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Abstract
Cork, a porous biopolymer, is composed of hollow prismatic cells with thin walls 
arranged in a compact honeycomb-like structure, making it a promising material 
for adsorption applications. In this study, cork-derived activated carbon (CAC) 
was synthesized through pyrolysis followed by chemical activation using solid 
potassium hydroxide, with the aim of producing an efficient adsorbent for the 
removal of industrial dyes. The structure, morphology, and functional groups of the 
CAC were characterized using Brunauer-Emmett-Teller (BET) surface area analysis, 
scanning electron microscopy, thermogravimetric analysis, Fourier transform 
infrared spectroscopy, and X-ray diffraction. BET surface area analysis revealed a 
high specific surface area of 1,793 m2/g, favoring strong adsorption capacity. Batch 
and fixed-bed column experiments were conducted to evaluate the adsorption 
performance toward two representative dyes: Methylene blue (MB) and reactive red 
(RR). The pseudo-second-order kinetic model accurately described the adsorption 
behavior, while the Langmuir isotherm model indicated monolayer adsorption for 
MB, and the Freundlich model better fitted the heterogeneous adsorption of RR. The 
maximum adsorption capacities (qm) were 250 mg/g and 105 mg/g for MB and RR, 
respectively. Overall, the results demonstrate that the produced CAC exhibits high 
adsorption efficiency and holds significant potential for application in industrial 
effluent remediation and the treatment of water contaminated with persistent dye 
compounds.
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1. Introduction
Global sustainability has become a central axis in scientific and industrial efforts, driven 
by the urgent need to mitigate environmental impacts and optimize the use of natural 
resources.1-3 Within this context, the reuse of industrial waste stands out as a key strategy 
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to promote the circular economy and develop sustainable 
technologies. Among the most relevant waste materials, 
cork stoppers—by-products of the wine industry—
represent a promising resource owing to their low carbon 
footprint and renewable characteristics.

Cork, derived from the cork oak tree (Quercus suber), 
is widely recognized as a renewable natural material 
characterized by low density, flexibility, and high resistance 
to chemical degradation.4 Despite its economic and 
environmental relevance, a significant amount of used 
cork stoppers is not properly treated, resulting in the loss 
of valuable resources and environmental issues such as 
waste accumulation in landfills.5-7 Moreover, direct use 
of cork stoppers is limited, as their physical and chemical 
properties deteriorate during use. In this scenario, 
valorizing cork waste through chemical and thermal 
transformations emerges as a promising alternative to 
reduce the environmental impact associated with its 
disposal.5,6

At the same time, the increasing contamination of 
water bodies by industrial effluents has become a global 
concern. Among the most persistent pollutants are 
synthetic dyes, extensively used in the textile, paper, 
plastic, and leather industries. These organic compounds 
exhibit high toxicity, chemical stability, and resistance 
to conventional degradation processes, making their 
treatment and removal particularly challenging. The 
presence of these dyes in wastewater not only degrades 
environmental quality but also poses significant risks 
to human health and aquatic biodiversity. Therefore, the 
development of effective and affordable technologies for 
the treatment of these pollutants has become a priority in 
the environmental field.8,9

In this context, activated carbon produced from 
lignocellulosic waste, such as cork, has gained considerable 
attention as a viable and sustainable adsorbent. Activated 
carbon is characterized by its high surface area, tunable 
porosity, and excellent adsorption capacity, making 
it highly effective for treating industrial effluents.10 
Producing activated carbon from cork stopper waste not 
only addresses the issue of waste reuse but also offers a 
low-cost and efficient alternative for the removal of organic 
pollutants.11-13 Studies indicate that the porous structure of 
activated carbon, characterized by the ratio of micropores 
to mesopores, plays a crucial role in the adsorption of 
different types of pollutants, including industrial dyes.14

Activated carbon production is widely recognized 
as a well-established and consolidated process, applied 
in various industrial and environmental applications.16 
However, recent advances in its manufacturing have 
gained attention, with a focus on structural modifications 

and improvements that enable more precise control over 
its physicochemical properties. These developments 
include innovative synthesis methods that regulate pore 
formation, as well as surface functionalization to enhance 
its performance in specific applications, such as the 
removal of organic and inorganic pollutants from aqueous 
systems.14,16-18

Pore-structure control, with particular attention to the 
ratio between micropores, mesopores, and macropores, 
has become one of the most studied parameters due to its 
direct influence on the material’s adsorption capacity.19,20 
Optimizing these features allows activated carbon to be 
tailored for adsorbing compounds of different molecular 
sizes, making it a versatile tool in environmental treatment. 
Recent studies have explored, for instance, physical and 
chemical activation techniques that promote controlled 
pore distribution, in addition to surface modifications that 
enhance interactions with specific contaminants such as 
heavy metals and industrial dyes.21,22

These collective efforts aim not only to enhance the 
efficiency of activated carbon but also to make it a more 
sustainable alternative by using lignocellulosic waste and 
other low-cost materials as precursors. In this context, the 
present study aims to synthesize activated carbon from 
cork stoppers using chemical activation with potassium 
hydroxide (KOH), characterize the physicochemical 
properties of the resulting material through Brunauer-
Emmett-Teller (BET) surface area analysis, scanning 
electron microscopy (SEM), thermogravimetric analysis 
(TGA), Fourier transform infrared spectroscopy (FTIR), 
and X-ray diffraction (XRD), and evaluate its adsorption 
performance methylene blue (MB) and reactive red (RR) 
dyes in both batch and fixed-bed systems through kinetic, 
isotherm, and thermodynamic analyses.

2. Materials and methods
2.1. Ion of activated carbon

Cork stoppers, derived from wine and sparkling wine 
bottles, were used as the raw material in the present study. 
After collection, the stoppers were cleaned with running 
water to remove surface impurities and residual particles, 
then dried in an oven at 105°C for 24 h. Carbonization was 
carried out in a tubular furnace (Lindberg Blue M, Thermo 
Scientific) at 700°C with a heating rate of 10°C min−1 for 
2 h under a continuous nitrogen flow (150 mL·min−1). The 
resulting carbonized material was chemically activated 
using KOH pellets at a mass ratio of carbon: KOH = 4:1. 
Activation was carried out under similar conditions to 
carbonization, maintaining a heating rate of 10°C min−1 
and a nitrogen atmosphere, at a final temperature of 
850°C for 1.5 h. After activation, the material was washed 
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sequentially with 0.5 M hydrochloric acid (HCl) solution 
and warm distilled water (60°C) until a constant neutral 
pH was achieved. The cork-derived activated carbon 
(CAC) was then oven-dried at 105°C for 24 h.

2.2. Characterization

The material characterization procedures, including 
SEM, porosity analysis, TGA, FTIR, and XRD, followed 
the methods previously described by Domingos et al.23 
Briefly, the TGA and derivative thermogravimetric 
analyses of cork stoppers were performed using a TGA-50 
analyzer (Shimadzu, Japan) under a nitrogen atmosphere 
(50 mL min−1) at a heating rate of 10°C min−1 up to 900°C. 
Morphological characterization was carried out using SEM 
(JSM-6390LV, JEOL, Japan). FTIR spectra were recorded 
on an Agilent Cary 660 spectrometer (US), averaging 
20 scans over the 4,000–500 cm−1 range, with a spectral 
resolution of 4 cm−1. Crystalline phase identification was 
performed using XRD (Cad-4 diffractometer, Enraf-
Nonius, Germany). Porosity and specific surface area were 
determined through physisorption using the Barrett–
Joyner–Halenda and BET methods, respectively, with an 
Autosorb 1C analyzer (Quantachrome, US). The two-
dimensional non-local density functional theory (DFT) 
heterogeneous surface model was applied to calculate 
pore size distribution, total pore volume (Vtotal), and 
specific surface area (SSADFT) using the SAIEUS software 
(version  3.0, Micromeritics Instrument Corporation, 
USA). Vtotal was obtained from the cumulative pore size 
distribution, while the mesopore volume (Vmes) was 
determined by subtracting the micropore volume (Vmic) 
from Vtotal.

2.3. Batch adsorption

The adsorption performance of the CAC was evaluated 
using MB and RR PF-3B dyes. The effects of contact time, 
adsorbent dosage, dye concentration, temperature, and pH 
were systematically investigated.

In each batch experiment, 100 mL of dye solution was 
placed in Erlenmeyer flasks with a defined CAC dose 
and agitated in a thermostatic water-bath shaker (Marq 
Labor, BM/DR, Brazil). After adsorption, the supernatant 
was filtered and centrifuged at 10,000  rpm for 2  min. 
The residual dye concentration was determined using an 
ultraviolet-visible spectrophotometer at wavelengths of 
665 nm (MB) and 538 nm (RR), based on corresponding 
calibration curves. Experiments were carried out under the 
following conditions: Agitation speed = 160 rpm; initial dye 
concentration = 50–250 mg/L; adsorbent dose = 0.2–1 g/L; 
pH = 3–11; and temperature = 25°C–55°C. The adsorption 
capacity (qt, mg/g) and dye removal efficiency (R, %) were 
calculated using Equations (1) and (2), respectively:
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Where C0 (mg·L−1) and Ct (mg·L−1) are the dye 
concentrations at the initial time and time t, respectively; 
m (g) is the mass of CAC; and V (L) is the volume of the 
solution.

2.4. Adsorption models

The adsorption kinetics of the dyes were analyzed using 
the pseudo-first-order (PFO) model,24 pseudo-second-
order (PSO) model,25 Elovich model,26 and intraparticle 
diffusion model.27 Adsorption isotherms were fitted using 
the Langmuir, Freundlich, and Redlich-Peterson models.28 
The kinetic and thermodynamic models applied in this 
study are detailed in Table S1.

2.5. Column adsorption

A fixed-bed column system was constructed to assess 
the continuous adsorption performance of the CAC for 
MB and RR (Figure 1). The adsorption column consisted 
of a cylindrical plexiglass tube (height = 10  cm; internal 
diameter = 1  cm). The column was packed with 1  g of 
CAC, and a layer of cotton and glass beads was placed 
at the top to prevent particle loss and clogging during 
operation. MB and RR dye solutions (100  mg/L) were 
continuously pumped upward at 25°C using a peristaltic 
pump at 32  mL/h. Effluent samples were collected at 
predetermined time intervals until column saturation was 
reached (C/C0 = 1).

The breakthrough curve was obtained by plotting the 
ratio of the effluent concentration to the inlet concentration 
(C/C0) as a function of time (t). The maximum dye 
adsorption capacity under specific flow, concentration, and 
bed height conditions was determined from the total area 
under the breakthrough curve, as described in Equation (3).
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Where qtotal = maximum adsorption capacity in the 
column (mg g−1); C0 = initial dye concentration (mg L−1); 
𝐶 = dye concentration at time t (mg L−1); 𝑚s = mass of the 
adsorbent (g); 𝐹m = volumetric flow rate (L min−1); t = time 
(min).

The performance of the system was further evaluated 
using the Thomas,29 Clark (Hu et al., 2000),29 and Yoon-
Nelson30 models, whose kinetic expressions are presented 
in Table S1.
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3. Results and discussion
3.1. Adsorbent characterization

The characterization methods used in the present study 
were previously detailed by Domingos et al.,30 where the 
same material was investigated. The data obtained in that 
work serve as a reference for understanding the present 
results, allowing for a direct correlation between studies of 
the material’s properties.

Cork is widely recognized for its unique cellular 
structure, resembling a honeycomb, which provides high 
porosity and low density. These characteristics make it 
an excellent precursor for activated carbon production. 
Carbonization of cork at 700°C under a nitrogen atmosphere 
promotes the decomposition of organic components such 
as suberin, lignin, cellulose, and hemicellulose, resulting in 
an initial carbonaceous matrix. This process is evidenced 
by the TGA curves,23 which show significant mass loss up 
to 450°C, with a total weight loss of approximately 75.2%. 
The greatest mass loss corresponds to the decomposition of 
lignin and suberin—the main constituents of cork—with 
53.7% loss at 450°C.31 Above 500°C, the rate of mass loss 
decreases, leaving approximately 3.79% of the original 
mass as ash.

Following carbonization, chemical activation with KOH 
at 850°C promotes the development of a highly porous 
structure (Table S2). KOH acts as a strong activating agent, 
inducing redox reactions between the activating agent 
and the carbon in the structure.32 Initially, KOH reacts 
with carbon, forming intermediate compounds such as 
potassium carbonate (K2CO3) and potassium oxide (K2O), 
along with gaseous products such as carbon monoxide and 
carbon dioxide (CO2).33

Chemical activation with KOH is one of the most 
effective methods for producing activated carbons with 

high surface area and highly porous structures. Excess 
KOH and high temperatures promote continuous removal 
of carbon atoms, promoting the formation of micropores 
and mesopores. During the process, the decomposition 
of K2CO3 generates K2O and releases CO2, further 
enhancing pore development.34 KOH thus acts both as an 
activating agent and as a chemical template, creating an 
interconnected microporous network that significantly 
increases surface area, often exceeding 1,500 m2/g.35 The 
activation temperature, especially around 850°C, plays 
a fundamental role in the structural modification of the 
material, resulting in a highly efficient adsorbent.36 After 
activation with KOH, the activated carbon contains residual 
inorganic compounds, mainly K2CO3 and K2O, which 
may obstruct micropores and compromise the material’s 
adsorption efficiency. Washing with 0.5 M HCl dissolves 
these residues, forming soluble potassium chloride that 
is removed by subsequent rinsing with warm water. This 
acid treatment is essential to eliminate mineral impurities, 
preserve the porous structure formed during activation, 
and ensure accessibility of active adsorption sites.37

The BET and DFT analyses confirmed the high porosity 
of the CAC, demonstrating a balanced distribution between 
micropores and mesopores (Table 1). The specific surface 
area obtained by BET analysis (1,793 m2/g) and confirmed 
by DFT (1,430 m2/g) indicates the predominance of 
micropores (0.70 cm3/g) with a notable contribution of 
mesopores (0.17 cm3/g). These values indicate that the 
activated carbon is highly efficient for adsorbing both small 
and large organic molecules. The average pore diameter 
(1.33 nm) falls within the microporous range, reinforcing 
the microporous nature of the material.

The natural cellular structure of raw cork, composed of 
hollow polyhedral cells with thin walls, plays a crucial role 
in the development of porosity in the CAC (Figure  2A). 

Figure 1. Schematic illustration of the adsorption column: (1) dye solution reservoir; (2) peristaltic pump; (3) adsorption column
Abbreviation: CAC: Cork-derived activated carbon.
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During carbonization and activation, these cells undergo 
significant structural transformations; however, part of 
their architecture is preserved (Figures 2B and S1), serving 
as a precursor for micropore and mesopore formation. The 
thin walls of cork cells decompose at high temperatures, 
generating an extensive network of micropores that results 
in a high surface area and excellent adsorption capacity 
for small molecules such as gases and volatile organic 
compounds38 (Figure 2B). This behavior is reflected in the 
high Vtotal (0.87 cm3/g), of which 0.70 cm3/g corresponding 
to micropores.

The residual structure of cork’s polyhedral cells 
also contributes to the structural integrity of the CAC, 
maintaining macropores that act as diffusion channels.39 
Although mesopores represent a smaller fraction of 
the Vtotal (0.17 cm3/g), they play an essential role in 
transporting larger molecules, such as dyes and pesticides, 
toward the internal microporous regions where effective 
adsorption occurs.40-42 During KOH activation, the process 
proceeds both radially and laterally: Radial activation 
generates micropores, while lateral activation expands 
them into mesopores, enhancing accessibility and enabling 
adsorption of molecules of varying sizes.3

The FTIR analysis of cork stoppers, as reported by 
Domingos et al.,30 revealed functional groups characteristic 
of the main cork components, such as suberin, lignin, 
and cellulose, that persist after carbonization. The 
spectrum showed a peak at 3,437 cm−1, associated 

with O–H stretching vibrations from hydroxyl (–OH) 
groups in alcohols, phenols, and adsorbed water typical 
of lignocellulosic materials. Peaks at 2,925 cm−1 and 
2,854  cm−1 correspond to C–H stretching from long 
aliphatic chains of suberin, imparting hydrophobicity and 
stability. The peak at 1,738 cm−1 is attributed to carbonyl 
(C=O) stretching from suberin esters, reinforcing its 
structural role. Peaks at 1,626 cm−1 and 1511 cm−1 indicate 
the presence of conjugated C=O and C=C bonds related 
to lignin, which imparts rigidity to the material. Peaks at 
1,462 cm−1 and 1,249 cm−1 correspond to C–H and C–O 
stretching in esterified fatty acids, while the signals at 
1,159 cm−1 and 1,102 cm−1 are linked to C–O–C vibrations 
from polysaccharides such as cellulose and hemicellulose, 
which provide structural stability.39

After carbonization at 700°C and cork activation, 
chemical changes were observed in the material’s structure, 
although some functional groups were preserved. The peak 
at 3,438 cm−1 confirms the presence of –OH groups that 
favor interaction with polar molecules such as dyes and 
metal ions. The peaks at 2,917 cm−1 and 2,852 cm−1 indicate 
the partial preservation of aliphatic chains from suberin, 
providing the material with hydrophobic properties and 
potential for adsorption of non-polar compounds. Signals at 
1,109 cm−1 and 1,015 cm−1 suggest residual polysaccharides. 
In addition, the peak at 805 cm−1, indicative of stable 
aromatic structures, suggests enhanced structural stability 
and adsorption potential for organic compounds.12,43

Table 1. Characteristics of CAC based on N2 adsorption‑desorption isotherms

Material SSABET (m2/g) SSADFT (m2/g) Vtotal (cm3/g) Vmic (cm3/g) Vmes (cm3/g) %Vmes Vmic/Vmes d50 (nm)

CAC 1,793 1,430 0.87 0.70 0.17 19 4.12 1.33

Abbreviations: CAC: Cork‑derived activated carbon; d50: Median pore diameter; SSABET: Specific surface area determined by the 
Brunauer‑Emmett‑Teller method; SSADFT: Specific surface area determined by the density functional theory model; Vmes: Mesopore 
volume; Vmic: Micropore volume; Vtotal: Total pore volume.

Figure 2. Scanning electron microscopy of cork stoppers and cork-derived activated carbon (CAC). (A) Structure of cork stopper. Scale bars: 100 μm; 
magnification: ×500. (B) Surface of CAC after activation. Scale bars: 10 μm; magnification: ×5,000. 
Note: Red boxes indicate the regions selected for higher magnification imaging.
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Activation with KOH is widely recognized for 
producing activated carbons with high porosity and 
significant microporosity.44 However, this process also 
induces a disordered structure, as observed in the XRD 
pattern of CAC reported by Domingos et al.,30 which 
exhibits a broad diffuse peak at 22° (2θ), indicative of a 
predominantly amorphous structure. This behavior is 
common in KOH-activated carbons, in which carbon 
removal hinders the formation of graphite crystalline 
layers, resulting in a disordered structural arrangement.45 
The absence of well-defined crystalline planes facilitates 
micropore formation and increases the surface area 
available for adsorption.46,47 Furthermore, the absence of 
peaks around 43° (2θ), typically associated with organized 
graphitic planes, suggests that the CAC does not exhibit 
significant graphitization. Similar results were reported 
by Hardi et al.48 for KOH-activated carbons derived from 
palm shells, reinforcing the trend that KOH activation 
promotes amorphous structures.

3.2. Batch adsorption using CAC

To evaluate the adsorption efficiency of CAC for MB and RR, 
the effects of variables such as contact time, pH, temperature, 
and initial dye concentration were investigated. Figure  3 
illustrates the adsorption capacity of CAC as a function 
of time. CAC exhibited a higher affinity for MB, reaching 
approximately 250  mg/g (Figure  3A) within 5  min, while 
RR attained a maximum capacity of 105 mg/g (Figure 3D) 
after 75 min. This difference can be attributed to the smaller 
kinetic diameter of MB, which facilitates its diffusion into 
the micropores of the adsorbent. In contrast, RR experiences 
greater resistance due to its larger molecular size.49-51 The 
molecular structure of reactive dyes directly influences their 
adsorption behavior. More complex compounds, such as 
RR, contain functional groups (e.g., sulfonate [–SO3

−] and 
azo) and possess higher molecular weights, both of which 
hinder diffusion into the porous matrix of CAC, particularly 
in predominantly microporous materials.52 In contrast, 

Figure 3. Adsorption kinetics of methylene blue (MB) and reactive red (RR) onto cork-derived activated carbon (CAC) under different experimental 
conditions. (A) Adsorption capacity over time for MB (C0: 100 mg/L, T: 25°C, CAC: 0.4 g/L). (B) Effect of pH on MB adsorption kinetics (C0: 100 mg/L, 
T: 25°C, CAC: 0.4 g/L). (C) Influence of temperature on MB adsorption (C0: 100 mg/L, CAC: 0.4 g/L). (D) Adsorption capacity over time for RR (C0: 100 mg/L, 
T: 25°C, CAC: 1 g/L). (E) Effect of pH on RR adsorption kinetics (C0: 100 mg/L, T: 25°C, CAC: 1 g/L). (F) Influence of temperature on RR adsorption 
(C0: 100 mg/L, CAC: 1 g/L).
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smaller molecules such as MB reach adsorption equilibrium 
more efficiently due to lower diffusional resistance and 
weaker intermolecular interactions.52,53

The pH of the solution significantly affects both the 
surface charge of the adsorbent and the ionization state 
of the dye molecules. Wang et al.54 reported that CAC 
produced using KOH exhibits a point of zero charge (pHpzc) 
of approximately 2.2. At pH values above this threshold, the 
adsorbent surface becomes negatively charged, favoring 
adsorption of cationic species such as MB via electrostatic 
attraction. Accordingly, MB exhibited maximum uptake at 
alkaline pH conditions (pH 9–10), whereas RR, an anionic 
dye, was adsorbed more efficiently under acidic conditions 
(pH  3–4), where the positively charged CAC surface 
enhances electrostatic attraction (Figure 3B and E).

Temperature variations also impacted adsorption 
efficiency. For MB, higher temperatures (318–328 K) 
improved adsorption, consistent with an endothermic 
process driven by increased kinetic energy and enhanced 

molecular diffusion54,55 (Figure 3C). In contrast, RR showed 
minimal thermal sensitivity (Figure  3F), suggesting that 
specific surface interactions play a more relevant role in its 
adsorption mechanism.

Based on the combined effects of contact time, pH, 
and temperature, optimal adsorption conditions were 
established for both dyes. For MB, the best performance 
was observed at alkaline pH (9–10), higher temperatures 
(44.85–55°C), and an adsorbent dose of 0.4 g/L, achieving 
a maximum capacity of approximately 250  mg/g within 
5 min. For RR, optimal conditions were observed at acidic 
pH (3–4), room temperature (25°C), and an adsorbent dose 
of 1.0 g/L, achieving approximately 105 mg/g after 75 min.

3.3. Batch adsorption kinetics

3.3.1. Adsorption kinetics

Adsorption kinetics for MB and RR were analyzed using 
the PFO, PSO, Elovich, and intraparticle diffusion models, 
as illustrated in Figure 4 and detailed in Table S3. Kinetic 

Figure  4. Kinetic modeling of dye adsorption fitted to pseudo-first-order, pseudo-second-order, and Elovich models for MB (A) and RR (B), and 
intraparticle diffusion analysis for MB (C) and RR (D)

B

C D

A
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modeling is essential for understanding the mechanisms 
governing adsorption, including the rate-limiting steps 
and the nature of interactions between adsorbent and 
adsorbate. By comparing the PFO, PSO, Elovich, and 
intraparticle diffusion models, it is possible to determine 
whether adsorption is governed by surface reactions, 
chemisorption, or diffusion processes. This approach also 
provides predictive parameters that are critical for scaling 
up adsorption systems from laboratory to industrial 
applications.56 The experimental data showed the best fit 
with the PSO model, yielding determination coefficients 
(R2) of 0.9985 for MB and 0.9987 for RR. These results 
suggest that the adsorption process is predominantly 
governed by chemical interactions between dye molecules 
and the functional groups present on the CAC surface.57,58 
Moreover, the Elovich model also described the data well, 
particularly for MB (R2 = 0.9977), while RR demonstrated a 
good fit (R2 = 0.9809), indicating that surface heterogeneity 
plays a significant role in the adsorption process.59 To 
complement the kinetic interpretation, the intraparticle 
diffusion model was employed to evaluate the transport 
resistance of dyes within the porous structure of the CAC 
(Figure  4C and D). The results revealed three distinct 
adsorption phases: (i) an initial rapid phase, corresponding 
to external surface adsorption; (ii) an intermediate stage, 
representing gradual intraparticle diffusion; and (iii) a 
final equilibrium phase. The slope of the intermediate 
region suggests that intraparticle diffusion is not the sole 
rate-controlling step; other interactions, such as van der 
Waals forces, also influence the overall process.60,61 For 
MB, the high microporosity of CAC (Vmic = 0.70 cm3/g) 
facilitates rapid adsorption, whereas for RR, mesopores 

(Vmes = 0.17 cm3/g) play a fundamental role in providing 
access to active sites.

3.3.2. Adsorption isotherms

Adsorption isotherm analyses for MB and RR were 
performed using the Langmuir, Freundlich, and Redlich-
Peterson models, as presented in Figure  5 and Table S4. 
Isotherm modeling is critical for characterizing the 
adsorption process, including surface homogeneity, 
adsorbate–adsorbent affinity, and the potential for 
multilayer formation. These models also allow for the 
calculation of key parameters such as maximum adsorption 
capacity and adsorption intensity, which are essential for 
mechanistic interpretation and large-scale system design.26 
The isotherm analysis revealed distinct adsorption 
behaviors that reflect both the molecular characteristics of 
the dyes and the porosity of the adsorbent. The Langmuir 
model provided the best fit for MB, with an R2 of 0.9857 
(Figure  5A), indicating that adsorption predominantly 
occurs at homogeneous sites, consistent with the high 
microporosity of CAC. This monolayer adsorption 
behavior, likely governed by chemical interactions 
between MB and surface oxygenated groups, aligns with 
previous findings describing adsorption on homogeneous 
surfaces.62,63 In contrast, the lower R2 value (0.8454) of 
the Langmuir model for RR (Figure  5B) suggests that 
this model does not adequately capture the complexity 
of the interaction between RR and CAC. This limitation 
likely arises from the larger molecular size of RR and 
its reliance on mesopores for diffusion. The Freundlich 
model provided the best fit for RR (R2 = 0.9998), indicating 
adsorption on energetically heterogeneous sites. This 

Figure 5. Adsorption isotherms fitted to the Langmuir, Freundlich, and Redlich–Peterson models for methylene blue (A) and reactive red (B) onto cork-
derived activated carbon
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model better captures the mesopore nature of CAC, which 
comprises 19% of the Vtotal (0.17 cm3/g) and facilitates the 
transport of multilayer adsorption of larger RR molecules 
through van der Waals interactions. The Freundlich model 
thus effectively captures the heterogeneous distribution 
of adsorption sites on CAC and multilayer adsorption 
behavior.43 The Redlich-Peterson model, which combines 
features of both the Langmuir and the Freundlich models, 
produced an excellent fit for MB (R2 = 0.9941) with a 
parameter β = 0.84 (close to 1), suggesting that adsorption 
occurs primarily on a homogeneous surface, with only 
minor variations in adsorption energy not fully represented 
by the Langmuir model. However, for RR, the Redlich-
Peterson model yielded a poorer fit (R2 = 0.8562, β = 0.63), 
further supporting that the Freundlich model more 
accurately describes its adsorption on a heterogeneous 
surface.

Overall, the best-fitting models indicate that MB 
adsorption on CAC follows the Langmuir isotherm, 
implying monolayer adsorption at homogeneous sites, 
while RR adsorption is better described by the Freundlich 
isotherm, reflecting adsorption on heterogeneous sites 
and potential multilayer formation. This distinction arises 
from the larger molecular size and complex structure of 
RR, which require mesoporous access and promote non-
uniform adsorption on heterogeneous surfaces.64

3.4. Adsorption thermodynamics

The evaluation of thermodynamic parameters for RR 
and MB adsorption provided a deeper understanding 
of the spontaneity and energetic nature of the process. 
As shown in Table S5, the negative values of Gibbs free 
energy indicate that both dyes are spontaneously adsorbed 
onto CAC at all analyzed temperatures. However, the 
energetic profiles of their interactions differ: While MB 
adsorption is endothermic, RR adsorption is exothermic, 
as evidenced by the negative enthalpy values (ΔH). 
The exothermic nature of RR adsorption suggests that 
the mechanism is predominantly governed by physical 
interactions, such as van der Waals forces and electrostatic 
attraction. As an anionic dye, RR contains –SO3

− groups 
that interact efficiently with the positively charged surface 
of activated carbon under acidic conditions (pHpzc = 2.2). 
This electrostatic attraction between opposite charges 
promotes rapid but energetically weaker adsorption 
accompanied by heat release. Such behavior is typical 
of exothermic adsorption, in which the energy released 
during interaction is sufficient to stabilize the dye 
molecules on the surface without requiring additional 
activation energy.65 The negative entropy variation (ΔS) 
for RR indicates a reduction in system disorder, suggesting 
that dye molecules are accommodated in a more ordered 

configuration on the adsorbent surface. This mechanism 
contrasts with MB adsorption, which occurs primarily 
within the micropores of activated carbon, facilitating π–π 
interactions and hydrogen bonding characteristics of an 
endothermic process in which elevated temperature favors 
the formation of stronger chemical bonds between the dye 
and the adsorbent surface.66 The ΔH analysis reinforces 
this distinction. The endothermic nature of MB adsorption 
suggests stronger chemical interactions that require 
external energy input for stabilization. MB interacts 
with oxygenated surface groups on the activated carbon, 
forming chemical bonds and π–π interactions, which 
increase dye affinity as the temperature rises.51 In contrast, 
RR adsorption exhibits negative ΔH values, confirming its 
exothermic nature and indicating that the process occurs 
without additional energy input. Because the predominant 
interactions are physical, the lower activation energy reflects 
a less selective mechanism in which the porous structure of 
the activated carbon plays a determining role. RR, being 
a larger molecule, faces higher diffusional resistance in 
micropores and is preferentially accommodated within 
the mesopores of the adsorbent, where interactions are less 
energetic.67 ΔS further elucidates molecular organization 
during adsorption: Positive ΔS values for MB indicate 
an increase in system disorder associated with greater 
mobility of smaller molecules within the microporous 
network, whereas negative ΔS values for RR suggest more 
ordered adsorption, typical of bulky molecules fitting into 
mesopores in a structurally restrictive manner.68

3.4.1. Column adsorption

Figure  6 shows the breakthrough curve for MB and RR 
adsorption in a fixed-bed column packed with CAC. 
Initially, both dyes were efficiently removed, with the 
Ct/C0 ratio remaining near zero until the breakthrough 
time (700–750 min), indicating high availability of active 
sites on CAC (Figure  6A). After 750  min, RR showed 
a sharp increase in outlet concentration (Ct/C0 > 0), 
marking the breakthrough point and onset of the mass-
transfer zone, signaling adsorbent saturation (Figure 6A). 
This behavior can be attributed to RR’s higher molecular 
weight and anionic nature, which limit its access to CAC 
micropores and restrict intraparticle diffusion. In contrast, 
MB showed superior performance, with a breakthrough 
occurring around 800  min (Figure  6A). MB’s smaller 
molecular size and cationic nature facilitate diffusion and 
promote electrostatic interactions with oxygenated surface 
groups on CAC, resulting in more prolonged dye removal.

The Clark and Yoon-Nelson models were applied 
to predict and interpret adsorption behavior in fixed-
bed columns due to their ability to describe saturation 
dynamics and breakthrough in continuous systems 
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(Figure  6B and  C). Both models demonstrated excellent 
performance, with R2 > 0.9878 for MB and RR (Table S6). 
Parameters derived from the Thomas model indicated 
that the adsorption rate constant was higher for MB 
(0.0083 mg/g) than for RR (0.0072 mg/g). The Clark model 
provided additional insights into total adsorption capacity 
(A) and saturation dynamics (Table S6). The parameter A 
was significantly higher for MB (1.9313 × 107 L/mg) than 
for RR (9.18145  ×  104  L/mg). Despite these differences, 
the similarly low values of r (0.0176 for MB and 0.0172 for 
RR) suggest gradual saturation for both dyes, indicating 
a mechanism predominantly controlled by intraparticle 
transport. The Yoon–Nelson model further revealed that 
the rate constant (KYN), which reflects the saturation rate, 
was higher for RR (0.0413 mg/g) than for MB (0.0328 mg/g), 
indicating that the column reached saturation more 
rapidly with RR. Conversely, the time required for 50% 

breakthrough (τ) was higher for MB (0.51  h) than for 
RR (0.44  h), demonstrating that MB provided greater 
operational stability before reaching 50% saturation. This 
inverse relationship between KYN and τ reflects the balance 
between adsorption kinetics and total capacity, a behavior 
widely reported in continuous adsorption systems. These 
findings are also consistent with the Clark model results, 
which indicated a higher A for MB than for RR.

3.4.2. Adsorption mechanism

CAC demonstrated excellent properties for the adsorption 
of MB and RR. Its porous structure, characterized 
by a predominance of micropores (0.70 cm3/g) and 
mesopores (0.17 cm3/g), played a crucial role in the 
adsorption efficiency for both dyes. This balance between 
microporosity and mesoporosity provides CAC with 
significant versatility as an adsorbent, highlighting the 

Figure 6. Breakthrough curves for methylene blue (MB) and reactive red (RR) adsorption onto cork-derived activated carbon in a fixed-bed column (A). 
The lines represent the fitting of the Clark, Yoon–Nelson, and Thomas models for MB (B) and RR (C).
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importance of a well-distributed pore structure for the 
efficient removal of contaminants with varying molecular 
sizes.43,69 These results reinforce the relevance of the 
micropore-to-mesopore ratio (Vmic/Vmes = 4.12), which 
endows activated carbon with an optimal structure for 
efficiently adsorbing molecules of different sizes. Previous 
studies support this observation, demonstrating that the 
combination of micropores and mesopores plays a crucial 
role in optimizing dye adsorption. For example, Al-Degs 
et al.65 emphasized that secondary micropore volumes, 
rather than total surface area, are key determinants of 
reactive dye adsorption. Similarly, Wu et al.70 highlighted 
that micropores are essential for low-molecular-weight 
compounds, while mesopores facilitate the adsorption 
of larger molecules such as bulky dyes. Manocha and 
Brahmbhatt71 showed that activated carbons with 
balanced proportions of micropores and mesopores 
exhibit higher adsorption capacities for MB, while Zhuang 
et  al.42 reported that ordered mesopores are essential for 
efficiently capturing bulky dyes in industrial effluents. 
These results are particularly relevant for materials with 
Vmic/Vmes ratios similar to the CAC evaluated in the present 
study. Furthermore, recent works by Abdoul et al.40 and 
Subba Reddy et al.72 revealed that increased mesoporosity 
not only enhances adsorption efficiency but also improves 
desorption rates, facilitating adsorbent regeneration. This 
characteristic is essential for industrial applications where 
material reuse is a priority. From a practical perspective, 
Table  2 summarizes the main aspects involved in the 
adsorption mechanisms of MB and RR.

In addition to pore distribution, the active sites of CAC 
play a central role in the adsorption mechanism. FTIR 
analysis confirmed the presence of oxygen-containing 
functional groups, such as –OH, carboxyl (–COOH), and 
C=O, which act as polar sites for hydrogen bonding and 
electrostatic interactions with dye molecules.9 Graphitic 
domains on the carbon surface further contribute through 
π–π stacking with the aromatic rings of MB and RR.54 The 
surface charge, defined by pHpzc = 2.2, modulates the 

activity of these sites: At pH > pHpzc, negatively charged 
sites (–COO−) favor cationic dye adsorption (MB), while 
at pH < pHpzc, protonated sites (–OH2

+) enhance anionic 
dye adsorption (RR).28 Together, these functional groups 
and charged sites form the main adsorption centers of 
CAC, working synergistically with its micro/mesoporous 
network to ensure high affinity toward structurally distinct 
molecules.

The high adsorption capacity of MB onto CAC 
results from a combination of electrostatic attraction, 
π–π interactions, and hydrogen bonding, along with 
a dynamic adaptation of the material’s surface during 
adsorption.66 At pH values above 2.2, CAC is negatively 
charged and exhibits a strong affinity toward cationic MB 
molecules, allowing adsorption equilibrium to be reached 
in <5  min. π–π interactions between the aromatic rings 
of MB and the conjugated domains of CAC promote 
close molecular association.54 These interactions are 
supported by the characteristic C=C aromatic bond peaks 
in the FTIR spectrum (1,575 cm−1), which remain intact 
after adsorption, indicating the structural stability of the 
activated carbon (Figure  7A).10 MB retention is further 
reinforced by hydrogen bonds formed between –OH 
groups and possibly amine groups. The broadening of the 
peak at 3,419 cm−1 after adsorption indicates increased 
hydrogen-bonding intensity. This behavior is consistent 
with previous studies highlighting the crucial role of –
OH groups in the adsorption of hydrophilic dyes.73 The 
appearance of a new peak at 3,743 cm−1, together with 
broadening at 3,419 cm−1, suggests that adsorption-induced 
reorganization of functional groups on the CAC surface. 
This rearrangement, possibly involving –OH and other 
functional groups, reflects the material’s ability to adapt 
its surface to optimize interactions with MB, promoting 
greater stabilization of the adsorbent-adsorbate complex.10 
FTIR spectra of the dyes are available in Figure  S2 to 
complement the analysis of the observed interactions.

In contrast to MB, the adsorption of RR onto CAC 
occurs predominantly through physical interactions and 
is influenced by factors such as pH, porous structure, 
and temperature. Under strongly acidic pH conditions, 
the CAC surface becomes positively charged due to its 
pHpzc =  2.2, favoring electrostatic interactions with 
–SO3

− of RR.74 The adsorption of reactive dyes onto 
adsorbents depends heavily on specific forces such as 
electrostatic interactions, hydrogen bonding, and π–π 
interactions, whose efficiencies are directly affected by the 
dye’s complex molecular architecture.75 The performance 
of the adsorption process for such compounds requires 
tightly controlled conditions, including precise pH and 
temperature adjustments.52,53 Van der Waals forces play 

Table 2. Comparison of adsorption parameters for MB and 
RR onto CAC

Aspect MB RR

Type of adsorption Chemisorption Physisorption

Main porosity Microporosity Mesoporosity

Effect of pH Optimized at high pH Optimized at low pH

Effect of temperature Endothermic (favored 
at high temperatures)

Exothermic (favored at 
low temperatures)

Kinetic model PSO PSO

Abbreviations: CAC: Cork‑derived activated carbon; MB: Methylene 
blue; PSO: Pseudo‑second‑order; RR: Reactive red.
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a predominant role in this process, characterizing the 
physical adsorption (physisorption), as evidenced by the 
negative ΔH values, which indicate an exothermic reaction. 
This feature explains the reduced adsorption efficiency 
at elevated temperatures, as the weakening of interaction 
forces under thermal stress compromises dye retention.76,77 
The porous structure of CAC—with a balance between 
micropores and mesopores—is critical in this process. 
Mesopores facilitate the diffusion of larger molecules, while 
micropores contribute to efficient retention of the dye within 
internal active sites. However, an excessive predominance 
of micropores may limit adsorption efficiency due to 
diffusion barriers encountered by RR.78 The FTIR peak at 
3,419 cm−1 was broadened after adsorption, accompanied 
by the emergence of a new peak at 3,743 cm−1, suggesting 
that –OH groups on the CAC surface actively participated 
in hydrogen bonding with the dye.79 The –SO3

− groups of 
RR also played a key role, as indicated by intensified and 
shifted peaks in the 1,200–1,000 cm−1 region, attributed to 
S=O vibrations (Figure 7B). These changes indicate direct 
interactions between these groups and the active sites of 
CAC, reinforcing RR retention on the adsorbent surface.80

The adsorption mechanisms of MB and RR onto 
CAC involve both physical and chemical interactions; 
however, the dominant pathway differs for each dye. For 
MB, adsorption is mainly governed by chemisorption, as 
indicated by its strong fit to the PSO kinetic model, the 
Langmuir isotherm, and the endothermic nature of the 
process.25,28 These results demonstrate strong interactions 
between MB molecules and negatively charged surface 
sites, reinforced by hydrogen bonding and π–π stacking.54 
In contrast, RR adsorption is predominantly physisorption. 
The process is exothermic, less stable at elevated 
temperatures, and better described by the Freundlich 

isotherm, reflecting heterogeneous adsorption sites and 
multilayer formation.81 The bulky molecular structure of 
RR and the resulting steric hindrance limit its access to 
micropores, making mesopores essential for retention 
through weaker forces such as van der Waals interactions 
and intraparticle diffusion. Although hydrogen bonding 
also contributes, the overall mechanism is dominated by 
physisorption.

As summarized in Table S7, the adsorption capacity 
of CAC is comparable to or higher than that of several 
activated carbons reported in the literature. For instance, 
while almond shell-  and rice husk-derived carbons 
exhibited adsorption capacities of 788 mg/g and 362.6 mg/g 
for MB, respectively, whereas CAC achieved 250  mg/g 
under optimized conditions, despite the higher molecular 
complexity of the dyes investigated. For RR, the capacity 
of 105 mg/g achieved by CAC significantly exceeds values 
reported for seaweed-  and sewage-sludge-based carbons 
(33–132  mg/g), highlighting its efficiency toward bulky 
anionic dyes. These results demonstrate that cork, a 
lignocellulosic waste with unique structural features, is 
a highly competitive precursor for producing activated 
carbons that combine high adsorption performance with 
sustainability advantages.

4. Conclusion
This study demonstrated the potential of converting cork 
stopper waste into high-efficiency activated carbon for 
the removal of industrial dyes from aqueous matrices. 
Structural characterization revealed an optimized 
distribution of micropores and mesopores, resulting in 
a high specific surface area (1,793 m2/g)—a key factor 
contributing to the material’s adsorption efficiency. Under 
optimal conditions, the maximum adsorption capacities 

Figure 7. Fourier transforms infrared spectra of cork-derived activated carbon before and after dye adsorption (A), with a magnified view of the spectral 
region between 1,000 and 2,000 cm−1 (B)
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reached 608  mg/g for MB and 252  mg/g for RR, with 
the differential efficiency attributed to structural and 
surface properties of the material. MB exhibited superior 
adsorption performance, driven by favorable electrostatic 
interactions under alkaline pH and its smaller molecular 
size, which facilitates diffusion into CAC’s micropores. 
In contrast, RR adsorption was predominantly governed 
by physical interactions and intraparticle diffusion, 
highlighting the importance of mesopore distribution for 
retaining bulkier dyes. Kinetic modeling indicated that 
the adsorption process primarily followed the PSO model, 
suggesting the involvement of chemical interactions 
in MB adsorption, while RR was strongly affected by 
diffusion within the mesopores. The adsorption isotherms 
further supported this distinction: MB followed the 
Redlich-Peterson model, indicating adsorption on 
homogeneous surfaces, while RR followed the Freundlich 
model, consistent with heterogeneous adsorption sites. 
Thermodynamic parameters revealed that MB adsorption 
is an endothermic and spontaneous process favored at 
higher temperatures, while RR exhibited exothermic 
behavior and reduced efficiency at elevated temperatures. 
Fixed-bed column experiments confirmed the robustness 
of CAC in continuous systems, showing greater 
operational stability and adsorption capacity for MB, as 
evidenced by a longer breakthrough time compared to RR. 
The optimization of pore structure and favorable surface 
interactions of CAC support its potential for adsorption-
based treatment of emerging contaminants, offering 
an effective and sustainable approach for wastewater 
treatment.
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