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Abstract 

The increasing concentration of atmospheric CO₂ necessitates sustainable sorbent 

materials  for efficient carbon capture . This thesis explores the valorization of carbon-intensive 

waste streams into porous carbons for CO₂ capture within a circular materials framework. Three 

structurally distinct precursors were investigated: woody biomass, recovered carbon black from 

end-of-life tires, and graphite from spent lithium-ion batteries. Potassium-assisted chemical 

activation served as a unifying synthesis approach to establish structure–property–performance 

relationships and assess the chosen materials suitability as solid adsorbents. 

The effects of precursor structure, activation conditions, and potassium speciation on 

pore development, carbon framework evolution, and surface chemistry were systematically 

analyzed. Particular attention was given to adsorption-relevant microporosity and its role in 

governing CO₂ uptake and CO₂/N₂ selectivity. 

The obtained results suggested that activation responsiveness was strongly precursor-

dependent. Biomass showed the highest reactivity toward KOH, yielding dense microporous 

networks with BET surface areas up to 2655 m² g⁻¹ and high CO₂ capacities, although excessive 

activation caused pore widening and performance loss. Recovered carbon black exhibited 

limited activation due to its compact morphology, leading to mesopore-dominated structures 

and lower uptake. Recovered graphite was the most resistant, with porosity developing mainly 

through defect-driven edge etching while preserving graphitic order. 

CO₂ adsorption across all systems was governed by the presence of narrow micropores 

rather than total surface area, highlighting that the key performance factor was pore size 

matching to the kinetic diameter of CO₂ as. KOH provided the highest activation efficiency, 

while alternative potassium salts enabled milder pore development with improved yield. 

Oxygen-containing surface groups formed as a result of the activation contributed to adsorption 

energetics but remained secondary to textural effects under physisorption-controlled conditions. 

Biomass- and recovered carbon black–derived carbons showed stable cyclic operation 

and favorable CO₂/N₂ selectivity under dilute and flue-gas-relevant conditions.  

Beyond adsorption performance, this work demonstrates scalable routes for converting 

renewable, industrial, and technological carbon residues into high-value porous materials. The 

results provide design guidelines for precursor selection, activation strategy, and pore 

engineering in waste-derived carbons for gas separation and related environmental applications. 

 
Keywords: Activated carbon; Waste valorization; Potassium activation; Recovered carbon 

black; Recovered graphite; Biomass; CO₂ capture; CCU, CCUS. 
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1. Introduction 

1.1 The CO₂ challenge and the role of carbon capture, utilization, and storage 
(CCUS) 

The accelerating increase in atmospheric carbon dioxide (CO₂) concentration remains 

one of the most critical environmental challenges of the twenty-first century. CO₂ is the 

predominant anthropogenic greenhouse gas, and its accumulation is the principal driver of 

global warming and climate instability [ 1 ]. In 2024, total energy-related CO₂ emissions 

increased by 0.8%, reaching an all-time high of 37.8 Gt CO₂. This rise contributed to record 

atmospheric CO₂ concentrations of 422.5 ppm, approximately 3 ppm higher than in 2023 and 

about 50% above pre-industrial levels. During the same year, CO₂ emissions from fuel 

combustion grew by around 1% (357 Mt CO₂), while those from industrial processes declined 

by 2.3% (62 Mt CO₂). Emissions growth remained below the global GDP increase of 3.2%, 

indicating a partial decoupling between economic expansion and emissions [2]. 

According to the Intergovernmental Panel on Climate Change (IPCC, 2022), immediate 

and coordinated mitigation actions are essential to limit global warming to 1.5 °C above pre-

industrial levels. The IPCC projects that global greenhouse gas (GHG) emissions must peak by 

2025 at the latest and decline by at least 43% by 2030 to achieve this target [3]. Meeting these 

ambitious goals requires a rapid transition to low-carbon technologies across all sectors, 

including power generation, transportation, and materials production, complemented by 

efficient, scalable, and sustainable methods for CO₂ capture and management. 

Among the available strategies for CO2 mitigation, carbon capture, utilization, and 

storage (CCUS) has emerged as a key enabling technology for deep decarbonization [4]. The 

schematic methodology for reducing both capturable and uncapturable CO₂ emissions through 

the CCUS framework is illustrated in Figure 1. In this system, CO₂ is primarily captured from 

major point sources such as power plants, cement and steel industries, and chemical 

manufacturing facilities, or directly from ambient air using Direct Air Capture (DAC) 

technologies. The captured CO₂ is then compressed and transported, typically via pipelines, 

ships, or trucks, to storage or utilization sites, where it can be permanently stored in geological 

formations such as depleted reservoirs and saline aquifers, or converted into valuable products 

including fuels, chemicals, and construction materials [5]. 
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Figure 1. Schematic methodology for reducing CO₂ emissions through CCUS. 

Carbon capture represents a critical limitation in CO₂ mitigation, as the separation step 

strongly influences both energy demand and overall process viability. In CCUS systems, CO₂ 

can be captured via pre-combustion, post-combustion, or oxy-fuel combustion configurations. 

To enable separation within these approaches, several technologies have been developed, 

including absorption (e.g., conventional amine scrubbing), adsorption, membrane separation, 

cryogenic methods, chemical looping combustion (CLC), and calcium looping (CaL). Within 

these approaches, adsorption-based CO₂ capture has gained increasing attention as an energy-

efficient and environmentally sustainable alternative to amine-based absorption [6]. Adsorption 

processes operate under moderate conditions and allow repeated CO₂ uptake and release with 

low regeneration energy. In practical applications, this approach relies mainly on solid sorbents, 

valued for their high thermal stability, chemical robustness, and adjustable surface 

characteristics. Among the various materials investigated for gas sorption applications, 

including metal–organic frameworks (MOFs), covalent organic frameworks (COFs), zeolites, 

amine-functionalized solids, and carbon-based sorbents, considerable attention has been 

devoted to materials offering low cost, wide availability, low density, and well-developed 

porosity. These attributes support their use under diverse conditions. Activated carbons form a 

major and technologically mature subgroup within carbon-based sorbents and remain widely 

explored in CO₂ capture research [7]. 

1.2 Activated carbons development from waste-derived carbon resources 

Activated carbon, one of the most extensively studied carbon-based adsorbents, play a 

crucial role in addressing environmental challenges. In their production, carbon-rich materials 

are used as precursors, which undergo physical or chemical activation to develop the desired 

porosity and surface characteristics. Ideally, suitable precursors are expected to possess high 
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carbon content, low ash levels, minimal volatile matter, and limited thermal degradation to 

maintain the desired physicochemical properties [8]. Traditionally, materials such as brown, 

bituminous, and anthracite coals, and peat have been employed in large-scale AC production 

due to their abundance, high carbon yield, and well-established processing technologies [9]. 

However, these conventional raw materials are finite, and not all are renewable, which has 

driven increasing research interest toward sustainable alternatives. With the growing emphasis 

on sustainability, attention has shifted toward renewable and waste-derived precursors with 

biological origin, such as agricultural residues, municipal wastes, animal by-products, forestry 

residues, and food industry wastes (Figure 2). These feedstocks, rich in lignocellulosic 

components (cellulose, hemicellulose, and lignin), offer significant potential for conversion into 

ACs with well-developed porous structures and large surface areas after carbonization and 

activation [10, 11]. 

Figure 2. Available and suitable materials for the production of activated carbons. 

Beyond biological products, with time and increasing demand for renewable 

technologies, it has become equally important to consider carbon-rich waste streams originating 

from industrial processes, which remain largely underutilized despite their high recovery 

potential. End-of-life tires (ELTs), for instance, represent a persistent environmental concern, 

continuously generated as by-products of the transportation sector [12]. In contrast, lithium-ion 

batteries (LiBs) are linked to emerging waste flows that are expected to grow considerably as 
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their use expands in sustainable energy systems [13]. Although battery wastes large-scale 

disposal is not yet critical, future projections indicate a substantial increase in waste volumes 

in the coming decades. Both recovered carbon black (rCB) obtained from ELT pyrolysis and 

graphite recovered from the black mass of spent batteries exhibit high carbon intensity, making 

them attractive precursors for the synthesis of functional porous materials. Even though 

available as streams and presenting potential for AC production, the industrial residue materials 

present complex composition and presence of inorganic and metallic impurities, which pose 

additional production challenges that require advanced processing and purification strategies 

[14, 15]. Integrating these industrial waste streams with biomass-derived precursors supports a 

comprehensive approach to waste valorization, enabling the transformation of diverse carbon 

sources into high-performance materials. In addition to the potential for CO₂ capture, the 

utilization of such feedstocks reinforces circular economy principles by minimizing 

environmental impact, enhancing resource efficiency, and contributing to carbon neutrality 

goals. A comparative overview of major carbon-rich feedstocks discussed in this thesis, 

including their global availability, distribution, future outlook, and associated challenges, is 

presented in Table 1. 
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Table 1. Comparison of major carbon-rich feedstocks, including their global availability, distribution, future outlook, challenges. 

Stock Availability Geographical occurrence Future outlook Key challenges References 

Biomass residues ~3–5 Gt/year globally 

Widespread but uneven; 

high in Asia, Europe, and 

USA 

Rising demand 

toward 2050 

Stock variability (moisture, 

ash) and seasonal availability 
[16] 

End-of-life tires ~1.5 Mt/year 
Clustered in China, USA, 

EU with big vehicle fleets 

Expected growth 

with transport sector 

expansion 

Stock variability and 

processing challenges due to 

steel, ZnO, and additives 

[17] 

Lithium-ion 

batteries 
~1.6-2 Mt/yr by 2030 

Present in China, EU and 

USA (70% recycling in 

China; 10% EU/USA 

each.) 

Strong rise post-

2030 with EV 

market growth 

Processing challenges arising 

from persistent metal 

impurities 

[18] 
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2. Thesis overview 

2.1 Aim and scope 

The overall aim of this thesis is to develop routes for the synthesis of functional carbon 

materials from waste-derived precursors and to evaluate their potential for gas sorption 

applications, with particular emphasis on CO₂ capture (Figure 3). The work addresses the 

increasing need for circular and resource-efficient approaches to carbon material production by 

utilizing waste streams of biological, industrial, and technological origin. These include woody 

biomass, rCB from end-of-life tires, and graphite recovered from the black mass of spent LiBs. 

The focus is placed on establishing a mechanistic understanding of activation and conversion 

processes, optimizing synthesis parameters, and linking structural evolution to sorption 

performance.  

 

 

 

 

 

 

 

 

 

 

Figure 3. Illustration of the materials and the end-goal application within the framework of 

the current thesis. 

More specifically, the research has been conducted to meet the following objectives: 

• Follow the activation mechanisms of waste-derived precursors under potassium-based 

activation (KOH, K₂CO₃, CH₃COOK, K₂C₂O₄, KCl) and their impact on pore 

development and surface chemistry. 
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• Link structure and performance by combining textural, structural, and surface analyses 

to track how activation conditions shape micro- and mesoporosity and functional groups. 

• Compare biomass, recovered carbon black, and recovered graphite to determine how 

precursor origin governs transformations, advantages, and limitations. 

• Quantify CO₂ capture, emphasizing adsorption capacity, CO₂/N₂ selectivity, and cyclic 

stability. 

• Outline scalable routes that convert waste carbons into high-value sorbents to advance 

circular economy goals and industrial decarbonization. 

 

2.2 Outline 

This thesis comprises the main findings from four appended papers (Papers I-IV) that 

investigate the activation of biomass- and waste-derived precursors into porous carbon 

materials for potential CO₂ capture applications. The work combines experimental studies to 

understand how the type of precursor, the type of potassium-based activator, and processing 

conditions affect pore development, surface chemistry, and structural properties of the obtained 

carbons. The development of the research work and its relation to the research papers are 

schematized in Figure 4. 
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Figure 4. Overview of the research pathways and their connections to the papers included in 

this thesis. 

Paper I focuses on the preparation of activated carbons from woody biomass using 

KOH, K₂C₂O₄, and their mixture as activating agents. The study compares the influence of these 

activators on pore formation, surface features, and CO2 adsorption behavior, emphasizing the 

potential of K2C2O4 as a more environmentally friendly alternative to conventional KOH 

activation. The work provides a foundation for understanding how activation conditions control 

the textural and CO2 adsorption characteristics of highly surface and microporous biomass-

derived carbons. 
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Paper II introduces the use of rCB from industrial-scale end-of-life tire pyrolysis as a 

carbon precursor. KOH was used as the activating agent to develop porous structures suitable 

for gas adsorption. The study includes characterization of the produced materials and evaluates 

their CO₂ capture performance in terms of adsorption capacity, selectivity, and cyclic stability. 

The work demonstrates the potential of rCB as a reliable and scalable raw material for activated 

carbon production and highlights its suitability for environmental applications. 

Paper III continues the investigation of recovered carbon black by testing different 

potassium salts, such as KCl, K₂CO₃, CH₃COOK, and K₂C₂O₄, as activating agents. The work 

compares the effectiveness of the different salts and examines how temperature, activation time, 

and activator ratio affect the development of porosity and surface properties. The study helps 

identify the most suitable conditions and activators for improving the quality of carbon 

materials produced from industrial residues. 

Paper IV extends the research to high-technology waste by converting graphite 

recovered from the black mass (NMC 111) of spent lithium-ion batteries into activated carbons 

using KOH. The study focuses on structural and surface changes during activation and 

demonstrates a sustainable route for transforming hazardous graphite waste into functional 

porous carbons with potential use in environmental and energy-related applications. 

Together, the four papers present a consistent research path that connects the production 

of porous carbons from renewable, industrial, and technological waste sources. The thesis 

contributes to developing sustainable methods for converting carbon-rich residues into useful 

materials, supporting circular economy goals and potential CO₂ capture applications. 

2.3 Scientific contribution 

This thesis contributes to the development of sustainable ACs from biomass and 

industrial waste streams for potential CO₂ capture applications. The work also deepens the 

understanding of how potassium-based activation influences pore development, surface 

chemistry, and structure across different precursors. A unifying motivation behind the research 

is the close link between CO₂ emissions and the generation of carbon-rich byproducts in energy- 

and transport-intensive sectors. Both sectors are major CO₂ emitters and simultaneously 

produce substantial waste streams that require responsible management. Connecting these two 

challenges through the valorization of waste materials into functional adsorbents offers a 

pathway toward more sustainable industrial practices. Designing activation routes that are 
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energy efficient, rely on accessible salts, and can be broadly applied to diverse carbon-rich 

residues is therefore a crucial step in aligning CO₂ capture with circular economy principles. 

The main contributions of this thesis are: 

• Establishing activation strategies for biomass using KOH, K₂C₂O₄, and their mixture, 

highlighting the more environmentally friendly character of potassium oxalate. 

• Extending KOH activation to rCB from end-of-life tires, including detailed 

characterization and CO₂ adsorption assessment. 

• Comparing different potassium salts (KCl, K₂CO₃, CH₃COOK, and K₂C₂O₄) to 

determine their influence on porosity and surface properties of rCB. 

• Demonstrating the valorization of graphite from lithium-ion battery black mass into 

functional porous carbons using KOH activation. 

• Providing a unified understanding of potassium-assisted activation across renewable, 

industrial, and technological carbon sources. 

Together, these studies demonstrate how coupling CO₂ capture with waste-stream valorization 

can support the transition toward circular economy principles and guide the development of 

more sustainable processes within carbon-intensive industrial sectors. 

3. Theoretical background 

3.1  Precursors for ACs production 

The diversity of waste-derived precursors available for activated carbon production 

reflects the significant differences in chemical composition, structural characteristics, and 

practical processing constraints among the different precursors. To provide a structured 

comparison, Table 2 summarizes representative feedstock categories explored in this thesis, 

highlighting their carbon content, compositional features, industrial handling limitations, and 

current recycling levels.
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Table 2. Comparison of waste-derived feedstocks for activated carbon production. 

Feedstock Chemical and structural content Restrictions  for material use 
Carbon intensity                     

(C content, %) 

Activated carbon 

production scale 

from this source 

Biomass 
waste 

Predominantly cellulose (35–50%), 
hemicellulose (20–35%), lignin (10–

30%); minor ash, extractives, alkali and 
alkaline earth metals 

Seasonal variability, 
heterogeneous composition, high 

moisture content, ash-related 
fouling, transport logistics, land-

use competition 

45–55% (dry basis) 

Strong growth 
expected due to low-

cost feedstock 
availability 

End-of-
life tires 

Crosslinked elastomers, carbon black 
(30–35%), steel (~10–15%), additives 

(ZnO, sulfur, oils) 

Hazardous classification, heavy 
metal residues, strict emissions 

regulations for pyrolysis, product 
quality standardization 

70–85% (pyrolytic carbon 
black fraction) 

Expected increase 
with rCB upgrading 

technologies 

Lithium-
ion 

batteries 

Graphite (12–21%), cathode oxides, 
Cu/Al residues, PVDF binder, electrolyte 

salts 

Hazardous waste classification, 
fluorinated binders, metal 

contamination, purification 
complexity, safety regulations 

Graphite fraction: 90–99% 
C (purified); black mass 

overall: 20–30% C 

Mostly pilot and 
demonstration scale 
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3.1.1 Biomass waste - a growing constraint and a carbon feedstock 

opportunity 

Biomass is abundant in terrestrial and aquatic ecosystems and is also produced as 

industrial waste. The World Bioenergy Association estimates global standing biomass 

resources at approximately 1.804 trillion tonnes [19]. Annual biomass generation fluctuates 

strongly across seasons and regions due to climate, land management, and the distribution of 

cropland and forest, particularly in Europe and North America, but overall has increased over 

the past 22 years [20]. In 2022, EU biomass supply totaled ~1.2 billion tons of dry matter (tdm), 

dominated by primary biomass (directly harvested plant matter and residues) at 82%, followed 

by secondary biomass (processing by-products) at 7% and recovered or tertiary biomass (post-

consumer waste streams) at 11% [21]. Within the primary fraction, agricultural crops, residues, 

and grazed biomass represented 67%, wood 33%, and fisheries and aquaculture <0.3% (dry 

matter). Beyond these primary inputs, additional residual streams arise from agro-industrial 

processing, livestock and industrial activities, sewage treatment, and municipal solid waste 

(MSW), which generate additional recoverable biomass residues. The recovery and use of 

biomass waste can partly displace fossil-based inputs, support rural development, and alleviate 

resource constraints. This recovery, however, is often limited by geographic dispersion, 

feedstock heterogeneity, and seasonal availability, which collectively increase the cost and 

emissions connected to collection, storage, and transport requirements and frequently result in 

material underutilization. On a global scale, wood-based biomass wastes are generated at ~4.6 

Gt per year, with ~20% attributed to losses during production and processing, underscoring 

both the magnitude of the stream and the inefficiencies embedded in current value chains 

(Figure 5) [22]. 
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Figure 5. Mass balance of global wood biomass waste: total generation, losses, and 

potentially recoverable fraction. 

The use of biomass-derived carbons and char-containing materials is gaining 

momentum across industries, as environmental compliance and sustainability targets 

increasingly prioritize lower emissions and cleaner production. Since wood represents a 

substantial fraction of primary biomass resources, forestry operations inherently generate large 

quantities of residual materials, including branches, treetops, bark, and low-grade roundwood 

[23], which are well suited for thermochemical conversion processes such as combustion, 

gasification, pyrolysis, and hydrothermal treatment [24]. In parallel, industrial processing 

produces significant volumes of secondary biomass, including sawdust and process-derived 

bark, forming carbon-rich by-products suitable for valorization. These streams represent 

particularly relevant feedstocks for the production of biochar and activated carbon, offering a 

pathway to partially substitute fossil-derived carbon materials. 

3.1.2 End-of-life waste tires - valorization as a secondary carbon source 

It is estimated that over 1 billion tires are manufactured and discarded worldwide each 

year, accounting for approximately 2% of total global solid waste generation [25]. The rapidly 

increasing accumulation of ELTs represents a persistent management challenge due to their 

durability, complex composition, and resistance to natural degradation, necessitating resource-

efficient recovery strategies aligned with circular economy objectives. Effective ELT 

management requires coordinated action across the tire value chain, including manufacturers, 

recyclers, and regulatory bodies, to enable scalable material valorization pathways [26]. The 

ELT management challenge is further intensified by the global shift toward electric vehicles 

(EVs), which, due to their higher torque and vehicle weight, experience accelerated tire wear. 

Consequently, EV adoption is expected to increase the total volume of ELTs generated annually. 

For instance, in the United States, approximately 315 million ELTs are generated each year, 

and this figure is projected to rise by 12% to around 352 million by 2030 due to the growing 

EV market [27]. 

Globally, the management of ELTs follows several established pathways, including 

recycling (40–50%), energy recovery (30–40%), reuse (10–20%), and landfilling (5–10%), 

with exact shares depending on local regulations, technological maturity, and economic 

conditions (5–10%) [28, 29]. Despite progress in recycling, significant regional disparities 

remain. Developed countries operate advanced recycling and recovery systems, whereas many 

emerging economies still depend on landfilling and open dumping due to limited infrastructure 
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and weak policy enforcement. These practices pose serious environmental and health risks, as 

tires are chemically stable and degrade extremely slowly (releasing hazardous constituents such 

as heavy metals, polycyclic aromatic hydrocarbons, and organic additives), leading to soil and 

groundwater contamination. Uncontrolled burning releases toxic gases such as carbon 

monoxide, dioxins, and furans [30], while large stockpiles increase fire hazards and create 

breeding sites for disease-carrying insects. 

Among existing treatment methods, pyrolysis has emerged as one of the most promising 

options for sustainable ELT management. During pyrolysis  tires are decomposed in an oxygen-

deficient environment to produce three main products: liquid oil, gas, and a solid carbonaceous 

residue known as pyrolytic carbon black (CBp) [ 31 ]. The solid fraction accounts for 

approximately 35–40% of the total output and is a critical factor determining the overall 

economic viability of the process. To obtain higher-value carbon materials, the solid pyrolysis 

residue must undergo further purification and refinement, yielding recovered carbon black. This 

material possesses properties comparable to those of virgin carbon black (vCB), which is 

conventionally produced through the partial combustion of petroleum-derived hydrocarbons 

[ 32 ]. Since vCB production is energy-intensive and emits substantial amounts of CO₂, 

substituting it with rCB provides both environmental and economic benefits. ELTs therefore 

represent a valuable secondary carbon resource capable of reducing dependence on fossil-based 

raw materials and supporting low-carbon manufacturing. 

The quality of rCB depends strongly on tire composition, process parameters, and post-

treatment efficiency. CBp typically contains additivies (1-3%), inorganic impurities (10-15%) 

such as zinc oxide (ZnO), silica (SiO2), and sulfur compounds (e.g., FeS, ZnS), which can limit 

its performance compared with vCB, as shown in Figure 6. Achieving consistent and high-

purity rCB requires optimization of the entire process chain, encompassing feedstock selection, 

pyrolysis control, and purification techniques [33]. Supportive policy measures and market 

incentives are essential to encourage the large-scale utilization of rCB and to establish standards 

for its industrial application. 
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Figure 6. Schematic representation of the recycling pathway for end-of-life tires and the 

purification of pyrolytic carbon black into recovered carbon black, highlighting the 

transformation in material composition. 

3.1.3 Lithium-ion batteries - graphite recovery and carbon feedstock 

utilization 

The extensive integration of LiBs in electric vehicles and stationary storage systems has 

established them as a central technology in the transition toward sustainable, low-carbon energy 

systems. This expansion is reflected in global electric cars sales, which exceeded 17 million 

units in 2024, accounting for more than 20% of total car sales worldwide. This momentum 

continued into 2025, when global EV sales surpassed 20 million units, representing over one 

quarter of all vehicles sold globally and highlighting the accelerating electrification of the 

automotive sector [34]. Although only a limited number of EV batteries have reached end-of-

life (EoL) so far, recycling facilities already process substantial quantities of production scrap, 

and forecasts suggest that more than 1.2 million EV batteries will be retired annually by 2030, 

increasing to over 14 million per year by 2040 [35]. In view of this, the heterogeneous 

architecture of LIBs, containing critical metals, reactive electrolytes, and polymeric 

components, complicates safe end-of-life handling and recycling, creating material recovery 

and environmental control challenges [36]. 

LiBs typically consist of metallic casings, cathode and anode materials, electrolytes, 

separators, and polymeric binders [37]. Among the broad range of cathode formulations used 
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in lithium-ion batteries, the dominant ones are lithium iron phosphate (LFP), lithium nickel 

manganese cobalt oxide (NMC), lithium nickel cobalt aluminum oxide (NCA), and spinel 

lithium manganese oxide (LMO) [ 38 ].  Among the enumerated cathode types, NMC 

(LiNixMnyCo1-x-yO2) continues to dominate the automotive sector, largely due to their high 

specific energy, which typically reaches 100-265 Wh/kg [ 39 ]. Their development has 

progressed toward increasingly nickel-rich compositions, exemplified by the transition from 

NMC 111 to NMC 622 and NMC 811, where nickel content rises while manganese and 

particularly cobalt fractions are reduced [40]. 

In response to these material recovery challenges, the European Battery Regulation aims 

to close the material loop by enforcing ambitious recovery targets of up to 95% for Co, Ni, and 

Cu and 80% for Li by 2031 [41]. The current recovery process comprises pretreatment activities 

(sorting, discharging, disassembly, and crushing), pyrometallurgical steps such as smelting and 

roasting, and hydrometallurgical processes based on leaching and selective extraction [42]. The 

shredding or crushing of spent cells produces black mass (BM), a mixed fraction of cathode (Li, 

Ni, Mn, and Co) and anode materials, together with Cu and Al collectors, and polyvinylidene 

fluoride (PVDF) binders (Figure 7) [43]. Despite accounting for roughly 20% of the battery 

mass, the graphite anode receives considerably less attention [44]. 

Figure 7. Structural overview of lithium-ion batteries in electric vehicles with specified 

material composition 

Although graphite becomes the predominant component of black mass once metallic 

foils and polymers are removed, its recovery is often deprioritized due to the difficulty of 
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eliminating residual impurities left in the graphitic structure. Yet spent graphite remains a 

valuable and underutilized resource. Commercial anode graphite typically costs 8–13 USD kg⁻¹, 

accounting for 10–15% of the material cost in conventional LIBs, and spent batteries contain 

approximately 12–21 wt% graphite. These figures underscore the need for more comprehensive 

and resource-efficient recycling approaches [45]. The need for recovery is further amplified by 

projections from the World Bank, which estimate that by 2050 approximately 4.5 million tonnes 

of graphite will be required for low-carbon energy technologies, primarily LIBs, implying 

substantial growth in graphite consumption and corresponding waste generation [ 46 ]. 

Valorizing recovered graphite therefore represents a critical opportunity within a circular 

battery economy, as integrating its recovery into existing recycling infrastructure would reduce 

the environmental burden of black mass disposal while providing high-purity carbon precursors 

for advanced applications [47]. 

3.2 Activation of carbon materials 

Carbon materials obtained after carbonization generally exhibit limited surface area and 

insufficient porosity for adsorption applications. Activation is therefore required to restructure 

the carbon framework and generate accessible pore networks [48]. Depending on the nature of 

the activating medium, activation is commonly classified into physical and chemical 

approaches, which differ significantly in their mechanisms, processing conditions, and degree 

of control over pore development. 

3.2.1 Physical activation 

Physical activation relies on the controlled gasification of carbon in the presence of 

oxidizing gases such as steam, CO₂, air or limited oxygen-containing mixtures. This process is 

typically conducted at high temperatures, generally in the range of 750–1000 °C, where porosity 

develops through gradual carbon burn-off [49]. Two principal routes can be distinguished, 

depending on whether activation is coupled with thermochemical conversion or conducted as a 

separate stage, corresponding to the direct and two-step strategies (Figure 8). While physical 

activation can effectively increase total porosity, the process is largely governed by reaction 

time and burn-off extent, which limits the possibility for precise control over pore size and 

distribution. Moreover, the high thermal demand and prolonged activation times associated 

with gas-phase routes impose substantial energy penalties, making physical activation less 

attractive for applications requiring finely tuned porosity. 
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Figure 8. Schematic representation of the two physical activation routes distinguished by the 

mode of thermal conversion: direct and two-step approaches. 

3.2.2 Chemical activation 

Chemical activation is based on the interaction between a carbon precursor and a 

chemical agent, followed by heat treatment under an inert atmosphere. During this process, 

porosity develops through reactions whose nature depends on both the precursor and the 

activating agent. These include dehydration and cross-linking reactions, as well as redox driven 

carbon etching and lattice expansion, which collectively restructure the carbon framework. The 

extent and nature of pore development depend on several parameters, including precursor 

composition (C, H, O, N content), activation temperature (450–900 °C), residence time (1-4 h), 

heating rate (5-10 °C/min), impregnation conditions (dry mixing or wet impregnation), the 

precursor-to-activator ratio (1:1 to 1:6), and the activating agent employed (Figure 9). 

Compared with physical activation, chemical activation offers several advantages, including 

lower activation temperatures and shorter processing times, increased carbon yield, enhanced 

pore development, reduced energy and operational demands, and more effective generation of 

microporosity [50]. 
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Figure 9. Key parameters in chemical activation affecting the properties of ACs. 

Chemical activating agents are generally classified as alkaline agents (KOH, NaOH, 

K₂CO₃, Na₂CO₃, K₃PO₄), acidic agents (H₃PO₄, H₂SO₄, HNO₃), or Lewis-acid salts (FeCl₃, 

ZnCl₂,). These classes differ in their activation mechanisms and consequently in the pore 

structures they generate. Alkaline activators exhibit stronger chemical interaction with carbon 

matrices and are therefore more effective in producing microporous structures. In particular, 

KOH is considered to be highly efficient because it induces lattice expansion and carbon etching, 

as elemental potassium formed in situ intercalates into the carbon lattice and promotes structural 

expansion [51], but it can potentially cause excessive burn-off and reduced yield at high 

loadings [52]. This has led to increasing interest in alternative potassium salts, such as KHCO3, 

K₂CO₃ and K₂C₂O₄, which typically operate at lower temperatures and provide improved yield 

retention and reduced environmental impact. 

3.3 ACs applications 

Activated carbons are versatile adsorbents widely used in water treatment to remove 

color, odor, taste, and diverse organic and inorganic contaminants, with additional applications 

in wastewater remediation (dyes [53-55], heavy metals [56-58], and phenolic compounds [59-

61]), gas purification (CO2 [62, 63], H2S [64-66], SO2 [67-69], NOx [70-72], and volatile 

organic compounds [73-75]), and chemical, food, and pharmaceutical processing. Effective AC 

performance requires carefully tailored properties that satisfy application-specific technical and 

economic criteria. The key performance determinants can be grouped as follows [76, 77]:  



20 

 

• Adsorption capacity: determining the maximum uptake of target species. 

• Selectivity toward specific adsorbates: enabling preferential removal in 

multicomponent systems. 

• Pore characteristics, including pore size distribution and accessibility: mass transfer 

control and effective surface utilization. 

• Surface chemical nature: influencing adsorbate–adsorbent interactions. 

• Adsorption–desorption kinetics: governing uptake rates and process reversibility. 

• Mechanical properties: ensuring resistance to attrition and structural degradation during 

operation. 

• Chemical and thermal stability: allowing operation under aggressive chemical 

environments and elevated temperatures. 

• Regenerability: reflecting the ability to restore adsorption performance after use. 

• Stability over multiple adsorption–desorption cycles: indicating long-term durability. 

• Production costs: affecting economic feasibility and large-scale deployment. 

These requirements can be addressed through controlled material design, primarily by 

selecting appropriate activation strategies, including physical and chemical activation. 

 

4. Experimental section 

This research focuses on the production of high-performance activated carbons from 

diverse carbonaceous waste streams, including biomass, recovered carbon black from end-of-

life tires, and graphite derived from lithium-ion battery recycling. Emphasis is placed on 

chemical activation strategies using potassium-based agents and their role in tailoring pore 

structure, surface chemistry, and adsorption behavior. 

This section describes the complete experimental workflow, from raw material recovery 

and activation to comprehensive physicochemical characterization and adsorption performance 

evaluation. Each subsection provides a structured overview of the methodologies used to link 

material design with functional performance in gas separation. References to the corresponding 

publications are introduced within the relevant material-specific sections. 

4.1 Materials 

This thesis is based on three distinct carbonaceous waste streams: biomass, recovered 

carbon black from end-of-life tires, and graphite derived from lithium-ion battery recycling. 

Figure 10 outlines the processing routes applied to the carbonaceous waste streams considered 
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in this thesis, illustrating their conversion into activated carbons for CO₂ capture. In this context, 

Table 3 summarizes the main elemental composition of the examined waste streams. The 

values reported are normalized elemental contents, with the oxygen content calculated based 

on mass balance. 

Figure 10. Integrated pathway for valorization of C-intensive waste feedstocks into activated 
carbons. 
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Table 3. Elemental composition of the carbonaceous waste streams considered in this 
thesis 

Element 
Composition (wt.%) 

Woody biomass 
Recovered carbon 

black 
Recovered graphite 

C 50.00 92.53 72.18 
H 6.00 1.16 - 
N 0.11 0.42 - 
S 0.89 0.71 - 
O 43.00 5.18 9.13 

 

4.1.1 Woody biomass 

 Pine wood was used as the biomass precursor in Paper I and was obtained as 

residual wood fractions originating from conventionally harvested coniferous trees processed 

for energy applications. The material was collected during routine fuel handling at the plant 

facility of Chalmers University of Technology (Sweden), following standard forestry 

processing and mechanical pre-conditioning procedures, listed below and presented in Figure 

11. 

➢ Forestry processing and wood preparation 

Following tree felling, the wood was sectioned and processed into fuel-grade pieces 

through standard forestry and wood-handling operations. 

➢  Mechanical pre-conditioning of biomass 

Pine wood was mechanically processed to reduce particle size and improve uniformity 

prior to activation. Milling produced a fine powder (<0.5 mm), facilitating consistent dry 

mixing and subsequent thermal treatment. 

Figure 11. Schematic overview of the main steps involved in woody biomass pretreatment 

prior to activation. 

Woody 
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It should be noted that the biomass had not been subjected to any chemical treatments, 

preservation processes, or surface modifications prior to use, ensuring that it remained a raw 

and unaltered lignocellulosic feedstock. 

4.1.2 Recovered carbon black (rCB) 

The recovered carbon black used in this work was derived from ELTs and served as the 

primary precursor material in Paper II and Paper III. The rCB was produced via industrial-

scale pyrolysis of ELTs, followed by a sequence of post-treatment and purification steps 

designed to enhance its physicochemical quality, as illustrated in Figure 12. As a result of these 

processing steps, the obtained rCB exhibited an average particle size of approximately 30 μm, 

with particle sizes ranging from 15 to 100 μm and a dominant fraction between 73 and 80 μm. 

➢ Pyrolysis for pyrolytic char production 

Pyrolysis is the chosen thermochemical process in which ELTs were decomposed at 

temperatures exceeding 500 °C under an oxygen-free atmosphere. This inert environment 

prevented combustion and promoted the controlled breakdown of polymeric components, 

including natural and synthetic rubbers composed of long-chain macromolecules. The process 

yielded three main fractions: a solid carbonaceous char, a condensable liquid oil, and a non-

condensable gaseous phase. 

➢ Post-pyrolysis processing 

Following pyrolysis, the resulting material contained various contaminants, including 

residual ash, organic residues, inorganic compounds, and partially reacted or unreacted 

hydrocarbons, as well as elements such as Zn, Si, Ca, S, and Al. Therefore, additional post-

pyrolysis processing steps based on chemical or physical treatments were required to reduce 

these impurities. The removal of inorganic species enhanced the quality and applicability of the 

char by increasing the elemental carbon content and improving porosity. 

• Purification steps 

To convert pyrolytic char into commercially viable recovered carbon black, a series of 

purification and post-treatment steps was applied. These processes included concentrated 

pickling, devolatilization, milling and pulverization and, when required, pelleting, to further 

remove residual impurities, control particle size distribution, and reduce variability in material 

quality. 
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Figure 12. Overview of the general steps in rCB production from waste tires. 

4.1.3 Graphite derived from LiBs recycling 

The graphite used in this work was derived from end-of-life lithium-ion battery packs 

with NMC 111 chemistry and served as the primary precursor material in Paper IV. The 

material originated from industrial battery recycling streams and was obtained following battery 

discharge, disassembly, and mechanical processing carried out by industrial partners. A 

subsequent pre-treatment route was applied to upgrade the black mass and enable graphite 

recovery, as illustrated in Figure 13. 

➢ Industrial processing of lithium-ion batteries 

As part of the industrial recycling workflow, NMC 111 battery packs underwent 

controlled discharge, dismantling, and mechanical separation to isolate a fine particulate 

fraction known as black mass. This intermediate product represents a mixed stream containing 

electrode materials and served as the starting point for the subsequent graphite recovery and 

purification steps. 

➢ Post-processing of black mass 

The obtained black mass was further sieved to particle sizes below 500 µm to improve 

homogeneity and concentrate the carbonaceous fraction. After this treatment, the material 

remained a complex mixture of graphite, residual active materials, other inorganic species, and 

polymeric binders. 
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➢ Purification and conditioning steps of black mass via acid leaching 

A purification and conditioning route based on acid leaching using H₂SO₄ in the 

presence of H₂O₂ was applied to reduce impurity content and enable the recovery of a graphite-

rich precursor suitable for subsequent activation. 

Figure 13. Process chain for graphite recovery from LiBs. 

4.2 Analytical techniques 

In this thesis, complementary analytical techniques were used. Table 4 provides an 

overview of these techniques including their underlying principles, analytical outputs, and 

position within the characterization workflow. 
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Table 4.  Summary of analytical techniques used in this thesis. 

Technique Theoretical basis Information obtained Role in workflow 

Ultimate analysis Combustion-based elemental 
quantification  

C, H, N, S, O composition Initial precursor and final 
material characterization 

Proximate analysis Thermogravimetric mass-loss analysis Moisture, volatile matter, fixed 
carbon, ash 

Thermal behavior and material 
classification 

N₂ adsorption–
desorption Physisorption and multilayer adsorption 

Surface area, pore volume, 
mesopore distribution 

Post-activation structural 
evaluation 

CO₂ adsorption Micropore filling at controlled 
temperature 

Micropore volume and pore size 
distribution 

Detailed microporosity 
assessment 

FT-IR spectroscopy Infrared vibrational absorption Surface functional groups Chemical surface 
characterization 

Raman spectroscopy Inelastic photon scattering (Raman effect) Structural order, defect density, 
graphitization 

Carbon framework evaluation 

SEM–EDS Electron–matter interaction and X-ray 
emission 

Morphology and elemental 
distribution 

Microstructural and 
compositional analysis 

XRD X-ray diffraction from crystalline planes Phase composition and 
crystallinity 

Structural evolution assessment 

XPS Photoelectron emission from surface 
atoms 

Surface elemental states and 
bonding 

Surface chemistry evaluation 
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4.2.1 Ultimate and proximate analysis 

Ultimate analysis is employed to determine the elemental composition of materials, 

typically quantifying carbon, hydrogen, nitrogen, sulfur, and oxygen calculated by difference 

[78]. The analysis is commonly based on the Dumas combustion principle, in which the sample 

undergoes rapid and complete oxidation through flash combustion. The resulting gaseous 

products are separated chromatographically and quantified using a thermal conductivity 

detector (TCD), generating signals proportional to the concentration of each element. Ultimate 

analysis provides fundamental insight into chemical composition. 

Proximate analysis, in contrast, assesses the bulk physical composition by determining 

moisture content, volatile matter, fixed carbon, and ash. This analysis is frequently conducted 

using thermogravimetric methods, where mass changes are monitored as a function of 

temperature, allowing evaluation of thermal behavior and compositional fractions. Proximate 

analysis is particularly informative for assessing thermal stability, combustion behavior, and 

handling characteristics of carbonaceous materials. 

In this thesis, ultimate and proximate analyses were applied in Papers I–IV to both 

precursor wastes and the resulting activated carbons. Together, these techniques provided 

complementary information on elemental composition and physical structure, supporting 

optimization of activated carbons. 

4.2.2 N2 and CO2 adsorption-desorption isotherm analysis 

Gas adsorption is a widely applied technique for characterizing the textural properties 

of porous materials, including specific surface area, pore volume, and pore size distribution 

(PSD). The method is based on controlled adsorption of a probe gas using dedicated 

instrumentation comprising a sample cell, precise pressure regulation, and gas dosing systems. 

Incremental amounts of adsorbate are introduced, and equilibrium uptake at each pressure step 

is used to define discrete points along the adsorption isotherm. During measurement, gas 

molecules physisorb onto the solid surface and interact with the pore walls through 

physisorption mechanisms that depend on pore size and adsorbate–adsorbent interactions at 

pressures below the saturation pressure (P₀) [79]. At low relative pressures (P/P₀), adsorption 

proceeds through micropore filling in microporous materials and monolayer formation on 

external and nonporous surfaces.. With increasing pressure, multilayer adsorption develops  on 

open surfaces, while capillary condensation may occur in mesopores, producing a characteristic 

plateau in the isotherm [80]. Upon pressure reduction, desorption often follows a different path, 
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particularly in mesoporous materials, resulting in hysteresis due to delayed evaporation of 

condensed adsorbate. This hysteresis loop closes once condensed adsorbate is removed and 

equilibrium surface coverage is restored. 

According to the IUPAC classification, six fundamental types of adsorption isotherms 

are distinguished, as presented in Figure 14. Type I isotherms describe adsorption in 

microporous materials and are characterized by rapid uptake at low pressures followed by 

saturation, consistent with the Langmuir model. Type II isotherms represent reversible 

multilayer adsorption on nonporous or macroporous solids, featuring a distinct inflection point 

that marks completion of monolayer coverage and the onset of multilayer adsorption. Type III 

isotherms arise from weak adsorbent–adsorbate interactions and show enhanced adsorption at 

higher relative pressures due to adsorbate–adsorbate interactions. Type IV and V isotherms are 

associated with mesoporous materials and exhibit hysteresis caused by capillary condensation; 

Type IV follows Brunauer–Emmett–Teller (BET) behavior at low pressures, while Type V 

reflects weaker surface interactions. Type VI isotherms, typical of uniform nonporous surfaces, 

display stepwise multilayer adsorption. 

Figure 14. Classification of adsorption-desorption isotherms (red arrows: adsorption course; 

blue arrows: desorption course) [49]. 

Textural parameters are commonly derived from N₂ adsorption measurements at −196 

°C. The total pore volume is estimated from the adsorbed N₂ quantity at a relative pressure close 

to saturation (P/P₀ ≈ 0.99), where pores are commonly assumed to be filled by condensed 
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adsorbate[81]. The specific surface area is calculated using the BET equation, typically applied 

within the relative pressure range of 0.05–0.35, based on the formation of a complete monolayer 

followed by multilayer adsorption and selected according to established consistency criteria 

[ 82 ]. Since N₂ diffusion into ultramicropores may be kinetically limited at cryogenic 

temperatures due to kinetic restrictions arising from its molecular size(0.364 nm), quadrupole 

moment and low measurement temparature, CO₂ adsorption at 0 °C is frequently employed as 

a complementary technique to probe micropores below approximately 1 nm. Combined N₂ and 

CO₂ adsorption data enable PSD analysis across different pore size regimes, typically 2–50 nm 

for N2 and 0.3–1.4 nm for CO2. These distributions are calculated using density functional 

theory (DFT), which accounts for pore geometry and adsorption thermodynamics to provide a 

detailed description of pore structure and volume contributions [83]. 

In this thesis, N₂ adsorption–desorption measurements were systematically applied in 

Papers I–IV to determine BET surface area, total pore volume, mesopore volume, micropore 

volume (<2 nm), and PSD of activated carbons. Additionally, CO₂ adsorption experiments were 

performed in Papers I and II to further quantify micropore volume (0.3–1.4 nm) and refine 

PSD analysis. 

4.2.3 Fourier-transform infrared spectroscopy (FT-IR) 

Fourier-transform infrared spectroscopy (FT-IR) is a vibrational spectroscopic 

technique that combines infrared radiation with Fourier transformation to obtain high-

resolution spectral information. The method enables identification of chemical functional 

groups in organic, polymeric, and selected inorganic materials through characteristic absorption 

features observed in FT-IR spectra. An FT-IR spectrometer operates based on an interferometer, 

which constitutes its central component. Infrared radiation is divided into two beams: one 

reflected by a fixed mirror and the other by a moving mirror. The recombination of these beams 

generates an interference pattern that varies with mirror displacement and is recorded as an 

interferogram. This interferogram contains contributions from all infrared frequencies 

interacting with the sample and is mathematically converted into an absorption spectrum 

through Fourier transformation [84].  

For activated carbons, FT-IR spectroscopy is particularly valuable for examining 

surface functional groups, which significantly influence adsorption behavior toward organic 

compounds, contaminants, and gaseous species in both aqueous and gas-phase environments. 

The presence and nature of oxygen-containing and other surface functional groups provide 

insight into surface chemistry and potential adsorption mechanisms. 
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In this thesis, FT-IR spectroscopy was used to analyze the surface chemistry of activated 

carbons in Papers I-II. 

4.2.4 Raman spectroscopy 

Raman spectroscopy is a non-destructive analytical technique that provides information 

on molecular structure, chemical bonding, and lattice vibrations of materials. The technique is 

based on the Raman effect, which arises from the inelastic scattering of incident photons by 

molecular vibrations, leading to an energy shift relative to the excitation light [85]. While most 

photons undergo elastic (Rayleigh) scattering without energy change, a very small fraction 

experiences inelastic scattering, producing characteristic energy shifts that correspond to 

specific vibrational modes of the material. 

A Raman spectrometer primarily consists of a monochromatic laser source, which 

illuminates the sample. The scattered light is collected, spectrally filtered using a 

monochromator, and detected by a charge-coupled device (CCD) detector [86]. The resulting 

Raman spectrum presents signal intensity as a function of Raman shift, typically expressed in 

wavenumbers (cm⁻¹), and serves as a molecular fingerprint of the analyzed material. Raman 

spectroscopy is particularly well suited for carbon-based materials, including activated carbons, 

graphene derivatives, carbon nanotubes, and related structures, due to its sensitivity to carbon 

bonding environments and structural disorder. 

In this thesis, Raman spectroscopy was employed to evaluate the structural features of 

activated carbons. The technique provided insight into the degree of graphitization and defect 

density of the carbon framework, as discussed in Paper II and Paper IV. 

4.2.5 Scanning electron microscopy (SEM) coupled with energy-dispersive 

X-ray spectroscopy (EDS) analysis 

Scanning electron microscopy (SEM) is a powerful imaging technique used to examine 

surface morphology and microstructural features of materials. An SEM system comprises three 

main components: an electron gun, which generates and accelerates the electron beam; an 

electron column, where electromagnetic lenses and apertures shape and focus the beam; and a 

sample chamber, in which interactions between the electron beam and the specimen occur [87]. 

High-quality imaging requires focusing of the electron beam to achieve a small probe 

size while maintaining sufficient beam current. This is accomplished through a combination of 

condenser and objective lenses, which control beam convergence and focus it at the specimen 

surface. When the electron beam interacts with the sample, several signals are generated, 
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including secondary electrons (SE), backscattered electrons (BSE), and characteristic X-rays. 

These signals originate from different interaction volumes and provide complementary 

information. 

In this thesis, SEM–EDS was employed in Papers I–IV to examine the morphological 

features of activated carbons and to identify elemental composition and spatial distribution after 

activation. Particular attention was given to evaluating the distribution of potassium following 

chemical activation. 

4.2.6 X-ray diffraction (XRD) analysis 

X-ray diffraction (XRD) is a widely used analytical technique for qualitative and 

quantitative assessment of material structure, providing information on crystalline phases and 

degree of crystallinity. The technique is based on the constructive interference of X-rays 

scattered elastically by periodic lattice planes within a crystalline material [88]. In a typical 

XRD setup, polychromatic X-rays generated in an X-ray tube (commonly using Cu or Mo 

radiation) are monochromatized and directed toward the sample. Interaction of the incident 

beam with crystal lattice planes produces diffraction when the Bragg condition is satisfied, 

resulting in a characteristic diffractogram. 

In this thesis, XRD was applied in Paper I, Paper III, and Paper IV to identify changes 

in the relative contributions of amorphous and graphitic-like crystalline structures during 

chemical activation using potassium-based activating agents. The technique provided insight 

into the influence of potassium compounds on the structural evolution of ACs. XRD patterns 

were interpreted through qualitative comparison with reference data from the ICDD PDF-4+ 

2025 database. 

4.2.7 X-ray photoelectron spectroscopy (XPS) analysis 

X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy for 

chemical analysis (ESCA), is a surface-sensitive technique used to determine elemental 

composition and chemical bonding states within the outermost surface (few nanometers)  of a 

material. The method is based on the emission of core-level electrons induced by X-ray 

irradiation, with the kinetic energy of the emitted photoelectrons measured by an electron 

energy analyzer [89]. 

Because binding energies are characteristic of both the element and its chemical 

environment, XPS enables identification of surface elements and analysis of both their chemical 

bonding and oxidation states. Survey scans provide rapid elemental detection, while high-
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resolution spectra yield detailed chemical state information. When combined with Ar⁺ ion 

sputtering, XPS can also be used for depth profiling, making it a powerful tool for surface and 

interface analysis in materials science. 

In this thesis, XPS was applied in Paper I and Paper IV to investigate surface elemental 

composition and chemical states of activated carbons, providing insight into the influence of 

activation conditions on surface chemistry and functional group evolution. 

4.3 Methods 

In this thesis, this section presents the methodologies used for the synthesis of ACs and 

for evaluating their CO₂ adsorption performance. The section is organized into two main 

subsections covering AC preparation and CO₂ adsorption studies, with detailed descriptions of 

the used experimental procedures, setups, and operating conditions. 

4.3.1 Preparation of ACs 

The conversion of the three investigated waste-derived precursors into activated carbons 

was performed via potassium-mediated chemical activation using a dry mixing approach. KOH 

was applied as the activating agent in all studies, as the most established activator in the 

literature (Papers I–IV). In addition, alternative potassium-based compounds, including K₂CO₃, 

KCl, CH₃COOK, and K₂C₂O₄, were investigated in Paper III as activating agents or reference 

additives to assess their impact on pore formation and structural evolution of rCB. Paper I 

further examined mixed activating systems based on combined KOH and K₂C₂O₄ formulations 

to identify potential synergistic effects during the chemical activation of biomass, with 

additional emphasis on improving the environmental friendliness of the activation process. 

Prior to activation, the waste-derived precursors were subjected to appropriate 

conditioning and mechanical size reduction to obtain homogeneous powdered materials. The 

activation route involved solid–solid blending of the precursors with the selected potassium-

containing reagents, carried out by manual grinding in a mortar to ensure uniform dispersion. 

The resulting mixtures were placed in alumina crucibles and thermally treated in a horizontal 

tubular furnace operated under a continuous N2 flow to maintain inert conditions. A schematic 

representation of the preparation of the ACs workflow is provided in Figure 15. 
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Figure 15. Schematic illustration of the different stages in the preparation of activated carbon 

from waste streams via K-based chemical activation. 

Thermal activation was performed using parameters selected to promote effective 

carbonization and controlled development of porosity. The activation temperature profiles, 

residence times, heating rates, and precursor-to-activator mass ratios were established through 

systematic optimization based on preliminary experiments and literature reviews. Following 

thermal treatment, the activated materials were thoroughly washed with deionized water until 

neutral pH was reached to remove residual inorganic species and subsequently dried to constant 

mass. The final activation conditions applied in the individual studies are summarized in Table 

5. 



34 

 

 

Paper 
Heating rate 

[°C/min] 

Temperature 

[°C] 

Activation time 

[h] 

Flow rate of N2 

[cm3/min] 
Activator 

Precursor:  

activator ratio 

Biomass 

I 5 800 3 250 
KOH, K₂C₂O₄,  

KOH/K₂C₂O₄, 
1:1-1:4 

Recovered carbon black from ELTs 

II 7 800-900 2 150 KOH 1:1 

III 5-13 700-900 1-4 200 
KOH, K₂CO₃, KCl, 

CH₃COOK, K₂C₂O₄ 
1:3-1:6 

Recovered graphite from LiBs 

IV 5 700-900 3 250 KOH 1:5-1:7 
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4.3.1.1 Obtaining ACs from woody biomass 

ACs were produced from biomass via chemical activation followed by thermal 

treatment under inert conditions. Potassium-based activating agents, including KOH, K₂C₂O₄, 

and mixed KOH/K₂C₂O₄ systems, were employed.  

The precursor-to-activator mass ratio was systematically varied in the range of 1:1–1:4 

and constituted the key manipulated parameter. Thermal activation was conducted in a tubular 

furnace under a constant nitrogen flow of 250 cm³/min. A fixed heating rate of 5 °C/min, an 

activation temperature of 800 °C, and a residence time of 3 h were applied for all samples. 

These thermal parameters were kept constant, while the type of activating agent and the 

precursor-to-activator mass ratio were intentionally adjusted to evaluate their effect on the 

properties of the resulting ACs. The applied activation conditions correspond to those 

summarized in Paper I. 

4.3.1.2 Obtaining ACs from recovered carbon black 

Recovered carbon black derived from end-of-life tires was converted into activated 

carbons under potassium-assisted activation conditions using differentiated thermal protocols. 

For Paper II, chemical activation was carried out exclusively with KOH at a fixed 

precursor:activator mass ratio of 1:1. Thermal treatment was performed under a nitrogen flow 

of 150 cm³/min, applying a heating rate of 7 °C/min. The process temperature was varied within 

the range of 800–900 °C, while the activation time was maintained at 2 h. Under these 

conditions, the activation temperature represented the principal variable, whereas the remaining 

parameters were held constant. 

In Paper III, a wider parameter space was explored. Activation was conducted using 

different potassium-containing reagents (KOH, K₂CO₃, KCl, CH₃COOK, and K₂C₂O₄), and the 

precursor:activator mass ratio was adjusted between 1:3 and 1:6. Thermal treatment was carried 

out under a nitrogen flow of 200 cm³/min, with heating rates varied from 5 to 13 °C/min, 

activation temperatures between 700 and 900 °C, and residence times ranging from 1 to 4 h. In 

this study, the type of activating agent, thermal regime, and precursor-to-activator ratio were 

intentionally modified to evaluate their impact on the activation outcome and material 

characteristics. 
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4.3.1.3 Obtaining activated carbons using graphite recovered from LiBs 

Recovered graphite obtained from lithium-ion batteries was converted into activated 

carbons through potassium-assisted chemical activation. KOH was employed as the activating 

agent. 

Thermal activation was conducted under a continuous nitrogen flow of 250 cm³/min, 

using a fixed heating rate of 5 °C/min. The activation temperature varied between 700 and 900 

°C, while the residence time was maintained at 3 h for all samples. The graphite-to-activator 

mass ratio constituted a key manipulated parameter and was adjusted within the range of 1:5–

1:7 to assess its influence on the activation outcome. Under these conditions, the activation 

temperature and precursor-to-activator ratio were systematically varied, whereas the remaining 

process parameters were kept constant. The applied activation conditions correspond to those 

summarized in Paper IV. 

4.3.2 CO2 adsorption studies 

4.3.2.1 CO2 capture performance 

In Papers I and II, the ability of biomass- and recovered carbon black–derived activated 

carbons to adsorb CO₂ was examined. Gas uptake measurements were carried out at specific 

temperatures ranging from 0 to 30 °C, with pressure reaching up to 1 bar. Before analysis, the 

samples were conditioned by evacuation under high vacuum to eliminate residual moisture and 

adsorbed gases. 

4.3.2.2 CO2/N2 selectivity 

In Papers I and II, the ideal adsorption solution theory (IAST) was utilized to calculate 

the selectivity for CO2/N2 adsorption of the ACs, which is considered a critical parameter for 

CO2 capture with reference to N2 sorption data at 25 °C. 

In Paper I, selectivity trends were examined as a function of total pressure under a fixed 

CO₂ molar fraction of 0.05, representing a particularly demanding scenario for sorbent-based 

systems, as well as across varying CO₂ concentrations. In Paper II, the IAST-based evaluation 

was further applied to equimolar CO₂/N₂ mixtures and gas compositions relevant to post-

combustion capture conditions (15% CO₂ and 85% N₂). 
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4.3.2.3 Cyclic performance 

Cyclic regeneration stability was investigated in both Paper I and Paper II to evaluate 

the durability and reusability of the adsorbents under repeated operation. In Paper I, 

regeneration performance was assessed over 1–20 consecutive adsorption–desorption cycles, 

whereas in Paper II the evaluation was conducted over 1–10 cycles, reflecting sustained 

performance under cyclic working conditions. 

5. Results and discussion 

The present chapter is organized according to a cause–effect framework that links 

material design to adsorption performance. The discussion follows the sequence: selection of 

precursor and activating agent → activation pathway and evolution of the carbon microstructure 

→  development of porosity and surface accessibility →  changes in surface chemistry → 

adsorption response (capacity, selectivity, cyclic stability). 

 The chosen approach is necessary because, in carbon-based materials, CO₂ capture 

efficiency is not a simple function of high BET surface area. Instead, adsorption performance 

arises from the matching of pore size and adsorption energetics to the CO₂ molecule, as well as 

from the balance between microporosity and mass transport resistance. At the same time, the 

waste streams investigated in this work (biomass, rCB from waste tires, and graphite from LiBs) 

differ substantially in structural ordering of carbon atoms, heteroatom content, and mineral 

impurities. Consequently, the same activating agent may lead to different structural 

reconstruction pathways and pore development mechanisms. 

Based on these considerations the present chapter is structured around three main parts: 

(I) activation-driven pore development and carbon framework evolution; (II) surface chemistry 

and potassium-assisted activation mechanisms; and (III) adsorption performance evaluation for 

CO₂ capture (where applicable). The investigation of textural and structural properties 

constitutes the first level of material screening, since pore size distribution, microporosity, and 

carbon framework ordering govern surface accessibility and adsorption energetics under post-

combustion conditions. In parallel, surface chemical characteristics are analyzed to clarify how 

potassium-based activation modifies functional groups and regulates gas–solid interactions. 

Finally, CO₂ uptake, CO₂/N₂ selectivity, and cyclic stability are discussed for systems where 

adsorption measurements were performed (Papers I–II), whereas the remaining studies 

(Papers III–IV) are interpreted in terms of their contribution to scalable production routes and 

structure–property relationships.  
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This structure directly reflects the sequential precursor-to-performance pathway 

adopted in this dissertation. Figure 16 summarizes how each part contributes to material 

screening and application-oriented assessment. 

 

Figure 16. Framework illustrating material design, and performance connect to application-

oriented assessment. 

5.1 Activation and the development of porosity and carbon framework 

structure 

This section analyzes activation-driven pore development and carbon framework 

reconstruction using KOH as a common reference activating agent (Papers I–IV). The 

discussion focuses on how precursor origin and activation parameters, particularly temperature 

and precursor-to-KOH mass ratio, influence porosity evolution and structural transformations, 

thereby enabling direct comparison of reactivity and pore formation pathways in waste-derived 

carbon materials. 

5.1.1 Precursor as a determinant of reactivity 

Biomass-derived carbon (Paper I) exhibited the highest activation responsiveness 

among the studied waste streams. Increasing the biomass-to-KOH ratio from 1:1 to 1:4 led to a 

systematic increase in BET surface area and total pore volume from approximately 1956 to 
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2655 m² g⁻¹ (~36%) and from 0.943 to 1.339 cm³ g⁻¹ (~42%), respectively, with micropore 

volumes (< 2 nm) exceeding 1.0 cm³ g⁻¹ at moderate activation severities (1:2–1:3). At higher 

KOH loading, further surface area growth was accompanied by pore widening and a 

pronounced decrease in material yield, indicating the onset of over-etching. XRD analysis 

corroborated this trend by revealing progressive broadening and attenuation of the (002) basal 

plane reflection (2θ = 19.3–22.7°) and the overlapping (100)/(101) in-plane reflections (2θ = 

43–44°), which indicated increasing turbostratic disorder and fragmentation of graphene layers. 

Recovered carbon black, investigated in Paper II and Paper III, exhibited substantially 

lower reactivity toward KOH activation. Even under aggressive conditions used in Paper III 

(rCB:KOH ratios up to 1:6 and temperatures up to 900 °C), micropore volumes remained 

limited (≤ 0.332 cm³ g⁻¹), while mesoporosity dominated the pore structure, with total pore 

volumes approaching ~0.9 cm³ g⁻¹ and BET surface areas reaching approximately 1000 m² g⁻¹. 

Furthermore, Raman analysis revealed high defect densities (ID/IG = 1.04–1.07), indicating a 

strongly disordered structure; however, extensive micropore network formation remained 

restricted. This behavior reflected the structurally compact nature of rCB, which limited 

effective structural reconstruction and favored pore widening over dense micropore formation. 

Recovered graphite from LiBs (Paper IV) represented the most structurally resistant 

precursor among the investigated systems. Measurable porosity developed only under high 

activation severity (graphite:KOH ratios of 1:4–1:6 and temperatures of 700–900 °C), yielding 

BET surface areas in the range of approximately 531–678 m² g⁻¹ and total pore volumes 

between 0.286 and 0.442 cm³ g⁻¹. XRD patterns indicated preservation of graphitic ordering 

after activation, while Raman spectroscopy revealed a pronounced increase in defect density, 

with the ID/IG ratio rising from 0.251 to 1.053. This combination suggests that KOH activation 

primarily induced localized defect formation and edge disorder rather than complete lattice 

collapse. 

Comparison of the three materials showed that KOH activation produced distinct pore 

development pathways governed by precursor characteristics. Biomass formed dense 

microporous networks but became susceptible to over-etching at high activation severity, 

recovered carbon black underwent moderate transformation dominated by mesopore formation, 

and recovered graphite exhibited the greatest structural resistance, requiring aggressive 

conditions to initiate framework reconstruction. Consequently, precursor selection emerged as 

a key factor controlling porosity evolution and structural stability in waste-derived activated 

carbons. A comparative summary of textural properties and activation response is provided in 

Table 6. 
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Table 6. Activation and structural response of investigated waste-derived carbon precursors under KOH treatment. 

Precursor 

(Paper) 

Activation 

conditions 

(precursor: 

KOH ratio, 

temperature) 

BET 

surface 

area        

(m² g⁻¹) 

Total pore 

volume   

(cm³ g⁻¹) 

Micropore 

volume 

(cm³ g⁻¹) 

Dominant 

pore regime 

XRD 

response 

Raman 

response 

(ID/IG) 

Structural 

implication 

Biomass 
(Paper I) 

1:1–1:4, 

 800 °C 
1956–2655 0.943–1.339 0.836-1.021  Microporous 

Broadening 
and 

attenuation of 
(002) and 

(100)/(101) 

Not 
measured 

Turbostratic 
disorder and 

layer 
fragmentation 

rCB 
(Papers 
II–III) 

 1:1–1:6,  

700–900 °C 
131–1025 0.275–0.901 0.036-0.327 

Mesoporous
-dominated 

Limited 
framework 

reconstruction 
1.04–1.07 

Defective but 
compact 

carbon matrix 

Recovered 
graphite 

(Paper IV) 

1:4–1:6,  

700-800 °C 
531–678 0.286–0.442 ~0.20 

Mixed 
micro/mesop

orous 

Preservation 
of graphitic 

peaks 

0.251 → 
1.053 

Defect 
generation 

with retained 
long-range 

order 
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5.1.2 Relevance of porosity beyond BET surface area 

Across the investigated materials, pore size distribution analysis highlighted that the 

development of narrow micropores (0.3 to 1.0 nm), specifically ultramicropores (<0.7 nm), was 

a key structural feature influencing CO₂ adsorption in the systems where adsorption 

measurements were performed.  

In biomass-derived ACs (Paper I), KOH activation generated a dense population of 

micropores below 1.25 nm based on N₂-derived PSD and a pronounced fraction of 

ultramicropores and supermicropores (0.7–2 nm) based on CO₂-derived PSD, with dominant 

peaks in the 0.3–1.0 nm range. According to widely reported adsorption mechanisms in porous 

carbons, these pore dimensions closely match the kinetic diameter of CO₂ (~0.33 nm) and 

maximize adsorption potential at low partial pressures, providing a structural basis for the high 

uptake observed in this system. 

rCB-derived ACs evaluated for CO₂ adsorption (Paper II) exhibited broader N₂-derived 

PSD profiles dominated by mesopores, with micropores concentrated in the 1.05–1.54 nm range 

and mesopores spanning 2.30–34.05 nm. CO₂-derived PSD confirmed ultramicropores at 0.37–

0.59 nm with additional contributions at 0.61–0.91 nm; however, their limited volumetric 

fraction relative to mesoporosity was consistent with the lower CO2 adsorption performance 

compared to biomass-derived carbons, in agreement with trends reported for mesopore-rich 

ACs. A similar structural pattern was observed in rCB samples optimized for KOH activation 

(Paper III), where micropores accounted for ~30–40% of the total pore volume, with dominant 

populations centered at 0.99–1.63 nm and mesopores distributed between 2.0 and 13.49 nm. 

Despite increased micropore contribution, pore widening remained significant, providing 

structural context for the CO2 adsorption limitations observed in rCB-based systems. 

For the remaining system, recovered graphite (Paper IV), PSD analysis primarily 

served as a structural screening tool because CO₂ uptake measurements were not performed. 

KOH activation induced partial formation of micropores below 2 nm, with pronounced PSD 

peaks between 1.2 and 2.0 nm, while mesopores remained predominantly in the 2.2–4.0 nm 

range. These results reinforce that the presence and distribution of narrow micropores constitute 

a critical structural descriptor for CO₂ adsorption performance where measured, whereas PSD 

analysis in non-tested systems provides guidance for identifying promising activation pathways 

requiring further experimental validation (Table 7). 
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Table 7. Pore size distribution characteristics and CO2 adsorption relevance. 

Precursor 

(Paper) 

PSD 

method 

Dominant 

micropore 

range           

(nm) 

Narrow micropore 

range                     

(<0.7 nm) 

Dominant 

mesopore range 

(nm) 

Structural implication 

CO₂ 
adsorption 

measured 

Biomass  

(Paper I) 

N₂ + CO₂ 
DFT 

<1.25 (N₂) 
High:  

0.3–1.0 (CO2) 
2.1–4.0 

Dense microporous 
network  

Yes 

rCB  

(Paper II) 

N₂ + CO₂ 
DFT 

1.05–1.54 (N2) 

Limited:  

0.37–0.59; 0.61–0.91 
(CO2) 

2.3–35 
Mesoporosity dominates, 

limited effective micropore 
fraction 

Yes 

rCB optimized 
(Paper III) 

N₂ DFT 0.99–1.63 (N2) Not resolved separately 2.0–13.5 
Moderate micropore 
enhancement, pore 

widening dominates 
No 

Recovered 
graphite  

(Paper IV) 

N₂ DFT 1.2–2.0 (N2) 
Present         

(cumulative volume 
evidence) 

2.2–4.0 
Micropore-dominant 

structure with persistent 
mesoporosity 

No 
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5.1.3 Morphology and activator diffusion as mechanistic factors 

Beyond chemical reactivity and lattice-level reconstruction, particle morphology and 

activator transport were identified as additional controlling factors governing pore development 

during potassium-assisted activation. SEM analysis enabled direct visualization of precursor-

dependent differences in terms of particle shape, aggregation state, and surface accessibility, 

which are widely recognized in the literature as key parameters affecting alkali metal diffusion 

and spatial activation uniformity [51]. 

Biomass-derived carbons (Paper I) exhibited highly open and interconnected porous 

morphologies after KOH activation, characterized by thin pore walls and extensive framework 

etching. Such open architectures facilitated rapid potassium penetration and promoted relatively 

homogeneous activation throughout the carbon matrix, in agreement with previous reports on 

lignocellulosic precursors [90]. At higher activation severity, however, the same efficient 

transport pathways accelerated carbon consumption, leading to framework thinning and the 

onset of over-etching. 

rCB-derived carbons (Papers II and III) consisted of rigid, spherical primary particles 

forming compact aggregates. SEM analysis revealed a closed and clustered morphology that 

restricted potassium diffusion into particle interiors and promoted surface-localized reactions. 

As a consequence, activation proceeded in a spatially heterogeneous manner, favoring pore 

widening and mesopore formation rather than the development of dense, interconnected 

microporous networks. 

Recovered graphite (Paper IV) displayed plate-like, highly ordered particles prior to 

activation. Following KOH treatment, SEM micrographs revealed pronounced surface 

roughening, defect formation, and partial fragmentation, while remnants of the layered 

graphitic structure remained visible. This morphological evolution indicated selective etching 

dominated by reactions at edges, grain boundaries, and defect sites rather than uniform bulk 

restructuring. 

Taken together, these observations demonstrated that precursor morphology directly 

influenced activator accessibility and diffusion efficiency, thereby regulating the balance 

between homogeneous pore generation, localized surface etching, and framework preservation 

during KOH activation (Table 8). Consequently, effective pore engineering in waste-derived 

carbons required simultaneous consideration of activation chemistry and morphology-induced 

mass transport limitations.



44 

 

Table 8. Morphological features and potassium diffusion behavior. 

Precursor        

(Paper) 

Morphological 

features (SEM) 

KOH 

accessibility 

Activation 

uniformity 
Mechanistic implication Morphology 

Biomass 

(Paper I) 

Open interconnected 

porous framework 
High Homogeneous 

Rapid micropore 

generation, prone to over-

etching 

 

rCB  

(Papers II–III) 

Rigid spherical 

particles, compact 

aggregates 

Limited Heterogeneous 

Surface-localized reactions, 

mesopore formation 

dominates 

 

Recovered 

graphite   

(Paper IV) 

Plate-like layered 

particles 

Moderate 

(edge sites) 
Localized 

Selective etching and 

carbon framework 

preservation 
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5.2 Variability of activation mechanisms and CO₂-specific surface chemistry 

among potassium-based activators 

This section examines the variability of activation mechanisms among potassium-based 

activating agents by comparing their roles in pore development and carbon framework 

modification (Papers I and III), as well as the associated evolution of surface chemistry in 

systems where adsorption performance was evaluated (Papers I and II). The analysis focuses 

on how potassium precursor speciation, thermal decomposition behavior, and in situ potassium 

migration controlled etching efficiency, pore formation, structural expansion, and functional 

group development.  

Within the current framework, differences between KOH and potassium salts were 

evaluated for biomass-derived carbons in Paper I (comparison between KOH and K₂C₂O₄) and 

for rCB-derived carbons in Paper III (comparison between KOH, K₂CO₃, CH₃COOK, K₂C₂O₄, 

and KCl), and were attributed to distinct reaction pathways and pore generation efficiencies. 

For systems with available CO₂ adsorption data (Paper I and Paper II), the surface 

chemistry of KOH-activated carbons and K₂C₂O₄-activated biomass carbons (Paper I) was 

evaluated in relation to adsorption behavior, where surface functional groups were treated as 

secondary modifiers of gas–solid interactions acting in combination with micropore structure 

rather than as primary performance drivers. For recovered graphite (Paper IV), surface 

chemical characterization was used to interpret activation-induced structural modification 

instead of adsorption performance due to the absence of CO₂ uptake measurements. 

5.2.1 KOH vs. K-based salts: reactivity and transport related limitations in 

activation efficiency 

The comparison between KOH and K₂C₂O₄ in Paper I demonstrated clear differences 

in activation behavior arising from differences in potassium reactivity and transport properties 

in biomass-derived ACs. Under identical activation conditions (mass ratio biomass:activator = 

1:4, 800 °C), KOH produced substantially higher overall porosity, with a BET surface area of 

2655 m² g⁻¹ and total pore volume of 1.339 cm³ g⁻¹, whereas K₂C₂O₄ yielded lower values (1709 

m² g⁻¹ and 0.885 cm³ g⁻¹, respectively). Despite this difference, both activators generated 

comparable CO2 accessible narrow micropore volumes relevant for CO₂ adsorption (0.133 cm³ 

g⁻¹ for KOH and 0.150 cm³ g⁻¹ for K₂C₂O₄), indicating that KOH primarily enhanced bulk pore 

expansion, while K₂C₂O₄ promoted more selective formation of narrow micropores. This 

distinction was further reflected in pore structure distribution and material yield. KOH 
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activation generated a larger mesopore contribution (0.318 cm³ g⁻¹) and resulted in significant 

carbon burn-off (7.8%), whereas K₂C₂O₄ produced a more micropore-focused structure with 

limited mesoporosity (0.091 cm³ g⁻¹) and higher yield (18.5%). SEM observations supported 

these trends by revealing uniformly etched, highly open frameworks for KOH-activated carbon 

and localized cracking with compact granular regions for K₂C₂O₄-activated sample, indicating 

restricted potassium mobility.  

Furthermore, XRD analysis of unwashed samples showed that K₂C₂O₄ activation 

favored the formation of crystalline carbonate-rich potassium phases (K₂CO₃·1.5H₂O, 

K₄H₂(CO₃)₃·1.5H₂O, K₂CO₃, K₂O), which is in agreement with literature reports on K2C2O4 

decomposition behavior [ 91 ]. KOH-activated samples exhibited broader and less intense 

potassium-related reflections, indicating the presence of ess crystalline and weakly bound 

potassium species. This difference reflects higher potassium mobility and reactivity during 

KOH activation, enabling homogeneous framework etching and efficient pore generation, 

whereas oxalate-based activation remains governed by diffusion-limited and structurally 

conservative mechanisms (Table 9). 

Table 9. Comparison of KOH and K₂C₂O₄ activation for biomass-derived carbons 

(Paper I). 

Parameter KOH activation K₂C₂O₄ activation 

Potassium 

reactivity 
Intensive carbon etching 

Lower reactivity with carbonate-

dominated decomposition products 

Potassium 

transport 
Homogeneous penetration 

Restricted transport with localized 

activation zones 

Pore 

development 

pathway 

Strong bulk pore expansion and 

framework thinning 

Selective formation of narrow 

micropores with limited pore 

widening 

Carbon yield Low Higher 

Structural 

implication 

Efficient but aggressive 

activation 
Milder, transport-limited activation 
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The screening of potassium-based activators in Paper III demonstrated that pore 

development in rCB-derived carbons was strongly influenced by potassium speciation and 

transport behavior. KOH exhibited the highest activation efficiency, reaching SBET = 945 m² 

g⁻¹, VTOT = 0.743 cm³ g⁻¹, and VMIC(N₂) = 0.303 cm³ g⁻¹. Among the potassium salts, K₂C₂O₄ 

showed the strongest performance, with SBET = 299 m² g⁻¹, VTOT = 0.369 cm³ g⁻¹, and VMIC(N₂) 

= 0.093 cm³ g⁻¹, while CH₃COOK (SBET = 217 m² g⁻¹, VTOT = 0.240 cm³ g⁻¹, VMIC(N₂) = 0.071 

cm³ g⁻¹) and K₂CO₃ (SBET = 146 m² g⁻¹, VTOT = 0.207 cm³ g⁻¹, VMIC(N₂) = 0.043 cm³ g⁻¹) produced 

lower values. KCl exhibited negligible textural properties development, resulting in the overall 

activation efficiency trend: KOH > K₂C₂O₄ > CH₃COOK > K₂CO₃ > KCl. Furthermore, SEM–

EDS analysis in Paper III revealed systematic differences in potassium distribution among the 

activators. KOH produced the highest potassium loading (~29.5 wt%) with a relatively 

homogeneous spatial distribution, consistent with efficient potassium transport and uniform 

activation. K₂C₂O₄ exhibited high potassium content (~27.5 wt%) accompanied by patchy 

spatial distribution, whereas CH₃COOK (~20.9 wt%) and K₂CO₃ (~13.1 wt%) showed 

increasingly heterogeneous potassium dispersion and localized potassium-rich regions. This 

behavior directly correlated with the resulting textural properties, as activators with more 

uniform potassium distribution generated higher surface area and micropore volume. Overall, 

these results demonstrate that effective activation of rCB requires not only sufficient potassium 

availability but also homogeneous potassium transport within the carbon matrix, conditions 

most efficiently fulfilled by KOH and only partially achieved by potassium salts, as summarized 

in Table 10. 

Table 10. Summary of potassium-speciation-controlled activation behavior in rCB-
derived carbons (Paper III). 

Activator 

Potassium 

transport 

behavior 

Spatial K 

distribution 

Pore 

formation 

tendency 

Overall activation 

effectiveness 

KOH High mobility Homogeneous Strong Highest 

K₂C₂O₄ Moderate mobility Patchy Moderate Intermediate 

CH₃COOK Limited mobility Heterogeneous Weak Low 

K₂CO₃ Low mobility 
Strongly 

heterogeneous 
Very weak Very low 

KCl 
Minimal chemical 

interaction 
Poor 

penetration 
Negligible Ineffective 
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A central outcome of the K-based activator comparison in Paper I and Paper III is that 

effective activation requires chemically reactive potassium species, sufficient potassium 

mobility with homogeneous distribution during heating, and controlled pore development 

without excessive burn-off. In this context, the differences observed between KOH and 

potassium salts (K₂CO₃, CH₃COOK, K₂C₂O₄, KCl) reflect distinct reaction pathways and 

potassium transport efficiencies. KOH consistently exhibited the highest activation efficiency 

in both biomass- and rCB-derived systems due to its strong interaction with the carbon matrix, 

while simultaneously introducing a process-level trade-off associated with increased carbon 

consumption at high activation severity. Consequently, for KOH activation, the identification 

of an optimal activation window that balances overall porosity development, BET surface area, 

and structural stability emerges as a key design criterion for the development of practical 

adsorption-oriented sorbents. 

5.2.2 Surface chemistry evolution during K-based activation and its role in 

CO₂ adsorption 

Surface chemistry analysis across the investigated systems indicates that potassium-

based activation introduces a broadly similar set of oxygen-containing functional groups; 

however the relative abundance and chemical environment of these groups depend on the 

activating agent and precursor type. 

In biomass-derived carbons (Paper I), both KOH and K₂C₂O₄ produced comparable 

FT-IR spectra with bands assigned to –C–H, –O–H, –C=O, –C–O, –C=C, and –C≡C 

functionalities, indicating that the same types of surface functional groups are present 

irrespective of the activator, although their relative abundance may differ. However, XPS 

analysis revealed that KOH exerted a stronger influence on surface reconstruction, promoting 

higher concentrations of oxygen functionalities (–C=O, –C–O) and defect-rich aromatic 

domains, whereas K₂C₂O₄ favored partial retention of carbonate-related species (CO₃²⁻), in 

agreement with the XRD detection of potassium carbonate phases (K₂CO₃·1.5H₂O, 

K₄H₂(CO₃)₃·1.5H₂O, and K₂CO₃). In mixed activation systems (KOH/K2C2O4), KOH 

dominated the resulting surface chemistry, confirming its stronger chemical interaction with 

the carbon matrix. 

For rCB-derived carbons activated with KOH (Paper II), FT-IR analysis similarly 

confirmed the presence of –O–H, and –C–O functionalities, which are known to enhance CO₂ 

adsorption through increased quadrupole–dipole interactions. In these systems, oxygen-
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containing surface functionalities were therefore treated as secondary contributors, with textural 

properties considered the primary factor controlling CO2 adsorption capacity. 

In recovered graphite activated with KOH (Paper IV), XPS results showed an increase 

in the graphitic carbon contribution accompanied by partial redistribution of surface oxygen 

species, including –C–O, –O–H, and –C=O groups. This behavior reflects K intercalation and 

high-temperature redox reactions, which restructure the carbon framework while modifying the 

population and distribution of oxygen-containing functionalities. Although CO₂ adsorption was 

not evaluated for this system, the increase in graphitic ordering together with the reorganization 

of surface oxygen species suggests that the CO2 adsorption performance would be primarily 

determined by the developed microporosity and could therefore be expected to follow trends 

similar to those observed for other KOH-activated carbons with comparable textural properties.  

These results demonstrate that potassium-based activation generates broadly similar 

functional group families across different precursors and KOH induces the most pronounced 

surface chemical restructuring. In systems relevant to CO₂ capture (Paper I and Paper II), 

surface chemistry acts primarily as a supporting factor that enhances adsorption energetics in 

combination with appropriate pore architecture, rather than serving as the dominant 

performance-controlling parameter. A consolidated overview of the surface chemical 

transformations induced by the different potassium activators is presented in Table 11. 
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Table 11. Comparison of surface chemistry evolution with different potassium-based activation. 

System  

(Paper) 
Activator Dominant surface features 

Activator influence on surface 

chemistry 
CO₂ relevance 

Biomass-derived ACs 

(Paper I) 
KOH 

–C=O, –C–O, –O–H groups, 

defect-rich aromatic domains 

Strong surface reconstruction and 

enhanced defect formation 

Contributing factor 

alongside pore 

development 

Biomass-derived ACs 

(Paper I) 
K₂C₂O₄ 

Similar to KOH functional 

group types, partial carbonate 

retention 

Milder chemical modification 

and carbonate stabilization 

Supporting role; less 

pronounced than 

structural effects 

rCB-derived ACs  

(Paper II) 
KOH O–H, and –C–O groups 

Moderate surface oxidation 

coupled with pore development 
Limited direct 

contribution  

Recovered graphite  

(Paper IV) 
KOH 

Increased graphitic carbon 

fraction, C–O, –O–H, and        
–C=O groups 

Framework restructuring via K 

intercalation and redox reactions 

Mechanistic relevance 

only 
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5.3 CO₂ adsorption performance and CO2/N2 separation behavior 

This section analyzes the CO₂ capture performance and selectivity behavior of waste-

derived activated carbons by integrating adsorption capacity, selectivity, and cyclic stability 

results obtained in Paper I and Paper II. The discussion focuses on how precursor type, 

activation strategy, and resulting pore structure influence adsorption behavior under low-

pressure conditions (≤1 bar) relevant to post-combustion CO₂ capture. Within this framework, 

biomass-derived carbons (Paper I) and recovered carbon black–derived carbons (Paper II) are 

chosen to compare structure–performance relationships controlling CO₂ uptake and CO₂/N₂ 

selectivity. 

5.3.1 CO₂ adsorption capacity and temperature-dependent performance 

In Paper I, biomass-derived activated carbons exhibited steep low-pressure CO₂ uptake, 

confirming adsorption dominated by narrow micropores. The highest capacity was obtained for 

KOH-activated material at low KOH loading (biomass:KOH = 1:1), reaching 5.95 mmol g⁻¹ at 

25 °C and 9.65 mmol g⁻¹ at 0 °C. Increasing the KOH ratio reduced CO₂ uptake despite higher 

BET surface area and total pore volume, as the CO₂-accessible micropore volume decreased 

from 0.164 to 0.133 cm³ g⁻¹, indicating pore widening and partial loss of micropores below 1.4 

nm. K₂C₂O₄-activated biomass (biomass:K2C2O4 = 1:4) achieved comparable uptake (5.52 

mmol g⁻¹ at 25 °C and 8.79 mmol g⁻¹ at 0 °C) at lower SBET, VTOT, and VMIC(N2), demonstrating 

that selective formation of narrow micropores is more critical for CO₂ capture than maximizing 

total porosity. 

In Paper II, rCB-derived carbons showed pronounced temperature-dependent 

adsorption behavior characteristic of physisorption. KOH-activated rCB exhibited a CO₂ uptake, 

reaching 30.9 cm³ g⁻¹ (1.38 mmol g⁻¹) at 0 °C and 20.5 cm³ g⁻¹ (0.84 mmol g⁻¹) at 25 °C under 

1 bar. Textural analysis in Paper II further supports the interpretation of the activation process. 

Increasing the KOH activation temperature from 800 to 900 °C resulted in systematic 

enhancement of pore development, with BET surface area increasing from 131 to 328 m² g⁻¹ 

and total pore volume from 0.275 to 0.448 cm³ g⁻¹. This evolution was driven mainly by 

micropore formation, with micropore volume increasing from 0.036 to 0.100 cm³ g⁻¹. 

Importantly, both supermicropores and ultramicropores increased with temperature (0.021 → 

0.069 cm³ g⁻¹ and 0.015 → 0.031 cm³ g⁻¹, respectively), indicating improved development of 

CO₂-relevant narrow porosity. It should be noted that CO₂ adsorption measurements were 

performed only for the 900 °C-activated sample; therefore, the textural trends at lower 
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temperatures are interpreted as indicators of adsorption potential rather than direct performance 

metrics. 

Cyclic stability tests in both studies demonstrated excellent regenerability of the 

surfaces. In Paper I, KOH- and K₂C₂O₄-activated biomass carbons maintained constant CO₂ 

uptake over 20 adsorption–desorption cycles at 25 °C, with a maximum deviation of 

approximately 0.09 mmol g⁻¹. Similarly, in Paper II, KOH-activated rCB showed no 

measurable capacity loss over 10 cycles at 0 °C. The preserved performance confirms reversible 

physisorption within structurally stable micropores and indicates the absence of irreversible 

surface reactions during repeated operation. 

These results show that high CO₂ uptake combined with long-term cyclic stability is 

achieved when the activation conditions promote the formation of stable narrow microporosity 

as the key structural parameter controlling adsorption performance in waste-derived activated 

carbons. 

Table 12. Structural and functional comparison of the performance of waste-derived 
adsorbents (Paper I and Paper II). 

Precursor 

type 

(Paper) 

Activator  

(precursor:KOH 

ratio, and 

temperature) 

Key 

pore feature 

Structural 

characteristics 

of precursor 

Performance 

implication 

Biomass 
(Paper I) 

KOH     
(biomass:KOH = 1:1, 

800 °C) 

High narrow 
micropore 

density 

Highly 
disordered 

lignocellulosic 
carbon 

framework 

Strong low-
pressure CO₂ 

adsorption driven 
by narrow 
micropores 

Biomass 
(Paper I) 

K₂C₂O₄ 
(biomass:KOH = 1:4, 

800 °C) 

Similar but 
less 

developed 
narrow 

micropore 
region 

compared to 
KOH 

Moderately 
preserved 

carbon 
framework 

Efficient CO₂ 
uptake despite 

lower SBET, VTOT, 
and VMIC(N2) 

Recovered 
carbon 
black   

(Paper II) 

KOH                      
(rCB:KOH = 1:1,  

900 °C) 

Mixed 
micro/mesopo
rous structure 

Compact, 
thermally pre-

processed 
aggregated 
particles 

Low CO₂ uptake 
because of 
structural 
limitations 
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5.3.2 CO₂/N₂ selectivity and separation performance 

CO₂/N₂ selectivity was evaluated using IAST calculations for biomass-derived carbons 

(Paper I) and rCB-derived carbons (Paper II) under dilute and post-combustion–relevant 

conditions. In Paper I, all investigated materials exhibited selectivity values above 12 at low 

CO₂ mole fraction (0.05) and at 1 bar, confirming effective separation performance under these 

selected conditions. The highest selectivity was obtained for the K₂C₂O₄-activated carbon 

(20.5–21.7), whereas the KOH-activated sample (biomass:KOH = 1:1) exhibited slightly lower 

values (19.13–21.29). Increasing the KOH loading (biomass:KOH = 1:4) reduced the 

selectivity (12.8–13.8) due to the partial loss of ultramicropores. In addition, the K₂C₂O₄-

derived carbon demonstrated robust performance under variable feed compositions, 

maintaining selectivity above 20 across the entire range of CO₂ concentrations and operating 

pressures. These trends indicate that CO₂/N₂ separation efficiency is based on primarily by the 

availability of ultramicropore formation that preferentially accommodate CO₂ molecules while 

restricting N₂ adsorption due to size exclusion and enhanced adsorption potential at low 

pressure. 

In Paper II, KOH-activated rCB exhibited exceptionally high selectivity for an 

equimolar CO₂/N₂ mixture at low pressure (>300 at 0.001 bar) and maintained favorable 

performance under flue-gas conditions (~60 at 1 bar, 15% CO₂). This behavior, evaluated from 

the coefficient of determination (R²) as a function of the cumulative micropore volume within 

defined pore width ranges, is mainly associated with submicropores and ultramicropores. The 

preferential filling of these narrow pores at low pressure leads to outstanding separation, while 

their progressive occupation at higher pressure results in a decrease in selectivity, although the 

values remain competitive for practical applications.  

Taken together, the findings indicate that CO₂/N₂ selectivity is primarily determined by 

the ultramicropore size matching, providing the strongest structural contribution to separation 

performance across both precursor systems, as summarized in Table 13. 
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Table 13. Comparison of CO₂/N₂ selectivity behavior for waste-derived activated carbons (Paper I and Paper II). 

Precursor 

type 

Activator         

(biomass:KOH 

ratio/temperature) 

Process 

conditions 
Dominant selectivity driver Selectivity behavior Separation implication 

Biomass 

(Paper I) 

KOH            

(biomass:KOH = 1:1) 

Low CO₂ 

fraction (0.05), 

≤1 bar 

High ultramicropore density High selectivity 
Favorable for dilute CO₂ 

separation 

Biomass 

(Paper I) 

K₂C₂O₄                 

(biomass: K₂C₂O₄ = 1:4) 

Low CO₂ 

fraction (0.05), 

≤1 bar 

Refined ultramicropores The highest selectivity 

Robust performance 

under variable feed 

compositions 

Biomass 

(Paper I) 

KOH                     

(biomass: KOH = 1:4) 

Low CO₂ 

fraction (0.05), 

≤1 bar 

Partial ultramicropore loss Reduced selectivity 
Over-activation limits 

separation efficiency 

rCB 

(Paper II) 

KOH                             

(900 °C) 

Low pressure 

and flue-gas 

composition 

Strong CO₂ confinement in 

submicropores and 

ultramicropores 

Very high selectivity at low 

pressure and high values at 

flue gas conditions 

Suitable for post-

combustion capture 

conditions 
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6. Conclusions 

This thesis investigates the transformation of carbon-intensive waste streams into 

functional porous materials for CO₂ capture within a circular materials framework. The work 

aims to establish a methodology for the valorization of structurally diverse carbon residues into 

high-performance sorbents through chemically controlled activation. Potassium-assisted 

activation was applied to three waste-derived carbon precursors, namely woody biomass, 

recovered carbon black from end-of-life tires, and graphite from spent lithium-ion batteries, and 

the resulting materials were evaluated for their gas sorption performance  under physisorption 

dominated conditions where adsorption data were available. The major conclusions are 

summarized as follows: 

• Waste-stream valorization into functional sorbents 

The work shows that precursor origin governs activation response, attainable pore 

architecture, and structural stability (Papers I–IV). 

Woody biomass, rCB, and recovered graphite were demonstrated as viable 

precursors for producing activated carbons through potassium-mediated chemical 

activation, establishing a unified waste-to-sorbent framework aligned with circular 

economy principles and carbon intensive waste management strategies.  

• Precursor-dependent activation responsiveness controls pore 

development 

The results revealed a precursor-dependent activation behavior, indicating that a 

universal response could not be assumed for structurally diverse waste-derived carbons. 

Each material exhibited a different degree of responsiveness under identical potassium-

based activation conditions. This variation was attributed to differences in the structural 

organization of the carbon framework and the resulting accessibility of reactive carbon 

domains. 

Biomass exhibited the highest reactivity toward KOH activation, enabling dense 

microporous networks and very high surface areas, but also susceptibility to over-etching 

at high activation severity (Paper I). rCB showed moderate activation responsiveness, with 

mesopore-dominated structures resulting from diffusion-limited activation within compact 

aggregates (Papers II–III). Recovered graphite showed the greatest structural resistance, 
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with porosity forming mainly through defect-driven edge etching rather than uniform 

framework reconstruction (Paper IV). 

• Microporosity governs CO₂ capture more strongly than total surface 
area 

The present study demonstrated that pore size distribution, rather than overall 

surface area, is the dominant structural descriptor influencing CO₂ capture efficiency. 

Specifically, narrow micropores emerged as the critical structural parameter governing 

selective low-pressure adsorption. 

In the evaluated systems where adsorption was measured, CO₂ uptake and CO₂/N₂ 

selectivity correlated with the availability of narrow micropores, particularly 

ultramicropores, rather than with BET surface area alone.  

Biomass-derived carbons achieved the highest low-pressure CO₂ capacities due to 

dense sub-nanometer pores (Paper I), whereas rCB-derived carbons showed lower uptake 

consistent with a smaller fraction of CO₂-relevant microporosity (Paper II). 

• Potassium activator chemical speciation determines activation 

efficiency 

The present study demonstrated that activation efficiency is not solely dictated by 

potassium content but by its chemical form. Variations in potassium speciation resulted in 

distinct activation pathways, ranging from aggressive pore expansion (KOH) to selective 

micropore development with improved yield retention (K2C2O4). 

KOH consistently delivered the strongest activation effect due to high potassium 

reactivity and relatively uniform migration within the carbon matrix, enabling efficient pore 

generation (Papers I–III). Alternative potassium salts produced milder activation, with 

K₂C₂O₄ demonstrating selective narrow micropore formation and improved yield retention 

in biomass-derived systems, highlighting a trade-off between aggressive pore expansion 

and structural conservation (Paper I). 

• Morphology and diffusion limitations regulate activation pathways 

This work demonstrates that precursor morphology governs activation pathways by 

controlling potassium transport within the carbon matrix. Structural organization and 
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particle compactness dictate the balance between homogeneous pore development and 

localized over-etching. 

SEM analysis revealed that open biomass-derived structures promoted 

homogeneous activation but accelerated burn-off at high severity (Paper I). Aggregated 

rCB particles restricted potassium transport, favoring localized reactions and mesopore 

formation (Papers II–III). Plate-like graphite structures underwent selective edge etching 

with partial retention of graphitic ordering (Paper IV). These findings confirm that 

morphology-induced transport limitations are critical factors in pore engineering. 

• Surface chemistry plays a secondary but supportive role in adsorption 

The results indicate that, under physisorption-controlled conditions, adsorption 

performance is primarily associated with the developed micropore architecture, while 

surface chemistry provides a secondary contribution by modifying gas–solid interactions. 

Oxygen-containing functional groups therefore act as supportive modifiers rather than 

dominant performance-determining features. 

A common feature across all materials is the potassium-driven introduction of 

oxygen-containing functionalities, indicating a shared activation mechanism (Paper I and 

Paper II). In graphite-based systems, the evolution of surface chemistry reflects potassium-

induced restructuring of the carbon framework (Paper IV). 

• CO₂/N₂ selectivity and cyclic stability confirm separation potential 
The overall performance evaluation demonstrates that selective and stable CO₂ capture 

can be achieved within these structurally engineered carbon systems.  

Biomass- and rCB-derived activated carbons exhibited favorable CO₂/N₂ selectivity 

under dilute and post-combustion conditions and maintained stable performance during 

repeated adsorption–desorption cycles, confirming reversible physisorption (Papers I–II). 

7. Future outlook 

Future research directions emerging from this work can be grouped into material 

innovation, process optimization, and application expansion, with an overarching emphasis on 

scalability and sustainability. 
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I. Material innovation 

• Environmentally balanced activation strategies 

Current practices for producing activated carbons through chemical activation typically 

require high potassium loadings and severe conditions, which lead to extensive burn-off, low 

material yields, and the generation of secondary waste streams. These factors reduce resource 

efficiency and limit the environmental sustainability of sorbent production. The development 

of more environmentally balanced activation strategies therefore requires approaches that 

enable precise pore formation while reducing chemical consumption and carbon loss. The use 

of alternative potassium salts, mixed-activator systems, and staged activation protocols 

represents a promising pathway toward the selective formation of porosity under milder 

conditions. In this context, the K2C2O4-based activation of biomass-derived carbons provides 

an important conceptual basis for such process design (Paper I). 

• Controlled surface functionalization 

Surface chemistry in activated carbons is largely determined by the activation process 

itself, which limits independent control over the type, density, and spatial distribution of 

functional groups. Post-synthetic modification often leads to partial blockage of pores or 

deterioration of structural stability, resulting in reduced adsorption efficiency and poorer cyclic 

performance. The development of post-activation treatments that introduce tailored polar 

functionalities while preserving pore accessibility could therefore enhance adsorption 

energetics under realistic gas compositions without compromising stability. Such strategies 

should enable the decoupling of textural and chemical properties and provide improved 

performance under practical operating conditions (Papers I–II). 

• Hybrid and composite sorbents 

Waste-derived carbons in the present thesis were primarily evaluated as standalone 

sorbents, where adsorption performance was tuned through pore structure development and 

surface chemistry modification. The absence of integrated high-affinity phases limits the extent 

to which adsorption energetics and selectivity can be independently tailored beyond what is 

achievable by textural optimization alone. The development of hybrid and composite sorbents, 

in which waste-derived carbons are combined with high-affinity porous frameworks or 

functional coatings, offers a pathway to synergistic adsorption behavior by coupling the 
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structural robustness and conductivity of the carbon matrix with enhanced affinity toward CO₂ 

and other target gases (Papers I–IV). 

II. Process optimization 

• Mitigating diffusion limitations in compact precursors 

Current activation approaches applied to compact and aggregated precursors such as 

rCB and graphite are limited by restricted potassium transport within dense particle structures. 

This results in heterogeneous activation, localized over-etching, and non-uniform micropore 

development, as evidenced by the spatially uneven potassium distribution and textural 

evolution observed in Paper II and Paper IV. Pre-conditioning strategies, including controlled 

particle engineering and morphology tuning prior to activation, could improve potassium 

accessibility and promote more homogeneous pore formation. Such approaches would enable 

more efficient utilization of the carbon matrix, reduce burn-off, and open pathways toward the 

controlled design of adsorption-relevant porosity in otherwise diffusion-limited precursors. 

• Mechanistic refinement of potassium-assisted activation 

Although potassium-assisted activation is widely applied, the mechanisms governing 

potassium speciation, migration, and carbon framework reconstruction remain insufficiently 

resolved. This limits predictive control over pore development and increases the risk of over-

etching and structural degradation under severe activation conditions. Time-resolved and in situ 

characterization techniques could elucidate the evolution of potassium species and their 

interaction with the carbon matrix, enabling the rational design of activation protocols with 

controlled pore formation (Papers I–III). 

• Dynamic and process-relevant adsorption evaluation 

Most adsorption evaluations are conducted under ideal equilibrium conditions that do 

not adequately represent industrial gas separation environments. As a result, performance under 

dynamic flow, multicomponent gas mixtures, and humidity remains insufficiently understood, 

which limits reliable scale-up assessment. Extending the current studies toward breakthrough 

experiments, kinetic analysis, and humidity-influenced adsorption would bridge the gap 

between laboratory characterization and realistic process conditions and enable more accurate 

evaluation of sorbent applicability (Papers I–II). 
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III. Application expansion 

• Broadening environmental sorption applications 

Current research on waste-derived activated carbons has primarily focused on CO₂ 

capture, while their broader potential for environmental remediation remains largely 

unexplored. The tunable pore structures and adjustable surface functionalities demonstrated 

in this work provide a basis for extending these materials toward the removal of other 

gaseous pollutants and aqueous contaminants. Such expansion would enable the utilization 

of the same structure–property relationships identified here for a wider range of separation 

and purification applications (Papers I–IV). 

• Integration into scalable capture systems 

Most studies remain at the level of laboratory-scale evaluation of powder materials, with 

limited translation into reactor-relevant configurations. This gap between material synthesis 

and process-scale implementation prevents realistic assessment of pressure drop, mechanical 

stability, heat and mass transfer, and long-term operational performance. The development of 

shaped sorbents together with reactor-scale validation would enable the evaluation of these 

parameters under practical conditions and support the transfer of the most promising materials 

into applicable separation technologies (Papers I–II). 

• Sustainability and techno-economic assessment 

While the results of this thesis demonstrate the circularity potential of waste-derived 

sorbents, comprehensive life-cycle and techno-economic assessments are still missing. Without 

such analyses, the overall environmental impact and economic feasibility of large-scale 

implementation remain uncertain, particularly for processes integrated with tire and battery 

recycling infrastructure. The incorporation of life-cycle and techno-economic evaluation 

alongside scale-up studies would enable identification of the most resource-efficient activation 

strategies, optimization of material yields, and verification of the practical sustainability of the 

proposed value chains (Papers II–IV). 
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A B S T R A C T

The environmental impact of wood waste disposal and limitations of conventional chemical activation under-
score the need for sustainable strategies to convert lignocellulosic biomass into efficient CO₂ sorbents. In this 
study, pine wood was activated at 800 ◦C using KOH, K₂C₂O₄, and their mixtures (mass ratios 1:1 to 1:4) to tailor 
porosity and surface chemistry for selective CO₂ capture. Co-activation at a 1:2:2 ratio (biomass:KOH:K₂C₂O₄) 
delivered optimal textural features, including a BET surface area of 2029 m2/g, total pore volume of 1.028 cm3/ 
g, and micropore volumes of 0.923 cm3/g (N₂) and 0.156 cm3/g (CO₂). The KOH-activated carbon (1:1) achieved 
the highest CO₂ uptake 9.65 mmol/g at 0 ◦C and 5.95 mmol/g at 25 ◦C due to extensive ultramicropore 
development. In contrast, the K₂C₂O₄-derived sample (1:4) exhibited lower uptake (8.79 mmol/g at 0 ◦C) but 
superior CO₂/N₂ selectivity (>21 at 5 % CO₂, 1 bar), linked to narrower pores and higher surface polarity. 
Structural and surface analyses (XRD, FTIR, XPS, XRF, SEM, TGA) confirmed turbostratic carbon, abundant 
oxygenated groups (C–O, C––O), and sponge-like morphology with residual inorganic species. Isosteric heats of 
CO₂ adsorption (26–36 kJ/mol) indicated strong physisorption, and isotherm modeling identified Radke–-
Prausnitz as the best-fit model. Grand canonical Monte Carlo simulations supported the experimental results, 
revealing that sub-nanometer pores and carbonyl-rich surfaces enhance CO₂ affinity. This work presents a 
comprehensive comparison of K-based activation strategies and demonstrates that co-activation offers a scalable, 
less harsh route to high performance porous carbons for CO₂ capture.
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1. Introduction

The increasing demand for sustainable resource management has 
intensified the search for efficient strategies to valorize biomass waste 
from industrial sectors. As the most abundant renewable feedstock, 
biomass transformation into value-added materials aligns with circular 
economy and carbon neutrality goals [1–4]. Among various waste 
streams, forest industry residues are particularly impactful [5]. Ac-
cording to the Food and Agriculture Organization, global wood pro-
duction exceeded 4 billion m3/year in 2022, with nearly 2.04 billion m3 

of roundwood harvested about half used as fuel [6]. This generates vast 
amounts of underutilized wood waste, such as sawdust, bark, and off-
cuts, often discarded via burning or landfilling [7]. These practices 
waste carbon-rich materials and contribute to pollution and greenhouse 
gas emissions. Consequently, environmentally sound and cost-effective 
valorization of lignocellulosic residues into functional materials is ur-
gently needed [8].

One promising approach is the conversion of biomass into activated 
carbons (ACs), a highly porous carbonaceous materials with outstanding 
adsorption properties [9,10]. While traditionally derived from coal or 
polymers, biomass-based ACs are increasingly attractive due to their low 
cost and renewability [11]. Rich in carbon, residues like wood, nut-
shells, and agro-waste can be thermochemically converted into high 
surface area, microporous sorbents [12]. ACs possesses a set of key 
properties that make it particularly effective as an adsorbent: high sur-
face area, extensive microporosity, fast adsorption kinetics, chemical 
and thermal stability, and ease of regeneration [13]. Typically amor-
phous, they contain ~90 wt% carbon and heteroatoms like O, N, S, and 
H [14]. Their porosity is categorized into micropores (<2 nm), meso-
pores (2–50 nm), and macropores (>50 nm) [15,16], each contributing 
differently depending on the application. Macropores and mesopores 
support the transport and separation of bulky molecules, while micro-
pores provide primary adsorption sites. Therefore, optimal adsorption 
performance relies on a balanced pore structure [17]. Because of these 
advantageous properties, ACs have found broad utility in water purifi-
cation [18], environmental remediation [19], energy storage [20], and 
gas separation [21].

Recently, microporous ACs have shown great potential for CO₂ 
capture in post-combustion and direct air capture (DAC) scenarios, due 
to their tunable porosity and cycling stability [22,23]. Compared to al-
ternatives like zeolites or MOFs, biomass-derived ACs offer lower cost, 
greater processability, and enhanced resilience under operating condi-
tions [24,25].

To produce ACs, activation is crucial for tuning pore architecture and 
surface chemistry. Chemical activation, performed at 400–900 ◦C, 
effectively produces high surface area materials with rich microporosity 
[26,27,28]. In this process, a chemical activating agent, commonly an 
acid, base, or salt, is intimately mixed with the biomass to facilitate pore 
development during thermal treatment. Common activators include 
alkaline agents (KOH, NaOH, K2CO3), oxidizing acids (H3PO4, HNO3), 
and neutral salts (ZnCl2) [14,29]. Two main methods are used: dry 
mixing, in which the biomass and activator are blended as solids, and 
wet impregnation, where the biomass is soaked in an activating solution 
[30]. The resulting mixture is then pyrolyzed under an inert atmosphere, 
yielding activated carbon. Among these activators, KOH remains the 
most effective and widely studied [31]. KOH initially converts to K₂O, 
which is then reduced to metallic potassium. The potassium intercalates 
into the carbon lattice, penetrating graphene layers and causing struc-
tural expansion. Simultaneously, carbon oxidation to CO, CO₂, and 
K₂CO₃ promotes pore formation [32]. Recent studies have applied KOH 
activation to various biomass precursors, such as walnut shell, cashew 
nut shells [33], banana peels [34], olive stones [35], and argan press 
cake [36], demonstrating that the activation temperature (500–800 ◦C) 
and the mass ratio between precursor and activator (1:1–1:4) are critical 
for optimizing porosity, surface chemistry, and adsorption capacity 
[37,38].

However, KOH poses drawbacks: it is corrosive, hazardous, and 
produces alkaline wastewater [32]. This has led to interest in safer al-
ternatives like potassium oxalate (K₂C₂O₄), which decomposes into 
K₂CO₃ while avoiding caustic residues [39,40]. It induces pore formation 
through thermal cracking, and offers lower toxicity, easier handling, and 
reduced environmental impact [41].

Notably, activation mechanisms vary with both the K-based chemical 
agent and the biomass source, resulting in distinct textural and surface 
chemical properties in the resulting activated carbons. Even closely 
related activators such as KOH and K₂C₂O₄ can lead to different pore 
architectures and surface functionalities depending on the biomass type 
[42]. In this context, combining the strong etching effect of KOH with 
the gas-releasing decomposition of K₂C₂O₄ offers a promising mixed- 
activation strategy. Such an approach could synergistically fine-tune 
micro- and mesopore volumes, enhance surface heterogeneity, and 
improve CO₂ capture performance, while reducing the reliance on harsh 
chemicals. However, to date, there is no comprehensive study that 
compares these activation routes under identical conditions and ex-
plores their impact on CO₂ uptake, selectivity, and isosteric adsorption 
thermodynamics. Here, we present a first-of-its-kind investigation into 
the use of KOH/K₂C₂O₄ co-activation to engineer ultramicroporous 
carbons from woody biomass, offering a scalable and more eco-friendly 
route to high-performance CO₂ sorbents.

Herein, this gap was investigated by activating woody biomass with 
KOH, K₂C₂O₄, and their mixtures at 800 ◦C, using a range of mass ratios 
(biomass:activator = 1:1 to 1:4). The same mass ratios were applied for 
both individual K-based activators and their combinations to allow a 
systematic comparison. The aims were to (1) evaluate the activation 
behavior of KOH across different mass ratios, (2) investigate the po-
tential of K₂C₂O₄ as a standalone alternative, (3) explore possible syn-
ergistic effects of the KOH/K₂C₂O₄ combination, and (4) assess the 
resulting materials for effective CO₂ capture performance. The ACs were 
characterized by their textural, structural, chemical, morphological, and 
thermal properties. CO₂ uptake and CO₂/N₂ selectivity were measured to 
assess application potential. Molecular dynamics simulations supported 
the experimental findings and helped relate structure to performance. 
The co-activation strategy proved effective in tuning porosity, 
enhancing surface heterogeneity, and improving CO₂ capture, while 
minimizing the use of harsh chemicals. Dynamics simulations were also 
employed to support experimental observations and provide insight into 
structure–performance relationships. The results demonstrated that the 
co-activation strategy enabled effective tuning of micro- and mesopore 
volumes, improved surface heterogeneity, and enhanced CO₂ capture 
performance, while reducing dependence on harsh chemicals. This work 
not only delivers a benchmark in more green chemical activation but 
also provides molecular-level insight into how activation route governs 
ultramicropore formation, CO₂ affinity, and multicomponent selectivity.

2. Materials and methods

2.1. Source of woody biomass

The biomass used as a precursor for activated carbon synthesis 
consisted of untreated pine wood, sourced from pieces utilized as a 
renewable fuel in the boiler facility at Chalmers University of Technol-
ogy (Sweden). The wood was free from any chemical treatments, coat-
ings, or additives, ensuring its suitability to produce high-purity 
carbonaceous materials. The biomass corresponded to a softwood 
lignocellulosic substrate, dominated by cellulose and hemicellulose, 
with moderate lignin content typical of coniferous species. The physi-
cochemical composition of pine wood is shown in Table 1. The material 
exhibits a high carbon content (50 wt%) and oxygen content (43 wt%), a 
moderate hydrogen content (6.0 wt%), and a low nitrogen content (0.11 
wt%). Additionally, the ash content remains minimal (0.4 wt%), and the 
moisture level is relatively low (6 wt%), confirming its suitability as a 
clean and renewable precursor for AC synthesis.
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2.2. Biomass pre-treatment

Prior to chemical activation, the untreated pine wood was subjected 
to a two-step size reduction process. Initially, the material was coarsely 
crushed using a Wiley mill to break it into smaller fragments. To enhance 
the reactivity with chemical activating agents, the pre-crushed wood 
was subsequently ground using a Retsch ZM 1 centrifugal mill equipped 
with a single sieve, producing a fine powder with reduced particle 
diameter. The target particle size was below 0.5 mm to ensure homo-
geneous impregnation and effective thermal penetration. This approach 
ensured uniformity in particle size and improved the efficiency of sub-
sequent activation steps.

2.3. Chemical activation with KOH and K₂C₂O₄ for ACs production

Chemical activation via the dry-mixing method was employed to 
produce ACs. As shown in Fig. S1, pre-treated pine wood was thoroughly 
mixed with the selected chemical activating agents at specific mass ra-
tios. Three types of activators were investigated: KOH, K₂C₂O₄, and a 
combination of both, to assess their individual and synergistic effects on 
the properties of ACs. The samples are labeled based on the type and 
ratio of K-based activators. WP-KOH-X or WP-K2C2O4-X denote activa-
tion with KOH or K2C2O4 at biomass-to-KOH mass ratios of 1:1 to 1:4. 
Combined activations are labeled as WP-KOH-K2C2O4-X:Y:Z, indicating 
the mass ratios of biomass, KOH, and K₂C₂O₄, respectively (e.g., 1:1:3, 
1:2:2, 1:3:1).

The biomass–activator mixtures were manually ground in a mortar 
to ensure homogeneous distribution. A grinding time of 10–15 min was 
applied for each batch to maximize interfacial contact and minimize 
agglomeration. The prepared mixtures were then placed in alumina 
crucibles and subjected to thermal activation in a tubular furnace. The 
activation was conducted at 800 ◦C for 3 h under a continuous nitrogen 
flow (250 mL/min) to maintain an inert atmosphere throughout the 
process, with the temperature and duration selected based on pre-
liminary studies and reported literature confirming their adequacy. The 
heating rate was controlled at 5 ◦C/min to allow gradual thermal 
decomposition and promote uniform pore development. After activa-
tion, the samples were washed extensively with deionized water (~6 L) 
on a paper filter until the pH of the filtrate reached neutral, effectively 
removing any residual inorganic compounds. Finally, the activated 
carbon samples were oven-dried at 80 ◦C for 12 h to ensure complete 
moisture removal. The resulting powdered materials were stored in 
airtight, light-protected glass containers under dry argon atmosphere to 
prevent moisture uptake and surface oxidation prior to characterization.

2.4. Carbon-based material characterization

2.4.1. Textural characterization
The textural characteristics of the synthesized activated carbons 

were evaluated through gas adsorption analysis. Nitrogen adsorp-
tion–desorption isotherms were measured at −196 ◦C using an auto-
mated volumetric sorption analyzer (Quadrasorb Evo™, Quantachrome 
Instruments). Prior to analysis, all samples were degassed under vacuum 
at 250 ◦C for 16 h to remove adsorbed contaminants and moisture.

The specific surface area (SBET) was determined using the Bru-
nauer–Emmett–Teller (BET) method, with the adsorption data fitted in 
the relative pressure (p/p₀) range of 0.05 to 0.35. The selection of this 
range was guided by the Rouquerol criteria, ensuring the BET “C” con-
stant remained positive; data points slightly outside this interval were 
included when they contributed to improved linearity. The total pore 
volume (VTOT) was calculated from the volume of N2 adsorbed at a 
relative pressure of p/p₀ ≈ 0.99. Micropore volume (VMIC(N2)) and 
mesopore volume (VMES), corresponding to pores larger than approxi-
mately 1.4 nm and within the 2–50 nm range, as well as the pore size 
distribution (PSD), were determined using the non-local density func-
tional theory (NLDFT) model applied to the N₂ adsorption isotherms.

Additionally, micropore volume (VMIC(CO2)) in the 0.3–1.4 nm range 
was obtained from CO₂ adsorption isotherms measured at 0 ◦C and 
evaluated using the NLDFT model as well, providing complementary 
insight into the microporous structure.

2.4.2. Structural and morphological characterization
The crystalline structure of the activated carbons was investigated 

using X-ray diffraction (XRD) on a Bruker D8 Discover diffractometer. 
Samples were finely ground to ensure homogeneity prior to analysis. Cu 
Kα radiation (λ = 0.15418 nm) was used as the X-ray source, and 
diffraction patterns were recorded over a 2θ range from 10◦ to 105◦ with 
uniform step intervals. Phase identification was performed using the 
DIFFRAC.EVA software, with reference to the ICDD PDF-4+ 2025 
database to determine the phases formed during activation.

The morphological properties of the ACs were examined using a field 
emission environmental scanning electron microscope (FEI ESEM 
Quanta 200) integrated with an energy-dispersive X-ray spectroscopy 
(EDS) system for elemental analysis. Image acquisition was performed 
utilizing the backscattered electron (BSE) mode to enhance composi-
tional contrast. To minimize surface charging effects, the analysis was 
conducted under low vacuum conditions at a chamber pressure of 20 Pa. 
The accelerating voltage of the electron beam was set to 10 kV during all 
observations.

2.4.3. Surface characterization
To identify the surface functional groups present on the activated 

carbons, Fourier transform infrared (FTIR) spectroscopy was carried out 
using a Nicolet 380 spectrometer (Thermo Scientific). The spectra were 
recorded over a wavenumber range of 400–4000 cm−1. Before each 
measurement, a background spectrum was collected and automatically 
subtracted from the sample spectra to ensure accurate baseline 
correction.

To determine the surface chemical composition and the chemical 
states of elements present, X-ray photoelectron spectroscopy (XPS) 
analysis was performed using a PHI 5000 VersaProbe III Scanning XPS 
Microprobe™. Dual charge compensation, combining an argon ion gun 
(positive) and an electron neutralizer (negative), was applied during 
measurements to accommodate the non-conductive nature of the sam-
ples. A survey scan was first conducted over the energy range of 0–1300 
eV with a step size of 1.0 eV to identify the elemental composition. Based 
on the detected elements, high-resolution narrow scans were subse-
quently performed with a step size of 0.1 eV to analyze the chemical 
states in greater detail. The spectral energy resolution, determined by 
the full width at half maximum (FWHM) of the Ag 3d₅/₂ peak from a 
sputter-cleaned silver foil, was 0.673 eV. Energy scale calibration was 

Table 1 
Textural properties of activated carbons synthesized using KOH, K₂C₂O₄, and 
their mixtures.

Sample SBETa, 
[m2/ 
g]

VTOTb, 
[cm3/ 
g]

VMIC 
(N2)c,
[cm3/ 
g]

VMESc,
[cm3/ 
g]

VMIC 
(CO2)c,
[cm3/ 
g]

Yield, 
[%]

WP-KOH-1:1 1956 0.943 0.836 0.107 0.164 12.6
WP-KOH-1:2 2293 1.146 1.017 0.129 0.158 10.5
WP-KOH-1:3 2371 1.321 1.159 0.162 0.148 9.0
WP-KOH-1:4 2655 1.339 1.021 0.318 0.133 7.8
WP-K2C2O4–1:4 1709 0.885 0.794 0.091 0.150 18.5
WP-KOH- 

K2C2O4–1:1:3
1885 0.935 0.726 0.209 0.146 16.2

WP-KOH- 
K2C2O4–1:2:2

2029 1.028 0.923 0.105 0.156 13.5

WP-KOH- 
K2C2O4–1:3:1

1905 0.965 0.757 0.208 0.142 11.2

a BET method using the Rouquerol criteria.
b Determined from the N₂ adsorption isotherm at a high relative pressure 

(~0.98–0.99).
c DFT method by the NLDFT model.
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performed according to ISO 15472 standards, using reference peaks 
from sputter-cleaned gold (Au 4f₇/₂ at 83.96 eV), silver (Ag 3d₅/₂ at 
368.21 eV), and copper (Cu 2p₃/₂ at 932.62 eV).

2.4.4. Thermal and elemental characterization
The thermal behavior of the ACs was analyzed using a TGA-DSC 3+

system from Mettler Toledo. Each sample was subjected to a pro-
grammed heating cycle, increasing the temperature from 30 ◦C to 900 ◦C 
at a linear rate of 10 K per minute, while maintaining an inert nitrogen 
environment throughout the experiment. The resulting mass change 
data provided insights into the materials' decomposition pathways and 
overall thermal resistance under non-oxidizing conditions.

Elemental composition (CHNS) was determined according to the 
CEN/TS 15104 method, with oxygen content calculated by difference. 
Ash and moisture contents were measured following SS-EN 14775 and 
SS-EN 14774–2, respectively.

To complement the structural and thermal assessments, the residual 
inorganic content of the produced ACs was examined to evaluate the 
influence of activation agents on the retention of elemental species. The 
elemental composition of the biomass-derived activated carbons was 
analyzed using an energy-dispersive X-ray fluorescence (EDXRF) spec-
trometer (Epsilon 3, PANalytical B.V.). This analysis was conducted to 
identify the presence and of inorganic elements originating from the raw 
material and after activation process.

2.5. CO₂/N2 adsorption experimental investigation

The equilibrium adsorption of CO₂ and N₂, as well as the long-term 
CO₂ capture performance of the ACs, was measured using a QUAD-
RASORB evo™ volumetric analyzer (Quantachrome Instruments). Ex-
periments were conducted at two different temperatures, 0 ◦C 
(maintained with an ice–water mixture) and 25 ◦C (regulated by a 
circulating bath), with pressures reaching up to 1 bar. Pure CO₂ and N₂ 
gases were used for all measurements. Prior to adsorption testing, each 
sample underwent thermal pretreatment by heating under vacuum at 
200 ◦C for 16 h to eliminate residual moisture and volatile compounds. 
After degassing, the samples were cooled to the desired measurement 
temperature, and ultrahigh-purity gas was introduced into the system 
for isotherm acquisition.

To gain deeper insight into the CO2 adsorption process, six isotherm 
models (Toth, Combined Freundlich–Langmuir, Sips, Redlich–Peterson, 
Radke–Prausnitz, and Dual-Site Langmuir) were employed to interpret 
the experimental data. Model fitting was conducted by minimizing the 
absolute error (EABS), enabling quantitative comparison of the models 
performance. The equation for EABS is expressed as follows: 

EABS =
∑

n

i=1

⃒

⃒

⃒qe,exp − qe,mod
⃒

⃒

⃒ (1) 

Where: qe,mod represents the predicted adsorption capacity at equilib-
rium [mmol/g], qe,exp denotes the experimentally measured adsorption 
capacity at equilibrium [mmol/g].

To assess the CO₂/N₂ separation performance of the materials, 
selectivity was evaluated using the ideal adsorbed solution theory 
(IAST). IAST was selected as it provides a reliable theoretical framework 
to predict multicomponent adsorption equilibrium based on pure- 
component isotherms. All IAST calculations were performed using the 
GraphIAST graphical interface, which evaluates selectivity as a function 
of total pressure and bulk-phase gas composition. To ensure consistency 
with the experimental isotherm data, the Dual-Site Langmuir (DSL) 
model was used to fit both CO₂ and N₂ isotherms, as its parameterization 
is directly compatible with the GraphIAST platform. Once the DSL 
isotherm functions are defined and the total pressure (Pₜ) along with the 
bulk-phase mole fractions (yᵢ) are specified, GraphIAST numerically 
solves the coupled non-linear equations to determine the adsorbed- 
phase compositions (xᵢ), spreading pressures (πᵢ), and pure-component 

equilibrium pressures in the adsorbed phase (pᵢ0) [43,44]. The IAST 
selectivity (SIAST), is then computed via: 

SIAST =
x1
x2

•
y2
y1

(2) 

where x1 and x2 represent the molar compositions of CO₂ and N₂, 
respectively, in the adsorbed phase, while y1 and y2 denote their cor-
responding molar fractions in the bulk gas phase.

The isosteric heat of adsorption (Qₛₜ) was calculated to evaluate the 
interaction strength between CO₂ molecules and the adsorbent surface. 
It is defined as the difference between the partial molar enthalpy of the 
adsorbed phase and that of the bulk phase at a constant adsorbed 
amount [45]. As a fundamental thermodynamic parameter, Qₛₜ quan-
tifies the strength of interactions between adsorbate molecules and the 
adsorbent surface. An indirect determination of Qₛₜ involves measuring 
adsorption isotherms at multiple temperatures and applying the Clau-
sius–Clapeyron relation: 

Qst = −R
(

∂(lnP)
∂
(T−1)

)

q
(3) 

In this equation, Qₛₜ is the isosteric heat of adsorption (kJ/mol), R is 
the universal gas constant (8.314 × 10−3 kJ/mol K−1), P is the equi-
librium pressure (bar), T is the absolute temperature (K), and q is the 
adsorbed amount (mmol/g).

To determine the equilibrium pressure corresponding to specific 
values of q at each temperature, the fitted Radke–Prausnitz isotherm 
model was employed. Fractional loading (θ) was defined as the ratio 
between the adsorbed amount (q) and the maximum experimental 
adsorbed amount (q at P ≈ 1 bar).

2.6. Molecular simulation of CO₂ adsorption

CO2 adsorption simulations were carried out using the grand ca-
nonical Monte Carlo (GCMC) technique [46]. In GCMC, the temperature 
(T), volume, and bulk pressure (chemical potential) are constant and 
specified. Three types of trial moves are used: particle translation and 
rotation, insertion, and deletion, with microscopic reversibility ensuring 
that equal numbers of insertions and deletions occur. The other Monte 
Carlo (MC) parameters used in this work are as follows: (i) 100,000 
cycles for the equilibration step and an additional 100,000 cycles for 
data collection, with each cycle consisting of 1000 attempted trial 
moves; (ii) periodic boundary conditions applied in all three directions; 
and (iii) the cut-off radius set to half the box length.

The excess adsorption amount (Nex) is calculated from equation: 
Nex = Nab − ρbVfree (4) 

where Nab, ρb, and Vfree represent the absolute amount adsorbed, the 
bulk adsorbate density calculated using the Johnson equation of state 
[47], and the pore volume, respectively.

The simulation-derived total isosteric heat of adsorption (QSIM) was 
calculated as the difference between the enthalpy of the adsorbate in the 
gas phase (approximated as kBT) and the partial molar energy of the 
adsorbed phase, which includes the sum of fluid–fluid (F–F) and flu-
id–solid (F–S) interaction energies. The F–S contribution accounts for 
interactions between the adsorbate and all atom types within the gra-
phene layers and surface functional groups, as detailed below. 
QSIM = kBT − QF−F − QF−S (5) 

QF−S = QF−G + QF−Fn (6) 
The contribution of each term in Eqs. (5) and (6) was individually 

calculated using fluctuation theory [48], as follows: 

Qa−b =
〈Ua−bN〉 − 〈Ua−b〉〈N〉

〈N2〉 − 〈N〉〈N〉
(7) 
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where Ua-b is the configuration energy of interaction between a and b 
entities, 〈 〉 indicates the ensemble average and N is the number of 
adsorbed molecules.

The GCMC models were built based on the experimental textural and 
surface chemistry data.

3. Results and discussion

3.1. Effect of K-based activation agent (KOH vs. K₂C₂O₄) on porous 
structure development of ACs

Fig. 1 presents the N₂ adsorption–desorption isotherms at −196 ◦C 
for ACs synthesized using KOH, K₂C₂O₄, and KOH/K2C2O4 mixtures. All 
samples exhibit Type I isotherms, characteristic of microporous mate-
rials, with a steep nitrogen uptake at low relative pressures (P/P₀ < 0.01) 
[49]. This behavior reflects rapid micropore filling due to the high 
adsorption potential in narrow pores. In such cases, the overall uptake is 
primarily determined by the accessible micropore volume rather than 
the total internal surface area [50]. Although the isotherms display 
similar overall shapes, distinct differences in adsorption capacity and 
hysteresis behavior can be observed. KOH-activated carbons (Fig. 1a) 
show the highest N₂ uptake and the steepest initial slope, indicating a 
well-developed microporous structure. Additionally, a minor H4-type 
hysteresis loop is present at P/P₀ > 0.4, suggesting the occurrence of 
narrow slit-like pores or partially filled mesopores [51]. In Fig. 1b, the 
sample activated solely with K₂C₂O₄ shows significantly lower adsorp-
tion and a more gradual increase in N₂ uptake, which points to limited 
micropore formation. A broader H4-type hysteresis loop is visible, 
indicating the presence of wider micropores and narrow mesopores, 
consistent with the less aggressive activation process of K₂C₂O₄ [52]. The 
other ACs in Fig. 1b, prepared using KOH/K₂C₂O₄ mixtures, exhibit in-
termediate adsorption behavior. Their N₂ uptake is higher than that of 
WP-K₂C₂O₄-1:4 but lower than that of the KOH-activated carbons. The 
ACs derived from these mixed K-based salts are characterized by more 
pronounced hysteresis, indicating a more complex pore network with 
contributions from both micro- and mesopores.

The PSD profiles obtained from N₂ and CO₂ adsorption are presented 
in Fig. S2, offering valuable insight into the pore structure variations 
induced by KOH and K₂C₂O₄ activation. In Fig. S2a, derived from N2 
sorption, KOH-based ACs exhibit a pronounced micropore peak below 
1.25 nm, alongside smaller features in the 1.25–1.75 nm and 1.75–2.0 
nm regions. Additionally, a slight increase between 2.1 and 4.0 nm 
suggests the presence of minor mesoporosity. The corresponding CO₂- 
derived PSD (Fig. S2b) confirms a high concentration of ultramicropores 

(<0.7 nm) and supermicropores (0.7–2 nm) [53], with distinct peaks in 
the 0.3–0.4 nm, 0.4–0.6 nm, and 0.6–1.0 nm ranges. In contrast, biomass 
treated with K₂C₂O₄ and KOH/K₂C₂O₄ mixtures (Fig. S2c) shows a similar 
N₂-based distribution but with lower intensity, indicating reduced total 
pore volume between 1 nm and 4 nm, while the CO₂-based PSD (Fig. 
S2d) reveals comparable ultra- and supermicroporosity to that observed 
earlier. Fig. 2 further demonstrates how pore-width distributions evolve 
with changes in K-based activator type and biomass-to-activator mass 
ratio. KOH-based systems exhibit pronounced microporosity below 1.25 
nm (N₂) and 0.46 nm (CO₂), while the K₂C₂O₄ and K₂C₂O₄/KOH systems 
display weaker pore development yet retain dominant ultra-
microporosity, particularly in the 0.23–0.28 nm, 0.29–0.36 nm, and 
0.37–0.47 nm ranges.

Moreover, a detailed analysis of the CO₂ adsorption isotherms at low 
relative pressures (Fig. 3) reveals that K₂C₂O₄ promotes ultramicropore 
formation more effectively than KOH, despite the latter being a well- 
established micropore-forming agent [32]. Increasing the WP-to-KOH 
ratio leads to a noticeable decline in ultramicroporosity. When both 
activators are used simultaneously in balanced proportions (WP-KOH- 
K₂C₂O₄-1:2:2), no synergistic effect is observed in the low-pressure re-
gion of the CO₂ isotherms at 0 ◦C. Nevertheless, the combined use of 
KOH and K₂C₂O₄ still enables the development of a broader microporous 
network, resulting in a PSD similar to those produced by the individual 
activators.

The textural parameters of ACs are summarized in Table 1. For the 
KOH-activated carbons, increasing the KOH ratio leads to a clear 
enhancement in BET surface area and pore development. The SBET in-
creases from 1956 m2/g (WP-KOH-1:1) to 2655 m2/g (WP-KOH-1:4), 
while the VTOT reaches a maximum of 1.339 cm3/g for WP-KOH-1:4. 
However, the highest VMIC(CO2) (0.164 cm3/g) is found for WP-KOH- 
1:1, indicating that higher KOH loadings promote the formation of 
mesopores or larger micropores, without significantly improving 
porosity between 0.3 nm and 1.4 nm [54]. In contrast, biomass activated 
with K₂C₂O₄ (WP-K₂C₂O₄-1:4) exhibits the lowest SBET (1709 m2/g) and 
VTOT (0.885 cm3/g) yet maintains a comparable VMIC(CO2) (0.150 cm3/ 
g). This suggests that the porosity developed is more selectively 
concentrated in the ultramicropore range, rather than being distributed 
across larger pores, as evidenced in Fig. 3. In addition, WP-K₂C₂O₄-1:4 
also exhibits the highest carbon yield (18.5 %), further supporting the 
milder and more conservative nature of K₂C₂O₄ activation. Within the 
KOH/K₂C₂O₄ mixed systems, the AC with a balanced mass ratio (WP- 
KOH-K₂C₂O₄-1:2:2) demonstrates the most favorable textural properties. 
It combines a high SBET (2029 m2/g), well-developed VMIC(N2) and VMIC 
(CO2) (0.923 cm3/g and 0.156 cm3/g), with a low VMES (0.105 cm3/g), 

Fig. 1. N₂ adsorption–desorption isotherms at −196 ◦C of ACs prepared with varying ratios of (a) KOH and (b) and K₂C₂O₄ or KOH/K₂C₂O₄ mixtures.
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indicating efficient micropore generation. This ratio appears to strike 
the optimal balance between KOH's aggressive activation and the 
moderating effect of K₂C₂O₄. However, increasing the KOH proportion 
beyond this point (WP-KOH-K₂C₂O₄-1:3:1) leads to a slight decline in 
BET surface area (1905 m2/g), total pore volume (0.965 cm3/g), and 
CO₂-accessible microporosity (0.142 cm3/g), likely due to over-etching 
or partial structural collapse [55]. Overall, the data indicate that 
balanced KOH/K₂C₂O₄ activation (WP-KOH-K₂C₂O₄-1:2:2) provides 
optimal pore development, whereas an excessive amount of KOH rela-
tive to K₂C₂O₄, despite increasing total pore volume, can compromise 
structural carbon integrity and reduce micropore content.

3.2. Structural characteristics of ACs and phase formation during KOH, 
K2C2O4 and KOH/K2C2O4 activation

Fig. 4 presents the XRD patterns of as-prepared carbon materials 
prepared using KOH (Fig. 4a–b), K₂C₂O₄, and KOH/K₂C₂O₄ mixtures 
(Fig. 4c–d), all exhibiting diffraction peaks corresponding to a graphitic 
structure, including the (002), (100)/(101), (103), and (110) planes 
(JCPDS 41–1487). All ACs can be classified as non-graphitizable, as 
evidenced by their broad, poorly resolved peaks.

In Fig. 4a, the first peak, located within the angle range of 2θ ≈

19.3–22.7◦, corresponds to the (002) plane. This low-intensity reflection 
indicates disordered stacking of graphene-like layers, signifying the 

Fig. 2. Two-dimensional contour plots of PSDs based on N₂ and CO₂ adsorption at −196 ◦C and 0 ◦C, respectively, for ACs prepared with (a, b) KOH and (c, d) K₂C₂O₄ 
and K₂C₂O₄/KOH mixtures.

Fig. 3. CO2 adsorption isotherms at 0 ◦C at the low relative pressure range 
(<0.001), corresponding to the region of ultramicropore formation.
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Fig. 4. XRD patterns of ACs prepared using (a) varying KOH mass ratios, (b) 2-D contour plots of KOH mass ratios, (c) K₂C₂O₄ and KOH/K₂C₂O₄ mixtures, (d) 2-D 
contour plots of K₂C₂O₄ and KOH/K₂C₂O₄ mixtures, and (e) unwashed AC samples: WP KOH 1:4, WP K₂C₂O₄ 1:4, and WP KOH/K₂C₂O₄ 1:2:2.
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absence of well-ordered graphitic domains [56]. The second peak, 
centered around 2θ ≈ 43.8◦, arises from the overlapping (100) and (101) 
in-plane reflections, which are associated with the lateral arrangement 
of carbon layers in turbostratic structures [57]. Additionally, at higher 
angles, diffuse reflections are observed, particularly the (103) near 62.4◦

and the (110) around 79.9◦, further confirming the limited structural 
ordering typical of amorphous carbon [58]. As shown in Fig. 4b, 
increasing KOH ratios lead to attenuation and broadening of all XRD 
peaks, with decreasing intensity across the 2θ range. This effect, most 
evident in WP-KOH-1:4, suggests greater lattice disruption due to more 
severe activation, which fragments graphene layers and increases 
porosity, reducing structural coherence.

In Fig. 4c, the XRD profiles of carbons activated with K₂C₂O₄ and its 
mixtures with KOH also reflect a turbostratic arrangement. However, 
variations in peak shape and intensity indicate differences in local 
structure. WP-K₂C₂O₄-1:4 stands out by exhibiting the most diffuse 
pattern, indicating extensive disruption of graphene-layer stacking and a 
high level of structural disorder. With the introduction of KOH into the 
K₂C₂O₄ mixture, WP-KOH-K₂C₂O₄-1:2:2 exhibits noticeably sharper 
(002), (103), and (110) peaks, indicating better retention of basal-plane 
alignment [59]. As the KOH content increases further, particularly in 
WP-KOH-K₂C₂O₄-1:3:1, the (002) reflection becomes the sharpest of all 
ACs, reflecting enhanced short-range carbon ordering due to progres-
sively stronger hydroxide etching, opening new micropores, and partial 
reassembly of graphene fragments [60]. Fig. 4d quantifies this trend, 
showing a gradual increase in peak intensities and a narrowing of full- 
width at half-maximum (FWHM) of the XRD peaks as the KOH/K₂C₂O₄ 
ratio increases, while the overall broadness remains consistent with 
hard‑carbon characteristics.

To evaluate the nature of inorganic residues formed during KOH, 
K₂C₂O₄ and KOH/K₂C₂O₄ activation and assess the impact of specific K- 
based activators on phase composition, XRD analysis was performed on 
the unwashed ACs, such as WP-KOH-1:4, WP-K₂C₂O₄-1:4, and WP-KOH- 
K₂C₂O₄-1:2:2 (Fig. 4e). The predominant K-based crystalline phases 
identified include potassium carbonate hydrate (K₂CO₃⋅1.5H₂O, 
K₄H₂(CO₃)₃⋅1.5H₂O), potassium carbonate (K₂CO₃), and potassium oxide 
(K₂O), consistent with previous reported studies [61]. Peaks intensity 
and width vary systematically with the choice of K-based activator. The 
WP-K₂C₂O₄-1:4 exhibits the sharpest and most intense reflections, 
particularly in the 2θ region of 28–32◦, indicating a higher degree of 
crystallinity and a larger accumulation of K-containing residues, this 
corresponds with literature that thermal decomposition of K₂C₂O₄ pro-
motes the formation of stable carbonate-rich phases within the carbon 
matrix [62,63]. On the other hand, WP-KOH-1:4 presents weaker, 
broader reflections, indicating a lower residual load or the presence of 
less crystalline K-species that can be more easily removed by post- 
washing. In the case of the mixed K-based salt-AC, WP-KOH-K₂C₂O₄- 
1:2:2 displays reduced peak sharpness and intensity compared to KOH 
alone, suggesting that KOH/K₂C₂O₄ co-activation suppresses carbonate 
crystallization and partially limits the formation of residual crystalline 
phases typically induced by KOH.

To present a potential mechanism consistent with the K-based resi-
dues identified in the XRD patterns of unwashed ACs (Fig. 4e), the 
thermal behavior and chemical transformations of KOH and K₂C₂O₄ are 
considered based on previously reported activation pathways. The 
observed crystalline phases, including K₂CO₃, its hydrated derivatives, 
and K₂O, indicate that multiple overlapping decomposition and redox 
reactions occurred during carbon activation at 800 ◦C. 

1) In the case of KOH, activation is often described by the overall 
reaction:

6KOH + 2C→2K + 3H2 + 2K2CO3 (8) 
This reaction proceeds through several steps, including the dehy-

dration of KOH, formation of K₂O, and steam-assisted gasification of 
carbon. Metallic K and CO evolve during the high-temperature stages, 

contributing to the expansion of the carbon framework and formation of 
microporosity. Detailed mechanistic pathways for KOH activation can 
be found in numerous prior studies [64–66]. 

2) For K₂C₂O₄, the mechanism is less investigated and involves specific 
temperature-dependent transitions, as described below [67–69].

• Water desorption from K₂C₂O₄ between 110 and 150 ◦C
Dehydratation : K2C2O4⋅xH2O→K2C2O4 + xH2O (9) 

• Initially, below 600 ◦C (typically between 500 and 580 ◦C), K₂C₂O₄ 
decomposes to form K₂CO₃ and CO

Decarbonylation : K2C2O4→K2CO3 + CO (10) 

• At 700 ◦C, any unreacted K₂CO₃ may partially and slowly decompose 
thermally into K₂O and CO₂

Partial carbonate decomposition ≥ 700◦C : K2CO3→K2O + CO2 (11) 

• At 700–800 ◦C, K₂CO₃ and K2O can also undergo a redox reaction 
with carbon, producing metallic K and additional CO

Redox reaction with carbon : K2CO3 + 2C→2K + 3CO (12) 

K2O + C→2K + CO (13) 

• Furthermore, at above 800 ◦C, CO₂ can react with carbon to form 
additional CO during partial carbon gasification

Gas phase interaction : CO2 + C + →2CO (14) 

3) When combined, KOH and K₂C₂O₄ appear to act synergistically. KOH 
provides strong etching capacity and facilitates rapid pore opening, 
while K₂C₂O₄ promotes more extensive formation of crystalline car-
bonate phases. Their combination enables a controlled activation 
process, balancing porosity development with structural preserva-
tion. A generalized reaction summarizing the KOH/K2C2O4 co- 
activation process can be represented as:

2KOH + K2C2O4 + C→K2CO3 + K2O + 2CO + H2 + porosity (15) 

3.3. Thermal stability of ACs in inert and oxidative conditions

Fig. 5 presents the TGA curves of ACs under nitrogen (a) and air (b) 
atmospheres up to 900 ◦C. In the N2 atmosphere (Fig. 5a), the decom-
position follows a characteristic three-step profile typical of biomass- 
derived carbons [70]. The first stage, occurring below 200 ◦C, is 
attributed to the evaporation of physisorbed moisture located within the 
pore network and on the external surface of the ACs [71]. The weight 
loss in this region ranges from 7.5 to 17.5 wt%, with the lowest value 
observed for WP-K₂C₂O₄-1:4, indicating a less polar and more thermally 
stable surface. The second stage, between 200 and 380 ◦C, corresponds 
to the decomposition of volatile matter originating from thermally labile 
components and oxygen-containing surface functional groups (OCFGs) 
[72]. This phase shows a sharper mass loss, particularly in ACs with 
higher KOH content (4.5–10.7 %) or KOH/K₂C₂O₄ mixtures (9.2–16.6 
%), reflecting the decomposition of reactive fragments derived from the 
lignocellulosic biomass. These fragments decompose at distinct tem-
perature ranges: hemicellulose (~220–315 ◦C), cellulose (~300–400 
◦C), and lignin (~150–900 ◦C), releasing OCFGs including hydroxyls, 
carbonyls, carboxyls, ethers, and phenolics [73,74]. In the third stage 
(above 380 ◦C), degradation proceeds more slowly and gradually, 
involving the breakdown of stable carbon structures and decomposition 
of residual mineral species. The samples WP-KOH-1:4 and WP-K₂C₂O₄- 
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1:4 retain the highest final mass (~77.5 % and ~80.8 %, respectively), 
demonstrating enhanced thermal resistance compared to other treat-
ments [75].

The TGA curves recorded in the air atmosphere (Fig. 5b) exhibit a 
single, sharp weight loss between 300 and 600 ◦C, primarily due to 
oxidative combustion of the carbon structure [76]. While all ACs follow 
a similar degradation trend, the onset temperature and residual mass at 
800 ◦C vary depending on the activation approach. ACs prepared with 
lower KOH ratios (e.g., WP-KOH-1:1) begin to degrade around 300 ◦C 
and retain only 1–2 wt% at the end of the run, indicating limited thermal 
stability. Increasing the KOH ratio shifts the onset to ~350 ◦C, though 
the remaining mass does not significantly differ. Additionally, ACs 
produced using KOH/K₂C₂O₄ start to decompose between 320 and 360 
◦C and final residues of 0–2 wt%. WP-K₂C₂O₄-1:4 exhibits the highest 
resistance to oxidation, with degradation initiating around 380 ◦C and a 
final residue of 4.9 wt%. These observations highlight the key role of 
both the type and proportion of KOH and K₂C₂O₄ in determining the 
oxidative stability of the carbon materials.

3.4. Elemental composition of inorganic residues in ACs

Table S2 summarizes the concentrations of silicon (Si), sulfur (S), and 
potassium (K) remaining in ACs after the washing process.

The K content varies depending on the K-based agent and its ratio. In 
KOH-ACs, K levels increase gradually with higher KOH loadings, peak-
ing at 0.594 wt% in WP-KOH-1:3, followed by a slight decrease in WP- 
KOH-1:4. This decline may be attributed to partial volatilization of K- 
species or pore structure collapse at excessive reagent concentrations, 
both of which are common during high-temperature activation with 
strong alkalis. In contrast, biomass samples activated with K₂C₂O₄ or 
KOH/K₂C₂O₄ mixtures retain relatively high potassium contents, 
reaching up to 0.787 wt%. This is consistent with XRD evidence 
revealing the presence of residual K-based crystalline phases that are 
embedded within the carbon matrix (Fig. 4e), making them more 
resistant to removal by post-synthesis washing. These phases likely 
include K₂CO₃, K₂O, and mixed carbonates formed during the thermal 
decomposition of the activators. Additionally, at elevated temperatures, 
metallic K can intercalate into the carbon lattice, further contributing to 
the persistence of K-species in the final material [77]. Importantly, part 
of the residual K may originate from the wood biomass itself, which 
naturally contains K (~0.1–2.2 wt%) in the form of soluble K+ ions 
involved in key physiological processes such as osmoregulation [78].

S content is significantly higher in the K₂C₂O₄ and KOH/ K₂C₂O₄-ACs, 
reaching up to 3.27 wt%, which is attributed to the stabilization of 
sulfur-containing species. This likely originates from inherent sulfur in 
the wood biomass, typically present at low levels (<0.07 wt%) in both 
organic forms (such as sulfides, thiols, and sulfates) and inorganic forms 
[79]. Under milder activation with K₂C₂O₄, these S-species are less likely 
to volatilize as gaseous compounds like SO₂, H₂S and can become 
chemically retained within the AC structure, facilitating their preser-
vation and resulting in higher sulfur content in the final material. The 
retained sulfur groups may also modify the surface polarity and electron 
density, potentially enhancing CO₂ binding via acid–base or electrostatic 
interactions [80].

Si content stays below 0.73 wt% in all ACs and shows no clear 
dependence on the activation route, suggesting it originates from 
inherent mineral impurities in the woody biomass precursor, mainly 
from soil contamination or silica in bark and cell walls.

3.5. Effect of KOH and K2C2O4 activation route on morphology of ACs

The morphology of ACs, as revealed by SEM (Fig. 6) for WP-KOH-1:4, 
WP-K₂C₂O₄-1:4, and WP-KOH-K₂C₂O₄-1:2:2, shows distinct structural 
differences depending on whether KOH, K₂C₂O₄, or their combination 
was used. In WP-KOH-1:4 (Fig. 6a–c), the structure is highly porous and 
open, presenting a uniform, interconnected macroporous framework 
with thin, extensively etched pore walls and well-developed cavities. 
This honeycomb-like texture reflects the well-known aggressive activa-
tion behavior of KOH, which involves deep etching and gasification 
reactions that generate extensive micro- and mesoporosity, resulting in 
some of the highest BET surface areas reported (up to ~3000 m2/g) 
[70,81]. Conversely, WP-K₂C₂O₄-1:4 (Fig. 6d–f) exhibits a markedly 
different morphology compared to the KOH-AC. The surface topography 
is non-uniform, featuring extensive cracking accompanied by dense, 
compact granular zones [82]. These fractured zones and aggregates 
indicate a localized activation mechanism, where K₂C₂O₄ acts as a solid- 
phase template that induces pore formation while preserving wall 
thickness. Despite being less open than the KOH-derived structure, the 
cracks and surface roughness increase external area, enhancing 
adsorption. Finally, WP-KOH–K₂C₂O₄-1:2:2 (Fig. 6g–i) presents a 
balanced, sponge-like structure with a continuous yet less pronounced 
pore network; its walls are thicker and the pore boundaries less defined 
compared to WP-KOH-1:4. This morphology suggests a synergistic 
activation mechanism, where KOH promotes aggressive pore 

Fig. 5. TGA curves of ACs heated from 30 to 900 ◦C at 10 K/min: (a) in a nitrogen atmosphere; (b) in an air atmosphere.
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development while K₂C₂O₄ tempers the process to maintain structural 
integrity, resulting in a hierarchical porous architecture.

This combination of aggressive etching and controlled preservation 
produces a structure that integrates high porosity with enhanced me-
chanical stability, as supported by textural data in Section 3.1. The 
morphological diversity achieved through activator tuning offers po-
tential benefits for diffusion-limited processes such as CO₂ capture and 
selectivity.

3.6. Influence of KOH and K2C2O4 activation chemistry on the evolution 
of surface functional groups

FT-IR spectra (Fig. 7) for all ACs display nearly identical profiles, 
indicating that both KOH and K₂C₂O₄ activation consistently introduced 
a similar suite of oxygenated and conjugated functional groups. Key 
absorption bands include [83–85]: 

• 3328 cm−1: broad O–H stretching, attributed to surface hydroxyls or 
adsorbed moisture.

• 2340 and 2362 cm−1: asymmetric and symmetric CO₂ stretching, 
indicative of physically adsorbed CO₂.

• 2155 cm−1: C–––C stretching, suggesting the formation of sp- 
hybridized carbon domains or alkyne-like structures during 
activation.

• 1653 cm−1: C––O stretching, likely from conjugated carbonyl groups.
• 1538 cm−1: aromatic C––C stretching, signifying the development of 

conjugated aromatic domains and partial graphitization.
• 1353 cm−1: C–H bending vibration, from aliphatic or aromatic in- 

plane deformations.

Fig. 6. SEM images of (a–c) WP–KOH–1:4, (d–f) WP–K₂C₂O₄–1:4, and (g–i) WP–KOH–K₂C₂O₄–1:2:2 at increasing magnifications (100 μm, 50 μm, 20 μm). Micro-
graphs were selected from multiple regions of each sample to provide statistically representative views of the morphology.

Fig. 7. FT-IR spectra of ACs with KOH, K₂C₂O₄, and mixtures of both. The 
spectra have been baseline-subtracted and vertically shifted for clarity.
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• 1008 cm−1: C–O stretching, associated with alcohol, ether, phenolic 
groups, or epoxy functionalities.

While the overall FT-IR spectral patterns remain consistent across all 
ACs, the most pronounced differences appear in the CO₂-related doublet 
(2340–2362 cm−1), which shows the greatest variation. In the KOH-ACs, 
the intensity of this band increases with higher KOH ratios (from 1:1 to 

1:4), indicating enhanced surface area and porosity, as presented in 
Table 1. This structural development may lead to the formation of high- 
energy adsorption sites and promotes stronger interactions with CO₂ 
molecules. Such interactions are likely facilitated by oxygen-containing 
surface functionalities, including O–H, C–O, and C––O groups, which 
engage CO₂ through electrostatic forces, dipole–induced dipole in-
teractions, and hydrogen bonding [86], playing a crucial role in 

Fig. 8. XPS spectra of the activated carbons: WP-KOH-1:4 (a, d), WP-K₂C₂O₄-1:4 (b, e), and WP-KOH-K₂C₂O₄-1:2:2 (c, f). Panels (a–c) show the C1s region, while 
panels (d–f) represent the O1s region.
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physisorption. In contrast, increasing the K₂C₂O₄ content in the KOH/ 
K₂C₂O₄ co-activation systems leads to a gradual increase in CO₂ band 
intensity, reaching a maximum for WP-KOH-K₂C₂O₄-1:1:3, likely 
reflecting a greater contribution of OCFGs that enhance CO₂ interaction. 
The WP-K₂C₂O₄-1:4 shows the lowest intensity, indicating that a small 
amount of KOH can be needed to develop a more accessible and reactive 
surface. However, since the best textural properties were found for WP- 
KOH-K₂C₂O₄-1:2:2 (Table 1), the lack of a direct correlation between CO₂ 
band intensity and porosity.

XPS was performed in the C1s, O1s, and K2p regions to complement 
FT-IR data and provide detailed insights into surface carbon bonding 
and elemental composition following activation with KOH 
(WP–KOH–1:4), K₂C₂O₄ (WP–K₂C₂O₄–1:4), and a KOH/K₂C₂O₄ mixture 
(WP–KOH–K₂C₂O₄–1:2:2). Table S3 summarizes the possible functional 
groups, their associated peak assignments, and corresponding 
contributions.

XPS spectra in the C1s region, as shown in Fig. 8a-c, reveal a series of 
well-defined peaks associated with distinct carbon environments. A 
dominant signal corresponds to C–C, sp2–sp2 (284.6 eV), indicating the 
presence of graphitic or aromatic domains and partial structural 
ordering. Other oxidized states are also evident, including C–OH (286.0 

eV), C–O (287.5 eV), and C––O (288.5 eV) [87]. For all ACs, the relative 
signal contributions from the deconvolution show overall similarity 
across the analyzed C1s region, as follows: C–OH (10.5–11 at.%), C–O 
(3–5 at.%), and C––O (4.5–5 % at.%). This uniform distribution of polar 
functionalities across the series suggests that the activation chemistry, 
regardless of the K-based activator, preserves a comparable degree of 
surface oxygenation. Additionally, signals corresponding to CO₃2−

(290.5 eV), related to carbonate structures, and a distinct π-π* shake-up 
satellite (292.0 eV) are observed in WP–K₂C₂O₄–1:4. The presence of the 
π–π* feature is characteristic of graphene-type structures, as it reflects 
electron delocalization within extended aromatic systems and indicates 
a higher degree of graphitization [88]. The detection of CO₃2− species 
aligns with the XRD results (Fig. 5) and confirms the partial retention of 
carbonate residues after activation and washing. In the mixed KOH/ 
K₂C₂O₄-AC (WP–KOH–K₂C₂O₄–1:2:2), the C1s profile resembles that of 
WP–KOH–1:4, implying that KOH wields a stronger influence on the 
surface chemistry under KOH/K₂C₂O₄ activation conditions. This sug-
gests that even in co-activation modes, KOH dominates the chemical 
reconstruction of the carbon surface, favoring the development of 
defect-rich, aromatic domains over carbonate retention.

The O1s spectra (Fig. 8d-f) display distinct signals for C––O (~531.5 

Fig. 9. Survey spectra of (a) WP-KOH-1:4, (b) WP-K₂C₂O₄-1:4, and (c) WP-KOH-K₂C₂O₄-1:2:2.
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eV), C–O (~533 eV), and, uniquely in WP–KOH–1:4, a low-binding- 
energy signal assigned to K+–O− interactions (~530 eV). Although 
this peak is often attributed to K–O species, the absence of a corre-
sponding K2p signal suggests that it does not originate from residual K- 
based compounds. Instead, it is likely due to K+ intercalation, where 
potassium ions interact electrostatically with surface oxygen groups, 

causing a shift in the binding energy of nearby oxygen atoms [89].This 
K+–O− signal is absent in both the K₂C₂O₄ and KOH/K₂C₂O₄-ACs, indi-
cating a distinct surface chemistry under pure KOH activation. Quanti-
tatively, WP–KOH–1:4 favors higher and more uniform oxygen 
functionalities, with C––O (7.0 at.%) and C–O (5.5 at.%), whereas 
WP–K₂C₂O₄–1:4 shows lower values, with C––O (5.5 at.%) and C–O 

Fig. 10. CO₂ adsorption isotherms of ACs prepared using different (a, b) biomass:KOH mass ratios, and (c, d) K₂C₂O₄ or combined KOH/K₂C₂O₄ activators, measured 
at 0 ◦C and 25 ◦C. Adsorption–desorption cycling performance of (e) WP–KOH–1:1 and (f) WP–K₂C₂O₄–1:4 at 25 ◦C.
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(4.0 at.%), consistent with a lower degree of surface oxidation. Inter-
estingly, WP–KOH–K₂C₂O₄–1:2:2 deviates from this trend by presenting 
the highest proportion of C––O (9.0 at.%) and the lowest C–O content 
(3.5 at.%), suggesting a preferential development of carbonyl-rich sur-
faces. Such enrichment in C––O groups may contribute to stronger 
dipole–quadrupole interactions with CO₂, thus improving adsorption 
energetics, especially at low pressures.

According to the XPS survey spectra (Fig. 9), WP–K₂C₂O₄–1:4 ex-
hibits 89.6 at.% carbon and 9.2 at.% oxygen, representing the most 
favorable C/O ratio and indicating limited gasification and oxidation 
during activation. In comparison, WP–KOH–1:4 possesses 84.6 at.% C 
and 15.0 at.% O, which aligns with the stronger etching effect of KOH. 
Meanwhile, the dual-activated sample (WP–KOH–K₂C₂O₄–1:2:2) pre-
sents C and O contents of 85.3 and 12.5 at.%, respectively, with values 
intermediate between those of the single-activator materials. Overall, 
the carbon content remains high across all samples, confirming that the 
carbonaceous framework was largely preserved throughout activation. 
Furthermore, trace amounts of Si (0.4–2.1 at.%) and S (<0.3 at.%) were 
detected, originating from residual inorganic species in the biomass 
precursor, as verified by XRF analysis.

To support the experimental results, the combined C1s and K2p XPS 
spectra of the unwashed ACs are presented in Fig. S3 and discussed in 
Supplementary Information to provide additional insights into the surface 
speciation of potassium and associated carbon environments.

3.7. CO₂ capture performance of produced ACs

3.7.1. CO2 adsorption tests
The CO₂ adsorption isotherms of ACs, measured at 0 and 25 ◦C under 

pressures up to 1 bar, are given in Fig. 10. The isotherms show a steep 
uptake at low pressures (<0.05 bar), indicating strong physisorption and 
the dominance of a microporous structure. The Type I profile, according 
to the Brunauer classification, confirms that adsorption primarily occurs 
within narrow pores, which are critical for efficient CO₂ capture under 
low-pressure conditions [90]. WP-KOH-1:1 shows the highest CO₂ up-
take, approximately 5.95 mmol/g at 25 ◦C and 9.65 mmol/g at 0 ◦C, 
surpassing many comparable materials reported in the literature [14]. 
Increasing the biomass:KOH activation ratio from 1:1 to 1:4 reduces CO₂ 
adsorption at both temperatures. This outcome suggests that excessive 
KOH activation compromises the microporous framework through pore 
narrowing, which limits CO₂ accessibility (VMIC(CO₂): 0.164 → 0.133 
cm3/g), thereby reducing sorption efficiency (Table 1). This degradation 
of microporosity at high activator ratios likely results from pore wall 
collapse or excessive gasification, both of which reduce the effective 
volume of CO₂-accessible pores. Building on this, WP-K₂C₂O₄-1:4 ach-
ieves CO₂ uptakes of 5.52 mmol/g at 25 ◦C and 8.79 mmol/g at 0 ◦C, 
values that are closely aligned with those of WP-KOH-1:1. Within the 
mixed-activator series, WP-KOH-K₂C₂O₄-1:2:2 reaches the highest CO₂ 
uptake in its group, 5.44 mmol/g at 25 ◦C and 9.22 mmol/g at 0 ◦C, 
though its performance at 25 ◦C remains slightly lower than that of WP- 
K₂C₂O₄-1:4. Despite this, WP-KOH-K₂C₂O₄-1:2:2 possesses more favor-
able textural properties than WP-K₂C₂O₄-1:4 (Table 1), indicating that 
increased SBET and VMIC(N₂) and VMIC(CO₂) do not necessarily translate 
into improved CO₂ sorption efficiency. These observations reflect an 
additive interaction between KOH and K₂C₂O₄, with no evident syner-
gistic enhancement in CO₂ uptake. Although no clear synergistic effect 
on CO₂ uptake is observed, co-activation balances pore development and 
surface chemistry. KOH enhances microporosity through etching, while 
K₂C₂O₄ supports structural integrity and introduces carbonyl groups. 
Together, they create hierarchical porosity with stable adsorption sites, 
enabling high CO₂ capacity along with potentially improved kinetics, 
durability, and regenerability.

The long-term CO₂ capture performance of ACs depends on both 
initial uptake and stability during repeated use. Adsorption–desorption 
cycling of WP-KOH-1:1 and WP-K₂C₂O₄-1:4 at 25 ◦C for 20 cycles 
(Fig. 10e-f) showed no measurable capacity loss, with a maximum 

standard deviation of only ~0.09 mmol/g. The consistent uptake con-
firms physisorption within stable ultramicropores that enable full 
regeneration under mild conditions. The preserved capacity indicates 
intact pore networks and the absence of irreversible chemical reactions 
during cycling. Interestingly, WP-K₂C₂O₄-1:4 maintains the same sta-
bility as the WP-KOH-1:1, suggesting that oxalate activation forms a 
robust, degradation-resistant pore structure suitable for durable CO₂ 
sorbents.

3.7.2. N2 adsorption tests
The N₂ adsorption isotherms of ACs, measured at 25 ◦C, are pre-

sented in Fig. 11. As anticipated, N₂ uptake is considerably lower than 
that of CO₂, primarily due to weaker intermolecular interactions asso-
ciated with the lower polarizability and quadrupole moment of the N₂ 
molecule, both of which constrain its physisorption [91]. In Fig. 11a, the 
highest N2 adsorption capacities at 1 bar (~0.40 mmol/g) are recorded 
for WP-KOH-1:1 and WP-KOH-1:2. Nevertheless, further increases in the 
KOH ratio result in a slight decline in adsorption, with WP-KOH-1:3 and 
WP-KOH-1:4 reaching 0.36 mmol/g. By contrast, Fig. 11b indicates that 
activation using K₂C₂O₄, whether alone or combined with KOH, yields a 
modest improvement in N2 adsorption performance. The maximum N2 
uptake (0.43 mmol/g) corresponds to WP-K₂C₂O₄-1:4, whereas co- 
activated samples such as WP-KOH-K₂C₂O₄-1:1:2 and 1:1:3 reach 
similar values (0.42 mmol/g). Overall, these minor differences are likely 
attributed to subtle variations in pore size distribution and surface 
functionalities introduced by the differing KOH/K₂C₂O₄ activation con-
ditions. In particular, wider pore openings and reduced surface polarity 
may enhance N₂ diffusivity and retention to a limited extent, without 
substantially altering the overall microporous character of the materials. 
Despite low uptake, N₂ isotherms are essential for reliable IAST-based 
CO₂/N₂ selectivity. Limited N₂ adsorption enhances selectivity by 
minimizing site competition, driven by CO₂’s higher affinity for 
oxygenated groups and size exclusion within ultramicropores.

3.7.3. CO2/N2 adsorption isotherm modeling
Fig. 12 presents the isotherm modeling results, where both the 

Redlich–Peterson and Radke–Prausnitz equations consistently yield the 
lowest EABS values for CO₂ and N₂ adsorption at 25 ◦C across all ACs. 
The corresponding numerical data are listed in Table S4. Particularly, 
the Radke–Prausnitz model provides the best overall agreement with the 
experimental data, reflecting its robustness in describing sorption 
behavior (Fig. S4). For CO₂, low EABS values are observed for ACs such 
as WP-KOH-1:4 (0.212), WP-KOH-1:3 (0.234), and WP-KOH-1:2 
(0.357). Furthermore, similarly low and consistent discrepancies are 
obtained for N₂, with WP-KOH-1:1 (0.019) and WP-KOH-K₂C₂O₄-1:3:1 
(0.023). In view of this, the modeling results confirm the applicability of 
the Radke–Prausnitz equation for describing adsorption over a broad 
concentration range. Moreover, its ability to capture both low- and high- 
pressure regimes, along with surface heterogeneity, makes it suitable for 
porous carbons with diverse structures [92]. Although slightly less 
precise, the Redlich–Peterson model remains a valid alternative, offer-
ing comparable accuracy through its hybrid Langmuir–Freundlich 
formulation, which accounts for surface heterogeneity and potential 
multilayer adsorption.

Further support for the suitability of the Radke–Prausnitz equation is 
provided by the model parameters (Table S5). The maximum adsorption 
capacities (qₘRad) for CO₂ vary between 6.176 and 6.833 mmol/g and 
closely match the experimental uptake. A similar trend is observed for 
N₂. The affinity constant (KRad), which reflects the strength of interac-
tion between the adsorbate and the surface, reaches its highest value for 
WP-KOH-K₂C₂O₄-1:1:3 (2.317 bar−1). For CO₂, KRad spans from 0.736 to 
2.317 bar−1, indicating strong interactions with surface adsorption sites. 
Meanwhile, in the case of N₂, values are significantly lower 
(0.019–0.104 bar−1), consistent with weaker interactions with the sur-
face and porous framework. The heterogeneity parameter (mRad), rep-
resenting the distribution of adsorption energies, remains below 1 for all 
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CO₂ isotherms, falling between 0.234 and 0.633. This confirms the 
presence of energetically non-uniform sites. For N₂, mRad lies between 
1.202 and 2.385, pointing to more uniform and less selective in-
teractions, in line with its lower adsorption capacity.

3.7.4. CO2/N2 selectivity tests
SIAST was calculated at a bulk CO₂ mole fraction of 0.05 to reflect 

separation performance under dilute conditions, which are particularly 
challenging for sorbent-based systems. Fig. 13a presents the SIAST-pre-
dicted CO₂/N₂ selectivity as a function of total pressure for WP-KOH-1:1, 
WP-KOH-1:4, WP-K₂C₂O₄-1:4, and WP-KOH-K₂C₂O₄-1:2:2. These sam-
ples were chosen to represent different activation approaches and 
adsorption characteristics. At the tested composition and pressure range, 
all four ACs display theoretical selectivity values above 12, which is 
considered satisfactory for low-concentration CO₂ capture relative to 
other carbon materials reported in the literature [93].

The CO₂/N₂ selectivity trends reveal distinct adsorption behaviors 
despite only a mild dependence on total pressure. For WP-KOH-1:1, WP- 
KOH-1:4, and WP-K₂C₂O₄-1:4, a steady increase in SIAST with pressure 
reflects a progressive enhancement in preferential pore filling by CO₂ 

over N₂. A different adsorption behavior is observed for WP-KOH- 
K₂C₂O₄-1:2:2, where selectivity peaks around 0.5 bar and then declines 
at higher pressure (16.35–17.12). This deviation may be linked to 
competitive adsorption or structural heterogeneity, as co-activation 
with KOH and K₂C₂O₄ likely interferes with the individual pore- 
forming mechanisms of each activator, resulting in a less uniform car-
bon structure. While high KOH loadings significantly increase SBET 
(Table 1), excessive amounts such as in WP-KOH-1:4 lead to the lowest 
SIAST values among the tested carbons (12.8–13.8), likely due to the 
widening and collapse of ultramicropores (<0.7 nm). WP-KOH-1:1, 
prepared with a lower KOH ratio, develops a more favorable pore 
structure and achieves the highest CO₂ uptake at 25 ◦C (5.95 mmol/g), 
as previously mentioned, along with noticeably higher CO₂/N₂ separa-
tion efficiency (19.13–21.29). However, the performance of WP-KOH- 
1:1 is still surpassed by WP-K₂C₂O₄-1:4, which consistently maintains 
high SIAST (20.5–21.7). Such behavior is driven by the presence of more 
refined ultramicropores formed during activation with K₂C₂O₄, which 
favor CO₂ adsorption due to its smaller kinetic diameter (~0.330 nm) 
compared to N₂ (~0.364 nm) [94], as evidenced in the low-pressure 
region of the CO₂ isotherms (Fig. 3).

Fig. 11. N₂ adsorption isotherms of ACs prepared using (a) different biomass:KOH mass ratios and (b) K₂C₂O₄ or KOH/K₂C₂O₄ mixtures, measured at 25 ◦C.

Fig. 12. Error function minimized values (EABS) for each isotherm model (A–F) and AC sample (1–8) based on (a) CO₂ and (b) N₂ adsorption isotherms. Models: A) 
Toth, B) Freundlich–Langmuir, C) Sips, D) Redlich–Peterson, E) Radke–Prausnitz, and F) Dual-Site Langmuir. ACs: 1) WP-KOH-1:1, 2) WP-KOH-1:2, 3) WP-KOH-1:3, 
4) WP-KOH-1:4, 5) WP-K₂C₂O₄-1:4, 6) WP-KOH-K₂C₂O₄-1:2:2, 7) WP-KOH-K₂C₂O₄-1:1:3, 8) WP-KOH-K₂C₂O₄-1:3:1).

B. Dziejarski et al.                                                                                                                                                                                                                              Chemical Engineering Journal 524 (2025) 169677 

15 



To further explore a wide range of industrially relevant conditions, 
SIAST was evaluated for WP-K₂C₂O₄-1:4 as a function of total pressure 
(PT) and CO₂ mole fraction (yCO₂), as given in Fig. 13b. CO2/N2 selec-
tivity remains above 20 across the entire range of yCO₂ and PT, demon-
strating strong CO₂ affinity even under highly dilute conditions. As yCO₂ 
increases, SIAST rises steadily, reaching up to even 54 due to intensified 
interactions between CO₂ molecules. Furthermore, the 3D surface plot 
enables extrapolation to various industrial scenarios [95]. For instance, 
in post-combustion CO₂ capture from coal-fired power plants (7–15 % 
CO₂), SIAST reaches between 32 and 37. In natural gas flue streams (5–10 
% CO₂), it ranges from 28 to 35. Under more challenging conditions, 
such as biogas upgrading (0.5–3 % CO₂) or direct air capture (≤0.04 % 
CO₂), SIAST remains within 22 to 26, which reflects the resilience of the 
AC at low CO₂ concentrations. At higher levels, typical of pre- 
combustion or syngas applications (30–60 % CO₂), SIAST exceeds 45, 
highlighting the suitability of WP-K₂C₂O₄-1:4 for diverse CO₂ separation 
scenarios.

The observed higher CO₂/N₂ selectivity of the K₂C₂O₄-based ACs can 
be attributed to the synergistic action of pore size and surface polarity. 
CO₂-derived NLDFT analysis reveals a dominant fraction of ultra-
micropores in the 0.35–0.55 nm range, which generate strong adsorp-
tion potentials for CO₂ while sterically limiting N₂. In addition, XPS 
indicates an enrichment of C––O and O–C=O functionalities, providing 
polar sites that couple strongly with the quadrupole of CO₂ but only 

weakly with N₂. These structural and chemical features together ratio-
nalize the experimentally observed IAST selectivity values.

Finally, compared to previously reported biomass-based ACs 
(Table 2), the wooden biomass-derived ACs activated with KOH and 
K₂C₂O₄ in this study exhibit a strong combination of high CO₂ uptake and 
favorable CO₂/N₂ selectivity.

3.7.5. Calculation of isosteric heat of CO₂ adsorption
As shown in Fig. 14a, the isosteric heat of adsorption decreases 

progressively as fractional loading approaches unity, a trend charac-
teristic of heterogeneous surfaces. At low θ, adsorption is dominated by 
high-affinity sites, resulting in stronger CO₂–surface interactions. With 
increasing θ, interactions between adjacent adsorbed CO₂–CO₂ mole-
cules and competition for fewer available sites reduce Qₛₜ values [108]. 
This characteristic appears uniformly across the ACs, suggesting irreg-
ular energy distributions over their surfaces.

Quantifying Qₛₜ is essential for designing energy-efficient adsorption 
systems, as it captures the strength of adsorbate–adsorbent interactions 
and indicates the energy required for desorption. Optimal performance 
requires a balance: Qₛₜ should be high enough to ensure strong uptake, 
yet low enough to permit easy regeneration. The maximum Qₛₜ values 
observed in this study (26–36 kJ/mol) fall within the physisorption 
range (<40 kJ/mol) (Fig. 14b), confirming that CO₂ uptake proceeds via 
physical rather than chemical adsorption, thereby supporting adsorbent 

Fig. 13. SIAST as a function of total pressure (a) at a fixed CO₂ molar concentration of 0.05 for selected ACs, and (b) as a function of total pressure and CO₂ molar 
fraction for WP-K₂C₂O₄-1:4 AC.

Table 2 
Comparison of textural properties, CO₂ uptake, and CO₂/N₂ selectivity of the synthesized ACs with those of biomass-derived carbon materials reported in the literature.

Carbon source Activator-mass ratio (biomass:activator)- 
temperature

SBET, 
[m2/ 
g]

Vmic, 
[cm3/ 
g]

CO2 uptake at 1 bar and 25 ◦C, 
[mmol/g]

SIAST 
(yCO2 = 0.05 and 0.15) at 1 
bar, 
[−]

Reference

Pomegranate peel KOH-1:1–800 ◦C 2144 0.46 3.64 -; 17 [96]
Biomass tar KOH-1:3–300 ◦C 1829 0.49 3.13 -; 20 [97]
Chestnut shell KOH-1:0.9–600 ◦C 1296 0.57 3.61 -; 16 [98]
Caltrop shell KOH-1:2–550 ◦C 1535 0.67 4.22 -; 19 [99]
Hazelnut shell KOH-1:2–550 ◦C 1696 0.78 4.23 -; 19 [100]
Walnut shell KOH-1:1–800 ◦C 1868 0.55 5.17 -, 163 [101]
Benzimidazole KOH-1:1–600 ◦C 1156 0.49 4.75 -; 27 [102]
Commercial – 1100 0.38 1.56 -; 11 [103]
Glucose KOH-1:2–700 ◦C 1527 0.58 4.71 -; 31 [104]
Coconut shell KOH-1:2–700 ◦C 1315 0.66 4.38 -; 17 [105]
Lotus petiole K3PO4–1:3–800 ◦C 472 0.28 2.57 -; 19 [106]
Common 

polypody
KOH-1:1–800 ◦C 1801 0.92 5.67 -; 60 [107]

Wooden pellets KOH-1:1–800 ◦C 1956 0.84 5.95 20; 22 This work
Wooden pellets K2C2O4–1:4–800 ◦C 1709 0.79 5.52 21; 23 This work
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reusability [109]. Comparable Qst magnitudes and loading-dependent 
profiles have been reported for CO2 adsorption on ACs [110] and 
other porous sorbents, such as MOFs, silicas and zeolites [111,112].

3.7.6. Computational evaluation of CO₂ adsorption via grand canonical 
Monte Carlo (GCMC) simulation

To support the experimental results, particularly the differences in 
CO₂ uptake between the best-performing (WP-KOH-1:1) and the least 
effective (WP-KOH-1:4) samples, these two were modeled as represen-
tative systems, denoted as Solid 1 and Solid 2, respectively. Accordingly, 
solid models were constructed consisting of three graphitic slit-like 
connected pores of varying widths, as illustrated in Fig. S5. Solid 1 
features pore sizes of 1 nm, 1.679 nm, and 2.358 nm, while Solid 2 in-
cludes larger pores at 1.2 nm, 2.558 nm, and 3.237 nm. This configu-
ration gives Solid 1 a higher micropore volume content and a lower 
concentration of surface functional group, whereas Solid 2, with broader 
pores, exhibits higher SBET and VTOT. The characteristic properties of 
both solids are summarized in Table S6. The molecular parameters for 
carbon atoms in the graphene layers and surface functional groups were 
taken from literature [113], while CO₂ was modeled using the TraPPE 
model [114], which reliably captures vapor–liquid equilibrium 

behavior. All atomic parameters are summarized in Table S7. Theoret-
ical insight into their molecular CO2 adsorption behavior was obtained 
via GCMC simulations performed at 0 ◦C, as described in Section 2.5.

The simulations confirmed that the AC with higher SBET and larger 
VTOT (Solid 2) may lead to lower CO₂ adsorption capacity at low pressure 
(up to 1 bar) compared to the material with less developed porosity 
(Solid 1), as illustrated in Fig. 15a. The fluid–functional group in-
teractions (F–Fn) energy for both solids is initially ~40 kJ/mol, gradu-
ally decreasing with pressure (Fig. 15b). Saturation of Fn occurs at 
approximately 0.15 bar for Solid 1 and 0.25 bar for Solid 2, as the F–Fn 
heat approaches zero. The optimal pore size was found to be pressure- 
dependent, with the 1 nm pores present in Solid 1 being most effec-
tive at 1 bar [107]. Within this confined space, fluid–graphene layer 
interactions (F–G) are strengthened by the enhanced confinement and 
the influence of opposing walls.

This observation can be explained by the key influence of pore ar-
chitecture and surface functional groups on CO₂ adsorption at low 
pressures, whereas surface area and total pore volume become more 
relevant at higher pressures [115]. At low pressures, adsorbate mole-
cules preferentially occupy the strongest active sites, either surface 
functionalities or optimal micropore dimensions, as visualized in the 

Fig. 14. Qₛₜ of CO₂ adsorption as (a) a function of fractional loading, (b) maximum Qₛₜ values for ACs.

Fig. 15. CO₂ adsorption capacity (a) and heat contributions (b) of Solid 1 and Solid 2 at 0 ◦C, obtained from GCMC simulations. F–G refers to fluid–graphene layer 
interactions, F–Fn to fluid–functional group interactions, and the fluid represents CO₂.
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GCMC snapshots (Fig. 16).
The simulations also substantiate the experimental interpretation of 

enhanced selectivity in the K₂C₂O₄-derived carbons. GCMC maps show 
preferential occupancy of ultramicropores adjacent to carbonyl groups 
by CO₂ molecules, where they experience higher fluid–solid interaction 
energies than N₂. This selective stabilization reproduces the IAST 
selectivity trends and confirms that the concerted effect of sub- 
nanometer confinement and carbonyl-induced polarity is the mecha-
nistic origin of the superior separation performance.

3.7.7. Process and sustainability considerations
From a practical perspective, KOH remains a highly efficient acti-

vator but requires corrosion-resistant equipment and extensive 
neutralization of highly caustic effluents, generating concentrated 
brines and increasing operational entropy. In contrast, K₂C₂O₄ 

decomposes into K₂CO₃, CO, and CO₂, with the latter acting in situ as a 
mild porogen that contributes to the preservation of ultramicropores. 
The by-product K₂CO₃ is comparatively benign and easier to wash out, 
reducing water and acid consumption. Although the purchase price of 
K₂C₂O₄ is higher than KOH, these advantages can offset the raw-material 
cost at scale by lowering downstream expenditures on effluent treatment 
and equipment maintenance. The co-activation strategy, in which 
K₂C₂O₄ partially replaces KOH, combines the high reactivity of KOH with 
the milder environmental profile of K₂C₂O₄, providing a favorable 
compromise between adsorption performance and sustainability. This 
highlights that evaluating porous carbons for CO₂ capture requires not 
only adsorption metrics but also consideration of process entropy, 
environmental footprint, and economic feasibility.

Fig. 16. Snapshots of CO₂ adsorption (center of mass of CO₂) in solid models at 0 ◦C and 1 bar, obtained via GCMC simulations: (a) Solid 1, (b) Solid 2.
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4. Conclusions

This study systematically compared the impact of KOH, K₂C₂O₄, and 
their mixtures on the development of porosity and CO₂ capture perfor-
mance in pine wood–derived activated carbons produced at 800 ◦C. 
KOH activation (1:4 ratio) yielded the highest surface area (2655 m2/g) 
and total pore volume (1.34 cm3/g), but also led to ultramicropore 
degradation due to over-etching. In contrast, K₂C₂O₄ activation (1:4) 
preserved ultramicroporosity (~0.150 cm3/g), resulted in higher carbon 
yield (~18.5 %), and achieved the highest CO₂/N₂ selectivity (>21 at 5 
% CO₂, 1 bar), owing to narrower pores and increased surface polarity. 
The co-activated sample (1:2:2 ratio) achieved a favorable balance: high 
surface area (2029 m2/g), accessible microporosity (~0.156 cm3/g), 
strong CO₂ uptake (9.22 mmol/g at 0 ◦C; 5.44 mmol/g at 25 ◦C), and 
selectivity comparable to pure K₂C₂O₄-ACs. These adsorption values 
position the synthesized materials among the top-performing biomass- 
derived activated carbons currently described in the literature. Com-
plementary evidence from isosteric heat analysis (26–36 kJ/mol), 
Radke–Prausnitz model fitting, and GCMC simulations confirmed that 
carbonyl rich sub-nanometer pores are key to enhancing CO₂ affinity. 
Altogether, co-activation with KOH and K₂C₂O₄ offers a tunable and less 
chemically severe route to engineer ultramicroporous carbon sorbents 
from biomass. This scalable strategy holds promise for practical CO₂ 
separation technologies and warrants further research into sorbent sta-
bility, feedstock variability, and pilot-scale implementation.
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f Department of Inorganic and Organic Chemistry, University of Barcelona, Martí I Franquès, 1-11, 08028, Barcelona, Spain 
g Department of Chemical Engineering, University of Utah, Salt Lake City, UT, USA   

A R T I C L E  I N F O   

Keywords: 
Tire recycling 
Circular economy 
Sustainable materials 
Waste management 
CO2 adsorption 
Net-zero emissions 

A B S T R A C T   

The current study presents for the first time how recovered carbon black (rCB) obtained directly from the 
industrial-scale end-of-life tires (ELTs) pyrolysis sector is applied as a precursor for activated carbons (ACs) with 
application in CO2 capture. The rCB shows better physical characteristics, including density and carbon struc-
ture, as well as chemical properties, such as a consistent composition and low impurity concentration, in com-
parison to the pyrolytic char. Potassium hydroxide and air in combination with heat treatment (500–900 ◦C) 
were applied as agents for the conventional chemical and physical activation of the material. The ACs were tested 
for their potential to capture CO2. Ultimate and proximate analysis, Fourier-transform infrared spectroscopy (FT- 
IR), scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM-EDS), Raman spectroscopy, 
thermogravimetric analysis (TGA), and N2/CO2 gas adsorption/desorption isotherms were used as material 
characterization methods. Analysis revealed that KOH-activated carbon at 900 ◦C (AC-900K) exhibited the 
highest surface area and a pore volume that increased 6 and 3 times compared to pristine rCB. Moreover, the AC- 
900K possessed a well-developed dual porosity, corresponding to the 22% and 78% of micropore and mesopore 
volume, respectively. At 0 ◦C and 25 ◦C, AC-900K also showed a CO2 adsorption capacity equal to 30.90 cm3/g 
and 20.53 cm3/g at 1 bar, along with stable cyclic regeneration after 10 cycles. The high dependence of CO2 
uptake on the micropore volume at width below 0.7–0.8 nm was identified. The selectivity towards CO2 in 
relation to N2 reached high values of 350.91 (CO2/N2 binary mixture) and 59.70 (15% CO2/85% N2).   

1. Introduction 

Waste treatment of end-of-life tires (ELTs) flows constitute a crucial 
challenge due to the rapid development of the automotive and trans-
portation sectors and limited infrastructure for disposal and recycling 
(Dabic-Miletic et al., 2021; Martínez, 2021; Trudsø et al., 2022). ELTs 

contribute roughly 2% of the total waste generated around the globe 
(Karaağaç et al., 2017), with 1.6 billion tires being manufactured and 
discarded in a single year 2020 and the market demand that continues to 
rise (Global Tire Recycling Market Analysis, 2020). It is suggested that 
75% of ELT waste is deposited in landfills without being subjected to any 
treatment (Ferdous et al., 2021), which can potentially lead to fire 
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hazards, breeding grounds for mosquitoes and other pests, and/or 
release chemicals that have a negative impact on air, ground, and water 
(Bulei et al., 2018; Mohajerani et al., 2020). Rubber, which constitutes a 
significant proportion of tires (approximately 60–65%) (Tian et al., 
2021), represents a highly stable material with degradation process in 
soil that may require 800–2000 years (Basik et al., 2021). Among 
existing waste treatment methods (reuse of whole tires, feedstock 
recycling, and energy recovery), pyrolysis has shown to be a promising 
alternative for waste treatment (Hoang et al., 2022). This process rep-
resents the thermal decomposition of organic substances at temperature 
of 400 ◦C–650 ◦C without oxidizing agent (Premchand et al., 2023), 
which allows the recovery of valuable substances. These substances 
include gases (H2, H2S, or C1–C4 light hydrocarbons), condensable oil, 
as well as carbonaceous solid residues (Singh et al., 2018; Kandasamy 
et al., 2015). In the case of ELTs pyrolysis, the solid phase (pyrolytic 
char) represents a share of about 35% of the overall good (Yang et al., 
2022). The obtained pyrolytic char needs to be further refined to gain 
recovered carbon black (rCB) with the high value of elemental carbon. 
The main driver behind the growth of the interest in rCB is the escalating 
demand for sustainable substitutes to virgin carbon black (vCB) which is 
ranked among the top 50 commercial chemicals on a global scale 
(Cardona-Uribe et al., 2021). The production of rCB acquired from ELTs 
renders thus a more environmentally viable option than vCB, which is 
sourced from fossil fuels and characterized with high CO2 footprint as 
well as results pollutant emissions (SOx, NOx and PM). Hence, the 
application of sustainable rCB has successfully transitioned into indus-
trial implementation, playing a significant role in achieving circularity 
within the tire sector. 

One of the possible reuses of recovered black carbon is as activated 
carbons (ACs). Activated carbons are a unique type of carbon-based 
materials with a wide range of applications, such as for water purifica-
tion (Jjagwe et al., 2021), energy storage (Ayinla et al., 2019), and 
separation of flue gas mixtures (Mukherjee et al., 2019). Additionally, 
ACs exhibit a wide array of desirable properties, including an extensive 
network of pores, well-developed microporosity, a high surface area, 
and significant chemical or thermal characteristics, which can find ap-
plications in multiple fields. Activated carbons have also been proposed 
as a cost-effective and efficient alternative to conventional sorbents, 
such as amine-based solvents for carbon dioxide capture (Kishibayev 
et al., 2021; Serafin et al., 2017, 2021, 2023a; Abuelnoor et al., 2021). 
ACs can be synthesized through two well-known processes: physical and 
chemical activation (Dziejarski et al., 2023). Physical activation 
frequently involves carbon dioxide, water vapor, air, or combinations 
thereof. Air is commonly reported as a favorable activation agent due to 
its availability, low cost, and eco-friendliness. It is typically used at 
lower temperatures, ranging from 450 ◦C to 700 ◦C (Plaza et al., 2014; 
Ould-Idriss et al., 2011; Gomez-Serrano et al., 1993; Zabaniotou et al., 
2008), depending on the precursor and the desired properties of the 
resulting AC. On the other hand, chemical activation agents that are 
most often cover KOH, K2CO3, H3PO4, and ZnCl2. Potassium hydroxide 
is considered as the most effective in terms of the development of 
porosity and surface area, where the optimal temperature range is 
generally higher and typically between 750 ◦C and 900 ◦C (Serafin et al., 
2022a; Sangchoom and Mokaya, 2015; Shen et al., 2018; Ogungbenro 
et al., 2020). 

Commonly, ACs are produced from biomass residue, because it is 
considered an abundant and renewable precursor material. However, 
biomass waste flows are heterogeneous and have a composition that 
differs significantly depending on the geographical region. On average, 
the carbon content in biomass is approximately 45–50% by weight, 
which may be considered fairly low. Biomass-based ACs are usually 
developed with the aim of fabricating perspective goods that extend 
beyond the mitigating of environmental degradation, such as addressing 
the issue of ELTs disposal. Previous studies have addressed the valori-
zation of discarded waste tires in laboratory conditions. These in-
vestigations have also explored the turning of the resulting pyrolytic 

char into activated carbons. Sun et al. (1997) used scrap tires treated 
with by both physical and chemical activation methods, such as the use 
of CO2 and KOH. The materials were then applied for the storage of 
natural gas. Teng, Lin, and Hsu (Teng et al., 2000) focused on ACs 
synthesized by KOH impregnated as a means of exploring the correlation 
between the devolatilization conditions and their porous structure. 
Moreover, several other researchers made contributions to this field, 
including Stavropoulos (2005), Hofman and Pietrzak (2011), López 
et al. (2013), and Nieto-Márquez et al. (2016). Their works have mostly 
concentrated on examining the adsorption capacities of the waste tires 
based ACs for a range of chemicals, such as, e.g., methylene blue, 
cyclohexane, and major air pollutants (sulphur dioxide, or nitrogen di-
oxide). Although the outcomes present ACs derived from ELTs pyrolysis 
as a potentially effective solution for waste management, there is a gap 
in the literature on the direct conversion of tailor-made rCB transformed 
from contaminated soot on industrial sector. This gap extends to 
possible ways for its application when it comes to CO2 capture, as the 
most significant greenhouse gas. Research conducted in this specific 
field has the opportunity to demonstrate rCB/AC production as an in-
dustrial ready, economically viable process, and explore their potential 
utilization for CO2 capture, which is also the aim of this paper. 

The current work shows for the first time rCB conversion from 
industrial-scale ELTs pyrolysis to ACs for the application of CO2 emission 
reduction. By upgrading the rCB to ACs, this approach addresses the 
ecological concerns related to ELTs at the same time as it makes use of a 
valuable resource available on the commercial market. Thus, the strat-
egy presented is particularly important in the context of circular econ-
omy and resource conservation. The upgraded rCB/ACs are expected to 
exceed the low boundaries for activated carbons quality derived from 
waste tire char or various types of biochars. This is closely related to 
having a standardized original composition, which can result in a re-
petitive production of high-quality material with improved character-
istics, such as a high fixed carbon content and lower impurity and ash 
levels. As a consequence, while conventional ACs have well-established 
CO2 adsorption capabilities, rCB/ACs can exhibit comparable or even 
higher performance. Additionally, the use of rCB/ACs presents an op-
portunity to adopt a resource-efficient and responsible method for 
managing the waste streams generated from the treatment of ELTs. This 
is particularly advantageous because of the easily accessible rCB. 
Finally, the results presented in this study contribute to the development 
of solid adsorbents by simultaneously transforming one of the most 
widely available global waste into a value-added product. These value- 
added rCB/ACs can be further improved and potentially applied for CO2 
capture. 

Fig. 1. Histogram of particle size distribution for recovered carbon black.  
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2. Materials and experiment methodology 

2.1. Raw material 

The recovered carbon black with an average particle size of 30 μm 
and an ash content equal to 0.5–2% was used as the activated carbon 
precursor, supplied by Syntoil company located in Poland. To fabricate 
it, a treatment of char (devolatilization, milling, and optional pelleting) 
was applied to remove the ash content, metal contaminants, and stan-
dardize the particle size variability. As can be observed in Fig. 1, rCB 
consists mainly of particle sizes of 73–80 μm in the range of 15–100 μm 
that are the most abundant in its volume. Chemical composition of rCB is 
variable, depending on composition of tires utilized in pyrolysis, where 
the main component is carbon in a variety of 92–99.5%. Besides it may 
also consist of volatile substances with a content of >0.2%, and mineral 
matter of approximately 0.5–2%, including, among others, silicon, 
aluminium, zinc, sulphur and calcium. 

2.2. Preparation of rCB/AC samples 

Activated carbons were prepared from rCB without any additional 
pre-preparations by physical and chemical activation via air and KOH, 
as shown in Fig. 2. For physical activation, a Barnstead Thermolyne 
47900 muffle was used, and the effect of the activation temperature was 
studied. The temperature was changed from 500 to 700 ◦C in atmo-
spheric air (gaseous mixture containing 21% of O2 with balance of N2), 
with a heating rate of 7 ◦C⋅min−1 and a dwelling time of 2 h. In the case 
of chemical activation, potassium hydroxide (KOH) was used as the 

activating agent through a dry mixing method. Equivalent mass quan-
tities of rCB and KOH (mass ratio 1:1) were grounded on a mortar to 
obtain a homogeneous solid mixture. The 1:1 ratio served as a crucial 
reference point to establish a baseline and initial assessment of KOH 
activation behavior stages for the rCB material. The activation was then 
performed using a Barnstead Thermolyne 21100 tubular horizontal 
furnace, under an inert atmosphere (N2) and with a constant flow of 150 
mL min−1. The temperatures were set at 800, 850 and 900 ◦C, holding 
for 2 h with a heating rate of 7 ◦C⋅min−1. The chemically activated 
carbons obtained were washed several times with deionized water until 
a constant pH of the washing water was obtained. Finally, all obtained 
rCB/ACs were dried in oven for 24 h at 200 ◦C. rCB/ACs samples were 
labelled AC-XXXZ, where XXX is the activation temperature, and Z 
corresponds to the activating agent (potassium hydroxide (K) or air (A)). 

2.3. Characterization of carbon materials 

2.3.1. Textural characterization 
In order to analyze the textural properties of the synthesized AC 

samples, N2 physisorption isotherms at −196 ◦C were measured using a 
Micromeritics ASAP 2020 Plus Adsorption Analyzer. Samples were 
degassed previous the analysis by two heating steps: the first one 
(evacuation phase) was carried out at a maximum temperature of 
110 ◦C, under vacuum (10−8 bar) and for 1 h. After that the second step 
(heating phase) reached a temperature of 300 ◦C for 9h and under 
vacuum. Then the isotherms were acquired measuring around 40 
adsorption points and 20 desorption points from a relative pressure (P/ 
P0) of 1⋅10−6. The specific surface area was calculated using the 

Fig. 2. Schematic representation of the preparation procedures used for activation of rCB/ACs based on recovered carbon black (rCB).  
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Brunauer - Emmett - Teller (B.E.T) equation in the range of relative 
pressure of 0.05–0.3. The NLDFT model was used to determine the pore 
size distribution (PSD) and the micropore and mesopore specific vol-
umes. Micropore analysis was complemented by measuring CO2 
adsorption isotherms at 0 ◦C. 

2.3.2. Chemical characterization 
The ultimate analyses were done using a CHNS Elemental Analyzer 

FLASH 2000 from Thermo Fisher Scientific. To conduct an analysis of 
potassium amount, the X-ray fluorescence energy dispersion spectro-
photometer (EDXRF) of the Epsilon 3 model, manufactured by PAN-
alytical B, was used. Moreover, the proximate analysis was performed 
with TGA. 

To investigate the interactions and functional groups present on ACs 
that are relevant to the CO2 adsorption, Fourier-transform infrared 
spectroscopy (FT-IR) was applied. FT-IR was performed using a Shi-
madzu IRTracer-100 spectrometer equipped with the Diffuse Reflec-
tance Accessory, DiffusIR™. The spectra were acquired with 100 scans, a 
resolution of 1.93 cm−1 between 400 and 4000 cm−1, and under nitro-
gen to avoid absorption of water during the analysis. Carbon-based 
materials were crushed and mixed with KBr to obtain solid dissolu-
tions with a concentration of 1 % w/w, and each dissolution was 
analyzed in the spectrometer. 

For evaluation of the decomposition and thermal stability of AC 
materials used for CO2 capture application, thermogravimetric analysis 
(TGA) was also utilized. TGA was studied using the thermal analyzer 
TGA 550 from TA Instruments, with a nitrogen flow of 150 mL min−1, a 
heating rate of 10 ◦C⋅min−1 and a temperature range of 20–900 ◦C. 

2.3.3. Morphological characterization 
Surface morphologies and differences in the shapes of the activated 

carbon surfaces were observed through the Scanning-Electron Micro-
scopy (SEM). SEM images were acquired using a TESCAN LYRA3 FIB- 
SEM microscope coupled to a microanalysis system of Energy- 
Dispersive X-ray spectroscopy (EDS) and using both, backscattering 
electrons, and secondary electrons detectors. Samples were previously 
metal-coated to improve electrical conductivity. To evaluate the struc-
ture of the carbon skeleton in the obtained carbon materials, Raman 
spectroscopy measurements were performed. The measurements were 
done using a Horiba Xplora Raman microscope via a laser with a 
wavelength of 523 nm, 100x of magnification, and 70% of the laser 
power to avoid sample’s damage. 

2.4. CO2 adsorption investigation 

CO2 adsorption isotherms were measured using the Micromeritics 
ASAP 2020 Plus Sorption Analyzer. Analysis temperature was set to 0, 
15, 25 and 30 ◦C using a water bath contained on a Dewar flask. Ab-
solute pressure was changed from 5 × 10−4 to 1 bar and samples were 
degassed previous the analysis with the same conditions as before, 
which are 110 ◦C under vacuum (10−8 bar) and for 1 h prior to analysis. 

Table 1 
Description of selected adsorption isotherm models.  

Isotherm model Described adsorption phenomenon Non-linear model 
equations 

Characterization of equation Ref. 

Freundlich- 
Langmuir 

Considering both monolayer and multilayer adsorption 
effects qe =

qm • KFL • PnFL

1 + KFL • PnFL 
qm - maximum adsorption capacity (cm3/g), 
KFL - Langmuir-Freundlich constant (bar 
−nFL), nFL - index of heterogeneity [-] 

Nuhnen and Janiak 
(2020) 

Redlich–Peterson Includes the features of both Langmuir and Freundlich 
isotherm qe =

KRP • P
1 + aRP⋅PβRP 

KRP - Redlich-Peterson constant 
(cm3⋅g−1⋅bar−1), aRP - constant (bar −βRP) 
βRP - Redlich–Peterson exponent (−) 

Cai et al. (2022) 

Toth Multi-layered sorption on heterogeneous surfaces at both 
low and high pressure. 

qe =

qm • KT • P

[1 + (KT • P)nT ]

1
nT 

KT - Toth constant (bar−1), nT – 

heterogeneity factor (−) Aniruddha et al. 
(2020) 

Sips Combined form of the Langmuir and Freundlich model 
equations to characterize heterogeneous adsorption 
systems qe =

qm • (KS • P)
1
nS

1 + (KS • P)
1
nS 

KS - Sips constant (bar−1), nS – Sips exponent 
(−) Mukherjee and 

Samanta (2019) 

Radke–Prausnitz Adsorption with low concentration of the gas molecules qe =
qm • KRPr • P

(1 + KRPr⋅P)eRPr  
KRPr - Radke–Prausnitz constant (bar−1), 
eRPr - Radke–Prausnitz exponent (−) Khoshraftar and 

Ghaemi (2023)  

Fig. 3. N2 adsorption-desorption isotherm curves at −196 ◦C of the prepared 
activated carbons samples by (a) chemical activation, (b) physical activation. 
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Furthermore, the ideal adsorption solution theory (IAST) was employed 
to determine the CO2/N2 adsorption selectivity of the ACs (vital aspect 
for CO2 capture application) based on N2 sorption measurement at a 
temperature of 25 ◦C. 

2.5. CO2 adsorption mechanism studies 

To identify CO2 adsorption mechanism, experimental results were 
fitting the Toth, Freundlich-Langmuir, Sips, Redlich-Peterson, and 
Radke-Prausnitz isotherm models, using a nonlinear regression method 
by the quasi-newton algorithm incorporated in the Matlab ® function, 
fmincon. Table 1 provides a comprehensive presentation of the non- 
linear form of isotherm equations, along with their theoretical as-
sumptions and parameter description. The adequacy of the chosen 
theoretical model in relation to the empirical data was assessed by the 
sum of absolute errors (EABS) that is common modeling tool of 
adsorption isotherms. The EABS is presented by the below formula: 

EABS =
∑

n

i=1

⃒

⃒qe,exp − qe,mod

⃒

⃒ (1)  

Where: qe,mod - predicted amount of adsorbed adsorbate at equilibrium 
state [cm3/g], qe,exp - experimental amount of adsorbed adsorbate at 
equilibrium state [cm3/g]. 

Furthermore, the thermodynamic parameters of adsorption were 
calculated using the van’t Hoff equation and Clausius-Clapeyron equa-
tions for CO2 adsorption isotherms at 0, 15, 25 and 30 ◦C, which are the 
most widely reported estimation approach for Gibbs free energy, 
enthalpy, entropy, and isosteric heat of adsorption. 

3. Results and discussion 

3.1. Studies of textural properties by N2 adsorption/desorption isotherms 
at −196 ◦C and CO2 adsorption at 0 ◦C 

The textural characteristics of prepared rCB/ACs was examined 
using N2 adsorption and desorption measurements at a temperature of 
−196 ◦C. Fig. 3 (a,b) schematically illustrates the N2 isotherms for all 
samples produced in the temperature range of 800–900 ◦C and 
500–700 ◦C by applying chemical and physical activation, respectively. 
Through the examination of isotherms, the crucial adsorption charac-
teristics of materials can be evaluated, simultaneously enabling the 
design and optimization of adsorbents to effectively adsorb CO2. Hence, 
to evaluate the required textural properties for effective CO2 adsorption, 
presented methodology focuses on two key factors: the necessity of 

sufficient surface area with porosity, and the specific range of pore sizes. 
It is widely reported that materials with high surface areas and tailored 
pore structures, especially microporosity with pore width below 0.7 nm, 
are highly beneficial and desirable for CO2 adsorption (Boujibar et al., 
2019; Plaza et al., 2010). The N2 isotherm data was analyzed to deter-
mine the extent of porosity development within the material, assessing 
the efficiency for CO2 capture. By examining the shape, steepness, and 
hysteresis of the isotherms, the valuable insights were gain into the 
porosity evolution. 

The materials were characterized by a rapid increase in adsorption at 
low relative pressures (P/P0 < 0.1), which is followed by a gradual 
growth along with P/P0 values and the appearance of a loop. The shapes 
of the N2 sorption isotherm curves correspond to the combination of 
type I and IV (Baldovino-Medrano et al., 2023; Muttakin et al., 2018). 
Type I suggests the development of activated carbon with micropore 
content (<2 nm in diameter) in which a primary filling occurs at very 
low relative pressure values, as confirmed by a very steep isotherm with 
a sharp knee below P/Po < 0.15 (Ozpinar et al., 2022). Type IV is a 
variant of type II but has a discrete multilayer structure that corresponds 
to mesoporous materials (with pores of 2–50 nm) and gives a charac-
teristic hysteresis loop (Soltani et al., 2019). Consequently, upon 
achieving a P/Po value of 1.0, indicating a further gradual reduction in 
pressure, a discernible desorption curve is formed, which is distin-
guishable from the one that results from the initial adsorption. This 
phenomenon is highly associated to filling empty mesopores by capillary 
condensation (Dantas et al., 2019). 

Moreover, as can be seen, all isotherms exhibit H3-type hysteresis in 
an almost complete range of P/P0 above 0.35, which is especially visible 
between 0.8 and 1.0 region. These findings strongly indicate that the 
pore size distributions are nearly analogous to those of combination of 
micro- and mesopores, including aggregates of plate-like particles 
forming to slit-shaped pores with non-uniform size and shape (Yousif 
et al., 2022). Hence, the outcome implies the existence of a dual porosity 
of the ACs produced from rCB, revealing that the carbon structure is 
characterized by both well-developed micropores and mesopores. 

The textural properties of rCB/ACs are summarized in Table 2. The 
results of the textural characteristics of activated carbons relative to rCB, 
as the raw material, confirmed the optimal enhancement of the BET 
surface area by 83% and the total pore volume by 64%, accordingly. 
Additionally, all ACs primarily presented a percentage of mesoporosity, 
ranging from 78 to 87% of the porous structure. As observed, raising the 
activation temperature led to an increase in BET surface area, total pore 
volume, and microporosity, which was reported in many other studies 
(Serafin et al., 2023b; Wang et al., 2020). The augmentation of the 

Table 2 
Textural parameters of the rCB-based activated carbons.  

Sample BET surface 
areaa, m2/g 

Total pore 
volumeb, cm3/g 

Micropore volume c 

(<2 nm), cm3/g 
Supermicropore 
volume d (0.7–2nm), 
cm3/g 

Ultramicropore volume d 

(<0.7 nm), cm3/g 
Micropore volume(<2 
nm)/total pore volume, 
% 

Mesopore volume/ 
total pore volume, 
% 

rCB 55 0.170 – – – – – 

AC- 
800K 

131 0.275 0.036 0.021 0.015 13 87 

AC- 
850K 

165 0.316 0.048 0.028 0.020 15 85 

AC- 
900K 

328 0.448 0.100 0.069 0.031 22 78 

AC- 
500A 

161 0.253 0.050 0.029 0.021 20 80 

AC- 
600A 

218 0.327 0.066 0.042 0.024 20 80 

AC- 
700A 

232 0.333 0.072 0.047 0.025 22 78  

a Brunauer, Emmett & Teller (BET) method using the Rouquerol criteria. 
b Calculated by N2 adsorption isotherm at a high relative pressure (~0.99). 
c DFT method via NLDFT model, assuming slit-shaped pores, based on N2 adsorption isotherm at −196 ◦C. 
d DFT method via NLDFT model, assuming slit-shaped pores, based on CO2 adsorption isotherm at 0 ◦C. 
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activation temperature caused a boost in the reactivity of the carbon 
atoms situated on the surface of the rCB. This, in turn, led to an accel-
eration of the diffusion rate of activating agent molecules transportation 
inside the material (Lan et al., 2019). 

In the case of physical activation, AC-700A was found to be the best 

sample due to its the greatest textural parameters, followed by AC-600A 
and AC-500A. On the other hand, among chemically activated samples 
with KOH, AC-900K synthesized at 900 ◦C demonstrated the highest 
Brunauer-Emmett-Teller surface area, total pore and micropore volume 
(pores up to 2 nm determined by N2 adsorption at −196 ◦C) of 328 m2/g, 

Fig. 4. Schematic Illustration of pore formation mechanism in rCB during chemical activation using KOH.  

Fig. 5. Pore size distribution within a width of 1–2 nm for activated carbons obtained by (a) chemical activation, (b) physical activation, determined with the NLDFT 
method based on N2 sorption at − 196 ◦C. 
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0.448 cm3/g, and 0.100 cm3/g, respectively. 
The quite noticeable development of the specific surface area and 

porosity between 700 and 900 ◦C according to the literature may be 
closely related to the formation of metallic potassium (>762 ◦C) 
(Arslanoğlu, 2019), which is a significant factor in the generation of the 
pore framework (Mistar et al., 2020). Exceeding the temperature from 
850 to 900 ◦C improved the micropore content to 22%. This can happen 
when vapor of metallic K is assimilated and diffused into the internal 
structure of the carbon particles and predominantly graphitic layers, 
which eventually leads to the manifestation of new porosities and the 
stretching of the pores that already exist (Fig. 4). With the generally 
accepted mechanism, during activation most of KOH is transformed into 
K2CO3 and K2O, as follows (Gao et al., 2020): 
2KOH→K2O + H2O (2)  

K2O + CO2 + C→K2CO3 (3)  

4KOH + C→K2CO3 + K2O + 2H2 (4) 
Then by their reduction by carbon atoms, potassium is obtained, 

according to the below equations (Li et al., 2017): 
K2O + C→2K + CO (5)  

K2CO3 + C→2K + 3CO (6) 
On the other hand, at 800–900 ◦C and KOH/AC ratio of 1:1, KOH-ACs 

should exhibit much higher surface area and micropore volume 
compared carbons prepared by using air. This suggests that specific ratio 
between rCB and KOH along with the temperature may need to be 
further optimized to achieve the right balance between activation and 

preservation of the desired rCB/ACs porosity characteristics. 

3.2. Pore size distribution (PSD) analysis 

Further, in order to determine the pore size distributions (PSD) of all 
AC samples, a non-local density functional theory (NLDFT) model 
assuming slit pores was also employed. The PSDs obtained from N2 
adsorption measurements at −196 ◦C are plotted in Fig. 5 and Figure S1 
for a pore width range below 2 nm and within 2–35 nm. In line with the 
graphs, the majority of the pores are nearly completely varied across the 
spread distribution that is comparatively placed within entire range of 
35 nm. The PSD curves indicate that a significant proportion of pores are 
classified as mesopores in total, while there is a smaller number of mi-
cropores, which are relatively large in the combined structure of ACs. 
The micropore widths are primarily concentrated within the range of 
1.05–1.19, and 1.25–1.54 nm, as proven by the two most prominent 
peaks at 1.14 and 1.30 nm. On the contrary, the mesopore diameters are 
predominantly situated within the 2.30–3.90, 9.48–10.36, 12.36–13.50 
nm, and evidently focused between 16.00 and 34.05 nm spectrum. 

PSD determination has conventionally been performed through ni-
trogen sorption isotherms obtained at −196 ◦C, as above. However, the 
diffusion rate of nitrogen molecules into micropores of small size is 
significantly reduced at low temperatures, and the estimation of pores 
with width below 1 nm is not feasible. The aforementioned issue can be 
resolved by performing CO2 adsorption at a temperature of 0 ◦C. At 
elevated temperatures and increased absolute pressures, the accessi-
bility of ultramicropores by CO2 molecules exceeds that of N2 at 
−196 ◦C, despite the similarity in molecular critical dimensions between 
the two gases. Therefore, this method provides insight into the charac-
teristics of pores that fall within the diameter range of approximately 

Fig. 6. Pore size distribution within a width below 1 nm for activated carbons obtained by (a) chemical activation, (b) physical activation, determined with the DFT 
method based on CO2 sorption at 0 ◦C. 
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0.3–1 nm. Fig. 6 show PSDs based on CO2 adsorption at 0 ◦C determined 
by using also the DFT method. All rCB/ACs obtained via chemical 
activation are distinguished by the presence of two distinct peaks that 
exhibit high intensity at pore diameters measuring approximately from 
0.37 to 0.38 nm, and 0.49–0.59 nm. Additionally, AC-900K and AC- 
850K also exhibited higher pore volume within 0.87–0.91 and 
0.61–0.64 nm. For physical activated AC samples, the predominant pore 
size in the AC-700A was determined to be between 0.44 and 0.64 nm, 
with a few single distinct peaks above 0.83 nm. The results of the study 
reveal that the use of potassium hydroxide and air during the activation 
process is particularly conducive to the formation of supermicropores 
(0.7–2 nm) and ultramicropores (<0.7 nm), indicating a high content 
level. In the AC-900K and AC-700A, pores with widths ranging from 0.7 
to 2 nm accounted for the majority at 69% and 66% of the micropo-
rosity, while pores less than 0.7 nm wide constituted 31% and 34%, 
respectively. Conversely, they exhibit a relatively lower suitability for 
the creation of submicropores (<0.4 nm), which manifest a limited 
number of distinct peaks, however, quite high for the AC-900K. 

3.3. Fourier-transform infrared spectroscopy (FT-IR) 

Using Fourier transform infrared spectroscopy (FT-IR), the surface 
functional groups of rCB/ACs were analyzed. Fig. 7 illustrates the FT-IR 
spectra between 450 and 4000 cm−1, revealing the diverse surface 
chemistry of the ACs. The FT-IR spectroscopy analysis indicate that the 
AC samples exhibit similar characteristic absorption peaks, with pre-
dominant vibrations observed in the range of 3550-3350 (O–H), 3000- 
2850 (C–H), 1700-1600 (C=C), 1400-1350 (C–H), 1100-1000 (C–O) 
cm−1. 

The occurrence of a broad band at 3450 cm−1 corresponds to the 
presence of an O–H stretching vibration in free hydroxyl groups on the 
carbon surface, which can be attributed to the effect of chemical and 
physical activation (Kajal and Singh, 2019). This vibration is commonly 
observed as a direct influence of intermolecular hydrogen bonding of 
chemical compounds, including alcohols, phenols, and carboxylic acids 
(Gonzalez et al., 2009). Furthermore, the two strong bands observed at 
within 3000-2850 and at 1380 cm−1 are related to the bending vibra-
tions of the C–H bonds of alkanes groups (Talik et al., 2020), simulta-
neously providing information about the AC structure. Similarly, the 
band at 1650 cm−1 represents C=C stretching vibrations from aromatic 
rings frequently found in carbonaceous materials (Sricharoenchaikul 
et al., 2008). The infrared spectra of the ACs also present the occurrence 
of C–O stretching vibration appearing near the really broad peak region 
between 1100 and 1000 cm−1 (Xuguang, 2005). 

The determined absorption bands in all samples were found to be 

located at comparable wavenumbers, suggesting a high degree of simi-
larity in the functional groups. FTIR spectra indicated the presence of 
oxygen-containing surface functional groups (OCFG) that are extremely 
useful for CO2 adsorption application purposes in flue gas purification. 
Taking into consideration the fact that OCFG are the most prevalent 
groups on carbon surfaces, the C–O and O–H bonds should be given a 
significant amount of focus. Especially, hydroxyl groups can enhance the 
interaction between CO2 and the carbon surface through hydrogen 
bonding and are typically associated with increased CO2 adsorption 
capacity (Yue et al., 2008). In overall, the surface reactivity and acid-
ity/basicity of AC can be tremendously influenced by the presence of 
OCFG, thereby affecting its adsorption towards different gaseous 
adsorbates. 

3.4. Raman spectroscopy 

Raman spectroscopy is applied for the insights into the crystal 
structure of carbon-based materials, such as the degree of graphitiza-
tion, or the presence of defects. Fig. 8 illustrates the Raman spectra of all 
activated carbon samples. The Raman spectra investigation of rCB/ACs 
revealed the existence of two distinct bands, located at approximately 
1330 cm−1 (D-band) and 1590 cm−1 (G-band) wave numbers. These 
peaks in carbonized structures are referred to as the disordered (D) band 
and graphitic (G) band, according to the literature that has been widely 
published (Wang et al., 1990; Bhattacharjya et al., 2014). The D-band is 
commonly correlated with breaking of symmetry in sp2 carbon caused 
by the structural defects and disorders in the carbon framework, leading 
to a reduction in the crystallographic symmetry of the quasi-infinite 
lattice (Brown et al., 2001). The precise nature of the vibrational 
mode responsible for the D-band arise from a breathing mode of the A1g 
symmetry that involves the out-of-plane vibration of sp3 carbon atoms 
(Li et al., 2020a; Irmer and Dorner-Reisel, 2005). While the G-band in-
volves symmetric stretching of the C–C bonds and corresponds to 
first-order scattering of the stretching vibration mode (E2g) reported for 
sp2 hybridized carbon atoms in a hexagonal lattice of graphite layer 
(Mohan and Manoj, 2012; Han et al., 2012). 

The intensity of peak D (ID) reflects irregular crystal structures, 
whereas the intensity of peak G (IG) expresses the regular crystal 
structures. Calculating the ID/IG ratio is essentially indicative of the 
proportionate number of defects in structure found in the graphene 
sheets of AC samples that have been synthesized. The ID/IG ratio values 
acquired for the rCB-based activated carbons exhibited a range of 
1.037–1.223. Since the ID/IG ratio is more than 1, it indicates that there 
are a significant number of irregularities in AC crystal structures that can 

Fig. 7. FT-IR spectra of rCB/AC materials.  
Fig. 8. Raman spectra of rCB/AC materials.  
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affect their physical and chemical properties. In general, higher crys-
tallinity in materials can enhance CO2 adsorption capacity due to 
improved stability and ordered arrangements, as well as the presence of 
well-defined pores or channels for CO2 interaction (Nandi and Uyama, 
2014). However, defects in crystalline materials, such as dislocations or 
vacancies, can also introduce additional adsorption sites, increasing the 
surface area available for CO2 adsorption (Zhang et al., 2020). Both 
crystallinity and defects can influence CO2 capture properties, with a 
balance between the two factors playing a crucial role in determining 
the overall adsorption performance. The higher increase in ID/IG is 
observed for physical activation, suggesting that it has resulted in the 
emergence of a greater number of defects in samples than utilizing KOH. 

3.5. Ultimate and proximate analysis 

The ultimate analysis (CHNS/O) of activated carbons at various 
activation temperatures is summarized in Table 3. The material in its 
pristine form showed a significant proportion of carbon (92.53 wt%) and 
a low content of other elements and ash (7.47 wt%), suggesting an 
astonishingly pure form of carbon. Chemically, the rCB/ACs produced 
using KOH generally exhibited a lower O content than those produced 
physically using air. The observed phenomenon can be attributed to the 
incorporation of oxygen-containing functional groups onto the surface 
of carbon. Moreover, the oxygen concentration of the ACs revealed a 
positive correlation with the activation temperature, whereby AC-900K 
demonstrates the highest value of 14.93 wt%. The determination of 
potassium content was also conducted using the XRF method. All sam-
ples of activated carbon by KOH contained small amounts of potassium, 
with concentrations not exceeding 0.09 wt%. The presence of K residues 
is likely to be attributed to their intercalation into the AC matrix and 
does not have a direct impact on CO2 adsorption. On the other hand, 
physically activated carbons have contents ranging from 11.73 wt% to 
33.92 wt%, with AC-700A possessing the highest record, likely due to 
significant oxidation during the activation process (Ahmadpour and Do, 
1997). Additionally, physical activation with air resulted in sample 
degradation, which is a cause of the lowest carbon content that vapor-
izes while other minerals remain (Ogungbenro et al., 2018). In terms of 
other elements examined, AC-900K had the highest nitrogen content of 
0.90 wt%. The sulphur content was very low (less than 1%) in all AC 
samples, indicating that no activation process introduced significant 
sulphur-containing functional groups, which can negatively impact the 
sorption performance of the material. 

The determination of activated carbon yield typically involves 
calculating the weight of activated carbon obtained after the activation 
and washing processes, and then dividing it by the starting weight of the 
unprocessed raw material. The yield content was in the range of 
88.6–77.9%, and 55.8–35.9%, for chemically and physically produced 
ACs, indicating the high influence of air on burning off carbon. This 

calculation is performed on a dry basis, as outlined below: 

Yield content [%] =
mP

mRM

• 100 (7)  

Where: the variables mP and mRM represent the dry mass of the resulting 
AC (in grams) and the dry mass of the AC precursor (in grams). 

Lastly, the proximate analysis results of the ACs are presented in 
Table 4. The volatile matter, fixed carbon, and ash content for all ACs 
samples varied within the range of 0.90–2.12, 86.50–89.90, and 
9.45–12.60 wt%, respectively. The presented data indicates that the AC 
samples possess a comparatively high concentration of fixed carbon, 
making it suitable for various adsorption applications. 

3.6. Thermogravimetric analysis (TGA) 

The thermogravimetric analysis (TGA) curves of activated carbons 
up to 950 ◦C are presented in Fig. 9, showing three inflection points 
defining four distinct ranges for mass loss. Upon activation by air, the 
samples exhibited a weight loss of 0.71% at temperatures up to 200 ◦C, 
4.46% within the temperature range of 200–700 ◦C, and 5.60% at 
temperatures exceeding 700 ◦C. The activation process utilizing KOH 
resulted in losses, approximately of 2.05%, 3.66%, and 5.34% wt. for 
temperatures below 200 ◦C, ranging from 200 to 700 ◦C, and higher than 
700 ◦C, respectively. 

The shape of the TGA profile is contingent upon the thermal behavior 
of the precursor, which is intrinsically linked to the chemical composi-
tion and chemical bonding present within the material structure. The 
reduction in mass in Section A can be attributed to the elimination of 
moisture or highly volatile compounds. Their removal is highly impor-
tant, as it affects its physical and chemical properties, such as porosity 
and surface area (Sait et al., 2012). Furthermore, the substantial 
decrease in weight observed in Section B implies the removing of min-
eral matters along with the inorganic residues of ACs (Devi and Saroha, 
2015), especially for physical activated samples, where the TGA curve 

Table 3 
Ultimate analysis of rCB/ACs.  

Sample Yield content 
[wt.%] 

C [wt. 
%] 

H [wt. 
%] 

N [wt. 
%] 

S [wt. 
%] 

Oa [wt. 
%] 

rCB – 92.53 1.16 0.42 0.71 5.18 
AC- 

800K 
91.6 85.64 0.31 0.34 0.31 13.40 

AC- 
850K 

86.3 84.62 0.27 0.72 0.28 14.11 

AC- 
900K 

77.9 83.76 0.18 0.90 0.23 14.93 

AC- 
500A 

55.8 83.46 0.53 0.43 0.80 14.78 

AC- 
600A 

42.4 83.54 0.40 0.40 0.74 14.92 

AC- 
700A 

35.9 83.81 0.30 0.34 0.53 15.02  

a It is obtained by calculation. 

Table 4 
Proximate analysis of rCB/ACs.  

Sample Volatile matter [wt.%] Fixed carbon [wt.%] Ash [wt.%] 
rCB 0.56 91.12 8.32 
AC-800K 1.86 88.34 9.80 
AC-850K 2.04 87.07 10.89 
AC-900K 2.12 86.64 11.24 
AC-500A 0.75 89.80 9.45 
AC-600A 0.70 88.94 10.36 
AC-700A 0.90 86.50 12.60  

Fig. 9. Thermogravimetric analysis curves of rCB/AC samples.  

B. Dziejarski et al.                                                                                                                                                                                                                              



Environmental Research 247 (2024) 118169

10

drastically decreased between 500 and 700 ◦C by more than 4.56%. In 
the third region (Section C), the gradual drop in the TGA curve indicates 
the combustion of the AC samples (Thonglhueng et al., 2022). The 
weight loss percentage in this section is relatively low, indicating that 
ACs have a high degree of purity and thermal stability in higher tem-
peratures. The thermal gravimetric analysis (TGA) curve presented in 
this section can provide insight into the extent of carbonization of 
activated carbon and the thermal robustness of the recovered carbon 
black. Finally, in the fourth region (Section D), a small amount of ash 
residue (6–7%) was observed, suggesting the presence of inorganic 
components in samples after complete combustion at 930 ◦C. 

3.7. Scanning electron microscopy (SEM) with energy-dispersive X-ray 
spectroscopy analysis (EDS) 

Scanning electron microscopy with an energy-dispersive X-ray 
spectroscopy technique was applied to indicate details on the 
morphology and identify elements present on the surface of ACs along 
with their relative abundance. Fig. 10 presents the morphology with a 
magnification of 52,000X at a resolution of 2 μm for AC-700A and AC- 

900K that showed the most prominent textural properties, compared 
to the pristine recovered carbon black. In addition, more SEM images 
with varying magnification levels (ranging from 1000 to 7,000X) ob-
tained at 20 μm and 100 μm, are given in Figure S2. 

The complexity of activated carbons, in terms of composition and 
structure, surpasses that of rCB derived from waste tire pyrolysis. Based 
on SEM micrographs of synthesized ACs, the presence of porous and 
highly complex irregular structures differing in size and shape was 
confirmed, demonstrating a significant surface area beneficial to 
adsorption. The size, form, and surface attachments of the ACs are 
highly varied as a direct result of the elevated activation temperature 
effects. The ACs structure consisted of aggregates and agglomerates 
characterized by predominantly different-structured particles, while the 
macropores were dimly observable. Moreover, the observation of ag-
gregates and agglomerates implies that the distribution of AC particles is 
non-uniform and instead forms clusters or larger groups, which may 
have an impact on the material’s overall porous characteristics (Sun 
et al., 2016). Whereby, the particles do not possess constant shapes but 
instead exhibit variations and irregularities in their morphology, 
spherical or ellipsoidal in appearance (Fig. 11). 

Fig. 10. SEM micrographs with a magnification of 52,000X at a resolution of 2 μm for (a) AC-700A, (b) AC-900K, and (c) recovered carbon black.  
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s. The potential morphological changes occurring during the pro-
duction of ACs based on recovered carbon black are schematically pre-
sented in Fig. 12. 

Further, the EDS analysis has verified the atomic percentage of each 
composition in the sample. The element mapping images for AC-900K 
micrograph with a magnification of 7,000X at a resolution of 2 μm are 
depicted in Fig. 13(a–g). They demonstrate that the surface architecture 
of AC-900K predominantly comprises of carbon (C), oxygen (O) and 
potassium (K). Additionally, K residue compound refers to leftover po-
tassium compounds from KOH, thus providing further confirmation that 
it may still be present in the activated carbon product, as was proved in 
elemental analysis. In contrast, the surface of activated carbon produced 
by physical activation using air (AC-700A) consists mainly of C, O, given 
in Fig. 14(a–g). Additionally, the small presence of silicon (Si), 

aluminum (Al), magnesium (Mg), and sulphur (S) was found, suggesting 
that additives may have been present in the initial recovered carbon 
black material, as highlighted in Section 2.1. 

3.8. CO2 adsorption investigation 

The most promising samples from each activation type set were 
measured at four distinct temperatures, 0 ◦C, 15 ◦C, 25 ◦C and 30 ◦C 
under a pressure of 1 bar. As can be observed from the empirical data 
presented in Fig. 15, all curves exhibit an upward convex shape, which 
aligns with the Type-I (b) classification as defined by the International 
Union of Pure and Applied Chemistry (IUPAC) (Merin et al., 2021). 
Furthermore, the isotherm system indicates that the process was facile at 
low concentrations of CO2, where a considerable proportion of the 
adsorption sites remain unoccupied by the gaseous molecules. There-
fore, as the pressure increases, serving as the driving force, it led to an 
increase in the surface coverage of AC by intensifying CO2 particles 
accumulation (Raganati et al., 2014). On the other hand, a rise in tem-
perature caused a boost of the diffusion rate due to the heightened en-
ergy of gas molecules and also triggers instability of the adsorbed gas on 
the adsorbent surface, resulting in lower CO2 adsorption capacities and 
making the process thermodynamically favorable at reduced tempera-
tures. Gas molecules that are adsorbed possessed adequate energy to 
surpass the attractive forces present across the surface, thereby dis-
rupting the surface bonds and relocating back into the gas phase, cor-
responding to the exothermic characteristic of adsorption (David and 
Kopac, 2014). Hence, it can be concluded that the process of CO2 
adsorption onto carbon-black derived activated carbons was primarily 
influenced by physisorption, which is driven by weak van der Waals 
forces that diminish as the temperature elevates. This statement is 
consistent with the principles outlined by Le Chatelier (Hendricks, 
1941). 

The AC-900K sample exhibited the highest CO2 uptake of 30.90 cm3/ 
g under a pressure of 1 bar at 0 ◦C, possessing exceptional gas capture 
attributes comparable to commercial activated carbons. At temperatures 
of 15 ◦C, 25 ◦C and 30 ◦C, the CO2 adsorption capacity was measured to 

Fig. 11. SEM micrographs with a magnification of 50,000X at a resolution of 
100 nm for rCB/ACs clusters. 

Fig. 12. Morphological changes of particles that occur during the activation process of recovered carbon black to activated carbons.  
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be 24.75, 20.53, and 19.73 cm3/g at the same pressure conditions. On 
the contrary, the AC-700A demonstrated a CO2 adsorption capacity 
ranging from 14.79 to 22.56 cm3/g at four temperatures under the 
pressure of 1 bar. Furthermore, for the rest of the samples obtained by 
chemical and physical activation CO2 capacities were in the range of 
22.39–15.99 cm3/g at 0 ◦C, in the following order: AC-700A > AC-600A 
> AC-850K > AC-800K > AC-500A. It confirms that the optimal tem-
perature for activation, with respect to CO2 adsorption, was found to be 
900 ◦C and 700 ◦C for potassium hydroxide and air, as activating agents. 

Table 5 presents a summary of the findings obtained from CO2 
adsorption on activated carbons that were previously reported in the 
literature. The CO2 uptake of recovered carbon black achieved in this 
work remain potentially competitive compared to other industrial 
byproducts, but they may not outperform ACs derived directly from 
biomass waste. As such, more research needs to focus their efforts and 
resources on exploring and harnessing the potential of rCB as a valuable 
resource for developing effective CO2 adsorption solutions. 

3.8.1. Influence of textural parameters on CO2 adsorption 
Additionally, to fully examine the correlation of adsorption with 

regard to textural properties, the dependance of all ACs obtained from 
rCB for CO2 capture was evaluated at 0 ◦C. In order to achieve this 
objective, we ascertained the correlation between the adsorption of CO2 
and various textural parameters, namely the overall BET surface area 
(Fig. 16a), the total pore volume (Fig. 16b), the micropore volume with 
a width of <2 nm determined by the N2 isotherm (Fig. 16c), and finally 
the volume of micropores with a width range below 1 nm determined by 

the CO2 isotherm (Fig. 16d). The statistical measure known as the co-
efficient of determination (R2) serves as a valuable tool to quantify the 
extent to which the independent variable can forecast the variance in the 
dependent variable (Wei et al., 2018). By analyzing the R2 values, 
conclusions can be drawn about the influence of the texture character-
istics on CO2 adsorption. A high R2 signifies a robust correlation, 
implying that the aforementioned factors have a notable impact on 
forecasting or elucidating the fluctuations in CO2 adsorption. On the 
contrary, a diminishing R2 value signifies a lack of relationship, thereby 
indicating its marginal impact on the observed variations (Burner et al., 
2020). 

The unambiguous interpretation of the coefficient of determination 
values was not readily apparent from the results of the examination due 
to its high values above 0.9. It may imply that the explication of the R2 

coefficients may not be straightforward. The analysis reveals that the R2 

values for chemical activation were the highest when examining the 
correlation between CO2 uptake and the total pore volume or micropore 
volume determined by using CO2 at 0 ◦C, suggesting that CO2 adsorption 
mechanism was conditioned by them. Specifically, the R2 values were 
equal to 0.946 and 0.940. For physical activation, adsorption mecha-
nism was identified in relation to the specific surface area and micropore 
volume (determined through nitrogen adsorption) with the most sig-
nificant values of the R2 correlation coefficient, reaching 0.995 and 
0.999. In summary, the analysis suggests that CO2 sorption may be 
influenced by distinct factors associated with different activation 
methods. However, due to the high R2 values, further analysis and 
interpretation may be necessary to fully understand the relationship 

Fig. 13. Energy-dispersive X-ray spectroscopy analysis (EDS) of the AC-900K. (a) representative EDS image, and corresponding elemental mapping analysis: (b) C, 
(c) O, (d) K, (e) Si, (f) Mg, (g), Al. 
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between the independent variables and CO2 capture in this context. 
Many studies reported similar cases (Serafin et al., 2022a, 2022b; 
Grundy and Ye, 2014), which would require evaluating especially the 
dependence of the R2 on cumulative micropore volumes for particular 
pore diameter regions. 

Fig. 17 illustrates the connection of coefficient of determination (R2) 
in relation to the cumulative micropore volume within a specific range 
of pore width, ranging from 0.3 to 2 nm with a 0.1 nm increment (at 0 ◦C 
and up to 1 bar). The obtained results indicate that a pore micropores 
volumes varying from 0.30 to 0.40 nm exhibit the highest R2 with an 
impressive value of 0.999, indicating an exceptionally strong positive 
correlation between CO2 adsorption for each activation approach. 
Additionally, several three distinct pore ranges also demonstrate notable 
R2 values (>0.9), specifically 0.6–0.7 nm, 0.7–0.8 nm, and 0.8–0.9 nm, 
for chemical activation. Regarding physical activation, the coefficient of 
determination demonstrated a comparable pattern within the corre-
sponding pore range, such as: 0.4–0.5 nm, and 0.6–0.7 nm. The above 
observations mainly emphasize the significance of submicropores (<0.4 
nm), ultramicropores (<0.7 nm) during CO2 capture, thereby under-
scoring their vital function in the adsorption mechanism of rCB/ACs, 
which is schematically presented in Fig. 18. 

3.8.2. Isotherm modeling studies 
The application of mathematical isotherm modeling has been 

extensively used in order to elucidate the underlying fundamental 
mechanism involved in CO2 capture process (Serafin and Dziejarski, 
2023; Jagiello and Olivier, 2013; Jagiello et al., 2019a, 2019b). In this 

instance, five distinct three-parameter isotherms were selected based on 
their proven ability to accurately predict CO2 adsorption, namely Toth, 
combined Freundlich-Langmuir, Sips, Redlich-Peterson, and 
Radke-Prausnitz. 

A non-linear regression analysis was employed to model the CO2 
adsorption isotherms at 0, 5, 25 and 30 ◦C for the two samples that 
exhibited the superior CO2 uptakes (AC-700A and AC-900K). To 
compare and contrast the precision of various equations, each model has 
been evaluated with the aim of minimizing an objective error function - 
the sum of absolute errors (EABS). The statistical procedure facilitated 
the identification of the isotherm model that displayed the lowest EABS 
values, indicating the minimized variance of distribution between the 
empirical and modelled data. The outcomes related to CO2 adsorption 
on rCB/ACs are graphically shown in Fig. 19. 

The study determined that the Freundlich-Langmuir equation is a 
dependable method for predicting CO2 adsorption mechanism at four 
different temperatures for AC-900K. This conclusion was based on the 
observation of the smallest EABS obtained for all four CO2-AC adsorp-
tion systems, ranging from 1.3965 to 4.393. Regarding the physically 
activated sample, specifically AC-700A, the most suitable model that 
correlated significantly effective with the experimental equilibrium 
adsorption data was the Redlich-Peterson, with EABS values that varied 
between 0.419 and 0.613. Furthermore, based on the maximum error 
functions observed in each dataset, it can be inferred that the Toth 
(EABS: 2.032–11.728), Sips (EABS: 2.5441–2.9349) equations are 
inadequate in providing a precise representation of the CO2 sorption 
mechanism observed for AC-900K and AC-700A, respectively. To 

Fig. 14. Energy-dispersive X-ray spectroscopy analysis (EDS) of the AC-700A. (a) representative EDS image, and corresponding elemental mapping analysis: (b) C, 
(c) O. 
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compare and contrast the fitting of the curves of the chosen isothermal 
models, their runs are shown for CO2 adsorption in Figure S3. 

The parameters of isotherm models that describe the best fit to the 
equilibrium CO2 adsorption data for AC-900K and AC-700A are pre-
sented in Table 6. For the rest of the models all data is included in 
Table S1 and Table S2. 

The interpretation of parameters for the most suitable models is 
another crucial step in accurately understanding the nature of adsorp-
tion on rCB/ACs surface. According to the Freundlich-Langmuir equa-
tion, it has been observed that an increase in sorption temperature leads 
to a reduction in the maximum adsorption capacity (qm). Specifically, 
the qm values decline from 418.0 cm3/g at 0 ◦C to 114.5 cm3/g at 30 ◦C. 
On the contrary, the KFL constant exhibits a rise along with the tem-
perature, confirming the exothermic nature of the CO2 capture process. 
Moreover, for all CO2-rCB/ACs systems, parameter nFL is consistently 
lower than 1, which corresponds with the surface heterogeneity char-
acteristic of ACs. With respect to the sample AC-700A, KRP constant and 
the αRP parameter of the Redlich-Peterson model demonstrate a similar 
correlation with the temperature as well as for the AC-900K. At 0 ◦C KRP 
and αRP are 300.9 cm3 g−1⋅bar−1 and 12.16 bar −βRP, while at 30 ◦C their 
values are reduced to 86.6 cm3 g−1⋅bar−1 and 4.8 bar −βRP, respectively. 
Finally, the βRP exponent is almost constant throughout the range of 
0.59–0.62, also indicating the adsorption on energetically heteroge-
neous surface. 

3.8.3. Thermodynamic analysis 
Besides of the modeling of isotherms, it is crucial to examine the 

thermodynamic aspects of the interaction between AC and CO2. The aim 
of this study was to gain a comprehensive understanding of the ther-
modynamic processes involved in the adsorption of CO2 on activated 
carbon in a state of equilibrium. To verify the assumptions obtained 
from the analyzed isotherm models, changes in the Gibbs free energy 
(ΔG◦), enthalpy (ΔH◦), and entropy (ΔS◦) of adsorption were identified. 
ΔH◦ and ΔS◦ were calculated from the van’t Hoff equation in the form of 
a linear relationship (ln(KL) vs 1/T), as follows: 

ln(KL) =
ΔS◦

R
−

ΔH◦

RT
(8)  

where R is the universal gas constant (8.314 J/mol⋅K), KL is the Lang-
muir adsorption constant that has been utilized as the conventional 
thermodynamic equilibrium indicator for the computation of thermo-
dynamic parameters [1/bar], and T is absolute temperature [K]. 

Whereas ΔG◦ was estimated from the below equation by using 
Langmuir constant: 
ΔG◦ = −RT ln(KL) (9) 

Table 7 presents the thermodynamic parameters that were derived 
from Eq. (7) and Eq. (8). The analysis of their values reveals that changes 
in standard free entropy and enthalpy remain unaffected by variations in 
the adsorption temperature. Furthermore, their negative numerical 
values (ΔS◦<0, ΔH◦<0) indicate a reduction in disorder and randomness 
of the CO2-rCB/AC system and the degree of freedom of CO2, along with 
the exothermic nature of adsorption (Abel et al., 2020; Abunowara et al., 
2023). This can be attributed to the formation of attractive forces be-
tween the rCB/AC surface and CO2 molecules, leading to their accu-
mulation. In addition, the standard enthalpy change is less than 40 
kJ/mol, which suggest physisorption (Ashraf et al., 2022), confirming 

Fig. 15. The CO2 adsorption isotherms at temperature of 0 ◦C, 15 ◦C, 25 ◦C, 
and 30 ◦C on (a) AC-900K and (b) AC-700A. 

Table 5 
Comparison of CO2 uptake of ACs derived from various waste at 1 bar and 25 ◦C 
for 100 vol% CO2 feed.  

AC precursor Activation 
approach 

CO2 uptake 
(cm3/g) 

Reference 

Global industrial waste 
Fly ash KOH activation 13.44 Alhamed et al. 

(2015) 
Polyacrylonitrile KOH activation 17.02 Bai et al. (2015) 
PET bottles KOH activation 24.42 Arenillas et al. 

(2005) 
Packaging waste KOH activation 94.98 Idrees et al. (2018) 
Charcoal – 26.88 Lahuri et al. (2020) 
Recovered carbon 

black 
Air activation 16.00 This work 

Recovered carbon 
black 

KOH activation 20.53 This work 

Biomass waste 
Rice husk KOH activation 83.10 Li et al. (2015) 
Palm shell charcoal Steam activation 9.16 Khalil et al. (2012) 
Rice husk ZnCl2 activation 29.12 Boonpoke et al. 

(2011) 
Whitewood Steam activation 30.01 Shahkarami et al. 

(2015) 
Soybean factory 

waste 
ZnCl2 with CO2 
activation 

20.83 Thote et al. (2010) 

Common polypody KOH activation 127.01 Serafin et al. 
(2022a) 

Walnut shell KOH activation 115.81 Serafin et al. 
(2023b) 

Argan fruit shell KOH activation 126.11 Boujibar et al. 
(2018) 

Bee-collected pollen KOH activation 72.71 Choi et al. (2019) 
Empty fruit bunch KOH activation 83.10 Parshetti et al. 

(2015) 
Starch KOH activation 86.02 Alabadi et al. 

(2015)  
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the assumptions of the isotherm models. The spontaneous character of 
the process may also be deduced from the fact that the change in ΔG◦

exhibits negative values. The estimation of ΔG◦ via Eq. (8) yields in-
sights into the increased favorable binding of CO2 molecules at lower 
temperatures, as a reduction in the negative value of ΔG◦ is observed as 

the temperature increases (Du et al., 2021). The performed thermody-
namic analysis validated prior findings regarding the characteristics of 
adsorption. Specifically, it showed that high temperatures lead to a 
reduction in the strength of the bonds between the adsorbate and the 
adsorbent, which consequently causes the desorption of the CO2 mole-
cules. When comparing thermodynamic parameters for physically and 
chemically activated carbons, the results suggest that the adsorption 
process is more energetically and entropically favorable for AC-900K 
than AC-700A. 

Furthermore, the fundamental focus of thermodynamic investigation 
related to surface phenomena involves the mathematical representation 
of isosteric heat of adsorption. This particular variable serves as a clear 
indicator of interaction strength between adsorbate and the adsorbent 
surface, referring to the thermal energy produced during the CO2 cap-
ture process (Serafin et al., 2019), as given by the Clausius-Clapeyron 
equation: 

Qst = −R

⎛

⎜

⎜

⎝

∂(ln(p))

∂

(

1
T

)

⎞

⎟

⎟

⎠

θ

(10)  

where: p is the partial pressure of the CO2 at equilibrium state [bar], T is 
absolute temperature [K], R is the ideal gas constant [J/mol⋅K], Qst 
denotes isosteric heat of adsorption [J/mol], and θ indicates a specific 
surface coverage [-]. 

The pressure values for the specified surface covering degree have 
been determined using the rearranged Langmuir-Freundlich isotherm 
equation for AC-900K that efficiently characterized the CO2 adsorption 

Fig. 16. CO2 adsorption uptake at 0 ◦C up to 1 bar as a function of (a) BET surface area (b) total pore volume (c) N2 micropore volume <2 nm and (d) CO2 micropore 
volume <1 nm. 

Fig. 17. Relationship between the coefficient of determination and cumulative 
pore volume within the range of 0.3–2 nm, at 0 ◦C under a pressure of 1 bar. 
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process: 

p(n) =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

qe

qm • KFL − qe • KFL

nFL

√

(11) 

The same approach was also applied for AC-700A by implementing 
the Redlich-Peterson isotherm model. 

Finally, thirty points of CO2 adsorbed amount were used to 

determine the absolute pressure at each temperature and then to 
calculate the slope of the straight lines from the data sets of ln(p) versus 
T−1. The isosteric heat of adsorption as a function of surface coverage (θ) 
on ACs is presented in Fig. 20. 

The range of isosteric heat of adsorption was found to be within the 
range of 15.19–27.51 kJ/mol and 22.28–36.81 kJ/mol in relation to the 
total surface coverage for AC-700A and AC-900K, respectively. These 
data provide solid confirmation that the CO2 sorption occurring in 
activated carbons is of a physical nature that is controlled by relatively 
weak van der Waals forces. Physical adsorption has a modest Qst, which 
differs from 20 to 40 kJ/mol, while the heat of chemisorption generally 
falls into the range of 80–200 kJ/mol (Li et al., 2020b). Comparable 
outcomes have been attained by Tang et al. (2023) and Guo et al. (2020). 

Additionally, according to reported research, it has been determined 
that easily regenerable solid sorbents used for CO2 capture application 
must exhibit a preferable heat of adsorption that falls between 26 and 
31 kJ/mol for a 20% partial pressure CO2 flue gas and 22–28 kJ/mol for 
single-component CO2 streams (Mert et al., 2023). The present study 
shows that the isosteric heat of the CO2 adsorption values of activated 
carbons meets these specified criteria. Further, the obtained results 
indicate that there is a significant increase in Qst values at a lower 
surface coverage, followed by a gradual decline along with a higher 
degree of surface coverage. There are several possible reasons for this 
phenomenon, including cooperative effects (Nazir et al., 2021), molec-
ular rearrangement (Guclu et al., 2021), or, especially, the saturation 
effect. Initially, at lower θ the active adsorption sites are available and it 
is easier for the CO2 molecules to interact with these sites, which results 
in higher adsorbent-adsorbate interactions and thus higher Qst values. 
Therefore, as the surface coverage of the AC increases, the available 
strong adsorption sites become progressively occupied, leading to a 
decrease in the strength of interaction between CO2 molecules and the 
remaining vacant sites on the surface. 

Fig. 18. A schematic representation of the CO2 adsorption mechanism on AC based on recovered carbon black.  

Fig. 19. Summarization of EABS values obtained through data fitting of chosen 
isotherm models by non-linear regression for (a) AC-900K and (b) AC-700A. 

Table 6 
Parameters for the best fitted isotherm model to the experimental data.  

Temperature 0 ◦C 15 ◦C 25 ◦C 30 ◦C 
Model Freundlich-Langmuira 

qm [cm3/g] 418.020 232.930 115.947 114.500 
KFL [bar −nFL] 0.0799 0.121 0.207 0.218 
nFL [-] 0.511 0.556 0.630 0.603 
Model Redlich-Petersonb 

KRP [cm3⋅g−1⋅bar−1] 300.937 172.845 116.110 86.5821 
αRP [bar −βRP] 12.156 8.552 6.194 4.789 
βRP [-] 0.622 0.622 0.594 0.596  
a The best fitted isotherm model for AC-900K. 
b The best fitted isotherm model for AC-700A. 
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3.8.4. Insights into CO2/N2 selectivity 
Selectivity adsorption of CO2 over N2 is an important factor that 

should be considered, when assessing adsorbents for the purpose of CO2 
removal from flue gas in carbon capture technologies. Hence, the AC- 
700A and AC-900K samples, exhibiting the highest CO2 adsorption ca-
pacity, were subjected to nitrogen adsorption measurement at a tem-
perature of 25 ◦C and a pressure of 1 bar. The results of N2 adsorption 
studies are shown in Figure S4. 

The Myers and Prausnitz’s ideal adsorbed solution theory (IAST) 
(Gharagheizi and Sholl, 2021) is a commonly employed method for the 
estimation of adsorption selectivity and mixed-gas adsorption isotherms 
based on pure-component isotherms. This approach has been found to 
yield accurate results for a diverse range of systems. The present study 
utilized IAST to forecast the selectivity of CO2 over N2 by relying on the 
individual adsorption isotherms of these gases 

SIAST =
qCO2(p)

qN2(p)

•
pN2

pCO2

(12)  

where: SIAST is the selectivity coefficient, qCO2(p) and qN2(p) refer to the 
uptake of specific gas [cm3/g], pN2 and pCO2 are the partial pressure in 
the mixture. 

Therefore, the selectivity for an equimolar CO2 and N2 binary 
mixture (SIAST(EQM)) was analyzed, with equation (11) being expressed 
as follows: 

SIAST(EQM) =
qCO2(p)

qN2(p)

(13)  

where: qi(p) is the adsorption capacity [cm3/g] at the same partial 
pressure p of CO2 and N2. 

Further, it is of great significance to evaluate the selectivity with 
regards to flue gas compositions that correspond to those discharged 
directly from the industrial sector. It is widely acknowledged that the 
flue gases generated by the most established CO2 capture technique, 

namely post-combustion capture, generally comprise approximately 
10–15% CO2 and 75–80% N2, in addition to other gases including ox-
ygen, carbon monoxide, and sulphur dioxide. Therefore, selectivity for 
flue gas composition (SIAST(FG)) equals 15% CO2 and 85% N2 was 
calculated also based on IAST method using the below equation: 

SIAST(FG) =
qCO2@0.15 bar

qN2@0.85 bar

•
0.85

0.15
(14)  

where: qi@jbar is the adsorption capacity [cm3/g] of CO2 and N2 at the 
partial pressure of 0.15 and 0.85 respectively. 

Fig. 21 presents selectivity calculated using single component gas 
adsorption capacity for equimolar CO2 and N2 binary mixture. The 
selectivity ratio of CO2 to N2 was observed to decrease at a pressure of 
approximately 0.08 bar for the two activated carbon samples. The 
highest CO2/N2 selectivity coefficient at 0.001 bar was 164.80 and 
350.91 for AC-700A and AC-900K. Subsequently, as the pressure 
increased, the selectivity coefficient exhibited a decreasing trend, ulti-
mately attaining values of 19.77 and 27.39 at a pressure of 1 bar. In the 
case of a gaseous mixture comprising 15% CO2 and 85% N2, the CO2/N2 
selectivity achieved 59.70 and 44.51 at a pressure of 1 bar, for AC-900K 
and AC-700A. The obtained values are significantly higher than those 
described in the literature (Serafin et al., 2022a). 

3.8.5. Cyclic regeneration stability 
The regeneration capacity of ACs is a significant aspect in deter-

mining the efficacy as an adsorbent material, directly influencing its 
lifespan and the overall economic feasibility of CO2 capture process. 
This characteristic pertains to the inherent capability of ACs to undergo 
many adsorption-desorption regeneration cycles and regain its initial 
adsorption capacity subsequent to being fully saturated with adsorbate. 
Therefore, the stability potential of the AC-900K and AC-700A was 
evaluated by performing 1 st, 5 th, and 10 th adsorption-desorption runs 

Table 7 
Thermodynamic parameters of CO2 adsorption.   

AC-900K AC-700A 
T [◦C] ΔG0 [kJ /mol] ΔS0 [kJ /mol ⋅K] ΔH0 [kJ /mol] ΔG0 [kJ /mol] ΔS0 [kJ /mol ⋅K] ΔH0 [kJ /mol]
0 −2.027 −0.0240 −8.626 −2.534 −0.0365 −12.540 
15 −1.772 −2.136 
25 −1.601 −1.736 
30 −1.209 −1.387  

Fig. 20. The isosteric heat of adsorption as a function of surface coverage for 
AC-900K and AC-700A. 

Fig. 21. IAST selectivity for CO2 over N2 at 25 ◦C for a CO2/N2 binary mixture.  
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at a temperature of 0 ◦C (Fig. 22). After a total of ten cycles, there were 
no observable differences in the CO2 uptake performance. The 
maximum value of the standard deviation equaled 0.09, proving that 
rCB/ACs exhibits exceptional stability as a solid CO2 adsorbent. 

4. Conclusions 

In this work, the high-value-added ACs derived from tailor-made rCB 
obtained through commercial-scale ELTs pyrolysis for CO2 capture 
application have been characterized and reported for the first time in the 
literature. 

The chemically activated carbon material via KOH at 900 ◦C (AC- 
900K) among all samples exhibited a notable development in specific 
surface area, total pore volume, and micropore volume compared to the 
pristine material that were found to be 328 m2/g, 0.448 cm3/g, and 
0.100 cm3/g, respectively. Furthermore, the AC-900K revealed a 
competitive CO2 adsorption capacity to other ACs derived from indus-
trial waste, with values of 30.90 cm3/g at 0 ◦C and 20.53 cm3/g at 25 ◦C 
under 1 bar, accordingly. The investigation of the CO2 adsorption 
mechanism revealed that Freundlich-Langmuir and Redlich-Peterson 
models demonstrate a high degree of precision in predicting the 
adsorption behaviors of CO2 on the AC surface, thus confirming the 
occurrence of multilayer sorption on the heterogeneous surface. The 
isosteric heat of adsorption was determined, resulting values suggest 
favorable application of those materials in CO2 capture. Additionally, 
the selectivity of CO2/N2 was relatively high, achieving 350.91 and 
59.70 for the binary mixture and composition of flue gases commonly 

encountered in post-combustion capture technology, respectively. Ulti-
mately, rCB/ACs showed the superior cyclic regeneration over 10th 
cycles. 

In general, this study investigates the potential for recycling rCB 
directly obtained from the industrial-scale pyrolysis of ELTs, which 
yields a valuable product in the form of ACs. While the CO2 uptake of the 
prepared rCB/ACs may be limited to biomass-based ones, they exhibit 
performance comparable to numerous materials derived from global 
industrial by-products. On top of that, it is worth noting that the 
achievement of superior textural characteristics can be further accom-
plished through the optimization of activation parameters. Conse-
quently, it is strongly advised that additional modification of the 
activation factors be undertaken to fully exploit the research path of 
rCB/ACs. Based on the investigations carried out, the final findings 
proved that the upgraded rCB/ACs developed exhibited further poten-
tial CO2 capture capabilities. In overall, this research contributes to 
sustainable waste management practices on commercial scale, offering a 
green solution for repurposing globally discarded ELTs. This highly 
aligns with the principles of resource efficiency and responsible mate-
rials production. 
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ABSTRACT: This study explores the conversion of recovered
carbon black (rCB) from end-of-life tires (ELTs) into activated
carbons (ACs) using potassium-based activators, targeting
enhanced textural properties development. The research focuses
on the interaction between potassium and rCB, with the aim of
understanding the underlying mechanisms of rCB activation. The
study investigates several parameters of KOH activation, including
the KOH/rCB mass ratio (1:3 to 1:6), activation temperatures
(700−900 °C), activation time (1−4 h), and heating rate (5−13
°C/min). It also assesses the e1ects of di1erent potassium salts
(KCl, K2CO3, CH3COOK, and K2C2O4) on porosity and surface
characteristics of the rCB/ACs. Furthermore, the role of the
physical state of KOH as an activator (solid and gas−solid) was
examined, alongside a comparative analysis with NaOH to evaluate the distinct e1ects of potassium and sodium ions. Optimal
conditions were identified at an 800 °C activation temperature, a 7 °C/min heating rate, a 1:5 KOH/rCB ratio, and a 4 h activation
period. X-ray di1raction analysis showed the formation of several K-phases, such as K2CO3, K2CO3·1.5H2O, K4(CO3)2·(H2O)3,
KHCO3, and K2O. The e1ectiveness of the potassium salts was ranked as follows: KOH > K2C2O4 > CH3COOK > K2CO3 > KCl,
with KOH emerging as the most e1ective. Notably, the gas−solid reaction of KOH/rCB was indicated as a contributor to the
activation process. Additionally, it was concluded that the role of KOH in enhancing the textural properties of rCB was primarily due
to the interaction of K+ ions with the graphite-like structure of rCB, compared to the e1ects observed with NaOH. This research
introduces novel insights into the specific roles of di1erent potassium salts and KOH activation conditions in optimizing the textural
characteristics of rCB/ACs.

1. INTRODUCTION

Despite the European Union’s prohibition on the accumu-
lation of end-of-life tires (ELTs) in landfills since 2009,
challenges in enforcement and inadequate infrastructure
persist. The number of vehicles increases annually, rising
from 1.2 billion since 2014, and it is anticipated that the
worldwide count will exceed 1.6 billion by 2024. This growth
highlights the escalating challenge of managing the environ-
mental impact of ELTs waste flow. Nowadays, more than 50%
of ELTs are disposed of without undergoing any form of
treatment, and it is projected that the annual number of
discarded tires will reach 1.2 billion by 2030.1 ELTs can be a
source of environmental contamination, which is a result of the
release of hazardous substances into soil and water systems
during their degradation.2 Furthermore, tires contain natural
(∼14−30%) and synthetic (∼14−27%) rubber, fabric/fillers/
accelerators antiozonants (∼10−17%), and a substantial
amount of carbon in the form of carbon black (∼20−28%)
and steel wire (∼14%).3 Due to ELTs relatively constant

chemical content and their general availability, they are a well-
suited resource for the production of activated carbons (ACs)
for which the presence of a high carbon content is a
prerequisite. The pyrolysis technique has been recognized as
the most e1ective method for recycling ELTs, with no
economically viable alternative currently available. Pyrolysis
facilitates the breakdown of the organic constituents included
in tires, resulting in the formation of pyrolytic char that
contains a high proportion of recovered carbon black (rCB) as
well as residues of carbonization, as a solid raw material.4

Therefore, a purification stage for char is essential to obtain
high-value rCB with a large carbon content (up to 95%) and to
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maximize the yield of ACs. In view of this, the conversion of
ELTs into rCB/ACs provides a sustainable approach not only
to managing waste flows but also for producing value-added
products.

Activated carbons are primarily produced by the carbon-
ization and activation of carbon precursors with little ash
content, including solid fossil fuels (such as hard coal, brown
coal, or peat), biomass (lignin, wood, fruit seeds, nut shells, or
bamboo), and polymers (poly(ethylene terephthalate) (PET)
bottles, packaging wastes, or epoxy resins).5−7 The synthesis of
ACs from carbon-based materials involves a sequence of
crucial procedures referred to as pretreatment and modifica-
tion. Pretreatment techniques, including washing, drying, and
thermal treatment, are essential for purifying carbonaceous
precursors and enhancing their reactivity. These steps facilitate
the removal of impurities and prepare the surface of the
precursor for subsequent activation.8−10 As a result, ACs are
mainly composed of elemental carbon in an amorphous state
and fine-crystalline graphite. Currently available commercial
ACs remain costly owing to their reliance on nonrenewable
precursors, which increases the demand for ACs that can be
produced from a wide range of low-cost raw materials. The
benefits of ACs are strictly related to their distinct
physicochemical properties like a large specific surface area, a
well-defined network of pores, significant mechanical strength,
and abundant functional groups with various oxygen-
containing compounds that can be tailored for the specific
application by activation processes.11,12

An activation process is necessary for achieving the desired
properties of ACs.13,14 Activation may be accomplished by
several methods, including chemical or physical processes.
Chemical activation is more favorable since it requires lower
temperature, has higher eEciency, and requires shorter
processing time compared to a physical one.15 It involves
treatment with oxidizing acids (HNO3, H2SO4, H3PO4), salt
solutions (ZnCl2, MgCl2), or alkalis (KOH, NaOH, K2CO3).
Di1erent researchers16−19 proved that the choice of activating
agent such as H2SO4, H3PO4, HCl, NaOH, and KOH further
modulates the properties of the ACs. Each activator operates
through distinct mechanisms, impacting pore development and
surface chemistry in unique ways. Furthermore, the activation
parameters along with the carbonization process play a pivotal
role in shaping the structure and characteristics of the resulting
activated carbons.20 Factors such as temperature, heating rate,
residence time, mass ratio of precursor:activator, and ambient
atmosphere exert significant influence on the final product.
While elevated temperatures generally lead to higher carbon
content and surface area, they also a1ect pore size distribution
and chemical composition.

Among the various activators, potassium-containing agents
such as KOH and K2CO3 are particularly favored due to their
strong alkalinity, reactivity with carbon, ability to widen pore
size distributions, increase total pore volume, and create a
highly porous structure, especially enhancing microporos-
ity.21−26 Furthermore, potassium tends to enhance the
activation kinetics, leading to a more eEcient thermochemical
conversion.27,28 Previous research on KOH and K2CO3 has
suggested di1erent chemical reactions to explain potassium
e1ect.8,29,30 Widely, it is assumed that KOH possesses a
tendency to engage with carbon atoms, therefore stimulating
the dehydrogenation process (removal of hydrogen atoms
from the carbon precursor material) that ultimately results in
the formation of a carbon structure characterized by a well-

defined porous morphology.31−33 While the eEcacy of KOH
and K2CO3 is well-documented, the exploration of other
potassium-based activators in the production of ACs prompts a
closer investigation into the underlying mechanisms.34−37 This
aims to reveal the di1erent interactions of potassium and
specific ionic groups and their e1ects on the AC production
process, especially when using diverse precursors. Furthermore,
each of these agents interacts with AC precursors in ways that
could potentially optimize or enhance specific properties of the
resulting ACs, justifying their investigation alongside tradi-
tional activators, such as KOH and K2CO3.

Initial investigations have explored the viability of ELT char
during chemical activation to optimize textural properties
(specific surface area, total pore volume, and microporos-
ity).38−43 The main goal of these investigations has been to
examine the e1ectiveness of potassium hydroxide (KOH),
potassium carbonate (K2CO3), phosphoric acid (H3PO4), zinc
chloride (ZnCl2), sodium hydroxide (NaOH), and sodium
carbonate (Na2CO3). Among the tested activating agents, the
application of KOH has shown significant enhancements in
specific surface area (180−820 m2/g), porosity development
(0.28−1.32 cm3/g), and tailored pore size distribution of char/
ACs compared to those of other chemicals. Al-Rahbi and
Williams39 claimed that tires char-based ACs produced by the
KOH activation with a mass ratio of 1:3 at a temperature of
900 °C had a more prominent porosity compared to those
treated with alternative alkali activating agents, including
K2CO3, NaOH, and Na2CO3. Hofman and Pietrzak40 observed
that the KOH has a notable positive influence on the creation
of ACs from waste tires char that exhibit a highly developed
porous structure, mostly composed of micropores, when
activated at a temperature of 800 °C. Furthermore, the
research performed by Nieto-Maŕquez et al.38 proved that the
rise in the proportion of the KOH to waste tires ratio
subsequently resulted in a proportional augmentation in
surface area, and total pore volume of ACs.

While these findings o1er encouraging insights, their scope is
limited, focusing solely on examining the dependence of
temperature (550−900 °C) and char/activator mass ratio
(1:0.5 to 1:4). It did not thoroughly examine how K-
containing agents interact with char carbon atoms. Addition-
ally, the studies neglected the impact of other critical activation
factors (heating rate or activation time), the formation of
specific chemical phases during the thermal process, and the
e1ects of KOH phase transitions. This focus highlights a
significant gap, underscoring the need for in-depth research
into rCB activation mechanisms. On the other hand, in the
field of alkali-enhanced gasification and combustion, the
practice of converting solid fuels and waste materials with
alkali metals is well-established due to their recognized
catalytic role in promoting the eEciency of the overall
process.44−46 Most proposed mechanisms involve the presence
of potassium in a metallic state, produced at high temperatures
(800−900 °C). Metallic K is capable of intercalating into the
carbon framework, creating intercalation compounds that leads
to the expansion of graphitic lattice.47,48

This work aims to provide insights into the mechanism
during the activation of rCB to ACs by potassium-containing
activators. The main goal is to improve the textural properties
of the rCB/ACs. KOH was selected as the baseline chemical to
examine the e1ect of the KOH/rCB mass ratio, temperature,
activation time, and heating rate influence on the character-
istics of produced rCB/ACs, as suggested in the literature. It is
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recognized that di1erent AC precursors might require tailored
activation parameters to optimally develop their porous
structures and surface characteristics. The research thoroughly
explores these interactions, examining how changes in the
KOH activation parameters impact rCB. Then, for the
assumed standard parameters, di1erent potassium salts,
including KCl, K2CO3, CH3COOK, and K2C2O4·H2O, were
employed to investigate the potential synergistic role of K+

with specific functional groups (OH−, Cl−, CO3
2−, COOK−,

C2O4
2−) in the development of porosity and their e1ect on the

rCB/AC surface. Additionally, the impact of the state of the
activating agent (solid-state or gaseous-state reaction) and a
comparative analysis with NaOH (Na+ vs K+) were explored.
Furthermore, it is crucial to test industrially produced material
to adapt laboratory findings for industrial-scale production,
ensuring that the process is viable and e1ective on a larger
scale.

Herein, the key objectives of this work were to fill this gap in
knowledge by (1) revealing the optimal conditions for the rCB
activation using K-based activators; (2) establishing the
responsible factors in the conversion of rCB to ACs using
potassium alkalis for porosity development; and (3) uncover-
ing the generic mechanism driving rCB activation to eEciently
convert the ELTs into ACs. Through laboratory experiments
and material characterization, we provide potential activation
pathways of rCB conversion to ACs with emphasis put on
interactions with potassium. Understanding the potassium
interaction with the rCB surface and optimizing the activation
of potassium-containing agents of rCB has important
implications as it can improve the production of ACs, aiding
sorption application, and promote sustainability by using waste
materials like ELTs.

2. EXPERIMENTAL SECTION

2.1. Chemicals and Materials. The reagents used for the
synthesis of rCB/ACs were KOH, K2CO3, KCl, CH3COOK,
K2C2O4·H2O, and NaOH with a purity of 97%. The activated
carbon precursor employed in this study was tailor-made rCB
obtained from a company in Poland. The production process
involved treating char through devolatilization, milling, and, if
necessary, pelleting to reduce the ash content, remove metal
impurities, and normalize variations in the particle size. The
chemical composition of rCB is notably variable and
contingent on the composition of the ELTs subjected to
industrial-scale pyrolysis. Carbon stands out as the principal
component, ranging from 92% to 99.5 wt %, as shown in Table
1. Additionally, rCB may encompass volatile substances (>0.2
wt % content) and mineral matter (0.5−2 wt % content),
including elements like Si, Al, Zn, S, and Ca.

2.2. Preparation of rCB-Based Activated Carbons. The
methodology employed in this study involves testing several
key factors of KOH activation, including the reaction phase,
mass ratio, temperature, heating rate, and activation time, as
these are known to have a significant impact on the overall
process. By systematic examination of these variables, the
activation mechanism can be followed and optimized. The
materials were exposed to tube furnace conditions. About 8 g

of mixture of rCB and activator agent was placed in alumina
crucibles and located in the center of the horizontal furnace, as
presented in Figure 1. Two types of set rCB activators were
tested: gas−solid reactions (activator salt as gas) and solid/
liquid−solid (activator salt as solid) reactions. In the case of a
gas−solid reaction, the reactants were separated into two
crucibles, accordingly. Then, the sample was heated under a
continuous flow of N2 gas at a rate of 200 cm3/min, based on
the previous research related with ELTs38−40,49 and in
accordance with recommendations from the existing liter-
ature.50−52 The temperature, ranging from 700 to 900 °C,
depending on the experimental setup was achieved by a
heating rate of 5−13 °C/min and then maintained for a
duration of 1−4 h (Table 2). Following that, the sample was
exposed to a controlled cooling process, gradually reducing its
temperature to correspond with 25 °C at a rate of 5 °C/min.

For the solid-state activation reaction, the rCB was dry
mixed in a mortar with specific potassium-containing (KOH,
K2CO3, KCl, CH3COOK, and K2C2O4·H2O) or sodium-
containing (NaOH) activating agents in the solid−solid phase.
The mass ratios between the precursor and the chosen salts
ranged from 1:3 to 1:6. Following the completion of the
activation step under the selected reaction conditions, half of
the resultant solid material was rinsed with water until
achieving a neutral pH of the washing solution in order to
eliminate salt leftovers and evaluate the textural characteristics
of the obtained activated carbons. Simultaneously, the other
half of the material that was left untreated was used for the
investigation of the carbon−potassium reaction mechanism
through X-ray di1raction (XRD) analysis and scanning
electron microscopy coupled with energy-dispersive X-ray
spectroscopy (SEM-EDS). Finally, the rCB/ACs were
subsequently dried at a temperature of 110 °C for a duration
of 12 h. The samples were labeled using coding: activating
agent, carbonization temperature, and residence time during
activation (Tables 3 and 4). For example, the notation
KOH_1:3_700_3_5 represents a rCB/AC sample that has
undergone activation with KOH in the mass ratio 1:3 at 700
°C for 3 h with a heating rate of 5 °C/min. In line with the
published literature concerning the reutilization of pyrolytic
char to produce ACs, the baseline activation parameters for the
study objectives were determined to be 800 °C, 1:4, 3 h, and 5
°C/min. It should be noted that these parameters were
selected by assuming the ACs were not further manipulated to
optimize their textural properties.
2.3. Characterization Techniques of Carbon Materi-

als. The analysis of the chemical composition of recovered
carbon black was conducted using a FLASH 2000 CHNS
Elemental Analyzer from Thermo Fisher Scientific.

The most important qualities of carbon materials are their
textural characteristics, such as the surface area, pore volume,
and pore size distribution, as well as their crystallographic
structure. Thus, these aspects play a crucial role in defining the
activation process and are the first parameters to follow in the
rCB in order to evaluate a new activation procedure.

The enhancement of textural properties of prepared rCB/
ACs was measured by N2 adsorption−desorption at 77 K using
the fully automated, three-station surface area and porosity
analyzer Tristar II 3020 Micromeritics. Prior to conducting
adsorption tests, the samples were left in a degassed chamber
overnight at a temperature of 250 °C. To calculate the specific
surface area of samples (SBET), the experimental data was fitted

Table 1. Chemical Composition of rCB in wt %

sample C [wt %] H [wt %] N [wt %] S [wt %] O [wt %]

rCB 92.53 1.16 0.42 0.71 5.18
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to the Brunauer−Emmett−Teller (BET) equation in a relative

pressure range of P/P0 from 0.05 to 0.3, as presented below

( )
y

Q

1

1
P

P0

=

·

(1)

where Q represents the mass of gas adsorbed at a given relative
pressure (P/P0), P is the pressure of the nitrogen gas used in
the adsorption experiment [mmHg], and P0 is the saturation
pressure of nitrogen gas [mmHg].

Additionally, the selection of a proper P/P0 range was based
on a modification of the BET theory proposed by Rouquerol et
al.53,54 to obtain the highest linear relationship in regard to the
coeEcient of determination (R2 ∼ 1).

The total pore volume (VTOT) was determined from the N2

adsorption isotherm at a high relative pressure, typically close
to unity (0.99 or higher). The examination of micropore
volume (VMIC) within the range of pore diameters from 1.4 to
2 nm and pore size distribution (PSD) was conducted using
the density functional theory (DFT) approach, specifically by
applying the nonlocal density functional theory (NLDFT)
model. Furthermore, the mesopore volume (VMES) was
estimated by subtracting the micropore volume from the
total pore volume, utilizing the assumption that mesopores
(2−50 nm) constitute the di1erence between these two
volumetric measurements.

The crystallographic structure of the rCB/ACs was
examined by X-ray di1raction analysis using a Bruker D8
Discover X-ray di1ractometer. The particles were finely
powdered before the patterns were recorded. Cu Kα radiation
was applied (λ = 0.15418 nm) as the radiation source, and the

Figure 1. Schematic diagram of the experimental process setup applied for solid/liquid-solid state activation (a) and gas-solid state activation (b).

Table 2. Experimental Conditions for Activation Processes

type of activation heating rate [°C/min] temperature [°C] activation time [h] flow rate of N2 [cm3/min] cooling rate [°C/min]

chemical activation 5−13 700−900 1−4 200 5

Table 3. Overview of rCB/ACs Sample Symbol Sets for
Porosity Development

symbol

mass
ratio
[-]

temperature
[°C]

activation
time [h]

heating rate
[°C/min]

E1ect of KOH Activation Temperature

KOH_1:4_700_3_5 1:4 700 3 5

KOH_1:4_800_3_5a 1:4 800 3 5

KOH_1:4_900_3_5 1:4 900 3 5

KOH Activation Time Influence

KOH_1:4_800_1_5 1:4 800 1 5

KOH_1:4_800_2_5 1:4 800 2 5

KOH_1:4_800_4_5 1:4 800 4 5

E1ect of Mass Ratio Between rCB/KOH

KOH_1:3_800_3_5 1:3 800 3 5

KOH_1:5_800_3_5 1:5 800 3 5

KOH_1:6_800_3_5 1:6 800 3 5

E1ect of Heating Rate

KOH_1:4_800_3_7 1:4 800 3 7

KOH_1:4_800_3_10 1:4 800 3 10

KOH_1:4_800_3_13 1:4 800 3 13
aThe study’s base activation conditions were set at 1:4 ratio, 800 °C,
3 h, and 5 °C/min.
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di1raction patterns were recorded at regular 2θ intervals
covering 10−85°. The identification of the relevant phases
created during activation was performed using the DIFFRA-
C.EVA software, with reference to the PDF-4 + 2022 database
(ICDD), which was also used for semiquantitative analysis.

Scanning electron microscopy with an energy-dispersive X-
ray spectroscopy system was used to analyze the distribution of
potassium on recycled rCB/ACs processed with di1erent
potassium-containing activators. The analysis was conducted
using a JEOL 7800F Prime SEM, operating at 20 kV with a
solid-state detector (SSD), utilizing backscattered electrons

(BSE). The primary objective of the SEM-EDS analysis was to
map the spatial distribution of K on the surfaces of rCB/ACs
and to quantitatively evaluate the surface elemental composi-
tion. This approach provides insights into the e1ectiveness of
the activation process in incorporating potassium into the
carbon structure of the materials.

3. RESULTS AND DISCUSSION

3.1. E8ect of KOH Activation Parameters on rCB/ACs
Textural Properties. The optimization of KOH activation
parameters, including the temperature (Figure 2a), mass ratio

Table 4. Description of rCB/ACs Sample Symbol Sets for Research Goals

symbol activating agent mass ratio [-] temperature [°C] activation time [h] heating rate [°C/min]

Role of Potassium and Functional Groups in Porosity Development

CH3COOK_1:4_800_3_5 CH3CO2K 1:4 800 3 5

K2CO3_1:4_800_3_5 K2CO3 1:4 800 3 5

KCl_1:4_800_3_5 KCl 1:4 800 3 5

K2C2O4 _1:4_800_3_5 K2C2O4 1:4 800 3 5

Phase Impact of KOH Activation

KOH(vapor)_1:4_800_3_5 KOH 1:4 800 3 5

Potassium Hydroxide (K+) vs Sodium Hydroxide (Na+)

NaOH_1:4_800_3_5 NaOH 1:4 800 3 5

Figure 2. N2 adsorption−desorption isotherm curves at 77 K of the rCB/ACs in relation to the activation e1ect of temperature (a), mass ratio (b),
time (c), and heating rate (d).
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(Figure 2b), residence time (Figure 2c), and heating rate
(Figure 2d) emerges as a critical aspect of examining the
limitations of the rCB precursor. Based on the obtained N2

isotherms for each parameter, the development of the porosity
can be followed, which indicates the type of structure of the
material that evolves as a result of activation. According to the
IUPAC classification, all curves exhibit a mixture of type I and
type IV isotherms, indicating a bimodal pore system in the
rCB/ACs. This combination suggests the existence of both
micropores (<2 nm) and mesopores (2−50 nm).55 The
presence of micropores was confirmed by the significant N2

adsorption found at a P/P0 below 0.05. Furthermore, the
hysteresis loops have a nearly narrow, horizontal, and parallel
shape throughout a broad range of P/P0 (up to 0.85) with a
pointed end, proving the H3-type of isotherm. The H3-type

implies that the main pore morphology in all rCB/ACs
samples involves slit-shaped pores with a well-developed
mesoporous structure.56 The desorption isotherm exhibited a
hysteresis loop as a result of capillary condensation occurring
in mesopores.57

The N2 adsorption−desorption isotherms were further
applied for the determination of the textural properties of all
rCB/AC samples along with the related impact of the
activation parameters on them, including the specific surface
area, total volume of the pores, and mesoporosity and
microporosity content (Table 5). The rCB had a very low
BET surface area of 55 m2/g, lacking micropores, and
possessing a limited total pore volume of 0.170 cm3/g. The
KOH-activated rCB exhibited both micro- and mesoporous
characteristics, with the mesopore percentage (determined by

Table 5. Textural Properties Associated with the Produced rCB/ACs by Specific Activation Parameters

sample
BET surface areaa

[m2/g]
total pore volumeb

[cm3/g]
micropore volumec

[cm3/g]
mesopore volumec

[cm3/g]
micropore volume/total pore

volume [%]

rCB 55 ± 0.8 0.170 - - -

E1ect of Temperature

KOH_1:4_900_3_5 915 ± 2.3 0.854 0.288 0.566 39

KOH_1:4_800_3_5 945 ± 5.6 0.743 0.303 0.440 36

KOH_1:4_700_3_5 688 ± 1.8 0.605 0.225 0.380 37

E1ect of Mass Ratio Between rCB/ACs

KOH_1:6_800_3_5 1022 ± 3.8 0.837 0.312 0.525 39

KOH_1:5_800_3_5 1025 ± 2.2 0.901 0.327 0.574 35

KOH_1:3_800_3_5 801 ± 1.8 0.651 0.252 0.399 39

E1ect of Activation Time

KOH_1:4_800_4_5 1028 ± 1.5 0.874 0.332 0.542 38

KOH_1:4_800_2_5 876 ± 3.08 0.727 0.276 0.467 37

KOH_1:4_800_1_5 788 ± 1.3 0.699 0.211 0.488 30

E1ect of Heating Rate

KOH_1:4_800_3_7 970 ± 1.9 0.884 0.314 0.460 41

KOH_1:4_800_3_10 934 ± 2.0 0.774 0.298 0.452 40

KOH_1:4_800_3_13 900 ± 1.8 0.750 0.289 0.595 32
aBrunauer, Emmett, and Teller method using the Rouquerol criteria. bVTOT calculated by the N2 adsorption isotherm at a high relative pressure
(∼0.99). cDFT method by the NLDFT model.

Figure 3. Optimal formation of rCB/ACs textural properties (BET surface area, total pore volume, and microporosity) influenced by KOH
activation parameters (III stage, 800 °C, 7 °C/min, 1:5, and 4 h).
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the VMES/VTOT ratio) mostly exceeding 60%. These findings
demonstrate that the KOH benefits increased porosity with the
BET surface of rCB/ACs. Based on Table 5, each examined
activation parameter (temperature, mass ratio, activation time,
and heating rate) is expected to fall within a certain range to
influence the obtained textural properties of the rCB/ACs
optimally. Furthermore, through the experiments performed,
one can gain an understanding of how each of the varied
parameters influences the overall activation mechanism, as
shown in Table 3. Ultimately, the specific surface areas of the
rCB/ACs in this study exceed those documented by other
researchers who activated char formed from ELTs using KOH
with the main focus on temperature (550−900 °C) and mass
ratio e1ect (1:0.5−1:4).38−40

As demonstrated previously, the optimal conditions, detailed
in Figure 3 highlight the critical role of activation parameters in
enhancing the quality and eEciency of rCB/ACs production.

The temperature dependence can be followed when the
temperature increased from 700 to 800 °C. As a result of the
increased temperature, the KOH activation reaction and
di1usion rate with carbon atoms become more intense, leading
to the creation of the pore skeleton (0.605−0.743 cm3/g), the

development of microporosity (0.225−0.303 cm3/g), and
increase in the specific surface area (688−945 m2/g). In the
range of 700−800 °C, K+ ions can penetrate the carbonized
surface more e1ectively, which leads to the growth of
micropores. On the other hand, the temperature dependence
observed during the activation of rCB between 800 and 900 °C
can be related to the intensified activation of carbonaceous
rCB that forms wide interconnected mesopores (0.901 cm3/g),
which partially degrades the specific area to 915 m2/g and
decreases the microporous structure to 0.288 cm3/g. This
observation aligns with the conclusions reported by Serafin et
al.58 In addition, Hofman and Pietrzak40 also proposed that the
ideal temperature for the pyrolytic char is 800 °C, with a
KOH/rCB ratio of 1:4. Other authors, Al-Rahbi and
Williams39 indicated that a temperature of 900 °C leads to
higher e1ectiveness in achieving the desired SBET, VTOT, and
VMIC, despite the use of a lower mass ratio. That fact
potentially implies a significant correlation between these two
factors.

Further, when considering the impacts of the rCB/KOH
mass ratio (1:6, 1:5, 1:4, and 1:3), the optimized values of SBET

(1025 m2/g), VTOT (0.901 cm3/g), and VMIC (0.901 cm3/g)

Figure 4. Pore size distribution of the rCB/ACs based on the DFT method of N2 adsorption at 77 K on carbon slit pores by the NLDFT model in
relation to the activation e1ect of temperature (a), mass ratio (b), time (c), and heating rate (d).
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were found to be 1:5. The 1:4 ratio shows a decrease in all
properties compared to 1:5, reinforcing the importance of the
correct amount of KOH for achieving optimal activation. The
performance decreases further at a 1:3 ratio, indicating
insuEcient activation, while the 1:6 ratio suggests diminishing
returns with excess KOH. At ideal levels, KOH eEciently
reacts with rCB, ensuring a balanced reaction and the
appropriate quantity of KOH for the formation and
stabilization of the desired pore structure. However, beyond
a certain threshold (≥1:6), excessive KOH can lead to the
blockage of pores due to deposition of potassium compounds
within them.59

For di1erent activation periods (1−4 h), 4 h was the most
e1ective time interval for producing rCB/ACs, resulting in an
enhanced surface area (1028 m2/g), micropore volume (0.332
cm3/g), and a more evenly distributed range of pore sizes
(0.874 cm3/g). A longer period of time (3−4 h) allows for the
complete realization of chemical processes, such as carbonate
formation and gasification, required for opening and expanding
pores in rCB/ACs. This is directly connected to the overall
reaction rate.60 Conversely, shorter activation durations (≤3 h)
may not provide enough time for these processes to occur fully
(788−945 m2/g, 0.699−0.743 cm3/g).

Upon comparing the heating rates in the range of 5−13 °C/
min, it is evident that the best results for SBET and developed
pore structure, of 970 m2/g and 0.774 cm3/g, respectively,
were attained at 7 °C/min. The consistent trend across
di1erent properties indicates a measurable, yet low, impact of
the heating rate on rCB/ACs properties. This particular rate
achieves an optimal equilibrium between the dispersion of heat
and improved kinetics. It is fair to assume that heating rates
below 7 °C/min would provide improved contact between the
carbon and the molten KOH (>360 °C) before the desired
reaction temperature is attained. Moreover, KOH activation
leads to the formation of surface oxygen complexes, causing
carbon gasification and the release of gases like CO2 and CO.
The use of a particular heating rate threshold contributes to a
more regulated release of gas, which might possibly
compensate for the enhanced formation of micropores
(0.314 cm3/g), as described by Lozano-Castello et al.61

Whereas a rate of 5 °C/min may be insuEcient, impeding
the growth of pores, 10 and 13 °C/min may be excessive,
posing a danger of irregular porosity and significant harm to
the structure.

The pore size distribution of rCB/ACs for each KOH
activation parameter is schematically shown in Figure 4a−d,
which proves the previous observations. A comparable PSD

has been identified for all carbon samples that were analyzed.
The application of KOH as an activator led to an enhancement
in microporosity that confirmed previous observations (∼30−
40% enhancement). The content of micropores in rCB/AC
was significantly improved at a temperature of 800 °C, rCB/
KOH ratio of 1:5, heating rate of 7 °C/min, and a time of 4 h,
illustrating that the pore size was mainly concentrated in three
distinct peaks, situated in the ranges of 0.99−1.09, 1.09−1.30,
and 1.43−1.63 nm. Furthermore, it was found that the
mesopores had a dominating size located within the range of
2.0−13.49 nm.

In continuation of previous discussions, a comparison of
activated carbons synthesized from various precursors via
KOH activation is presented in Table 6, showing the textural
properties, including BET surface area and porosity, as
reported in the literature. It is observed that the synthesized
rCB/ACs compare favorably with others in terms of SBET,
VTOT, and VMIC values. In the case of VMIC/VTOT, a significant
distinction exists, which may be related to the fact that rCB
features a rigid, spherical, and aggregated structure.49 This
configuration starkly contrasts with the “model” texture that
was earlier identified as optimal for KOH activation, which
should ideally develop a high content of micropores.42 The
closed nature of the rCB structure likely restricts potassium
accessibility, thereby hindering its penetration and subsequent
reactions within the particles. Nevertheless, limited amounts of
potassium can still infiltrate the interior of these particles,
fostering porosity through both carbon consumption and
intercalation.
3.2. Analyzing the Interplay of Factors in the KOH

Activation Process. Figure 5a−d displays the XRD patterns
of rCB/ACs prior to the washing treatment, providing a
thorough examination of the evolution characteristics of KOH
throughout activation. The spectra of the rCB/AC products
reveal that the primary phases identified in rCB/ACs are
K2CO3, K2CO3·1.5H2O, K4(CO3)2·(H2O)3, KHCO3, and
K2O, confirming the presence of carbonates/bicarbonate and
oxides as crucial components. According to the existing
literature, it is well-acknowledged that carbon elements in
precursor materials may initially engage in redox solid−solid
interactions, KOH dehydration at 400 °C, and subsequently
progress through a solid−liquid state, as detailed in eq 2.71

Furthermore, the thermal treatment (<700 °C) might result in
an excess of compounds from carbonaceous materials, such as
carbon monoxide (CO), hydrogen (H2), carbon dioxide
(CO2), and water vapor (H2O) as described in eqs 3−5,
supporting previous reported findings.72 Ultimately, the

Table 6. Comparison of Textural Characteristics of ACs Prepared from Various Precursors by KOH Activation

precursor
BET surface area

[m2/g]
total pore volume

[cm3/g]
mesopore volume

[cm3/g]
micropore volume

[cm3/g] refs

recovered carbon black
(KOH_1:5_800_3_5)

1025 0.90 0.54 0.33 this work

pristine gelatin 1294 0.63 - - 62

starch 714 0.40 - - 62

slash pine 906 0.35 - - 63

bituminous coal 1089 0.50 0.05 0.45 64

vine shoots 1032 0.49 0.036 0.35 65

garlic peel 947 0.51 0.01 0.50 66

coconut shell 1026 0.58 - - 67

petroleum coke 990 0.60 0.05 0.55 68

packaging waste 1283 0.69 0.11 0.58 69

PET bottles 1165 0.47 0.01 0.46 70
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procedure can involve metallic potassium obtained from
decomposed K2O and K2CO3 at temperatures over 750 °C
that intercalates into the carbon matrix and is mainly
responsible for generating the pore network (eqs 6 and 7).
The initial interaction of K with the C-matrix is followed by

many supplementary reactions between KOH and carbon,
including distinct active intermediates, as proposed by Otowa
et al.73

2KOH K O H O
2 2

+ (2)

2KOH 2C 2CO 2K H
2

+ + + (3)

C H O H CO
2 2

+ + (4)

CO H O H CO
2 2 2

+ + (5)

K CO 2C 2K 3CO
2 3

+ + (6)

C K O 2K CO
2

+ + (7)

To delineate the trajectory of chemical evolution more clearly
during the KOH treatment of rCB/ACs, the mechanism of
rCB activation is outlined based on the applied experimental
setup. This confirms and expands on existing proposals in the
field as following.

• Multistage transformation to K2CO3, K2CO3·1.5H2O,
and K4(CO3)3·(H2O)3. The resulting peaks of K2CO3,
K2CO3·1.5H2O, and K4(CO3)3·(H2O)3 phases for each
activation parameters are clearly distinguishable in
Figure 5a−d. For all of the examined activation
parameters, the reaction might occur at 400 °C with
KOH consumption by majority of the carbon atoms in
rCB. This leads to a release of H2, K, while carbon is
oxidized to form carbonates, as presented in eq 8. As a
second step, pores are generated through the process of
carbon gasification in the presence of CO2, e1ective at
temperatures below 700 °C. Concurrently, this phase
facilitates the formation of K2CO3, a reaction notably
influenced by the textural properties of the raw material.
These properties significantly a1ect CO2 accessibility,
underscoring the importance of physical activation (eq
9).74 Furthermore, K2CO3 can undergo a hydration
process in a humid environment, leading to the
formation of K2CO3·1.5H2O (eq 10). This probably
occurs once the rCB/AC samples are taken out from the
furnace due to absorption of moisture from the air. The
level of hydration is influenced by the surrounding
humidity and temperature.

6KOH 2C 2K CO 2K 3H
2 3 2

+ + + (8)

2KOH CO K CO H O
2 2 3 2

+ + (9)

K CO 1.5H O K CO 1.5H O
2 3 2 2 3 2

+ · (10)

K4(CO3)2·(H2O)3, it is most likely produced through a

series of reactions involving KOH, CO2, and water
vapor, under the influence of temperature, KOH
concentration, and humidity.

• Decomposition of K2CO3 to K2O. The XRD patterns of
rCB/ACs in Figure 5a unequivocally prove the detection
of K2O within the rCB/AC samples KOH post-thermal
treatment at 800−900 °C. The presence of K2O,
identified in this specific temperature range, provides
empirical evidence supporting the breakdown of K2CO3

into K2O and CO/CO2. This reaction is a thermally
driven process that often occurs at temperatures higher
than the standard melting point of K2CO3 (>700 °C), as
shown in eqs 11−13. In addition, the transformation of
KOH into K2O and H2O occurs at elevated temper-
atures. The presence of other impurities in the activation

Figure 5. XRD patterns for rCB/ACs before washing treatment
related to the e1ect of KOH activation parameters: temperature (a),
mass ratio (b), activation time (c), and heating rate (d).
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system can influence the overall process as well,
potentially altering the temperature required for e1ective
decomposition. K2O can further react with atmospheric
CO2, leading back to the formation of K2CO3.

K CO K O CO
2 3 2 2

+ (11)

K CO C K O 2CO
2 3 2

+ + (12)

2K CO K O CO
2 2

+ + (13)

• Formation of KHCO3

The presence of the KHCO3 phase is notably indicated in
Figure 5a,b,d. Theoretically, its formation in a reversible
reaction and stability can be influenced by the partial pressure
of CO2 and the moisture content in the environment.
Reversibility mainly refers to the ability of KHCO3 to undergo
decomposition into KOH and CO2 (eq 14), resulting in the
establishment of a dynamic equilibrium

KOH CO KHCO
2 3

+ (14)

3.3. Identification of the Synergetic Role of Potas-
sium and Functional Groups (OH−, CO3

2−, COOK−,
C2O4

2−, Cl−) in Porosity Development. Table 7 provides
an overview of the textural properties of rCB/ACs activated
through di1erent K-containing salts, such as CH3COOK,
K2CO3, K2C2O4, and KCl. Despite the KOH_1:4_800_3
sample, K2C2O4_1:4_800_3 stood out with the highest BET
surface area (299 m2/g), total pore volume (0.369 cm3/g), and
micropore volume (0.093 cm3/g) among the samples. On the

other hand, KCl_1:4_800_3 exhibited the lowest values
among the tested samples, such as 56.7 m2/g, 0.189 cm3/g,
and 0.011 cm3/g, for BET, pore volume, and micropore
volume, respectively. Moreover, all rCB/ACs share the same
type of N2 isotherm as KOH, emphasizing uniform adsorption
behavior across the studied activators (Figure 6a). It should be
noted that their pore size distribution is characterized by a high
proportion of mesopores, with clear peaks in size that vary
from 2.8 to 13.5 nm, and a broader peak extending up to 30
nm and further to 48 nm (Figure 6b). In addition, rCB/ACs
synthesized with potassium oxalate used as an activating agent
have exhibited the most developed microporosity among all
activators, with the range identified to be between 1.2 and 1.94
nm.

By examining the synergetic role of both potassium ions and
its related anions (OH−, Cl−, CO3

2−, C2O4
2−, and COOK−) in

several chemical compounds, it becomes evident that K-based
compounds serve as a powerful activator of rCB/ACs. The
e1ectiveness of potassium-containing agents in generating pore
structures within a carbon matrix can be influenced by several
factors, the types and amounts of gases released during
decomposition, the control over the pore generation step, and
the specific chemical reactivity of the compound under the
activation conditions. Among the four activators, the develop-
ment of textural properties can be ranked in the following
order: KOH > K2C2O4 > CH3COOK > K2CO3 > KCl. The
observed findings prove the collaborative specific impact of K
and its related anion groups on the formation of a porous

Table 7. Textural Properties Associated to rCB/ACs Produced via Chemical Activation with CH3COOK, K2C2O4, K2CO3, and
KCl

sample
BET surface areaa

[m2/g]
total pore volumeb

[cm3/g]
micropore volumec

[cm3/g]
mesopore volumec

[cm3/g]
micropore volume/total pore

volume [%]

KOH_1:4_800_3_5 945 ± 5.6 0.743 0.303 0.440 36.0

CH3COOK_1:4_800_3_5 217 ± 2.0 0.240 0.071 0.136 34.3

K2CO3_1:4_800_3_5 146 ± 0.3 0.207 0.043 0.197 17.9

K2C2O4 _1:4_800_3_5 299 ± 1.1 0.369 0.093 0.276 25.2

KCl_1:4_800_3_5 57 ± 0.08 0.189 0.011 0.178 5.8
aBrunauer, Emmett, and Teller method using the Rouquerol criteria. bVTOT calculated by N2 adsorption isotherm at a high relative pressure
(∼0.99). cDFT method by the NLDFT model.

Figure 6. N2 adsorption−desorption isotherm curves at 77 K (a) and PSD based on the DFT method on carbon slit pores by the NLDFT model
(b) of the rCB/ACs obtained through the utilization of CH3COOK, K2CO3, KCl, and K2C2O4, as potassium-containing activating agents.
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structure and intercalated phases during the overall activation

reactions, as given in Figure 7.

Upon reviewing the data of rCB/ACs from Table 7, the
eEciency of KOH is clearly noticed, as suggested by the
existing literature.75 The high molar content of K and the
presence of OH− groups are likely responsible for the
enhancement of textural characteristics, especially micro-
porosity. The potassium hydroxide undergoes dissociation
during high-temperature activation, resulting in the formation
of potassium cations (K+) and hydroxide (OH−) ions.
Hydroxyl ions have the ability to chemically attack and weaken
the bonds in the carbon substrate, releasing volatile substances,
thus eEciently converting the rCB into more porous ACs.76

This is also consistent with the quantitative energy-dispersive
X-ray spectroscopy analysis (Table 8) and the corresponding

SEM-EDS elemental mapping of potassium images (Figure 8).
The EDS image of KOH_1:4_800_3_5 shows a high-intensity
potassium signal, suggesting a high concentration of K (29.5 wt
%) uniformly distributed throughout the rCB/AC sample.

In contrast, CH3COOK, K2CO3, and K2C2O4 have lower K/
C and K/O ratios. As reported by Yang et al.,77 this enables the
production of a greater amount of CO2 and H2O during
activation, leading to the formation of larger pores and a
decrease in specific surface areas. For K2CO3 and CH3COOK,
the EDS mapping of AC/rCB shows a variance in the K
distribution, suggesting inhomogeneity due to the local
formation of new K-enriched compounds or the dispersal of
volatile products. K2CO3 has lower reactivity toward carbon
materials compared to KOH and a much higher melting point.
The pure form of K2CO3 melts at 891 °C. At 800 °C, K2CO3 is

not expected to be completely liquefied but still can soften,
releasing a significant amount of CO2 (above 650 °C) and K2O
(below 650 °C), with possible subsequent formation of salt
complexes (∼475 °C) on the surface of rCB/ACs (eqs 7−9).
On the other hand, the BSE image and EDS map of
CH3COOK_1:4_800_3_5 show a more heterogeneous
distribution of potassium with areas of higher and lower K
concentration. Smaller particles and some individual bright
spots can be identified, suggesting possible agglomeration or
coagulation of potassium-rich phases upon thermal decom-
position of CH3COOK to K2CO3 (>303 °C), which
undergoes a series of reactions with the carbon structure to
produce K-species. In the case of K2C2O4, the EDS mapping
reveals a more intense and patchy spread of potassium,
indicative of its higher overall presence (27.5 wt %) than the
smoother distributions observed for K2CO3 and CH3COOK.
Lastly, KCl has been found to be ine1ective as an activator,
which is primarily attributed to its melting point (∼770 °C),
and weak reactivity with rCB, according to the XRD patterns
in Figure 7 and SEM-EDS image in Figure 8.
3.4. Examining the Phase Impact of KOH Activation:

Solid/Liquid State vs Gas State Reactions. The process of
activating rCB with KOH requires a complex combination of
chemical reactions, including not only the conventional solid−
solid (<380 °C) and solid−liquid (≥406 °C) interactions78

but also a substantial solid−gas reaction. The use of KOH
vapor contributes to the enhancement of the rCB/ACs
characteristics, as shown in Table 9 and Figure 9a,b. The
gaseous KOH etches the carbon surface and creates pores
when the temperature exceeds 600 °C, resulting in the release
of gases such as CO2 and H2O. This phenomenon induces a
substantial modification in the surface and pore morphology of
the rCB. The SBET value increased from 55 m2/g to 118, while
the VTOT increased to 0.239 cm3/g. Although the growth of
VMIC was not significant (0.033 cm3/g), the total change in
adsorbed quantity of N2 and PSD suggests a modification in
the texture of the rCB.

The EDS mapping of the rCB sample postreaction with
vapor-phase KOH (Figure 10) presents a homogeneous
distribution of oxygen, indicating the oxygenation of the
carbon structure. Moreover, the rCB/ACs appear to have an
irregular K compound distribution from the reaction with
vapor-phase KOH. EDS findings directly corroborate with
XRD analysis (Figure 11), identifying the formation of
KHCO3, K2O, and K2CO3 within the sample, which are the
expected products of the gas−solid reaction. The presence of
KHCO3 (60 wt %), K2O (10 wt %), and K2CO3 (30 wt %) in
the unwashed rCB/ACs samples indicates that they may be
involved in the alterations in textural qualities, including
specific surface area and porosity. The formation of KHCO3,
K2O, and K2CO3 is based on the reaction between gaseous
KOH and carbon oxidation. The relative content of C (75 wt
%), O (17.8 wt %), and K (7.2 wt %) further supports the
impact of the gas−solid reaction on rCB/ACs textural
properties.
3.5. Comparative Analysis: Potassium (K+) vs Sodium

(Na+) Ions. The isotherms and textural characteristics
presented in Figure 12a and Table 10 indicate that KOH
outperforms NaOH in the chemical activation of rCB/ACs.
The utilization of NaOH as an activator led to the
development of rCB/ACs that possessed SBET, VTOT, and
VMIC of 480 m2/g, 0.523 cm3/g, and 0.146 cm3/g, respectively.
Furthermore, the improvement in microporosity (Figure

Figure 7. XRD patterns for rCB/ACs before washing treatment
produced with CH3COOK (a), K2C2O4 (b), K2CO3 (c), and KCl (d)
as potassium-containing activating agents.

Table 8. EDS Semiquantitative Analysis of rCB/AC Samples

sample K [wt %] C [wt %] O [wt %]

KOH_1:4_800_3_5 29.5 31.7 38.8

CH3COOK_1:4_800_3_5 20.9 49.8 29.3

K2CO3_1:4_800_3_5 13.1 62.0 24.9

K2C2O4 _1:4_800_3_5 27.5 37.9 34.6

KCl_1:4_800_3_5 19.7 76.0 4.4
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12b,c) may be attributed to the nature of alkali metal cation
(K+ vs Na+), as studied by Guo et al.79 KOH demonstrated a
greater propensity to interact with the carbon atoms from rCB,

resulting in the formation of micropores in the range of 1.1−

1.64 nm and mesopores that vary from 2 to 8.7 nm. On the
other hand, NaOH exhibited a greater tendency to generate

Figure 8. SEM-EDS elemental mapping of potassium for rCB/ACs before washing treatment obtained through KOH, K2CO3, CH3COOK, KCl,
and C2K2O4 activation.
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mesoporosity when the pore width exceeded 9.5 nm. As alkali
metal hydroxides intercalate in the carbon network, they

function as electron donors during gasification. This property
of the hydroxides is most probably responsible for the

Table 9. Textural Properties Associated with rCB/ACs Produced through Gas−Solid Reaction during KOH Activation

sample
BET surface areaa

[m2/g]
total pore volumeb

[cm3/g]
micropore volumec

[cm3/g]
mesopore volumec

[cm3/g]
micropore volume/total pore

volume [%]

rCB 55 ± 0.8 0.170

KOH(vapor)
_1:4_800_3_5

118 ± 0.2 0.239 0.033 0.206 13.8

aBrunauer, Emmett, and Teller method using the Rouquerol criteria. bVTOT calculated by N2 adsorption isotherm at a high relative pressure
(∼0.99). cDFT method by the NLDFT model.

Figure 9. N2 adsorption−desorption isotherm curves at 77 K (a) and PSD based on the DFT method on carbon slit pores by the NLDFT model
(b) of the rCB and rCB/ACs produced through gas−solid reaction during KOH activation.

Figure 10. EDS analysis of KOH(vapor)_1:4_800_3_5; (a) representative SEM image and corresponding elemental mapping analysis: C (b), K
(c), and O (d).
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activation process. Yahya et al.80 and Rambabu et al.81 have
both reported similar findings. Additionally, the intercalation of
alkali metals (Na or K) depends upon the crystallinity of the
precursor used during the activation procedure, since the
structural arrangement, which was formerly overlooked, plays a
crucial role. Linares-Solano, Lillo-Rod́enas, Marco-Lozar et
al.82 stated that NaOH is more suitable for carbons with poor
ordered atom arrangement (nongraphitic structure), whereas
KOH produces better results for those displaying some
organizational regularity (graphite-like structure). Based on
this understanding, it can be assumed that rCB/ACs tend to

have a more crystalline phase than an amorphous one. This
makes KOH a preferred choice as an activator due to its
e1ectiveness in engaging with and enhancing the organized,
graphite-like arrangement of atoms.

The comparison of EDS mapping between NaOH-activated
rCB (Figure 13) and KOH-activated rCB (Figure 10) and
semiquantitative analysis suggest that NaOH activation results
in a lower distribution of alkali metal (Na: 19.8 wt %)
compared to KOH (K: 29.5 wt %) but similar oxygen content
(O: 37.8 wt % vs O: 38.8 wt %). The XRD analysis presented
in Figure 14, which detected only Na2CO3 as the primary
phase in the NaOH-treated rCB/ACs, points to a more limited
set of chemical reactions in the case of NaOH compared to
that obtained with KOH treatment, where KHCO3, K2O, and
K2CO3 were identified. This is likely because K+, with its larger
ionic radius (152 pm) and higher reactivity than Na+ (116
pm), is more e1ective at incorporating in the carbon structure
of rCB and reacting with CO2. On the contrary, the stronger
ionic bonds and lower polarizing power of Na+ relative to K+

might potentially a1ect the transport and interaction with the
carbon matrix. Therefore, potassium not only promotes more
reactions but also leads to more pronounced porosity and
surface complexity.

Figure 11. XRD pattern for unwashed rCB/ACs produced through a
gas−solid reaction during KOH activation.

Figure 12. N2 adsorption−desorption isotherm curves at 77 K (a), PSD based on DFT method on carbon slit pores by the NLDFT model for the
pore diameter in the ranges of 1.1−2 nm (b) and 2−30 nm (c) of the rCB/ACs obtained by KOH/NaOH activation.
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4. CONCLUSIONS

In this study, the activation mechanism of rCB using
potassium-based activators was explored to eEciently trans-
form ELTs into ACs. The objectives were to determine the
optimal activation conditions and analyze textural changes,
explore the interactions between rCB and potassium alkalis,
and unveil a universal process for eEcient rCB activation.
Techniques such as N2 adsorption−desorption at 77 K, XRD,

and SEM-EDS were used to investigate the structural and
chemical properties of the rCB/ACs. The study identified the
below.

• The most e1ective KOH activation parameters for
enhancing the textural properties of ACs were
determined, which include an activation temperature
of 800 °C, a heating rate of 7 °C/min, a KOH to rCB
ratio of 1:5, and a process duration of 4 h. These

Table 10. Textural Properties Associated with rCB/ACs Obtained by NaOH Activationabc

sample
BET surface area

[m2/g]
total pore volume

[cm3/g]
micropore volume

[cm3/g]
mesopore volume

[cm3/g]
micropore volume/total pore

volume [%]

KOH_1:4_800_3_5 945 ± 5.6 0.743 0.303 0.440 36

NaOH_1:4_800_3_5 480 ± 0.9 0.523 0.146 0.377 28
aBrunauer, Emmett, and Teller method using the Rouquerol criteria. bVTOT calculated by the N2 adsorption isotherm at a high relative pressure
(∼0.99). cDFT method by the NLDFT model.

Figure 13. EDS analysis of the NaOH-activated rCB; (a) representative EDS image and corresponding elemental mapping analysis: C (b), Na (c),
and O (d).

Figure 14. XRD patterns for unwashed rCB/ACs produced through NaOH activation.
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conditions were found to be optimal for achieving the
desired improvements in specific surface area, total pore
volume, and micro/mesoporosity.

• XRD patterns of the rCB/ACs products revealed the
presence of key phases such as K2CO3, K2CO3·1.5H2O,
K4(CO3)2·(H2O)3, KHCO3, and K2O. This confirmed
the significant role of carbonates, bicarbonates, and
oxides in the activated products, indicating a complex
chemical transformation during the activation process.
This order of importance was shown to be correlated
with the potassium content and its distribution, as
revealed using SEM-EDS analysis. The rank of activation
potency, from highest to lowest, was as follows: KOH >
K2C2O4 > CH3COOK > K2CO3 > KCl.

• The impact of the KOH gas−solid interaction with rCB
suggested that improvements are not solely attributed to
liquid/solid−solid reactions.

• The KOH activation was primarily attributed to the
nature of the alkali metal cation and graphite-like
structure of rCB. This emphasizes the importance of
the specific chemical characteristics of the activating
agent in influencing the final properties of the rCB/ACs.

In essence, the research highlights e1ective strategies for
producing rCB/ACs with superior textural properties, under-
scoring the significance of carefully chosen activation
conditions and the role of potassium-containing activating
agents. Moreover, it sets the stage for future studies to explore
the potential environmental benefits of utilizing such materials
in specific sorption applications, such as water and air
purification.
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A B S T R A C T

The rapid adoption of lithium-ion batteries (LiBs) in energy storage has driven research into resource recovery. 
This study converts hazardous graphite from the black mass (NMC 111) of spent LiBs into functional activated 
carbons (ACs) via KOH activation. Tailoring the synthesis at 800 ◦C and a graphite-to-KOH ratio of 1:6 produced 
AC with a surface area of 678 m2/g and a total pore volume of 0.442 cm3/g. The material showed a balanced 
micropore–mesopore structure, with micropores contributing 53 % of the total pore volume. The material 
showed a balanced micropore–mesopore structure, with micropores contributing 53 % of the total volume. XRD 
confirmed preserved graphitic crystallinity with a dominant (002) peak at 26.52◦. Raman spectroscopy indicated 
increased defect density (ID/IG = 1.053), facilitating porosity formation. SEM and TEM revealed a transition from 
smooth graphite layers to a porous, defect-rich structure, with TEM highlighting mesopore-like voids and dis-
torted graphitic domains featuring edge defects. XPS identified surface modifications, including a higher pro-
portion of sp2 carbon and oxygen-containing groups (C–O, C=O, C-OH, CO32−). TGA demonstrated stability 
(~900 ◦C) under inert conditions and enhanced reactivity in oxidative environments. This work valorizes LiB- 
derived graphite waste into ACs, supporting circular economy strategies and demonstrating potential for in-
dustrial scalability.

1. Introduction

Over the past decade, lithium-ion batteries (LiBs) have been at the 
forefront of energy storage innovations, driving transformative changes 
across numerous industries, particularly in transportation and renew-
able energy integration [1,2]. The extensive integration of Li-ion bat-
teries in electric vehicles (EVs) has positioned them as a key technology 
in the global transition toward sustainable, low-carbon energy systems 
[3]. The widespread adoption of electric vehicles was evident in 2023 
when nearly 14 million electric cars were sold globally, representing 18 

% of the total car sales, a significant increase if compared to the 14 % 
level in 2022. As the trend continues, electric car sales are projected to 
climb further, potentially reaching around 17 million in 2024, i.e. more 
than one in five cars sold worldwide [4]. This transition from internal 
combustion engines to battery-powered alternatives has led to decreased 
greenhouse gas emissions (220 Mt in 2023 compared to 80 Mt in 2022) 
[4], cleaner transportation and improved air quality [5]. Furthermore, 
the demand for LiBs extends beyond the automotive industry, including 
larger-scale stationary energy storage systems that support renewable 
energy integration and grid stability [6,7]. As renewable energy sources 
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such as solar and wind power become more prevalent, the need for 
efficient energy storage to address intermittent energy supply will grow 
correspondingly [8]. Projections indicate that the demand for LiBs is 
anticipated to grow by approximately 33 % annually, reaching an esti-
mated 4.7 GWh by 2030 [9].

Even though it contributes to the decrease of environmental impact 
of the transport and energy sector, the rapid expansion of LiBs in-
troduces new challenges related to their short lifecycle, typically span-
ning the range of 3–8 years. The main challenge is connected to the end- 
of-life (EoL) management, where over 2 million tons of spent LiBs are 
projected to be generated annually [10]. LiBs are complex electro-
chemical systems containing a mix of valuable secondary resources, 
such as lithium (Li), cobalt (Co), nickel (Ni), manganese (Mn), and 
copper (Cu), which are essential for battery performance and can be 
recovered for reuse [11]. However, they also contribute to hazardous 
waste generation, encompassing electrolyte residues, fluorinated com-
pounds, and toxic metals such as lead and cadmium, which can pose 
serious environmental and health hazards if not effectively controlled 
[12]. A LiB cell comprises approximately 25 wt% casing materials (steel 
and plastics), ~27 wt% cathode materials (e.g., LiCoO2, LiFePO4, 
LiNiCoMnO2), 12–17 wt% anode materials (graphite), ~13 wt% current 
collectors (Cu and Al), 10–15 wt% electrolyte (such as LiPF6 or LiBF4 
dissolved in dipolar organic solvents), ~4 wt% separator (poly-
propylene), and ~ 4 wt% binder (polyvinylidene difluoride) [13,14]. 
Among the most prominent batteries in production, nickel manganese 
cobalt (NMC)-based LiBs have cathodes composed of a mixture of Li, Ni, 
Mn, and Co, such as LiNi0.6Mn0.2Co0.2O2 (NMC 622), LiNi0.8Mn0.1-
Co0.1O2 (NMC 811), and LiNi1/3Mn1/3Co1/3O2 (NMC 111). Notably, 
NMC 111 has garnered significant attention as a cathode material for 
next-generation LiBs due to its numerous advantages, including lower 
cost compared to LiCoO2, high theoretical capacity, low toxicity, 
excellent thermal stability, and superior energy density [15].

Lithium, cobalt, and nickel are key elements for enhancing battery 
performance, longevity, and energy density [16]. The EU Battery 
Directive anticipates an improvement in Li-ion battery recycling effi-
ciency, increasing from 50 % in 2006 to 65 % by 2025 [17]. This 
advancement aims to close the material loop by recovering valuable 
metals, with Ni and Co being the main economic incentives driving LiBs 
recovery efforts. The recently introduced European Battery Regulation 
sets ambitious recovery targets: lithium recovery is expected to reach 50 
% by 2027 and 80 % by 2031, while Co, Cu, Pb, and Ni are targeted at 
90 % by 2027 and 95 % by 2031 [18]. Achieving these goals, however, is 
challenging due to the complex composition and diverse materials 
within LiBs, which require multiple preparatory steps before processing. 
The initial stages involve classification, discharge or inactivation, 
disassembly, and material separation. These processes prepare the bat-
teries for subsequent treatment using direct recycling, pyrometallurgy, 
or hydrometallurgy [19]. Due to the legislative requirements, hydro-
metallurgy is and will be the preferred method for the recycling. This 
brings the challenges for the recyclers to deal with the significant 
amount of waste graphite since its application is limited and moreover it 
is considered to be a hazardous waste. Current EoL strategies typically 
begin with discharge and mechanical pre-treatment, followed by 
optional pyrolysis to remove organic components. The subsequent steps, 
including sorting and pre-processing, result in a sieved mixture of 
cathode powders and anode graphite, commonly referred to as black 
mass (BM) [20]. Processing BM focuses on extracting valuable transition 
metals while isolating and purifying graphite from the anode. Histori-
cally overlooked, graphite has only recently been recognized as a 
recoverable and valuable resource, further enhancing the economic and 
environmental benefits of LiB recycling [21].

Graphite continues to dominate as the preferred anode material in 
commercial LiBs, primarily due to its outstanding cycling stability, high 
electrical conductivity, and mechanical flexibility. With approximately 
1 kg of graphite required per kWh of battery capacity, which is 10 to 20 
times more than lithium, its demand has driven the market to a value of 

$29.05 billion by 2022 [22]. Beyond its role in batteries, graphite’s 
unique combination of electrical conductivity, thermal stability and 
structural versatility also makes it an ideal precursor for advanced ma-
terial synthesis [23–25]. One promising research path involves using 
recovered graphite as a precursor for activated carbons (ACs), a class of 
porous materials with extensive environmental applications due to their 
high specific surface area, tunable pore structure, low cost, and thermal 
and chemical stability [26,27]. ACs are widely used in, for example, gas 
separation and storage [28], water purification [29], energy storage 
[30], and as catalyst supports in chemical processes [31]. The synthesis 
of ACs typically involves activation processes applied to precursor ma-
terials to optimize their textural and structural properties. Among the 
commonly used chemical activating agents (including KOH, K2CO3, 
H3PO4, and ZnCl2), KOH stands out as the most promising activator 
resulting in high-quality ACs with a large pore volume, abundant surface 
oxygen functional groups, and dominant microporosity [32,33]. The 
effectiveness of KOH, likewise the other activators, is significantly 
influenced by the chosen activation parameters, which vary depending 
on the raw material. Among the multiple activation parameters, acti-
vation temperature (500–900 ◦C) and mass ratio between the activator 
and precursor (1:1–1:7) are reported to have the most substantial impact 
on the resulting AC properties [34,35].

While traditional precursors such as biomass, coal, or petroleum- 
derived polymers have been widely explored, they often require inten-
sive energy input and may yield materials with inconsistent properties 
[36–38]. In contrast, graphite recovered from spent lithium-ion batte-
ries exhibits a high fixed carbon content, partial graphitization, and 
intrinsic electrical conductivity, which not only facilitates the formation 
of well-developed porosity during activation but also reduces the acti-
vation energy required [39]. These favorable physicochemical proper-
ties enable the synthesis of high-performance activated carbons with 
lower process energy demands. Moreover, the presence of residual metal 
species and surface defects in the recovered graphite can further pro-
mote pore development. From a cost perspective, although the initial 
collection and purification of black mass involves logistical and tech-
nical challenges, the use of this industrial waste stream circumvents the 
need for virgin raw materials, making it a more economically attractive 
and sustainable solution in the long term [20]. From a circular economy 
perspective, valorizing black mass diverts hazardous waste from land-
fills and simultaneously creates value-added materials suitable for en-
ergy and environmental applications. Despite the growing interest in 
ACs derived from waste materials, the potential of graphite recovered 
from LiBs as a precursor for AC synthesis has not received significant 
attention. Nonetheless, a two studies have explored graphite nanofibers 
(GNFs) as a carbon source for activation. For example, Meng et al. [40] 
investigated the effect of heat treatment (700–1000 ◦C) on the activation 
of GNFs using KOH. Similarly, Yuan et al. [41] prepared porous GNFs 
(PGNFs) through KOH activation, varying the GNF/KOH weight ratio 
from 0 to 5 at 900 ◦C. In view of this, investigating the use of recovered 
graphite as a precursor for ACs is particularly relevant in the context of 
sustainable waste management and the transition to a circular economy. 
Transforming waste graphite into high-value ACs addresses three critical 
challenges: reducing the environmental impact of LiB disposal, recov-
ering graphite as an essential raw material, and creating functional 
materials that promote economic sustainability.

This study explores the transformation of graphite recovered from 
industrial black mass (NMC 111) of spent lithium-ion batteries into ACs 
through chemical activation using KOH. The research focuses on 
uncovering the underlying mechanisms that lead to structural, textural, 
and chemical changes during the activation process. Following the 
mechanism provides a comprehensive understanding of how waste- 
derived graphite can be converted into high-performance porous ma-
terials. A wide array of advanced characterization techniques was 
employed to investigate the evolution of properties in the activated 
carbons. These techniques include nitrogen adsorption/desorption iso-
therms for textural analysis, Raman spectroscopy and X-ray diffraction 
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(XRD) for structural evaluation, and scanning electron microscopy 
(SEM), transmission electron microscopy (TEM), and energy-dispersive 
X-ray spectroscopy (EDS) for morphological and compositional 
studies. Furthermore, X-ray photoelectron spectroscopy (XPS) was used 
to examine the chemical modifications, specifically focusing on the 
introduction of functional groups and the changes in bonding states, 
while thermogravimetric analysis (TGA) assessed the thermal behavior 
and stability of the materials. The novelty of this work lies in its detailed 
investigation of the chemical activation process of recovered graphite, 
providing the first mechanistic insights into its transformation into 
activated carbons. The study uniquely addresses the interplay between 
activation conditions, such as temperature and KOH-to-graphite ratio, 
and their effects on the resulting material properties. This research not 
only contributes to advancing resource recovery strategies for spent LiBs 
but also highlights the potential for developing sustainable, high-value 
waste materials, thereby supporting the principles of a circular 
economy.

2. Materials and methods

2.1. Black mass

The black mass was obtained after disassembling 150 kg of battery 
packs from Volvo Cars AB (Sweden). Packs were discharged by Volvo 
Cars AB and disassembled by Stena Recycling AB (Sweden). Then, the 
120 kg of the cells (NMC 111) were mechanically treated and separated 
by Akkuser Oy (Finland), at temperatures below 50 ◦C. Obtained black 
mass was further sieved to under 500 µm at the Industrial Materials 
Recycling group at Chalmers University of Technology (Sweden) to 
achieve a highly concentrated homogeneous powder. Carbon content of 
the black mass was 32 wt%.

2.2. Leaching of industrial black mass (NMC 111)

The overall procedure, illustrating the preparation steps for the 
leaching of industrial black mass to enable graphite recovery, is pre-
sented in Fig. 1.

In a 5 L glass-jacketed reactor equipped with a mechanical stirrer, 2 L 
of deionized water and 392.8 mL of 95 % H2SO4 were introduced 
portion-wise, followed by an additional 929.3 mL of deionized water. 
The reactor temperature was set to 60 ◦C. While stirring at 300 RPM, 
175 g of black mass, previously sieved to 250 µm, was gradually 
incorporated. Finally, 178 mL of 59 % H2O2 was introduced portion- 
wise to prevent overflow from the formation of black foam. The final 
concentrations of H2SO4 and H2O2 were 2 M and 3 %, respectively, 
maintaining a solid-to-liquid ratio of 1:20 with a final liquid volume of 
3.5 L. After 2 h of reaction, stirring was stopped, and the slurry was 
poured into a 4 L beaker for vacuum filtration. The black solid was 
washed with deionized water until the pH reached 7. Approximately 80 
g of the solid was then transferred to a 4 L beaker, and 2 L of deionized 
water was added. The mixture was stirred at 300 RPM for 60 min. 
Subsequently, the slurry was filtered, washed with deionized water, and 
dried overnight at 60 ◦C. Finally, the dried solid was crushed in a mortar 
and sieved again to 250 µm. Recovered graphite was obtained after this 
sieving process, which effectively reduced the plastic content origi-
nating from Li-ion battery separators.

XRF analysis, as shown in Table S1, confirmed the removal of most 
metal impurities after leaching, including complete elimination of P 
(0.340 wt%.). Trace amounts of Ni (0.118 wt%.), Co (0.261 wt%.), and 
Mn (0.331 wt%.) remained in the recovered graphite, while Si (0.364 wt 
%) appeared despite being undetected in the original black mass, likely 
due to washing-related contamination. The low residual transition metal 
content suggests minimal catalytic influence during activation. In 
contrast to conventional graphite, LiB-derived precursors require addi-
tional purification due to their complex composition (active material 
residues, binders, and additives), but they offer potential for tuning the 

Fig. 1. A schematic representation illustrating the preparation steps utilized for the leaching of industrial black mass (NMC 111) to enable graphite recovery.
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properties of activated carbon materials.

2.3. Preparation of activated carbons

Activated carbons were synthesized from the recovered graphite 
through chemical activation using KOH in a dry mixing process, as 
presented in Fig. 2 and Table S2. The specific mass amounts of graphite 
and KOH were ground together in a mortar to create a uniform solid 
mixture which was placed in a horizontal furnace.

Activation was performed under an inert nitrogen atmosphere with a 
constant flow rate of 250 mL⋅min−1. Two activation parameters were 
examined: temperature and the graphite to KOH ratio. The temperatures 
were set at 700 ◦C, 800 ◦C, and 900 ◦C, each maintained for 3 h, based on 
preliminary studies and reported literature confirming the adequacy of 
this duration, with a heating rate of 5 ◦C⋅min−1. An initial graphite to 
KOH ratio of 1:4 was used as a baseline to assess the stages of KOH 
activation behavior. This ratio was further modulated at the optimal 
temperature (800 ◦C) to enhance the textural properties, adjusting from 
ratios of 1:5 up to 1:7. The resulting ACs were washed multiple times 
with deionized water until the washing water reached a constant pH. 
Finally, all samples were dried in an oven at 100 ◦C for 24 h. The acti-
vated carbon samples were labeled as AC-X_Z, where X represents the 
activation temperature, and Z represents the graphite to KOH ratio.

2.4. Characterization of carbon-based materials

2.4.1. Textural characterization
The textural properties of the synthesized ACs were assessed using N2 

adsorption isotherms measured at −196 ◦C. The analysis was performed 
using fully automated Tristar II 3020 Micromeritics, a surface area and 
porosity analyzer with three stations. Before testing, the samples were 
degassed by sequential heating to 90 ◦C for 4 h, followed by 250 ◦C for 
16 h. A total of approximately 61 adsorption/desorption points were 
recorded across a relative pressure (P/P0) range from 1⋅10−4 to ~0.98. 
The maximum volume of nitrogen gas adsorbed during the analysis was 
25 cm3/g STP.

The specific surface area was evaluated using the Brunauer-Emmett- 
Teller (SBET) method within a P/P0 range of 0.05 to 0.3, then adjusted 
according to the modified BET approach by Rouquerol et al. [42], 
ensuring the highest linear correlation (R2 ≈ 1). The total pore volume 

(VTOT) was evaluated at a high relative pressure, typically around 0.99 
or higher. The pore size distribution (PSD), as well as the micropore 
(VMIC) and mesopore (VMES) volumes, were determined using the non- 
local density functional theory (NLDFT) model, assuming a slit-shaped 
pore structure within the density functional theory (DFT) framework.

2.4.2. Structural and surface characterization
The lattice structural changes during the transformation from NM 

111 to ACs were investigated using XRD analysis with a Bruker D8 
Discover diffractometer. Prior to analysis, the samples were ground to a 
fine powder and mounted on a zero-background sample holder to 
minimize interference. The measurements were conducted using the Cu 
Kα radiation (λ = 1.5406 Å). The recorded spectra were analyzed using 
the DIFFRAC.EVA and PDF 4 + databases. Additionally, based on the 
XRD data, graphitic structural parameters were calculated for the 
recovered graphite and the synthesized ACs [43–45]. The mean crys-
tallite thickness (Lc) and the mean graphene sheet diameter (La) were 
calculated using the Scherrer equation [46]: 
Lc,a = Kλ

/

(βcosθ) (1) 

where:
Lc is the average crystallite thickness [nm], where the (002) signal 

was used with K = 0.89,
La is the average graphene sheet diameter [nm], where (110) signal 

was applied with K = 1.84.
K is a constant specific to the reflection plane,
λ is the X-ray wavelength (0.154 nm for Cu),
β is the peak width at half maximum intensity (110 or 002), corrected 

for instrumental broadening (0.07121 rad) using the Warren method 
[47] and assuming Gaussian peak shapes [rad].

θ is the diffraction angle [rad].
The average interlayer spacing between the graphitic layers (d002) 

was calculated using Bragg’s law [48]: 
d002 = nλ/(2sinθ) (2) 

where n is the diffraction order (typically n = 1).
Finally, the number of graphene sheets (N) was estimated as [49]: 

N = Lc/d (3) 

Fig. 2. Methodology for preparation procedures used for KOH activation of recovered graphite from NMC 111.
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Surface chemical composition and the chemical states of the deter-
mined elements were analyzed using an X-ray photoelectron spectros-
copy (PHI5000 VersaProbe III – Scanning XPS Microprobe™). To handle 
non-conductive samples, dual charge compensation was employed by 
running both Ar ion gun (+ve) and electron neutralizer (−ve) during 
measurements. Survey scan in an energy range between 0 and 1300 eV 
with the step size of 1.0 eV was first carried out to assess the overall 
elemental composition. With the elements identified, narrow scans (0.1 
eV step size) were conducted at the selected regions to determine the 
chemical states of the elements of interest. The spectral peak’s energy 
resolution was determined to be 0.673 eV (full width at half maximum, 
FWHM) based on the Ag 3d5/2 peak measurement from a sputter- 
cleaned silver (Ag) foil. The energy scale was calibrated following the 
ISO 15472 standard, aligning the core-level spectra of sputter-cleaned 
gold (Au 4f7/2), silver (Ag 3d5/2), and copper (Cu 2p3/2) at 83.96 eV, 
368.21 eV, and 932.62 eV, respectively.

Raman spectra were collected using a InVia Raman spectrometer 
from Renishaw. An Ar-ion laser, 532 nm and 100 mW of maximum 
power at the source, was used as the excitation source coupled with a 
Peltier-cooled CCD detector and a grating with 2400 l/mm. The spectral 
resolution was better than 2 cm−1 and the spectral range 100–4000 
cm−1 was covered. Before any measurement, the spectrometer was 
calibrated to the first order line of a Si wafer at 520.6 cm−1. Raman 
spectra were recorded on different spots using 1 % of the nominal power 
(to avoid overheating and hence damage of the sample), accumulating 
for 10 s during 10 accumulations. The spectra were presented in their 
original. Background subtraction was applied to enhance the clarity of 
the spectral features, and cosmic ray artifacts were removed during data 
processing to ensure the reliability of the results. The analysis aimed to 
evaluate the structure of the carbon skeleton in the obtained carbon 
materials, such as the degree of graphitization or the presence of defects.

Elemental composition was determined using an energy-dispersive 
X-ray fluorescence spectrometer (EDXRF, Epsilon 3 type, PANalytical 
B.V.) to assess the removal of metal impurities before and after leaching.

2.4.3. Thermogravimetric characterization
Thermogravimetric analysis was performed using a Mettler Toledo 

TGA-DSC 3 + thermal analyzer to evaluate the thermal stability and 
decomposition behavior of the materials. The samples were heated from 
30 ◦C to 900 ◦C at a rate of 10 K/min under both N2 and air atmospheres. 
The influence of oxidative and inert conditions on material degradation 
was monitored through the mass loss profile during continuous heating.

2.4.4. Morphological characterization
A scanning electron microscopy (FEI ESEM Quanta 200) equipped 

with energy-dispersive X-ray spectroscopy was used to determine the 
morphological changes of the samples. Imaging was conducted using the 
backscattered electron (BSE) signal. To prevent surface charging, the 
microscope was operated in low vacuum mode at a pressure of 20 Pa, 
with an electron beam acceleration voltage of 10 kV.

Transmission electron microscopy was used to examine the micro-
structure of the samples, focusing on lattice ordering, pore formation, 
and edge morphology. Imaging was carried out using a Titan 80–300 
microscope (FEI) equipped with a field emission gun, a monochromator 
(0.11 eV energy resolution for EELS), and a Gatan 866 GIF Tridiem 
energy filter. A spherical aberration corrector enabled high-resolution 
TEM imaging with a spatial resolution down to 70 pm, and fast Four-
ier transform (FFT) analysis was applied to assess structural disorder and 
lattice features.

3. Results and discussion

3.1. Effect of KOH activation on the textural properties of recovered 
graphite

Fig. 3(a, b) presents the N2 adsorption/desorption isotherms of 
activated carbons produced at temperatures ranging from 700 to 900 ◦C 
and with mass ratios of graphite to KOH between 1:5 and 1:7. The iso-
therms show a rapid uptake at low relative pressures (P/P0 < 0.1), 
confirming that the ACs are predominantly microporous, while the 
hysteresis loops indicate the presence of secondary mesoporosity. This 
result aligns with expectations, as KOH activation is well known to 
produce micropores due to its chemical etching and widening effects on 
the carbon matrix. Additionally, it was noticed that the amount of N2 
adsorbed increased with the rise in thermal treatment temperature and 
the recovered graphite:KOH ratio during carbon sample preparation, 
reaching its maximum at 800 ◦C with a ratio of 1:6.

According to the International Union of Pure and Applied Chemistry 
(IUPAC) classification, the N2 sorption isotherms shown in Fig. 3(a, b) 
display Type Ib at low P/P0 values and Type IVa behavior at medium and 
higher relative pressures [50]. Type Ib is typical for microporous ma-
terials with a broader pore size distribution, encompassing wider mi-
cropores and possibly narrow mesopores (<~2.5 nm). The sharp 
uptake at very low P/P0 values (<0.015) is attributed to strong N2-ACs 
interactions and is linked to the progressive filling of micropores [51]. 
Conversely, the Type IVa isotherm is characteristic of mesoporous ma-
terials. It begins with monolayer-multilayer adsorption on the mesopore 
walls, following a similar path to the corresponding portion of a Type II 
isotherm, and is then followed by capillary condensation [52]. In the 
case of a Type IVa isotherm, capillary condensation occurring in wider 

Fig. 3. N2 adsorption–desorption isotherms at −196 ◦C for the prepared ACs illustrating the effects of (a) varying temperatures (700–900 ◦C) and (b) different mass 
ratios between recovered graphite and KOH (1:5–1:7).
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mesopores (> 4 nm) results in hysteresis. The observed Type H4 hys-
teresis suggests the presence of slit-shaped pores, consistent with 
structures containing limited amounts of mesopores constrained by 
surrounding micropores [53].

The textural properties of all ACs and recovered graphite from NMC 
111, including BET surface area, total pore volume, and micropore and 
mesopore volumes, as determined by N2 sorption measurements, are 
summarized in Table 1. From the different activation temperatures, the 
sample prepared at 800 ◦C (AC-800_1:4) demonstrated the most favor-
able textural characteristics: specific surface area of 583 m2/g, total pore 
volume of 0.329 cm3/g, and a balanced distribution between micropores 
and mesopores. The micropore volume reached 0.200 cm3/g, while the 
mesopore volume measured 0.129 cm3/g, accounting for 61 % and 39 % 
of the total pore volume, respectively. When the mass ratio between 
recovered graphite and KOH was varied at 800 ◦C, the AC-800_1:6 
sample showed superior textural properties, combining a high surface 
area with a balanced micro- and mesopore structure. This sample ach-
ieved the SBET of 678 m2/g and the largest VTOT of 0.442 cm3/g, with 
mesopores contributing with 47 %. The increase in VMES is particularly 
notable, suggesting that adjusting by increasing to a certain degree the 
graphite-to-KOH ratio enhances mesopore development, which is 
beneficial for applications involving larger molecule adsorption or faster 
diffusion rates. However, the AC-800_1:7 produced with a higher KOH 
dosage, exhibited significantly lower SBET (228 m2/g) and VTOT (0.158 
cm3/g), highlighting the detrimental effect of over-etching. Although 
higher KOH ratios enhance chemical etching via redox and gasification 
reactions, excessive activation as observed for the 1:7 ratio leads to pore 
wall thinning, shrinkage, and partial collapse of the carbon framework 
[54]. This over-etching effect results in a paradoxical reduction in both 
specific surface area and mesopore volume, as reflected further in the 
broadening of the PSD and the decrease in cumulative pore volume 

(Fig. S1) [55]. Additionally, the narrowing of mesopores is indicated by 
the shift and weakening of the hysteresis loop in the desorption branch 
of the N2 isotherm. Finally, the yield of AC samples varies depending on 
the activation conditions, with values ranging from 45.3 % to 58.6 %, 
indicating that a higher KOH ratio and temperature lead to greater mass 
loss during activation. This trend suggests that increasing the tempera-
ture and KOH ratio enhances the etching effect, leading to more 
extensive removal of carbonaceous material and consequently lower 
yield.

The efficiency of KOH activation of recovered graphite at 800 ◦C can 
be attributed to the formation of metallic potassium. At temperatures 
above 760 ◦C, metallic K forms during heat treatment, intercalates into 
the graphitic layers, and diffuses into the internal structure of the carbon 
particles [56]. This process generates new porosity or expanding exist-
ing pores within the graphite structure (Fig. 4) [33]. At higher tem-
peratures, these changes intensify due to the increased activity and 
mobility of K atoms. Consequently, KOH activation can be described in 
three main stages, with the final stage being the formation of metallic K. 
The first stage involves the partial gasification of carbon, where reactive 
gases such as CO2 and H2O are generated, contributing to the develop-
ment of porosity. The second stage occurs at temperatures exceeding 
700 ◦C, where the formation of K-species promotes etching of the carbon 
skeleton, thereby creating the pore framework through redox reactions 
[57]. These species contribute to the breakdown of the carbon matrix, 
promoting the formation of porosity during the thermal activation 
process [58,59]. Further XRD analysis of unwashed AC-800_1:6 
confirmed the presence of various K-containing species formed during 
KOH activation, supporting the proposed multi-step activation mecha-
nism and highlighting the role of in situ-generated K species in pore 
development. Finally, between 800 ◦C and 900 ◦C, the SBET, VTOT, and 
VMIC decreased, while the VMES remained similar to that at 800 ◦C. 

Table 1 
The textural properties of ACs produced at different temperatures and different graphite:KOH ratios and using recovered graphite from NMC 111.

Sample BET surface 
areaa,

[m2/g]

Total pore 
volumeb,

[cm3/g]

Micropore 
volumec,

[cm3/g]

Mesopore 
volumec,

[cm3/g]

Micropore volume/total 
pore volume, 
[%]

Mesopore volume/total 
pore volume, 
[%]

Yield, 
[%]

Burn 
off, 
[%]

Recovered 
graphite

3 ± 0.06 0.008 − − − − − −

AC-700_1:4 531 ± 1.95 0.286 0.191 0.095 67 33 58.6 41.4
AC-800_1:4 583 ± 2.37 0.329 0.200 0.129 61 39 54.8 45.2
AC-900_1:4 514 ± 1.14 0.312 0.182 0.130 58 42 48.1 51.9
AC-800_1:5 633 ± 3.13 0.364 0.222 0.142 61 39 53.5 46.5
AC-800_1:6 678 ± 1.09 0.442 0.233 0.209 53 47 51.2 48.8
AC-800_1:7 228 ± 0.64 0.158 0.083 0.075 53 47 45.3 54.7
a BET method using the Rouquerol criteria.
b VTOT was determined from the N2 adsorption isotherm at a high relative pressure (~0.98–0.99).
c DFT method by the NLDFT model.

Fig. 4. Schematic illustration of the sequence of potassium intercalation into graphitic layers and the formation of porosity.
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Although mesopore formation still occurs at higher temperatures, pro-
longed exposure can lead to partial collapse or damage of the porous 
network, thereby reducing the overall surface area and limiting pore 
accessibility [60,61].

Fig. 5(a, b) illustrates the pore size distribution of recovered graphite 
and ACs. The porosity of graphite was found to be very low, consisting 
mainly of mesopores, with primary peaks concentrated between 5 nm 
and 15 nm, and sharp, distinct spikes around 6 nm, 8 nm, and 10 nm. In 
contrast, the PSD analysis reveals that the ACs obtained were predom-
inantly microporous and mesoporous, with higher content of pore sizes 
up to 2 nm. It should be noted that significant peaks were observed 
between 1.2 and 2 nm, with a particular concentration below 1 nm, 
reflecting the presence of developed narrow micropores. Due to their 
kinetic diameter, nitrogen molecules are unsuitable for accurately 
determining the pore volume of pores smaller than 1 nm; however, the 
cumulative pore volume curve indicates their presence [62]. Addition-
ally, mesopores up to 6 nm were identified, with the majority concen-
trated between 2.2 and 4 nm, as indicated by a pronounced peak at 2.6 
nm. A secondary distribution was also evident in the 4 to 6 nm range.

3.2. Structural transformations: From NMC 111 to activated carbons

Fig. 6 presents the XRD diffractograms of (a) NMC 111 and (b) un-
washed graphite after leaching of NMC 111. The XRD pattern of the 
pristine NMC 111 reveals peaks corresponding to an intermediary 
mixture of active components from Li-ion battery wastes. The peaks 
attributed to LiNi0.4Mn0.3Co0.3O2 reflect the layered structure of the 
cathode active material, while additional peaks for crystalline graphite 
confirm the presence of anode material [63,64]. Minor peaks corre-
sponding to metallic Fe and Ni are also observed, which likely originate 
as impurities or secondary phases inherent to the black mass composi-
tion [65].

By comparing Fig. 6(a) and (b), it becomes evident that the leaching 
process effectively dissolves a portion of the metallic content while 
retaining the graphite. The XRD pattern of unwashed recovered graphite 
after the leaching of NMC 111 exhibits a dominant peak at 2 theta of 
26.52◦, indicating the retention of its highly crystalline structure during 
the leaching process. Additionally, a minor peak at 21◦, associated with 
polyvinylidene fluoride (PVDF), a polymeric binder material used to 
attach the cathode materials to aluminum, is also observed [66]. These 
observations suggest that while the leaching process was effective in 

Fig. 5. Pore size distribution of (a) recovered graphite and (b) activated carbons at different temperatures and graphite:KOH ratios, calculated on the basis of N2 
adsorption by using DFT method.

Fig. 6. XRD patterns of (a) NMC 111 and (b) unwashed graphite after leaching. Fig. 7. XRD patterns of recovered graphite after washing and synthesized ACs 
at different temperatures and various graphite:KOH ratios. The crystallographic 
planes corresponding to the peaks are also indicated.
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recovering the graphite, some semicrystalline plastic phases remain. 
However, subsequent water washing further reduced these residues, 
indicating the effectiveness of this additional purification step, as shown 
in Fig. 7.

Fig. 7 presents the XRD patterns of the recovered graphite after 
washing with water, as well as the prepared AC samples. The recovered 
graphite washed with water and synthesized activated carbons exhibit 
characteristic peaks at 26.52◦, 42.38◦, 44.62◦, 54.66◦, 77.52◦, and 
83.64◦, corresponding to the (002), (100), (101), (004), (110), and 
(112) crystal planes, respectively. These findings are consistent with 
values reported in the literature (ICDD card No. 41–1487) [67]. The 
preservation of characteristic peaks in recovered graphite and ACs 
confirms that KOH activation does not alter the graphite crystal struc-
ture. The sharp diffraction peaks show that the long-range order of the 
hexagonal layers remains intact, with no changes in interlayer spacing 
or stacking. This demonstrates that KOH activation improves textural 
properties while maintaining structural integrity during thermochem-
ical conversion.

Moreover, based on the XRD pattern of the unwashed activated 
carbon sample (AC-1:6) after KOH activation of recovered graphite, 
several crystalline phases have been identified, including potassium 
carbonate hydrates (K2CO3⋅1.5H2O, K4H2(CO3)3⋅1.5H2O), potassium 
carbonate (K2CO3), graphite (Graphite-2H), and potassium oxide (K2O). 
Fig. 8 provides insight into the potential reactions occurring during the 
activation process, highlighting the formation of K-based residues and 
the incomplete removal of activation by-products [68]. 

• Reaction of recovered graphite with KOH

During high-temperature activation, potassium hydroxide reacts 
with graphite (C), leading to the formation of potassium compounds and 
gaseous by-products (H2, H2O, CO, CO2). This process consists of several 
simultaneous reactions that introduce porosity into the carbon structure 
while depositing K2CO3 and K2O as residues. These reactions can be 
described in two generic ways, as outlined below: 
6KOH + 2C→2K2CO3 + 2K + 3H2 (4) 

4KOH + C→K2CO3 + K2O + 2H2 (5) 

K2CO3 may mainly form via the direct interaction of K2O with CO2: 
K2O + CO2→K2CO3 (6) 

K2O arises independently, primarily due to the thermal decomposition 
of KOH and K2CO3 or the reaction of K with CO2: 
2KOH→K2O + H2O (7) 

K2CO3→K2O+CO2 (8) 

K2CO3 +C→K2O+2CO (9) 

• Formation of potassium carbonate hydrates

During cooling and exposure to ambient moisture, K2CO3 can absorb 
water, leading to the formation of hydrated potassium carbonate phases: 
K2CO3 + 1.5H2O→K2CO3 • 1.5H2O (10) 

2K2CO3 + H2CO3 + 1.5H2O→K4H2(CO3)3 • 1.5H2O (11) 
These phases suggest that moisture absorption occurred post- 

activation, possibly during handling. 

• Presence of graphite

Despite the activation process, some graphite (Graphite-2H) is still 

Fig. 8. XRD diffractogram of AC-800_1:6 before washing treatment.

Table 2 
The average values of d002, Lc, La, and N.

Sample d002 [nm] Lc [nm] La [nm] N [-]
Recovered graphite 0.335 50.401 154.391 145
AC-700_1:4 49.630 212.2 148
AC-800_1:4 48.660 249.359 145
AC-900_1:4 45.074 174.491 135
AC-800_1:5 49.447 189.587 148
AC-800_1:6 49.045 253.286 146
AC-800_1:7 51.153 194.041 153

Fig. 9. Visualization of graphitic structural parameters (La, Lc, d002) for 
recovered graphite and synthesized ACs.
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visible in the XRD pattern, suggesting retention of graphitic layers 
within the AC structure.

Table 2 presents the structural parameters of recovered graphite and 
synthesized ACs, including d002, Lc, La, and N, respectively. These pa-
rameters are further visualized in Fig. 9. The d002 value remains constant 
at 0.335 nm across all samples, indicating that the KOH treatment does 
not alter the fundamental spacing between graphene sheets, as discussed 
before. In contrast, Lc decreases with increasing temperatures 
(49.630–45.074 nm), suggesting a progressive reduction in the vertical 
alignment of graphene layers within the graphite structure. Notably, 
samples with higher KOH ratios, such as AC-800_1:6 and AC-800_1:7, 
tend to exhibit stable or slightly increased Lc, reflecting variations in 
the degree of structural preservation under these conditions. To further 
support the interpretation of structural changes, the FWHM of the (002) 
peak was calculated and is summarized in Table S3, offering a quanti-
tative measure of peak broadening and structural disorder. Slight vari-
ations in FWHM align with the observed trends in Lc, where broader 
peaks generally correspond to reduced stacking heights along the c-axis.

La values show significant variability, with the highest values 
observed for AC-800_1:4 (La = 249.359) and AC-800_1:6 (La = 253.286). 
These increases suggest that, under certain conditions, the process 
supports the expansion of lateral crystallite dimensions, corresponding 
to the in-plane domains of graphene. Conversely, at elevated tempera-
tures, such as for AC-900_1:4 (La = 174.491), La decreases, likely due to 
fragmentation and structural breakdown. However, no clear depen-
dence on temperature or KOH ratio is observed, as La fluctuates probably 
due to variations in the treatment process affecting graphene sheet di-
mensions. Finally, the number of graphene layers decreases with rising 
activation temperatures, as observed in AC-900_1:4 (N = 135), reflect-
ing the thinning of graphite stacks at higher temperatures. For samples 
with varying KOH proportions, the ratio itself does not significantly 
affect the stacking order or layer thickness.

3.3. Role of KOH activation in morphological changes

Fig. 10(a, b, c) depicts SEM images of the recovered graphite from 
NMC 111. The micrographs reveal distinct, plate-like particles with 
well-defined edges, characteristic of graphite’s layered, crystalline 
structure. The smooth surfaces and sharp boundaries indicate the 
orderly stacking of graphene sheets, with minimal porosity, surface 
roughness, or voids. Additionally, the integrity of the layered arrange-
ment of graphitic layers is prominently visible, which contributes to the 
high structural order of material [69]. In contrast, the SEM micrographs 
of the AC sample (AC-800_1:6), as shown in Fig. 10(d, e, f), reveal a 
substantial morphological transformation compared to the pristine 
recovered graphite precursor. The structure appears irregular and 
porous, as a result of the KOH activation process. During this process, 
carbon atoms are removed from the graphite structure, introducing 
defects and irregularities [70]. The surface roughness of the particles has 
noticeably increased, with the formation of voids and cavities 
throughout the material. This porous morphology, marked by irregular 
shapes and uneven surfaces, is characteristic of ACs and is key to its high 
surface area [71]. Furthermore, the edges of the particles are less 
defined, reflecting the partial breakdown of the stacked layer structure 
observed in the original graphite. Overall, the results indicate that KOH 
activation of recovered graphite simultaneously preserves the graphitic 
structure while introducing structural imperfections that contribute to 
porosity development. This can be attributed to selective etching, where 
ordered graphitic domains remain intact, while defects such as va-
cancies are introduced at the edges, grain boundaries, or amorphous 
regions. Similar observations were reported by Tai et al. [72], who found 
that increasing KOH concentrations led to surface roughening, particle 
fragmentation, and enhanced K+ ions transmission, while XRD 
confirmed the retention of characteristic graphite peaks.

To examine the interaction of potassium species with the carbon 

Fig. 10. SEM micrographs of (a–c) recovered graphite from NMC 111, showing the overall structure with distinct, plate-like particles (a), smooth and well-defined 
edges (b), and stacked graphitic layers within a single particle (c, red arrow); and (d–f) AC-800_1:6, displaying an irregular and porous structure with voids and 
cavities (d), a fragmented structure (e), and a rough surface (f). (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.)
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Fig. 11. EDS analysis of the unwashed, recovered graphite-based AC sample (AC-800_1:6): (a) representative SEM micrograph and corresponding elemental intensity 
maps for (b) C and (c) K.

Fig. 12. HRTEM images and FFT patterns of recovered graphite (a) and AC-800_1:6 (b), and TEM images of AC-800_1:6 showing (c) mesopore-like voids formation 
and (d) structural defects with partially delaminated graphitic layers at the particle edge.

B. Dziejarski et al.                                                                                                                                                                                                                              Materials & Design 254 (2025) 114073 

10 



matrix of recovered graphite during high-temperature KOH activation, 
and the retention of potassium-rich compounds, EDS analysis of the 
unwashed sample is presented in Fig. 11. C mapping shows a relatively 
uniform distribution, consistent with the graphitic structure of the ma-
terial. In contrast, K mapping reveals a non-uniform distribution, with 
localized regions exhibiting high potassium concentrations (13.3 wt%). 
This uneven distribution arises from the retention of K-containing 
compounds, such as KHCO3, K2CO3, and K2O, formed during thermo-
chemical conversion at 800 ◦C, along with other volatile by-products 
[73]. The localized potassium-rich regions likely result from the 
agglomeration or incomplete dispersion of these K species, contributing 
to the observed inhomogeneity [32].

To gain deeper insight into the microstructural differences between 
the recovered graphite and AC-800_1:6, HRTEM combined with FFT 
analysis was performed. Fig. 12 shows representative HRTEM images 
and the corresponding FFT patterns for both samples. The recovered 
graphite (Fig. 12(a)) presents well-ordered and extended lattice fringes, 
with an interlayer distance of approximately 0.35 nm. This spacing 
corresponds to the (002) planes of graphitic carbon and is slightly larger 
than the ideal value (0.335 nm) obtained from XRD analysis, which can 
be attributed to minor turbostratic disorder. The sharp and symmetric 
reflections observed in the FFT pattern confirm the presence of long- 
range stacking along the c-axis, characteristic of layered graphite 
[74,75]. In contrast, the AC-800_1:6 (Fig. 12(b)) exhibits a significantly 
more disordered microstructure. The HRTEM image reveals no evidence 
of long-range stacking, but short, curved fringes can still be observed 
locally. The dominant lattice spacing in this region is approximately 
0.24 nm, which aligns with the (100) in-plane lattice of hexagonal 
carbon, rather than the interlayer (002) spacing. The FFT pattern is 
diffuse and lacks the symmetry seen in the recovered graphite sample, 
indicating that structural coherence is lost during activation [76]. This 
localized disruption of (002) stacking is further supported by XRD 
analysis, which reveals broadening and reduced intensity of the (002) 
peak, along with a moderate decrease in Lc. However, the presence of 
(100) lattice fringes in the TEM-FFT, together with the stable d002 and 
high La values from XRD, confirms that while vertical order is partially 
degraded, the planar graphitic structure and in-plane crystallinity are 
largely preserved (Table 2). This disruption of graphitic stacking is 
consistent with KOH activation pathways involving selective removal of 
less ordered carbon and partial gasification of graphene layers. These 
processes fragment the structure into nanoscale domains with edge 

defects, promoting porosity [77]. As shown in Fig. 12(c), circular low- 
contrast features within the carbon matrix suggest the formation of 
mesopore-like voids, while Fig. 12(d) shows structural defects and 
partially delaminated graphitic layers at the particle edge, indicating a 
disordered framework consistent with hierarchical porosity, including 
regions near the surface. Combined with BET surface area and porosity 
data, the observed loss of (002) features alongside preserved in-plane 
order confirms a transition to a defect-rich carbon network. This 
direct structural evidence supports the view that KOH activation not 
only increases disorder, but specifically disrupts interlayer stacking, 
forming short-range graphene-like domains with enhanced surface 
accessibility.

3.4. Thermal performance of recovered graphite-based ACs in inert and 
oxidative conditions

The TGA curves, illustrating the thermal stability and decomposition 
behavior of the samples under a N2 atmosphere up to 900 ◦C, are pre-
sented in Fig. 13(a). Recovered graphite exhibited minimal weight loss 
(<0.5 % wt.) throughout the entire temperature range, reflecting its 
high thermal stability and crystalline structure. ACs demonstrated a 
generally similar shape across all activation temperatures and KOH-to- 
graphite mass ratios. This similarity indicates comparable thermal 
events, such as moisture release, decomposition of oxygen-containing 
functional groups (OCFGs) and structural degradation, occurring in 
distinct temperature regions [78]. Despite the uniformity in curve shape, 
the extent of weight loss varies depending on the activation temperature 
and chemical ratio, reflecting differences in structural integrity and 
OCFGs. ACs prepared at activation temperatures of 700 ◦C, 800 ◦C, and 
900 ◦C showed an initial weight loss below 200 ◦C, consistent across all 
samples (~2–3 wt%), that can be attributed to the removal of water, 
physisorbed or adsorbed volatiles [79]. Between 200 ◦C and 600 ◦C, the 
most pronounced decomposition was observed for AC-800 (~5 wt%), 
indicating the highest concentration of oxygen-containing functional 
groups, which degrade at intermediate temperatures [80]. However, 
above 600 ◦C, AC-700_1:4 exhibited the greatest weight loss (~8% wt.), 
which may indicate a higher proportion of thermally less stable com-
ponents within the carbon framework. Among ACs synthesized with 
graphite-to-KOH ratios of 1:5, 1:6, and 1:7, the AC-800_1:5 and AC- 
800_1:6 demonstrated moderate thermal stability, with approximately 
6 wt% and 7 wt% loss by 900 ◦C, suggesting stable porous structure. The 

Fig. 13. TGA curves of the samples subjected to a heating rate of 10 K/min from 30 to 900 ◦C: (a) in a nitrogen atmosphere; (b) in an air atmosphere for activated 
carbon samples synthesized at different temperatures and graphite:KOH ratios.
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AC-800_1:7 showed the lowest stability (~13 wt%), likely resulting from 
excessive activation, which may have caused structural densification or 
potential pore collapse, as observed previously, despite the higher 
chemical loading. Notably, the overall standard deviation was very low, 
around 0.5 %, indicating consistent results across measurements.

The weight change observed during the oxidation of the samples in 
an air atmosphere is illustrated in the TGA curves shown in Fig. 13(b). A 
general trend in thermal degradation is observed, characterized by an 
initial gradual change in sample weight, followed by a sharp decline as 
the temperature rises [81]. Weight loss initiates around 450 ◦C for most 
materials, marking the onset of carbon structure oxidation. It intensifies 
significantly between 500 ◦C and 650 ◦C, signifying the full oxidation of 
the more resilient carbon frameworks. The rate and onset of degradation 
seems to vary depending on the activation conditions, with some sam-
ples exhibiting a more gradual weight loss, while others degrading more 
rapidly. Among the ACs, the AC-800_1:7 has a weight loss that begins 
earlier, at approximately 350 ◦C, and accelerates rapidly above 400 ◦C. 
The activation conditions for AC-800_1:7 appear to have resulted in a 
framework that lacks the robust 3D carbon network characteristic of 
graphite. This network, composed of numerous graphene-stacked layers 

held together by van der Waals forces, is known for providing excep-
tional stability under oxidative conditions [82]. As a result, the AC- 
800_1:7 material may exhibit fewer thermally resistant carbon bonds 
or an alternative structural configuration, which could influence its 
stability compared to other ACs.

3.5. Surface chemistry and carbon framework evolution through KOH 
activation

Fig. 14(a, b) illustrates the C1s spectra for the recovered graphite 
and the AC-800_1:6 after the KOH treatment, respectively. The asym-
metric C1s peaks at a binding energy of 284.6 eV, coupled with a π-π* 
shake-up at approximately 291.0 eV, are the characteristic features of 
sp2-hybridized carbon, confirming the graphitic nature of the samples. 
This graphitic carbon is the dominant chemical state in both samples 
[83]. Besides that, the other oxidized states including C–O (285.8 eV), C- 
OH (287.0 eV), C=O (288.8 eV), and CO32− (290.0 eV) are determined. 
After KOH activation, the intensity of the graphitic carbon (C–C, sp2-sp2) 
peak increases, reflecting graphitization or the development of a more 
ordered graphitic structure. However, K intercalation during activation 

Fig. 14. XPS spectra in the C1s region for (a) recovered graphite, (b) the recovered graphite-based AC sample (AC-800_1:6), and in the C1s–K2p region for (c) 
unwashed AC-800_1:6.
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can also cause local structural distortions, as confirmed later by Raman 
spectroscopy, which shows some disorder alongside the overall graph-
itization trend. Simultaneously, the oxidized states decrease non- 
uniformly, potentially due to high-temperature reactions with KOH 
that remove pre-existing OCFGs from the surface. This process may also 
involve redox reactions, where metallic potassium, formed during acti-
vation at temperatures above 762 ◦C, interacts with surface oxygen 
groups, altering their arrangement and promoting their removal 
[84,85].

In Fig. 14(c), the XPS spectrum in the C1s–K2p region of unwashed 
AC-800_1:6 reveals both C–C (sp2–sp2) and CH3-related peaks. While the 
sp2–sp2 bonding is consistent with the expected graphitic structure, the 
appearance of CH3-associated signals is atypical, which is likely due to 
surface contamination, residual potassium compounds, or hydrocarbon 
fragments introduced during activation or handling. Additionally, the 
presence of the O–C=O group (289.2 eV) suggests carbonate-like phases 
formed via surface oxidation or interactions with residual potassium- 
containing compounds, as confirmed by XRD analysis. The K2p3/2 and 
K2p1/2 peaks further support the presence of these K-based species, 

which may influence the local carbon bonding environment.
In view of the quantitative analysis of the surface composition via 

survey scan (Fig. 15), the overall carbon content increases from 74.5 at. 
% in the recovered graphite to 80.0 at.% after activation. This increase is 
attributed to the removal of surface contaminants, including fluorine, 
which decreases significantly from 16.5 at.% to below 0.5 at.%, there-
with enriching the surface carbon proportion. Conversely, the oxygen 
content rises from 8.0 at.% to 16.5 at.% due to the introduction of 
OCFGs during the KOH activation process, consistent with expected 
surface oxidation. However, high-resolution C1s spectra shows a 
reduction in the intensities of oxidized carbon states after activation 
(Fig. 14). This apparent contradiction most probably arises from the 
redistribution or transformation of oxygen-containing species [86]. 
While specific oxidized carbon states decrease, the overall oxygen con-
tent likely increases due to the formation of other OCFGs. These groups 
are not directly detected in the C1s spectra but contribute to the higher 
oxygen signal in the survey scan without significantly influencing the 
C1s peaks. Finally, aluminium (~9.0 at.% Al2O3) that observed in the 
sample originates from the alumina crucible used during the thermo-
chemical process. To facilitate clearer interpretation, the XPS analysis 
results are summarized in comparative form in Table S4.

The Raman spectra of the recovered graphite and the AC-800_1:6 
(Fig. 16) provide insight into the structural changes induced by KOH 
activation, complementing the observations from the XPS analysis. In 
Raman spectroscopy, the D mode corresponds to the breathing modes of 
sp2 atoms in rings and is indicative of defects or disorder in the carbon 
structure, while the G mode arises from the in-plane vibration of sp2- 
bonded carbon atoms, representing the graphitic domains. The intensity 
ratio ID/IG, derived from the integrated areas under the D and G peaks, 
serves as a measure of structural disorder. For the recovered graphite 
sample, the ID/IG ratio is 0.251, indicating a low level of structural 
disorder and a relatively high graphitic content. After activation, this 
ratio increases significantly to 1.053, reflecting the introduction of de-
fects and greater disorder in the carbon structure [87]. These structural 
modifications, such as edge sites and functionalized pores, are likely a 
result of KOH etching and are consistent with the higher defect density 
observed in the Raman spectroscopy analysis. At the same time, the XPS 
spectra at the C1s regions (Fig. 14) reveal a notable increase in the 
relative intensity of the sp2-hybridized carbon peak in the AC-800_1-6, 
suggesting enhanced graphitization at the surface level, likely due to 
the removal of oxidized states during activation [88]. Together, the 

Fig. 15. Survey spectra of (a) recovered graphite, and (b) recovered graphite-based AC sample (AC-800_1:6).

Fig. 16. Raman spectra of the recovered graphite and recovered graphite-based 
AC sample (AC-800_1:6).
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Raman and XPS spectroscopic analyses highlight a complex interplay: 
while Raman spectroscopy indicates increased disorder within the car-
bon lattice, XPS reveals improved structural ordering in the surface 
carbon domains.

4. Conclusions

This study provides a comprehensive assessment of the trans-
formation of graphite recovered from NMC 111 black mass of spent 
lithium-ion batteries into activated carbons via KOH activation (Fig. 17). 
The findings explore the changes in the textural, structural, morpho-
logical, and surface chemistry properties of the material throughout the 
KOH activation process.

KOH activation involves the selective removal of carbon from 
recovered graphite, leading to defect formation, disorder, and pore 
development, resulting in a microporous and mesoporous structure. 
Tailored activation conditions (800 ◦C, 1:6 graphite-to-KOH ratio) 
yielded ACs with a specific surface area of 678 m2/g, a total pore volume 

of 0.442 cm3/g, and a balanced micropore (53 %) and mesopore (47 %) 
distribution, contributing to the material’s hierarchical porosity. 
Structural analysis confirmed the preservation of the graphitic frame-
work. XRD revealed characteristic crystallographic planes, including 
(002), (100), (101), (104), (110), and (112), with an unchanged inter-
layer spacing of 0.335 nm. However, the broadening and reduction in 
intensity of the (002) peak indicated that activation predominantly 
affected the less ordered regions, leading to some loss of long-range 
order in the graphitic structure. The increased ID/IG ratio (0.251 to 
1.053) in Raman spectroscopy indicated enhanced defect density and 
disorder.

SEM revealed a transition from smooth graphite layers to a frag-
mented, rough surface, while TEM showed a complex nanoscale archi-
tecture with mesopore-like voids and structural defects at the particle 
edge. FFT analysis of the recovered graphite showed well-ordered lattice 
fringes with an interlayer distance of ~0.35 nm, corresponding to the 
(002) planes. This spacing, slightly larger than the ideal 0.335 nm from 
XRD, suggests minor turbostratic disorder. In contrast, FFT of the AC 

Fig. 17. Mechanistic pathway of KOH activation for converting unused hazardous graphite from NMC 111 into ACs.
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revealed a dominant lattice spacing of ~0.24 nm, highlighting the 
exposure of the (100) in-plane lattice and disruption of the interlayer 
stacking.

EDS mapping confirmed a predominantly carbon-rich composition 
with localized potassium residues. XPS analysis identified oxygen- 
containing functional groups (C–O, C-OH, C=O, and CO32−), contrib-
uting to chemical reactivity. Thermal stability tests demonstrated high 
stability under inert conditions and increased reactivity in oxidative 
environments, reflecting structural defects and oxygen functionalities 
introduced during activation.

These results underscore the potential of chemical activation for 
converting unused hazardous graphite waste from NMC 111 into func-
tional materials for applications such as CO2 capture, gas separation, 
energy storage, water treatment, and catalysis. Future research should 
evaluate the application-specific performance of these ACs in industrial 
gas sorption systems and energy storage devices. Expanding the meth-
odology to diverse black mass compositions and LiB chemistries will 
enhance scalability. Additionally, optimizing energy efficiency, 
reducing chemical consumption, and conducting life cycle assessments 
will be crucial for industrial adoption. To further highlight the benefits 
of the strong alkali-assisted process, comparative studies with com-
mercial graphite and activated carbons are recommended to emphasize 
the unique characteristics and performance advantages of the recycled 
graphite-derived porous carbon from LiBs.
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Formal analysis. Renata Krzyżyńska: Supervision, Investigation. Klas 
Andersson: Supervision, Methodology, Investigation, Conceptualiza-
tion. Pavleta Knutsson: Supervision, Resources, Project administration, 
Methodology, Investigation, Funding acquisition, Formal analysis, 
Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. This work was supported by the Swedish 
Energy Agency (Project Nos. P2021-90022 and P2023-00146).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.matdes.2025.114073.

Data availability

Data will be made available on request.

References
[1] M. Slattery, J. Dunn, A. Kendall, Transportation of electric vehicle lithium-ion 

batteries at end-of-life: a literature review, Resour. Conserv. Recycl. 174 (2021) 
105755.

[2] C.D. Quilty, D. Wu, W. Li, D.C. Bock, L. Wang, L.M. Housel, E.S. Takeuchi, Electron 
and ion transport in lithium and lithium-ion battery negative and positive 
composite electrodes, Chem. Rev. 123 (4) (2023) 1327–1363.

[3] X. Zhang, Z. Li, L. Luo, Y. Fan, Z. Du, A review on thermal management of lithium- 
ion batteries for electric vehicles, Energy 238 (2022) 121652, https://doi.org/ 
10.1016/j.energy.2021.121652.

[4] IEA (2024), Global EV Outlook 2024, IEA, Paris https://www.iea.org/reports/glo 
bal-ev-outlook-2024, Licence: CC BY 4.0.

[5] J. Jayaprabakar, J.A. Kumar, J. Parthipan, A. Karthikeyan, M. Anish, N. Joy, 
Review on hybrid electro chemical energy storage techniques for electrical 
vehicles: technical insights on design, performance, energy management, operating 
issues & challenges, J. Storage Mater. 72 (2023) 108689.

[6] M.M. Rana, M. Uddin, M.R. Sarkar, S.T. Meraj, G.M. Shafiullah, S.M. Muyeen, 
T. Jamal, Applications of energy storage systems in power grids with and without 
renewable energy integration—A comprehensive review, J. Storage Mater. 68 
(2023) 107811.

[7] W. Wang, B. Yuan, Q. Sun, R. Wennersten, Application of energy storage in 
integrated energy systems—A solution to fluctuation and uncertainty of renewable 
energy, J. Storage Mater. 52 (2022) 104812.

[8] S.B. Wali, M.A. Hannan, P.J. Ker, S.A. Rahman, K.N. Le, R.A. Begum, T.I. Mahlia, 
Grid-connected lithium-ion battery energy storage system towards sustainable 
energy: a patent landscape analysis and technology updates, J. Storage Mater. 77 
(2024) 109986.

[9] J. Fleischmann, M. Hanicke, E. Horetsky, D. Ibrahim, S. Jautelat, M. Linder, ... A. 
van de Rijt.Battery 2030: Resilient, sustainable, and circular. McKinsey & 
Company, 2-18. 2023. https://www.mckinsey. 
com/industries/automotive-and-assembly/our-insigh 
ts/battery-2030-resilient-sustainable-and-circular#/.

[10] X. Gu, H. Bai, X. Cui, J. Zhu, W. Zhuang, Z. Li, Z. Song, Challenges and 
opportunities for second-life batteries: key technologies and economy, Renew. 
Sustain. Energy Rev. 192 (2024) 114191.

[11] V. Srivastava, V. Rantala, P. Mehdipour, T. Kauppinen, S. Tuomikoski, 
A. Heponiemi, U. Lassi, A comprehensive review of the reclamation of resources 
from spent lithium-ion batteries, Chem. Eng. J. (2023) 145822.

[12] B. Niu, Z. Xu, J. Xiao, Y. Qin, Recycling hazardous and valuable electrolyte in spent 
lithium-ion batteries: urgency, progress, challenge, and viable approach, Chem. 
Rev. 123 (13) (2023) 8718–8735.

[13] B. Niu, J. Xiao, Z. Xu, Utilizing spent Li-ion batteries to regulate the π-conjugated 
structure of gC3N4: a win–win approach for waste recycling and highly active 
photocatalyst construction, J. Mater. Chem. A 9 (1) (2021) 472–481.

[14] X. Zhang, L. Li, E. Fan, Q. Xue, Y. Bian, F. Wu, R. Chen, Toward sustainable and 
systematic recycling of spent rechargeable batteries, Chem. Soc. Rev. 47 (19) 
(2018) 7239–7302.

[15] K. Elong, M.F. Kasim, A. Azahidi, Z. Osman, LiNi0. 3Mn0. 3Co0. 3O2(NMC 111) 
cathode material synthesize via combustion method: effect of combustion fuel on 
structure, morphology and their electrochemical performances, Mater. Today Proc. 
(2023).

[16] F.N.U. Khan, M.G. Rasul, A.S.M. Sayem, N. Mandal, Maximizing energy density of 
lithium-ion batteries for electric vehicles: a critical review, Energy Rep. 9 (2023) 
11–21.

[17] E. Kastanaki, A. Giannis, Dynamic estimation of end-of-life electric vehicle 
batteries in the EU-27 considering reuse, remanufacturing and recycling options, 
J. Clean. Prod. 393 (2023) 136349.

[18] A. Tankou, G. Bieker, D. Hall, February). Scaling up reuse and recycling of electric 
vehicle batteries: Assessing challenges and policy approaches, in: In Proc. ICCT, 
2023, pp. 1–138.

[19] A.M. Abdalla, M.F. Abdullah, M.K. Dawood, B. Wei, Y. Subramanian, A.T. Azad, A. 
K. Azad, Innovative lithium-ion battery recycling: sustainable process for recovery 
of critical materials from lithium-ion batteries, J. Storage Mater. 67 (2023) 
107551.

[20] Y. Zou, A. Chernyaev, M. Ossama, S. Seisko, M. Lundström, Leaching of NMC 
industrial black mass in the presence of LFP, Sci. Rep. 14 (1) (2024) 10818.

[21] M. Olutogun, A. Vanderbruggen, C. Frey, M. Rudolph, D. Bresser, S. Passerini, 
Recycled graphite for more sustainable lithium-ion batteries, Carbon Energy e483 
(2024).

[22] S. Natarajan, V. Aravindan, An urgent call to spent LIB recycling: whys and 
wherefores for graphite recovery, Adv. Energy Mater. 10 (37) (2020) 2002238.

[23] K. Bilisik, M. Akter, Polymer nanocomposites based on graphite nanoplatelets 
(GNPs): a review on thermal-electrical conductivity, mechanical and barrier 
properties, J. Mater. Sci. 57 (15) (2022) 7425–7480.

[24] Y.A. Kumar, J.K. Alagarasan, T. Ramachandran, M.D. Rezeq, M.A. Bajaber, A. 
A. Alalwiat, M. Lee, The landscape of energy storage: insights into carbon electrode 
materials and future directions, J. Storage Mater. 86 (2024) 111119.

[25] K. Yang, Z. Ling, X. Fang, Z. Zhang, Introducing a flexible insulation network to the 
expanded graphite-based composite phase change material to enhance dielectric 
and mechanical properties for battery thermal management, J. Storage Mater. 66 
(2023) 107486.

[26] I.K. Tetteh, I. Issahaku, A.Y. Tetteh, Recent advances in synthesis, characterization, 
and environmental applications of activated carbons and other carbon derivatives, 
Carbon Trends (2024) 100328.

[27] F. Nawaz, M. Ali, S. Ahmad, Y. Yong, S. Rahman, M. Naseem, N. Ali, Carbon based 
nanocomposites, surface functionalization as a promising material for VOCs 
(volatile organic compounds) treatment, Chemosphere (2024) 143014.

[28] L.A. Xing, F. Yang, X. Zhong, Y. Liu, H. Lu, Z. Guo, J. Pan, Ultra-microporous cotton 
fiber-derived activated carbon by a facile one-step chemical activation strategy for 
efficient CO2 adsorption, Sep. Purif. Technol. 324 (2023) 124470.

B. Dziejarski et al.                                                                                                                                                                                                                              Materials & Design 254 (2025) 114073 

15 

https://doi.org/10.1016/j.matdes.2025.114073
https://doi.org/10.1016/j.matdes.2025.114073
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0005
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0005
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0005
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0010
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0010
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0010
https://doi.org/10.1016/j.energy.2021.121652
https://doi.org/10.1016/j.energy.2021.121652
https://www.iea.org/reports/global-ev-outlook-2024
https://www.iea.org/reports/global-ev-outlook-2024
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0025
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0025
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0025
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0025
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0030
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0030
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0030
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0030
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0035
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0035
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0035
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0040
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0040
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0040
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0040
https://www.mckinsey.com/industries/automotive-and-assembly/our-insights/battery-2030-resilient-sustainable-and-circular%23/
https://www.mckinsey.com/industries/automotive-and-assembly/our-insights/battery-2030-resilient-sustainable-and-circular%23/
https://www.mckinsey.com/industries/automotive-and-assembly/our-insights/battery-2030-resilient-sustainable-and-circular%23/
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0050
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0050
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0050
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0055
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0055
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0055
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0060
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0060
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0060
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0065
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0065
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0065
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0070
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0070
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0070
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0075
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0075
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0075
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0075
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0080
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0080
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0080
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0085
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0085
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0085
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0090
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0090
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0090
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0095
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0095
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0095
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0095
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0100
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0100
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0105
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0105
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0105
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0110
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0110
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0115
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0115
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0115
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0120
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0120
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0120
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0125
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0125
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0125
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0125
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0130
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0130
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0130
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0135
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0135
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0135
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0140
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0140
http://refhub.elsevier.com/S0264-1275(25)00493-9/h0140


[29] C. Madhusha, T. Jayasundara, I. Munaweera, C. Perera, G. Wijesinghe, 
M. Weerasekera, N. Kottegoda, Synthesis and structural characterization of copper 
nanoparticles doped activated carbon derived from coconut coir for drinking water 
purification, Mater. Today Chem. 27 (2023) 101312.

[30] S. Mandal, J. Hu, S.Q. Shi, A comprehensive review of hybrid supercapacitor from 
transition metal and industrial crop based activated carbon for energy storage 
applications, Mater. Today Commun. 34 (2023) 105207.

[31] J.H. Wee, S. Shin, D.W. Kim, C. Lee, Y.A. Kim, M.W. Shin, S.Y. Yeo, Boron-doped 
activated carbon supports for cobalt-catalyzed oxygen evolution in alkaline 
electrolyte, ACS Appl. Mater. Interfaces 15 (15) (2023) 18771–18780.

[32] B. Dziejarski, R. Faust, J. Serafin, R. Krzyżyńska, K. Andersson, P. Knutsson, 
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