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ARTICLE INFO ABSTRACT

Keywords: The remediation of heavy metal-contaminated environments, particularly those polluted with lead, remains a

Biomf‘SS . critical challenge due to the metal’s toxicity and persistence. This study developed a novel alkaline biochar for

;\lkaime': biochar enhanced lead adsorption, prepared from pine wood through low-level NaOH (0-2 wt%) dry impregnation
yrolysis

followed by pyrolysis at temperatures ranging from 350 to 600 °C. Characterization using scanning electron
microscopy (SEM), X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), and X-ray photo-
electron spectroscopy (XPS) elucidated the alkaline biochar’s surface modifications and adsorption mechanisms.
Adsorption studies showed that 2 wt% NaOH-modified biochar (2 % NaOH-BC) achieved a maximum adsorption
capacity of 230 mg g™!, representing a 14-fold improvement over non-alkaline treated biochar (0 % NaOH-BC,
16.1 mg g™). Kinetic studies confirmed chemisorption as the dominant mechanism, described by the pseudo-
second-order model, while Langmuir isotherm analysis (R> = 0.933-0.970) indicated monolayer adsorption.
XPS analysis revealed the emergence of Pb?" peaks after adsorption, indicating successful Pb>" uptake. The
analysis provided insights into the adsorption mechanism, suggesting ion exchange and coordination interactions
involving oxygen-containing functional groups. Electrostatic interactions also played a role, as increasing pH
(3.0-11.0) enhanced Pb?* binding due to surface deprotonation, with optimal adsorption at pH 11.0 (266 mg g™,
100 % efficiency). These findings highlight the potential of low-cost NaOH-treated biochar for effective and
sustainable lead remediation.

Lead removal
Environmental remediation

1. Introduction (Geng-Fuhrman et al., 2016; Lu et al., 2017; Xu et al., 2013). Developing
low-cost adsorbents is key to practical implementation of adsorption
techniques for environmental remediation from the economic

perspective.

Lead contamination in soils and waters has emerged as a pressing
global concern due to its toxicity, persistence, and widespread distri-

bution resulting from industrial processes, waste disposal, and agricul-
tural activities (Monga et al., 2022; Zhou et al., 2017). Elevated lead
levels pose serious environmental and public health risks, including
bioaccumulation in ecosystems and neurological damage in humans
(Omidvar-Hosseini and Moeinpour, 2016; Yang et al., 2019). Given the
urgency of mitigating these hazards, a broad range of remediation
strategies have been explored, including chemical precipitation, ion
exchange, and adsorption-based methods (Fu and Wang, 2011). Among
these, adsorption stands out for its high adsorption efficiency, rapid
metal removal rate, eco-friendly nature, and ease of operation

* Corresponding authors.

Biochar, a carbon-rich, low-density charred material derived from
sustainable feedstocks pyrolysis, has proven to be a promising adsorbent
for heavy metal remediation (Liu and Zhang, 2009; Wu et al., 2019). It
offers several advantages over traditional adsorbents, such as activated
carbon, including straightforward production methods, utilization of
renewable feedstocks, and the presence of inherent functional groups
capable of binding contaminants (Ippolito et al., 2020). However, pris-
tine biochar often exhibits limited adsorption capacity due to relatively
low surface area, inadequate porosity, and limited abundance of reac-
tive functional groups (Amalina et al., 2024). To enhance biochar’s
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surface characteristics and improve its adsorption efficiency, numerous
modification strategies have been explored, such as physical activation,
steam treatment, acidification, and alkaline treatment (Hagemann et al.,
2018; Murtaza et al., 2024; Nosratabad et al., 2024; Ramola et al.,
2022). The effectiveness of biochar can vary widely based on the type of
feedstock used and the conditions under which it is produced, especially
the pyrolysis temperature and any pre- or post-pyrolysis activation
treatments (Amin et al., 2018; Bashir et al., 2018; Bentley et al., 2022;
Chen et al., 2016; Chen et al., 2019; Ippolito et al., 2012; Lee and Shin,
2021; Mahdi et al., 2019; Nguyen et al., 2019; Rizwan et al., 2020; Shin
et al., 2020; Wang et al., 2018; Wang and Wang, 2019; Zhao et al.,
2022). Many studies have explored how pyrolysis temperatures and
heating times influence the removal of contaminants, helping to
improve treatment methods (Kwak et al., 2019). For example, Uchimiya
et al. studied the effect of pyrolysis temperatures, 350 °C and 650 °C, on
Pb2* adsorption using broiler-litter-derived biochar. The results showed
that biochar produced at the lower temperature was more effective at
removing lead (Uchimiya et al., 2012). In contrast, other studies have
demonstrated that higher pyrolysis temperatures can improve the
adsorption efficiency of biochar for Pb?* removal. For instance,
cinnamon-derived biochar showed an increase in maximum adsorption
capacity from 100.98 mg g at 300 °C to 168.05 mg g at 600 °C,
attributed to enhanced surface characteristics and structural changes
(Omidi et al., 2019). Furthermore, modification methods involving
pre-treatment or post-treatment with acidic or basic solutions can alter
the biochar’s porous structure and modify the type and composition of
its surface functional groups, thereby influencing its adsorption capacity
(Jinetal., 2014; Liu et al., 2012). Among the alkaline reagents, KOH and
NaOH are commonly used reagents for alkaline modification of biochar.
NaOH modification offers several advantages over KOH modification,
including a lower loading, reduced cost, greater environmental friend-
liness, and lower corrosivity (Cazetta et al., 2011). For example,
NaOH-modified coconut biochar exhibited a substantial increase in
surface area from 1940 to 2885 m? g™, outperforming KOH-modified
coconut biochar (Cazetta et al., 2011; Tan et al., 2008). Despite
enhanced biochar performance, alkaline treatment itself should be
improved for cost-effectiveness and eco-friendliness. To this end,
high-solid treatment with no/little generation of liquid waste can offer
several benefits, including reducing usage of alkali, increasing biochar
production capacity, lowering the production costs, and minimizing
waste generation.

This study aimed to exploit facile, low cost dry impregnation for
alkaline treatment of pine wood for production of alkaline biochar and
to investigate the biochar’s effectiveness in removing lead ion from
aqueous systems. This approach involved applying a minimal amount of
NaOH to pine with zero liquid waste prior to pyrolysis, making it less
labor-/energy-intensive and more environmentally friendly than tradi-
tional alkaline treatment. The detailed adsorption isotherm and kinetics
were also studied to evaluate lead removal capabilities of alkaline bio-
char and understand its adsorption mechanisms for lead ions. The work
deomstrated a viable strategy for production of low-cost alkaline bio-
char and its use as an highly effective adsorbent for lead removal and
environmental remediation.

2. Materials and methods
2.1. Biochar preparation

Pine particles furnish was used as the feedstock for biochar prepa-
ration. The alkaline treatment involved a dry impregnation process,
where alkaline solutions with varying NaOH concentrations were mixed
with the pine particles. The mixture was stirred continuously for 30 min,
followed by intermittent stirring for 2 h. To ensure deeper penetration of
the NaOH solution into the pine particles, a vacuum process was
employed for 10 min. After impregnation in dark conditions for 24 h, the
samples were air dried for 24 h, followed by oven drying at 105 °C for
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another 24 h, resulting in 0-2 wt% NaOH loadings in the dried samples
(with the respective biochar samples labeled as 0 % NaOH-BC, 1 %
NaOH-BC, and 2 % NaOH-BC). The treated feedstock was stored in air-
tight containers.

The treated feedstock was further subjected to pyrolysis in a fixed-
bed tubular reactor under a 99.99 % argon atmosphere, maintained at
a flow rate of 0.2 SLPM for 30 min, with a heating rate of 20 °C/min.
Pyrolysis temperature ranged from 350 to 600 °C.

The detailed proximate and elemental analysis of the pine particles
are presented in Table S1. Activated carbon and other chemicals and
reagents were purchased from Fisher Scientific (Hampton, NH), unless
specified otherwise. A standard stock solution of lead nitrate (Pb(NO3)3)
(0.05 M) was purchased from Reagents (Belmont, NC).

2.2. Characterization and analysis methods

The surface area of the alkaline biochars was determined using ni-
trogen adsorption isotherms (Micromeritics® TriStar II Plus, Norcross,
GA, USA), employing the Brunauer-Emmett-Teller (BET) method for
accurate measurement. The pH values of alkaline biochars were
measured using a pH meter (BEP-M400B Benchtop pH/Ion Meter, Infitec
Inc., Spokane, WA, USA). X-ray powder diffraction (XRD) patterns of the
alkaline biochar samples were obtained using a Rigaku Ultima III X-ray
Diffraction System (Rigaku, Woodlands, TX, USA). X-ray photoelectron
spectroscopy (XPS) was carried out with a Thermo Scientific Nexsa PS
system using a true monochromatic Al Ka X-ray source (72 W, 400 pm
slot).Thermogravimetric analysis (TGA) was conducted using a Mettler
Toledo TGA/DSC 3+ system (Mettler-Toledo, Columbus, OH, USA) to
assess the thermal stability and decomposition behavior of the biochar
samples. Inductively coupled plasma-optical emission spectrometry
(ICP-OES) assessment was performed using the Thermo Scientific iCAP
7000 Plus Series. Lead was detected at 220.353 nm with a linear cali-
bration range from 0.1 to 100 pg mL’. Furthermore, the characteriza-
tion of functional groups present on the biochar surface were conducted
using Fourier Transform Infrared Spectroscopy (Thermo Scientific,
Nicolet iZ10). Additionally, Scanning Electron Microscopy (JEOL 6500F
FE-SEM, Peabody, MA, USA) was utilized to examine the structure and
morphology of the alkaline biochar samples. Elemental analysis was
performed using an EDS system (XFlash 6-30, Bruker Nano GmbH,
Berlin, Germany). Lastly, the iodine number, an indicator of the bio-
char’s porosity, was determined in accordance with ASTM Standards
D4607-94.

2.3. Adsorption experiments

In the sorption kinetics experiments, 75 mg of alkaline biochar was
mixed with 250 mL of Pb(NO3), (70 ppm) solution in a 500 mL Erlen-
meyer flask, and the experiment was conducted at ambient temperature
(25 + 2 °C). Subsequently, the solution was agitated at 300 rpm using a
magnetic stirrer for up to 24 h to ensure equilibrium was reached. The
samples were taken at a predetermined intervals and filtered (using a
0.45 pm nylon membrane filter) to collect the liquid for the determi-
nation of Pb?" ions using ICP-OES. All experiments were performed in
triplicate to ensure reproducibility.

The adsorption isotherm for lead removal was established following
the same procedure described above, albeit with varying concentrations
of Pb** (250 mL, 10-70 mg I'Y) in the sorbate suspensions.

The biochar’s adsorption capacity and efficiency for Pb*" ion was

calculated following Eqgs. (1) and (2), respectively:
Co—C.) xV
qe = % 6))
m
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Pb** removal efficiency = < x 100% (2)
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Where Cy (mg I') is initial Pb?>* concentration, and C. (mg 1) is Pb%*
concentration at equilibrium, V (L) is the volume of Pb2+solution, m (g)
is biochar mass, and q. (mg g™) is the amount of adsorbed Pb2* per unit
mass of biochar.

The adsorption kinetics were studied using pseudo-first-order and
pseudo-second-order kinetic models using Eqs. (3) and (4), respectively:

q =q. (1 — ekl[) 3
_ k2 q? t
P ke @

where q; and q. (mg g™) are the adsorption capacity at time t (min) and
at equilibrium, respectively, and ki (min!) and k, (g mg™! min™!) are the
rate constants for pseudo-first-order and pseudo-second-order adsorp-
tion, respectively.

The adsorption isotherm was evaluated using the Langmuir and
Freundlich models, expressed as follows:

P _ qm KL Ce
Langmuir : q, = —(1 K G 5)
Freundlich : q, = K C: i (6)

where g, (mg g'l) is the maximum adsorption capacity of the biochar, qe
(mg g is the equilibrium adsorption capacity, K; (L mg?) is the
Langmuir constant, and Kg (mg g’l) (mg I'HY" and 1/ng are the
Freundlich constants.

2.4. Adsorption-desorption experiments

Seventy-five minigrams of 2 % NaOH-BC was combined with 250 mL
of Pb(NOs3)s solution (70 ppm) and agitated until equilibrium was
reached in the adsorption process. After equilibrium, the Pb?*-loaded 2
% NaOH-BC was collected by vacuum filtration, washed with DI water
3-4 times, and dried at 80 °C for 5 h. Desorption experiments were then
conducted by adding the dried Pb%*-loaded 2 % NaOH-BC to 250 mL of
desorption solution in an Erlenmeyer flask at room temperature (25 + 2
°C). NaOH (0.1 M) was used as the desorption reagent to desorb Pb3t
from the 2 % NaOH-BC for 4 h to study the desorption behavior. The
samples were taken at specific intervals, filtered through a 0.45 pm fil-
ter, and analyzed using ICP-OES. After desorption/regeneration, the
biochar was collected using vacuum filtration, washed, and dried. The
regenerated alkaline biochar was reused as the adsorbent in subsequent
adsorption experiments. This process was repeated for four cycles to
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assess the recyclability of the adsorbents.
3. Results and discussion
3.1. Effect of pyrolysis parameters on alkaline biochar production

Fig. 1a depicts the yields of biochar obtained at pyrolysis tempera-
tures ranging from 350 to 650 °C, with NaOH loadings ranging from O to
2 wt%. At the lower temperature of 350 °C, the biochar yields are
generally higher compared to those at 650 °C across all the NaOH
loadings. This observation suggests that the pyrolysis at 350 °C, poten-
tially in conjunction with the catalytic effects of NaOH, is more
conducive to yielding a greater quantity of biochar. As the NaOH con-
centration increases, there is a discernible improvement in biochar
yield, indicating that NaOH plays a role in the carbonization process,
potentially by enhancing the decomposition of lignocellulosic structures
into char. Fig. 1b presents the relationship between NaOH loading and
the alkalinity/pH of biochar produced at a constant pyrolysis tempera-
ture of 550 °C under an argon atmosphere for 0.5 hr. The pH of the
biochar significantly increased with the NaOH content, starting from a
pH value of ~7 for the 0 % NaOH-BC and reaching a much higher pH
value of ~12.8 for 2 % NaOH-BC. The sharp rise of pH when increasing
the NaOH loading from 0 % to 0.5 % indicated a substantial impact of
even small amounts of NaOH, likely due to the introduction of basic
functional groups and inorganics during the pyrolysis process. These
findings agree with the TGA analysis.

Effects of pyrolysis temperature on the biochar yields and its pH
values were studied on 0 to 2 wt% NaOH-pine under an argon atmo-
sphere for 30 min (Figure S1a). The results indicated a clear trend of
decreasing alkaline biochar yield when the pyrolysis temperature
increased. The reduction in alkaline biochar yield at elevated pyrolysis
temperatures may be attributed to the volatilization of organic matters
(Tomezyk et al., 2020). Nevertheless, the biochar yield of the 2 %
NaOH-treated wood is consistently higher than that of the other NaOH
loadings across all the temperatures. This suggests that the addition of
NaOH contributed to more efficient carbonization catalyzed by alkali
during pyrolysis. It should be noted that elevating temperature also led
to a higher pH value of 2 % NaOH-BC (Figure S1b). This could be
attributed to the formation of more inorganic minerals/alkaline com-
pounds, which suggests that the biochar has a high cation exchange
capacity and pH-buffering capacity (Chandraiah, 2016).
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Fig. 1. (a) Effects of NaOH loading on biochar yield at different pyrolysis temperatures (350-650 °C, (b) Effects of alkaline loading on biochar pH values.
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3.2. Alkaline biochar characteristics

3.2.1. Chemical change of pine wood by alkaline treatment

The FTIR spectra revealed distinct absorption bands of wood’s
chemical structure (Figure S2 and Table S2). The spectrum of untreated
pine displays prominent peaks indicative of hydroxyl groups at 3331.1
cm’!, methylene stretching at 2926.0 cm™, and methyl groups at 1453.3
cm™, which are typical of cellulose and hemicellulose structures. A
reduction in the peak intensity of the hydroxyl group (3331.1 cm™)
suggests the deprotonation and breaking of hydrogen bonds as NaOH
concentration increased. There is also a noticeable decrease in the in-
tensity of the peaks associated with lignin and hemicelluloses, such as
those at 1423.8 cm’!, which are associated with the scissoring of CHp
and CHj in lignin, and 1265.9 em’, which is attributed to C—O
stretching in lignin and hemicellulose. These alterations are indicative of
chemical modification of pine by NaOH, which subsequently deter-
mined biochar adsorptive capacities.

3.2.2. Thermal properties

Pine samples were also analyzed for key thermophysical properties.
Characteristically, the principal peak in the derivative thermogravi-
metric (DTG) curves is associated with the thermal decomposition of
cellulose. This peak is usually preceded by an earlier, less intense peak
signifying hemicellulose breakdown, and followed by a persistent,
elevated baseline towards higher temperatures, indicative of the more
gradual degradation of lignin (Carrier et al., 2011). The weight loss
depicted in Fig. 2a and b can be categorized into three distinct phases: an
initial dehydration phase (approximately 50-150 °C), a primary active
pyrolysis phase (200-400 °C), and a final passive pyrolysis phase
(400-600 °C). In the first phase, the minimal mass reduction was due to
the evaporation of water and light volatile substances, particularly noted
in the NaOH-treated biochar samples. The second phase exhibited sig-
nificant mass loss, predominantly due to the breakdown of hemicellu-
lose, cellulose, and lignin, which agrees with the typical pyrolysis
behavior of lignocellulosic materials (W.-J. Liu et al., 2017). The TG
curves for the NaOH-modified biochar samples showed two distinct
steps of mass loss (Fig. 2a). The wood decomposition temperatures
decreased with increasing NaOH contents (i.e., 0 % NaOH-BC with 0.91
%/ °C at 359 °C vs. 2 % NaOH-BC with 0.68 %/ °C at 301 °C) (Fig. 2b),
indicating that NaOH promoted the breakdown of the chemical bonds in
wood. NaOH acted as a catalyst, cleaving interunit bonds between
hemicellulose, cellulose, and lignin. During this active pyrolysis phase,
the gradual release of organic constituents led to a significant decrease
in mass and the generation of primary pyrolysis products. In the third
phase, the remaining carbon-rich material continued to decompose at a
lower rate across a broad temperature range (Carrier et al., 2011). It
should also be noted that the biochar yields at 600 °C increased with
NaOH level, reaching a maximum of 31.9 % at 2.0 % NaOH, about 20 %
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higher than that of the untreated biochar (Fig. 2a). The differential
scanning calorimetry (DSC) curves, which indicate the heat flow asso-
ciated with the wood’s thermal events, show that the addition of NaOH
altered both endothermic and exothermic reactions, as evidenced by
variations in the intensity and position of the peaks (Fig. 2¢). Notably,
there is a significant negative peak for the blank samples between 300
and 400 °C, indicating that the pyrolysis of the original wood sample
was an endothermic process. In contrast, there are exothermic (positive)
peaks for the NaOH-wood samples, which became stronger and shift to
lower temperatures with increasing NaOH content. These exothermic
peaks, associated with decomposition reactions, became more profound
with increased NaOH content, potentially indicating the formation of
bonds between functional groups (such as hydroxyl) in the wood and
sodium ions (Na™). Sodium ions can partially replace protons in hy-
droxyl groups, forming structures similar to sodium carboxymethyl
cellulose (Na-CMC), which usually decomposes at about 270 °C (Sugama
and Pyatina, 2015).

3.2.3. XRD patterns

The XRD patterns reveal the crystalline structures of alkaline bio-
char, with distinct peaks associated with specific mineral phases
(Fig. 3a). The alkaline biochar showed multiple peaks, ranging from
~27° to 40°, suggesting the presence of mineral crystals such as SiO»
(silica), CaCOs (calcite), and Na4SiO4 in the biochar matrix (Jianghong
Zhang et al., 2018). NaOH treatment led to significant alterations in
peak intensity and position, suggesting an increase in the crystallinity of
specific mineral phases or the formation of new Na-based minerals. At
the highest loading of 2 %, the pattern suggests both the formation of
new peaks and the disappearance or reduction of others. It is worth
noting the presence of a broad peak (002) at around 20-30°, which is
typically associated with the amorphous region with a high carbon
content structure in biochar. Such biochar has turbostratic carbon,
characterized by disordered graphitic crystallites (Keiluweit et al., 2010;
L. Lu et al., 2002). Similar to NaOH level, pyrolysis temperature also
exhibited significant effects on crystalline structures of biochar
(Figure S3a). As the temperature increases, there is a noticeable evo-
lution in crystalline patterns, especially associated with the formation of
new Na-based minerals. This broadening peak in the 20°—30° range
indicates the effective disintegration of the biomass structure at pyrol-
ysis temperatures above 300 °C, aligning with TG analysis (Gupta et al.,
2016; Keiluweit et al., 2010).

3.2.4. Morphology and microstructure

The surface morphologies of alkaline biochars were revealed by SEM
images (Fig. 3b). Alkaline treatment led to roughing in biochar surface
and the degree of roughness increased with NaOH level. Compared to
relatively smooth surface of 0 % NaOH-BC (Fig. 3b (i)), the biochar with
the higher NaOH levels (1-2 %) (Fig. 3b and Figure S3b (i) to (iii))
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Fig. 2. Effects of alkaline loading on the thermal properties of biochar: (a) Thermogravimetric, (b) Derivative thermogravimetric, and (c¢) Differential scanning
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Fig. 3. (a) XRD patterns of biochar obtained from pyrolysis of NaOH-treated
pine at 550 °C. (b) SEM images of NaOH-modified biochar: (i) 0 % NaOH-BC,
and (ii) 2 % NaOH-BC. These NaOH-BCs samples were prepared at the pyrolysis
temperature of 550 °C.

revealed more pronounced surface changes due to etches, pits, and/or
the formation of new particulate matters. In the case of 2 % NaOH-BC
(Fig. 3b (ii)), it even showed high density of pores or even layered
appearance, suggesting a more aggressive interaction between NaOH
and the biochar. Like other characteristics, elevating pyrolysis temper-
ature to higher levels (550 °C and above) led to substantially modified
surface with more pores or fissures and more uniform pore size distri-
bution due to intense thermal decomposition (Figure S4), which
confirmed porosity and TA analysis. The alkaline biochar obtained at
600 °C showed a highly evolved char structure with well-developed
pores and potentially graphitic domains, indicative of high degree of
carbonization. The observed trends provide insights into the porosity
development, which is a critical characteristic for the application of
biochar in mineral adsorption and soil amendments.

The adsorption capacity of biochar is significantly influenced by its
surface area and porosity (Li et al., 2017). While increasing the alkaline
level through NaOH treatment may not directly increase the BET surface
area or pore volume due to the partial blocking of micropores by re-
sidual NapCOj3 particles, it does enhance average pore diameters
(Table 1). The slight reduction in BET surface areas and pore volumes
with increasing NaOH content in the alkaline biochar samples can be
attributed to the partial blockage or filling of micropores by NayCO3
particles formed during the alkaline treatment. However, when the
NaOH-modified biochar samples are purified to remove NayCOj3, their
BET surface areas and total pore volumes increase significantly. For
instance, 2 % NaOH-BC, after being washed with hot DI water five times
to eliminate sodium, exhibited a surface area of 536 m?/g and a pore
volume of 0.1209 cm® g'1. Nevertheless, even without purification, the 2
% NaOH-BC exhibited a high surface area of 248.001 m? g™!, an average
pore diameter of 11.105 /0\, and a porosity of 0.0689 cm?® g-!, which are
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Table 1
BET surface area, average pore diameter, and total pore volume of alkaline
biochar samples.

Alkaline BET Surface Area Average pore Pore Volume
Biochar (m2gh diameter (&) (ecm®gh)
0 % NaOH-BC 288.067 10.600 0.0763
0.2 % NaOH- 276.089 10.938 0.0755
BC
0.5 % NaOH- 271.021 10.786 0.0731
BC
1 % NaOH-BC 240.802 11.007 0.0702
2 % NaOH-BC 248.001 11.105 0.0689

higher than those reported for several other biochars in prior studies
(Liu et al., 2022; Wang and Wang, 2019). In contrast, pyrolysis tem-
perature had a more noticeable impact on the porosity and surface area
of alkaline biochars. As shown in Table S3, increasing the pyrolysis
temperature led to a clear improvement in porosity. Interestingly, the
increase in surface area appears to result from the formation of new pore
structures rather than the expansion of existing ones since the average
pore diamters remained relatively unchanged. Similarly, the pore vol-
ume also increased, suggesting higher temperatures promote the
development of additional pores. These improvements enhance the
alkaline biochar’s adsorption potential, making it more effective for
environmental remediation applications.

3.3. Adsorption of lead ion onto NaOH-modified biochar

3.3.1. Adsorption kinetics and efficiency

The adsorption behavior of Pb?" was analyzed using non-linear
fitting of two different kinetic models: pseudo-first-order and pseudo-
second-order, which assume adsorption rate control primarily by
adsorbate diffusion and chemical adsorption, respectively. Pb2*
adsorption onto alkaline biochars (0 %, 1 % and 2 % NaOH-BC) pro-
ceeded through an initial fast adsorption phase within the first 30 min,
followed by a slower phase at a steady rate until equilibrium was
reached at around 1 h (Fig. 4a and b). This trend suggests a two-step
adsorption mechanism: initially, a rapid adsorption phase driven by
surface affinity, followed by a slower intraparticle diffusion phase,
where Pb?' ions penetrated deeper into internal pores structures
(Mohan et al., 2014). Based on the data in Table 2, the
pseudo-second-order model provided a better fit with higher correlation
coefficient (R?) values than the pseudo-first-order model, indicating that
Pb?* adsorption onto NaOH-modified biochars was primarily controlled
by chemisorption rather than simple diffusion. This process was gov-
erned by specific interactions between the Pb2* jons and functional
groups on the biochar surface, involving electron sharing or exchange,
thereby forming bonds through valence forces (Yari et al., 2015). This
mechanism explained the strong affinity of Pb>* ions to the adsorbent’s
surface.

As NaOH loading increased, the adsorption capacity improved, as
reflected in the higher rate constants (k; and ky) for 2 % NaOH-BC
compared to 0 % NaOH-BC. This indicates that increasing NaOH loading
for pine treatment led to enhanced Pb?" adsorption by improving the
availability of binding sites, increasing surface functionalization, and
facilitating ion exchange. Additionally, the alkaline treatment enhanced
the material’s ion exchange capacity, playing a significant role in Pb2*
removal. The presence of NaOH likely increased the density of nega-
tively charged sites, allowing stronger electrostatic interactions with
Pb%*. This is consistent with the observed trend that higher NaOH-
modified biochar exhibited greater Pb>* uptake, suggesting that Pb?*
removal was enhanced not only by an improved surface area but also by
efficient cation exchange with Na™.

Fig. 6a illustrates the adsorption performance of 0 %, 1 %, and 2 %
NaOH-modified biochars over varying contact times. The 2 % NaOH-BC
rapidly reached equilibrium, demonstrating its high efficiency in



Q. Yan et al.

a
300
9 2% NaOH-BC
@ 1% NaOH-BC
2504 © 0% NaOH-BC
= = =
20090 7 e =
) s
g 150 ,
o |
100 5 2 -%8- - — - 92— - - - 3
)
501
: e - - - - - -0
0fdes
0 20 40 60 80 100 120 140 160 180 200
Contact time (min)
250
. 2% NaOH-BC
@ 1% NaOH-BC
200 e 9 0% NaOH-BC
/
!
=
~150] !
2 I
=]
£ [
21004 4
o - = - -
I/‘ o
50 J i
i
[
|
e - = = = - 3
04 — ¢« — 2— ™7
0 10 20 30 40 50 60 70

C. (mg/L)

Journal of Hazardous Materials Advances 18 (2025) 100657

300
9 2% NaOH-BC
@ 1% NaOH-BC
2504 o 0% NaOH-BC
IR S x_ _ o T =
200{ -% %
—_ /m
2 ?
g 1501
&
100, o2 —-%8— — — - m— - — - 3
I
501
: e m == — —&
0{¢e s

0 20 40 60 80 100 120 140 160 180 200
Contact time (min)

250
= o 2% NaOH-BC
/ @ 1% NaOH-BC
2009/ o 0% NaOH-BC
/
4
1;,150- !
<)) )
E |
,,-:100-«: R
>
50-(
[
0-0——0——‘-—-9——--0————!

0 10 20 30 40 50 60 70
C. (mg/L)

Fig. 4. Kinetics and isotherm models of 0 %, 1 % and 2 % NaOH-BC in Pb?" removal: (a) Pseudo-first-order, (b) Pseudo-second-order, (c) Langmuir, and (d)

Freundlich models.

Experimental conditions: adsorbent loading, 0.3 g 1'}; Pb(NO5), solution, 70 mg 1'%, For isotherm experiments, Pb(NO3), concentrations ranged from 10 to 70 mg It

capturing Pb?* ions. In contrast, biochars with lower NaOH loadings
showed reduced performance, with 1 % NaOH-BC achieving a capacity
of 96.4 mg g™! and 0 % NaOH-BC displaying negligible removal effi-
ciency and a capacity of only 16.1 mg g'. These results highlight the
enhanced adsorption capacity of 2 % NaOH-BC, emphasizing its po-
tential as a cost-effective and efficient adsorbent for Pb?* removal in
environmental remediation.

3.3.2. Adsorption isotherm studies
Adsorption isotherms show how adsorbate molecules distribute

Table 2
Pseudo-first-order and pseudo-second-order model parameters.

Alkaline Qe, Pseudo-first-order Pseudo-second-order

Biochar exp

(mg e i ki . R? Qe ko 4 R?
e gmgg gmm (Tg (g.rrflg
) ) g7) min™)
2% 230.0 212.46  0.3092 0.961  223.0 0.0024 0.984
NaOH-
BC
1% 96.42 98.32 0.5089  0.988  99.70 0.0188 0.990
NaOH-
BC
0% 16.10 17.81 0.0262 0.795 22.76 0.0010 0.762
NaOH-
BC

between the liquid and solid phases once equilibrium is reached. Fitting
the data to different models helps determine the best way to describe the
adsorption process (Hameed et al., 2008). To optimize the adsorption
system design for NaOH-modified biochars, the equilibrium data were
analyzed using two nonlinear adsorption isotherm models, Langmuir
and Freundlich, as shown in Fig. 4¢ and d. The Langmuir and Freundlich
isotherm models, each characterized by two parameters, provide valu-
able information on adsorption capacity and constants associated with
activation energy (Vijayaraghavan et al., 2006). Table 3 presents the
maximum adsorption capacity (qm), R?, and other model constants ob-
tained from the experimental data.

The Langmuir model describes adsorption as a process occurring on
an ideal surface with energetically equivalent sites, where molecules
form a monolayer coverage on the adsorbent, filling available sites and

Table 3
Langmuir and Freundlich parameters for Pb*" adsorption onto alkaline
biochars.

Alkaline Langmuir Freundlich

Biochar 2 2
qm Ky R K N R
(mgg  (Lmg (mg g) (mg
1y 1y H/n

2 % NaOH-BC 226.20 1.54 0.933 108.0 0.345  0.926

1 % NaOH-BC 95.58 1.74 0.970 57.14 0.150 0.764

0 % NaOH-BC 41.14 1.60 0.943  0.280 0.986 0.918
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preventing further migration of adsorbates molecules in the surface
plane (Langmuir, 1918). According to Table 3, the qn, values obtained
from the Langmuir isotherm were 226.2 mg g™ for 2 % NaOH-BC (R% =
0.933), 95.58 mg g™* for 1 % NaOH-BC (R? = 0.970), and 41.14 mg g'!
for 0 % NaOH-BC (R2 = 0.943). These qp, values extracted from the
model closely align with the experimental values, such as 230 mg g* for
2 % NaOH-BC and 96.42 mg g for 1 % NaOH-BC. The separation factor
(Ryp), introduced by Weber and Chakkravorti, is a key parameter for
characterizing the Langmuir isotherm (Weber and Chakravorti, 1974).
The value of Ry, determines the nature of adsorption: it indicates irre-
versible if R, = 0, favorable if 0 ( Ry, < 1, linear if R, = 1, and unfavorable
if Ry, > 1. The Ry, values for the NaOH-modified biochars all fell within
the range of 0 to 1, confirming that Pb?* adsorption onto these biochars
is favorable (Amosa, 2016).

The Freundlich model is an empirical equation that describes
adsorption on a heterogeneous surface, where adsorption initially oc-
curs at the most energetically favorable sites (Freundlich, 1907). As
these high-affinity sites become occupied, the binding strength gradu-
ally decreases with increasing surface coverage. The heterogeneity fac-
tor (ng) provides insight into the nature of the adsorption process, where
ng = 1 suggests a linear, ng < 1 indicates chemical, and ng < 1 corre-
sponds to physical adsorption (Cazetta et al., 2011; Fytianos et al.,
2000). Based on the results in Table 3, the ng value of 0.345 for 2 %
NaOH-BC (R2 =0.926), 0.150 for 1 % NaOH-BC (R2 =0.764), and 0.986
for 0 % NaOH-BC (R% = 0.918) confirm that the adsorption process is
predominantly chemical in nature.

By comparing the R? values (Table 3), it is evident that the Langmuir
model provides the best fit, exhibiting the highest R? value. This sug-
gests that Pb2* ions were adsorbed as a monolayer on specific adsorp-
tion sites of the NaOH-modified biochars.

3.3.3. SEM-EDS analysis of Pb>* adsorption

Fig. 5 depicts the structure and chemical composition of 2 % NaOH-
BC before and after Pb>* adsorption, captured through SEM and EDS
elemental mapping. Before adsorption (Fig. 5a), the biochar surface
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appeared rough and porous. The corresponding EDS mapping showed
no detectable Pb?" signals (Fig.5¢ and its inset),the biochaeared rough
and porous. The corresponding EDS mapping (Fig. 5c and its inset)
showed no detectablePb?" signals, confirming the absence of Pb% on
the surface . In contrast, after pPb3* adsorption (Fig. 5b), the alkaline
biochar surface appeared clustered, with pores occupied by Pb>" ions.
EDS mapping in panel d further validated this, with the inset showing
Pb%* distribution as orange-coded areas. The presence of Pb2* in panel
d, compared to its absence in panel ¢, provides a strong evidence of
effective Pb2* jon adsorption by 2 % NaOH-BC.

Additionally, backscattered electron detector (BSED) SEM images of
2 % NaOH-BC before and after Pb>* adsorption (Figure S5) further
support these findings. The distinct bright spots in the post-adsorption
image (Figure S5b) indicate pb%* adsorption, in contrast to the pre-
adsorption image (Figure S5a), where no bright spots are visible. This
is attributed to Pb’s high atomic number, generating a stronger back-
scattering signal than lighter elements like carbon, making Pb-
containing areas appear brighter in BSED images. Overall, these re-
sults confirm the effective Pb?" adsorption by 2 % NaOH-BC, as
demonstrated by SEM-EDS analysis.

3.3.4. Effect of solution pH on biochar adsorption

The pH of the solution plays a crucial role in the adsorption process,
as it influences the surface charge of the adsorbent and the ionization
degree of the heavy metal ions being adsorbed (Al-Ghouti et al., 2010;
Ding et al., 2016; O’Connell et al., 2008). To evaluate its impact on Pb%*
adsorption, experiments were conducted at the pH levels of 3.0, 7.0, and
11.0 using 2 % NaOH-BC. As illustrated in Fig. 6b, the adsorption ca-
pacity and efficiency of Pb>" improved with increase of pH from 3.0 to
11.0. At low pH, protonation of the hydrated surface of 2 % NaOH-BC’s
results in a positive charge. Additionally, excess H* ions compete with
Pb2* ions for the available adsorption sites on the 2 % NaOH-BC (Cai
etal., 2021; Zahedifar et al., 2021). This competition, combined with the
strong electrostatic repulsion between the positively charged 2 %
NaOH-BC surface and cationic Pb?" ions, reduces adsorption at pH 3.0.

25
Energy [keV]

25
Energy [keV]

Fig. 5. SEM images and EDS elemental mapping analysis of 2 % NaOH-BC: (a, ¢) before, and (b, d) after Pb*>* adsorption. Insets in panels ¢ and d show elemental

distributions (carbon in blue, Pb%* ions in orange).
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Experimental conditions: 2 % NaOH-BC or activated carbon loadings: 75 mg; Pb(NO3), solution: 70 mg 1.

However, as the pH increases, deprotonation of functional groups on the
2 % NaOH-BC’s hydrated surface generates more negatively charged
sites (Li et al., 2017; Namazian and Halvani, 2006; Yap et al., 2017). This
enhances the electrostatic attraction between the 2 % NaOH-BC’s and
Pb?* ions, ultimately increasing the adsorption performance.

The influence of the inherent pH of the 2 % NaOH-BC itself on
adsorption performance was also studied. As shown in Fig. 6¢, the 2 %
NaOH-BC (highly alkaline) exhibited the highest adsorption capacity,
significantly outperforming its acidic and neutral counterparts. The
weaker performance of acidic and neutral 2 % NaOH-BC can be attrib-
uted to the limited availability of negatively charged functional groups.
In acidic 2 % NaOH-BC, protonation of carboxyl groups (-COOH) re-
duces the number of negatively charged sites, while neutral 2 % NaOH-
BC lacks sufficient alkalinity to enhance Pb?* binding. In contrast, the
high surface alkalinity of 2 % NaOH-BC provides abundant negatively
charged sites, enabling stronger electrostatic attraction and ion ex-
change with Pb?" ions.

Compared to most biochars especially wood-based reported in prior
studies (Table S4), 2 % NaOH-BC had a much higher adsorption ca-
pacity (230 mg g'1). It even showed more than tenfold higher adsorption
capacity than activated carbon (13 mg g"l) (Fig. 6¢). It should be noted
that botanical origins with distinct chemical compositions and structural
properties can influence the adsorption characteristics of derived bio-
char samples. This may explain why NaOH-BC did not outperform some
non-woody biochars, such as camellia shells-based biochar although it
had higher surface area and pore volumes (Ahmad et al., 2018; Cai et al.,

2021). Nevertheless, the alkaline biochar especially 2 % NaOH-BC had
favorable attributes, including abundant oxygen-containing functional
groups (e.g., carboxyl, hydroxyl), enhanced ion exchange capacity, and
high surface alkalinity, all contributing to its outstanding Pb?* adsorp-
tion performance.

3.3.5. Adsorption-desorption studies

The stability and reusability of adsorbents during the adsorp-
tion—desorption process are crucial for ensuring the cost efficiency of the
adsorption method. These studies are essential for reducing environ-
mental remediation costs by identifying adsorbents suitable for long-
term use at a larger scale. Therefore, the regeneration and reusability
of the alkaline biochar was examined and the adsorption experiment
was done four times under optimal conditions (pH = 6, initial Pb®>* ion
concentration = 70 ppm, adsorbent loading = 0.3 g L™}, contact time =
4 h). The reusability of 2 % NaOH-BC is depicted in Fig. 6d, in which as
the number of adsorption-desorption cycles increased, the adsorption
efficiency of 2 % NaOH-BC for Pb®"dropped from 97.3 % in the first
cycle to 80.1 % in the second cycle. It further decreased to 60.59 % after
four cycles. This reduction in adsorption efficiency of 2 % NaOH-BC for
Pb%" ions could be due to the partial destruction of active sites and mass
loss during desorption.

3.3.6. Adsorption mechanism of Pb>* on alkaline biochar
Ion exchange, complexation, and electrostatic interactions are re-
ported as the primary mechanisms for Pb removal (Kotodynska et al.,
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2012; Li et al., 2017). However, the dominant mechanism depends on
the biochar’s properties, which are influenced by factors such as feed-
stock type, pyrolysis temperature, and solution pH.

Based on kinetics and isotherm studies, Pb%* removal from alkaline
biochars primarily occurred through chemisorption, resulting in
monolayer adsorption on thesurface. This confirms that Pb?" was
adsorbed onto well-defined active sites on the alkaline biochar surface
rather than through multilayer coverage. Electrostatic interactions also
played a role in Pb?* adsorption, influenced by pH-dependent surface
charge effects. At higher pH levels, deprotonation of functional groups
(-COO0", -0") increased the negative surface charge, enhancing Pb%*
binding through electrostatic attraction. This aligns with the observed
trend of increasing adsorption efficiency at higher pH, as shown in
Fig. 6b.

XPS analysis further provided direct evidence of Pb?>* binding onto 2
% NaOH-BC. As shown in Fig. 7a, the full-range spectra after adsorption
clearly revealed the emergence of Pb signals, indicating successful Pb
uptake by 2 % NaOH-BC. The deconvoluted Pb 4f spectrum displayed
two distinct peaks at 138.5 eV (Pb 4f 7/2) and 143.4 eV (Pb 4f 5/2)
(Fig. 7b) (Fen et al., 2013). In the C 1s spectra, the C—C/C—C peak
(284.0 eV) and the C=0 peak (288.5 eV) shifted to 284.6 eV and 288.1
eV, respectively, after Pb**+ adsorption (Fig. 7¢), reflecting changes in
the electronic environment (Liu et al., 2020; Zhou et al., 2018). Addi-
tionally, the significant reduction in the C=0 peak area after Pb2"
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adsorption suggests its involvement, likely through coordination via
Pb-O bonds (Junjie Zhang et al., 2019). The deconvoluted O 1s spectra
further supported these findings. As depicted in Fig. 7d, the peak at
~531.2 eV, associated with carbonyl oxygen (C=0), shifted slightly to
~531.1 eV after adsorption, with an increase in intensity and area. This
indicates the potential formation of Pb-O bonds, confirming the active
role of carbonyl groups in Pb?* binding (Chen et al., 2019; Zama et al.,
2017). Furthermore, the peak at 532.4 eV, corresponding to oxygen in
hydroxyl (C-OH) and/or carboxylate (-COO") groups, remained largely
unchanged in position but exhibited a slight reduction in intensity,
suggesting limited involvement of these groups in Pb?* adsorption.
Additionally, the disappearance of Na 1s signals in the full XPS survey
spectrum after Pb2*adsorption further confirms that ion exchange
played a significant role in the adsorption process, where Pb?" ions
replaced Na™ ions originally present on the biochar surface. In summary,
our results indicated that Pb®" ions were strongly adsorbed onto
NaOH-modified biochar mainly through electrostatic interactions, ion
exchange, and complexation.

3.3.7. Practical considerations for large-scale application

While the adsorption efficiency and reusability of NaOH-modified
biochar were demonstrated under laboratory conditions, large-scale
implementation requires further evaluation. The dry impregnation
method in this study offers advantages such as reduced chemical

Pb 4f 138.5
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Fig. 7. XPS spectra of 2 % NaOH-BC: (a) Full-survey scan before (red curve) and after (blue curve) Pb2+adsorption, (b) Pb 4f spectrum after Pb3* adsorption, (¢) C1s

spectra, and (d) O 1s spectra, both before and after Pb>*adsorption.



Q. Yan et al.

consumption and miminized liquid waste generation, making it more
cost-effective and environmentally sustainable than conventional alka-
line treatments. For mass production of biochar, the aspects including
feedstock availability, energy consumption, and maintaining consistent
performance across diverse environmental conditions should be taken
into consideration (Ambaye et al., 2021). Recyclability and regeneration
are also important for practical applications. Optimizing separation and
regeneration methods is essential to maintaining adsorption perfor-
mance over multiple cycles. Structured biochar forms, such as pellets,
granules, or magnetic composites, could improve handling and recov-
ery. Moreover, real-world applications must account for competitive
adsorption in complex matrices with multiple contaminants, which may
influence Pb?" removal. Further studies should focus on pilot-scale
evaluations, economic feasibility assessments, and life-cycle analyses
to determine the practicality and long-term sustainability of
NaOH-modified biochar for heavy metal remediation.

4. Conclusions

This study demonstrated the high efficiency of alkaline biochar
derived from pine wood in Pb?* removal, with the 2 % NaOH-treated
biochar achieving an adsorption capacity of 230 mg g!, far exceeding
the non-alkaline biochar. Kinetic studies indicated that the adsorption
process was dominated by chemisorption, as described by the pseudo-
second-order model, while the Langmuir isotherm provided the best
fit (R? = 0.933-0.970), confirming monolayer adsorption. The adsorp-
tion performance was strongly influenced by pH, with alkaline condi-
tions enhancing Pb?* uptake due to increased surface deprotonation and
availability of negatively charged functional groups. XPS analysis sup-
ported these findings by revealing interactions between Pb*" and
oxygen-containing functional groups, particularly C=0, as evidenced
by shifts in binding energies and changes in peak intensities. The
absence of Na signals after Pb>* adsorption further confirmed that ion
exchange played a significant role in the removal mechanism, alongside
electrostatic interactions and coordination with oxygen-containing
functional groups. The recyclability of the alkaline biochar was vali-
dated through adsorption-desorption studies, demonstrating its practi-
cality for repeated use. These findings underscore the potential of
alkaline biochar for efficient Pb?* removal and broader applications in
environmental remediation.
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