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Highly porous activated carbon derived from the
papaya plant (stems and leaves) for superior
adsorption of alizarin red s and methylene blue
dyes from wastewatert
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In this study, stems and leaves of the papaya plant were employed to prepare a high-quality porous
adsorbent via carbonization and chemical activation using phosphoric acid. This adsorbent demonstrates
superior adsorption capabilities for the efficient removal of hazardous alizarin red s (ARS) and methylene
blue (MB) dyes. Thus, it contributes to waste reduction and promotes sustainable practices in
environmental remediation, aligning with global efforts to develop sustainable materials that address
water pollution while supporting circular economy principles. The structural properties of the activated
carbon were characterized through various techniques, including BET surface area, FTIR, SEM, XPS, zeta
potential measurements, and determination of the zero-point charge. The characterization results
confirmed the preparation of highly porous activated carbon from papaya stems with a high surface area
of 1053.52 m? g~1. The batch experiments revealed that the maximum adsorption capacities for the
stem-activated carbon (SAC) were 931 mg g~ for ARS and 990 mg g~ for MB. For the leave-activated
carbon (LAC), the capacities were 410 mg g~ for ARS and 642 mg g~* for MB. SAC exhibited 100%
removal of MB or ARS with concentrations lower than 150 ppm in 15 min. The data fitted well with the
Langmuir model and pseudo-second-order model. Moreover, the reusability revealed that the SAC can
be reused over 5 cycles without significant change in the removal efficiency. Overall, SAC and LAC
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1. Introduction

Water contamination is a critical issue today, posing a signifi-
cant threat to humans and ecosystems. The rising anthropo-
genic activity and population growth have worsened the
situation.' Moreover, all environmental resources are signifi-
cantly contaminated, particularly synthetic dyes, which have
gained much attention because of the severe harm they cause to
humans and the ecology.> Various industries such as leather,
textile, printing, cosmetics, and pharmaceuticals manufacture
synthetic dyes, which are significant causes of water pollution.’
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T Electronic supplementary information (ESI) available: Properties of methylene
blue and alizarin red s (Table S1). Surface characteristics of SAC and LAC (Table
S2). Pore size distribution of SAC and LAC (Fig. S1). Zeta potential of SAC
(Fig. S2). Effect of temperature on the removal of MB and ARS dyes using LAC
and SAC (Fig. S4). The PSO and PFO kinetic model equations (S1). PFO kinetic
models for the adsorption of MB and ARS onto SAC (Fig. S5A) and LAC
(Fig. S5B). Freundlich isotherm model for the adsorption of MB and ARS onto
SAC (Fig. S5C) and LAC (Fig. S5D). See DOI: https://doi.org/10.1039/d4ra07957d
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These dyes have complicated molecular structures containing
substituted chromophoric groups such as azo, triarylmethane,
and anthraquinone, as well as others, making them difficult to
biodegrade. Under anaerobic conditions, these pigments can
degrade forming hazardous aromatic amines. When dye-
containing effluents enter waterways, they can cause cancer,
mutations, allergic dermatitis, skin irritation, and difficulties
with the kidneys, reproductive system, liver, brain, and central
nervous system.*

Alizarin red s (ARS), an anthraquinone dye, is regarded as
among the most resilient dyes and has been applied in
numerous industries. These dyes are typically not destroyed by
existing chemical, physical, and biological processes.>® Alizarin
red s (3,4-dihydroxy-9,10-diox0-9,10-dihydroanthracene-2-
sulfonic acid) is an anionic dye that has a reputation for
being poisonous, having cancer-causing effects, and maybe
causing other health issues like dermatitis. Its water-soluble dye
with a pK, of (4.6-6.5) is mainly found in the effluents of food,
textile, and dye industries.” Methylene blue (MB), an azo dye, is
frequently utilized in the textile industry to dye various mate-
rials such as paper, cotton, silk, and wool. However, it is not
easily biodegradable and can cause harm to aquatic
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photosynthetic life by blocking light absorption when present
bodies. Methylene blue ([7-(dimethylamino)
phenothiazin-3-ylidene]-dimethylazanium chloride) is water
soluble cationic dye that has been linked to several health
problems for people, including conditions that impact the
digestive, respiratory, ocular, nausea, vomiting, cyanosis and
mental systems,>*° see ESI (Table S1)t for further information
on MB and ARS dyes. Studies have been carried out to reduce
pollution and its impact on ecosystems by removing dyes from
contaminated water sources. Several techniques have been
employed for extracting dyes such as biodegradation, advanced
oxidation process, coagulation, membrane separation, adsorp-
tion, ion exchange, precipitation, activated sludge, electro-
chemical conversion, photocatalytic degradation, and catalytic
ozonation.'*™*?

Regarding wastewater treatment, adsorption technology is
popular due to its versatility, affordability, high efficiency,
effective regeneration, and eco-friendly characteristics. It is
a great option for those seeking a low-cost, easy-to-use, and
effective treatment. Various adsorbent materials are frequently
utilized to remove organic pollutants and colorants. These
materials include activated carbons, metal-organic frameworks
(MOFs), biochar, and compounds produced from agricultural
waste. Due to its exceptional qualities, activated carbon (AC) is
highly effective in eliminating colors from sewage water due to
its highly developed porous structure, wide range of oxygen-
functional groups, superior thermal and mechanical resis-
tance, substantial adsorption capacity, and extensive surface
area."»™ The papaya plant, also known as Carica papaya, is
tropical and subtropical originally from Mexico and northern
South America but has now spread to many parts of the world.*®
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Carica papaya represents a valuable resource in environmental
remediation efforts, particularly in wastewater treatment. Its
effectiveness as a natural coagulant addresses pollution chal-
lenges and supports sustainable practices by utilizing agricul-
tural waste. The ongoing exploration of its applications may
further solidify its role as an essential component in environ-
mentally friendly technologies to improve water quality and
mitigate environmental impacts."”” Papaya contains cellulose
(58.7%), hemicellulose (11.8%), and lignin (14.3%),*'**° which
makes it high in hydroxyl (OH) functional and carbonyl. This
property makes papaya a suitable material for ammonium ion
binding, and therefore, it has a huge potential to be trans-
formed into an effective adsorbent.® The growing need for
specialized activated carbon, particularly for specific applica-
tions, has resulted in the heightened importance of using
phosphoric acid. It offers numerous advantages, such as
increased porosity, improved yield, greater chemical stability,
and enhanced adsorption characteristics. Phosphoric acid is
essential for facilitating pyrolytic processes and incorporating
beneficial surface functional groups, making it crucial for
producing high-quality activated carbons suitable for waste-
water treatment and various environmental applications.>***
Experimental investigations were carried out to elucidate the
adsorption mechanisms and assess the efficacy of a completely
new adsorbent. These investigations included adsorption
isotherms, kinetic studies, and characterization analyses. It is
worth noting that this distinct adsorbent has not been docu-
mented in scientific literature before. The novelty of producing
activated carbon from the papaya plant (Carica papaya) is
underscored by several key factors, including its sustainable
sourcing, innovative activation methodologies, advanced
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Scheme 1 The general procedure for the synthesis of chemically modified activated carbon derived from papaya plant.
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characterization techniques, functional properties conducive to
effective adsorption, and significant environmental benefits.
These attributes position papaya-derived activated carbon as
a promising material for diverse industrial applications. To
elucidate its innovative potential, this study evaluates the
feasibility and practicality of utilizing activated carbon derived
from the papaya plant specifically for removing alizarin red s
dye and methylene blue dye from wastewater. The research
focuses on assessing the effectiveness of this activated carbon in
treating dye-laden effluents, thereby highlighting its applica-
bility in environmental remediation efforts. The general
procedure for the synthesis of activated carbon from the papaya
plant is described in Scheme 1.

2. Experimental section

2.1. Materials

Papaya plants (including stems and leaves) were gathered from
Mansoura, Egypt. All the chemicals used in this study were ob-
tained from Sigma Chemical Co., including HCI (37%), NaOH
(99%), and phosphoric acid, which served as a chemical acti-
vating agent. Additionally, MB and ARS dyes were used as model
adsorbates to evaluate the effectiveness of the adsorbents.

2.2. Synthesis of chemically modified activated carbon
derived from papaya plants

The stems and leaves of the papaya plants were separated and
thoroughly rinsed several times with both water and deionized
water to eliminate any surface contaminants. Following this,
the plant materials were desiccated in an oven at 80 °C for three
days. To produce activated carbon, 30 g of the dried papaya
plants were soaked in a solution of H3PO, at a concentration of
50.0 £ 0.5% (v/v). This specific concentration was selected
based on preliminary experiments to ensure effective activation
while minimizing the degradation of the organic material. The
volume ratio of the acid solution to the solid mass was set at 2.:
1. This ratio was optimized to enhance the penetration of the
activating agent into the plant material, ensuring uniform
activation throughout at 25 °C. The soaking time of 72 hours
was determined through experimentation, allowing sufficient
time for the chemical reaction between H;PO, and the cellulose
structure in the papaya plant. This reaction effectively leads to
carbonization and the development of porosity. After soaking,
the mixture was dehydrated in an oven at 110 °C for 48 hours to
remove moisture. The samples were then gradually activated
under an inert nitrogen atmosphere in a horizontal pyrolysis
reactor at temperatures between 550 °C and 600 °C for three
hours. The reactor was purged with nitrogen gas before activa-
tion to ensure the environment was free of oxygen. This
prevents combustion and allows for effective carbonization,
which could compromise the quality of the activated carbon. A
heating rate of approximately 5 °C per minute was maintained
to ensure uniform thermal decomposition. After the chemical
activation process, the samples were rinsed with distilled water
until they reached a neutral pH and then dried overnight in the
oven at 120 °C.
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2.3. Characterization

The materials’ textures, structures, and characteristics were
analyzed using various methodologies. The scanning electron
microscope (SEM, Jeol JSM 6510LV) was used to examine the
elemental analysis and morphology of the produced activated
carbon. To identify and characterize the functional groups on
the adsorbent surface, Fourier transform infrared spectroscopy
(FTIR) was utilized. The FTIR spectra, covering the range of 4000
to 400 cm ', were collected using Fourier transform infrared
spectrometry (FT-IR, Thermo Nicolet iS10, USA).?* The specific
surface area, total pore volume, mean pore diameter and pore
size distribution of the synthesized activated carbon were
analyzed utilizing the Brunauer-Emmett-Teller (BET) nitrogen
adsorption technique at 77.35 K, employing the Quantachrome/
NOVA apparatus. X-ray photoelectron spectroscopy (XPS, Esca-
lab 250Xi) was employed to analyze activated carbon's proper-
ties and crystal structures, including elemental composition
and surface chemical state before and after dye adsorption. The
zeta potential approach was utilized to identify the surface
charge of activated carbon particles.

2.4. Adsorption kinetics and isotherms

The adsorption capacity of LAC/SAC for ARS and MB dyes, two
model dye pollutants, was evaluated using batch mode. For the
kinetics study, 5 mg of SAC and LAC were added to 10 mL of dye
solution in glass vials at 50 to 900 ppm concentrations. The
initial pH of the solutions ranged from 2 to 8 and was adjusted
using either 0.1 mol L' HCI or 0.1 mol L™ " NaOH solutions
(500 ppm ARS, 300 ppm MB (STEM) and 200 ppm MB (leaves)).
The study investigated the impact of contact times between 5
and 240 minutes on initial dye concentrations of (700 ppm ARS
(STEM), 500 ppm ARS (leaves), 800 ppm MB (STEM), and
700 ppm MB (leaves)) with an adsorbent dose of 5 mg. The effect
of varying adsorbent doses (2.5-30 mg) was examined at
a constant initial dye concentration (700 ppm ARS (STEM),
500 ppm ARS (leaves), 800 ppm MB (STEM) and 700 ppm MB
(leaves)) and agitation time of 90 min. The vials were flipped in
a uniform-temperature air bath agitator for 90 minutes at
temperatures ranging from 298 to 328 K. The dye concentra-
tions in the supernatant solutions were measured. ARS and MB
were measured using a spectrophotometer with an ultraviolet-
visible spectrum at the maximum wavelength of 520 nm and
664 nm, respectively. The dye removal efficiency (% removal)
and the adsorbed amounts of dyes at equilibrium g. (in mg g™ )
were determined via the subsequent eqn (1) and (2):**

Removal% = w (1)
V
ge = (Co — Ce) W (2)

The initial concentration of the dye in the solution is repre-
sented by C, (in mg L"), and the residual concentration at the
equilibrium state after adsorption is represented by C.
(in mg L™"). The amount of the dry adsorbent is denoted by W
(mg), and the volume of the solution is represented by V (mL).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3. Results and discussion

3.1. Characterizations

3.1.1. Brunauer-Emmett-Teller (BET) surface area. The
Brunauer-Emmett-Teller (BET) surface area analysis of SAC
and LAC adsorbents, derived from nitrogen (N,) adsorption-
desorption isotherms (as shown in Fig. 1 and Table S21), reveals
that SAC possesses a substantially larger surface area of 1053.52
m? g7, in contrast to LAC's 441.67 m” g~ '. According to the
International Union of Pure and Applied Chemistry (IUPAC)
classification, SAC's and LAC's physisorption isotherms are
categorized as Type II, indicative of macro-porous structures.>*
These isotherms display an H4-type hysteresis loop at relative
pressures (p/p,) exceeding 0.4.>* The pore size distribution for
both adsorbents, as depicted in Fig. S1,f substantiates the
existence of a hierarchical porous structure. This structure
comprises micropores with diameters less than 2 nm, and
mesopores, ranging from 2 to 50 nm.”® Consequently, the SAC
exhibits a markedly greater surface area and pore volume
(1053.52 m* g~ " and 1.158 em® g, respectively) compared to
the LAC, which has a surface area of 441.67 m® g " and a pore
volume of 0.4858 cm® g~ (Table S2 and Fig. S11). The adsor-
bents used in this study demonstrated a significant specific
surface area and a highly developed internal pore structure.
This indicates that the primary mechanism for removing
methylene blue (MB) and alizarin red s dye (ARS) is surface
adsorption.

3.1.2. Fourier-transform infrared spectroscopy. The FTIR
spectra are shown in Fig. 2. Activation and carbonization had an
impact on all the prepared activated carbons. The changes in
peak intensity compared to the raw material spectrum suggest
chemical modifications. The results reveal that the band gap at
3295-3362 cm ™ is ascribed to (O-H) hydroxyl groups bound to
the surface of the carbon material.>”*®* The peak intensity
decreased after activation due to increased hydrogen elimina-
tion from the plant. These functional groups play a crucial role
in surface interactions and adsorption processes. The graphs
also show a loss of aliphaticity, confirmed by the complete
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disappearance of the C-H stretching bands observed around
2900 cm " in dried plants.>® Additionally, the bands observed at
around 2279 cm ™' can be attributed to the isocyanate group (-
N=C=0), and the peak intensity increased after activation
with H;PO,. The band gap at 2100 cm ' corresponds to the
frequency of alkyne (C=C) or cyano group (C=N) stretching
vibrations.*® In the ACs, the bands observed at approximately
1563-1600 cm ' unequivocally correspond to the stretching
vibrations of the aromatic rings (C=C) and the carbonyl group
(C=0).* The peak observed in raw material at 1408 cm ' is
related to (C-C) stretching in aromatics and this peak disap-
pears in ACs. Certain peaks in the 1000-1250 cm ' range
correspond to the C-O and C-O-C bond stretching of aliphatic
ether, carboxylic acid, epoxide, anhydride, and lactones.*
Meanwhile, the band at 676 cm ™" is attributed to alkyl halides®
and the band at 489 cm ™" is related to n — 7* of the (C-O)
bond.*

3.1.3. Determination of pHpzc. The point of zero charge
(pHpzc) for activated carbon material is pivotal in controlling
its adsorption efficacy towards contaminants in aquatic envi-
ronments. Specifically, the pHpzc directly impacts the acti-
vated carbon's surface charge characteristics. The zeta
potential value was —10.4 mV =+ 1.5 for SAC (Fig. S2}). pHpzc
was determined and confirmed to be 4.3 for LAC and about 4.1
for SAC, as depicted in Fig. 3. When the pH surpasses the point
of zero charge (pHpzc), the adsorbent surface exhibits
heightened negative charge density. Consequently, this facili-
tates the adsorption of cationic dyes (methylene blue) through
electrostatic interactions.*® Conversely, when the pH falls
below the pHpzc, hydronium ions (H') dominate the surface,
promoting the preferential replacement of anionic dye species
(alizarin red s).**

3.1.4. XPS. X-ray photoelectron spectroscopy (XPS) is
a qualitative technique that provides surface-sensitive analysis
of functional groups and surface composition of prepared
activated carbon. Fig. 4A shows the XPS survey spectra of acti-
vated carbon prepared from the papaya plant. All peaks are
observed at C 1s, O 1s, N 1s, and P 2p, indicating the basic

w0 —=— N2 Adsorption
'7“300 1—+— N2 Desorption

(B)

5
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Fig. 1 The liquid nitrogen adsorption—desorption isotherms of SAC (A), and LAC (B).
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Fig. 3 Determination of pHpzc for (A) LAC, and (B) SAC (measurements were made at 25 + 1 °C).

components of activated carbon. The high-resolution C 1s
spectra (Fig. 4B) displayed five distinct peaks at binding ener-
gies of 284.52, 285.53, 287.15, and 289.48 eV. These peaks were
unequivocally assigned to specific chemical bonds: graphitic C-
C/C=C, C-0, C=0, and O-C=0. The C-O bond was attributed
to the presence of functional groups such as aldehydes, ketones,
aliphatic ether, and carboxylic acid.**** The O 1s spectra of
activated carbon (Fig. 4C) displayed four distinct peaks at
binding energies 530.95, 532.66, 533.94, 534.61 eV. These peaks
correspond to specific oxygen functionalities on the carbon
surface to (C=0/O=P), single bonded oxygen in (C-OH, C-O-
C, and C-O-P) linkages, oxygen atoms in ester and anhydrides®

678 | RSC Adv, 2025, 15, 674-687

and chemisorbed O/H,0." The nitrogen content in SAC is
quantified at 1.69 wt%. The high-resolution N 1s XPS spectrum
of SAC (Fig. 4D) reveals three distinct sub-peaks at energy levels
of 399.38 eV for pyrrolic-N (N-5), 401.02 eV for quaternary-N,
and 403.26 eV for oxidized nitrogen (N-X).* The XPS spectrum
of P 2p (Fig. 4E) revealed two distinct peaks at 133.2 and
134.77 eV, which correspond to phosphates and pyrophos-
phates (PO, or P,0,) commonly found on the surface of acti-
vated carbon, as well as metaphosphates (C-O-PO;). These are
less common and indicate the presence of P-O-P linkage.** The
activation method used phosphoric acid, resulting in these
functional groups on the activated carbons.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 XPS spectra of SAC (A); high resolution XPS spectra of (B) C 1s, (C) O 1s, (D) N 1s, and (E) P 2p.
3.1.5. SEM. The morphological characteristics of the dried notable alterations in surface morphology, including

stems of the papaya plant, SAC, and LAC were analyzed using
scanning electron microscopy (SEM) images, as depicted in
Fig. 5. The SEM images of the precursor (Fig. 5A and B) reveal
a rough surface with parallel lines running along the stem and
multiple protrusions. After activation, the SEM images of SAC
(Fig. 5C, D and S3A-Ct) and LAC (Fig. 5E and F) demonstrate

9 54
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increased particle heterogeneity and the emergence of chan-
nels associated with internal pores. The observed porosity in
the carbon material is attributed to the thermal decomposition
of lignin, cellulose, and hemicellulose during carbonization,
which promotes the formation of both micropores and
mesopores.*®
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Fig. 5 SEM images of the dried stems of the papaya plant (A and B), SAC (C and D), and LAC (E and F).
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3.2. Batch adsorption investigations for ARS and MB dyes

3.2.1. Influence of solution pH. The pH of a water-based
system significantly impacts the adsorption process. It affects
the shape of the adsorbed molecules and the distribution of
surface charges on adsorbents. This influence is critical in
wastewater treatment processes that rely on adsorption. In our
study, we conducted batch adsorption experiments at different
pH levels (2-8) to see how the adsorption capacity of the
prepared SAC and LAC would be affected and how it would
affect the removal efficiency of ARS and MB. As depicted in
Fig. 6A, the maximum removal efficiency for MB occurred at pH
8.0, achieving 99.61% for SAC and 84.5% for LAC. Additionally,
the highest adsorption capacity for ARS was observed at pH 4.0,
81.47%, and 20.16% for SAC and LAC explained in Fig. 6A,
respectively. The removal efficiency of methylene blue dye
increases at higher pH but the adsorption capacity experienced
a significant reduction with decreasing pH values. This can be
explained by the strong electrostatic repulsion between the
positively charged MB=N" dye ions and the positively charged
ions on the surface of prepared activated carbon. Consequently,
the adsorption capacity experienced a significant reduction with
decreasing pH values.” In contrast, the efficiency of removing
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ARS dye is significantly improved at low pH values. This is
because an excess of H' ions around the surface of the activated
carbon enhances the electrostatic attraction between the nega-
tively charged oxygen bound to the dye's sulphonic groups and
the protonated sites grafted on the activated carbon, leading to
increased dye uptake. However, the reduction in removal effi-
ciency as the pH value increases can be attributed to the elec-
trostatic repulsion between similarly charged groups.*

3.2.2. Influence of MB/ARS concentration and tempera-
ture. The impact of removing methylene blue and alizarin red s
dye using SAC and LAC was studied by varying the dye
concentration from 5.0 to 900.0 ppm for both ARS and MB at
a constant concentration of 0.5 ¢ L. The agitation time was set
at 90 minutes, and the pH was 4 and 8 for ARS and MB,
respectively. As illustrated in Fig. 6B, the SAC effectively
removed entire dye molecules (MB or ARS) from an initial
aqueous concentration ranging from 5.0 to 150.0 ppm, indi-
cating that SAC could be used as an effective adsorbent to treat
polluted water with a low concentration of dyes. This outcome is
attributed to the availability of numerous unoccupied adsorp-
tion sites, facilitating stronger interactions between the dye
molecules and the adsorbent.*»** Additionally, as the initial
concentration went up from 5.0 to 900.0 ppm, the equilibrium
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E
S 4001 P
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——MB onto LAC
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Fig. 6 The adsorption efficiency of SAC, and LAC as a function of (A) pH; (B) concentration; (C) dosage and (D) contact time.
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adsorption capacity of MB for SAC rose from 5.0 to 990.0 mg
g™, For LAC, it enhanced from 5.0 to 642.0 mg g~ '. Likewise,
when the initial concentration of ARS dye was elevated from 5.0
to 900.0 ppm, the equilibrium adsorption capacities for SAC
and LAC heightened from 5.0 to 930.96 mg g~ " and from 5.0 to
410.0 mg g~ ', respectively. This occurs because of an elevated
concentration disparity between the fluid and solid phases,
making more dye available at the adsorbent interface. This can
reduce the spreading of dye particles to potential adsorption
locations on the activated carbon surface, thus increasing its
adsorption capacity.*® The influence of varying temperatures on
the adsorption characteristics of MB and ARS was investigated
(Fig. S47). The experimental data consistently indicated an
enhancement in the adsorption capacity of activated carbons
(ACs) with increasing temperature, suggesting an endothermic
adsorption process.”” However, a decrease in adsorption effi-
ciency was observed at 55 °C, this aligns with the exothermic
characteristics inherent to the adsorption procedures.*® This
demonstrates that lower temperatures are more appropriate for
adsorption, while higher temperatures facilitate desorption.*®
3.2.3. Effect of adsorbent dosage. Adsorbent quantity
intricately correlates with total adsorption procedure cost and
active site availability, a critical behavior variable that affects
adsorption. Understanding this interplay is essential for
designing efficient and sustainable adsorption systems. By
altering the adsorbent dosages from 2.5 to 20 g L™ ", the ARS dye
removal increased from 40.74% to 99.15% and from 27.04% to
97.59% for SAC and LAC, respectively (Fig. 6C). Similarly, as
seen in Fig. 6C, MB elimination gradually increases from
37.65% t0 99.58% and from 29.73% to 92.47% for SAC and LAC,
respectively. Consequently, administering higher doses may
lead to the potential overlap or aggregation of adsorption sites,
resulting in inefficient expenditure and adsorbent mass loss.*
3.2.4. Influence of duration and adsorption Kkinetics.
Duration is an important aspect of the adsorption mechanism
of methylene blue (MB) and alizarin red s (ARS) dyes by both
SAC and LAC. Fig. 6D demonstrates how stirring duration
affects the adsorption of the MB (800 ppm for SAC and 700 ppm
for LAC, pH = 8) and ARS (700 ppm for SAC and 500 ppm for
LAC, pH = 4). The adsorption capacity rapidly increases within
15 minutes, followed by a gradual approach to equilibrium. The
equilibrium uptake capacities for methylene blue and alizarin
red s were achieved at 180 and 120 minutes for SAC, and at 180
and 90 minutes for LAC, respectively. The initial adsorption rate
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diminishes as equilibrium is approached, surface molecules on
activated carbon repel the bulk solution, making it challenging
for the remaining effective adsorption sites to be occupied.*>**
Subsequently, to further elucidate the adsorption kinetics of the
synthesized activated carbon, we utilized pseudo-first-order and
pseudo-second-order kinetic models to gain a deeper under-
standing of the adsorption characteristics for methylene blue
(MB) and alizarin red s (ARS), see ESI (S1)T for further infor-
mation on the two models and their corresponding equations.
The results, including the kinetic parameters, are shown in
Table 1, Fig. 7A, B and S5A and B.{ The pseudo-second-order
kinetic model was more suitable for describing the dynamic
behavior of MB and ARS adsorption on the activated carbons, as
indicated by a higher correlation coefficient (R*> = 0.989).
Compared to the experimentally determined values for PFO and
its adsorption capability align more consistently with those
calculated using the PSO. As a result, the pseudo-second-order
kinetic model precisely delineates the adsorption mechanism,
which is regulated by a chemical adsorption process involving
electron sharing or transfer between the adsorbent and
adsorbate.”>**?

3.2.5. Isotherm studies. The adsorption isotherm studies
are important because they show how adsorbed molecules are
distributed between SAC, LAC, and the MB and ARS dyes in
equilibrium solutions. These studies are vital for designing
adsorption processes by evaluating the effectiveness of the
adsorbent. The study examined the adsorption equilibrium
data for MB and ARS dyes on SAC and LAC utilizing the Lang-
muir and Freundlich isotherm models.**** The findings are
presented in Fig. 7C, D, S5C and D.7 As indicated in Table 2, the
Langmuir correlation coefficient (R*) for both MB and ARS
surpasses 0.999, which has the best matching correlation
signifying the presence of monolayer adsorption. The Langmuir
model was employed to calculate the maximum adsorption
capacity of activated carbons for MB and ARS, closely aligning
with the experimental adsorption data, as shown in Table 2.
Adsorption is deemed favorable when the R; value ranges
between 0 and 1. Furthermore, an (1) value exceeding 1 signifies
highly favorable adsorption of dyes onto ACs, indicating robust
chemical interactions.®

The Langmuir and Freundlich models were utilized to
examine adsorption further, as depicted in the equations below.

Langmuir isotherm model:

C. 1 C.

was accelerated due to the abundance of numerous active sites q_ =K 0 + 0 (3)
. . . e L%m m
for dye adsorption, while the subsequent adsorption rate
Table 1 Kinetic variables for the removal of ARS and MB by SAC and LAC
PFO PSO
Dye Adsorbent Qexp Gecar. (Mg g ™) K; (min™1) R? Gecar. (Mg g™ K, (min g mol ™) R?
ARS SAC 931.0 281.60 0.05 0.58 892.86 0.0001 0.989
LAC 410.0 35.80 0.03 0.34 357.14 0.0005 0.998
MB SAC 990.0 83.26 0.02 0.44 961.54 0.0004 0.999
LAC 642.0 225.85 0.03 0.45 645.16 0.0001 0.984

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 PSO kinetic models for the adsorption of MB and ARS onto SAC (A) and LAC (B); Langmuir isotherm model for the adsorption of MB and

ARS onto SAC (C) and LAC (D).

Freundlich isotherm model:

In g. =In K¢ + %ln Ce (@)
where g. (mg g7") and C. (mg L") represent the amount of
adsorbate per unit mass of adsorbent at equilibrium and the
equilibrium concentration of the dye in the solution, respec-
tively, the maximum adsorption capacity is represented by Q,
(mg g ") and Qexp (Mg g~ ) experimental equilibrium biosorption
capacity. The equilibrium adsorption constant is denoted as Kj,
(mg~' L) in the Langmuir isotherm model. The parameter Kg
(mg ™" L) denotes the Freundlich constant related to adsorption
capacity, and n represents the heterogeneity factor.

3.3. Comparison with literature

Table 3 includes a comparison of the (gmaxexp) values for the
adsorption of ARS and MB onto SAC and LAC adsorbents and
other materials reported literature. The SAC and LAC exhibited
impressive adsorption capacities to eliminate ARS and MB
water-based solutions.

3.4. Mechanism of adsorption

Scheme 2 illustrates the potential adsorption mechanism of
SAC and LAC for ARS and MB dyes. The uptake of dye molecules
onto the surface of activated carbon can be regulated through
electrostatic forces and non-electrostatic interactions based on

Table 2 Adsorption isotherm parameters for the removal of MB and ARS by SAC and LAC

Langmuir Freundlich
Dye Adsorbent Qexp gm (mg g™ Ry R? Ky (mg ' L) 1/n R
ARS SAC 931.0 980.4 0.026 0.999 100.72 0.39 0.887
LAC 410.0 401.6 0.02 0.992 109.06 0.21 0.953
MB SAC 990.0 990.1 0.007 0.998 296.10 0.22 0.798
LAC 642.0 657.9 0.021 0.996 153.65 0.246 0.986
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Table 3 Comparison of the sorption capacities of various adsorbents for MB and ARS

Pollutant Adsorbent gm (mgg™) Surface area (m* g ) pH Regeneration References
ARS Zr-CS/Fe;0,-NPS@PH-AC 374.3 546.8 4 4 31

Ox-MWCNT-PER composite 257.73 139.58 6.5 — 57

MAC nanocomposite 108.69 347.8 2 4 58

Chicken feather-based 157 856 3-4 6 59

functionalized activated carbon

SWCNT 312.5 415.3 2 — 60

Au-NP-AC 123.45 1229 4.2 — 61

SAC 931.0 1053.52 4 5 This study

LAC 410.0 441.671 4 5 This study
MB PS-AC 828 560.6 9 5 62

PSAC 225.8 868.750 6-8 — 63

PNAC 274.8 1070 9 — 34

Pd NPs-AC 75.4 — 7 — 64

SAC 990.0 1053.52 8 5 This study

LAC 642.0 441.671 8 5 This study

Q
; P SAC
é’
HO o
Alizarin Red S Electrostatic interaction Methylene Blue

n-7 interaction
wian - interaction

Scheme 2 Possible mechanisms for the adsorption of MB and ARS dyes onto SAC.

FTIR, XPS, zeta potential, and BET surface area analyses. ARS
dye is an anionic dye of the anthraquinone type, which carries
a positive charge in acidic conditions. The adsorption of ARS
occurred at a pH of 4.0, indicating that at that point, the SAC
and LAC were positively charged (-OH,"), attracting the nega-
tively charged (-SO;”) in the ARS dye electrostatically. The
oxygen in the ARS dye's sulfonic groups directly interacts with
the functional groups present on the activated carbon surface
through hydrogen bonding. Furthermore, the aromatic rings of
ARS facilitate adsorption by establishing m-m interactions
between the dye's aromatic ring and other functional groups on
the activated carbon's surface.* Methylene blue (MB) is
a cationic dye characterized by an azo-type structure, which

© 2025 The Author(s). Published by the Royal Society of Chemistry

carries a positive charge in basic conditions. The adsorption of
MB occurs at pH 8.0 through electrostatic interactions between
the positively charged MB molecules and the negatively charged
surface of activated carbon. Our research suggests that
adsorption entails chemical interactions, particularly by form-
ing hydrogen bonds between the nitrogen and sulfur atoms in
MB molecules and the carboxylic and hydroxyl groups in SAC
and LAC. Additionally, -7 interactions further enhance the
capture of MB, contributing to the overall adsorption effect.*®
Hydrogen bonding, electrostatic interactions, and m-m inter-
actions collectively enhance the adsorption process between
activated carbon and dyes, thereby contributing to its excep-
tional efficacy in dye elimination. This proposed mechanism
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was confirmed by the FTIR spectra of SAC before and after MB
and ARS dyes adsorption, as depicted in Fig. S6A and B,T it is
obvious that after dye adsorption the stretching vibration bands
at 1563 cm ', 1164 cm™ ', and 489 cm™' are shifted to
1578 em™*, 1164 cm ™', and 527 cm ™, respectively, suggesting
the involvement of the oxygen-containing functional groups in
the removal process. Moreover, the mechanism of methylene
blue removal on the surface of the SAC was elucidated by
comparing the XPS survey spectra of the SAC adsorbent before
and after the adsorption process (Fig. 4 and 8). The results
revealed new peaks at 164.61 eV and 166.71 eV following
methylene blue adsorption. These peaks correspond to C-S-C (S
2ps52) and SO, indicating the presence of methylene blue on
the surface of the activated carbon.®>*® After the adsorption of
methylene blue, the N 1s peaks shifted to 399.73, 402.37, and
404.07 eV. This shift suggests an electronic transfer between the
oxygen-containing groups in the activated carbon and the =N"
groups in methylene blue. These sub-peaks are essential for
identifying the bonding configurations of the nitrogen species.
Furthermore, the observed peaks in the C 1s spectra shifted to
284.66, 285.68, 287.14, and 289.34 eV. This spectral shift
implies an electrostatic attraction between the negatively
charged oxygen-containing groups on the SAC surface and the
positively charged dimethylammonium moieties associated
with methylene blue. Additionally, the O 1s peaks shifted to
530.86, 532.9, 533.34, and 536.06 eV, indicating an interaction

View Article Online
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between the oxygen-containing groups in the activated carbon
and methylene blue. These results revealed that adsorption via
hydrogen bonding, electrostatic interactions, and w-7 interac-
tions are the primary factors in a successful adsorption process,
as shown in Scheme 2.

3.5. Application in real water samples

Three wastewater samples were obtained from different loca-
tions across Mansoura, Egypt. These samples served as the
basis for assessing the practical efficacy of SAC and LAC. The
objective was to evaluate their cost-effectiveness in removing
MB or ARS at an initial concentration of 100 mg L. Before the
adsorption experiments, all samples underwent filtration using
0.45 pm filters to eliminate suspended particles. The removal
efficiency consistently surpassed 97%. Nevertheless, wastewater
comprises various heavy metals and diverse organic pollutants
(Fig. 9A). Both SAC and LAC demonstrated promising adsorp-
tion capacities under controlled laboratory settings and in
actual environmental water samples.

3.6. Reusability studies

We assessed the industrial applicability of adsorbents by
investigating the reusability of both SAC and LAC. This study
involved five cycles of adsorption and elution using the optimal
sample. After each cycle, we quantified the adsorption capacity

Atomic wt % Cis CcC1S SAC+MB
C1s 87.93 (A) (B)
O1s 8.43 -
s : ct
Z|N1s 1.99 g
:>" S2p 0.65 ;
v [P Ofts B Cc-0
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Fig. 8 XPS spectra of SAC after MB adsorption (A); high-resolution XPS spectra of (B) C 1s, (C) O 1s, and (D) N 1s.
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to evaluate the viability and reusability of the adsorbent. We
tested the adsorbent's reusability by conducting desorption
tests of the dye from the SAC and LAC adsorbent using 0.1 M
NaOH for ARS and 0.1 M HCI for MB. In the first five cycles, the
adsorbent demonstrated good stability and reusability in
removing anionic and cationic dyes, but after that, its perfor-
mance rapidly declined (Fig. 9B).

4. Conclusion

In this investigation, we synthesized cost-effective and envi-
ronmentally sustainable SAC and LAC via chemical activation
with phosphoric acid. This method yielded substantial specific
surface areas of 1053.52 m* g~ ' for SAC and 441.671 m> g~ for
LAC. Batch sorption experiments were conducted to assess the
efficacy of SAC and LAC in adsorbing the anionic ARS dye and
cationic MB dye. The maximum adsorption capacities for SAC
were determined to be 931 mg g~ for ARS and 990 mg g~ for
MB, while for LAC, the capacities were 410 mg g~ * for ARS and
642 mg g~ ' for MB. Kinetic investigations revealed that the
adsorption process is well-suited to the pseudo-second-order
kinetics model, and the experimental data align more accu-
rately with the Langmuir isotherm model (R* = 0.999). Addi-
tionally, the adsorbed materials demonstrated easy
regeneration with no significant loss in efficiency for up to five
cycles. The industrial applications of activated carbon derived
from papaya plants are noteworthy. Its integration into large-
scale wastewater treatment facilities could provide more
sustainable and cost-effective solutions for managing industrial
effluents. By incorporating this bio-sorbent into existing treat-
ment processes, industries may reduce their dependence on
synthetic adsorbents, which are often associated with higher
costs and environmental concerns.

Data availability

All data generated or analyzed during this study are included in
the main article and ESL.{
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