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Environmental Significance

This work presents a sustainable approach to textile wastewater treatment by
converting discarded Rosa brunonii seeds into efficient activated carbons for dye
removal. The biomass-derived adsorbents exhibit strong performance toward both
disperse and anionic dyes, offering a low-cost and environmentally benign alternative to
commercial activated carbons. By integrating agricultural waste valorization with water
remediation, the study supports circular economy principles and addresses a critical
challenge in sustainable pollution control.
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Abstract: DO 10.1039/D5VA004903
Sustainable activated carbons were produced from Rosa brunonii Lindl. seeds through physical
activation (PAC) and chemical activation (CAC) routes and evaluated for the removal of
representative textile dyes, Disperse Orange 1 (DOI1) and Eriochrome Black T (EBT), from
water. The activation process induced pronounced structural and chemical transformations,
leading to porous carbon frameworks with enriched carbon content of approximately 93 wt.%
and excellent thermal stability. Adsorption experiments demonstrated that dye uptake is
strongly influenced by initial dye concentration, solution pH, temperature, and adsorbent
dosage, and particle size. The chemically activated carbon exhibited superior adsorption
performance, particularly toward EBT, achieving a maximum capacity of 256.4 mg/g, whereas
the PAC reached 192.3 mg/g. For DOI1, adsorption capacities of 73.0 and 69.4 mg/g were
obtained for PAC and CAC, respectively. Equilibrium adsorption behavior was best described
by the Langmuir model, indicating predominantly monolayer adsorption, and the adsorption

kinetics followed a pseudo-second-order model, suggesting strong dye—surface interactions.

Adsorption favoured at lower temperatures, consistent with an exothermic process. Solution

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

pH had a pronounced effect on EBT adsorption, with maximum uptake under acidic conditions
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due to electrostatic attraction, whereas DO1 adsorption was largely pH independent. Overall,
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this study demonstrates the effective valorisation of agricultural waste into high-performance
adsorbents and highlights Rosa brunonii seed-derived activated carbons as promising materials

for sustainable textile wastewater remediation.

Keywords: Biomass valorisation; Dye remediation; Adsorption kinetics; Surface interactions;

Environmental sustainability.
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Industrialization has been a key driver of economic development, yet the rapid expansion
of industrial activities has generated severe environmental challenges due to inadequate
management of industrial wastes. Among these sectors, the textile industry is particularly
problematic, as it is one of the most water-intensive manufacturing industries, especially during
wet-processing operations such as dyeing and finishing. These processes typically consume
150-200 L of water per kilogram of textile produced ' and generate large volumes of complex
wastewater containing residual dyes, salts, auxiliary chemicals, and trace heavy metals 2.
Although more than 70 million tonnes of synthetic dyes are produced annually, incomplete
fixation during textile processing results in the discharge of approximately 10-15% of dyes
into effluents, corresponding to hundreds of thousands of tonnes released into aquatic
environments each year 3. Such dye-laden wastewaters are highly persistent and recalcitrant,
imparting intense coloration even at low concentrations, reducing light penetration, increasing
chemical oxygen demand, and severely disrupting aquatic ecosystems 4. Collectively, these
impacts indicate the urgent need for advanced wastewater treatment strategies to mitigate the
environmental consequences of dye-contaminated effluents.

Wastewater discharged from textile industries is typically characterized by intense
coloration, elevated chemical and biological oxygen demand (COD and BOD), and an alkaline
pH, reflecting its chemically complex nature. Such effluents often include a broad range of
recalcitrant organic compounds, salts, and auxiliary chemicals utilized throughout dyeing and
finishing processes, which further complicate treatment °. This complexity poses remarkable
challenges for treatment, as conventional wastewater treatment plants often fail to completely
remove synthetic dyes due to their high stability and resistance to biodegradation °. Textile
dyes are broadly classified into reactive, disperse, direct, vat, sulfur, and acid dyes based on

their solubility and application routes, with azo dyes accounting for nearly 70% of global dye
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production 7. These dyes contain aromatic structures linked by azo (-N=N-) groups, ,Which: . 505
impart vivid and durable coloration but also confer pronounced environmental persistence .
Under anaerobic or reducing conditions, azo dyes may undergo reductive cleavage, which leads

to the generation of aromatic amines that are often more toxic, mutagenic, and carcinogenic

than the parent dye molecules °. Once discharged into aquatic environments, dyes can form
light-blocking layers that inhibit photosynthesis, reduce dissolved oxygen levels, and disrupt
aquatic food webs, ultimately leading to ecological degradation. Beyond their environmental
impacts, dye contaminants compromise water aesthetics and quality, limit recreational and
domestic use, and pose potential human health risks through bioaccumulation and trophic
transfer 10,

Among the numerous dyes released from textile effluents, Disperse Orange 1 (DO1) and
Eriochrome Black T (EBT) are of environmental concern because of their widespread use and
potential toxicity. DOI is an azo-based disperse dye commonly applied in synthetic textile
dyeing and has been reported as a sensitizing agent in humans, with evidence of cross-

sensitization involving structurally related aromatic amines, such as 4-nitroaniline and p-

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

aminodiphenylamine !'!. The persistence of DO1 in wastewater and its potential to generate
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hazardous transformation products further heighten concerns regarding its environmental
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release. EBT, an azo dye widely employed both as a metallochromic indicator in EDTA
titrations '? and as a textile colorant for fibers, such as wool, nylon, and silk '3, poses notable
health and environmental risks. Exposure to EBT-contaminated water has been associated with
skin, ocular, respiratory, and gastrointestinal irritation, whereas prolonged contact may induce
dermatitis and potential mutagenic effects 4. Therefore, it is necessary to develop efficient and
sustainable dye-removal strategies prior to wastewater discharge.

To mitigate the adverse impacts of such dyes, a variety of physical and chemical treatment

methods have been investigated, including chemical precipitation, flocculation, oxidation,
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electrochemical processes, ion exchange, and adsorption . Although these approachesicdfis
achieve partial or complete dye removal, many suffer from inherent limitations, such as high
operational costs, incomplete mineralization, secondary sludge generation, and complex
process requirements. Advanced oxidation processes, for instance, are effective in degrading
dye molecules but often rely on high energy inputs and expensive reagents, restricting their
large-scale implementation, particularly in resource-limited settings '°. In contrast, adsorption
has emerged as a highly attractive alternative due to its operational simplicity, cost-
effectiveness, and environmental compatibility '7- '8, Importantly, adsorption enables efficient
dye removal without producing substantial secondary waste, making it a promising and
sustainable strategy for treating dye-contaminated textile effluents °.

Among available adsorbents, activated carbon remains the benchmark material for the
removal of organic and inorganic contaminants from water and air owing to its high surface
area, well-developed porous structure, and favorable surface chemistry 2°. However, the high
production and regeneration costs associated with commercial activated carbon significantly
limit its widespread application, particularly in large-scale wastewater treatment 2'. In
response, growing attention has been directed toward the valorization of agricultural residues
as low-cost precursors for activated carbon production 22, Biomass-derived sources, such as
fruit shells 23, seeds 24, husks 2, offer renewable, economically viable alternatives while
simultaneously addressing agricultural waste disposal challenges. This integrated approach
aligns environmental remediation with resource sustainability, positioning biomass-based
activated carbons as promising candidates for cost-effective treatment of dye-contaminated
textile effluents. Despite extensive research on common agricultural wastes, several regionally
abundant and lignocellulose-rich biomasses remain unexplored as potential precursors for

activated carbon synthesis.
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In this work, Rosa brunonii Lindl. seeds were investigated as a sustamable.dhd, .05
underutilized biomass precursor for the preparation of physically and chemically activated
carbons aimed at the removal of representative azo dyes, DO1 and EBT, from aqueous
environments. Rosa brunonii is a widely distributed wild Rose, particularly abundant in
mountainous and temperate regions, whose seeds are typically discarded as agricultural or
forestry residue with no established value-added application. The seeds possess a high
lignocellulosic and carbon content, low ash fraction, and dense organic structure, which are
desirable characteristics for activated carbon production, yet their potential as an adsorbent
precursor has not been previously reported. This study examines how different activation
strategies influence the structural and surface properties of the resulting carbons and how these
features govern their adsorption behavior. Batch adsorption experiments were used to evaluate
the effects of solution pH, initial dye concentration, temperature, and adsorbent dosage,
whereas kinetic and equilibrium modeling provided insight into the adsorption mechanisms.
To the best of our knowledge, this work represents the first systematic investigation of activated

carbons derived from Rosa brunonii seeds. By coupling biomass waste valorisation with dye

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

remediation, this study contributes to the development of sustainable and cost-effective
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materials for textile wastewater treatment.
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2 Materials and methods
2.1 Materials

All chemicals and reagents used in this study were of analytical grade and were used as
received without further purification. Disperse Orange 1 (DO1) and Eriochrome Black T (EBT)
dyes were purchased from Sigma-Aldrich (Karachi, Pakistan). Orthophosphoric acid (H;PO,,
>85%), sodium hydroxide (NaOH, >98%), hydrochloric acid (HCL, 37%), nitric acid (HNOs,

65%), and sodium nitrate (NaNOs, >99%) were also obtained from Sigma-Aldrich (Karachi,
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Pakistan). High-purity nitrogen gas was used to provide an inert atmosphere, dufifigs
carbonization. Distilled water was employed throughout all experiments.
2.2 Preparation of adsorbents
2.2.1 Pristine biomass

Seeds of Rosa brunonii Lindl. were collected from District Orakzai, Khyber Pakhtunkhwa,
Pakistan, in October 2024. The collected seeds were thoroughly rinsed with distilled water to
remove adhering dust and surface impurities and subsequently air-dried under sunlight for one
week to eliminate residual moisture. The dried biomass was then ground into a fine powder
using a mechanical grinder and further processed to obtain a uniform particle size prior to
activation.
2.2.2 Preparation of activated carbons

Physically activated carbon (PAC) was produced by carbonizing 5 g of the dried Rosa
brunonii seed powder in ceramic crucibles at 600 °C for 2 h in a tubular furnace under a
continuous nitrogen flow of 20 mL/min to maintain an inert atmosphere 26. During physical
activation, thermal treatment of the biomass induces dehydration, depolymerization, and
progressive aromatization of the lignocellulosic constituents. The release of volatile species,
including H,O, CO, CO,, and light hydrocarbons, generates voids within the carbon matrix,
leading to the formation of initial micro- and mesoporous structures. Concurrently,
condensation and rearrangement of carbon-rich fragments promote the development of
disordered aromatic domains, resulting in a porous carbon framework with improved structural
integrity and thermal stability.

For the preparation of chemically activated carbon (CAC), 5 g of the biomass was first
impregnated with 50 mL of 0.1 mol/L H3POy, corresponding to a biomass-to-acid impregnation
ratio of 1:10 (w/v), defined here as the mass of dry biomass (g) to the volume of phosphoric

acid solution (mL), and agitated at 250 rpm for 60 min. The impregnated biomass was then
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repeatedly washed with distilled water (typically 4-6 successive washing cycles) ygtil a, 181750005
neutral pH (=7) was attained, which was used as the stopping criterion for washing, followed
by carbonization under the same conditions used for PAC synthesis 27-28. Then, both PAC and
CAC samples were sieved to obtain particle size fractions of 45-90 um, 90-212 um, and
greater than 212 um to unsure uniformity of the adsorbents for subsequent adsorption studies.
The chemical activation with H;PO, follows a more intricate mechanism dominated by acid-
catalyzed dehydration, crosslinking modulation, and pore development. During the
impregnation step, phosphoric acid penetrates the biomass matrix and interacts with hydroxyl
groups present in cellulose, hemicellulose, and lignin, facilitating dehydration and cleavage of
ether and ester linkages. These reactions inhibit tar formation during subsequent carbonization
and promote the generation of thermally stable phosphate and polyphosphate intermediates.
Upon heating, the phosphorus-containing species act as pore-directing agents, limiting
structural shrinkage and fostering the formation of an interconnected porous network. The
concurrent release of volatile byproducts, such as water vapor and low-molecular-weight

oxygenated compounds, further contributes to pore expansion. Following carbonization,

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

residual phosphorus species and soluble phosphate byproducts are removed during washing,
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leaving behind enlarged pores and surface oxygen functionalities that enhance the adsorption
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performance of the activated carbon.
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Washed with
Water

_—
Air-Dried
for 1 Week
Fruits of Rosa Seeds of Rosa Mechanical Grinder
brunonii Lindl. brunonii Lindl.

600 °Cfor2h
PAC
0.1M HsPO, — Fine Powders
E 45-90 pm
Meutral pH = 1h 90-212 pm
GAC -— e ———

=212 pm

600°Cfor2 h 250 rpm

Tubular Furnace Stirrer

Figure 1. Schematic preparation of PAC and CAC form seeds of Rosa brunonii Lindl.

2.3 Characterization of ACs

The raw biomass and the synthesized ACs were characterized using complementary
analytical techniques. Surface functional groups were identified by Fourier transform infrared
(FTIR) spectroscopy (Spectrum Two, PerkinElmer) over the range of 400-4000 cm™'.
Thermogravimetric analysis (TGA) was performed using a Diamond Series analyzer
(PerkinElmer, USA) under a nitrogen atmosphere to evaluate thermal stability and
carbonization behaviour, with the temperature ramped from 20 to 900 °C at a heating rate of
10 °C/min. Surface morphology and textural features were examined using scanning electron
microscopy (SEM) (JSM-5910, JEOL, Japan) operated at an accelerating voltage of 10 kV and
magnifications between 150x and 5,000%. Elemental composition and surface elemental
distribution were determined by energy-dispersive X-ray spectroscopy (EDX) using an INCA
200 system (Oxford Instruments, UK) coupled to the SEM. Crystallographic characteristics
were analyzed using X-ray diffraction (XRD) (JDX-3532, JEOL, Japan) with Cu Ka radiation

(L=1.5418 A). UV—visible spectroscopy (Shimadzu UV-1800) was employed to quantify dye

DOI: 10.1039/D5VA00490J
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concentrations and evaluate adsorption performance, using a wavelength range of 190800 titx;
and a slit width of 1.0 nm. Specific surface area measurements were performed using a NOVA
1200e gas sorption analyzer (Quantachrome Instruments, USA) based on nitrogen adsorption
at 77 K, with BET analysis conducted over a relative pressure (P/Py) range of 0.05-0.30.

The point of zero charge (pHpzc) of the ACs was determined using the pH drift method.
Briefly, 40 mL aliquots of 0.1 M NaNOj solution were adjusted to initial pH values between 2
and 12 using 0.1 M HNOj3 or 0.1 M NaOH. Activated carbon (0.1 g) was then added to each
solution, and the suspensions were agitated at 250 rpm for 24 h. The final pH was recorded
after equilibration, and the pHpzc was identified as the pH at which the difference between
initial and final pH (ApH) was zero, corresponding to a neutral surface charge 2°.

2.4 Adsorption experiments

The adsorption behaviour of Disperse Orange 1 (DO1) and Eriochrome Black T (EBT) on
physically activated carbon (PAC) and chemically activated carbon (CAC) was systematically
investigated through batch experiments by varying key operational parameters. The effects of
initial dye concentration (5-1000 mg/L), solution pH (2-9, adjusted using 0.1 mol/L HCI and
0.1 mol/L NaOH), adsorbent dosage (0.1-0.5 g per 50 mL, corresponding to 2—10 g/L), contact
time (up to 60 min), temperature (0-80 °C), and adsorbent particle size (90-212 pum) were
evaluated. When one parameter was varied, all other parameters were maintained constant at
pH 6.5-7.0, a contact time of 60 min (ensuring equilibrium), an adsorbent dosage of 0.1 g, an
initial dye concentration of 50 mg/L, and a temperature of 25 °C. All experiments were
conducted using 50 mL dye solutions under constant agitation (250 rpm), unless otherwise
specified. Equilibrium adsorption data obtained at near-neutral pH (6.5-7.0) and 25 °C were
analyzed using Langmuir and Freundlich isotherm models to elucidate adsorption behavior and
surface characteristics of the adsorbents. Following the adsorption process, the solutions were

filtered through Whatman No. 42 filter paper and residual dye concentrations were determined

10
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by UV-visible spectrophotometry following filtration. The performance of ACs was eyaldéted,
in terms of adsorption capacity (q., mg/g) measured by the following equation 3:
— (C: _Ce) 4

m
here, C; and C, (mg/L) represent the initial and equilibrium dye concentrations, V' (L) is the

9. 6]
aqueous solution volume, and m (g) is the adsorbent dosage. The characteristic absorption
maxima of DOI1 and EBT in UV-visible spectroscopy were located at 465 and 515 nm,

respectively.

2.5 Kinetics and isotherm studies

Adsorption kinetics were evaluated using the pseudo-first order (PFO) and pseudo-second
order (PSO) models to elucidate the rate-controlling mechanisms. The PFO model assumes
that the adsorption rate is proportional to the number of unoccupied active sites and is described

by the following equation 3!:

k
log(g, —q,)=logg, —?1031 ()

Where ¢, and ¢, (mg/g) represent the adsorption capacities at equilibrium and at time ¢,
respectively, and £; (min™") is the PFO rate constant.

The PSO model, which presumes that adsorption follows a second-order mechanism with
respect to the available sites, is expressed by the following equation 3!:

1 t

t
v 3)

g kal q,
where k, (g/mg/min) denotes the PSO rate constant.
Equilibrium adsorption behavior was analyzed using the Langmuir and Freundlich
isotherm models. The Langmuir model assumes monolayer adsorption on a homogeneous

surface with finite identical sites and is given by the following equation 3!:

11
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9. 9. K.q,
where ¢,, (mg/g) is the maximum monolayer adsorption capacity and K; (L/mg) is the
Langmuir affinity constant.
The favorability of adsorption was further assessed using the dimensionless separation

factor R;, calculated according to the following equation 3!:

I
TIRCK, )

where Cy (mg/L) is the initial adsorbate concentration. The adsorption process is considered
unfavorable when R; > 1, linear when R = 1, favorable when R; < 1.

The Langmuir constant K, reflects the affinity between the adsorbate molecules and the
adsorbent surface and is commonly associated with the adsorption energy. It is obtained from
the slope and intercept of the linearized Langmuir plot and provides insight into the strength of
adsorbate—adsorbent interactions.

The Freundlich model (Equation 6) accounts for multilayer adsorption on energetically

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

heterogeneous surfaces and is expressed as:
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logg, =logK. +ilog C, (6)
n

F
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where Ky and np are empirical constants related to adsorption capacity and intensity,
respectively. Values of 0 < 1/nz < 1 indicate favorable adsorption 3!.
3. Results and discussion
3.1 Characterization of activated carbons

The surface morphology of the raw biomass and the derived activated carbons was
investigated by SEM to assess the structural changes induced by carbonization and activation.
As depicted in Fig. 2a, the untreated biomass exhibits a dense and relatively smooth surface

with limited textural features, indicating the absence of a well-developed porous network prior

12
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to thermal treatment. After activation, substantial morphological transformations agg obsetyed; o o0

The PAC (Fig. 2b) shows a roughened surface with the formation of irregular cavities and
fissures, which can be attributed to the thermal decomposition of lignocellulosic components
and the release of volatile species during pyrolysis. In comparison, the CAC (Fig. 2¢) prepared
using H3PO, displays a more pronounced and interconnected porous structure with widened
pore openings and a sponge-like appearance, reflecting the role of acid in promoting
dehydration, structural expansion, and pore development during carbonization. Overall, the
enhanced surface accessibility and active site availability of PAC and CAC are favourable for

adsorption applications in aqueous systems.

Figure 2. SEM images of (a) raw biomass, (b) PAC, and (c) CAC samples.

FTIR spectroscopy was employed to identify the surface functional groups present in the
raw biomass and to assess the chemical transformations induced by carbonization and
activation, as displayed in Fig. 3a. The spectrum of the raw biomass displays several
characteristic bands associated with oxygenated and aliphatic functionalities. The broad band
centered at approximately 3293 cm™! corresponds to O-H stretching vibrations, indicating the

presence of hydroxyl groups from alcohols, phenols, and adsorbed moisture 32. The strong

13
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absorption at 2927 cm™! is assigned to asymmetric C—H stretching of methylene, grolips; saroos
confirming the abundance of aliphatic hydrocarbons in the native biomass 33. The band
observed at 1731 em™! is attributed to C=0 stretching vibrations of carbonyl groups, which
may originate from aldehydes, ketones, or ester functionalities 3. Additional bands at 1644 cm~
I'and 1518 cm™! are associated with C=C stretching of conjugated structures 33 and N-O
stretching vibrations 3, respectively, whereas the peak at 1456 cm™! corresponds to C-H
bending vibrations of methyl and methylene groups 37. The bands at 1231 cm™! and 1038 cm™!
are attributed to C—O stretching vibrations, consistent with the presence of ether, alcohol, and
phenolic groups in the lignocellulosic framework 3. Following carbonization, the FTIR spectra
of PAC and CAC show a pronounced reduction in band intensity across the 3500 to 1600 cm~
I region, reflecting the extensive decomposition of hydroxyl, carbonyl, and aliphatic functional
groups due to thermal treatment at 600 °C. The disappearance of the O—H band and the strong
attenuation of C—H stretching bands confirm effective devolatilization and aromatization of the
carbon structure 3°. Both activated carbons exhibit weak bands near 1630 to 1520 cm™!, which

are attributed to C=C stretching within aromatic domains 4°, indicating the formation of a

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

graphitized carbon framework. A small but distinct band observed around 1130 cm™! in both

Open Access Article. Published on 11 March 2026. Downloaded on 3/12/2026 3:09:34 AM.

PAC and CAC can be assigned to C—O stretching vibrations of phenolic or ether groups, while

(cc)

its slightly enhanced intensity in CAC likely reflects the contribution of phosphorus-containing
oxygen functionalities formed during H;PO, activation. Additionally, the weak band near
866 cm™! corresponds to out-of-plane C—H bending vibrations of aromatic rings 4°. Overall, the
substantial loss of oxygenated and aliphatic functionalities and the emergence of aromatic
carbon structures confirm that carbonization and activation induced significant chemical bond
cleavage and structural rearrangement, yielding activated carbons with chemically stable

surfaces suitable for adsorption applications.
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The XRD patterns of the activated carbons derived from Rosa brunonii Lind]. seedS$ 468 o1o0;

presented in Fig. 3b. Both PAC and CAC exhibit a broad diffraction feature centered near
20 = 21°, which is characteristic of turbostratic or amorphous carbon with limited long-range
crystalline order. The broadening and low intensity of this peak indicate a predominantly
disordered carbon structure, whereas its slight shift toward higher angles suggests partial
development of aromatic stacking during thermal treatment. Such structural evolution is
commonly associated with progressive aromatization rather than true graphitization and is
beneficial for creating a porous framework with abundant defect sites that enhance surface
reactivity and adsorption performance 4!-42,

TGA was conducted to evaluate the thermal behavior of the raw biomass and to confirm
the suitability of the selected carbonization temperature for producing stable activated carbons,
as depicted in Fig. 3¢. The activated carbon samples exhibit minimal mass loss, approximately
5%, below 100 °C, which is attributed to the removal of physically adsorbed moisture. Beyond
this temperature, both PAC and CAC demonstrate excellent thermal stability, with only a
gradual weight reduction observed up to 900 °C and a total mass loss of ~17%, indicating a
highly carbonized and structurally reinforced framework. The high residual mass retained by
PAC and CAC reflects their pre-carbonized nature and confirms that the selected carbonization
temperature is sufficient to remove volatile components while preserving a stable carbonaceous
backbone. In contrast, raw biomass undergoes extensive thermal degradation, with an overall
mass loss exceeding 80%. The initial weight reduction below 120 °C corresponds to moisture
evaporation, followed by a major decomposition stage between 200 °C and 600 °C arising from
the thermal breakdown of hemicellulose, cellulose, lignin, and other volatile organic
constituents. At 600 °C, the biomass retained ~21 wt% of its initial mass under nitrogen, which
is attributed to the formation of a carbonaceous char residue during inert pyrolysis. A final,

slower degradation stage extending to 900 °C reflects the progressive decomposition of more
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thermally stable carbonaceous residues. The pronounced difference in thermal, behd§idt: . o0
between the raw precursor and the activated carbons confirms that carbonization and activation
effectively transform the biomass into a thermally stable carbon material suitable for high-
temperature and adsorption-based applications 4344,

The elemental composition of the materials was further examined by EDX analysis to
confirm the formation and stability of the activated carbons, as shown in Figure 3d. The EDX
spectrum of the raw biomass indicates that it is primarily composed of carbon, oxygen, and
nitrogen, with minor contributions from inorganic elements such as Mg, Al, K, and Ca, as well
as trace amounts of P and S, which are commonly associated with naturally occurring mineral
components. After carbonization and activation, a pronounced change in elemental
composition is observed (Figure 3d). The PAC and CAC consist predominantly of carbon and
oxygen, with only trace levels of Mg, Al, Si, P, S, and Ca remaining, indicating effective
removal of most noncarbonaceous constituents during thermal treatment. Quantitative analysis
reveals a substantial increase in carbon content from 64.95% in the raw biomass to more than

93% in the Acs (both PAC and CAC), accompanied by a corresponding decrease in oxygen

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

content from 21.27% to ~5%. Notably, nitrogen detected in the raw precursor is no longer

Open Access Article. Published on 11 March 2026. Downloaded on 3/12/2026 3:09:34 AM.

observed after carbonization, reflecting the decomposition of nitrogen-containing organic

(cc)

moieties at elevated temperatures. These results confirm that pyrolysis at 600 °C promotes
extensive devolatilization and aromatization, leading to the formation of a carbon-rich structure
dominated by condensed aromatic domains. The high carbon content and reduced heteroatom
concentration are expected to enhance structural stability and contribute to the favorable
textural properties of the ACs 446,

The BET surface area parameters of PAC and CAC (Table 1) were obtained from multi-
point BET analysis (Fig. Sla, Supplementary Information). CAC exhibits a higher

monolayer adsorption capacity (W,,) and a correspondingly larger specific surface area (95.6
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m?/g) compared with PAC (79.7 m?/g), indicating more effective pore development Upohis; o]
chemical activation. The BET constants for both materials (Cggr=3.9) are comparable,
suggesting similar surface—adsorbate interaction energies for nitrogen adsorption at 77 K. The
pore size distribution derived from nitrogen adsorption data is presented in Fig. S1b, indicating
dominant pores at the micropore—mesopore boundary, with average pore radii of ~1.72 nm for
PAC and ~1.89 nm for CAC and corresponding total pore volumes of 0.012 and 0.014 cm’/g,
respectively. Overall, these results confirm that activation enhances the accessible surface area
while preserving comparable adsorption energetics, which is consistent with the moderate

surface heterogeneity expected for biomass-derived activated carbons.

Table 1. BET surface area parameters derived from linear BET analysis of PAC and CAC.

Sample Wm (g Nz/g) CBET SBET (mz/g) V;, (cm3/g) r, (nm)
PAC 0.0229 3.86 79.7 0.012 1.72
CAC 0.0275 3.94 95.6 0.014 1.89
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Figure 3. Structural characterization of raw biomass, PAC, and CAC: (a) FTIR spectra, (b)

XRD patterns, (c) TGA curves, and (d) elemental analysis based on EDX.

The point of zero charge (pHpyc) is a key interfacial parameter that describes the surface

charge behaviour of an adsorbent and provides insight into its surface chemistry under varying

pH conditions. It represents the pH at which the net surface charge of the material is zero and

therefore governs electrostatic interactions between the adsorbent and charged species in

solution. The pHpzc values of the activated carbons were determined from the pH drift curves

shown in Fig. 4. At very low pH values such as pH 2, the activated carbon surface becomes

rapidly saturated with protons, limiting further proton uptake and resulting in a relatively small

change in ApH. In contrast, at moderately acidic conditions around pH 4, surface functional

groups are not fully protonated and actively participate in proton exchange, leading to a higher
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ApH. This behavior reflects the buffering capacity of oxygen-containing surface, groups 4, .05

their pK,-dependent acid—base equilibria. The negative ApH minimum observed near pH 10 is
attributed to the deprotonation of acidic surface groups, particularly phenolic and carboxylic
functionalities, which release protons into the solution and lower the final pH. For both PAC
and CAC, the intersection of the curves with the zero ApH line occurs at approximately pH 7.9,
indicating identical pHpyc values for the two materials. Although phosphoric acid activation is
commonly associated with the introduction of acidic surface functionalities, extensive post-
activation washing combined with subsequent thermal treatment can substantially diminish
residual phosphate species on the carbon surface. As a result, the surface charge may shift
toward near-neutral behavior, leading to pHpzc values close to neutrality, as observed in the
present study. This behavior is consistent with the findings of Rai et al. 47, who reported a
pHpzc of 6.8 for mango kernel-derived activated carbon prepared using 40 % H;PO, after
thorough washing to a neutral filtrate pH, demonstrating that near-neutral pHpzc values are
attainable for phosphoric-acid-activated biomass carbons following appropriate post-treatment.
At solution pH values below 7.9, the surfaces of both activated carbons are predominantly
positively charged, whereas at pH values above this value, the surface charge becomes
increasingly negative. The near symmetry of the ApH extrema around the pHp, reflects the
amphoteric nature of the activated carbon surface, with protonation dominating under acidic

conditions and deprotonation prevailing in alkaline media 3.
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Figure 4. Determination of pHpzc of PAC and CAC adsorbents.
3.2 Effects of operating conditions on dye adsorption
The adsorption behaviour of the PAC and CAC activated carbons derived from Rosa
brunonii Lindl. seeds were systematically investigated through a series of batch adsorption
experiments. Key operational parameters, including initial dye concentration for isotherm

analysis, contact time for kinetic evaluation, temperature, solution pH, adsorbent dosage, and

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

particle size, were independently varied to assess their influence on adsorption performance

and to elucidate the governing adsorption mechanisms.

Open Access Article. Published on 11 March 2026. Downloaded on 3/12/2026 3:09:34 AM.

3.2.1 Effect of Temperature
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To evaluate the effect of temperature on dye adsorption, batch experiments were conducted
over a temperature range of 0 to 80 °C while keeping all other parameters constant. The range
of temperatures examined in this study indicates both environmental and practical
considerations. Lower temperatures are relevant to real-world wastewater treatment scenarios,
such as cold-climate conditions or unheated storage tanks, where influent streams can approach
near-freezing temperatures and adsorption performance under such conditions can influence
design and operation 4. Elevated temperatures, on the other hand, are pertinent to industrial

effluents, particularly from textile, dyeing, and chemical processes, where effluent streams may
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be discharged at higher temperatures prior to cooling 3. The results shown in Fig, 5a, indiC4te, ;.50

that the adsorption capacities of both DO1 and EBT dyes on PAC and CAC decrease
progressively with increasing temperature. At lower temperatures, particularly at 0 °C, the
highest adsorption capacities were observed, ranging from approximately 22 to 45 mg/g. As
the temperature increased, a continuous decline in dye uptake occurred, and at 80 °C the
adsorption capacities decreased to about 4 to 8 mg/g. This temperature-dependent phenomenon
suggests that the adsorption process is exothermic in nature, as elevated temperatures weaken
the interactions between the dye molecules and the adsorbent surface, leading to reduced
adsorption efficiency. Similar trends have been reported in previous studies on dye adsorption
using activated carbon materials !, supporting the observed thermal behaviour of the present
system.
3.2.2 Effect of pH

The effect of solution pH on the adsorption of DO1 and EBT onto PAC and CAC was
investigated over a pH range of 2.0 to 9.0 under otherwise identical experimental conditions.
As presented in Fig. Sb, the adsorption capacity of DO1 remained nearly constant across the
studied pH range, indicating that pH has a negligible influence on its uptake. This trend can be
attributed to the weak ionization of DO1 in aqueous media, which allows stable interactions
with the adsorbent surface over a wide pH range. Similar pH-independent adsorption behaviour
has been reported for structurally related disperse dyes, such as Disperse Orange 25, whose
adsorption onto activated carbon was found to be largely unaffected by pH variations between
4 and 9, with optimal performance near neutral pH 2. In contrast, the adsorption of EBT
exhibited a strong dependence on solution pH. EBT contains sulfonate groups that remain
negatively charged in aqueous solution 3, classifying it as an anionic dye. At acidic pH values,
both PAC and CAC surfaces are predominantly positively charged, as inferred from their pHpzc

value of 7.9, which promotes electrostatic attraction between the adsorbent and the anionic dye

21


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5va00490j

Page 23 of 41 Environmental Science: Advances

icle Online

molecules 4. As the solution pH increases, the density of positively charged susface - S$iteSs;o o0,
decreases while negatively charged sites become more prevalent, leading to increasing
electrostatic repulsion and a corresponding decline in adsorption capacity. Consequently, EBT
adsorption decreases markedly as pH increases, dropping from approximately 45 mg/g at acidic
pH to below 10 mg/g at pH values above 7. This trend is consistent with previous studies
reporting maximum EBT adsorption under acidic conditions and diminished uptake in alkaline
media 3. The pronounced pH sensitivity of EBT adsorption confirms that electrostatic
interactions play a dominant role in governing its adsorption behaviour, in agreement with the
surface charge characteristics of the activated carbons determined from pHpzc analysis.
3.2.3 Effect of Adsorbent Dosage

The influence of adsorbent dosage on the adsorption of DO1 and EBT dyes was evaluated
by varying the amount of PAC and CAC from 0.1 to 0.5 g while keeping all other experimental
parameters constant. The results (Fig. 5c) indicate that the adsorption capacity decreases with
increasing adsorbent dosage for both dyes. This characteristic is commonly attributed to

particle aggregation and overlap of adsorption sites at higher solid concentrations, which

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

reduce the effective surface area available for adsorption and limit the accessibility of active

Open Access Article. Published on 11 March 2026. Downloaded on 3/12/2026 3:09:34 AM.

sites. In addition, an increase in adsorbent dosage can lead to unsaturated adsorption sites due
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to a fixed amount of dye in solution, resulting in a lower uptake capacity per unit mass of
adsorbent 6. Similar trends have been reported for dye adsorption systems, where higher
adsorbent loadings led to reduced adsorption capacity due to diffusion limitations and
decreased utilization efficiency of the available adsorption sites >7.
3.2.4 Effect of Adsorbent Size

Particle size is an important parameter influencing the adsorption performance and practical
applicability of adsorbents. Although smaller particles generally offer higher surface area and

shorter diffusion paths, they may cause pressure drop and clogging issues in fixed bed systems,
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whereas larger particles often exhibit reduced adsorption efficiency due to limited Sutface 5 o0;
accessibility. To determine an appropriate particle size for dye removal, adsorption
experiments were conducted using three particle size fractions, namely 45 to 90 um, 90 to 212
um, and greater than 212 pm. As displayed in Fig. 5d, the adsorption capacity of both dyes
decreases systematically with increasing particle size. The higher uptake observed for smaller
particles can be ascribed to their larger external surface area and enhanced availability of active
adsorption sites, which facilitate more effective dye diffusion and interaction with the
adsorbent surface. In contrast, larger particles possess lower surface area to volume ratios and
longer internal diffusion paths, which limit mass transfer and reduce overall adsorption
efficiency 8. These results highlight the importance of particle size optimization in achieving

high adsorption performance while maintaining practical operability.
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Figure 5. Effects of operating conditions on the adsorption of DO1 and EBT onto PAC and

3.3 Kinetics and Isotherm Modelling

CAC: (a) temperature (b) solution pH, (c) adsorbent dosage, and (d) adsorbent size.

Adsorption kinetics and equilibrium behavior are key aspects for understanding the

interaction between dye molecules and adsorbent surfaces, as well as for evaluating the

efficiency and feasibility of adsorption processes. Kinetic studies provide insight into the rate

of adsorption and the time required to reach equilibrium, which are critical parameters for

process design and optimization. Isotherm analyses, on the other hand, describe how adsorbate

molecules distribute between the solid and liquid phases at equilibrium and offer information

on adsorption capacity, surface characteristics, and adsorption mechanisms.
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The kinetic and isotherm data for the adsorption of DO1 and EBT onto PAC and CACHALE 5 1o0;

presented in Fig. 6. The kinetic profiles in Fig. 6a show a rapid initial uptake of both dyes,
followed by a gradual approach to equilibrium. For DO1, adsorption equilibrium was attained
within approximately 30 min for both PAC and CAC, whereas EBT reached equilibrium much
faster, within about 10 min, indicating a higher affinity of the activated carbon surfaces toward
EBT molecules. Beyond these equilibrium times, further increases in contact duration resulted
in negligible changes in adsorption capacity, and complete stabilization of the adsorption
process was observed within ~60 min for all systems. Accordingly, a contact time of 60 min
was selected for all subsequent adsorption experiments to ensure that equilibrium was reached
for every dye—adsorbent system and to allow meaningful and consistent comparison of
adsorption performance across the different systems studied. The fast initial adsorption stage
stems from the abundant availability of active surface sites on the activated carbons, which
enables rapid interaction between dye molecules and adsorption sites. As adsorption proceeds,
these sites become progressively occupied, leading to a reduced adsorption rate due to
increased competition among dye molecules and diffusion limitations. This transition reflects
a shift from surface-controlled adsorption at early stages to intraparticle and pore diffusion
control at later stages, which is consistent with previously reported dye adsorption systems *°.
The equilibrium adsorption behavior is illustrated in Fig. 6b, where the adsorption capacity of
both DO1 and EBT increases with increasing dye concentration for PAC and CAC. This trend
is associated with the enhanced concentration gradient at higher initial dye concentrations,
which provides a stronger driving force for mass transfer and promotes more efficient

interaction between dye molecules and the adsorbent surface .
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Figure 6. Adsorption isotherm and kinetic data for DO1 and EBT on PAC and CAC: (a)
kinetics; (b) isotherm.

The adsorption kinetics of DO1 and EBT on PAC and CAC were analyzed using the PFO
and PSO kinetic models to elucidate the rate behavior and controlling mechanisms of the
adsorption process. The linearized kinetic fittings are presented in Fig. 7, where Fig. 7a
illustrates the PFO model and Fig. 7b shows the PSO model for both dyes on the two ACs. The

corresponding kinetic parameters are summarized in Table 2. The PFO model provides a

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

reasonable description of DO1 adsorption, with correlation coefficients (R?) of 0.9186 for PAC

and 0.9431 for CAC. However, the applicability of the PFO model to EBT adsorption is

Open Access Article. Published on 11 March 2026. Downloaded on 3/12/2026 3:09:34 AM.

limited, particularly for EBT-PAC, where a markedly lower R’ value of 0.7726 is obtained. In
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addition, the equilibrium adsorption capacities calculated from the PFO model differ
substantially from the experimentally measured values, indicating that this model does not
adequately represent the adsorption kinetics of EBT on the prepared activated carbons.

In contrast, the PSO model exhibits excellent agreement with the experimental data for both
dyes and both adsorbents, as shown in Fig. 7b. High correlation coefficients close to unity are
obtained, with R’ values of 0.9983 and 0.9967 for DO1 adsorption on PAC and CAC,
respectively, and 0.9983 and 0.9997 for EBT adsorption on PAC and CAC. Moreover, the
equilibrium adsorption capacities predicted by the PSO model closely match the experimental
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values, confirming the suitability of this model for describing the adsorption kingetics, . JTHe x5 o]
superior fitting of the PSO model suggests that the adsorption rate is governed by interactions
between dye molecules and the available active sites on the activated carbon surfaces rather
than by simple diffusion-controlled processes alone. Similar kinetic behavior has been widely

reported for dye adsorption onto activated carbon materials %', where the PSO model

consistently provides the best representation of experimental data.
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Figure 7. Kinetic model fitting for DO1 and EBT adsorption on PAC and CAC: (a) PFO and

(b) PSO models.

The equilibrium adsorption behavior of DO1 and EBT on PAC and CAC was evaluated
using the Langmuir and Freundlich isotherm models, with the corresponding linear fittings
shown in Fig. 8 and the derived parameters summarized in Table 2. As illustrated in Fig. 8a,
the Langmuir model provides an excellent fit to the experimental data for both dyes and both
adsorbents, as evidenced by high correlation coefficients ranging from 0.9664 to 0.9952. The
maximum monolayer adsorption capacities obtained from the Langmuir model demonstrate a
markedly higher affinity of the activated carbons toward EBT compared to DO1, with g, values

of 192.31 and 256.41 mg/g for EBT on PAC and CAC, respectively, whereas DO1 exhibits
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lower capacities of 72.99 and 69.44 mg/g. The dimensionless separation factor R, value$di€: sisos
between 0 and 1 for all systems, confirming that adsorption is favorable over the studied
concentration range 2. The higher adsorption capacity observed for CAC, particularly toward
EBT, arises from its more developed porous structure and greater availability of accessible
adsorption sites.

The Freundlich isotherm model, which accounts for adsorption on heterogeneous surfaces
with nonuniform site energies, was also applied to the equilibrium data, as illustrated in Fig. 8b.
Although reasonable correlations were obtained, with R? values between 0.9122 and 0.9326,
these values are consistently lower than those obtained from the Langmuir model, indicating a
comparatively weaker description of the adsorption behaviour. The Freundlich constants ny are
greater than unity for all systems, indicating favourable adsorption, whereas the Kr values
suggest enhanced adsorption affinity for CAC relative to PAC 3. Overall, the isotherm analysis
indicates that the equilibrium adsorption of both DO1 and EBT on the prepared ACs is best
described by the Langmuir model, implying predominantly monolayer adsorption on relatively

uniform surface sites under the investigated conditions.
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Figure 8. Isotherm model fitting for DO1 and EBT adsorption on PAC and CAC: (a)

Langmuir model; (b) Freundlich model.
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Table 2. Isotherm and kinetic parameters for the adsorption of DO1 and EBT on PAC and

CAC.
DO1 EBT
Model Parameter

PAC CAC PAC CAC
K, (L/'mg)  0.021 0.114 0.003 0.004
E gn(mglg) 7299 69.44 192.31 256.41
2 R, 0.487 0.149 0.889 0.838
— R 0.9664 0.9928 0.9724 0.9952
- ne 1.604 1.926 1.186 1.363
% Kr 1.518 2.114 0.881 1.249
E R 0.9189 0.9122 0.9322 0.9326
ki 0.021 0.024 0.018 0.032
e Ge 2.636 3.102 3.024 2.841
= R 0.9186 0.9431 0.7726 0.8740
k; 0.011 0.007 0.009 0.013
2 Ge 17.54 2127 32.05 36.90
2 R 0.9983 0.9967 0.9983 0.9997

3.4 Adsorption mechanisms

The plausible adsorption mechanisms governing the uptake of DO1 and EBT dyes onto
PAC and CAC are schematically illustrated in Fig. 9 and arise from the synergistic contribution
of multiple surface interactions. For DO1, adsorption is predominantly driven by hydrophobic
interactions between the nonpolar aromatic backbone of the dye and the graphitized carbon
domains of the activated carbons, which minimize interfacial free energy in aqueous media .
In parallel, strong 7—= stacking interactions occur between the planar aromatic rings of DO1
and the conjugated sp?-carbon structures present on PAC and CAC, facilitating favorable face-

to-face alignment and stabilizing adsorption % %6, In addition, pore filling plays an important
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role in DO1 uptake, as the molecular dimensions of the dye enable its diffusion intg the micEes . 505
and mesoporous network of the activated carbons, leading to physical confinement and
enhanced retention within the pore structure !°. Although the BET surface areas of PAC and
CAC are moderate, the accessibility of the pore network allows effective utilization of the
available internal surface, which supports efficient adsorption of aromatic molecules like DO1

67, Notably, the higher adsorption capacity of DOl on PAC compared with CAC can be
attributed to the more graphitized and less functionalized surface of PAC formed during
physical activation, which enhances hydrophobic interactions and z—= stacking with nonpolar
aromatic dyes.

In contrast, the adsorption of EBT involves a more complex combination of electrostatic
and noncovalent interactions due to its anionic and highly polar nature. The sulfonate groups
of EBT impart a negative charge in aqueous solution, promoting electrostatic attraction with
positively charged surface sites on PAC and CAC at solution pH values below the pHpzc 7.
Hydrogen bonding interactions further contribute to EBT adsorption through interactions

between oxygen-containing functional groups on the activated carbon surface and the hydroxyl

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

and sulfonate moieties of the dye 8. These surface functional groups, which are enriched during

Open Access Article. Published on 11 March 2026. Downloaded on 3/12/2026 3:09:34 AM.

chemical activation, increase surface polarity and provide favorable interaction sites, thereby

(cc)

enhancing dye affinity %°. Additionally, 7—= stacking between the aromatic rings of EBT and
the graphitic regions of the carbons enhances adsorption through noncovalent electronic
interactions 0. Pore filling also contributes to EBT uptake, particularly in CAC, where
chemical activation generates a more developed pore network and higher accessibility of
internal adsorption sites. Moreover, the accessibility of the pore network facilitates diffusion
of the relatively bulky EBT molecules, allowing effective interaction with internal adsorption
sites even in materials with moderate BET surface areas. As a result, CAC exhibits a higher

adsorption capacity for EBT than PAC (Table 3), reflecting the dominant role of electrostatic
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attraction and hydrogen bonding associated with the higher surface functionality introduced by 5ors0s
phosphoric acid activation. The combined contributions of electrostatic attraction, hydrogen
bonding, 7—= interactions, hydrophobic effects, and pore filling collectively account for the
higher adsorption capacity observed for EBT, especially on CAC, where surface functionality

and porosity are more pronounced.

=== Electrostatic Attraction

=== Hydrophobic Effects

=== 7777 stacking

PAC EBT CAC

Figure 9. Potential mechanisms of DO1 and EBT adsorption onto PAC and CAC adsorbents.

A comparative assessment of activated carbons reported in the literature for the adsorption
of Disperse Orange and Eriochrome Black T dyes is summarized in Table 3. As shown, the
activated carbons derived from Rosa brunonii Lindl. seeds in this work exhibit competitive
and, in several cases, superior adsorption performance compared to previously reported
biomass-based adsorbents. For DO dyes, the adsorption capacity achieved in this study is
comparable to or higher than those reported for activated carbons prepared from rattan sawdust
and cenosphere-based composites, while requiring a lower adsorbent dosage. More notably,
for EBT adsorption, the prepared activated carbons demonstrate substantially higher maximum
adsorption capacities, reaching 192.3 mg/g for PAC and 256.4 mg/g for CAC, outperforming
many reported biomass-derived activated carbons under comparable or milder operating
conditions. The superior performance of the present adsorbents can be attributed to their well-

developed porous structure, high carbon content, and favorable surface chemistry, which
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collectively enhance dye—adsorbent interactions. These results highlight the effectiveness of: sioos
Rosa brunonii Lindl. seed—derived activated carbons as promising and efficient materials for

the removal of disperse and anionic dyes from aqueous systems.

Open Access Article. Published on 11 March 2026. Downloaded on 3/12/2026 3:09:34 AM.
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This study demonstrates the successful valorization of Rosa brunonii Lindl. seeds into High7 . 005

performance activated carbons prepared via physical and chemical activation routes and their
effective application for the removal of hazardous dyes from aqueous media. Comprehensive
structural and physicochemical characterization confirmed that thermal activation induces
pronounced surface modification, pore development, and aromatization of the carbon
framework. The prepared ACs reveal the formation of a predominantly amorphous to
turbostratic carbon structure with high thermal stability up to 600 °C, accompanied by a
substantial increase in carbon content to 93 at.% and a marked reduction in oxygen content to
about 5 at.%. Chemical activation (CAC) produced a higher density of accessible surface
functionalities, resulting in consistently enhanced adsorption performance relative to
physically activated carbon (PAC), particularly for anionic dyes. Batch adsorption studies
showed that dye uptake is governed by solution chemistry and material properties, including
initial dye concentration, pH, and particle size. Equilibrium adsorption capacities reached 73.0
and 69.4 mg/g for DO1 on PAC and CAC, respectively, while significantly higher capacities
were achieved for EBT, reaching 192.3 mg/g on PAC and 256.4 mg/g on CAC. The equilibrium
data are best described by the Langmuir isotherm, indicating predominantly monolayer
adsorption on relatively uniform surface sites, whereas the adsorption kinetics follow the
pseudo-second-order model, reflecting strong dye—surface interactions. Adsorption was
favoured at lower temperatures, consistent with an exothermic process. Solution pH played a
critical role in EBT adsorption, with optimal uptake under acidic conditions due to electrostatic
attraction, whereas DO1 adsorption remained largely pH independent owing to its weak
ionization behavior. From a practical perspective, the use of an abundant, underutilized
biomass precursor and straightforward activation procedures suggests favorable cost potential
compared with conventional commercial activated carbons. Overall, the superior adsorption

performance, favorable kinetics (reaching equilibrium during only 60 min), and low adsorbent
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dosage requirements position Rosa brunonii seed-derived activated carbons as systaindtlelsisos
low-cost, and efficient materials for dye remediation.
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