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Pinus sylvestris

ABSTRACT: Sustainable waste management is the recycling, reusing, and recovery of wastes from natural sources. This research
studied the conversion of Pinus sylvestris residues into sustainable biochars with improved properties for the adsorption of Co(II)
and Ni(II) with further usage of spent biochars in the removal of carbamazepine. The biochars possessed high surface areas and
abundant chemical composition with equilibrium adsorption capacities of 0.38 mmol/g for Co(1I) and 0.48 mmol/g for Ni(1l),
forming cobalt phosphate and nickel hydroxide on the biochar surface. The laden biochars efficiently removed carbamazepine
through adsorption and under UV light, following a first-order kinetic model with rate constants ranging from 0.0031 to 0.0042
min~" and achieving an efficiency of over 80%. The complex interaction mechanisms were responsible for the reduction of the
carbamazepine concentration in the studied systems. This research demonstrates that waste wood raw materials can be used as
synergistic multifunctional materials.

KEYWORDS: sustainable material, pine waste biochar, cobalt(Il) ions, nickel(II) ions, UV treatment, carbamazepine removal

Bl INTRODUCTION the research by Carmo et al.” on the environmental risks of
mining wastes, demonstrate the significance of managing large-

The Eurostat statistics on waste for the year 2020 highlight
scale waste, including forestry and agricultural residues, to

significant aspects of waste generation and treatment within

the European Union. In 2020, the EU generated approximately prevent environmental degradation. These studies underscore
2.135 billion tonnes of waste, averaging around 4.815 kg per the importance of sustainable waste management practices and
capita. A substantial portion of this waste, about 59.1%, the potential of waste materials, including pine, in various
underwent recovery processes, including recycling, backfilling, environmental applications.

or incineration with energy recovery. Meanwhile, 40.9% of the The management of waste from pine, including its utilization
waste was disposed of through methods such as landfilling and and potential environmental impacts, is a topic explored in
incineration without energy recovery. The statistics emphasize various research studies. Vieira et al.” examined the use of pine
the scale of waste generation in the EU and the substantial bark and wood chips mixed with compost for biofiltration in a

efforts toward waste recycling and recovery.'

However, general research on waste management and the
utilization of waste materials, including pine-related waste,
indicates that managing such waste responsibly is crucial for
environmental sustainability. For instance, studies on biochar
and activated carbon derived from various types of waste,
including pine, highlight the potential of these materials in
environmental remediation and pollution control. Moreover,
broader studies on waste management challenges, including

municipal waste management plant. This study highlights the
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potential of pine-derived materials in odor control and waste
treatment processes. Yaman* encompasses research on the
pyrolysis of various types of biomass, including urban and
industrial waste, aimed at producing fuel and chemical raw
materials, analyzing the characteristics of pyrolysis products
and methods for their improvement for economically and
environmentally acceptable use. This study underscores the
versatility of pine waste in sustainable agriculture and energy
recovery. Also, one of the biomass applications discussed
biomass gasification as an advanced technology” for replacing
fossil fuels, reviewing various gasifiers and methods, including
supercritical water gasification, and outlines its potential in
producing valuable products such as syngas, biofuels, and
power, contributing to the reduction of global warming and
ecological imbalance. The development and evaluation of an
ash pretreatment process to enhance the sorption of 2,4-
dichlorophenoxyacetic acid (2,4-D) and sulfamethoxazole
(SMX) by pine and biosolids-based biochars were conducted,
making them competitive with commercial powdered activated
carbon (PAC) and applicable in low-cost water treatment
scenarios, including stormwater and wastewater treatment,
with a significant improvement in sorption performance.’
Furthermore, Musapatika et al.” evaluated pine sawdust as an
adsorbent in treating wastewater containing cobalt ions and for
environmental protection. In addition, Rashad et al.®
demonstrate that biochar derived from pinewood sawdust is
an effective and economically feasible biosorbent for removing
polycyclic aromatic hydrocarbons from wastewater, with
different activation methods enhancing its adsorption efficacy.
Another study reveals that biochar produced from pine
sawdust at various pyrolysis temperatures is a cost-effective
alternative to activated carbon for removing p-nitrophenol
from water, with its adsorption efficacy influenced by the
biochar’s physicochemical properties, preparation temperature,
and environmental conditions.” Besides sawdust, the use of
biochar from pine needles'® has also demonstrated significant
potential in adsorbing caffeine from water, with its efficiency
influenced by temperature, showing that this process is
endothermic and entropy-driven. Kim et al.'' reveal that
pine sawdust biochar, especially when modified with Mg/Al
layered double hydroxides, significantly enhances the adsorp-
tion capacity for azo dyes such as Methyl Orange and Sunset
Yellow FCF, with a notable improvement in adsorption
mechanisms and excellent reusability, despite having a lower
specific surface area compared to unmodified biochar. As well
the review emphasizes the use of waste materials, such as pine
sawdust, as cost-effective adsorbents for water purification,
reducing the cost of water treatment technologies and
contributing to environmental protection.'” Overall, these
studies reveal the diverse applications of pine waste in
environmental management, energy production, and agricul-
ture, highlighting its potential as a valuable resource in
sustainable practices.

In the context of escalating environmental concerns,
particularly regarding water pollution, the degradation of
persistent pharmaceutical contaminants has garnered sub-
stantial attention." Among these, carbamazepine (CBZ), a
widely used anticonvulsant and mood-stabilizing drug, poses a
notable challenge, while a recommended therapeutic dose in
plasma is established within a 4—12 pug/L concentration
range.M’15 Its recalcitrant nature in environmental matrices
underscores the necessity for innovative and effective
remediation strategies.' Carbamazepine is not expected to
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undergo any significant degradation in typical municipal
wastewater treatment plants.’” The intensive research on
carbamazepine removal from sewage wastewater has demon-
strated that this drug is only slightly eliminated from the
wastewater during the treatment (if any, then less than 10%).
Carbamazepine permissible level in groundwater is estimated
at 0.5 pug/L as a general standard for all pharmaceuticals;
however, Scientific Committee on Health, Environmental and
Emerging Risks (SCHEER) reveals some concerns that this
value could not be protective enough for groundwater
ecosystem.18

Carbamazepine can be found in different types of water
wastes, especially household wastewater, in a variety of
ranges—from 0.035 to 6.3 ,ug/L.Ig For instance, the studies
of Canadian water resources demonstrated that the highest
concentration of carbamazepine in surface water was measured
approximately at 1 yg/L and in municipal sewage discharges at
2.3 pg/L>

The carbamazepine-contaminated liquid wastes are usually
discharged to local municipal wastewater treatment plants.
However, the treatment procedures frequently are not as
effective as expected, which causes further migration of
untreated carbamazepine molecules or their metabolites into
important water sources. Therefore, wastewater require
additional purification technologies that would be able to
effectively eliminate the pollutant. A promising avenue in this
pursuit is the exploration of photocatalytic degradation
techniques, which have emerged as a potent tool for tackling
such persistent organic pollutants.”” Carbamazepine is a
common pharmaceutical contaminant posing serious environ-
mental and health threats.”> The study of its photocatalytic
degradation is crucial for addressing these concerns within the
combination of ecofriendliness and performance, especially in
the removal of organic pollutants.

The photocatalytic elimination of carbamazepine has been
tested in a variety of concentration ranges, which depend on
the target wastewater source and its physicochemical character-
istics, available analytical tools, and performance of the
photocatalyst. Thus, the authors described the decomposition
of carbamazepine at a concentration of 20 mg/L under visible
light in the presence of doped ferrites, achieving a removal
efficiency of 94.3%.”" The elimination of carbamazepine with
BiPO, synthesized via a hydrothermal method from simulated
wastewater (Ccp; = S mg/L) demonstrated a 72.4%
concentration decrease after 60 min of light exposure.”
Comparable results were obtained by the authors,”® who
achieved a 71.41% reduction of Ccp; = 10 mg/L using UVA
light-driven g-C;N,/TiO, composite, with the mineralization
yield of ~30% from initial carbamazegine molecules. Very
impressive results were detailed in,”> where researchers
successfully degraded 5 mg/L of carbamazepine using
AgiPO,/GO under visible light, employing €OH and O,e as
the reactive oxygen species.

While the specific studies focusing on biochar derived from
pine and adsorbed nickel or cobalt ions are limited, related
research highlights the importance of exploring innovative
photocatalytic materials and methods for degrading pollutants
such as carbamazepine. For instance, Gao et al.”’ investigated
the effects of inorganic ions on the photocatalytic degradation
of CBZ, emphasizing the complex interactions in such
processes. Additionally, the potential of various photocatalysts
in environmental remediation was studied on the photo-
catalytic degradation of CBZ using bismuth oxychlorides

https://doi.org/10.1021/acsestwater.4c00241
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underlines.”® Further research in this area, particularly focusing
on biochar-based photocatalysts with nickel or cobalt ions,
would contribute significantly to the field of environmental
pollution control and sustainable water treatment technolo-
gies.”” > The use of biochar derived from pine as a base for
photocatalysts is a sustainable and environmentally friendly
approach. It utilizes renewable resources and offers an effective
way to treat water contaminated with pharmaceuticals such as
CBZ. The modification of these photocatalysts with adsorbed
nickel or cobalt ions could potentially enhance their
effectiveness, leading to more efficient degradation processes.
Nickel and cobalt ions are known for their catalytic properties,
including their ability to facilitate electron transfer processes,
which are crucial in photocatalysis. By adsorbing these ions
onto the biochar surface, it is hypothesized that the resulting
photocatalysts can offer improved efficiency in degrading CBZ
under light irradiation. This approach not only shows potential
for mitigating the environmental persistence of carbamazepine
but also provides a sustainable attempt to reduce the
carbamazepine concentration to the permissible level of
pharmaceuticals in modeled aqueous systems.

B EXPERIMENTAL SECTION

Synthetic Approaches. To prepare sorption materials,
this study utilized plant waste, specifically sawdust from Scots
pine (Pinus sylvestris), which is a predominant forest-forming
species in Europe and Asia. The chemical composition of pine
wood may vary based on various factors such as the age of the
trees, the type of soil they grow in, and abiotic environmental
factors.

The collected pine sawdust was then dried for 2 h at 105 °C
to eliminate physically bound water with a mass loss of
approximately 37%. Building on the analysis of literature data,
we adapted established methods for charring plant materi-
al,>>™*° which were applied to produce sorbents to investigate
their physicochemical and sorption characteristics. The
resulting dry biomass was subjected to carbonization by

pyrolysis (Figure 1).

sawdust
—_—

waste

Pinus sylvestris

700°C
(40)

700°C
(1h, air) 2

300°C (1h)
400°C (1h)
600°C (1h)

PSe-1

PSc-2

Figure 1. Synthetic ways of obtaining biochar samples from Pinus
sylvestris waste.

PSc-1 Sample. The charring of the material was conducted
at a temperature of 700 °C in a muffle furnace SNOL-
1,6.2,5.1/12-12 in two stages: initially, to prevent ignition,
crucibles with lids were utilized, and the samples were
maintained within them for 40 min; subsequently, they were
opened and calcined for an additional hour. The sample
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exhibited a yield of 9.1% when calculated from the wet raw
material and 14.5% from the dry raw material.

PSc-2 Sample. The charring of the biomaterial was
performed in three distinct modes in open crucibles. The
starting temperature was 300 °C, which was then raised to 450
°C, and finally, the maximum temperature reached was 600 °C.
The material was held at each temperature for 1 h.

The resulting samples were cooled in a desiccator,
homogenized, and transferred to jars with sealed lids for
storage. The yield of the sample was 8.0% based on the wet
raw material and 12.9% based on the dry raw material.

Preparation of PScw-1 and PScw-2 samples: Considering
the high mineral content in the prepared biochars, which could
potentially skew the analysis of their adsorptive and photo-
catalytic features, the materials underwent extensive washing
with copious amounts of deionized water, accompanied by
constant monitoring of the pH levels in the filtrates. The
cleansing procedure was considered finished once the pH
levels in the filtrates were stabilized for a minimum of two
consecutive cycles. The mass loss after water washing was 0.8%
for sample PSc-1 and 0.65% for sample PSc-2.

Methods and Techniques. The study analyzed the
number of functional groups on the sample surfaces and
measured total acidity and basicity using the Bohm titration
method.*

The photocatalytic tests were carried out in a custom-built
photocatalytic reactor operating in batch mode at room
temperature.”” (See Supporting Information).

B RESULTS AND DISCUSSION

Structure and Texture of the Biochar Samples. The
pyrolysis of pine residues at 700 °C, conducted with and
without oxygen, affects the final biochar properties based on
the intrinsic characteristics of the biomass and desired
outcomes. Pyrolyzing at this temperature without oxygen
access produces syngas, while a low-oxygen environment
promotes biochar formation with high carbon content and
porosity. Meanwhile, the stepwise pyrolysis for PSc-2 biochar
at 300 °C, 400 °C, and 600 °C optimizes the decomposition of
hemicellulose, cellulose, and lignin respectively, enhancing the
biochar’s structural properties and suitability for specific
applications. This methodical temperature increase allows for
controlled thermal decomposition, maximizing the yield and
effectiveness of the resulting biochar.”® (See Supporting
Information.)

The morphology of the samples was studied by scanning and
transmission microscopy (Figure 2). The SEM image in Figure
2a shows the biochar, revealing a fibrous structure with visible
pores and cavities along the length of the biochar. The surface
appears rough with several elongated, tube-like formations,
indicative of the structural remnants of the pine’s vascular
system. The TEM image of the PSc-1 sample allows for
observing the agglomerated particulate nature of the biochar.
The particles appear as densely packed, irregularly shaped
clusters with a broad size distribution, highlighting the porous
and fragmented texture characteristic of biochar produced
from pine (Figure 2b).

The SEM image of biochar PSc-2 obtained at another
temperature regime further illustrates the heterogeneous and
porous surface, featuring large voids and a rugged texture that
suggests a high surface area, which is beneficial for adsorption
processes (Figure 2c). The TEM image of the PSc-2 sample
demonstrates that the particles form loosely bound clusters

https://doi.org/10.1021/acsestwater.4c00241
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b

Figure 2. SEM and TEM images of the PSc-1 sample (a and b) and
the PSc-2 sample (c and d), respectively.

with considerable porosity between them. The morphology
suggests that these structures could offer advantageous
properties due to their extensive surface area and porosity
(Figure 2d).

Overall, the biochar samples derived from pine exhibit a
complex morphology that includes both fibrous structures and
particulate clusters, which are characterized by a high degree of
porosity and surface irregularities. These features are indicative
of the material’s potential for applications requiring high
surface area and adsorption capacity, such as environmental
remediation and catalysis.

Thermogravimetric analysis (Figure S1) revealed that
synthesized biochars showed initial moisture-related weight
loss below 100 °C, remained stable up to 300 °C, and then
underwent significant decomposition, primarily of hemi-
cellulose and cellulose,*® with total mass losses of 94.5% for
PSc-1 and 96.2% for PSc-2.

An interesting observation was made based on gas sorption
analysis. As shown in Figure 3, both biochars demonstrated
large values of specific surface area in comparison to other
nonactivated biochars:*’ 347 m?/g for PScw-1 and 272 m*/g
for PScw-2. The isotherms are characteristic of microporous
materials with Type I shape with a micropore volume of
approximately 0.12 cm®/g for each material. This feature can
be explained by different carbonization procedures of the

PScw-1 and PScw-2 samples. It is known that the charring
temperature affects the textural properties of biochars and is a
determinative factor for the values of the specific surface
areas.*' The increase in the carbonization temperature leads to
the enhancement of Sppp, which was also confirmed for
prepared biochars. In summary, the nitrogen adsorption
isotherms for the biochar samples PScw-1 and PScw-2 reveal
significant porosity with a mix of micro- and mesopores,
making them suitable for applications requiring high surface
area and eflicient adsorption properties.

X-ray diffraction patterns for biochar samples PSc-1 and
PSc-2 and their washed counterparts, PScw-1 and PScw-2,
presented in Figure S2, show a broad peak around 20-30
degrees (20), indicative of the amorphous carbon structures
typical in biochar, which lack long-range order. At approx-
imately 29.5 degrees (20), peaks often correspond to calcium
carbonate (CaCO;) in its calcite form, commonly present in
biomass and biochar due to the mineral content of the
feedstock.*”*® The washing process, as seen in PScw-1,
appears to remove some surface impurities or inorganic
components, evidenced by slightly lower intensity peaks,
potentially increasing the order within the carbon structure.
Notably, the peak at around 44 degrees (26) corresponds to
disordered graphitic carbon, indicative of the stacking of
graphene layers, and remains broad in all samples, reflecting
the disordered or turbostratic structure of the carbon atoms.**
The presence of typical carbon structure peaks after carbon-
ization confirms the complete decomposition of raw materials
and the development of specific aromatic carbon frameworks.**

The elemental compositions of the prepared materials are
presented in Table 1. The elemental analysis of the biochar
samples shows interesting trends in the changes in nitrogen
(N), carbon (C), and hydrogen (H) content depending on the
pyrolysis temperature and the effect of water washing. All
samples exhibit an increase in carbon content with an increase
in pyrolysis temperature (PSc-1 has more C than does PSc-2).
This could be associated with a higher degree of carbonization
at higher temperatures.”” Biochars possess a high content of
nitrogen, which can be beneficial in adsorption of metal
ions."*” Lower pyrolysis temperatures tend to preserve more
nitrogen in the biochar, while higher temperatures may lead to
greater nitrogen loss due to volatilization of nitrogenous
compounds.” Washing with water (PScw-1) appears to
reduce the C,N,H contents compared to unwashed sample
PSc-1, possibly due to the removal of small and labile organic
compounds. In the case of the PScw-2 sample, the observed
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Figure 3. Nitrogen adsorption—desorption isotherms.

3946

- PScw-2
% 140

e oo

E 1204

<

§n100-

E <0 | /., S,=272 m*/g \

= Vo = 0-209 cm’/g
£ 60 i = 0.124 cm¥/g
E D, =3.78 nm

‘; 40 4

2 20

=

S 0 . ; . ; ;

0.0 0.2 0.4 0.6 0.8 1.0
pP/P

https://doi.org/10.1021/acsestwater.4c00241
ACS EST Water 2024, 4, 3943—-3955


https://pubs.acs.org/doi/suppl/10.1021/acsestwater.4c00241/suppl_file/ew4c00241_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestwater.4c00241/suppl_file/ew4c00241_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsestwater.4c00241?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.4c00241?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.4c00241?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.4c00241?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.4c00241?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.4c00241?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.4c00241?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.4c00241?fig=fig3&ref=pdf
pubs.acs.org/estwater?ref=pdf
https://doi.org/10.1021/acsestwater.4c00241?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS ES&T Water

pubs.acs.org/estwater

Table 1. Composition and Some Sorption Characteristics of the Obtained Biochars

C/H C/N
sample  C,mass % N, mass % H, mass % ratio ratio
PSc-1 76.92 0.96 3.12 24.7 79.9
PScw-1 76.25 0.85 2.85 26.7 90.1
PSc-2 69.33 0.89 2.99 232 77.8
PScw-2 73.26 1.08 2.62 27.9 67.9

Cy petroleum ether vapor uptake, mg/g
mmol/g  H,O vapor uptake, mg/g (cm®/g)

0.69 0.103 0.23 (0.348)

0.61 0.181 0.136 (0.205)

0.63 0.266 0.125 (0.189)

0.77 0292 0.183 (0.277)

increase in the C,N,H contents after washing suggests that
leaching of various inorganic salts occurred. This process
generally impacted the sample’s mass and resulted in the
redistribution of elemental masses within the biochar. As well,
the ratio of carbon and hydrogen was approximately the same
for all samples, which shows a similar graphitization degree of
designed biochars.™

To study the nature of the surface of the prepared samples,
the adsorption of water and petroleum ether vapors was
studied under standard conditions (20 °C, 1 atm). It can be
concluded that the PScw-1, PSc-2, and PScw-2 samples are
more hydrophilic than hydrophobic, while the PSc-1 sample
shows the opposite tendency. A possible explanation lies in the
data from Table 2, which presents titration results. Both

Table 2. Data on the Number of Functional Groups
Determined by Bohm Titration

group concentration, mmol/g

functional groups PScw-1 PScw-2
carboxylic 0.06 0.12
lactone 0.55 1.10
phenolic 2.33 2.17
total acidity 2.95 3.40
total basicity 0.98 2.67

washed samples have different types of hydrophilic groups, and
the number of surface groups in PScw-2 is significantly higher.
Therefore, the data from vapor adsorption and Bohm titration
are in agreement and indicate that the PScw-2 sample is more
chemically functionalized than PScw-1, possessing higher total
acidity and significantly higher basicity, which may influence its
adsorption properties, pH buffering capacity, and utility in
various environmental or soil amendment applications.
Figure 4a depicts a graph of zeta potential versus pH for two
washed biochar samples, illustrating how their surface charge
varies with pH levels. This variation is attributed to factors
such as pyrolysis temperature and the aging process.” The
isoelectric points (pI) for PScw-1 and PScw-2 are identified at

pH 2.3 and 6.4, which are the same for both. The existence of
two pls implies the biochar surface has distinct pH values
where the net surface charge is neutral, indicating a
heterogeneous nature with diverse functional groups. This
characteristic, supported by titration data showing both acidic
and basic surface groups, influences the biochar’s environ-
mental interactions, affecting its adsorption efficiency and
contaminant removal capabilities. As shown in Figure 4b, the
adsorption of cobalt(I) and nickel(II) ions slightly changed
the net surface charge of the PScw-2 sample. In the case of
Co(II) sorption, even the shape of the electrokinetic curve was
altered (for a detailed explanation refer to the Adsorption
Properties section). A similar phenomenon was observed for
the PScw-1 sample (Figure S3). The changes of the net surface
charge and the shape of the electrokinetic dependencies of the
sample after adsorption of Co(II) and Ni(II) can denote the
adsorption mechanism of the selected metal ions mainly
consisting of complexation with positively charged surface
groups since the lower value of pI = 2.3 remained unchanged
as for bare PScw-1.

The infrared spectroscopic analysis (Figure S4) of biochar
specimens PScw-1 and PScw-2 reveals diverse absorption
bands indicative of assorted functional groups. The spectral
peaks situated at approximately 3413 and 3617 cm™' are
attributed to the stretching vibrations of the O—H bonds,
denoting the existence of free hydroxyl groups and hydrogen-
bonded hydroxyl entities, respectively. The peak at 3020 cm™*
is representative of the =C—H stretching vibrations found in
alkenes or aromatic compounds. Absorption bands manifesting
at 2920 and 2850 cm ™! are characteristic of C—H stretching
vibrations within aliphatic hydrocarbons. Additionally, a
notable peak at 1694 cm™ is consistent with the stretching
vibrations of C=0 bonds, suggesting the presence of carbonyl
functionalities.”* The bands located near 1587 and 1430 cm™
are indicative of NH, bending vibrations and C—O-H
bending motions, respectively, while absorption features
around 1378 cm™' denote —CH, and —CH, deformation
bending. Complex vibrational modes observed at 1245 and
1248 cm™' combine attributes of phosphonate, C—N

a

-104
-154
-20
=254
-30

zeta potential, mV

(S8

PScw-2+Ni b
5 . A\
ol X . _ _
2 of K- -
— 5 \ \
=
= -10] .
g e .
2-154 "~ \
\l \
£ 10l TN\
S PScw-2+Co? ‘\\
=254
-304— . r r . ‘
2 4 6 8 10 12
pH

Figure 4. Changes in electrokinetic potential values depending on pH for washed biochar samples (a) and loaded PScw-2 samples (b).
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stretching, and O—C stretching from carboxylic groups.” The
peak at 1169 cm™ is suggestive of Si—O-—Si vibrations
characteristic of silicon dioxide, while those at 874 and 810
cm ™! are associated with C—H bending and ring puckering in
aromatic structures as well as for carbonate. Finally, the
absorption peak discerned at 745 cm™' could be indicative of
out-of-plane C—H bending in aromatic frameworks, high-
lighting the intricate chemical composition and diverse reactive
sites within the biochar structure.

Adsorption Properties of Synthesized Biochars
toward Ni(ll) and Co(ll) lons. Having acidic and basic
groups on their surface, such biochar beads could be used as
adsorbents; therefore, the adsorption of nickel and cobalt ions
from aqueous solutions was studied. In general, adsorption of
nickel and cobalt onto specific adsorbents with chelate groups
presents a challenging task.”” Thus, to study the static sorption
capacity (SSC) of the samples, experiments were conducted to
investigate the dependence of adsorption on the concentration
of the initial solution, and the isotherms are depicted in Figure

S.

—— PScw-1+Co*
-=- PScw-2+Co?**

PScw-1+Ni**
== PScw-2+Ni**

q, mg/g

Ceq, mg/L

Figure S. Isotherms of metal ions adsorption for the PScw-1 and
PScw-2 samples (symbols are experimental points, and lines are trend
lines).

The SSC values are listed in Table 3. Given that the raw
materials for the samples were the same, and only the pyrolysis
temperature varied, which influenced the value of the specific
surface area and the number and quality of functional groups,
we can deduce that the porous PScw-2 sample exhibits the
best sorption capacity. Despite having a lower specific surface
area, it contains more functional groups. PScw-2 shows a
higher adsorption capacity for both ions compared to PScw-1,
indicating that the properties of PScw-2 favor the adsorption
process. The curves suggest that the adsorption capacity
reaches a plateau at higher concentrations, typical of a

saturation effect where the available adsorption sites of biochar
become fully occupied. The data in Table 3 suggest that the
adsorption process is accurately described by both the
Langmuir equation, indicating chemisorption, and the
Freundlich equation, indicating the presence of various
adsorption sites.

After the adsorption of metal cations, the pH changes are
not significant, with the pH decreasing from 6.20 to 6.06 for
Ni(II) and from 6.00 to 5.95 for Co(II). This may indicate a
slight interaction with acidic adsorption centers, releasing
protons or the formation of neutralized compounds that hardly
affect the pH change.

The EDX spectra in Figure S5 and the mapping of elements
also provide evidence of the adsorption of nickel and cobalt
ions. Additionally, the mapping reveals the presence of
calcium, which aligns with the X-ray data.

The changes in surface charge after adsorption and the
potential mechanism can be inferred by analyzing the data on
changes in the electrokinetic potential of suspensions with Ni**
and Co*" ions adsorbed (Figure 4b). In both cases, the zeta
potential decreases with increasing pH, and the presence of
metal ions seems to shift the zeta potential toward a more
negative range compared to the pure PScw-2 sample. Thus, the
isoelectric point (pI) changes to 2.6 with cobalt(Il) adsorption,
and to 2.1 and 5.6 with nickel(II) adsorption. In the case of
Co®" adsorption, this indicates that complexes or nonionic
compounds are formed with positive groups on the surface,
such as amino groups, leaving only acidic groups on the
surface. In the case of Ni**, adsorption involves both acidic and
basic groups, which essentially does not alter the shape of the
zeta-potential curve; it merely shifts the equivalence points to
the acidic pH region. This suggests that the metal ions
influence the surface charge of the particles, potentially
through the formation of complexes on the surface. Overall,
these changes in zeta potential illustrate how the surface charge
of particles in aqueous solutions can vary depending on the pH
of the environment and the presence of certain metal ions,
which is important for understanding colloidal stability and
interactions in solutions.

The nature of the complexes formed on the biochar’s
surface, loaded with Ni**, was studied using diffuse reflectance
electronic spectra (DRES) (Figure 6a). Peaks at 430, 565, and
680 nm suggest the formation of nickel complexes, likely
octahedral®® or tetrahedral,”' influenced by the biochar’s
surface moieties (amino, carboxylic, phenolic, phosphates,
carbonates). These structures align with nickel(II) complex
geometries. Further detailed spectroscopic analysis is needed
to precisely identify the complexes and ligands involved. The
absorption at 430 nm indicates ligand-to-metal charge transfer,
while the 565 nm band may represent a Ni(II) complex with
oxalate and amino groups. At the same time, the reflectance

Table 3. Parameters of Ni(II) and Co(II) Ion Sorption by the Biochar Adsorbents within the Coordinates of the Langmuir and

Freundlich Equations

Langmuir equation Cy/q = 1/(Ki-Apa) + (1/A5.0)-

& Freundlich equation In g = In Ki + (1/n)In Cy

sample cation SSC, mg/g Ao Mg/g

PScw-1 Ni(1I) 9.5 3.11
Co(1I) 9.7 10.03

PScw-2 Ni(II) 27.9 3229
Co(11) 222 30.41

K;, L/mg R? Ky, mg/g 1/n R?
0.628 0.924 27.869 0.09 0.947
0.093 0.986 3.058 0.24 0.903
0.037 0.964 4.341 0.37 0.974
0.019 0.811 1.018 0.65 0.945
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Figure 6. DRES (a) and XRD patterns (b) for the biochar sample loaded Ni(II) and Co(II) ions.

spectra of aqua-amino complexes of nickel(II) are charac-
terized by the band at 680 nm.

The diffuse reflectance spectrum of biochar with Co** shows
peaks at 490, 561, and 605 nm, indicating the formation of
cobalt complexes with surface functional groups. The peaks
may indicate both tetrahedral and octahedral geometries.”' >
The nature and geometry of these complexes, influenced by
the biochar’s surface groups, necessitate further analysis
through XRD and XPS to determine detailed electronic
structures and ligand types involved.

Figure 6b shows two XRD patterns for samples of biochar
that have adsorbed Ni(1I) and Co(II) ions. The XRD pattern
for PScw-2 + Ni? is shown in green and features several sharp
peaks, indicating the presence of crystalline phases CaCO,
(calcite), SiO, (hypothetical silica), and SiO, quartz.”* The
XRD pattern for the biochar with adsorbed cobalt ions is
shown in red, and compared to the nickel ion-adsorbed
biochar has a peak corresponding to Cos(PO,),.>

The presence of these symbols indicates the identified
crystalline materials within each sample. The marked peaks for
calcite, silica, and cobalt phosphate suggest that these materials
are present in the structure of the biochar or have been formed
during the adsorption process.

To study the chemical composition of bare biochar and that
treated with selected metals, X-ray photoelectron spectroscopy
(XPS) analysis was conducted, and the results are compiled in
Table 4. The survey scan spectrum of bare biochar PScw-2
revealed the presence of C, O, N, P, and Ca elements. The
XPS spectra of the treated samples indicated the presence of
Co and Nij, as expected. Detailed analysis of the Co2p and
Ni2p spectra suggests that cobalt likely exists in the form of
phosphate,*® while nickel is in the form of nickel(II)
hydroxide.”” Consequently, two principal peaks at 781.39
and 797.10 eV (A = 15.7 eV), along with two satellite peaks at
785.26 and 801.80 eV, evidently indicate the formation of
Co4(PO,), in the biochar sample after treatment with a cobalt
precursor. This observation is further confirmed by corre-
sponding shifts in binding energies observed in the P2p spectra
and inorganic Ols, attributable to changes in the environment
surrounding these entities in the biochar sample. The peaks in
the Ni2p spectrum, particularly the two main ones at 855.78
and 873.20 eV (A = 174 eV), were ascribed to nickel(II)
hydroxide.

3949

Table 4. Overview of XPS Analysis of Studied Samples

binding energy, eV

element PScw-2 PScw-2 + CO(H) PScw-2 + Ni(H)
Cls 284.42 graphite 284.60 graphite 284.36 graphite
c-C c-C c-C
28595 (C—N, C— 286.26 (C—N, C— 28578 (C—N, C—
0-C) 0-C) 0-C)
288.06 O—C=0 28836 O—C= 0O 288.16 O—C=0
290.08 C=0, 290.34 C=0, 290.47 C=0,
carbonate carbonate carbonate
Ols 531.37 organic 531.33 organic 531.23 organic
533.20 inorganic 533.09 inorganic 532.97 inorganic
Nls 399.88 —NH,, 399.95 —NH,, 399.81 —NH,,
—NH- —NH- —NH-
P2p 133.26 phosphate ~ 133.34 phosphate ~ 133.2S phosphate
134.16 phosphate ~ 134.32 phosphate ~ 134.15 phosphate
Ca2p 347.34 CaCO, 347.56 CaCO, 347.34 CaCO,
350.93 CaCO; 351.10 CaCOy4 350.94 CaCO,
other Si2p 102.47
elements organic
Co2p 781.39 Ni2p 855.78
Cos(PO,), Ni(OH),
Co2p 785.26 Ni2p 857.62
satellite satellite
Co2p 797.10 Ni2p 873.20
Co3(PO,), Ni(OH),
Co2p 801.80 Ni2p 880.10
satellite satellite

The N/C ratio of studied samples demonstrated the increase

of N/C is a sample line: bare biochar (0.012) < biochar
+Ni(II) (0.018) < biochar+Co(II) (0.024). This fact
determines the higher basicity of biochar+Co(II) surface
and, therefore, higher affinity toward carbamazepine molecule,
which is known to possess a neutral character. Meanwhile,
biochar+Co(II) has the highest O/C ratio —0.263, whereas O/
C ratios of bare biochar and biochar+Ni(Il) were equal to
0.207. The high O/C ratio promotes more intensive
production of radicals on the photocatalyst surface, which
attack carbamazepine molecules and destroy them.

Thus, the chemisorption of metal cations occurs on the
surface of this biochar and in the functional surface groups.
Moreover, after adsorption, the PScw-2 samples contain
insoluble calcium carbonate and silicon dioxide. However,
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DRES, XRD, and XPS indicated which specific insoluble
compounds were formed after adsorption, namely, cobalt
phosphate and nickel hydroxide. Such adsorption could be
called stagnant, and the regeneration of the sorbent cannot be
carried out without using acid, but it turns out that these
compounds have interesting properties. For example, cobalt
phosphate is used as a photocatalyst,*® easily producing free
radicals, and nickel hydroxide, as indicated by X-ray, can be an
electrocatalyst.”” Therefore, these studies were continued by
testing these materials in photocatalysis.

Adsorption of Carbamazepine. It is known that biochar
can serve as an adsorbent for removing inorganic and organic
pollutants from water due to the presence of functional groups
and a high specific surface area. Therefore, before studying
photocatalysis, which involves the establishment of equilibrium
or adsorption phases, we decided to investigate the sorption
properties of the obtained biochar samples (Table S4, Figure
S9). Due to the low solubility of carbamazepine in water, the
initial solution was consistent over time. Data indicates that
carbamazepine is best adsorbed by the sample with the highest
number of functional groups PScw-2. As can be seen, the
adsorption capacities were increased for samples loaded with
cobalt and nickel, which confirms the successful functionaliza-
tion of the biochar with selected metals. Lesser adsorption for
sample PScw-1, which has a more developed specific surface
area, also suggests the likelihood of a chemical interaction.
After S adsorption cycles (or, in other words, concentration of
carbamazepine on the surface), only the pure sample PScw-2
still has potential for adsorption; the other samples hardly
adsorb carbamazepine anymore. An increase in pH from cycle
1 to S during adsorption suggests the leaching of calcium
compounds, which is evidenced by a peak at 250 nm in the UV
spectra (Figure S9).

Photocatalytic Properties of Bare PScw-2 and Loaded
with Cobalt(ll) and Nickel(ll). The photocatalytic degrada-
tion of carbamazepine using metal-loaded biochar derived from
pine sawdust was systematically studied. The photodegradation
kinetic curves are demonstrated in Figure 7. The stability of
carbamazepine (C = 5§ X 107> M) under UV light was
confirmed in a control experiment, exhibiting minimal
degradation near 2%. This foundational observation under-
scores the inert nature of carbamazepine toward photolysis,
necessitating catalytic intervention for effective degradation. It
should be pointed out that the elimination of carbamazepine in

UVoff | UVon
1.0 % = n —n —n
0.8 —a—CBZ
—&— PScw-2+Co(Il)
—A— PScw-2+Ni(II)
&f06—
Q
0.4
e
0.2 — S
| -A——A
0.0 ! ; ; ; . . .
-50 0 50 100 150 200 250 300
t, min

Figure 7. Photocatalytic kinetic curves of carbamazepine degradation
(5 X 107 M) under UV light in the presence of bare biochar PScw-2
and loaded with Co(II) and Ni(II).
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“UV off” mode was performed by adsorption forces; therefore,
the adsorption capacities can be calculated. Thus, for PScw-2 +
Co(II) was 6.9 mg/g, and PScw-2 + Ni(II) was —6.7 mg/g.

Despite the decrease in adsorption capacity, the presence of
metals remarkably improves the photocatalytic activity of
biochar: from 58.7% of adsorption to 81.9% during photo-
catalysis for PScw-2 + Co(II), as well as from 56.9% of
adsorption to 86.4% during photocatalysis for PScw-2 +
Ni(II), respectively in 5.5 h (Figure 8, Figures S9 and S10).
The rate constants calculated from the slopes of linear
dependences of In(C,/C) = f(t) were: for PScw-2 + Co(II)
0.0031 min~! and for PScw-2 + Ni(II) 0.0042 min~". These
values are comparable to those from literature,”® where
reaction rate constant was calculated to be 0.0034 min~".
The rate constants not only serve as benchmarks for
photocatalytic performance but also pave the way for
comparative analyses with existing literature, offering a
nuanced understanding of these materials’ place within the
broader context of photocatalytic research.’®>’

The stability and reusability of adsorbents and photo-
catalysts are among the prominent factors in the selection of
sustainable and economical water treatment methods. There-
fore, the changes in the performance of adsorption and
photocatalysis of carbamazepine in 5 cycles were studied
(Figures S9 and S14). As shown in Figure 8, the adsorption
and photocatalytic removal percentages gradually decreased
from cycle to cycle with the lowest values for the fifth cycle. It
is very interesting that during the cyclic adsorption, the pH of
the final solution became more basic for both materials PScw-2
+ Co(II) and PScw-2 + Ni(II). Additionally, the small new
peak approximately at A = 250 nm appears on carbamazepine
spectra after three adsorption cycles (Figure S9). This fact can
be explained by the release of calcium compounds (probably,
calcium carbonate)® from the biochar since some of them are
still left in the samples after washing (XRD and XPS data). The
data from the photocatalytic removal of carbamazepine
demonstrated better regeneration abilities and higher perform-
ance of the studied samples under UV light (Figure 9). The
materials retained satisfactory efficiency even at the third cycle
in comparison to data from adsorption. The changes in the pH
were also monitored. Thus, for 5 cycles of photocatalysis in the
presence of PScw-2 + Co(II) the pH remained stable.
However, for PScw-2 + Ni(II) a slight decrease in pH was
observed.

The radical trapping experiments were performed to better
understand the processes occurring during light exposure to
the studied systems (Figure 9). For this purpose, three
scavengers were chosen: EDTA+2Na for trapping positively
charged holes h*, sodium sulfate as an electron scavenger, and
isopropanol for capturing hydroxyl radicals eOH. The
concentration of each substance was 2 mM.

Thus, EDTA+2Na is a known hole scavenger with retarded
charge recombination properties. The addition of 2 mM of
EDTA+2Na into the studied system influenced the kinetics of
the removal of CBZ, especially under the “UV on” mode
(Figure S11). Indeed, the comparison of first-order model rate
constants did not result in reduced reduction: k(PScw-2 +
Co(II)) = 0.0031 min~!, k(PScw-2 + Co(II) + EDTA) =
0.0029 min~!; and demonstrated the significant reduction in
the removal rates in the presence of EDTA: k(PScw-2 +
Ni(II)) = 0.0042 min~', k(PScw-2 + Ni(II) + EDTA) =
0.0011 min~". This discovery helps to suggest that holes play a
crucial role in the elimination of CBZ for the PScw-2 + Ni(II)

https://doi.org/10.1021/acsestwater.4c00241
ACS EST Water 2024, 4, 3943—-3955


https://pubs.acs.org/doi/suppl/10.1021/acsestwater.4c00241/suppl_file/ew4c00241_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestwater.4c00241/suppl_file/ew4c00241_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestwater.4c00241/suppl_file/ew4c00241_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestwater.4c00241/suppl_file/ew4c00241_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestwater.4c00241/suppl_file/ew4c00241_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestwater.4c00241/suppl_file/ew4c00241_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestwater.4c00241/suppl_file/ew4c00241_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsestwater.4c00241?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.4c00241?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.4c00241?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.4c00241?fig=fig7&ref=pdf
pubs.acs.org/estwater?ref=pdf
https://doi.org/10.1021/acsestwater.4c00241?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS ES&T Water

pubs.acs.org/estwater

Adsorption UV irradiation
s PScw-2+Co(II) ot PScw-2+Co(II)
— «<
Z H 81.9
g 58.7 )
= = 65.7
g g 59.0
E 40.7 £ 48.4
= £
17} Y
e 25.3 @
% 17.8 §. 21.1
: ! 7.7 g !
2 E (s - 2 -
S 717 7.32 7.53 7.68 7.82 o 7.43 7.5 7.44 7.47 742
pH \ pH
Adsorption UV irradiation
S . B :
= PScw-2+Ni(II) = PScw-2+Ni(Il)
z 56.9 2
g g 86.4
- -
5 42.8 5 71.4
& S
E g 54.7
) )
F 222 2 39.1
g E
g 8.8 ] 19.6
E 3.6 £
; :
6.86 7.15 7.48 1 7.67 © 755 7.59 753 757 736
pH pH

Figure 8. Comparison of data on the efficiency of carbamazepine removal in S cycles of adsorption and photocatalysis (under other identical

conditions) for the samples PScw-2 + Co(II) and PScw-2 + Ni(II).

sample. Another noted scavenger is sodium sulfate, which is an
electron scavenger. The presence of sodium sulfate also
affected the rate of removal under the “UV on” regime (Figure
9, Figure S12). Thus, the rate constant of the system PScw-2 +
Co(II) + Na,SO, decreased and was calculated to be 0.0021
min~'. However, surprisingly for us, the interfering effect of
sodium sulfate on carbamazepine uptake with PScw-2 + Ni(II)
was also observed (k(PScw-2 + Ni(II) + Na,SO,) = 0.0032
min~"), though it was less pronounced than with EDTA+2Na.
Similar observations were done for the same systems but with
isopropanol as a hydroxyl radical trap (Figure 9, Figure S13). A
2-fold decrease in elimination rate was observed for a system
with Co(II) (k = 0.0016 min™"), whereas the biochar loaded
with Ni(II) also showed a nearly 2-fold decreased value of k =
0.0024 min~'. To sum up, the studied materials exhibited
different mechanisms of carbamazepine removal. Hence, the
effect of electrons and hydroxyl radicals was predominant
during the light exposure to the PScw-2 + Co(II) + CBZ
system, while electron/hole recombinations and hydroxyl
radicals were responsible for the elimination of carbamazepine
using PScw-2 + Ni(I1).

Other interesting observations were made based on the
changes in UV-—vis spectra of carbamazepine during the
performed tests (Figure S10). A recorded UV—vis spectrum of
CBZ possesses several peaks at 210, 240, and 285 nm. The
shoulder at 240 nm corresponds to 7—n transitions in the
aromatic ring system. These transitions involve the movement
of electrons from the highest occupied molecular orbital
(HOMO) to the lowest unoccupied molecular orbital
(LUMO). On the spectra recorded after light exposure in
the presence of PScw-2 + Co(II) and PScw-2 + Ni(II), the
intensity of this shoulder was strongly reduced and even absent
on some spectra. Additionally, the intensity of the main peak at
285 nm also reduces during the measurements without any
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shift in the wavelength. The occurrence of open-ring products
of carbamazepine degradation was described by Chen.”

This study also paves the way for further inquiries into the
mechanism of photodegradation facilitated by metal-loaded
biochars. The involvement of specific reactive oxygen species,
the role of biochar’s surface properties, and the impact of metal
loading on these parameters emerge as pivotal areas for future
research. Additionally, exploring the scalability of this approach
and its environmental implications, especially in terms of
practical water treatment applications, could significantly
contribute to the field of environmental remediation.

In conclusion, the metal-loaded biochars exhibit promising
photocatalytic activity toward the degradation of carbamaze-
pine, highlighting their potential as efficient and environ-
mentally benign photocatalysts. Further research into the
underlying mechanisms, environmental impact, and scalability
of this approach will be crucial in harnessing the full potential
of these materials for water purification and environmental
protection efforts.

B CONCLUSIONS

Our research demonstrates the effective transformation of pine
sawdust waste into a valuable biochar that serves multiple
environmental remediation purposes. By utilizing plant
residues from Pinus sylvestris, we have created sustainable
biochar materials with enhanced adsorptive properties for the
effective removal of cobalt(Il) and nickel(II) ions from
aqueous solutions. The biochar samples displayed intricate
morphological features, comprising both fibrous structures and
particulate clusters, associated with a substantial degree of
porosity and surface irregularities. The prepared biochars
effectively adsorbed Co(II) and Ni(II), achieving equilibrium
capacities of 0.38 and 048 mmol per 1 g of biochar,
respectively, synthesized under a gradual temperature increase
mode. Cobalt phosphate and nickel hydroxide formed on the

https://doi.org/10.1021/acsestwater.4c00241
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Figure 9. Effect of adding different scavengers on the photocatalytic degradation of carbamazepine using samples PScw-2 + Co(II) and PScw-2 +

Ni(II).

biochar surface are known for their photocatalytic applications.
Therefore, the loaded biochars were utilized to reduce the
concentration of carbamazepine under UV light exposure,
achieving a removal efficiency of over 80%. The elimination
followed a first-order kinetic model with rate constants of
0.0031—0.0042 min~?}, comparable to those described in the
available literature. The complex physicochemical interactions
were found to be responsible for carbamazepine removal.
Experiments with radical traps helped to better understand the
mechanism of the carbamazepine concentration decrease,
revealing that electron/hole recombination and hydroxyl
radicals were predominant during light exposure to cobalt-
laden biochar in the presence of carbamazepine, whereas
hydroxyl radicals were primarily responsible for the removal
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using nickel-loaded biochar. The reusability of spent loaded
biochars was also tested under S cycles. The first 2 cycles
showed satisfactory carbamazepine adsorptive removal, with
efficacy declining in subsequent cycles. Under UV light, the
efficiency remained high (over 50%) even in the third cycle,
with a gradual decrease in the remaining cycles. This confirms
the beneficial use of UV light in carbamazepine elimination.
Additionally, the disappearance of the shoulder in UV—vis
spectra of carbamazepine exposed to UV light could indicate
certain chemical transformations of carbamazepine molecules,
mainly the destruction of the aromatic ring system, forming
open-ring structures. These observations can be encouraging
for further in-depth studies of the processes that have occurred.
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In summary, the developed biochars not only exhibit
excellent adsorption capacity for heavy metal ions but also
demonstrate significant potential in degrading persistent
pharmaceutical contaminants under UV irradiation, offering a
dual-function solution to water pollution. Finally, the research
emphasizes the importance of developing cost-effective,
sustainable, and efficient methods for waste treatment and
environmental protection. It encourages the repurposing of
biomass waste into valuable materials for environmental
remediation, aligning with global sustainability goals.
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