, Shaheen et al. 2019, Chai et al. 2021, 
Abdullaev et al. 2023). Due to the broad applications and 
wide existence in the earth’s crust of heavy metals, they can 
enter the environment through a variety of anthropogenic 
sources as well as from the natural geochemical weathering 
of soil and rocks. The main sources of heavy metal contami
nants in anthropogenic sources include mining wastes, 
landfill leachates, municipal wastewater, urban runoff, and 
industrial wastewater, particularly wastewater generated from 
the electroplating, electronic, and metal-finishing industries 

(Gautam et al. 2015). A study indicated that approximately 
40% of the lakes and rivers of the planet have been polluted 
by heavy metals (Zhou et al. 2020).

Removing heavy metals from the water system is important, 
and many technologies have been developed to address this 
issue. The methods reported in the literature include various 
treatments with the heavy metal removing mechanisms of pre
cipitation and coagulation, ion exchange, membrane filtration, 
bioremediation, heterogeneous photocatalytic degradation, 
and adsorption (Fu and Wang 2011, Chai et al. 2021, Sharma 
et al. 2022). Among these methods, adsorption is one of the 
most cost-effective methods for the remediation of heavy 
metals in water (Inyang et al. 2016, Yang et al. 2019). The 
adsorption process using an adsorbent with a highly porous 
structure has a low operating cost, high removal capacity, 
and easy implementation (Shaheen et al. 2019, Yang et al. 
2019, Qasem et al. 2021). Various adsorbent systems have 
been widely investigated, including biosorbents, magnetic 
adsorbents, mineral adsorbents, metal–organic framework 
adsorbents, and activated carbon-based adsorbents (Duan 
et al. 2020, Qasem et al. 2021). Each adsorbent system has 
advantages and disadvantages, and novel adsorbent systems 
with lower production and implementation costs and environ
mentally friendly characteristics are still needed.

As an efficient, cost-effective, and environmentally friendly 
adsorbent manufactured from renewable forest feedstock, 
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biochar has great potential to mitigate heavy metal contami
nation (Inyang et al. 2016, Shaheen et al. 2019, Wang et al. 
2020). Following decades of expansion, forest and woodland 
areas in the U.S. have plateaued at 333 million hectares. 
Around 3% of the forest land in the U.S. is disturbed yearly 
by natural events such as insects, disease, and fire, which is 
more than annual removals (less than 2%) (Oswalt et al. 
2019). Utilizing these biomass resources disturbed by natural 
events has been considered for its potential to help offset the 
cost of reducing wildfire hazards, promoting forest regener
ation, and restoring forest resilience (Schoennagel et al. 2004, 
Weaver et al. 2009, Svoboda et al. 2010, Freschet et al. 2013, 
Woodall et al. 2013). Manufacturing biochar from these 
damaged wood resources (downed timer) for value-added 
applications of mitigation of heavy metal contaminants also 
provides additional opportunities for the landowner to offset 
the damage caused by natural disturbances. Research also indi
cated that manufacturing biochar from waste wood is a global 
perspective, and biochar from wood can outperform other 
chars due to relatively high porosity (Marousek and Trakal 
2022).

The use of downed timber for biochar manufacturing has 
two concerns that need to be considered for producing pro
ducts with consistent qualities and performance. Firstly, 
downed timber generated by natural disturbances includes 
wood resources of a variety of ages. After natural disturbances, 
wood with different properties and various chemical compo
sitions can be salvaged (juvenile versus mature wood). A 40- 
year-old loblolly pine tree contains approximately 15% juvenile 
wood, while a 15-year-old tree has around 85% juvenile wood 
(Yeh 2006). Juvenile pine wood generally has a larger pro
portion of earlywood, more extractives, smaller specific gravi
ties, shorter tracheid lengths, and larger fibril angles than 
mature wood (Larson et al. 2001). These characteristic differ
ences between juvenile wood and mature wood would pose 
potential inconsistent properties of the biochar obtained. Sim
ultaneously, juvenile wood contains more lignin and less cellu
lose than mature wood (Lu et al. 2021). The biochar products 
generated from juvenile wood are expected to differ from 
mature wood due to the different contents of the major 
polymer chemical components and the microscopic wood 
structures (Collard and Blin 2014, Tomczyk et al. 2020).

The second concern of producing biochar from downed 
timber is associated with the length of time between its col
lection and the event that caused the disturbance. Degra
dation of downed timber changes with time, local weather, 
and environmental conditions. Several stages of wood degra
dation progress along the extended environmental exposure 
period (Goodell et al. 2020). Microorganisms, insects, and 
moisture are the major factors contributing to the degra
dation of wood. With appropriate environmental conditions, 
fungi mainly cause changes in wood quality and chemical 
composition. Different chemical composition changes can 
result depending on the specific categories of fungi. For 
example, two main wood rot fungus categories that cause 
considerable degradation are white rot and brown rot fungi 
(Rayner and Boddy 1988), which grow most rapidly at the 
temperature range of 20 – 32 °C (Shmulsky and Jones 2019). 
White rot fungi are mostly associated with hardwoods but 

can be found in softwoods (Krah et al. 2018). Most of the 
white rot fungi can depolymerize all three cell wall polymers 
(cellulose, hemicellulose, and lignin) simultaneously, while 
some selective white rot fungi can preferentially digest the 
hemicellulose and lignin components, leaving much of the 
crystalline cellulose relatively undegraded (Goodell et al. 
2020). Brown rot fungi are mainly associated with softwoods, 
decomposing cellulose and hemicellulose, but not lignin 
(Goodell et al. 2020). Therefore, downed and degraded 
timber collected at different times may contain different 
chemical components. The thermochemical conversion mech
anisms for each polymer component, i.e. cellulose, hemicellu
lose, and lignin, are also significantly different, and different 
biochar yields and porous structures will be obtained 
(Collard and Blin 2014) depending on the degrees of 
downed timber degradation. The ratios of the three polymers 
also affect the biochar production process (Collard and Blin 
2014). Therefore, biochar produced from downed timber 
differs in structure and performance, and the significance of 
the differences in the potential applications of biochar in 
removing heavy metals needs to be evaluated.

The objective of this study is to evaluate the biochar man
ufactured from downed timber with different tree maturities 
and environmental exposure periods in terms of physico
chemical properties and heavy metal adsorption capacities. 
In this study, loblolly pine (Pinus taeda L.) trees of different 
ages were felled and exposed to the environment for 
different periods of time. The biochar samples were produced 
in the laboratory using a controlled pyrolysis procedure. The 
physicochemical properties of the biochar that were deter
mined were morphology, pH, electrical conductivity (EC), 
surface functional group composition, elemental compo
sition, and lead ion adsorption capacity. The effect of tree 
age and environmental exposure period on biochar properties 
and lead ion adsorption capacities was evaluated. The hypoth
esis is that the biochar behaviors in adsorbing lead ions vary 
significantly among different biochar samples, and the lead 
ion adsorption capacities are impacted by the physicochem
ical characteristics.

Experimental

Materials

Three loblolly pine (Pinus taeda L.) trees aged 15, 30, and 39 
years old (denoted as L15, L30, and L39, respectively) were 
selectively felled on October 22, 2020, at the Solon Dixon For
estry Education Center, Andalusia, AL. The exact locations of 
the three trees can be found in our previous publication 
(Peng et al. 2024). The three trees were cut to be left in the 
natural environment with a stump height of around 30 cm. 
Wood log samples with a length of 15 – 30 cm were then col
lected from the bottom of each tree on November 3, 2020, April 
23, 2021, and October 1, 2021, to include samples covering a 
year of environmental exposure. After collection, all the wood 
log samples were stored in a freezer at −20 °C for the next 
step of operation. Lead (II) chloride (PbCl2) at a purity of 99% 
(Chemical identifier number: CAS ) was purchased from VWR 
International (Radnor, PA, USA).
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Biochar preparation

The loblolly pine wood log samples were debarked, and the 
size was reduced using a table saw to be fed into a chipper 
(Brush Master chipper shredder CH11, Maple Grove, MN, USA) 
to manufacture wood chips. The wood chips were dried over
night at 105 °C in an oven and stored in Ziploc bags for 
biochar manufacturing.

Biochar from the loblolly pine wood chips was prepared 
using a quartz tube furnace (GSL-1100X, MTI Corporation, Rich
mond, CA, USA) under nitrogen gas. The temperature profile 
used for biochar manufacturing included four steps: 1) 
ramping temperature from room temperature to 450 °C at 10 
°C /min, 2) holding temperature at 450 °C for one hour, 3) 
cooling at 10 °C/min to 200 °C, and 4) cooling from 200 °C to 
room temperature naturally. After cooling to room tempera
ture, the biochar samples were collected in a high-density poly
ethylene container with a cap on. The biochar samples 
produced from log samples collected in November 2020 are 
denoted as L15-0M, L30-0M, and L39-0M. Similarly, the 
biochar samples L30-6M and L39-12M indicated that the 
biochar samples were produced from log samples collected 
in April 2021 and October 2021 from L30 and L39, respectively. 
A similar nomenclature style was employed to denote all the 
other biochar samples.

Biochar characterization

Scanning electron microscopy characterization of a small 
section of the biochar samples manufactured from wood 
chips was performed using a Zeiss Evo 50VP scanning electron 
microscope (Oberkochen, Germany) operated at an accelerat
ing voltage of 20 kV. The pH and EC of the biochar samples 
were determined in a biochar suspension with the biochar to 
deionized water weight ratio of 1:10 (Singh et al. 2017). The 
biochar suspension was prepared by adding 1.5 grams of 
biochar particles (obtained by grinding biochar manufactured 
from wood chips into smaller particles using a set of mortar 
and pestle followed by sieving to collect biochar particles 
smaller than 2 mm) into 15 mL of deionized water in a 50 mL 
centrifuge tubes. The suspension was then mixed using a Scilo
gex Sci-RL-E tube rotator (Rocky Hill, CT, USA) with a rotating 
speed of 20 rpm for one hour, followed by standing for 30 
min. The pH and EC of biochar samples were measured using 
an Extech EC600 pH and digital conductivity meter (Waltham, 
MA, USA). Before measurement, the pH meter was calibrated 
using buffer solutions of pH 4, 7, and 10, while the EC meter 
was calibrated using a buffer solution of 1413 μs/cm. The 
measurements of pH and EC were performed in triplicate, 
and the average values were reported.

The powder form biochar samples for all the other charac
terizations were prepared by ball milling (PTA-02 Model, 
Nidec Shimpo Corporation, Japan). The ball milling process 
was conducted for seven hours at 180 rpm using a 5 L porcelain 
jar loaded with 40 cylindrical porcelain milling media with a 
diameter of 12.7 mm and a height of 12.7 mm. After ball 
milling, biochar powers with particle sizes smaller than 106 
μm were collected for characterization. Fourier transformation 
infrared spectroscopy (FT-IR) was used to characterize the 

surface functional groups of the biochar samples using a Perki
nElmer Spectrum Two FT-IR spectrometer (Waltham, MA, USA) 
equipped with an attenuated total reflection (ATR) accessory. 
All spectra were taken via the ATR accessory in the wavenum
ber range of 650 – 4000 cm−1 with 128 scans and a resolution of 
4 cm−1. Three replicates were collected for each biochar 
sample. All the data analyses on the spectra were performed 
using Spectrum 6 spectroscopy software (PerkinElmer, MA, 
USA). A Raman spectrometer equipped with a 785-nm laser 
(MacroRAM, Horiba Scientific, Piscataway, NJ, USA) was 
employed to acquire the spectrum in a Raman shift range of 
150–3250 cm−1 for all the biochar samples. Three replicates 
were collected for each biochar sample. The elemental compo
sitions of the biochar samples were determined using an 
elemental analyzer (Thermo Scientific FLASH 2000 CHNO analy
zers, Waltham, MA, USA) on the power form biochar samples, 
and oxygen content was determined by the difference of 
total sample weight with the contents of C, N, and H.

The gas adsorption isotherms of CO2 on the biochar samples 
were measured by CO2 physisorption at 0 °C using a Micromeri
tics TriStar II Plus instrument (Norcross, GA, USA) in the pressure 
range from 1.33 x 102 to 1.01x105 Pascal that corresponds to 
(approximately 4 x 10−5 to 0.029 P/P0) for CO2. The gas adsorp
tion isotherm of N2 was also tried to obtain for the biochar 
samples. No consistent results were achieved for N2 adsorption. 
Therefore, only CO2 adsorption isotherms were studied in this 
research. Before the gas adsorption measurement, the 
biochar samples were degassed under a vacuum at 300 °C for 
24 h using a VacPrep 061 instrument (Micromeritics, Norcross, 
GA, USA). Two replicates were performed for the CO2 adsorp
tion to obtain the isotherms. The CO2 adsorption isotherms 
were fitted with the Dubinin-Astakhov equation (Dubinin and 
Stoeckli 1980, Chen and Yang 1994, Hutson and Yang 1997, 
Hu and Ruckenstein 2006) shown below:

log (V) = log (V0) −
RT
bE0

􏼔 􏼕n

log
p0

p

􏼒 􏼓􏼔 􏼕n

(1) 

where p, p0, V, V0, n, R, E0, and β are the equilibrium pressure, 
the saturation vapor pressure of CO2 at the analysis tempera
ture (T), the volume adsorbed at equilibrium pressure (p), the 
monolayer capacity, the Astakhov exponent, the gas constant, 
characteristic energy, and the affinity coefficient of CO2 (0.46) 
(Carrascomarin et al. 1993), respectively. The monolayer 
adsorption capacity (V0), Astakhov exponent (n), and character
istic energy (E0) for all the biochar samples were reported 
according to the data analysis on CO2 adsorption isotherms. 
The specific surface area (SSA) of the biochar samples in m2/g 
was then calculated as:

SSA =
6.203 × 1023s V0

22414 × 1018 (2) 

where σ is the molecular sectional area of CO2 at 0 °C (0.187 
nm2)(Carrascomarin et al. 1993). The SSAs for all the biochar 
samples were reported.

WOOD MATERIAL SCIENCE & ENGINEERING 3



Lead ion adsorption isotherm

The lead (II) ion (Pb2+) adsorption capacities of the biochar 
samples were calculated by fitting the Pb2+ adsorption iso
therms for all the biochar samples measured in solutions 
using Langmuir adsorption isotherm model. In this study, the 
PbCl2 solutions at different concentrations were prepared by 
mixing solid PbCl2 in deionized water, and the concentration 
of Pb2+ was determined using an ultraviolet/visible (UV/Vis) 
spectrophotometer (UV-1600PC, VWR, Radnor, PA, USA). A cali
bration curve was established to correlate the intensity of the 
UV wavelength at 208 nm with the Pb2+ concentrations pre
pared in the laboratory with Pb2+ concentrations in the range 
of 1 – 30 mg/L.

The Pb2+ adsorption isotherms for all the biochar samples 
were collected by adding 40 mg of biochar to 20 mL Pb2+ sol
utions in polypropylene centrifuge tubes at concentrations of 
10, 20, 30, 40, 50, 60, and 70 mg/L, followed by mixing using 
a Scilogex Sci-RL-E tube rotator (Rocky Hill, CT, USA) with a 
rotating speed of 40 rpm for three days. After mixing, the sol
utions were extracted using syringes and filtered with a 0.45 
μm PTFE membrane. The solution without biochar was then 
diluted with several trials to measure the Pb2+ concentration 
within the 1 – 30 mg/L range. The adsorption isotherm repre
senting the relationship between the amount of Pb2+ adsorbed 
on the biochar surface in (mg/g) and the Pb2+ concentrations in 
water (mg/L) was generated. The Langmuir model in the linear 
form shown in equation (3) was used to fit the isothermal data 
for calculating the Pb2+ adsorption capacity (Chen et al. 2022).

Ce

qe
=

Ce

qm
+

1
KL qm

(3) 

where Ce, qe, qm, and KL are the equilibrium concentration of 
Pb2+ in solution, the amount of adsorption on biochar at equi
librium, the maximum adsorption capacity, and Langmuir iso
therm constant.

Statistical analysis

Statistical analysis of the quantitative data obtained in this 
study was performed to understand the effect of the two 
factors at three levels, including tree maturities (15, 30, and 
39 years old) and environmental exposure periods (0, 6, and 
12 months), on the biochar physicochemical properties and 
lead ion adsorption capacities. A two-way analysis of variance 
(ANOVA) with a 0.05 significance level was conducted. A stat
istical model was used to represent the mean value of the 
quantitative data of the biochar samples impacted by tree 
maturity (α = 1, 2, and 3 representing 15, 30, and 39 years 
old) and environmental exposure period (β  = 1, 2, and 3 repre
senting 0, 6, and 12 months) as shown in equation 4.

Yijk = m+ ai + bj + (ab)ij + eijk (4) 

where i = 1, 2, 3; j = 1, 3, 3; and k = 1, 2, 3. The measured mean 
values (Yijk) is a function of population mean data (μ) of the 
biochar samples, impact by tree maturity (αi), environmental 
exposure period (βj), and the interactions between the two 
factors ((αβ)ij) plus the errors in the model (eijk) which is 
assumed to be independently, identically, and normally 

distributed. Following the ANOVA analysis, a post-hoc test 
using Tukey’s Honestly Significant Different (TukeyHSD) test 
was employed to understand the effect of different fact levels 
with each group.

Results and discussions

Biochar morphologies

The SEM micrographs at different magnifications demonstrat
ing the morphologies of the biochar from the loblolly pine 
trees at different tree maturities are shown in Figure 1. After 
pyrolysis using the conditions in this study, all the biochar 
samples preserved the original wood structures, and biochar 
converted from earlywood and latewood can be easily ident
ified for all three different tree maturities. Continuous struc
tures with a much thicker wall in latewood biochar than in 
earlywood biochar are demonstrated in Figure 1. Other struc
tural characteristics of the loblolly pine tree, including resin 
canal, rays, and pit pairs, can also be observed in the biochar 
samples. From the SEM micrographs, no obvious difference in 
biochar structures can be observed among different tree matu
rities. Within the same tree age group, the morphologies of 
biochar samples converted from the wood chips with 
different environmental exposure periods were also evaluated, 
and a similar case was also noted. It is inconclusive to dis
tinguish biochar samples from different tree maturities and 
environmental exposure periods based on SEM micrographs.

Biochar elemental compositions

The C, H, and O compositions of the biochar samples were 
measured, and the data are shown in Table 1. The ratios of O 
to C for all the biochar samples are also calculated and included 
in the table. After pyrolysis, the biochar samples manufactured 
from three different ages of loblolly pine trees have C contents 
of 82.0 ± 1.9, 84.4 ± 3.9, and 85.0 ± 0.3%. Within the group of 
biochar samples made from a 15-year-old tree, the C contents 
are 82.0 ± 1.9, 84.8 ± 1.2, and 84.0 ± 0.8 % with an environ
mental exposure period of 0, 6, and 12 months, respectively. 
For the group of L30 biochar samples, the C contents 
changed from 84.4 ± 3.9 for the 0-month sample to 83.4 ± 
0.2 and 82.6 ± 0.3 % for the samples with 6 and 12 months 
of environmental exposure, respectively. Statistical analysis of 
the C contents of the biochar samples was performed, and 
the results indicated that there was no significant interaction 
effect for the two factors – tree maturity and environmental 
exposure – on the biochar sample C contents. No significant 
effect of tree maturity on biochar C contents was also observed 
using the TukeyHSD test. Within each tree maturity group, the 
environmental exposure period was also not found to impact 
the C contents of biochar samples significantly. The H 
content in all the biochar samples ranged from 3.5 ± 0.1 to 
3.8 ± 0.1 %, and statistical analysis showed that there was no 
significant difference among all the biochar samples. The O 
contents of the biochar samples were calculated as the differ
ence between biochar mass and the O and H contents, and 
the data ranged from 10.9 ± 1.3 to 14.6 ± 1.8%. The O to C 
ratios were also calculated and ranged from 12.8±0.1 to 17.9 
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±0.1%. The statistical analysis indicated that there was no sig
nificant difference in the O contents and the O to C ratios for 
all the biochar samples. After pyrolysis, the two factors, includ
ing the tree maturity and environmental exposure period, have 
no significant impact on the biochar sample elemental compo
sitions, including C, H, and O contents.

Biochar surface functional groups and carbon-based 
structure

The FT-IR spectra of the biochar samples from loblolly pine 
trees at different ages (ages 15, 30, and 39) and the same 
environmental exposure (0 months) are shown in Figure 2. 
The surface functional groups of the biochar samples were 
identified by comparing the obtained FT-IR spectra with the lit
erature data (Han et al. 2013, Mukome et al. 2013, Li et al. 2019, 
Bandara et al. 2020, Wang et al. 2022), and the peak 

assignments are summarized in Table 2. Peak #1, located in 
the region between 1700 and 1695 cm−1, is attributed to the 
C = O vibration in the carboxylic group (Han et al. 2013, 

Figure 1. The SEM micrographs at various magnifications for the biochar samples manufactured from loblolly pine trees at three different ages.

Table 1. The C, H, and O compositions of biochar samples.

Sample

C (%) H (%) O (%) O:C (%)

0M 6M 12M 0M 6M 12M 0M 6M 12M 0M 6M 12M

L15 82.0±1.9 84.8±1.2 84.0±0.8 3.5±0.1 3.7±0.1 3.6±1.2 14.6±1.8 11.6±1.2 12.4±0.8 17.9±0.1 13.7±0.1 14.8±0.1
L30 84.4±3.9 83.4±0.2 82.6±0.3 3.6±0.1 3.6±0.1 3.5±0.1 12.0±4.0 13.0±0.3 13.9±0.3 14.4±0.1 15.6±0.1 16.9±0.1
L39 85.0±0.3 84.2±1.8 85.3±1.3 3.6±0.1 3.6±0.1 3.8±0.1 11.4±0.4 12.2±1.8 10.9±1.3 13.4±0.1 14.5±0.1 12.8±0.1

Figure 2. The FT-IR spectra of biochar samples manufactured from wood at ages 
15, 30, and 39 collected in October 2020 (The peaks from 1 to 8 were identified in 
Table 2).
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Mukome et al. 2013, Bandara et al. 2020). Peak #2 is identified as 
aromatic C = C stretching at approximately 1582 cm−1 (Han 
et al. 2013, Li et al. 2019). Peak #3 (1435 cm-1) is the signal of 
C–H in aliphatic carbon CH2, correlated with the amorphous 
region of biochar (Bansal and Goyal 2005, Shin et al. 2015). 
The peaks of 4 (1270 cm−1) and 5 (1180 cm−1) are ascribed to 
asymmetric stretching of C–O bond in carboxylic acid and 
lignin, respectively. The aromatic nature of the biochar 
samples was also indicated by the peaks at 860, 810, and 743 
cm−1 (peaks 6, 7, and 8), which are attributed to the bending 
of C–H bonds from aromatic units that have condensed into 
larger sheets during pyrolysis (Huang et al. 2018, Li et al. 
2019, Bandara et al. 2020). All three biochar samples showed 
similar identified peaks.

According to the literature, heavy metal adsorption to 
biochar is positively correlated with the surface functional 
groups containing oxygen and the amorphous regions 
(Inyang et al. 2016, Shaheen et al. 2019, Duan et al. 2020, 
Wang et al. 2020, Sharma et al. 2022). In order to differentiate 
the effect of various biochar samples, the oxygen-containing 
functional groups and the amorphous regions were quantitat
ively characterized using FT-IR spectra. The peak area ratios of 
1697 cm−1 (C = O) and 1435 cm−1 (C–H stretching) relative to 
the peak at 1582 cm−1 (aromatic C = C stretching) (i.e. IC = O/IC  

= C and IC-H/IC = C) were calculated, and the data are shown in 
Table 3. The peak areas were calculated using the peak area 
function of the Spectrum 6 Spectroscopy Software (PerkinEl
mer, Waltham, MA, USA). The areas for the C = O, C = C, and 
C–H peaks were calculated in the wavenumber ranges of 
1720 – 1670, 1655 – 1486, and 1486 – 1365 cm−1. The statistical 
analysis of the peak area ratios for the three biochar samples 
(L15-0M, L30-0M, and L39-0M) indicated that the C = O to C =  
C ratios for L15-0M and L39-0M are significantly higher than 
that of L30-0M. For the peak area ratios of C–H to C = C, 
similar trends were observed, while statistical analysis 
showed that there is no significant difference among the 
three biochar samples.

The effect of the environmental exposure period of the 
wood samples on the biochar functional groups was also inves
tigated using FT-IR. For the biochar samples manufactured 

from wood with 6 and 12 months of environmental exposure, 
FT-IR spectra (not shown in this study) with the same peaks 
were observed compared with those having 0 months of 
environmental exposure period within the same tree maturity 
group. The same area ratios from the FT-IR spectra were calcu
lated, as shown in Table 3. The statistical analysis showed that 
the biochar sample L15-12M has a lower peak area ratio for C =  
O to C = C than those of L15-0M and L15-6M. For the biochar 
samples manufactured from the wood samples at 30 and 39 
years old, there is no difference in the peak area ratios of C =  
O to C = C. For the peak area ratios of C–H to C = C, there is 
no significant difference for the biochar samples produced 
from 15- and 39-year-old wood samples with the three 
different environmental exposure periods. For the biochar 
manufactured from the 30-year-old tree, the 6 months of 
environmental exposure to the wood produced a biochar 
sample with a higher peak area ratio of C–H to C = C than 
those with 0 and 12 months of environmental exposure 
periods. The quantitative analysis of the FT-IR spectra showed 
biochar samples made from wood at different tree maturities 
have the same functional groups with different ratios of the 
same functional groups. The environmental exposure to 
wood didn’t impact the functional groups of biochar in a 
specific pattern. A random change of the biochar functional 
group ratios was observed for a specific sample of L15-12M 
and L30-6M.

Raman spectroscopy was used to probe the carbon-based 
biochar structure for all the samples. Raman spectroscopy has 
been widely used to characterize the structure of carbon- 
based material due to its advantages of easy sample prep
aration, high sensitivity, high resolution, and non-destructive 
nature (Potgieter-Vermaak et al. 2011, Smith et al. 2016, 
Guizani et al. 2017). Studies on biochar carbon structure 
change and evolution during the pyrolysis process of 
biomass have been performed using Raman spectroscopy 
(Tsaneva et al. 2014, Smith et al. 2016, Guizani et al. 2017, Yu 
et al. 2018). In this study, Raman spectroscopy was employed 
to assess the carbon-based structure change impacted by the 
feedstock tree maturity and environmental exposure period. 
In the Raman spectra of biochar samples, two characteristic 
bands located at about 1342 (D band) and 1581(G band) 
cm−1 were observed, and the ratio of the D/G band was used 
to characterize the structure change of the biochar samples. 
The D band is known as the disorder band of the graphite struc
ture originating in structural defects or edge effects (Adar 
2022). The G band is due to the in-plane stretching motion 
between sp2 carbon atoms and represents the planar configur
ation of sp2 bonded carbon in graphene and graphite structure 
(Yu et al. 2018). The change in the ratio of D/G indicates the 
biochar structure change toward more disordered. The 
Raman spectra for the biochar samples of L15-0M, L30-0M, 

Table 2. The functional groups of biochar samples characterized by FT-IR.

Peak 
No.

Wavenumber 
(cm−1) Peak assignments

1 1697 C = O from carboxylic acids, amides, esters and 
ketones

2 1580 Aromatic C = C stretching
3 1435 C-H in aliphatic carbon (CH2)
4 1270 Carboxylic acid C-O stretch, carboxyl, ester/ 

amide region
5 1180 C-O lignin
6, 7, 8 860, 810, 743 Aromatic C-H bond

Table 3. The quantitative analysis of the biochar functional groups.

Sample

IC = O/IC = C IC-H/IC = C

0M 6M 12M 0M 6M 12M

L15 0.053±0.003 0.067±0.003 0.040±0.006 0.32±0.01 0.31±0.02 0.34±0.05
L30 0.033±0.003 0.040±0.000 0.040±0.000 0.25±0.02 0.34±0.04 0.23±0.01
L39 0.060±0.006 0.043±0.003 0.050±0.000 0.31±0.01 0.28±0.01 0.23±0.01
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and L39-0M are shown in Figure 3. The D/G ratios for all the 
samples are also shown as an insert in Figure 3. Statistical analy
sis showed that all the biochar samples have no significant 
difference in D/G ratios, indicating that the tree maturity and 
environmental exposure didn’t significantly change the 
carbon-based structure for all the biochar samples.

Biochar pH and EC

Biochar pH values are important given their influence on other 
properties and various applications, such as heavy metal 
adsorption and soil amendment. From the literature, biochar 
pH values between 3.1 and 12.0 have been reported 
(Lehmann 2007, Mukherjee et al. 2011). The pH values of 
biochar samples are correlated with the formation of carbon
ates and the contents of inorganic alkalis which are associated 
with the feedstocks and the manufacturing processes (Tomczyk 
et al. 2020). In this study, the pH values of all the biochar 
samples measured are shown in Table 2, and the pH values 
ranged from 4.71±0.01 to 6.03±0.01. The acidity of the 
biochar samples is mainly caused by the low pyrolysis tempera
ture for loblolly pine trees at 450 °C, and the results are consist
ent with the literature data (Stefanko and Leszczynska 2020). 
The statistical analysis indicated that both tree maturity and 
environmental exposure period impact the pH values of the 
biochar samples. There is a significant difference in pH values 
for biochar samples of L15-0M, L30-0M, and L39-0M, with 
values of 5.26 ± 0.01, 6.03 ± 0.01, and 5.52 ± 0.01, respectively. 
The L30-0M biochar sample has a much higher pH value than 
the other two, which correlated well with the FT-IR results 
with a lower C = O to C = C ratio shown in Table 3. After 6 
and 12 months of environmental exposure, the pH of the 
biochar samples made from a 15-year-old tree increased from 
5.26 ± 0.01 to 5.37 ± 0.01 and 5.41 ± 0.06, respectively. For 
the biochar samples made from 30- and 39-year-old trees, 
the pH values didn’t change for 6 months of environmental 
exposure to wood, while they significantly decreased with 12 
months of environmental exposure (Table 4). The lowest 

biochar pH value was observed to be 4.71 ± 0.01 with the 
sample of L39-12M. Both the tree maturity and environmental 
exposure significantly changed the biochar pH values.

The EC values for all the biochar samples are also shown in 
Table 4. The EC was measured in biochar solution based on the 
principle that solutions with a higher concentration of dis
solved salts have a greater ability to conduct an electrical 
current, and the EC is proportional to the quantity and nature 
of salts dissolved in the solution. Understanding the amount 
of soluble salts in a biochar solution is important when consid
ering heavy metal (Pb2+) adsorption in aqueous solutions. From 
reviewing the literature, the EC of biochar ranges from 0.04 to 
54.2 dS/m, mainly determined by the feedstock and manufac
turing temperature (Singh et al. 2010, Cantrell et al. 2012, Rajko
vich et al. 2012, Claoston et al. 2014, Rehrah et al. 2014, Smider 
and Singh 2014). Biochar manufactured from feedstock with 
higher ash content and higher pyrolysis temperature generally 
has higher EC (Cantrell et al. 2012, Claoston et al. 2014, Rehrah 
et al. 2014, Smider and Singh 2014). In this study, the EC values 
are in the range of 0.10 ± 0.02 – 0.30 ± 0.01 dS/m (Table 4). For 
the biochar samples made from three different ages of trees, 
L15-0M has a higher EC than the other two, mainly caused by 
the higher ash content as measured in our previous publication 
(Peng et al. 2024). No significant difference in EC was observed 
for biochar samples between L30-0M and L39-0M. For the 
biochar made from the same age of the tree, the EC changes 
vary with the environmental exposure period. The EC of 
biochar L15-12M (0.14 ± 0.02) is significantly lower than 
those of L15-0M (0.22 ± 0.01) and L15-6M (0.27 ± 0.08), which 
do not differ significantly from each other. For the biochar 
made from the 30-year-old tree, the L30-6M has greater EC 
than the other two. For the biochar samples from the 39- 
year-old tree, all have different ECs, with the greatest EC of 
0.30 ± 0.01 dS/m for the L39-6M. These EC changes for the 
biochar samples didn’t match the changes in the ash contents 
for all the wood samples (Peng et al. 2024), even with the same 
pyrolysis procedures. These observations indicated that other 
factors, including wood degradation due to exposure to the 
environment, may significantly change the biochar formation 
mechanisms during the pyrolysis process.

Biochar SSA

The CO2 adsorption on biochar was carried out at 0 °C, and the 
obtained adsorption isotherms for biochar samples of L15-0M, 
L30-0M, and L39-0M are presented in Figure 4a. The Dubinin- 
Astakhov equation provided a linear line to fit the CO2 iso
therms, as shown in Figure 4b. The parameters based on the 
Dubinin-Astakhov equation for all the biochar samples are 
summarized in Table 5. The Astakhov exponent (n) values for 
all the biochar samples are greater than 2, and the 

Figure 3. The Raman spectra of the biochar samples of L15-0M, L30-0M, and L39- 
0M.

Table 4. The pH and EC of all the biochar samples.

Sample

pH EC (dS/m)

0M 6M 12M 0M 6M 12M

L15 5.26±0.01 5.37±0.01 5.41±0.06 0.22±0.01 0.27±0.08 0.14±0.02
L30 6.03±0.01 6.01±0.01 5.24±0.01 0.10±0.02 0.18±0.01 0.12±0.01
L39 5.52±0.01 5.51±0.01 4.71±0.01 0.15±0.02 0.30±0.01 0.24±0.02
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characteristic energy (E0) numbers are all approximately 17.5 
kJ/mol. The Dubinin-Astakhov equation was established 
based on a model in which the adsorption is associated with 
the adsorbent site energies (Dubinin and Stoeckli 1980). The 
Astakhov exponent reflects the distribution of the energy 
sites, which is related to the pore size distribution of the adsor
bents. The Astakhov exponent values between 1 and 4 have 
been obtained for most carbon-based adsorbents, and a 
value greater than 2 indicates a homogeneous carbon adsor
bent with most of the pores in the micropore range (Finger 
and Bulow 1979, Hu and Ruckenstein 2006). The values of the 
Astakhov exponent for all the biochar samples are around 
2.3, which indicates that the biochar samples produced in 
this study are homogeneous microporous carbon. No signifi
cant difference was observed for the Astakhov exponent for 
biochar samples made from different tree maturities and 
environmental exposure periods. The same case for the charac
teristic energy was observed (Table 4). The derived SSA of all 
the biochar samples are included in Table 4. The SSA values 
for the L15-0M, L30-0M, and L39-0M are 313 ± 10, 338, and 
293 ± 9 m2/g, respectively, based on the measurement of 
two replicates. The L30-0M has a higher SSA than that of L15- 
0M, which is greater than that of L39-0M. For the biochar 
samples made from the same tree maturity, the environmental 
exposure of the wood changed the SSA. No pattern was 
observed for the change, though. After 12 months of environ
mental exposure to the 15-year-old tree, the biochar 

manufactured increased the SSA from 313 ± 10 to 337 ± 2 
m2/g. For the biochar made from the 30-year-old tree, the 
environmental exposure of the wood for 6 and 12 months 
decreased slightly the SSA from 338 m2/g to 326 ± 4 and 329 
± 2 m2/g, respectively. Similarly, 12 months of environmental 
exposure to the 39-year-old tree decreased the biochar SSA 
from 293 ± 9 to 278 ± 2 m2/g. Therefore, the environmental 
exposure to the wood resulted in mixed results of the 
biochar SSA changes. The biochar sample made from the 39- 
year-old tree with 12 months of environmental exposure has 
the lowest SSA of 278 2 m2/g.

Biochar lead ion adsorption isotherm

The calibration curve used to measure the Pb2+ concentration 
in solutions is shown in Figure 5a, with the ion concentration 
range of 1 – 30 mg/L. After applying the biochar in Pb2+ sol
ution for 72 h, the concentrations of ions in solutions (Ce) 
were measured to calculate the quantity of ions adsorbed by 
the biochar sample. The amount of adsorption on biochar at 
equilibrium can be obtained (qe), and the Pb2+ adsorption iso
therms were then plotted as qe versus Ce. The representative 
adsorption isotherms for the biochar samples of L15-0M, L30- 
0M, and L39-12M are shown in Figure 5b. The biochar sample 
of L39-12M is included to show the significant differences in 
Pb2+ adsorption capacities among biochar samples. The estab
lishment of the linear relationship using equation 3 was per
formed for (Ce/qe) against Ce, and the corresponding linear 
relationships for the biochar samples of L15-0M, L30-0M, and 
L39-12M are shown in Figure 5c. The Langmuir models used 
to fit the isotherm data are shown in Figure 5d. The 
maximum adsorption capacity (qm) and Langmuir isotherm 
constant (KL) can then be calculated from the linear relation
ship. The qm and KL values for all the biochar samples are 
shown in Table 6.

For the biochar samples made from wood with three 
different maturities, the Pb2+ adsorption capacities are 4.02 
±0.06, 2.91±0.16, and 2.55±0.06 mg/g for L15-0M, L30-0M, 
and L39-0M, respectively, and the statistical analysis indicated 
that the adsorption capacities are significantly different. The 
tree maturity impacts the biochar samples’ adsorption capacity 
of Pb2+. The Pb2+ adsorption capacities of the biochar samples 
were qualitatively correlated with different physicochemical 
properties of the samples. It seems that the biochar pH, EC, 
SSA, and surface functional groups are all involved, and no 
single factor can be used to explain the higher Pb2+ adsorption 
capacity of L15-0M than those of L30-0M and L39-0M. The 
lower pH (5.26) and higher EC (0.22 dS/m) of the L15-0M 
sample than those of L30-0M (6.03 and 0.1 dS/m, respectively) 
can explain the higher Pb2+ adsorption capacity of L15-0M. 
Simultaneously, the surface functional groups of L15-0M have 

Figure 4. The CO2 adsorption isotherms of the biochar samples and the Dubinin- 
Astakhov equation fitting.

Table 5. The Dubinin-Astakhov parameters for CO2 adsorption by biochar samples and the derived specific surface areas.

Sample

n E0 (kJ/mol) SSA (m2/g)

0M 6M 12M 0M 6M 12M 0M 6M 12M

L15 2.34±0.02 2.33±0.00 2.37±0.00 17.5±0.0 17.5±0.0 17.5±0.0 313±10 318±7 337±2
L30 2.36±0.02 2.35±0.01 2.35±0.01 17.5±0.1 17.5±0.1 17.5±0.0 338±0 326±4 329±2
L39 2.31±0.00 2.32±0.01 2.32±0.01 17.4±0.1 17.5±0.1 17.4±0.0 293±9 305±12 278±2
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a much greater IC = O to IC = C ratio (Table 3), which can also con
tribute to the lower pH and higher Pb2+ adsorption capacity. 
However, this theory cannot explain the higher Pb2+ adsorption 
capacity of L30-0M over that of L39-0M. The biochar of L39-0M 
has a lower pH (5.52) and higher EC (0.15) than that of L30-0M. 
The L39-0M also has a greater IC = O to IC = C ratio than that of 
L30-0M. At this point, the SSA of the biochar samples needs 
to be considered. The biochar sample of L30-0M has a much 
higher SSA (338 m2/g) when compared with the biochar 
sample of L39-0M (293 m2/g). Therefore, all the factors, includ
ing pH, EC, surface functional group, and SSA played a role in 
determining the Pb2+ adsorption capacity. The effect of each 
factor on the Pb2+ adsorption capacity may need to be con
sidered for each specific case. The Langmuir constants (KL) for 

the biochar samples are also shown in Table 6. A larger 
number of the Langmuir constant indicates a stronger 
binding property between the Pb2+ and the biochar surface. 
The biochar of L15-0M has a much greater KL value than the 
other two biochar samples, which are of the same magnitude. 
The stronger interaction between Pb2+ and the biochar of L15- 
0M may also contribute to the higher adsorption capacity com
pared with the other two biochar samples.

For the biochar samples made from wood with the same 
tree maturity, the effect of the environmental exposure 
period on Pb2+ adsorption capacity differs with the age of 
the wood. For the three biochar samples of L15-0M, L15-6M, 
and L15-12M, the Pb2+ adsorption capacities are 4.02±0.06, 
4.09±0.20, and 3.14±0.05 mg/g. After 12 months of 

Figure 5. The calibration curve for measuring Pb2+ in solutions using a UV/Vis spectrophotometer (a) and the representative Pb2+ adsorption isotherms of biochar 
samples (b), the linear relationship using the Langmuir model to fit the adsorption isotherm data (c) and the isotherm data fitted with Langmuir models for the biochar 
samples (d).

Table 6. The predicted Pb2+ adsorption capacity using the Langmuir model and the Langmuir constants for all the biochar samples.

Sample

qm (mg/g) KL (L/mg)

0M 6M 12M 0M 6M 12M

L15 4.02±0.06 4.09±0.20 3.14±0.05 0.095±0.008 0.1172±0.042 0.0500±0.010
L30 2.91±0.16 3.39±0.02 2.97±0.27 0.037±0.015 0.1787±0.028 0.2613±0.016
L39 2.55±0.06 4.78±0.15 1.59±0.05 0.0418±0.007 0.0845±0.007 0.0568±0.005
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environmental exposure, the Pb2+ adsorption capacity of the 
biochar decreased significantly (22%), while 6 months of 
environmental exposure to the wood did not change the 
biochar Pb2+ adsorption capacity. For the biochar samples 
made from the 30-year-old tree, 6 months of environmental 
exposure significantly increased the Pb2+ adsorption capacity 
(3.39±0.02 mg/g) when compared to the biochar samples of 
L30-0M (2.91±0.16) and L30-12M (2.97±0.27 mg/g). The 
biochar samples manufactured from the 39-year-old tree 
behaved differently when compared with the samples from 
the 15- and 30-year-old trees. The environmental exposure of 
6 months significantly increased the biochar performance in 
Pb2+ adsorption capacity from 2.55±0.06 mg/g to 4.78±0.15 
mg/g, an 87% increase. The 12 months of environmental 
exposure to the wood decreased the biochar Pb2+ adsorption 
capacity to 1.59±0.05 mg/g, a 67% reduction compared with 
that of L39-6M. The effect of environmental exposure to the 
wood changed the Pb2+ adsorption capacities of the biochar 
samples, and the impacts are different for different ages of 
trees. However, 6 months of environmental exposure to the 
wood significantly enhanced the biochar performance in Pb2+ 

adsorption capacity, while 12 months of environmental 
exposure significantly decreased the Pb2+ adsorption capacity. 
The biochar sample of L39-6M has the greatest adsorption 
capacity for Pb2+, and the sample of L39-12M has the lowest. 
The lowest Pb2+ adsorption capacity of L39-12M is correlated 
well with the lowest pH and SSA of this biochar sample. The 
other factors, including the EC and surface functional group, 
may also contribute to the Pb2+ adsorption capacity. There is 
no single physicochemical property that dominates the effect 
on the biochar’s capability to adsorb the Pb2+ in this study.

The change in the Langmuir constants can also be observed. 
The environmental exposure of the wood for 6 months 
increased the Langmuir constant values (Table 6), indicating 
that the binding energy between the Pb2+ and biochar 
surface became stronger. The environmental exposure of 12 
months decreased the binding energy between Pb2+ and 
biochar surface for the biochar samples of L15-12M and L39- 
12M. However, the binding between Pb2+ and the biochar 
surface increased for the biochar sample of L30-12M when 
compared with that of L30-6M. Therefore, the environmental 
exposure of wood changed the surface properties of biochar 
manufactured using the pyrolysis process and the effects 
varied with different maturities of the wood sample.

Conclusions

Loblolly pine samples with different tree ages and environ
mental exposure periods to the southeastern US weather con
ditions were used to manufacture biochar samples using a 
pyrolysis process under N2 at 450 °C. The environmental 
exposure periods of 0, 6, and 12 months were employed to 
collect the log samples with tree maturities of 15-, 30-, and 
39-year-olds. The research hypothesis is that the biochar 
samples manufactured from downed timber with different 
maturities and environmental exposure periods behave differ
ently in adsorbing lead ions, and the differences are correlated 
with the physicochemical characteristics. The biochar samples 
were characterized for their physicochemical properties, 

including morphologies, elemental compositions, surface func
tional groups, carbon structure, pH, EC, and surface area. The 
Pb2+ adsorption isotherms were also measured for all the 
biochar samples.

The morphologies characterization of the biochar showed 
that the microstructures of wood were largely maintained 
after pyrolysis. No obvious difference was observed in mor
phologies for the biochar samples made from wood samples 
with different tree maturities and environmental exposure 
periods. No significant differences were observed for elemental 
compositions and carbon structures. The carbon, hydrogen, 
and oxygen contents for all the biochar samples ranged from 
82.0 – 85.3, 3.5 – 3.8, and 10.9 – 14.6%. The pH and EC values 
showed significant differences and were impacted by the tree 
maturities and the environmental exposure periods. The 
biochar generated from 30-year-old wood has a higher pH of 
6.03 than that from 39-year-old wood (5.52), followed by the 
lowest pH biochar from 15-year-old wood (5.26). The environ
mental exposure of the wood for 6 months did not change 
the pH of the biochar samples, while 12 months of environ
mental exposure caused a significant change in the biochar 
pH. The SSAs of biochar samples are also different due to the 
different tree maturities and environmental exposure periods. 
The biochar produced from the 39-year-old tree with 12 
months of exposure to the environment has the lowest SSA 
of 278 ± 2 m2/g. The Pb2+ adsorption capacities of all the 
biochar samples were significantly impacted by the tree matu
rities and the environmental exposure periods. The Pb2+ 

adsorption capacities of the biochar samples are in the order: 
L15-0M (4.02 ± 0.06 mg/g) > L39-0M (2.91 ± 0.16 mg/g) > 
L39-0M (2.55 ± 0.06 mg/g). The environmental exposure 
period of 6 months significantly increased the Pb2+ adsorption 
capacities for all the biochar samples, and the 12-month 
environmental exposure period significantly decreased the 
Pb2+ adsorption capacity for all the biochar samples.

The research hypothesis has been confirmed that the lead 
ion adsorption capacities of biochar samples are different, 
and the physicochemical characteristics of biochar, especially 
pH, EC, and SSA, significantly affect the lead ion adsorption 
capacities. An effort was made to correlate the biochar Pb2+ 

adsorption capacity and the biochar physicochemical proper
ties, and the results indicated that there is an interaction 
among the physicochemical properties of the biochar 
samples that dominates the effect on Pb2+ adsorption capacity. 
For each specific biochar system for a specific heavy metal miti
gation in wastewater, a case-by-case study in the laboratory is 
suggested to be performed before the field trials. Future work 
should focus on further understanding the relationship 
between biochar physicochemical properties and heavy 
metal adsorption capacities in greater depth. The research 
results also indicated that the downed timber collected at 
different times impacts the biochar physicochemical character
istics and its behaviors in adsorbing lead ions, offering valuable 
information for biochar manufacturing industries.
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