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Abstract

Water contamination by heavy metals is a major global concern resulting from anthro-
pogenic activities and natural geological processes. Their removal and recovery are impor-
tant for protecting water resources and addressing the depletion of critical metals. This
study evaluated wild sugarcane (WSC) biochar as an adsorbent for Cu** and Zn?* removal
from aqueous media, providing a potential valorization pathway for this biomass. WSC
biochars were produced at airflow rates of 8, 12, 16, and 20 L min~! and characterized by
Fourier-transform infrared spectroscopy, Raman spectroscopy, and X-ray diffraction. Cu®*
and Zn?* adsorption data were analyzed using the Langmuir, Freundlich, and Temkin
isotherm models. The characterization results indicated the presence of oxygen-, carbon-,
and hydrogen-containing surface functional groups that may contribute to metal adsorp-
tion. Under the investigated batch conditions, BP12 achieved removal efficiencies of
approximately 70-90% for Cu?* and 83-94% for Zn?*. For BP12, the Langmuir expression
yielded an apparent maximum Cu?* adsorption capacity of 42.3 mg g™, while Zn?" uptake
reached 26.9 mg g~ ! and was best described by the Freundlich expression among the mod-
els evaluated; the Langmuir model did not converge for Zn?*. These results demonstrate
the potential of WSC biochar for Cu?* and Zn?* removal from aqueous media and support
the valorization of wild-sugarcane biomass as a minimally processed adsorbent.

Keywords: Saccharum spontaneum; biochar; zinc; copper; adsorption; removal; heavy metals;
Langmuir isotherms; Freundlich isotherms; Temkin isotherms
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1. Introduction

One of the major challenges facing the world today is water stress resulting from
the decline in available water resources, which can be caused by anthropogenic contam-
ination [1]. A country’s pollution level has been shown to be related to its degree of
industrialization, strongly affecting the health of rural and urban communities alike [2].
Although many contaminants can be biologically degraded, heavy metals cannot be min-
eralized. Some of the most common heavy metals found in polluted areas include lead,
coppet, zinc, and cadmium [2].

Reports of pollution in drinking-water sources led this study to focus on zinc and
copper removal. Both zinc (Zn) and copper (Cu) can originate from metallurgical and
mining processes, while Zn can also be released as a waste product from galvanizing pro-
cesses [3]. Although essential for life in small amounts, copper and zinc can bioaccumulate
and enter the food chain. Because of their ability to bioaccumulate, the toxicity of heavy
metals to living organisms can increase as they move through the food chain [4]. Zinc can
have adverse effects on the nervous and gastrointestinal systems, while copper can cause
gastrointestinal problems [5].

From a drinking-water perspective, the relevance of Cu and Zn removal should
also be considered in relation to established water-quality guidelines. The World Health
Organization recommends a health-based guideline value of 2 mg L~! for Cu in drinking
water. In contrast, no health-based guideline value has been established for Zn because
the concentrations normally encountered in drinking water are generally not considered
a health concern. Nevertheless, Zn concentrations above approximately 3 mg L~! may
reduce water acceptability by producing an astringent taste and opalescence [6]. These
values provide a practical framework for assessing the removal of Cu(Il) and Zn(II) from
aqueous media.

Because of their potential biological hazards, processes such as reverse osmosis, pre-
cipitation, electrochemical removal, and adsorption have been proposed to remove Cu and
Zn [5]. Adsorption has been proposed as a high-potential, low-cost method to remove these
contaminants by retaining pollutants on the surface of the adsorbent [5]. The adsorption
process can be employed with a wide range of materials, including nanomaterials. How-
ever, nanomaterials present disadvantages, such as agglomeration, high production costs
and potential environmental risks [7], which has led to a search for alternatives. Biochar is
presented as one of these alternatives because of its large surface area, which increases its
adsorption capacity [8,9].

Biochar has been proposed as one of these alternatives. It is a carbonaceous mate-
rial produced by the thermal decomposition of biomass. The structure of biochar varies
depending on the biomass used and the production parameters, such as production temper-
ature and method [10]. Biomass can be sourced from municipal, agricultural, or industrial
wastes, which influence the properties of the resulting biochar. Because plant biomass has
more volatile matter than animal biomass, plant-based biochars could exhibit a higher
surface area but present fewer surface functional groups (SFGs). Functional groups are
closely associated with adsorption, catalytic, and biodegradation mechanisms involved
in contaminant removal [11]. Biochar can be produced at different temperatures, and the
production temperature affects its physical and chemical properties. The surface area may
increase with a temperature rise, but the hydrogen and oxygen SFGs tend to decrease [8].

The adsorption of dissolved heavy metals by biochar has been extensively investi-
gated using materials derived from hardwood, crop residues, manure, sludge, and other
lignocellulosic feedstocks [8,12-14]. In particular, Cu?* and Zn?* adsorption has been
demonstrated using hardwood and corn-straw biochars, confirming that both feedstock
composition and thermal conversion conditions strongly influence metal uptake [12,15].
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The adsorption performance of biochar cannot therefore be generalized across different
biomass sources. Feedstock composition and production conditions determine relevant
physicochemical properties, including specific surface area, pore structure, mineral and
ash composition, surface charge, ion-exchange capacity, and the abundance and nature
of surface functional groups [8,13,14]. Accordingly, Cu?** and Zn?* removal may occur
through different contributions from ion exchange, surface complexation with oxygen-
containing functional groups, electrostatic interactions, physical adsorption, and mineral
precipitation [8,13].

Despite the extensive investigation of biochar-based adsorption, several limitations
remain. Conventional adsorbents such as activated carbon can provide high adsorption
performance, but their production, activation, and regeneration may involve relatively
high material and energy requirements [13,14]. Pristine biochar represents a renewable
alternative, although its adsorption performance is highly heterogeneous and is strongly
influenced by feedstock characteristics, thermochemical processing conditions, solution
pH, ionic strength, initial metal concentration, and the presence of competing ions [8,13,14].

Surface modification and mineral or chemical functionalization can increase the
number of available adsorption sites and improve affinity toward specific metal species.
However, these treatments require additional reagents and processing steps that may re-
duce some of the economic and environmental advantages associated with unmodified
biochar [13,14]. Furthermore, a substantial proportion of adsorption studies have been
conducted under controlled batch conditions using synthetic aqueous solutions, and infor-
mation regarding performance under complex water matrices and larger-scale operating
conditions remains comparatively limited [8,14]. Consequently, the identification of mini-
mally processed biochars with adequate adsorption performance remains relevant for the
development of practical metal-removal technologies.

In this context, the valorization of unconventional lignocellulosic biomass as biochar
feedstock represents an opportunity to produce adsorbent materials from locally available
resources. Saccharum spontaneum is an herbaceous plant native to Asia that, due to its
rapid and aggressive propagation, has become established in several countries, including
France, Costa Rica, and Panama [16]. In Panama, it is commonly known as canal straw
or wild sugarcane (WSC) and occupies approximately 3% of the Panama Canal Basin [16].
Given the challenges associated with the management and disposal of this biomass, alter-
native valorization strategies have been investigated. Previous studies have demonstrated
that WSC can be successfully used as a feedstock for biochar production [1].

One of these processes used to produce biochar from lignocellulosic biomass is gasifi-
cation. Several gasifier configurations can be employed for the thermochemical conversion
of lignocellulosic biomass, among which the top-lit updraft (TLUD) gasifier is a relatively
simple fixed-bed system. In this configuration, biomass is ignited at the top of the reactor,
while a controlled upward airflow sustains the conversion process. Unlike conventional
inert-atmosphere pyrolysis, TLUD operation uses limited air to sustain an autothermal
conversion process and can simultaneously produce a carbonaceous solid and combustible
gases. Its main advantages include relatively simple operation, low external energy re-
quirements, and the possibility of controlling biochar properties through airflow conditions.
However, the oxidative environment also represents a limitation because increasing air-
flow can intensify oxidation and gasification reactions, decrease biochar yield, and modify
surface chemistry and pore development [17,18].

Previous studies have demonstrated the feasibility of producing wild sugarcane
biochar using TLUD gasification and its potential as an adsorbent in aqueous systems. Prens

1

et al. [1] produced S. spontaneum biochars at airflow rates ranging from 8 to 20 L min™" and

evaluated their adsorption behavior toward atrazine. Subsequently, gasification-derived
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wild sugarcane biochar was investigated for the removal of As(Ill) and malachite green
from aqueous solutions [19]. These studies established the adsorptive potential of wild
sugarcane biochar but did not systematically investigate Cu?* and Zn?* adsorption as a
function of the airflow conditions applied during TLUD gasification. Therefore, a specific
knowledge gap remains regarding the relationship between TLUD airflow rate, the resulting
physicochemical characteristics of wild sugarcane biochar, and its adsorption behavior
toward Cu?* and Zn?*.

The present study addresses this gap through the comparative evaluation of wild
sugarcane biochars produced at 8, 12, 16, and 20 L min~—!, with an emphasis on the
relationship between production conditions, physicochemical characteristics, and Cu?*
and Zn2* adsorption performance. The objective of this study is to evaluate the removal
of Cu?* and Zn?* from aqueous media using S. spontaneum biochar produced in a top-lit
updraft gasifier (TLUD). Wild sugarcane biochars were generated at airflow rates of 8, 12,
16, and 20 L min~! to determine how changes in airflow during gasification influence their
physicochemical characteristics and adsorption performance.

The present study was designed to assess the Cu?>* and Zn?** removal performance
of TLUD-produced wild-sugarcane biochar under controlled batch conditions and to
relate that performance cautiously to the pre-adsorption characteristics of the material.
It was not designed to quantify the contributions of individual adsorption pathways.
Consequently, the spectroscopic, diffraction, and model-fitting results are used to describe
material properties and concentration-dependent uptake behavior rather than to provide
direct proof of a molecular adsorption mechanism. Post-adsorption surface and phase
characterization would be required to distinguish between surface complexation, ion
exchange, electrostatic interaction, and mineral precipitation [12,20].

2. Materials and Methods
2.1. Materials and Reagents

Wild sugarcane (Saccharum spontaneum L.) biomass was used as a feedstock for biochar
production. Copper(Il) sulfate pentahydrate (CuSO4-5H,0) and zinc sulfate heptahydrate
(ZnSO4-7H;,0) were used to prepare the Cu?* and Zn?* solutions, respectively. Deionized
water was used for the preparation of all metal solutions.

2.2. Biomass Proximal Analysis and Characterization

The proximate analysis (see Table 1) showed that the WSC feedstock was primarily
composed of volatile matter (80.49 £ 1.49%), followed by ash (5.32 & 3.17%), fixed carbon
(4.72 £ 1.62%), and moisture (9.47 + 1.54%) [1]. These parameters are relevant because
feedstock composition, together with thermochemical conversion conditions, influences
the physicochemical characteristics of the resulting biochar, including its carbon content,
mineral fraction, surface area, and pore development [15,21]. The biomass particle size
ranged from 2 to 4.75 mm.

Table 1. Proximate analysis of Saccharum spontaneum L. feedstock. Data reported by Prens et al. [1].

Parameter Unit S. spontaneum Feedstock
Moisture % 9.47 £1.54
Volatile Matter % 80.49 +1.49
Fixed Carbon % 472 +£1.62
Ash % 532 +3.17
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2.3. Biochar Production

The methodology employed to produce WSC biochar was described in a previous
study [17]. Briefly, the biochar was produced using a custom-built top-lit updraft TLUD
gasifier fabricated at the Universidad Tecnolégica de Panamd, Panama City, Panama. The
TLUD reactor had dimensions of 1.52 m x 0.101 m. The experiment was conducted at
airflow rates of 8, 12, 16, and 20 L min~—!. Air was used as the gasifying agent. The air
was supplied using a Briggs & Stratton air compressor (Briggs & Stratton, Wauwatosa, WI,
USA), while the airflow was controlled with a Bel-Art Riteflow flowmeter (Bel-Art Products,
Wayne, NJ, USA). After igniting the biomass at the top of the reactor, the temperature was
monitored using three K-type thermocouples (KMQIN-125U-4, OMEGA Engineering, Inc.,
Norwalk, CT, USA), shown in Figure 1 as TC-1, TC-2, and TC-3. Temperature data were
recorded on an Onset HOBO UX120 (Onset Computer Corporation, Bourne, MA, USA)
data logger (see Table 2). At the end of the carbonization process, the biochar was left to
cool and stored for later use.

Biochar
Flame Data
direction _@/ Iogger
Biomass

Flowmeter
Air
compressor
Figure 1. Gasification diagram of wild sugarcane biochar. The orange arrow indicates the downward

propagation of the flame front, while the triangle within the air-compressor symbol indicates the
compressed-air outlet toward the flowmeter and the TLUD reactor.

Table 2. Average and maximum temperatures, biochar yield, and surface area obtained during the
carbonization of wild sugarcane.

Biochar Airflow '11: ‘;i;gi l\"l/{:;:i:;n Biochar Surface
- - . o, 2
(Ipm) ture (°C) ture (°C) Yield (%)  Area (m*/g)
BP8 8 369.4 556.7 27.59 4+ 1.88 3.11
BP12 12 406.3 589.3 26.18 4+ 3.90 3.50
BP16 16 395.5 597.6 26.71 +1.24 4.86
BP20 20 441.7 642.0 22.96 + 1.26 11.26

Biochar yield (see Table 2) varied according to the airflow rate applied during TLUD
gasification. Mean biochar yields of 27.59 £ 1.88%, 26.18 = 3.90%, 26.71 £+ 1.24%, and
22.96 + 1.26% were obtained at airflow rates of 8, 12, 16, and 20 L min—!, respectively. Con-
currently, the maximum gasification temperature increased from 556.70 °C at 8 L min !
to 589.37, 597.65, and 642.04 °C at 12, 16, and 20 L min~}!, respectively. A strong in-
verse relationship was observed between maximum temperature and mean biochar yield

(R? = 0.901), indicating that higher gasification temperatures were associated with lower
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solid product recovery. This trend was particularly evident at 20 L min~!, which resulted in
the highest maximum temperature (642.04 °C) and the lowest biochar yield (22.96 £ 1.26%).
Higher gasification temperatures promote biomass devolatilization and the conversion of
the solid carbonaceous fraction into gaseous and condensable products, thereby reducing
biochar yield. Moreover, in TLUD gasification, increased airflow can intensify oxidation
and gasification reactions, resulting in greater consumption of the carbonaceous solid phase.
Similar behavior has been reported for TLUD systems, in which increasing airflow de-
creased biochar yield, while broader studies have also demonstrated an inverse relationship
between conversion temperature and biochar yield [15,17].

The BET specific surface area increased from 3.11 m? g~! for BP8 to 11.26 m? g~! for
BP20 as the maximum TLUD temperature increased. This trend indicates that the higher-
airflow conditions increased the surface area accessible to nitrogen under the measurement
conditions. Gas-physisorption analysis can provide complementary information on pore
volume and pore-size distribution when the complete adsorption—desorption isotherm is
available [17]. Because total pore volume and pore-size distribution were not determined
for the present samples, the results do not establish how micro-, meso-, or macroporosity
varied among BP8-BP20. The BET values are therefore interpreted as comparative textural
descriptors and not as evidence that physical adsorption dominated Cu?* or Zn?* uptake.

2.4. Biochar Characterization

A Fourier Transform Infrared (FTIR) analysis of the feedstock and the biochar was
performed using an Agilent Technologies Cary 600 spectrometer (Agilent Technologies,
Santa Clara, CA, USA). The analyses were performed over a wavenumber range of
400 to 4500 cm~!. Furthermore, a Raman spectroscopic analysis was conducted to de-
termine the composition of the biochar. The Raman analysis was performed with a Thermo
Raman DXR spectrophotometer (Thermo Fisher Scientific, Madison, WI, USA) featuring
a laser with a wavelength of 532 nm. Peak deconvolution was performed using Fityk
software (Fityk, version 1.3.1). X-ray diffraction (XRD) patterns were determined using
a Rigaku Ultima III X-ray diffractometer (Rigaku Corporation, Akishima, Tokyo, Japan)
with CuK« radiation (A = 1.5406 A) and an angular region of 26 = 10-80° and 0.05° step
scanning [17].

2.5. Adsorption Experiments and Isotherms Modeling

Copper(Il) sulfate pentahydrate (CuSO4-5H,O; Supelco, Merck KGaA, Darmstadt,
Germany) and zinc sulfate heptahydrate (ZnSO;-7H,O; Supelco, Merck KGaA, Darmstadt,
Germany) were used to prepare the Cu?* and Zn?* solutions, respectively. The correspond-
ing salts were dissolved in 1.75 L of deionized water. Five initial metal concentrations, 1,
5,10, 20, and 30 mg L', were evaluated to investigate the adsorption behavior of Cu?*
and Zn?*. All adsorption experiments were performed in triplicate to ensure experimental
reproducibility and to assess the variability of the measurements. Cu?* and Zn** adsorp-
tion experiments were conducted independently as single-solute systems. No binary Cu?*
and Zn?* adsorption experiments were performed. For each batch adsorption experiment,
100 mL of metal solution was placed in a 200 mL polypropylene container, followed by the
addition of 0.1 g of biochar. The suspensions were agitated at 300 rpm for a fixed contact
time of 6 h. This contact period was selected as a conservative experimental condition
based on previous biochar adsorption studies in which Cu?* and Zn?* uptake approached
equilibrium within approximately 2—4 h, although the required contact time varied ac-
cording to the physicochemical properties of the adsorbent [22-24]. Because independent
kinetic experiments were not performed with the wild sugarcane biochars evaluated in
this study, equilibrium attainment at 6 h could not be experimentally verified. Therefore,
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the 6 h period should be interpreted as a standardized contact time used for comparison
among treatments rather than an experimentally determined equilibrium time.

The pH was maintained within a narrow range of 6.3-6.5 to provide consistent experi-
mental conditions among the adsorption treatments. Previous studies have demonstrated
that solution pH significantly affects Cu** and Zn?* adsorption by biochar through its in-
fluence on the protonation and deprotonation of surface functional groups, biochar surface
charge, and aqueous metal speciation [22,23]. High adsorption of Cu(Il) and Zn(II) has been
reported within mildly acidic pH ranges, particularly around pH 5-6 [22,23]. However,
because pH-dependent adsorption experiments were not conducted in the present study;,
the selected pH range should not be interpreted as an experimentally optimized condition.
The influence of pH and associated changes in metal speciation were therefore considered
limitations of the experimental design.

Following the 6 h contact period, the suspensions were gravity-filtered using cellu-
lose filters with a pore size of 14-18 um (Whatman International Ltd., Maidstone, UK).
A second filtration step was subsequently performed using 0.45 pm nylon syringe filters.
The final Cu?* and Zn?* concentrations were determined using a Shimadzu AA-7000 flame
atomic absorption spectrophotometer equipped with an ASC-7000 autosampler (Shimadzu
Corporation, Kyoto, Japan). For adsorption-model fitting, the metal concentration mea-
sured after the standardized 6 h contact period was operationally denoted as (C,), and the
corresponding adsorption capacity, (g.) (mg g~ '), was calculated according to Equation (1).

o (G "

m

where (Cp) is the initial metal concentration (mg L), (C,) is the metal concentration
measured after the standardized 6 h contact period (mg L1, (V) is the solution volume (L),
and (m) is the mass of biochar (g). The use of (C.) and (g.) follows conventional adsorption-
isotherm notation. However, because equilibrium attainment was not independently
verified by kinetic experiments, these variables represent the operational endpoint adopted
for the present adsorption experiments.

The concentration-dependent adsorption data obtained after the standardized 6 h
contact period were fitted using the Langmuir, Freundlich, and Temkin models to com-
pare the adsorption behavior of the different biochars. Langmuir and Freundlich were
selected to provide complementary descriptions of concentration-dependent adsorption
behavior, while the Temkin expression was included as an additional empirical model
that incorporates an adsorption-energy term varying with surface coverage. Temkin was
therefore used for comparative model fitting rather than as independent evidence of a
specific adsorption mechanism.

The Langmuir model was expressed according to Equation (2).

_ qmKr Ce
= () @

K| is the Langmuir constant (L mg~!), and g, represents the apparent maximum
adsorption capacity predicted by the model (mg g~?!). The dimensionless separation factor,
(Rp), was calculated according to Equation (3).

&= (1 mey) ©

R parameter:
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The model proposed by Freundlich is shown in Equation (4).
_ ()
ge = | KrCe 4)

where Kr is the constant of the Freundlich ((mg g_l)(L mg_l) n~!) and n is the
Freundlich index.
Finally, Temkin’s model, proposed by Temkin and Pyzhev, is shown in Equation (5).

e = <I;T>ln(ATCg) 5)
T

where (br) is the Temkin constant associated with adsorption energy (J mol~'), (Ar) is the
Temkin binding constant (L mg~!), (R) is the universal gas constant (8.314 ] mol~! K1),
and (T) is the absolute temperature of the solution (K). For reporting purposes, B = IE—Z

was also calculated. Because adsorption equilibrium was not independently confirmed, the
parameters derived from the Langmuir, Freundlich, and Temkin models were interpreted
comparatively under the standardized 6 h experimental condition.

The efficiency E (%) of biochar was calculated using Equation (6).

o CO_Ce
E< c )><100 (6)

0

2.6. Data Analysis

Statistical analyses were performed using InfoStat software (InfoStat, version 2020,
Centro de Transferencia InfoStat, FCA, Universidad Nacional de Cérdoba, Cérdoba, Ar-
gentina). All adsorption experiments were performed in triplicate (n = 3). Differences
among initial concentrations were evaluated using Tukey’s test at a significance level of
p <0.05.

2.7. Al-Assisted Figure Preparation

ChatGPT (OpenAl) was used to generate the visual design of Figure 7 based on in-
structions provided by the authors. The authors reviewed the proposed mechanisms, labels,
and visual elements for scientific accuracy and take full responsibility for the final figure.

3. Results and Discussion
3.1. FTIR Characterization

As shown in Figure 2, the feedstock exhibited a broad peak between 3000 and
3600 cm !, with its center at 3400 cm~!. The broad peak in this range is associated with
hydroxyl functional groups, which can be alcohols and phenols [25]. Wild sugarcane feed-
stock also exhibited peaks at 2856 and 2915 cm ™!, corresponding to stretching vibration
of -CH groups [26]. Furthermore, the FTIR analysis showed small peaks between 900 and
1770 cm~! associated with stretching vibrations of various functional groups [27,28]. The
FTIR spectrum of wild sugarcane is similar to those of other perennial grasses.

However, after carbonization, the peaks observed in the biochar differed from those
in the feedstock. The four biochar samples (BP8, BP12, BP16, and BP20) showed a wide
peak between 3150 and 3600 cm !, often attributed to the -OH functional groups. The
absorbance of these peaks increased after carbonization, showing a higher absorbance in
BP12, which may be caused by oxidation of the raw material. Furthermore, the decrease in
BP16 and the subsequent increase in BP20 suggests a change in the hydrogen structure. Diez
and Pérez reported a similar phenomenon when producing biochar in a TLUD gasifier. The

carbonization process of WSC also caused a decrease in the peaks at 2856 and 2915 cm ™!,
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suggesting the degradation of the aliphatic structure with increasing temperature [18].
These peaks are more noticeable in BP8, indicating a lower degree of carbonization [18,26].

3.0 o —

——BP8
] - —BP12
Bk —BP16
25 —::WW/ ——BP20
W\ —— Wild sugarcane
= c=0
o 20 -\"\/\\
- e G-0
8 i \\\ /
=
8 154 \
o
[72] 4
O
<
1.0 S
05 -\/\/\\
' b J
L | 4 1 1

O L | P ] | |
4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber (cm™)

Figure 2. FTIR analysis for wild sugarcane biochar and feedstock samples.

A peak appeared at 2343 cm ! in the biochar spectra, attributed to the stretching of
ketone functional groups and CO; peaks [18,26]. The appearance of these peaks suggests
successful oxidation of the biochar via the TLUD gasification method. Among the four
biochars, BP12 and BP20 exhibited higher absorbance at 2343 cm™ 1, indicating more
prominent spectroscopic features associated with the corresponding functional groups.

The peak present at 1581 cm ™! corresponds to aromatic groups of -C=C and -C=0,
attributed to the degree of aromatization in biochar. As noted above, BP12 exhibits a higher
absorbance of this peak when compared to the other three WSC biochars, suggesting a
higher degree of aromatization and oxidation. The carbonization process also increased the
absorbance at 1378 cm 1. An increase in this peak can be attributed to aliphatic groups [29]
and carbonate [25]. The higher absorbance observed for BP12 suggests more prominent
spectroscopic features associated with hydrogen- and oxygen-containing functional groups.

At the end of the carbonization process, the peak observed at 1024 cm~! in the
feedstock shifted to 1100 cm~!. The shift may be associated with the thermal degrada-
tion of cellulose and hemicellulose and with the increasing relative contribution of inor-
ganic mineral components in the biochar [29,30]. The WSC biochar exhibited small peaks
at 609 and 871 cm ™!, attributed to -OH and -CH groups, respectively [31-33]. Oxygen-
containing surface functional groups, particularly hydroxyl (-OH) and carboxyl (-COOH)
groups, play a fundamental role in Cu(Il) adsorption, as they can act as active coordination
sites and form stable surface complexes with copper ions [34]. Additionally, the peak
at 458 cm~! is attributed to the stretching of -C-C groups due to increased aromaticity
following degradation of organic material [35].

3.2. Raman Characterization

The deconvolution of the peaks in the Raman analysis was performed using the
methodology proposed by Li et al. (2006) [36]. This methodology is applicable to biomass-
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derived carbon. The Raman analysis showed that the WSC biochar exhibited -C=0, -C-C,
-C-H functional groups [36]. Table 3 presents the Gaussian bands used for the analysis.

Table 3. Raman bands, according to Li et al. This method uses ten bands in the 800 to 1700 cm~1
range [36].

Wavenumber (cm—1) Band Name Characteristics
800-960 R -C-C groups of alkanes and cyclic alkanes
1060 Sr -C-H groups in aromatic rings
1185 S -C-C groups in hydroaromatic Rings
1230 S, Aryl-alkyl ethers
1300 D -C-C bonds between aromatics, with at least six rings
1380 VR Amorphous carbon structures
1465 VL Amorphous carbon structures
1540 Gr Amorphous carbon structures
1590 G Graphite Ep, vibration
1700 GL Carbonyl group -C=0

As can be seen in Figure 3, BP8 showed seven Gaussian bands, namely R, SR, S, D, VR,
GR, and G. The R band present in BP8 suggests the presence of -C-C functional groups, such
as alkanes and cyclic alkanes. Furthermore, the SR and S bands indicate the existence of
hydroaromatic groups, while the D band suggests that the aromatics have at least six rings.
The presence of VR and GR bands in BP8 suggests that the graphitization process was
incomplete, as there were some amorphous structures on the surface of the biochar [37].
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Figure 3. Raman analysis and Gaussian peak deconvolution of WSC biochar samples produced
at airflow rates of (a) 8, (b) 12, (c) 16, and (d) 20 L min—!. The black/ gray line represents the
experimental Raman spectrum, the orange line represents the sum of the fitted components, and the
colored curves represent the individual Gaussian bands used for peak deconvolution. Increasing the
airflow rate caused a decrease in overall intensity.

As the airflow rate increased, BP12 exhibited two more bands, VL and GL, at
1465 and 1700 cm ™!, respectively. On the one hand, the appearance of the VL band suggests
the presence of more amorphous carbon structures. However, as shown in Figure 3, the
intensity of GR decreased. The appearance of VL and the decrease in GR band inten-
sity indicate the formation of a different type of amorphous structure, namely methylene
functional groups [36]. On the other hand, the presence of the GL band indicates a more
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prominent spectroscopic contribution associated with carbonyl functional groups, which
can be attributed to the increased airflow rate. Furthermore, the intensity of the G band
increased, suggesting that BP12 exhibited a higher degree of graphitization than BP8 [38].
A further increase in airflow rate caused a decrease in the overall intensity of the
Raman bands. The reduction in intensity is often linked to the homogenization of the
material’s surface. Furthermore, BP16 lacked the GL band, which can be attributed to
the degradation of -C=O bonds. The VL band also decreased, indicating a less prominent
spectroscopic contribution associated with methylene-related features [37]. In addition, the
GR band was higher than the G band, which can be attributed to a lower graphitization
of the biochar. Lastly, BP20 exhibited the lowest overall intensity among the four WSC
biochars, indicating an even higher degree of homogenization compared with the other
biochars. In addition, the G band exhibited a higher peak intensity than the GR band,
suggesting more graphitic structures as the airflow rate increased (see Table 4) [39].

Table 4. Intensity of Gaussian bands present in canal straw biochars. Based on the method proposed
by Li and colleagues [36].

. Intensity
Biochar
R Sr S SL D VR Vi Gr G Gr
BP8 4.576 17.41 45.19 0 89.70 88.81 0 118.2 87.11 0
BP12 3.929 18.39 43.78 0 93.22 93.60 69.54 55.59 147.1 18.38
BP16 4.773 16.17 37.66 0 78.64 68.41 2.551 97.43 68.15 0
BP20 6.129 5.816 24.59 0 46.30 42.56 4.242 50.67 54.48 0

Raman analysis showed that WSC biochar exhibited behavior similar to that of other
biochars (Table 5). Similarly, Zhang et al. produced seaweed biochar. They observed
that carbon formation started at 400 °C, suggesting restructuring of the internal structure
of the biochar. When the biochar was restructured, ID/IG and ID/Iyr+vi.+GRr) ratios of
0.67 and 0.36, respectively, were observed. By increasing the temperature to 500 °C, the
authors observed an increase in both ratios, to 0.72 and 0.56, respectively. They attributed
this change to an increase in larger hydrocarbons, as part of the cross-condensation between
small aromatics [40].

Table 5. Raman intensity ratio in WSC biochars.

Maximum

Biochar Temperature (o C) ID/I(VR+VL+GR) ID/IG
BP8 556.7 0.4333 1.029
BP12 589.3 0.4261 0.6337
BP16 597.6 0.4670 1.153
BP20 642.0 0.4750 0.8498

In contrast, increasing the temperature to 600, 700, and 800 °C caused both ratios to
decrease. Zhang et al. attributed the reduction to the downsizing of the biochar’s hydrocar-
bon systems. Likewise, the total Raman area decreased with increasing temperature. This
reduction was shown to be consistent with the decrease in oxygen in the biochar [40].

3.3. X-Ray Diffraction (XRD) Characterization

The XRD analysis provides information on the chemical and structural composition
of the biochar, as shown in Figure 4. The results of the XRD analysis show that WSC
biochars are amorphous, which is characteristic of organic materials with a high presence
of cellulose, hemicellulose, and lignin [41]. The four biochar samples also exhibited a broad
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peak in the 26 range of 20° to 30°. This peak is attributed to amorphous carbon structures,
with an indexed plane of (0 0 2) [40,42]. Goswami et al. reported that peak intensity may
increase with increasing temperature. However, this study observed no change in the
amorphous carbon peak. This may be due to the lack of significant differences among the
biochar production temperatures [25].
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~ | 28237 §
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Figure 4. XRD analysis of WSC biochars produced at different airflow rates.

For BPS, strong peaks were observed at 26 = 28.30° and 40.45°. The first peak (28.30°)
can be attributed to the presence of potassium iodate (KIO3) [43] and fluorite (CaF;) [44].
Additionally, the peak at 40.45° is attributed to the presence of potassium [45] and sodium
in analcime [46]. On the other hand, BP12 showed peaks at 20 = 28.23° and 40.37°. The
peak at 28.23° is attributed to silicon oxide (S5iO;) in its indexed plane (1 1 6) [47], as well as
the presence of chitosan [48]. The peak at 40.37° suggests the presence of Fe304 and silicon
(510;) in its plane (2 0 0) [49,50].

In the case of BP16, two peaks were observed at 28.35° and 40.52°. The peak at 28.35°
suggests the presence of calcium in the form of CaTiOj in its plane (2 2 0) [51] and in the
form of montmorillonite [52]. In addition, it suggests the presence of silicates. The peak at
40.52° is attributed to the presence of potassium chloride (KCl) [53] and diffraction (1 1 3)
of calcium carbonate (CaCOj3) [54]. BP20 also showed a peak at 20 = 28.23°, indicating
the presence of SiO, [47]. In addition, it showed a peak at 40.36°, attributed to Gibbsite
(AL(OH)3) [44] and the presence of silicon and aluminum [55].

The pre-adsorption FTIR and Raman results indicate the presence of oxygen-
containing and carbonaceous surface functionalities in the WSC biochars, while XRD
describes crystalline and amorphous features of the starting materials. These characteristics
may influence metal uptake, but they do not demonstrate which surface groups reacted
with Cu?* and Zn2* or whether new metal-bearing phases formed during adsorption. In
addition, XRD identifies diffraction patterns associated with crystalline phases; it does not
directly determine elemental composition. The phase assignments discussed here should
therefore be considered tentative unless supported by validated database matching and
complementary elemental analysis.

3.4. Contaminant Removal

Among the four WSC biochars, BP12 was selected for the Cu?* and Zn?* adsorption
experiments based on its overall physicochemical profile rather than on specific surface
area alone. Although BP20 exhibited the highest BET specific surface area, 11.26 m? g~
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compared with 3.50 m? g~ for BP12, the spectroscopic characterization of BP12 showed
more prominent features associated with oxygen-containing surface functionalities. FTIR
analysis showed comparatively stronger signals assigned to oxygen-containing groups in
BP12, while Raman analysis identified the GL band at approximately 1700 cm ™! only in
BP12 among the evaluated biochars. This band is associated with carbonyl C=O function-
alities. This distinction is relevant because heavy-metal sorption by biochar is governed
by both physical and chemical surface properties and is not determined by specific sur-
face area alone. Oxygen-containing functionalities, including hydroxyl, carboxyl, and
carbonyl groups, may contribute to metal uptake through surface complexation and ion-
exchange processes [27,38,56-58]. Increasing thermal severity can promote surface area
and pore development while simultaneously altering or reducing oxygen-containing sur-
face functionalities [15,21,59,60]. Therefore, BP12 was selected as a characterization-based
compromise between surface development and the preservation of oxygen-containing
functionalities potentially relevant to Cu** and Zn?* uptake.

3.4.1. Removal Efficiency

As shown in Figure 5, BP12 exhibited removal efficiencies of 70-90% for copper and
83-94% for zinc. No linear relationship was observed between initial metal concentration
and removal efficiency. The greatest zinc removal occurred at a concentration of 1 mg/L
and then decreased as Cj increased to 5 mg/L. However, the removal efficiency increased
as Cp increased. This behavior may be related to concentration-dependent interactions
involving Zn?* ions and available adsorption sites. However, the present data do not allow
a specific interaction mechanism to be established [61,62].
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—=— Efficiency o —=—Zn q, (mg/g) 95
35 354 N —=— Efficiency
P 90
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80 85
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Figure 5. BP12 removal capacity and removal efficiency for (a) Cu?* and (b) Zn%* as a function of the
initial concentration (Cy). Error bars represent the standard deviation of triplicate experiments (1 = 3).
Different letters indicate significant differences in adsorption capacity among initial concentrations
according to Tukey’s test (p < 0.05).

Adsorption capacity increased with increasing initial concentration for both copper
and zinc. The experimental removal capacity of copper reached 23.5 mg/g, while zinc
removal was higher at 26.9 mg/g. Although Zn?* exhibited a higher experimental uptake,
the adsorption-model results should be interpreted cautiously, as discussed in the following
section. Significant differences in adsorption capacity were observed among the initial
concentrations (p < 0.05).
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3.4.2. Adsorption Isotherms

Figure 6 shows the fit of the experimental removal data using the Langmuir, Fre-
undlich, and Temkin models. The Langmuir, Freundlich, and Temkin expressions were
fitted to the concentration-dependent Cu?* and Zn?* uptake data obtained after the stan-
dardized 6 h contact period. For Cu?*, all three models produced R? values greater than
0.83, with the Langmuir expression showing the highest R?> and an apparent maximum
adsorption capacity of 42.3 mg g~ (Table 6). For Zn?*, the Freundlich expression showed
the highest R?, while the Langmuir model did not converge and the maximum observed
uptake was 26.9 mg g~ ! (Table 7).
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Figure 6. Adsorption isotherms for (a) copper and (b) zinc.

Table 6. Isotherm parameters for copper and zinc removal using BP12.

Langmuir Freundlich Temkin
Metal K b
o1 L 2 2 o—1 T 2
qm(mg g ) (L-mg*l) R RL n KF R AT (L g ) B (]-mol*l) R
Cu?* 42.387 0.202 0.867 0.141-0.831 1506  7.097  0.837 2.89 7.66 323.2 0.857
Zn%* - - - - 0522 2946 0.933 10.645 5.001 495.3 0.580

These models provide empirical descriptions of the dataset obtained in the present
study. Preference for one model, or the non-convergence of another, does not uniquely
establish monolayer adsorption, chemisorption, physical adsorption, surface heterogeneity,
or adsorbate-adsorbate interactions. Mechanistic interpretation requires independent
physicochemical evidence and careful consideration of the terminology and assumptions
associated with adsorption models [63].

Because equilibrium was not independently verified through kinetic experiments, the
fitted parameters are interpreted as parameters corresponding to the adopted operational
endpoint rather than as confirmed equilibrium constants or capacities.

Metal uptake by biochar can involve several concurrent processes, including elec-
trostatic interaction, ion exchange, complexation with oxygen-containing surface groups,
and precipitation with mineral components (Figure 7) [12,20,64]. The pre-adsorption FTIR,
Raman, BET, and XRD results show that BP12 possesses characteristics that are compatible
with more than one of these pathways. However, compatibility alone does not demonstrate
that a particular pathway occurred.
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Proposed CuZ* and Zn2* removal pathways by BP12 biochar
Separate single-solute systems
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Figure 7. Proposed mechanisms for Cu?>* and Zn?* removal by BP12 biochar under single-solute
experimental conditions. This figure was generated with the assistance of ChatGPT (OpenAl) to
create the visual design based on instructions provided by the authors. The authors reviewed the
figure for scientific accuracy and take full responsibility for its content.

No post-adsorption XPS, FTIR, XRD, or SEM-EDS analyses were performed, and
changes in dissolved counterions or mineral components were not quantified. Conse-
quently, the present data demonstrate Cu?>* and Zn?* uptake but do not identify the
dominant pathway or verify the formation of Cu- or Zn-bearing phosphate or carbonate
phases. These possibilities should be tested in future work using paired pre- and post-
adsorption characterization. XPS could examine surface chemical states, FTIR could identify
reproducible changes in functional-group bands, SEM-EDS could assess the presence and
distribution of Cu and Zn on sampled surfaces, and post-adsorption XRD could test for
newly formed crystalline phases. Because poorly crystalline, amorphous, low-abundance,
or surface-limited products may not be detected by XRD alone, the results obtained from
these techniques should be interpreted together rather than individually.

The adsorption experiments conducted in the present study were performed using
single-solute systems. Therefore, the adsorption capacities obtained for Cu?>* and Zn2?*
represent their individual interactions with WSC biochar in the absence of competition
from the other metal ion. In multicomponent aqueous systems, coexisting metal ions can
compete for available adsorption sites, including oxygen-containing functional groups,
ion-exchange sites, and mineral-associated binding sites, thereby modifying both adsorp-
tion capacity and selectivity. Chen et al. reported competitive adsorption between Cu®*
and Zn?* on hardwood- and corn-straw-derived biochars, particularly when both metal
concentrations were equal to or greater than 1.0 mM. Cu?* adsorption was only slightly
affected by the presence of Zn?*, whereas Cu?* exerted a stronger competitive effect on
Zn?* adsorption [12]. Similarly, Soudani et al. observed antagonistic adsorption behavior
for Cu?*, Cd?*, and Zn?* in binary systems, demonstrating that adsorption capacities
obtained under single-solute conditions cannot necessarily be extrapolated to multicompo-
nent systems [65]. Preferential adsorption of Cu®* over Zn?* has also been reported and has
been associated with stronger Cu-O interactions and more favorable adsorption energies
at oxygen-containing binding sites [66]. However, because binary Cu?*-Zn?* experiments

https:/ /doi.org/10.3390/applbiosci5040087


https://doi.org/10.3390/applbiosci5040087

Appl. Biosci. 2026, 5, 87

16 of 21

were not performed in the present study, competitive adsorption and selectivity of WSC
biochar toward these metals cannot be established from the present results. Further studies
using binary and multicomponent systems are required to determine the behavior of WSC
biochar under conditions more representative of complex aqueous matrices.

Under the investigated single-solute conditions, Zn?* exhibited a slightly higher ex-
perimental adsorption capacity than Cu?*. However, the differences observed between
Cu?* and Zn?* uptake should not be attributed solely to electronegativity. Metal ad-
sorption by biochar is governed by multiple ion-specific and adsorbent-specific factors,
including metal speciation, hydrated ionic radius, hydration characteristics, affinity toward
oxygen-containing surface functional groups, surface charge, mineral composition, and
ion-exchange interactions [58,67]. Pan et al. reported stronger Cu—O interactions and more
favorable adsorption energies for Cu?* than for Zn?* on a carboxylated biogas-residue
adsorbent, where carboxyl groups were identified as the main adsorption sites [66]. Nev-
ertheless, the relative adsorption behavior of Cu?>* and Zn?* depends strongly on the
physicochemical characteristics of the biochar, solution chemistry, metal concentration, and
the presence of competing ions [12]. Therefore, the differences observed in the present
study cannot be assigned to a single physicochemical property of the metal ions.

Regeneration and end-of-life management are important considerations for the prac-
tical application of biochar adsorbents. Previous studies have shown that metal-loaded
biochars can be regenerated through chemical desorption, although regeneration efficiency
depends on the adsorption mechanism, surface functional groups, pore structure, and
strength of the adsorbate—adsorbent interactions [68,69]. For example, Lin et al. demon-
strated that an oxidized biochar used for Cu?* and Zn?* removal could be regenerated using
HCl while maintaining relatively consistent adsorption performance over ten adsorption—
desorption cycles [70]. However, regeneration may also generate a secondary concentrated
waste stream containing the desorbed metals, which requires appropriate treatment or re-
covery. In addition, inappropriate disposal of spent adsorbents may pose a risk of secondary
contaminant release, making recovery, regeneration, and controlled management important
components of adsorption-based wastewater treatment [71]. Regeneration, reusability, and
the leaching stability of Cu?* and Zn?* loaded WSC biochar were not evaluated in the
present study and therefore remain subjects for future investigation.

Table 7. Removal of copper and zinc with different biochars. NR indicates “not reported,” whereas
NR * indicates “not explicitly reported”.

Biochar Feedstock Metal Ad.s orption 1 pH Initial COIIC(iI;tI‘atlon Contact Time  Reference
Capacity (mg g~1) (mg L-1)
i * Cu?* 423 6.3-6.5 1-30 6h .
Wild sugarcane . 72t 2.9 6365 1-30 6h This study
Tobacco Stalk Cu?t 428 NR * 5-2000 12h [72]
Jatropha curcas seeds Cu?* 32.8 5.0 NR NR [73]
. Zn?* 38.6 5.0 100 4h
Rice straw Cu?* 56.5 5.0 100 4h 271
. Cu?* 41.9 5.53 1-100 4h
Oal fruit peel Zn2* 27.0 5.53 1-100 4h [65]
Chlorella sp. residue Zn2+ 21.3 6 50-400 0.13h [74]
Banana Peels Cu?* 20.6 NR NR NR 3]
Marine macroalgae Zn** 20.1 NR NR NR
Cu?* 11.4 5.0 6.4-384 24h
Apple Tree Branches Zn2* 102 5.0 6.5-390 24h [68]

* For the present study, the Cu?* value corresponds to the apparent Langmuir maximum capacity,
whereas the Zn?* value corresponds to the maximum observed uptake because the Langmuir model
did not converge.
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4. Conclusions

1.  Wild sugarcane (Saccharum spontaneum L.) can be converted into biochar through
TLUD gasification, providing a potential valorization pathway for this biomass.

2. Wild-sugarcane biochar demonstrated the ability to remove both Cu?* and Zn?* from
synthetic aqueous media under the investigated batch conditions.

3. BP12 was selected for the adsorption experiments based on its overall physicochemi-
cal profile and the comparatively prominent spectroscopic features associated with
oxygen-containing surface functionalities. This selection was based on pre-adsorption
characterization and should not be interpreted as evidence that BP12 exhibited a
higher adsorption capacity than BP8, BP16, or BP20, which were not evaluated in the
metal adsorption experiments.

4. BP12 removed both Cu?* and Zn?* from synthetic aqueous solutions during the
standardized 6 h contact period. The Langmuir expression yielded an apparent
maximum Cu®* capacity of 42.3 mg g~!, whereas Zn?* uptake reached 26.9 mg g !
and was best described by the Freundlich expression among the tested models.

5. These findings support the potential of wild-sugarcane biochar as a minimally pro-
cessed adsorbent and as a pathway for invasive-biomass valorization. However, the
experiments did not establish adsorption equilibrium, compare Cu?* and Zn?* uptake
across all four biochars, or determine a dominant adsorption mechanism. In addition,
the non-convergence of the Langmuir model for Zn?* prevented estimation of a model-
derived maximum adsorption capacity, limiting the extrapolation and prediction of
Zn2* removal performance beyond the investigated experimental conditions.

6.  Future work should include kinetic experiments, full gas-physisorption analysis,
paired pre- and post-adsorption XPS and FTIR, SEM-EDS mapping, post-adsorption
XRD, regeneration tests, and validation in complex water matrices.
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