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Abstract

This study investigates how the inclusion of refuse-derived fuel (RDF) alters the surface
chemistry and electrostatic behavior of oak-based biochar. Biochars were produced using
downdraft gasification at 850 ◦C from 100% oak (HW) and a ternary blend comprising 50%
oak, 30% pine, and 20% RDF (HW/SW/RDF). Characterization using Fourier transform
infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS), zeta potential, pH,
and electrophoretic mobility was conducted to assess surface functionality and colloidal
behavior. The RDF-containing biochar exhibited a 43.3% increase in surface nitrogen content
(from 0.24% to 0.90%) and a 6.6% rise in calcium content (from 2.07% to 2.27%) alongside
the introduction of chlorine (0.20%) and elevated silicon levels (0.69%) compared to RDF-
free counterparts. A concurrent reduction in oxygen-containing functional groups was
observed, as O1s decreased from 15.75% in HW to 13.37% in HW/SW/RDF. Electrokinetic
measurements revealed a notable decrease in zeta potential magnitude from −31.5 mV in
HW to −24.2 mV in HW/SW/RDF, indicating diminished surface charge and colloidal
stability. Moreover, the pH declined from 10.25 to 7.76, suggesting a loss of alkalinity
and buffering capacity. These compositional and electrostatic shifts demonstrate that RDF
inclusion significantly modifies the surface reactivity of biochar, influencing its performance
in catalysis, ion exchange, and nutrient retention. The findings underscore the need for
tailored post-treatment strategies to enhance the functionality of RDF-modified biochars in
environmental applications.

Keywords: biochar; surface chemistry; refuse-derived fuel (RDF); oak-based biomass zeta
potential; electrophoretic mobility

1. Introduction
Biochar continues to gain prominence in environmental technology due to its unique

surface chemistry and potential for carbon stabilization, contaminant adsorption, and soil
pH modulation. The efficacy of biochar in these applications is largely governed by its
surface functionality, including the abundance of oxygen-containing groups, mineral inter-
actions, and electrostatic properties. These characteristics are, in turn, highly dependent on
both the feedstock composition and the thermochemical conversion process employed [1,2].

Among the various production methods, downdraft gasification provides a consistent
and scalable route to generate biochar under high-temperature conditions, typically above
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800 ◦C. Biochar produced at such elevated temperatures tends to exhibit lower volatile
content, higher carbon purity, and more ordered carbon structures [3–7]. However, while
high-temperature gasification improves thermal properties, it also significantly affects the
chemical functionality on the biochar surface, often leading to a reduction in polar and
acidic groups that are vital for ion exchange and adsorption processes [5,8].

Feedstock selection plays a central role in determining the chemical nature of biochar
surfaces. Oak, a hardwood with a dense lignocellulosic structure, is commonly used for its
ability to yield structurally stable and chemically consistent biochar [9]. In recent years,
there has been increasing interest in integrating non-traditional materials such as refuse-
derived fuel (RDF) into the gasification process [10,11]. RDF consists of various processed
municipal waste components and introduces a heterogeneous mixture of organics, inorgan-
ics, and synthetic materials. When combined with wood biomass in gasification, RDF has
been shown to alter the elemental and ash composition of the resulting char. However, its
impact on surface chemistry and electrostatic behavior, particularly when gasified at high
temperatures in a downdraft reactor, remains poorly understood [12–14].

Biomass-derived graphene quantum dots (GQDs) produced using green hydrothermal
methods have shown that organic waste can yield uniform nanoscale materials with high
optical performance. These GQDs, rich in oxygen- and nitrogen-based surface groups,
combine stability with enhanced reactivity, underscoring the value of waste-derived carbon
nanomaterials for catalytic, sensing, and remediation uses—aligning closely with the
objectives of RDF-modified biochar [15].

The novelty of this study lies in its focused investigation of RDF-modified biochar
surface properties through a rigorous combination of XPS, FTIR, zeta potential, and pH-
based surface charge analysis. While earlier studies have acknowledged the compositional
effects of RDF, yield, and energy composition, few have explored in depth how RDF-
induced chemical variability directly influences surface charge dynamics, functional group
abundance, and electrostatic buffering behavior. This study uniquely quantifies RDF’s
influence at both the molecular and electrochemical levels, highlighting its significance in
tailoring biochar for targeted environmental applications [4,16].

This study addresses this gap by examining the surface chemical and electrosurface
properties of biochar produced from 100% oak (HW); a blend of oak and pine in a 1:1 ra-
tio; and a blend of 50% oak, 30% pine, and 20% RDF. All the samples were generated
using a downdraft gasifier operated at 850 ◦C to ensure consistent thermal history. The
study focuses on characterizing surface functional groups using Fourier transform infrared
spectroscopy (FTIR), identifying elemental surface composition via X-ray photoelectron
spectroscopy (XPS), and evaluating surface charge behavior through zeta potential mea-
surements, pH analysis, and electrophoretic mobility [17].

To achieve a detailed understanding of these transformations, the study leverages
complementary characterization tools: XPS for surface elemental profiling and oxidation
state identification, FTIR for functional group analysis, zeta potential for assessing electro-
static stability and colloidal dispersion, and pH measurements to evaluate surface alkalinity
and buffering behavior. These techniques collectively provide mechanistic insight into how
RDF alters the surface chemistry interface of biochar, enabling more informed decisions on
its environmental deployment [18–20].

The objective is to determine how RDF inclusion alters surface acid-base character-
istics, charge potential, and chemical composition at the micro-scale. Such properties are
critical for evaluating the suitability of biochar in environmental applications where ion
exchange, contaminant adsorption, or colloidal stability play a significant role. By isolating
RDF’s influence on surface reactivity, this study provides insight into how waste-derived
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feedstocks affect the interfacial behavior of biochar and informs future efforts in tailoring
biochar for specific environmental functions [1,21,22].

Furthermore, this work responds to existing research gaps by explicitly addressing
the variability of RDF composition—a factor often overlooked in prior studies. Municipal
RDF streams vary in plastic, organic, and inorganic content, which in turn impacts the
reproducibility and performance of RDF-amended biochar. This study examines how such
variability affects elemental enrichment (e.g., N, Ca, Cl, Si), functional group distribution,
and overall surface reactivity, thereby shedding light on the complex interplay between
RDF heterogeneity and biochar functionality [23,24].

Past investigations have explored RDF addition at various levels, yet few have system-
atically correlated RDF proportion with zeta potential, functional group shifts, and changes
in electrochemical stability. This work fills that void by offering a detailed physicochemical
mapping of RDF effects in a controlled 20% RDF blend—a proportion representative of
real-world scenarios—while setting the stage for future studies involving graded RDF
additions and post-treatment enhancements [12].

2. Materials and Methodology
The biochar samples investigated in this study were prepared from selected biomass

feedstocks using a downdraft gasifier operated at a controlled temperature of 850 ◦C. The
study made use of three different types of feedstocks: pure oak pellets, an equal blend of oak
and pine pellets, and a third mixture containing 50% oak, 30% pine, and 20% refuse-derived
fuel (RDF) by weight.

2.1. Biochar Preparation

The oak and pine pellets were commercially obtained from Lowe’s Home Improve-
ment store in Rolla, Missouri, USA. The refuse-derived fuel (RDF), made up of pre-
processed combustible materials from municipal waste, was supplied by Idaho National
Laboratory, USA. These pellets were introduced into a laboratory-scale downdraft gasifier
equipped to operate under controlled temperature conditions, with the combustion zone
maintained at an average of 850 ◦C. The downdraft reactor design facilitated sequential
stages of drying, pyrolysis, oxidation, and reduction, with a residence time of 45–60 min,
producing stable, high-carbon biochar. Air was supplied as the gasifying agent through
an induced draft mechanism, with the superficial velocity regulated to optimize reaction
kinetics and enhance tar reduction. Figure 1 presents a laboratory-scale gasifier with a
one-ton-per-day capacity of biochar via downdraft gasification. The gasification process
and system configuration have been extensively discussed in prior work and are referenced
herein for methodological details [25].

Images of feedstock pellets and produced biochar are presented in Figure 2 to illustrate
their physical appearance following gasification.

2.2. Surface and Electrochemical Characterization

To evaluate the surface chemistry and electrostatic behavior of the produced biochar
samples, a combination of Fourier transform infrared spectroscopy (FTIR), X-ray pho-
toelectron spectroscopy (XPS), and electrochemical analyses—including zeta potential,
conductivity, and electrophoretic mobility—was employed. All measurements were con-
ducted in triplicate to ensure reproducibility.

2.2.1. X-Ray Photoelectron Spectroscopy (XPS)

XPS measurements were carried out using a Thermo Scientific Nexsa system (East
Grinstead, UK), featuring a monochromatic Al Kα source and equipped with charge neu-
tralization and angle-resolved analysis capabilities. Surface chemical states and elemental
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composition were evaluated following ISO 18115-1. All spectra were analyzed using Ad-
vantage software (version 6.8.0). This allowed the quantification of functional groups on
the biochar surface, which are crucial for understanding the alteration in surface chemistry
due to RDF incorporation [26].

Figure 1. Downdraft gasifier.

 

Figure 2. Images of gasified biochar (A), RDF (B), pine (C), and oak (D).

2.2.2. FTIR Spectroscopy

FTIR analysis was performed to identify surface functional groups using a Thermo
Scientific Nicolet iS10 FTIR spectrometer (Madison, WI, USA) operating in transmission
mode. Biochar samples were finely ground, mixed with potassium bromide (KBr), and
pressed into translucent pellets. Spectra were recorded across a wavenumber range of
4000–400 cm−1 with a resolution of 4 cm−1. The FTIR spectral data provided insight into
the evolution of oxygenated and aromatic surface groups due to RDF inclusion. Detailed an-
alytical procedures and absorption band interpretations are also referenced from previously
published work [25].

2.2.3. pH Measurement

Biochar pH was measured using a calibrated Mettler Toledo instrument in a
1:10 biochar-to-deionized water ratio. Samples were ground and allowed to equilibrate
before measurement.
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2.2.4. Zeta Potential and Electrophoretic Mobility

Electrophoretic mobility, zeta potential, and electrical conductivity were measured
using the Lite Sizer 500 (Anton Paar), following ISO 13099-2 and ISO 7888 standards [27,28].
The samples were ground and suspended in deionized water (1:10 ratio) and ultrasonicated
for 60 min to ensure uniform dispersion. Additionally, to investigate the influence of pH
on electrostatic surface behavior, a Metrohm 867 pH module was connected in tandem
with the LiteSizer 500. This integrated setup enabled real-time pH versus zeta potential
correlation, allowing for enhanced interpretation of colloidal behavior as a function of
surface charge variation across different pH levels. This approach provided further insight
into the impact of RDF inclusion on charge modulation and electrokinetic stability under
varying environmental conditions. This analysis enabled the evaluation of colloidal stability
and potential environmental interactions.

Further procedural specifics, including instrumentation, techniques, and reproducibil-
ity protocols, are documented in the previously published study and are referred to for
continuity and methodological transparency [25].

3. Results and Discussion
This section presents a detailed comparison of the surface characteristics and elec-

trochemical behavior of three biochar samples produced using hardwood (HW), a hard-
wood/softwood blend (HW/SW), and a hardwood/softwood/refuse-derived fuel blend
(HW/SW/RDF). The assessment is grounded in X-ray photoelectron spectroscopy (XPS),
Fourier transform infrared spectroscopy (FTIR), and zeta potential analysis to explore how
the inclusion of RDF influences elemental surface composition, functional groups, and
electrostatic properties relevant to catalysis and nutrient exchange processes.

3.1. Surface Elemental Composition and Chemical State Analysis Using XPS

X-ray photoelectron spectroscopy (XPS) was employed to assess the surface ele-
mental composition and chemical states of the three biochar samples derived from oak
(HW), oak–pine blend (HW/SW), and a ternary blend including refuse-derived fuel
(HW/SW/RDF) [29]. The surface analysis revealed subtle but meaningful compositional
changes that reflect the influence of RDF inclusion on the biochar’s surface chemistry and
potential environmental interactions [30]. Figure 3 presents the graphical results of the XPS
survey spectrum for analysis and discussion of the three (3) biochar samples.

Across all samples, carbon (C1s) dominated the surface composition, as expected in
carbonaceous materials. The C1s content showed a slight increase from 81.08% in HW
to 82.45% in HW/SW and 82.58% in HW/SW/RDF. This trend suggests that the integra-
tion of softwood and RDF into the feedstock may support marginally improved carbon
retention during gasification, likely influenced by differences in lignocellulosic content and
pyrolytic behavior [31].

The oxygen content (O1s) was highest in the oak-derived sample (15.75%) and
decreased in the oak–pine blend (13.02%). However, the RDF-containing sample
(HW/SW/RDF) registered a slight increase to 13.37%, likely attributable to oxygen-rich
constituents within the RDF, such as oxidized polymers or moisture-laden organic waste.
These variations imply that oxygen-containing functional groups were more prevalent
in the oak biochar, while RDF inclusion introduced secondary oxygenated species that
contributed to overall surface oxidation [25].

A more pronounced change was observed in the nitrogen (N1s) content. HW showed
a minimal nitrogen presence (0.16%), which increased in HW/SW (0.24%) and rose sharply
to 0.90% in HW/SW/RDF. The surge in nitrogen content in the RDF blend points to
the introduction of nitrogen-bearing compounds from materials such as food residues
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or synthetic waste, potentially enhancing the biochar’s capacity for nutrient exchange or
catalytic applications [32].

(a) 

(b) 

Figure 3. Cont.
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(c)  

Figure 3. Graph of XPS survey spectrum—HW (a), HW/SW (b), and HW/SW/RDF (c).

Calcium (Ca2p) content followed a similar upward trend, increasing from 1.22% in
HW to 2.07% in HW/SW and 2.27% in HW/SW/RDF. This progressive enrichment likely
stems from the presence of calcium-based additives or mineral content inherent in the RDF
material. The calcium detected appears predominantly in the form of calcium carbonate
(CaCO3), as indicated by its binding energy, rather than calcium oxide (CaO) [33,34].
Calcium may enhance the biochar’s buffering capacity and heavy metal immobilization
potential, although excessive concentrations could impact soil nutrient balances [35,36].

Silicon (Si2p) presented notable variability. While the HW sample contained 0.37%, this
dropped to 0.11% in the HW/SW blend, then rose sharply to 0.69% in the HW/SW/RDF
sample. This increase is consistent with the introduction of silica-rich debris, such as
glass fragments or mineral fillers, commonly found in RDF streams. These inclusions
can contribute to structural rigidity but may reduce surface reactivity if not adequately
integrated into the biochar matrix [11].

Potassium (K2p) was present in HW (1.41%) and increased in HW/SW (2.11%) but
was undetected in the RDF-containing sample. The absence in HW/SW/RDF could
result from the formation of potassium chloride (KCl) through interactions between potas-
sium and RDF-derived chlorine during gasification. Given the high temperatures of the
process, KCl is likely volatilized and lost from the solid phase. Potassium plays an im-
portant role in soil fertility, and its absence may diminish the agronomic value of RDF-
amended biochar [37,38].

Chlorine (Cl2p) appeared exclusively in the HW/SW/RDF sample (0.20%), reflecting
its origin in plastic materials or chlorinated waste streams. While low in concentration,
chlorine’s presence could influence the biochar’s chemical behavior, posing implications
and operational risks, including the potential for dioxin and furan formation during high-
temperature processing as well as an increase in soil salinity and potential leachate toxicity
in certain applications [39–41].

Finally, these findings reinforce the role of RDF as a modifier of surface chemistry
in carbonaceous materials. The inclusion of RDF introduces both beneficial and limiting
elements—enriching the biochar with functional heteroatoms like nitrogen and calcium,
while also incorporating undesirable components such as chlorine—leading to a possi-
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ble depletion of potassium or residual silicon. These chemical changes are critical when
considering the biochar’s suitability for catalytic applications or soil amendment pur-
poses, especially where ionic exchange capacity, metal sorption, or electrostatic behavior
is essential [42,43].

Overall, the XPS results confirm that RDF inclusion significantly alters the surface
characteristics of oak-based biochar. While offering the potential for resource recovery
and material functionalization, these modifications also demand careful evaluation of
environmental safety and compatibility.

The relevance and reliability of XPS in this context are further supported by previous
studies. For instance, Nzediegwu et al. [29] utilized XPS to systematically assess the surface
characteristics of various biochars, demonstrating the method’s robustness in quantifying
elemental composition, oxidation states, and functional groups. Such analytical precision
is indispensable for elucidating the physicochemical properties that govern biochar’s
environmental behavior and functional performance. Table 1 shows a summary of the
elemental composition and its constituent weight percentage.

Table 1. Summary of the elemental composition of the three biochar samples.

Element HW Weight % HW/SW Weight % HW/SW/RDF Weight %

N1s 0.164481 0.240593 0.903234
C1s 81.07511 82.45155 82.57513
O1s 15.7526 13.02327 13.36913
Ca2p 1.224915 2.067382 2.271619
Si2p 0.374155 0.109751 0.685372
K2p 1.408742 2.107454 -
Cl2p - - 0.195517

3.2. Functional Group Characterization Using FTIR Spectroscopy

Fourier transform infrared (FTIR) spectroscopy was employed to characterize the
surface functional groups of the three studied biochar samples [44,45]. The spectral data
revealed clear variations in surface chemistry influenced by feedstock composition, partic-
ularly the inclusion of RDF, and provided important insights into the material’s reactiv-
ity, hydrophilicity, and potential electrostatic behavior in environmental applications [44].
Figure 4 presents the FTIR spectrum of the three biochar samples for analysis and discussion.

 

Figure 4. FTIR Spectrum of the three biochar samples.
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The (HW) biochar sample showed distinct vibrational peaks indicative of well-defined
aromatic and heteroatom-bearing structures. A prominent absorption band at 874 cm−1,
located in the fingerprint region, was attributed to aromatic C-H out-of-plane bending, a
typical feature of condensed aromatic domains formed during high-temperature gasifica-
tion [46,47]. The presence of such stable aromatic structures contributes to the structural
resilience of the material and supports its persistence in environmental matrices. Additional
peaks appearing between 1980 and 2112 cm−1 were assigned to nitrile (C≡N) or alkyne
(C≡C) groups, suggesting a level of unsaturation and chemical complexity conducive to
redox activity or catalytic potential [47–49]. The observed peak at 2200 cm−1 may corre-
spond to cumulated double bonds or isocyanate groups (N=C=O), further contributing to
the reactivity of the surface [50]. A notable feature at 2324 cm−1 likely indicates adsorbed
CO2, a residual product of gasification, potentially retained in the porous structure of
the material [51]. These findings reflect a complex array of oxygen- and carbon-based
functional groups that enable HW biochar to participate in electrostatic and adsorptive
interactions, with relevance to soil remediation and contaminant binding [52,53].

The FTIR profile of the HW/SW sample retained many of the spectral features ob-
served in HW, with some shifts in intensity and additional signals suggesting changes in
chemical composition due to the inclusion of softwood. The aromatic C-H peak at 874 cm−1

remained prominent, reinforcing the role of lignin-rich structures in maintaining aromatic-
ity. Peaks at 1400, 1500, and 1600 cm−1 were attributed to bending vibrations of C-H and
C-O bonds, as well as C=C stretching in aromatic systems, indicating a chemically active
surface with oxygenated functionalities [54,55]. Peaks at 1587 and 1700 cm−1 were linked
to conjugated carbonyl groups (C=O), which are often associated with carboxylic acids or
aldehydes, adding to the material’s polarity and interaction potential with cationic species
and chemical activities [46]. Triple bond region peaks (1980–2112 cm−1) again pointed to
nitrile or alkyne functionalities, with additional features near 2200 cm−1 reinforcing the
presence of cumulated systems or isocyanates [50]. The hydroxyl group peak at 3700 cm−1

indicated O-H stretching vibrations, likely from alcohol or phenolic groups, enhancing
the hydrophilicity of the surface. The surface chemistry of the HW/SW biochar thus re-
flects a diverse range of functional moieties capable of participating in ion exchange and
hydrogen bonding, making it suitable for environmental applications requiring reactive
and hydrophilic interfaces [46,56,57].

In the HW/SW/RDF sample, similar functional groups were observed, but with no-
table differences that reflect the chemical heterogeneity introduced by RDF. While aromatic
C-H vibrations persisted at 874 cm−1, other fingerprint region peaks (1400–1600 cm−1)
were less pronounced, suggesting possible dilution or disruption of aromatic ordering due
to RDF-derived inputs. Stronger or additional bands at 1587 and 1700 cm-1 indicated persis-
tent carbonyl groups, which could arise from oxidized RDF constituents such as synthetic
polymers or food waste. The triple bond region again featured peaks between 1980 and
2112 cm−1 and near 2200 cm−1, indicative of unsaturated and isocyanate groups [50]. A
marked signal at 2324 cm−1 confirmed the presence of adsorbed carbon dioxide, likely a
residual effect of incomplete combustion or retention in micro-pores [51]. The broad O-H
stretching band at 3700 cm-1 reinforced the surface’s hydrophilic nature, though this was
likely counterbalanced by structural inconsistencies introduced by RDF [55,58].

Collectively, FTIR spectroscopy has shown that the addition of RDF alters the biochar’s
surface chemistry without fully compromising key functional groups needed for reactivity.
While the HW and HW/SW samples possess balanced compositions favorable for catalysis
and sorption, the HW/SW/RDF biochar, although chemically active, may require further
structural enhancement—such as activation treatments—to reach comparable efficacy [59].
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3.3. Electrostatic Surface Behavior and Colloidal Stability Assessments Using Zeta Potential and
Electrophoretic Mobility

The surface charge properties of biochar samples, as revealed by zeta potential and
electrophoretic mobility measurements, provide critical insights into their electrostatic
stability and interaction behavior in aqueous systems. The zeta potential and electrophoretic
mobility of biochar are key indicators of its colloidal stability and surface charge behavior
in aqueous systems [27]. These properties influence not only dispersion and colloidal
behavior but also the effectiveness of biochar in contaminant binding and nutrient retention
across environmental and engineering applications [60]. Figure 5 shows the mean zeta
potential distribution curve of the three biochar samples.

 

Figure 5. Graph of zeta potential distribution curve for the three biochar samples.

The HW demonstrated the highest magnitude of negative surface charge, with a zeta
potential of –31.5 mV. This strong negative value indicates a strong dispersion stability,
a surface rich in anionic functional groups, likely carboxylates and phenolic hydroxyls,
which contribute to electrostatic repulsion and enhance colloidal stability in suspension.
The result suggests a highly stable surface interface in aqueous environments, making this
material well-suited for applications in water treatment and contaminant adsorption where
uniform dispersion is advantageous [61,62].

In the HW/SW biochar sample, the zeta potential decreased slightly to –30.0 mV. This
reduction, though modest, implies a minor attenuation of surface charge density, potentially
due to the lower aromatic and polar oxygen-containing group content associated with
pine-derived char. Nonetheless, the surface still maintains sufficient negativity to support
stability in aqueous phases.

A more pronounced shift was observed in the ternary mixture containing RDF
(HW/SW/RDF), where the zeta potential dropped significantly to –24.2 mV. This re-
duction in surface charge can be linked to the chemical heterogeneity introduced by RDF
constituents. The isoelectric point of this sample appears to shift upward, diminishing
its net surface charge at neutral pH and weakening its electrostatic repulsion in water.
Such a shift implies a less stable dispersion and a greater tendency toward aggregation or
sedimentation under environmental conditions.
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Correlating these electrokinetic findings with XPS and FTIR data reveals that the
decline in zeta potential magnitude is strongly associated with a reduction in oxygen-rich
functional groups, particularly carboxylates (–COO−) and phenolic hydroxyls (–OH). XPS
O1s data show a decrease from 15.75% in HW to 13.37% in HW/SW/RDF, indicating a net
loss of polar oxygen species. FTIR spectra corroborate this, with diminished intensities in
bands attributed to C=O stretching of carboxylic acids (~1700 cm−1) and O–H stretching
(~3700 cm−1). These groups contribute negative charges through deprotonation in aqueous
environments; their reduction directly limits the development of a strong electrical double
layer, explaining the measured shift from −31.5 mV to −24.2 mV [63,64].

The decline in zeta potential magnitude across the three samples reflects the composi-
tional influence of feedstock blending, especially the inclusion of RDF, which appears to
disrupt the formation or retention of surface functional groups responsible for negative
charge generation. This trend underscores a critical limitation. Specifically, while RDF may
contribute to material circularity and waste valorization, it alters the electrostatic behavior
of the resulting biochar, reducing its stability and potentially narrowing its applicability in
suspension-based systems [12,65].

From a practical standpoint, the loss of a strong negative surface charge and the as-
sociated reduction in colloidal stability can impact multiple environmental and catalytic
functions. In water remediation, a weaker electrostatic repulsion could reduce the biochar’s
capacity to adsorb positively charged contaminants such as heavy metal cations or ammo-
nium ions, as these interactions often depend on a highly negative zeta potential [66,67]. In
soil systems, reduced charge density may limit cation exchange capacity and slow nutrient
cycling [66]. For catalytic uses—such as in advanced oxidation or reduction processes—the
diminished presence of electron-donating oxygen functionalities may hinder active site
availability and lower reaction rates. These observations suggest that RDF-modified biochar,
while chemically enriched in certain heteroatoms, may require post-treatments (e.g., oxida-
tive activation or acid washing) to restore surface polarity and electrostatic performance
before deployment in high-performance environmental or catalytic applications [68].

These findings are particularly relevant in contexts where biochar is used in dynamic
or fluid environments, such as contaminant transport systems or as a sorbent in water
remediation. The results suggest that while oak-based biochar alone or in combination
with pine retains desirable electrostatic properties for dispersion and interaction [52], RDF
inclusion compromises this advantage. Future studies may explore surface modification
techniques or post-treatment strategies to restore or enhance electrostatic stability in RDF-
containing biochar [69,70]. Table 2 presents a summary of the disparities in the surface
charge of the biochar samples.

Table 2. Summary of the surface charge results of the biochar samples.

Sample Mean Zeta Potential
(mV)

Electrophoretic Mobility
(µm.cm/V·s) pH Electrochemical

Conductivity (µs/cm)

HW −31.5 ± 0.53 −2.4567 10.10 113 ± 0.123
HW/SW −30.0 ± 0.64 −2.3385 10.25 170 ± 0.115
HW/SW/RDF −24.2 ± 0.92 −1.8875 7.76 53 ± 0.172

Further analysis from Table 2 shows that the electrophoretic mobility of the biochar
samples exhibited a decreasing trend with feedstock modification. The hardwood biochar
(HW) recorded the highest mobility at −2.4567 µm·cm/V·s, reflecting a strongly charged
surface capable of stable dispersion. A slight reduction was observed in the HW/SW
sample (−2.3385 µm·cm/V·s), suggesting modest attenuation of surface charge den-
sity with softwood inclusion. The HW/SW/RDF blend displayed the lowest mobility
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(−1.8875 µm·cm/V·s), indicating diminished electrostatic repulsion and a greater propen-
sity for particle aggregation in aqueous systems [71].

Electrochemical conductivity followed a similar pattern. HW and HW/SW samples
showed elevated conductivity values of 113 µS/cm and 170 µS/cm, respectively, which
may be attributed to the presence of mineral ash species such as potassium and calcium
that facilitate ionic movement. Conversely, the HW/SW/RDF sample exhibited a marked
decrease in conductivity (53 µS/cm), likely due to dilution of ionizable components and
absence of potassium, a strong ionic constituent. These reductions in both mobility and con-
ductivity underscore the influence of RDF on surface charge behavior and ionic interaction
potential, which are critical parameters in assessing biochar suitability for environmental
and electrochemical applications [72,73].

3.4. Influence of RDF Inclusion on Biochar Alkalinity and Surface pH Characteristics

To better understand the interplay between surface charge and acidity, a pH–zeta
potential correlation was conducted by coupling the LiteSizer 500 (Anton Paar) with a
Metrohm 867 pH module. This integration enabled real-time tracking of zeta potential as
a function of pH, offering a refined perspective on how RDF-induced changes affect the
electrostatic profile of the biochar. As shown in Figure 6, a progressive decline in surface
charge magnitude with decreasing pH was observed, with the HW/SW/RDF sample
displaying the steepest slope. This indicates a reduced buffering capacity and a diminished
ability to maintain stable surface charges across a range of pH values.

Figure 6. A graph of pH vs. zeta potential for the three samples.

The observed shifts in the pH–zeta potential curve underscore the effect of RDF
on colloidal behavior. While HW and HW/SW samples maintained relatively strong
negative charges over a broader pH spectrum—supporting robust electrostatic repulsion
and colloidal stability—the RDF-containing biochar demonstrated greater sensitivity to pH
fluctuations, which could predispose it to aggregation or precipitation in environmental
systems. Table 3 presents the comparison table for the three samples and how they changed
with pH change [74,75].
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Table 3. Comparison of the change of zeta potential with pH for the samples.

Biochar Sample pH Range Initial Zeta Potential (mV) Final Zeta Potential (mV)

HW 9–13 −34 −38
HW/SW 9–13 −44 −30
HW/SW/RDF 8–13 −12.5 −23

Finally, while oak and pine maintain a robust alkaline profile and stability con-
ducive to multiple environmental and catalytic uses, the addition of RDF modifies these
properties significantly.

4. Conclusions
This study highlights the significant impact of refuse-derived fuel (RDF) inclusion

on the surface chemistry and electrostatic behavior of oak-based biochar. Through de-
tailed XPS, FTIR, and zeta potential analyses, it was evident that RDF-modified biochar
exhibits altered elemental composition, reduced oxygen functionalities, and a decline in
surface charge stability. These changes were accompanied by a lowered pH and shifts
in electrophoretic mobility, suggesting a fundamental transformation of the material’s
physicochemical interface.

The RDF-containing biochar showed increased surface nitrogen and calcium levels,
as well as the introduction of chlorine and silicon, which may influence its suitability for
environmental applications. From a catalytic perspective, the rise in heteroatoms such as
nitrogen and calcium may enhance surface reactivity and redox potential. Conversely, the
observed reduction in oxygen-containing groups and diminished negative zeta potential
may hinder interactions reliant on electrostatic attraction, such as metal ion sorption or
colloidal stabilization.

Potential drawbacks of RDF inclusion, such as chlorine’s presence (0.20%) and as-
sociated risks (e.g., dioxin formation, soil salinity), must also be considered to provide a
balanced perspective.

In practical terms, these findings have direct implications for industries evaluating
RDF-containing biochar systems. Beyond environmental performance, incorporating RDF
into biochar production can influence cost–benefit outcomes by valorizing municipal waste
streams and potentially reducing feedstock costs. However, trade-offs such as reduced
electrostatic stability and the introduction of persistent elements must be weighed, particu-
larly where product consistency is essential for large-scale commercialization. Additionally,
RDF-modified biochar presents potential in emerging applications, including the synthesis
of advanced nanomaterials.

Looking ahead, future research should focus on tailoring RDF-containing biochar
for advanced applications through targeted post-treatments, such as surface activation,
acid/base washing for chlorine removal, ammonia activation to enhance nitrogen func-
tionalities, or impregnation with catalytic metals. Such modifications could enhance its
catalytic performance in reactions like advanced oxidation processes or improve its ion-
exchange capacity for nutrient recovery in agricultural systems. Furthermore, investigating
the long-term stability gap will require controlled leaching experiments and aging stud-
ies in both soil and aqueous environments to assess persistence, transformation, and
safety. Environmental interactions of RDF-modified biochars in soil or aqueous environ-
ments will be crucial to fully utilize their potential in circular bioeconomy and waste
valorization strategies.

This study advances the current state of knowledge by quantitatively linking RDF-
specific chemical signatures—such as elevated nitrogen and calcium levels, alongside
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chlorine introduction—to measurable shifts in zeta potential, oxygen functional group
abundance, and pH buffering capacity. These correlations distinguish RDF-modified
biochar from other modification approaches in the literature. Finally, situating these
findings within a circular economy framework underscores the opportunities and respon-
sibilities associated with RDF valorization, including the need to manage emissions of
hazardous compounds and persistent inorganics during processing through informed
feedstock selection, emission controls, and tailored post-treatments.
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