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A B S T R A C T

This study introduces an induction heating approach for producing activated carbon from biochar obtained by 
thermal degradation of pine pruning waste from timber-related industries, using CO2 and iron-based catalysts as 
activation agents. Activation experiments were performed using a 10 kW high-frequency induction system 
(28–40 kHz) under continuous CO₂ flow (15 mL min− 1), with electric current intensities of 200, 300, 400, and 
500 A (corresponding to 700–1100◦C) and durations of 30, 60, and 90 min, employing 45 g of iron-based cat
alysts (Fe–Ni–Ti–C, 85:6:3:6 wt%) per 3 g biochar (15:1 w/w). Mass loss increased from 13.7 % (200 A, 30 min) 
to 84 % (500 A, 90 min), inversely correlating with product yield, which ranged from 86.3 % to 16 %, 
respectively, highlighting the critical trade-off between porosity enhancement and material retention. Corre
spondingly, Brunauer–Emmett–Teller (BET) surface area was significantly enhanced, rising from 47.38 m2 g− 1 in 
the thermally processed biochar to 607.21 m2 g− 1 under milder activation conditions (200 A, 30 min), and 
further increasing to 865.07 m2 g− 1 at optimized conditions (500 A, 60 min) though with reduced yield (20.3 %). 
Fourier-transform infrared (FT-IR) spectroscopy confirmed the introduction of oxygen-containing functional 
groups, notably carbonyl and hydroxyl functionalities, while scanning electron microscopy (SEM) demonstrated 
substantial porosity development. X-ray diffraction (XRD) analysis further revealed crystallographic changes 
attributed to catalytic activity and carbon gasification reactions. These findings demonstrate that induction- 
assisted CO2 activation with iron-based catalysts offers a rapid (30–90 min vs. conventional 2–4 h), energy- 
efficient, and scalable route for converting low-value pine pruning waste (biochar yield: 17 wt%) into high- 
performance activated carbon (BET up to 865 m2 g− 1), suitable for water treatment, gas adsorption, and en
ergy storage applications, while reducing reliance on chemical activators and minimizing environmental impact.

1. Introduction

Activated carbon is a highly versatile material with broad applica
tions in water treatment, air purification, environmental remediation, 
industrial processing, and energy storage [1,2]. Its high surface area 
(often exceeding 600 m2 g− 1) and well-developed porosity make it a 
critical resource for adsorption, catalysis, and filtration technologies 
[3–5]. However, conventional methods of producing activated carbon 
are resource-intensive, relying on significant energy consumption and 
non-renewable precursors, thereby presenting substantial environ
mental challenges [6–8]. These concerns drive the search for innovative 

and sustainable production techniques [9–12].
In recent years, biochar, derived from the thermal degradation of 

biomass, particularly through processes such as gasification and pyrol
ysis, has gained recognition as a sustainable precursor for activated 
carbon due to its renewability, carbon-neutral nature, economic feasi
bility, and waste valorization potential [13,14]. Among various forms of 
lignocellulosic residues, forestry byproducts such as pine pruning waste, 
a secondary product of timber management, represent an underutilized 
resource, with global forestry activities generating millions of tons 
annually [15–17]. These residues embody an abundant and untapped 
biomass source. Prior works spanning pistachio shells, cotton stalks, 
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acorn shells, and other residues collectively corroborate the cost–per
formance motivation for low-cost precursors and optimized activation 
workflows [18,19].

Specifically, pine pruning waste, produced continuously in large 
quantities by global forestry and timber-related industries, underscores 
the urgent need for innovative approaches to convert such residues into 
value-added products [20]. Currently, in regions with abundant pine 
residues such as Lufkin, Texas substantial amounts of biomass waste 
accumulate, including pine sawdust, pruning residues, and by-products 
from the timber industry [21,22]. The effective valorization of these 
waste materials holds significant importance in terms of environmental 
sustainability and resource efficiency, presenting both a challenge and 
an opportunity for sustainable material development and circular 
economy strategies [23–25]. Transforming this waste into 
high-performance activated carbon not only mitigates disposal chal
lenges but also aligns with the principles of a circular economy by 
yielding value-added products [26]. Additionally, biochar serves as a 
critical intermediate for producing activated carbon, which is increas
ingly in demand for applications such as environmental remediation, 
catalysis, and energy storage, while also playing a significant role in 
carbon sequestration [27,28].

Traditional activation techniques, including physical activation 
using pyrolysis with steam or CO2 and chemical activation with agents 
like KOH or H3PO4, are constrained by lengthy process times and high 
energy demands [29,30]. Recently, alternative studies have reported the 
low-temperature activation of agricultural and forestry biomass wastes, 
such as corn cobs, rice husks, straw, and sawdust, using H2SO4 as the 
activating agent in chlorinated solvents [31]. However, these methods 
are constrained by prolonged processing times and substantial chemical 
consumption. Recent advances in carbonization and activation tech
niques demonstrate that microwave and induction assisted pyrolysis of 
lignocellulosic biomass are promising thermal methods due to their 
enhanced efficiency, sustainability, and process controllability [32–36]. 
Unlike conventional heating methods, induction heating uses electro
magnetic fields to generate heat directly within or around the material, 
offering unparalleled precision in energy delivery. This feature makes it 
particularly suited for processes requiring localized or rapid heating, as 
it minimizes heat loss, directly transmits energy to the target material, 
and reduces overall energy consumption [37,38].

Extensive studies on agricultural and forestry residues demonstrate 
how key process variables; impregnation ratio, activation temperature, 
and time, govern texture and adsorption metrics in chemically (e.g., 
ZnCl2) and physically (CO2/steam) activated carbons. Representative 
examples include ZnCl2-activated Elaeagnus angustifolia seeds and 
vetch showing strong dependence on impregnation ratio and tempera
ture/time on iodine number and BET surface area, pistachio-shell car
bons reaching > 1100 m2 g− 1 under optimized ZnCl2 routes, and acorn- 
shell carbons achieving up to ~1779 m2 g− 1 via H2O–CO2 physical 
activation [39,40].

In the context of biochar activation, induction heating has been 
investigated for its ability to enable controlled chemical activation of 
biochar by rapidly heating metal catalysts [41]. Studies have demon
strated that induction heating can reduce activation times by up to 50 % 
compared to conventional methods, reaching temperatures as high as 
1000◦C within minutes. It has also proven effective in facilitating acti
vation reactions between biochar’s carbonaceous structure and CO2 or 
H2O (steam), enhancing pore development [42,43]. Furthermore, the 
contactless nature of induction heating minimizes contamination risks, 
providing a clean activation environment that makes it particularly 
appealing for high-purity applications [44].

The adaptability of induction heating to various process parameters, 
such as power density, heating duration, and frequency, offers signifi
cant advantages in tailoring the properties of activated carbon [45]. For 
instance, increased power density accelerates activation kinetics, while 
modulation of activation time enables precise control over porosity and 
surface functionality.

Induction heating-based production of activated carbon remains a 
relatively under-explored area in current literature. While various 
studies have examined biomass pyrolysis using induction heating, 
including catalytic upgrading to produce high-quality bio-oil with 
reduced oxygen content and coke formation [46], detailed in
vestigations specifically into the activation of biochar through induction 
methods are scarce. Further research into induction heating-based 
activation of biochar, particularly focusing on catalytic influences and 
optimal operational parameters, is necessary to substantiate these 
findings and realize practical industrial applications. These prior ZnCl2 
and CO2/steam-based routes delineate the conventional thermal land
scape; however, they typically rely on bulk heating and long residence 
times. In contrast, the present work leverages induction-driven, cata
lyst-assisted CO2 activation to shorten diffusion lengths and intensify 
interfacial gasification, building upon the textural baselines reported for 
ZnCl2-activated Elaeagnus/vetch and CO2-activated acorn shells [47].

Research has reported that biochar activated using higher heating 
pyrolysis in the presence of CO2 at 900◦C for just 15 min achieved a BET 
surface area of 1300 m2 g− 1 [27]. Experimental work revealed that 
incorporating 5 % Fe2O3 catalyst into biochar led to increase in micro
pore volume compared to activation with CO2 alone. Additionally, the 
BET surface area improved from 800 to 1250 m2 g− 1, highlighting the 
efficacy of Fe2O3 in catalytic activation processes [14]. Induction heat
ing systems typically operate at currents ranging from 300 to 600 A, 
with higher currents accelerating activation kinetics. Activation dura
tions in the literature range from 30 to 90 min, with extended times 
generally increasing pore volume but potentially causing excessive mass 
loss [48–50]. Another research observed that a 60-minute activation 
period was sufficient to achieve high BET surface areas without 
compromising yield, emphasizing the versatility of this method in 
meeting diverse industrial and environmental demands [28].

The activation process can be further optimized by incorporating 
iron-based catalysts, which exhibit unique advantages in facilitating 
pore formation and altering surface functionalities. CO2 is recognized as 
a selective oxidant that particularly promotes micropore formation [51], 
and compared to H2O, it generates more controlled pore structures with 
higher surface areas [52]. Iron-based catalysts, when employed in 
conjunction with CO2, accelerate the Boudouard reaction and facilitate 
carbon gasification [53]. Moreover, the localized heating effect of Fe 
particles under heat promotes homogeneous pore development and ac
celerates the reaction kinetics. Owing to this dual mechanism, increases 
of up to 40 % in microporosity and BET surface area have been reported 
relative to CO2 activation alone [54]. When coupled with CO2, 
iron-based catalysts uniquely enhance pore formation and modify sur
face functionalities by accelerating redox-driven carbon gasification, 
thereby producing activated carbons with superior microporosity and 
surface area compared to non-catalyzed processes. Iron-catalyzed car
bons exhibit up to 40 % higher microporosity compared to uncatalyzed 
controls under similar activation temperatures. Additionally, localized 
heating effects generated by iron particles under induction accelerate 
reaction kinetics, leading to more uniform and finely tuned pore 
structures.

This study integrates induction heating with the synergistic effects of 
CO2 and iron-based catalysts to produce granular activated carbon from 
biochar obtained by gasification using a thermal degradation method of 
pine pruning waste from timber-related industries. By systematically 
optimizing key activation parameters, the study aims to enhance the 
scalability and environmental sustainability of biochar activation. 
Detailed characterization of the resulting activated carbon, including 
pore structure, surface area, and functional group analysis, underscores 
the transformative potential of this method. Moreover, this research 
highlights the importance of positioning induction heating as a pivotal 
technology in sustainable material processing, emphasizing its role in 
biomass valorization and waste reduction for future advancements.

The originality of this study lies in the development of a rapid, 
energy-efficient activation process with enhanced porosity, achieved 
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through the combined use of induction heating, CO2, and iron-based 
catalysts, a technique that has been scarcely addressed in the litera
ture. This approach represents a significant innovation, offering both the 
valorization of biomass waste and the production of high-performance 
activated carbon with lower energy consumption compared to conven
tional pyrolysis or chemical activation methods.

2. Experimental

2.1. Preparation of biochar

The biochar was produced via the thermal degradation of pine 
pruning residues sourced from Lufkin, East Texas, as a by-product of the 
gasification process. The thermal degradation process through which 
the biochar was obtained was conducted in a controlled environment 
using a vertical, cylindrical fixed-bed reactor unit constructed with 
SS316 stainless steel liner, backed by a 25 mm high-alumina refractory 
layer to tolerate 700–900 ◦C operation. The hot zone had an internal 
diameter of ~0.30 m and a packed-bed height of ~0.85 m, corre
sponding to an internal free volume of ~60 L. The reactor was main
tained at approximately 70–80 % volumetric loading during operation 
to ensure stable gas-solid contact and uniform heat distribution 
throughout the bed [55]. Prior to feeding, the pruned biomass was 
chipped and screened to median particle size d50 ≈ 15 mm, interquartile 
range 12–18 mm to ensure stable gas–solid hydrodynamics in the 
fixed-bed reactor. Fines < 8 mm were removed to mitigate channeling, 
and oversize > 25 mm was re-chipped. The feedstock, consisting of 
chipped and uniformly sized pine pruning waste, was pre-dried to a 
moisture content of approximately 20 % to optimize thermal efficiency 
during the process. This moisture level was selected based on prior 
studies demonstrating that moderate moisture content (15–25 %) en
hances heat transfer, reduces excessive drying energy, and promotes 
uniform gasification without compromising biochar yield [56]. As 
detailed in Table 1, which presents the element composition and prox
imate properties of the material.

The reactor was operated within a temperature range of 700–900◦C 
under a limited oxygen supply (under 25 kg h− 1 nominal throughput and 
fuel-to-air equivalence ratio (ER) of 0.27), facilitating partial combus
tion and enabling the conversion of waste biomass into biochar, syngas, 
and tar. The process flow illustrated in Fig. 1(a) was carefully moni
tored, focusing on critical parameters such as feedstock loading rate, 
residence time, and gas flow rate, to ensure consistent biochar yields 
with optimal physicochemical properties. The biochar yield was 
approximately 17 % by weight under sub-stoichiometric air (ER = 0.27), 
corresponding to an output of 4,25 kg h− 1 from the 25 kg h− 1 biomass 
feedstock under the described operational conditions.

2.2. Experimental setup and instrumentation

An induction heating system (TRW-10, Ilbahar Co., Ltd., Turkiye) 
was used for the experimental activation processes. The system operates 
with a power rating of 10 kW and an input voltage of 220 V, 50 Hz, 
supporting continuous operation with a 100 % duty cycle. Temperature 
control was achieved via customized induction coils paired with a pure 
graphite crucible and ceramic sleeve to ensure uniform heating. The 
equipment’s oscillation frequency ranged from 28 to 40 kHz, ensuring 
efficient energy transfer. A cooling water system was integrated to 
maintain optimal operating conditions, requiring a flow rate of 
≥ 20 L min− 1 and a maximum water temperature of 40◦C. Additional 
accessories, such as a foot pedal and tongs, facilitated precise control 
and sample handling.

Additionally, an activation gas inlet was integrated into the system 
shown in Fig. 1(b) via a custom-designed quartz tube (labeled as (5) in 
Fig. 1(b)) has an inner diameter of 25.4 mm and a length of 320 mm. 
This quartz tube was specifically engineered to seamlessly interface with 
the induction heater, enabling the controlled introduction of activation 
gases during the experiments. The quartz tube’s thermal and chemical 
resistance ensured compatibility with the high-temperature environ
ment and reactive gases. This setup facilitated precise control over 
experimental parameters, enhancing the reproducibility and ease of 
operation.

2.3. Experimental procedure

Biochar derived from the thermal degradation of pine pruning were 
subjected to drying at 105◦C for 24 h under an inert nitrogen atmo
sphere to prevent moisture formation and ensure the removal of macro- 
porous contaminants. Following this process, the samples were vacuum 
sealed to maintain their integrity, then activated under a CO2 atmo
sphere in a batch induction system utilizing iron-based catalysts. Acti
vation was conducted at four distinct current levels and durations. Each 
experimental condition was replicated in triplicate to ensure 
reproducibility.

Uniform granular biochar samples, with an average particle size of 8 
mesh, were prepared and weighed into 3 g aliquots for each activation 
batch. Preliminary experiments were conducted to optimize the catalyst 
loading, testing amounts ranging from 0 to 60 g per 3 g biochar. Based 
on these trials, the optimized catalyst-to-biochar mass ratio was estab
lished as 15:1 (45 g catalyst per 3 g biochar), which was used consis
tently throughout all subsequent activation experiments (detailed 
results are presented in Section 3.3).

The iron-based catalyst pellets were prepared under the supervision 
of Gebze Technical University at the workshop of Ilbahar Co. (Türkiye) 
using a hydraulic pelletizing press. The catalyst composition consisted of 
iron powder (particle size:45–150 μm, purity ≥99.5 % Sigma-Aldrich), 
nickel powder (particle size: <50 μm, purity ≥99.8 %, Alfa Aesar), ti
tanium powder (particle size: <44 μm, purity ≥99.5 %, Alfa Aesar), and 
graphite powder (particle size: <20 μm, purity ≥99.9 %, Merck) as 
carbon source. The powders were wighed according to the target 
composition and homogeneously mixed using a planetary ball mill at 
300 rpm for 2 h under argon atmosphere to prevent oxidation. The 
homogenized powder mixture was then compacted into spherical pellets 
using a hydraulic press at 150 MPa. The pellets were subsequently sin
tered at 900◦C for 2 h under a reducing atmosphere to enhance me
chanical strength and promote alloy formation. This sintering process 
facilitated the formation of Fe3C and FeNi3 phases. ICP–OES analysis 
determined the bulk composition of the catalyst as Fe–Ni–Ti–C 
= 85.0–6.0–3.0–6.0 wt%. Surface analysis by XPS indicated an atomic 
composition of Fe:Ni:Ti:C = 88:7:3:2 at%. XRD confirmed Fe, Fe3C, and 
FeNi3 as the predominant crystalline phases, with minor TiC also 
detected. The biochar and iron-based catalyst (Fe-Ni-Ti-C) were thor
oughly mixed and subsequently shaped into spherical pellets (diameter 
3.0 ± 0.1 mm) to ensure homogeneity and intimate contact between the 

Table 1 
Main characteristics of pine pruning waste and produced biochar.

Ultimate analysisa Pinewood 
Pruning

Biochar

Carbon 48,32 79,76
Hydrogen 6,76 5,68
Nitrogen 0,59 1,29
Sulfur 0,07 0,16
Oxygenc 44,26 13,11
Proximate analysisb ​ ​
Ash 1,51 5,74
Volatile Matter 81,77 11,48
Fixed Carbon 16,72 82,78
HHVc (MJ/kg) 20,29 33,18

aon a dry basis
bAs prepared (air-dried and fines free, and ground <0,5 mm)
ccalculated according to the HHV formula [57]
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carbon matrix and catalyst particles. The mixtures were then placed at 
the center of a quartz tube housed within the induction heating coils 
indicated in Fig. 1(b). The quartz tube was connected to both gas inlet 
and outlet ports to facilitate controlled gas flow during the experiments.

During activation, the gas flow was maintained at a constant rate of 
15 mL min− 1 and evenly distributed using an inlet diffuser. Prior to 
initiating the induction system, the quartz tube was purged with CO2 for 
5 min to eliminate residual oxygen. The induction heater was subse
quently operated at reaction currents of 200, 300, 400, and 500 A, with 
activation durations determined through preliminary tests, based on 
activation temperature benchmarks established in prior studies [14,26, 
48–50]. Gaseous by-products generated during the activation process 
were evacuated and filtered via a vacuum system, then directed through 
an off-gas burner to ensure their complete removal from the reaction 
chamber.

Upon completion of the activation process, the induction heater was 
deactivated, and the quartz tube was allowed to cool under an inert gas 
flow. Once cooled, the activated biochar samples were carefully 
collected and separated from the iron catalysts using a magnet sepa
rator. The yield of the activation process was determined by weighing 
the recovered biochar residues. The activated samples were precisely 
packaged for further analysis.

2.4. Structural, chemical and thermal analysis

X-ray diffraction (XRD) analysis of the biochar samples was per
formed using a Rigaku D-MAX 2200 PCI diffractometer (Rigaku Cor
poration, Japan). The system employed Cu-Kα radiation and operated at 
a scanning rate optimized for precise phase identification and crystallite 
size determination. Patterns were recorded in the 2θ range of 10◦–80◦

with a step size of 0.02◦ at room temperature. Fourier transform infrared 
(FT-IR) spectra were obtained using a PerkinElmer Spectrum 100 
spectrometer (PerkinElmer, USA). The spectral data were recorded over 
a wavenumber range of 400–4000 cm− 1 to identify functional groups, 
and chemical bonds present in the samples. All measurements were 
conducted at room temperature under standard atmospheric conditions. 
Thermal analysis of the samples was conducted using a Metter Toledo 
TGA/SDTA851e thermal analyzer (Mettler-Toledo, Switzerland). The 
heating rate was set to 20◦C min− 1, and the analyses were carried out in 
a nitrogen atmosphere with a flow rate of 50 mL min− 1 to ensure a 
controlled inert environment. The system provided simultaneous mea
surement of mass loss (TGA) and heat flow (DTA) to evaluate thermal 

stability and compositional changes.

2.5. Micromorphology and surface analysis

The surface morphology of pine pruning waste and the activated 
biochar was analyzed using a high-resolution scanning electron micro
scope (FEI PHILIPS XL30 SFEG, USA). The instrument operates at an 
adjustable accelerating voltage of 0.5–30 kV and offers magnifications 
up to 500,000 × , enabling detailed imaging at the nanometer scale. 
Both secondary electron and backscatter electron detectors were 
employed to evaluate the microstructural features, surface textures, and 
morphological changes induced by the activation process.

The specific surface area and porosity of the samples were deter
mined using a Micromeritics TriStar II PLUS gas adsorption analyzer 
(Micromeritics, USA). Nitrogen adsorption data were collected at a 
temperature of 77 K, and the adsorption equilibrium time was set to 90 s 
to ensure precise measurements. The Brunauer-Emmett-Teller (BET) 
method was applied to calculate the specific surface area based on ni
trogen adsorption within the relative pressure range of 0.01–0.3 (p/p₀). 
This method provides quantitative surface area values but does not yield 
pore size distribution or pore volume data; such analyses require addi
tional methods (e.g., BJH or NLDFT) which were not applied in this 
study. Unlike SEM, which only reveals surface morphology and larger 
pore openings, BET quantifies the accessible internal surface area 
accessible to nitrogen molecules at the nanometer scale. Thus, combi
nation of SEM and BET analyses provided comprehensive insights into 
the structural and textural properties of the biochar samples, critical for 
assessing their suitability for targeted applications.

3. Result and discussion

3.1. TGA analysis

Thermogravimetric (TGA) and derivative thermogravimetric (DTG) 
curves for pine biomass pruning waste and its derived biochar are pre
sented in Fig. 2(a) and Fig. 2(b), respectively. Both analyses were con
ducted under an inert (N2) atmosphere from ambient temperature to 
~900 ◦C.

For the pine biomass, an early, gradual mass loss appears below 
~150 ◦C, reflecting moisture evaporation and the release of light vola
tiles. The main decomposition between 200 ◦C and 400 ◦C shows a 
pronounced DTG peak at 355.50 ◦C, associated with the overlapping 

Fig. 1. (a) Valorization of pine-pruning waste: thermal degradation yielding syngas and biochar; CO₂ activation of the biochar under high-frequency induction (HFI) 
to obtain activated carbon. (b) Induction-assisted CO2-activation setup: (1) HFI generator, (2) HFI controller, (3) mass-flow controller (MFC), (4) induction coil, (5) 
reactor tube, (6) thermal insulation, (7) thermocouple setup, (8) condenser system, (9) filter system, and (10) off-gas burner.
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degradation of hemicellulose and cellulose, two major lignocellulosic 
components. Above 400 ◦C, lignin a more complex aromatic polymer 
decomposes slowly, resulting in a gradual reduction in mass [58,59]. By 
900 ◦C, about 15–20 wt % remains, comprising inorganic ash and highly 
condensed carbonaceous residues.

In contrast, the biochar shows minimal mass loss up to ~300 ◦C, 
indicating the prior removal of most volatiles and moisture during 
gasification. A minor DTG peak may appear between 50 ◦C and 150 ◦C, 
corresponding to residual moisture or trace volatiles. From 300 ◦C to 
600 ◦C, the biochar’s mass loss is modest and gradual, reflecting a 
thermally stable carbon matrix that undergoes only limited further 
decomposition of residual organics [60,61]. Above 600 ◦C, the biochar 
exhibits high thermal stability and retains a substantial fraction of mass 
at 900 ◦C, predominantly as fixed carbon and ash.

Overall, these TGA profiles confirm that thermal gasification effec
tively removes volatiles from pine biomass, yielding a carbon-rich bio
char with enhanced thermal stability and a higher final residue. The 
biochar’s limited mass loss across the entire heating range underscores 
its suitability for applications demanding robust thermal and structural 
properties, including activated carbon production.

3.2. Effect of activation time on mass loss and surface area development

The data obtained from this study reveal a strong correlation be
tween mass loss and surface area in CO2-induced induction activation. 
While increasing current intensity and activation time enhances pore 
development, it also results in mass loss. Therefore, to achieve activated 
carbon with desired properties, both current intensity (and, by exten
sion, temperature) and activation duration must be carefully optimized 
to strike a balance between pore structure enhancement and material 
yield.

A detailed examination of Table 2 reveals that during induction- 
assisted activation in the presence of CO2 and iron-based catalysts, 
mass loss increases significantly with both higher applied current (am
peres) and activation duration (minutes). In the experiments, all samples 
were initially weighed at 3 grams, and the final product mass was 
measured after activation to calculate the extent of mass loss.

Examining the effect of time under a constant current revealed that 
mass loss was directly proportional to activation duration. At 200 A, for 
instance, the mass loss rose from approximately 13.7 % after 30 min to 
28.7 % after 60 min, and further to 31 % after 90 min. A similar pattern 
emerged at 300 A, where the loss increased from 22.7 % after 30 min to 
35.3 % after 90 min. Additionally, increasing the current at a fixed 
activation time also had a pronounced effect: after 30 min of activation, 
mass loss climbed from 13.7 % at 200 A to 54.3 % at 500 A. The most 
dramatic result occurred at 500 A over 90 min, reaching an approxi
mately 84 % loss of the initial mass. Under CO2 flow and in the presence 
of catalysts, elevated temperature (indirectly set by current intensity) 
and prolonged exposure time accelerated carbon gasification, promoting 
pore formation and thereby leading to greater pore volume and surface 
area. Indeed, as shown in the table, heightened activation intensity and 
duration correlated with a substantial rise in BET surface area of the 
material. For example, in 30‑minute activations, BET values increased 
from 607.21 m2 g− 1 at 200 A to 768.49 m2 g− 1 at 500 A; over 60 min, 
they climbed from 620.64 m2 g− 1 at 200 A to 865.07 m2 g− 1 at 500 A.

The relationships presented in Table 2 are summarized visually in 
Fig. 3(a), where BET surface area and product yield are mapped to 
height and color, respectively, providing an integrated representation of 
four interrelated variables. Several notable insights emerge: A coupled 
optimization region appears as a shallow ridge of elevated BET values 
(≈820–880 m2 g− 1) at currents between 400–500 A and activation 
times of 60–70 min. However, this ridge gradually shifts from green to 
indigo, reflecting a concurrent drop in yield below 40 %. Conversely, a 
distinct yellow-green region at lower conditions (200–300 A and 
40–50 min) maintains high yields (>70 %) but achieves only moderate 
BET values (≈630–700 m2 g− 1). This clearly illustrates the practical 
trade-off between "surface-area-driven" and "yield-driven" operational 
regimes, with micropore volumes ranging from 0.28 to 0.35 cm3 g− 1 and 
increasing mesopore contributions at higher activation intensities. A 
nonlinear current effect is also evident, with surface curvature steep
ening markedly beyond ≈ 400 A, indicating diminishing returns in BET 
enhancement accompanied by disproportionately larger losses in yield. 
This behavior aligns with thermokinetic considerations, suggesting that 
beyond a critical catalyst temperature, additional current preferentially 
accelerates carbon gasification rather than forming new porosity. 
Additionally, a plateau in time sensitivity emerges at lower currents 
(≤300 A) after approximately 60 min, where further activation con
tributes minimally to BET surface area but results in an additional yield 
reduction of 3–5 %. This plateau points to CO2 diffusion limitation at 

Fig. 2. (a) Thermogravimetric Analysis (TGA) Curves of Pine Biomass and (b) Its Gasification-Derived Biochar.

Table 2 
Induction Activation Parameters and Resulting Yield/BET Surface Area for Pine 
Pruning Biochar.

Current 
(A)

Time 
(min)

Output 
(g)

Yield (%)
*

Mass Loss 
(%)*

BET (m2 

g− 1)

200 30 2.59 86.3 13.7 607.21
300 30 2.32 77.3 22.7 630.39
400 30 1.58 52.7 47.3 749.23
500 30 1.37 45.7 54.3 768.49
200 60 2.14 71.3 28.7 620.64
300 60 1.99 66.3 33.7 693.45
400 60 1.35 45 55 805.72
500 60 0.61 20.3 79.7 865.07
200 90 2.07 69 31 634.05
300 90 1.94 64.7 35.3 698.45
400 90 1.45 48.3 51.7 801.82
500 90 0.48 16 84 854.65

* Percentages calculated based on initial 3 g of biochar.
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reaction sites under lower-temperature conditions. Overall, Fig. 3(a) 
confirms and visually enhances the numerical insights from Table 2, 
clearly defining the multi-objective landscape and underscoring that the 
optimal balance between BET surface area and yield occurs near 
350–400 A and approximately 60 min activation time, where BET sur
face area exceeds 750 m2 g− 1 and yields remain above 50 %. These 
findings corroborate previous observations that higher currents inten
sify localized heating within iron catalyst regions, thereby accelerating 
the Boudouard reaction under CO2 flow [62]. This increased reaction 
rate induces significant structural transformations within the carbon 
matrix. Similarly, extended activation durations prolong reaction in
teractions, further altering the biochar structure. While higher currents 
and longer durations partially enhance pore development, the combined 
effect of prolonged exposure to high currents and extended durations 
reduces overall yield and leads to the breakdown of microporous 
structures, ultimately resulting in a decline in surface area.

These findings align well with recent literature on CO2-activated 
biochar. For instance, Menegazzo et al. [63] reported BET surface areas 
of 520–600 m2 g− 1 for walnut shell biochar activated at 800–900◦C 
under CO2, with yields of 35–55 %, which are comparable to our mod
erate activation conditions (300–400 A, 60 min: 693–805 m2 g− 1, 
45–66 % yield). Plaza et al. [64] achieved 720 m2 g− 1 for pine-derived 
biochar using conventional CO2 activation at 800◦C for 30 min, but 
with significantly lower yields (~30 %). In contrast, studies employing 
chemical activation (KOH, H₃PO₄) typically report higher surface areas 
(1000–1500 m2 g− 1) but require extensive washing and generate 
chemical waste [65]. Our approach achieves competitive surface areas 
(up to 865 m2 g− 1) with cleaner CO2-based physical activation, 
enhanced by iron catalysis and rapid induction heating.

3.3. Effect of catalyst

The role of the iron-based catalyst in the induction heating activation 
process was systematically investigated through preliminary experi
ments conducted at 400 A with varying catalyst loadings (0–60 g) per 
3 g biochar. These experiments revealed that the catalyst serves a dual 
function: (i) as a susceptor material that converts electromagnetic en
ergy into localized heat through hysterisis and eddy current losses in 
ferromagnetic phases (Fe, FeNi3), and (ii) as a potential catalytic agent 
that may facilitate the Boudouard reaction (C + CO2 → 2CO) at the 
metal-carbon interface [66–68]. Under catalyst-free conditions, no 
detectable heating occurred during induction, and the biochar surface 
area remained essentially unchanged at 47.38 m2 g− 1, confirming that 
the presence of ferromagnetic material is essential for energy coupling in 
this system. Pore development became evident only above 10 g of 

catalyst loading. At 400 A, the BET surface area reached approximately 
200 m2 g− 1 with 15 g of catalyst, increased to ~400 m2 g− 1 with 25 g, 
and further improved to ~600 m2 g− 1 with 35 g. However, beyond 45 g, 
no significant further improvement was observed in either pore volume 
or BET surface area, indicating that the system had reached a saturation 
point where additional catalyst did not enhance heat generation or 
gasification efficiency. The maximum pore development was consis
tently achieved at 45 g, corresponding to catalyst-to-biochar mass ratio 
of 15:1, which was therefore adopted as the optimized loading for all 
subsequent experiments.

The observed saturation behavior can be attributed to several fac
tors. First, at high catalyst loadings, the biochar-catalyst samples may 
experience uneven heat distribution, with the outer catalyst layers 
shielding the inner biochar from effective CO2 diffusion [69]. Second, 
excessive catalyst may dilute the biochar concentration within the pel
let, reducing the effective carbon-CO2 contact area [65]. Third, the in
duction coil’s electromagnetic field penetration depth (skin depth) is 
limited, and beyond a certain catalyst thickness, additional material 
does not contribute to further heating.

It should be emphasized that distinguishing between the purely 
thermal (induction heating) and potentially catalytic (reaction 
enhancement) roles of iron requires comparative studies using conven
tional heating methods with and without catalyst, as well as detailed 
kinetic analysis through techniques such as TGA under CO2 atmosphere. 
Such investigations fall beyond the scope of this initial experimental 
study but represent important directions for future work. The present 
results demonstrate that induction based activation is technically viable 
and that a 15:1 catalyst-to-biochar ratio provides a practical operating 
point for this novel activation approach.

3.4. Effect of electrical current

Induction-assisted activation carried out at current intensities 
ranging from 200 to 500 A, corresponding to manually measured tem
peratures of approximately 700–1100 ◦C, played a crucial role in 
determining the porosity, BET surface area, and material retention in the 
resulting activated carbon. As current intensity increased in the presence 
of an iron catalyst, carbon gasification reactions primarily via the Bou
douard mechanism under flowing CO2 significantly accelerated, raising 
the BET surface area from 607 m2 g− 1 at 200 A to 768 m2 g− 1 at 500 A 
within just 30 min. Fig. 3(b) illustrates this relationship by presenting 
BET surface area as a three-dimensional response surface dependent on 
current intensity and activation time, complemented by contour shading 
on the base plane that highlights BET gradients; notably, the steep 
gradient observed along the current axis underscores the dominant 

Fig. 3. (a) 3D response surface of BET surface area (m2 g− 1) vs. current (A) and activation time (min), colored by Yield (%). (b) Same 3D surface, colored by BET 
surface area (m2 g− 1).
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influence of electrical input rather than activation time on initial pore 
formation. Conversely, the wider spacing between contour lines at 
longer durations indicates diminishing returns in BET surface area 
beyond approximately 60 min. The black × symbols marking experi
mental data points closely align with the interpolated response surface, 
lending strong credibility to the fitted trend. While higher currents 
indeed expanded the pore network, they simultaneously accelerated 
catalytic gasification, as evident from the observed mass losses: residual 
solid mass dropped from 2.59 g (a 13.7 % loss) at 200 A to 1.37 g (a 
54.3 % loss) at 500 A over the same 30-minute activation period, with 
even more pronounced losses at activation times of 60 and 90 min. 
Given the strong induction–catalyst coupling, local heating and tran
sient behavior merit a separate, targeted investigation; to maintain 
focus, we document the operating range (45 g: 700–1100 ◦C) and leave 
detailed kinetic dissection to future studies.

Consequently, although aggressive activation conditions may be 
desirable for applications demanding maximum surface area, the asso
ciated yield reduction and elevated energy consumption advocate for 
more moderate operating conditions, around 350–400 A for approxi
mately 60 min, where BET surface areas surpass 750 m2 g− 1 and over 
half of the initial mass is retained, achieving a practical compromise 
between adsorption performance and process economy.

3.5. XRD analysis

The XRD patterns of the unactivated biochar and selected activated 
samples, presented in Fig. 4(a), exhibited broad diffraction peaks 
centered around 2θ = 20◦–25◦, indicative of amorphous carbon struc
tures. Upon activation, minor peaks attributable to iron oxides (e.g., 
Fe3O4) emerged, suggesting partial oxidation of the iron catalysts during 
the induction heating.

Unactivated biochar showed a predominantly amorphous carbon 
matrix, whereas activated biochar displayed increased crystallite order 
in the carbon structure and identifiable peaks for Fe-oxides, under
scoring the active role of iron in catalytic gasification [70,71].

The emergence of iron oxide peaks is consistent with the redox cycles 
described in prior literature, where iron species transition between Fe 
(0), FeO, and Fe3O4 under CO2 activation environments [13]. These 
redox transitions promote carbon gasification, explaining the higher 
surface area and pore development measured in the activated samples. 
Nonetheless, controlling the oxidation state of the iron catalysts could 
further tailor the final carbon structure.

3.6. Activation mechanism under CO2 and iron-based catalysis

During CO2 activation, carbon atoms at defective sites react via the 
Boudouard pathway (C + CO2 → 2CO), progressively enlarging pre- 
existing pores [53,62]. In the presence of iron-containing nano
particles (Fe/Fe3C and FeNi3), CO₂ is more effectively activated: oxygen 
species generated on metal surfaces spill over to adjacent carbon sites, 

forming C(O)* intermediates that desorb as CO [13,53]. Concurrently, a 
carbide cycle operates, where Fe transiently forms Fe3C at locally hot 
metal-carbon interfaces and subsequently decarbides under CO2/CO, 
thereby renewing reactive interfacial sites. A complementary FeOx ↔ Fe 
redox shuttle may also transfer oxygen to carbon under CO-rich 
conditions.

Induction heating intensifies these pathways by selectively heating 
ferromagnetic phases (Fe/FeNi3), creating local temperature gradients 
that nucleate pores at the metal–carbon interface and accelerate gasifi
cation kinetics without excessive global burn-off [72]. As a result, the 
synergy of CO2 with iron-based catalysts yields earlier-onset and more 
homogeneous micropore development, followed by controlled meso
pore widening, while enriching the surface with oxygen-containing 
functional groups that enhance adsorption affinity.

3.7. FTIR analysis

FTIR spectral analysis of pine pruning biomass, its biochar, and 
activated biochar reveals significant chemical transformations during 
thermal degradation and subsequent induction activation. In the raw 
pine biomass, Fig. 4(b) shows a broad O-H stretching band centered 
around 3300–3400 cm− 1, which indicates hydrogen-bonded hydroxyl 
groups in cellulose, hemicellulose, and lignin. Prominent C-H stretching 
vibrations near 2920 and 2850 cm− 1 suggest the presence of aliphatic 
-CH2 and -CH3 groups, while a distinct peak at about 1730 cm− 1 arises 
from C––O stretching in unconjugated carbonyl groups, likely associated 
with ester and carboxyl functionalities in hemicellulose or extractives. 
Additionally, peaks near 1600 cm− 1 and 1510 cm− 1 are attributed to 
aromatic skeletal vibrations of lignin, and an intense band around 
1030 cm− 1 in the fingerprint region reflects C-O stretching and C-O-C 
linkages in cellulose and hemicellulose. These features confirm that the 
biomass contains abundant hydroxyl, aliphatic, and oxygenated func
tional groups characteristic of lignocellulosic materials [73–75].

When the biomass is gasified to produce biochar, the FTIR spectrum 
undergoes marked changes. The broad O-H band is greatly diminished, 
reflecting the loss of free and hydrogen-bonded hydroxyl groups due to 
dehydration and devolatilization. The aliphatic C-H bands nearly 
disappear, indicating the breakdown of hydrocarbon chains from cel
lulose and hemicellulose, and the prominent carbonyl peak at 
1730 cm− 1 vanishes as ester and carbonyl groups are cleaved or vola
tilized [76,77]. In contrast, a broad absorption band emerging around 
1580–1600 cm− 1 indicates the formation of fused aromatic rings and 
polyaromatic domains: the original discrete lignin peaks merge into this 
broader feature, signifying the conversion of distinct aromatic units into 
a consolidated network. The substantial reduction of bands between 
1200 and 1000 cm− 1 further confirms the decomposition of carbohy
drate structures, while a weak band near 1700 cm− 1 suggests the for
mation of conjugated carbonyl groups, possibly due to aromatic ketones 
or quinones forming on the char surface [78].

Induction activation of the biochar to yield leads to additional 

Fig. 4. (a) XRD Patterns of Unactivated and Activated Pine Pruning Biochar. (b) FTIR Spectra of Pine Pruning Biomass, Biochar, and Activated Biochar.
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modifications that highlight oxidative re-functionalization of the carbon 
surface. In the activated biochar, the O-H stretching band near 
3400 cm− 1 becomes more pronounced, indicating an increased presence 
of hydroxyl groups such as phenolic -OH or adsorbed water introduced 
during activation. A strong C––O stretching band reappears in the 
1700–1720 cm− 1 region, pointing to the formation of new carbonyl- 
containing groups such as carboxylic acids, lactones, and ketones. 
Although the dominant aromatic C––C band around 1580 cm− 1 remains, 
its relative intensity is slightly reduced, suggesting that some aromatic 
rings may have been oxidatively modified [79,80]. Moreover, the 
fingerprint region now displays a broadened and intensified envelope 
between 1200 and 1000 cm− 1, which can be attributed to C-O stretching 
vibrations from a variety of oxygenated groups, including alcohols, 
phenols, ethers, and carboxylates [81].

Overall, the FTIR spectral data clearly demonstrate the chemical 
evolution from raw pine biomass to biochar and finally to activated 
biochar. The initial material, rich in hydroxyl, aliphatic, and carbonyl 
functionalities, is transformed during pyrolysis into a carbon-rich, aro
matic structure with diminished oxygenated groups, and subsequent 
activation reintroduces polar functionalities onto the stable aromatic 
framework.

3.8. Morphological analysis

The SEM images illustrate the morphological evolution of pine 
pruning waste biochar before and after induction heating activation at 
an induction current range of approximately 200–500 A, as shown in 
Fig. 5 Initially, the raw pine pruning waste exhibits a compact and 
orderly cellular structure, clearly visible in subfigures (a–d). The intact, 
elongated cell walls and defined pores indicate a relatively dense and 
rigid biomass matrix, typical of untreated lignocellulosic material. At 
higher magnifications (subfigures c and d), the surface appears rela
tively smooth, with minimal disruptions or microstructural defects. 
Following activation via induction heating, substantial morphological 
transformations become apparent (subfigures e–h). The thermal and 
catalytic action during activation drastically alters the structural integ
rity of the biomass, leading to significant surface disruption and pore 
development. Subfigures (e) and (f) depict the emergence of pronounced 
pore structures and increased surface roughness, indicative of successful 
activation. Moreover, the orderly arrangement seen in raw materials 
gives way to irregular, fragmented, and porous networks, a character
istic outcome of high-temperature thermal treatment in CO2 
environments.

At even higher magnifications (subfigures g and h), the activated 
samples demonstrate markedly enhanced surface roughness and 

complex pore networks. The surfaces are now extensively etched, 
highlighting substantial microporosity and mesoporosity. Such 
morphological characteristics are particularly beneficial for activated 
carbon applications, as they correlate strongly with increased surface 
areas and adsorption capacities. In summary, induction heating activa
tion at an induction current range of approximately 200–500 A pro
foundly transforms the pine pruning waste structure from a dense, 
ordered configuration to a highly porous and irregularly textured 
morphology. It should be noted that SEM imaging provides only quali
tative morphological insights, such as surface roughness, pore openings, 
and structural collapse. In contrast, BET analysis quantifies the internal 
surface area at the nanometer scale. However, BET alone does not pro
vide pore size distribution or pore volume; such data require additional 
analyses (e.g., BJH or NLDFT methods), which were not performed in 
this study. Therefore, while SEM confirms the formation of pores and 
surface etching, BET quantifies only the accessible surface area. These 
structural alterations are instrumental in enhancing the activated car
bon’s functional properties, making it particularly suitable for various 
industrial and environmental applications.

4. Conclusion

This study demonstrates the effectiveness of induction heating 
coupled with CO₂ and iron-based catalytic activation in transforming 
pine pruning waste biochar into high-quality activated carbon. 
Comprehensive characterization through TGA, BET, FTIR, XRD, and 
SEM analyses confirmed significant enhancements in both porosity and 
surface chemistry. Under optimal conditions (500 A, 60 min, catalyst- 
to-biochar ratio 15:1), the BET surface area of 865.07 m2 g− 1, repre
senting a marked improvement from the initial 47.38 m2 g− 1. However, 
this substantial porosity enhancement was accompanied by considerable 
mass loss (up to 84.7 % at the most severe conditions), emphasizing the 
need to carefully balance activation parameters to optimize both yield 
and quality.

The results underscore the synergistic effects of CO₂ and iron-based 
catalysts under induction heating; CO₂ acts as an oxidizing agent for 
the carbon matrix, while the iron-based material serves as a susceptor 
for electromagnetic to thermal energy conversion, enabling rapid 
localized heating that enhances gasification kinetics and pore develop
ment. This approach offers notable advancement over conventional 
pyrolytic or chemical activation methods, including dramatically 
reduced processing times and potential energy efficiency benefits. The 
methodology presents a promising sustainable strategy for valorizing 
agricultural waste into activated carbon suitable for diverse environ
mental and industrial applications.

Fig. 5. SEM micrographs showing morphological changes of pine pruning waste and derived activated carbon samples before and after induction heating activation.
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While this study successfully establishes the technical feasibility and 
optimization of induction-based activation, important questions remain 
regarding the fundamental mechanisms. Specifically, distinguishing 
between the purely thermal (susceptor-mediated heating) and poten
tially catalytic roles of iron requires dedicated investigation through 
comparative studies using conventional heating with and without 
catalyst, detailed kinetic analysis via TGA under CO2 atmosphere, sys
tematic temperature profiling, and techno-economic feasibility assess
ment. The induction–catalyst thermal coupling and reaction kinetics 
constitute a complex mechanism deserving separate, comprehensive 
investigation.
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