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Abstract

This study introduces a sustainable method for wastewater treatment by creating activated carbon
from the fast-growing tassels of Phragmites australis, an invasive and low-cost biomass source.
Its novelty lies in being the first to use the tassel part (inflorescence) of Phragmites australis as a
precursor for activated carbon, demonstrating its excellent ability to remove Alizarin Red S
(ARS), an anionic dye not previously studied with any Phragmites australis—based adsorbent.
The resulting tassel-activated carbon (TAC) showed a high surface area (1166.16 mz2/g), pore
volume (1.5038 cm3/g), and abundant oxygen- and nitrogen-containing functional groups,
confirmed by FTIR and XPS analyses. These structural features greatly improved its adsorption
capacity for hazardous dyes like ARS and Methylene Blue (MB). The maximum adsorption
capacities reached 541 mg/g for ARS and 860 mg/g for MB. Kinetic studies followed the
pseudo-second-order model, indicating chemisorption, while equilibrium data fit the Langmuir
isotherm, indicating monolayer adsorption. Thermodynamic results showed spontaneous and
endothermic adsorption for ARS and spontaneous and exothermic adsorption for MB. TAC
maintained high stability and reusability, retaining over 85% efficiency after seven adsorption—
desorption cycles. Additionally, TAC effectively removed dyes from real water samples,
including tap, Nile, and sewage water, demonstrating its practical potential. These findings
position TAC as a promising, scalable, and eco-friendly adsorbent for industrial wastewater
treatment, supporting sustainable waste valorization and cleaner aquatic environments.

KEYWORDS: Environmental Remediation; Sustainable Adsorbents; Hazardous Dyes; Tassel-
Activated Carbon.
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1. Introduction

Global accelerated industrialization is contaminating freshwater with various chemical and
biological pollutants. Effective wastewater treatment and recycling are crucial for obtaining
freshwater, a precious resource. Industrial wastewater often contains harmful toxins, including
dyes, antibiotics, and heavy metals’?. Many dyes are poisonous and potentially carcinogenic,
exhibiting resistance to degradation and contributing significantly to water pollution®. These dyes
possess unique chromophore groups responsible for their color. Among them, dyes containing
benzidine, azo, and anthraquinone moieties demand particular attention®. Methylene blue, a
widely used cationic dye in the textile industry, is resistant to degradation, and its presence in
aquatic environments hinders photosynthesis by obstructing light penetration. MB is also linked
to serious health risks, including ocular, pulmonary, gastrointestinal, and mental health
disorders>’. Similarly, Alizarin Red S, an anthraquinone dye extensively used in textiles,
presents significant challenges due to its fused aromatic structure, which resists degradation and
threatens aquatic ecosystems and public health®.In environmental contexts, dye concentrations
vary depending on the source of discharge. For example, methylene blue has been reported in
textile effluents and industrial wastewater at levels ranging from a few mg/L up to 50 mg/L®,
while alizarin red S is typically found in dyeing and printing wastewater at concentrations
between 5 and 40 mg/L°. Although these values are lower than the high concentrations often
used in laboratory batch studies, they highlight the persistence and ecological risk of such dyes.
Accordingly, in this work we tested a wide concentration range (50-900 mg/L) to simulate both
environmentally relevant levels and worst-case industrial scenarios, thereby ensuring that the
adsorption performance of TAC is rigorously evaluated. The effective removal of these organic
dyes from wastewater before discharge is essential to protect marine habitats. Researchers have
explored various techniques for dye removal, including adsorption, flocculation, biodegradation,
membrane filtering, and photocatalysis'®*?. Among these, adsorption stands out due to its
simplicity, low cost, and suitability for treating low-concentration pollutants™. However,
commonly used adsorbents such as activated carbon, zeolites'*, and polymeric materials often
face limitations in selectively removing specific dyes or meeting sustainability criteria. The
challenge lies in sourcing renewable, cost-effective, and environmentally friendly materials for
activated carbon production™.

The common reed (Phragmites australis), a highly invasive wetland plant, presents a dual
opportunity for environmental management. While it disrupts native biodiversity and obstructs
waterways, it also offers benefits such as biomass production, renewable energy generation, and
wastewater treatment'®?*’. Utilizing tassels of Phragmites australis (TPA) for activated carbon
production not only supports photoremediation but also provides a sustainable feedstock for
high-performance adsorbents. This approach addresses two key challenges: remediating polluted
environments and producing cost-effective, reusable adsorbents for dye removal®.

Despite the extensive use of activated carbons for wastewater treatment, there is a notable
research gap in exploring sustainable®® plant-based adsorbents specifically designed for
removing dyes like ARS and MB. Existing studies lack adsorbents that combine high adsorption
efficiency, sustainability, and reusability for these dyes. In this context, the present study not only
introduces tassel-activated carbon (TAC) as a novel adsorbent but also addresses critical
challenges associated with conventional adsorbents. These challenges include the lack of
sustainable and low-cost precursors, limited reusability, and poor stability under practical
conditions. TAC valorizes an abundant invasive biomass (Phragmites australis tassels) and
combines high surface area, hierarchical porosity, and abundant functional groups with excellent



regeneration ability, thereby offering a holistic solution that extends beyond laboratory
adsorption performance. Although several adsorbents with higher maximum adsorption
capacities have been reported®#, many of them are derived from costly or non-renewable
precursors, require complex synthesis steps, or lack regeneration potential. The novelty of TAC
lies not only in its considerable adsorption efficiency (541 mg/g for ARS and 860 mg/g for MB)
but also in its sustainability, facile synthesis, cost-effectiveness, and excellent reusability. These
features highlight its practical applicability in real wastewater treatment and its added value to
existing literature.

This study aims to fill this gap by developing a novel adsorbent from TPA, activated with
phosphoric acid. The resulting tassel-activated carbon demonstrates high efficiency in removing
ARS and MB, as evidenced by its superior adsorption capacity and stability. Characterization
techniques such as FTIR, SEM, BET, and XPS were employed, and key adsorption parameters,
including pH, temperature, and dye concentration, were systematically evaluated. TAC's
reusability and practicality highlight its potential as a sustainable solution for wastewater
treatment.

2. Experimental section

2.1. Materials

Tassels of Phragmites australis (TPA) were sourced from Mansoura city as a carbon precursor.
Methylene blue (C16H18CIN3S) and alizarin red S (C14H;NaO;S) were acquired from Sigma
Chemical Co. without additional purification. The initial pH was performed using NaOH or HCI
solutions and phosphoric acid, a chemical activation agent.

2.2. Synthesis of Tassel-Activated Carbon (TAC).

Phragmites australis (TPA) tassels were thoroughly washed with distilled water to remove dust
and soluble impurities. The cleaned samples were dried at 110 °C for 12 hours and then crushed.
The resulting material, with a particle size range of 0.45 to 1.0 mm, was used as the precursor for
activated carbon production. A total of 30 g of TPA was immersed in a solution of phosphoric
acid (HsPOa, 50.0 + 0.5% v/v) at an acid-to-solid mass ratio of 2:1. After impregnation at room
temperature for 72 hours, the mixture was dehydrated in an oven at 110 °C for 48 hours to
remove moisture. The samples were then subjected to pyrolysis in a muffle furnace at 550 °C for
3 hours, with a heating rate of 5 °C/min under an inert nitrogen atmosphere. Once the materials
reached room temperature, they were rinsed thoroughly with distilled water until the pH of the
effluent stabilized. Finally, the activated carbon was dried at 105 °C for 10 hours and sieved
through a 120-mesh sieve. Figure lillustrates the overall synthesis of TAC-activated carbon.
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Figure 1. The general procedure for the preparation of tassel-activated carbon.

2.3. Characterization

The synthesized materials were characterized in terms of shape, surface chemical composition,
crystal phase, functional groups, and textural properties. The textural parameters, including
specific surface area, total pore volume, and pore size distribution, were determined using the
Brunauer-Emmett-Teller (BET) nitrogen adsorption method at 77.35 K, with measurements
taken on a Quantachrome/NOVA apparatus. The morphology and elemental composition of the
activated carbon were analyzed using Scanning Electron Microscopy (SEM) with a Jeol JSM
6510LV instrument. Fourier Transform Infrared (FTIR) spectroscopy was employed to identify
the surface functional groups, with spectra recorded from 4000 to 400 cm™ using a Thermo
Nicolet iIS10 FT-IR spectrometer. Additionally, X-ray Photoelectron Spectroscopy (XPS) was
utilized to examine the surface chemical states and elemental composition of the activated
carbon, particularly before and during dye adsorption. The point of zero charge (pHpzc) was
measured to evaluate the surface charge of the activated carbon particles.

2.4. Adsorption Investigations

Batch adsorption experiments were performed at ambient temperature (25 °C) by adding 0.005 g
of TAC to 10 mL of dye solution at the desired initial concentration and optimal pH, followed by
shaking at 350 rpm for 240 minutes. The effect of dye concentration (50—900 ppm) was studied
at a constant adsorbent dosage (0.5 g/L) and agitation duration (240 min). The impact of
adsorbent dosage (0.5-2 g/L) was assessed using fixed initial dye concentrations of 500 ppm for
ARS and 800 ppm for MB, with an agitation duration of 90 minutes.

The influence of pH (2, 3, 4, 5, 6, 8, 9, and 10) on dye removal was investigated at fixed dye
concentrations (500 ppm for ARS and 300 ppm for MB), an adsorbent dosage of 0.5 g/L, and
agitation for 90 minutes. The pH was adjusted using 0.1 M NaOH and 0.1 M HCI. After reaching
equilibrium, the adsorbent was separated, and the residual dye concentration was determined
spectrophotometrically at the maximum wavelengths of 424.0 nm for ARS and 664.0 nm for



MB. (calibration curves for both dyes are provided in the The final concentration (C.) was
measured, and the percentage of dye removal (E%) and the adsorption capacity (ge) were
calculated using the following equations (1, 2) %

100(C, — C
Removal % = % (D
e

%4
qe = (CO - Ce) X W (2)
Co denotes the initial dye concentration in the solution (mg/L), C. represents the equilibrium

concentration (mg/L),qe indicates the adsorption capacity (mg/g), V signifies the solution volume
(L), and W refers to the adsorbent mass (g).

3. Results and discussion
3.1. Characterization
3.1.1. Textural and surface Characterization of TAC adsorbent

The specific surface area and pore size distribution are critical physical parameters influencing
dye adsorption on activated carbon. The textural properties of TAC are summarized in Table S1.
The nitrogen (N;) adsorption/desorption isotherms of TAC (Figure 2) are classified as type Il
according to IUPAC guidelines?®, indicating the presence of macroporous structures. These
isotherms display an H4-type hysteresis loop at relative pressures (p/po) greater than 0.4, further
supporting the existence of macroporosity. The pore size distribution (Figure 2) confirms a
hierarchical porous structure comprising micropores (< 2 nm) and mesopores (2-50 nm) ?°. The
specific surface area and pore volume of TAC are measured to be 1166.16 m?/g and 1.5038
cm?/g, respectively, reflecting the material’s well-developed porous architecture. Such properties
make TAC highly effective for the adsorption of methylene blue (MB) and alizarin red S (ARS).

1200 - _
—=— N2 Adsorption (A) E 0.40 (B)
"1000 4—— N2 Desorption 20.351
— mE

800

STP)

600 - E 0.20-

400 B
)

200 © 0.05/

Volume Adsorbed ( cm3 g
S
o
—
(5]

00 02 04 0.6 08 1.0 0 5 10 15 20 25 30 35 40
Relative Pressure (P/P,) Pore size,(nm)

Figure 2. (A)The liquid nitrogen adsorption-desorption isotherms, (B) Pore size distribution.



3.1.2. FTIR Analysis of Functional Groups on TAC Adsorbent

The FTIR spectra, presented in Figure 3, reveal the functional groups present on the surface of
the produced TAC adsorbent. The analysis highlights oxygen-containing functional groups on the
sample surfaces. In the dried tassel, a prominent band at 3329 cm™ corresponds to O—H and N-H
stretching vibrations. These N—H groups mainly originate from proteins, amino sugars, and other
nitrogenous compounds naturally present in the biomass associated with primary plant cell
constituents such as lignin, cellulose, pectin, and hemicellulose®, due to their stretching
vibrations. After activation, the intensity of this band decreases, indicating significant hydrogen
removal from the plant material. The bands at 2922 and 2670 cm™ are attributed to aliphatic
groups, corresponding to the asymmetric and symmetric stretching of CHs*". Peaks at 1620 and
1571 cm™ represent C=C stretching in aromatic rings and C=0 bonds®®. The band at 1034 cm™
is assigned to C—O stretching vibrations®®, while the activated carbon displays hydroxyl group
absorption at 1118 cm™, which can be attributed to C—O and phosphate-related (P—O / P—-O-C)
vibrations and C—H stretching at 671 cm**°, but it may also be consistent with P—O—P/P,Os
species®. Additionally, the band at 481 cm™! corresponds to the n—m* transition of C—0*, which
may also reflect n—n transitions of oxygen-containing groups, supporting the presence of
abundant O- and P-functionalities as further confirmed by XPS.

3.1.3. Determination of pHpzc

The point of zero charge (pHpzc) was determined using the pH drift method. A series of vials
were prepared, each containing 5.0 mg of TAC and 10 mL of a 0.1 M NaCl solution, with initial
pH values ranging from 2.0 to 12.0. These mixtures were agitated at 200 rpm at room
temperature (25.0 £ 1.0 °C) for 24 hours. The change in pH (ApH = pHs — pH;) was plotted
against the initial pH (pH;), and the pHpzc was derived from the intersection with the x-axis™.
Identifying the pHpzc of an adsorbent is essential for selecting an optimal solution pH to
enhance the adsorption process. When the pH is below the pHpzc, the adsorbent surface is
positively charged, favoring the adsorption of anionic dyes (ARS). Conversely, when the pH
exceeds the pHpzc, the adsorbent surface becomes negatively charged, which is more conducive
to the adsorption of cationic dyes (MB)**.The resultsare illustrated in Figure 3C. The pHpzc
value of the TAC is 4.05.
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Figure 3. FTIR spectra of dried Tassel (A), and TAC (B) adsorbents. (C ) Determination of
pHpzc for TAC.

3.1.4. X-ray Photoelectron Spectroscopy (XPS) Analysis of TAC

X-ray Photoelectron Spectroscopy (XPS) investigations were conducted to evaluate the
synthesized TAC's surface elemental distribution and chemical structure. The synthetic TAC's
XPS spectrum exhibits peaks at 284.71 eV (C1s), 532.71 eV (01s), 399.71 eV (N1s), and 133.71
eV (P2p), as depicted in Figure 4. The C 1s spectrum was deconvoluted into five distinct peaks,
revealing various components: graphitized carbon (284.55 eV), C-O/P (285.53 eV), C=0 (286.69
eV), O-C=0 (288.75 eV)**, and m—n* shake-up transitions®’. The C-O bond signifies the
existence of functional groups such as aldehydes, ketones, aliphatic ethers, and carboxylic acids.
Moreover, the occurrence of m—m* shake-up transitions indicates a considerable extent of
aromatization in the activated carbon. The high-resolution spectra for oxygen display four
distinct 8peaks at 530.82 eV, 532.46 eV, 533.44 eV, and 533.78 eV. These peaks are attributed to
C=0/P*, C-OH¥*, C-O from alcoholic, phenolic, and etheric groups*®, and O-C=0 in ester and a
carboxylic acid*, respectively. Consequently, both the FT-IR and XPS spectra validate the
existence of carboxylic acid groups functionalized within the TAC adsorbent. The XPS spectra of
N1S were deconvoluted into three nitrogen functionalities: pyridinic N (398.2 eV), pyrrolic N
(399.12 eV), graphitic N (400.54 eV), and N-oxide (405.44 eV). TAC exhibits a significant
presence of N-graphitic (63.5%), succeeded by N-Oxide (19.05%), with a minor proportion of
pyrrolic-N (14.99%)**® The high-resolution P 2p XPS spectra exhibit peaks at 132.3 eV, 133.28
eV, 135.18 eV, and 137.95 eV, which match phosphorus's binding energies. The peaks correspond
to P-O-P, 0-P=0", C-0-PO;, and PxOy species®, respectively.
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Figure 4. XPS spectra of TAC (A); High resolution XPS spectra of (B) C 1s, (C) O 1s, (D) N 1s,
and (E) 2p.

3.1.5. SEM Analysis of Activated Carbons Derived from Phragmites australis Tassels.
Activated carbons (ACs) derived from Phragmites australis tassels (TPA) are synthesized using
a two-step chemical activation process with phosphoric acid (H3PO,4) as the activating agent.
This method involves an initial carbonization step followed by activation, providing enhanced
control over the development of porosity in the activated carbon®®. During carbonization, the
biomass undergoes structural stabilization and the formation of initial porosity, while the
subsequent activation phase further expands and optimizes these pores.

The carbonization process is conducted via pyrolysis under a high-temperature inert
environment, facilitating the breakdown of structural barriers and converting micropores into
larger mesopores and macropores. This approach results in a material with significantly higher
surface area and porosity compared to single-step activation methods. Additionally, the two-step
activation process promotes the formation of surface functional groups that enhance adsorption
capacities, making these activated carbons highly effective for pollutant removal applications,
such as wastewater treatment, where strong adsorbate-adsorbent interactions are critical®’.

The SEM images (Figure 5) reveal that the external surfaces of the activated carbons exhibit
numerous irregular cavities, a characteristic attributed to the activation with H3PO4. The
interaction between concentrated phosphoric acid and cellulose leads to depolymerization and
the formation of cellulose phosphate esters®®. During activation, oligomerized H3PO,
decomposes into P,Os and water. The sublimation of P,Os creates additional pore structures,
while water evaporation further contributes to porosity development. Moreover, the XPS spectra
confirm the presence of P-O and P=0 bonds with binding energies in the range of 132-137 eV,
which can be ascribed to residual phosphate species formed during HsPO. activation. This
comprehensive activation process results in activated carbons with enhanced structural and
functional properties, optimizing their performance in pollutant adsorption applications®.
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Figure 5. SEM images of activated carbons derived from phragmites australis tassels (A-D).

3.2.Batch adsorption investigations for ARS and MB dyes

3.2.1. Effect of pH solution on TAC

This investigation focused on the influence of solution pH on the adsorption behavior of dyes
utilizing TAC. As illustrated in Figure 6A, the removal efficiency for ARS was optimal at pH 4,
whereas MB exhibited maximum removal at pH 8. pHpzc for TAC was established at 4.05, as
indicated in Figure 2C. When (pH_solution < pHpzc), protonation of the adsorbent occurs. For
ARS, this protonation enhances electrostatic interactions between the negatively charged oxygen
atoms in the dye's sulfonic groups and the protonated sites on TAC, thereby promoting increased
adsorption under acidic conditions®. Conversely, for MB, protonation of carboxyl groups at
lower pH levels results in a positively charged surface on TAC, which reduces its negative
charge and consequently its affinity for MB molecules. In contrast, when (pH_solution > pHpzc),
TAC surfaces become negatively charged due to the deprotonation of carboxyl groups. Under
these conditions, electrostatic interactions for ARS are diminished, leading to a reduction in the
attractive forces between the adsorbent and the dye. However, this negative charge facilitates
electrostatic attraction with positively charged dye ions for MB, thus enhancing removal
efficiency.

3.2.2. Effect of initial ARS and MB concentration

The influence of the initial concentrations of ARS and MB on removal efficiency was
investigated in the range of 50-900 mg/L. This concentration range was carefully selected to
cover both environmentally relevant levels commonly reported in textile and dyeing effluents
and higher levels that simulate worst-case industrial discharge scenarios. Such a choice ensures
that the performance of TAC is evaluated under realistic conditions, while also allowing
assessment of its maximum adsorption capacity under more challenging pollutant loads (see
Figure 6B).



The results indicated a significant decline in the removal efficiency for ARS, which decreased
from 96.59% to 30.1%. Conversely, the removal efficiency diminished from 99.52% to 47.7%
for MB as the initial dye concentrations escalated from 50 to 900 ppm. Additionally, the
equilibrium adsorption capacity increased markedly, rising from 96.59 mg/g to 541 mg/g for
ARS and from 99.1 mg/g to 860 mg/g for MB. This increase can be attributed to the heightened
concentration gradient, which enhances the driving force for adsorption at higher initial
concentrations of dyes>".

3.2.3. Effect of contact time

The influence of contact time on the adsorption capacity of ARS and MB by TAC is depicted in
Figure 6C. The experiments were performed using initial dye concentrations of 500 ppm for
ARS and 800 ppm for MB at a controlled temperature of 25°C. It was observed that the quantity
of each dye adsorbed increased with prolonged contact times, reaching equilibrium after 90
minutes for both ARS and MB. Therefore, a contact time of 90 minutes was established as the
optimal condition for all subsequent experiments. As illustrated in Figure 6C, the removal
efficiency of ARS improved from 24.85% to 58.1%, while the removal percentage for MB
increased from 33.64% to 53.09%. Initially, the rate of dye removal was higher due to the greater
surface area available on the adsorbent. However, after the initial phase of adsorption, the rate of
dye uptake became limited by the transport of dye molecules from the external surface to the
internal sites within the adsorbent particles™.

3.2.4. Effect of adsorbent dosage

The influence of TAC dosage on the adsorption efficacy of ARS and MB is depicted in Figure
6D. As the mass of TAC increased from 0.25 to 2 g/L for the ARS pollutant, the removal
percentage (% R) increased markedly from 38.7% to 99%. The adsorption efficiency for MB
varied between 29.72% and 98.97%. The increase is mainly attributable to the improved specific
surface area of the TAC, which offers additional adsorption sites for the capture of both ARS and
MB. It is essential to recognize that TAC’s adsorption capacity may diminish with increased
dosages®®. Consequently, establishing the appropriate dosage is crucial for industrial
applications. Utilizing over 0.005g (0.5 g/L) of adsorbent may result in superfluous economic
expenditure.
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Figure 6. The adsorption efficiency of TAC as a function of (A) pH; (B) concentration, (C)
contact time, and (D) Adsorbent dosage.

3.2.5. Adsorption isotherms
Adsorption isotherms are essential instruments for examining the interactions between
adsorbents and adsorbates. They offer significant insights into the characteristics of these
interactions, and the maximum amount of adsorbate that can be adsorbed. Diverse adsorption
isotherm models elucidate the nature of adsorption, the underlying mechanisms, the adsorbent's
affinity, and whether the process is defined by monolayer or multilayer development, in addition
to the maximum adsorption capacity. In this context, three models—Langmuir, Freundlich®*, and
Temkin—were utilized to analyze the experimental data (Figure S2). Specifics of these isotherm
models are available in Table 1. The experimental data indicate that the adsorption behavior of
TAC conforms well to the Langmuir model, exhibiting a good correlation coefficient (R2)>°.
The maximum adsorption capacities (gm) established by the Langmuir model aligned with the
equilibrium adsorption capacities (ge).As shown in Table 1, the R, values varied from 0 to 1,
indicating that the adsorption processes of ARS and MB onto TAC were advantageous. A
reduced R value indicates a more potent adsorption driving force. This shows that a monolayer
chemical adsorption process occurred, signifying the existence of uniform adsorption sites on the
adsorbent. Moreover, based on the Temkin constants (Br), It can be deduced that the adsorption
mechanism for TAC is classified as exothermic physical adsorption®’.
The equilibrium data were analyzed using Langmuir, Freundlich, and Temkin isotherm models:

P 3
de K1.Qm Qm

1
Ing, =InK; + zln C, 4)



RT RT
qe = ELn(AT) + ELn(Ce) (5)

where gm (Mg/g) is the maximum adsorption capacity, K, (L/mg) is the Langmuir constant, K¢
((mg/g) (L/mg)'/*) and n are the Freundlich constants, while At (L/g) and B (J/mol) are Temkin
constants.

Table 1. Adsorption isotherm parameters for the removal of MB and ARS by TAC.

TAC
Isotherms Parameter
ARS MB
gm(mg.g™ 1) 584.795 584.795
Langmuir R, 0.0108 0.0128
R? 0.999 0.994
Qrp(Mmg- g™ 577.8 860.0
Kp(mg~'.L) 137.590 264.262
Freundlich 1/n 0.251 0.202
R? 0.769 0.798
By (J.mol™ %) 76.96673 65.674
Temkin Ar(L.mg™) 5.066 6.455
R? 0.885 0.913

3.2.6. Adsorption kinetics

Kinetic models, such as pseudo-first-order (PFO), pseudo-second-order (PSO), and intra-particle
diffusion (IPD) models, were utilized to correlate the experimental adsorption data ((Figure S3).
The correlation coefficient (R?) for the PSO kinetic model, derived from the kinetic parameters
calculated in Table 2, is close to one and higher than that of the PFO model. This indicates that
the PSO model is more suitable for describing the adsorption of the two types of dyes. The
kinetic data suggest that the adsorption of ARS and MB onto TAC occurs through chemisorption.
Furthermore, the experimental value for adsorption capacity aligns more closely with the value
derived from the PSO model fitting, indicating that the PSO model more accurately characterizes
the kinetic process of TAC®.

The kinetic data were fitted using pseudo-first-order (PFO), pseudo-second-order (PSO), and
intraparticle diffusion (IPD) models:




In(g. —q¢) = Inq, — Kyt (6)

t 1 . 1 -
q:  Kaqe®  qet

qe = Kaip xtY2 + C (8)

Where q; (mg/g) is the adsorption capacity at time (min),g. (mg/g) is the adsorption capacity at
equilibrium,k; (1/min) is the pseudo-first-order rate constant,k, (g/mg-min) is the pseudo-
second-order rate constant,Kg; rf (mg/g-min®®) is the intraparticle diffusion rate constant, and C
is the intercept related to the boundary layer effect.

Table 2. Adsorption kinetic parameters for the removal of MB and ARS by TAC.

TAC
Kinetic model Parameter
ARS MB
Qe,cat(mg. g™") 138.299 315.617
R? 0.731 0.960
Qecat(mg. g™") 588.235 877.193
R? 0.999 0.999
Kdiff,l (mg_g_l_min‘l/z) 11.075 9.447
Ci(mg.g™bH) 194.979 824.689
First stage
R? 0.999 0.969
Kaiff2 0.190 0.812
C, 543.286 706.268
Second stage
IPD R? 0.873 0.982
Kaiffs 0.081 0.436
Cs 555.028 755.500
Third stage
R? 0.9799 0.822




The analysis of the intraparticle diffusion model (Figure S3 (C )) shows that the plot of g; against
t2 does not create a straight line that intersects at the origin. This observation indicates that IPD
is not the only rate-limiting factor in the adsorption process. The adsorption of textile dye
contaminants, specifically ARS, MB, and TAC, can be divided into three distinct phases™. In the
initial phase, ARS/MB molecules migrate to the surface of the adsorbent through a boundary
layer and are rapidly adsorbed. A higher value of C; at elevated initial concentrations suggests a
thicker boundary layer®®, which can hinder the rate of diffusion. During the second phase,
ARS/MB diffuses into the pores of the activated carbon. This stage is characterized by a slower
rate of adsorption as the molecules navigate through the porous structure of the adsorbent. In the
final phase, the adsorption process approaches equilibrium®. At this stage, both external mass
transfer and intraparticle diffusion contribute to the overall rate of adsorption. However, it is
important to note that the impact of the intraparticle diffusion stage, indicated by very low values
of Ks, is minimal on the overall kinetics®®>. The constants associated with the intraparticle
diffusion model are detailed in Table 2, providing further insight into these dynamics. This
comprehensive analysis highlights that while intraparticle diffusion plays a role in adsorption
kinetics, it is not solely responsible for controlling the rate; rather, it operates alongside other
mechanisms in a complex interplay during the adsorption process.

3.2.7. Thermodynamic studies

The thermodynamic factors governing the adsorption of ARS and MB on TAC were investigated
by analyzing the adsorption across a temperature spectrum of 298 to 328 K. Figure S4(A)
illustrates the influence of temperature on the equilibrium adsorption capacity (q.),
demonstrating that the adsorption capacity of ARS rises with elevated temperature. Conversely,
for MB, there are minor reductions in (q,.) when the temperature increases as depicted in (Figure
S4(B)). Thermodynamic parameters, such as Gibbs free energy (AGe), enthalpy (AHe), and
entropy (ASe). Figure S4(C) illustrates the linear correlation between the natural logarithm of the
distribution coefficient (InK;) and the inverse temperature (1/T), with the computed findings
detailed in the table. The negative Gibbs free energy values for ARS indicate that adsorption
happens spontaneously and becomes increasingly favorable with rising temperature (Table 3).
Additionally, AG values drop with increasing temperature, indicating that the adsorption process
becomes more spontaneous at elevated temperatures. Meanwhile, the positive values of ASe and
AHe° show that the adsorption process is endothermic. Enthalpy values ranging between 20 and
40 kJ/mol show that the interactions are indicative of electrostatic interactions, or
physisorption®®. In the case of MB, it is noteworthy to notice that an increase in temperature
leads to a higher AG value for its adsorption on TAC, showing that the process becomes less
favorable at raised temperatures (Table 3). At lower temperatures, the adsorption of MB shows
larger negative AG values, implying a stronger adsorption propensity on TAC®. The negative
AHe° values show that the adsorption process is exothermic, whereas the negative ASe values
indicate a more ordered arrangement of molecules on the adsorbent's surface.

Table 3. Thermodynamic parameters for the removal of MB and ARS by TAC.
T(K) Ky AG’(kJ/mol) AH’(kJ/mol) AS’ (J/IKmol)
ARS 298 2.703 -2.463 13.428 53.523



318 4.196 -3.791

328 4.313 -3.986

MB 298 2.299 -2.062 -20.108 -60.749
318 1.253 -0.595
328 1.125 -0.321

3.3. Mechanism of adsorption

A comprehensive analysis of the results reveals that a combination of physical and chemical
processes governs the adsorption characteristics of ARS and MB on TAC. Fourier Transform
Infrared (FTIR) spectroscopy and X-ray Photoelectron Spectroscopy (XPS) were employed to
gain deeper insight into the adsorption mechanisms associated with TAC. FTIR analysis was
employed to examine the surface properties of TAC, demonstrating a high surface area and the
presence of specific functional groups such as hydroxyl, carboxylic, phenol, and ester. The
predominant physical mechanism is pore-filling adsorption, facilitated by TAC's elevated (BET)
surface area and its abundant micropores. With an average pore diameter ranging from 1.2 to 3
nm, TAC is particularly effective for adsorbing ARS, which has a molecular size of
approximately 1.05 nm x 0.54 nm®, as well as MB, which measures around 0.7 nm x1.7nm.
Consequently, minimal pore exclusion effects are observed.

Numerous interactions between dye molecules and activated carbon significantly influence the
adsorption mechanism. These interactions encompass electrostatic attraction, m—m interactions,
electron donor-acceptor mechanisms, and hydrogen bonding. When the pH of the solution is
below (pHpzc) of activated carbon, its surface becomes positively charged. This positively
charged surface facilitates electrostatic attraction between tassel-activated carbon and the
negatively charged sulfonate groups present in ARS. Conversely, MB, a cationic dye, may
experience electrostatic repulsion when interacting with the positively charged TAC surface. At
pH levels exceeding the pHpzc, TAC's surface becomes negatively charged, enhancing
electrostatic interactions with the positively charged nitrogen atoms in MB, and promoting its
uptake. However, under these conditions, ARS may encounter electrostatic repulsion due to the
negative charge of the TAC surface®*®’. Additionally, the aromatic structures of both ARS and
MB facilitate n— interactions with the m-electrons of the carbon structure®®. This interaction can
further enhance adsorption through charge transfer between the n-electrons of the dyes and those
of activated carbon. The combination of these mechanisms—electrostatic attraction,
interactions, hydrogen and n—= collectively defines the complex dynamics of dye adsorption onto
activated carbon®*®. Understanding these interactions is essential for optimizing adsorption
processes in wastewater treatment applications involving various dyes®®.

The adsorption mechanism of ARS and MB onto the prepared tassel-activated carbon (TAC) was
elucidated based on FTIR and XPS analyses. For ARS, the FTIR spectra of TAC before and after
adsorption (Figure S5) showed clear spectral changes indicating the involvement of several
surface functional groups. The pristine TAC exhibited a broad band at ~3354 cm™ corresponding
to the stretching vibration of —OH groups, peaks at 2922 cm™ and 2247 cm ™ related to C—H and
C=C stretching, and a band near 1571 cm™ assigned to aromatic C=C vibrations. After ARS
adsorption, the —OH peak shifted to 3362-3740 cm! with decreased intensity7°, and the
C=0/C=C region around 1571 cm™" became broader’. New bands appeared near 1172 cm™ and
1067 cm™, confirming the interaction between the sulfonate groups of ARS and the oxygen-
containing groups of TAC. These spectral variations indicate that hydrogen bonding, electrostatic
attraction, and n— stacking are the main forces governing ARS adsorption onto TAC™,



The X-ray photoelectron spectroscopy (XPS) analysis conducted following MB removal
identified two significant spectral peaks. The first peak is a doublet observed at 164.36 eV and
165.64 eV, which indicates the presence of carbon(C-S-C) bonds”. The second peak is located at
168.07 eV, associated with high-valence sulfur linked to sulfate™. These findings confirm the
presence of methylene blue on the surface of the activated carbon (Figure 8A). Moreover, the
XPS analysis indicates a substantial reduction in the peak intensity of graphitic nitrogen content,
decreasing from 63.5% to 23.53% in the TAC after the adsorption process (Figure 8A). This
decline can be attributed to the Lewis acid-base interaction between graphitic nitrogen on TAC,
acting as a Lewis base, and MB, which serves as a Lewis acid, resulting in the gradual depletion
of pyridinic nitrogen during adsorption. Conversely, there is a notable increase in the peak
intensity of pyrrolic nitrogen from 14.99% to 62.43%, alongside an increase in nitrogen oxide
content, highlighting the high adsorption capacity of TAC for MB. Additionally, the aromatic
structure of methylene blue facilitates m-m interactions with graphitic nitrogen™, further
enhancing adsorption efficiency. Furthermore, XPS spectra reveal a reduction in the content of
C—OH and O-C=0 groups’®, as indicated by the O1s peak, which corresponds to active oxygen-
containing functional groups (Figure 8C). This finding suggests that these functional groups
readily engage in hydrogen bonding with methylene blue (MB) molecules, thereby enhancing the
adsorption process of TAC toward MB. Additionally, the peaks observed in the Cls spectra
shifted to 284.67, 285.66, 287.33, and 288.33 eV (Figure 8B). This shift in the spectral positions
suggests the presence of electrostatic interactions between the negatively charged oxygen-
containing groups on the surface of TAC and methylene blue’” (Figure 7). These conclusions are
strongly supported by the experimental results obtained in this study. The FTIR and XPS
analyses confirmed the participation of oxygen- and nitrogen-containing functional groups (C-O,
0O-C=0, graphitic-N, and pyrrolic-N) and revealed new S2p peaks after MB adsorption,
consistent with dye—carbon interactions. Moreover, the pH-dependent adsorption behavior
further verifies the role of electrostatic attraction in the overall mechanism.

® Methylene Blue
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Figure 7. Possible mechanisms for the adsorption of MB and ARS dyes onto TAC.
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3.4. Application in real water samples

In our investigation of the interactions between ARS, MB, and TAC under optimal conditions,
we examined a variety of water sources, including tap water, Nile water, and sewage water
(Figure 8A). To facilitate our analysis, we prepared a reference solution containing 100 ppm of
ARS and MB. The samples were collected from tap water, a nearby section of the Nile, and an
Egyptian sewage treatment facility for laboratory evaluation. Our assessment of TAC's
performance in these real-world water samples yielded notable results. As illustrated in Table S2,
TAC demonstrated exceptional dye removal efficiencies, underscoring its practical applicability.
TAC has shown considerable efficiency in removing dyes from wastewater. This study highlights
the potential of TAC as an effective strategy for dye elimination across diverse water sources in
practical applications.

3.5. Desorption and regeneration studies

We assessed the industrial applicability of TAC by investigating its reusability. This study
involved seven cycles of adsorption and elution using the optimal sample. After each cycle, we
quantified the adsorption capacity to evaluate the viability and reusability of the adsorbent. We
conducted desorption experiments on the dye adsorbed by TAC after separating the adsorbent
using a magnet to test reusability. We added 50 mg of ARS/MB that had been adsorbed onto
TAC to a 100 mL glass vial containing 40 mL of 0.1 M NaOH for ARS and 0.1 M HCI for MB.
The mixture was stirred for 2 hours at 25 °C to ensure complete desorption. Following this, the
suspension was separated by centrifugation. After washing the adsorbents several times with
distilled water, we dried the regenerating adsorbent in an oven at 80 °C before using it for further



adsorption trials. We examined the efficiency of the adsorbent up to seven cycles at an initial
concentration of 100 ppm andan adsorbent dosage of 0.5 g/L over 30 minutes. In the first five
cycles, the adsorbent demonstrated good stability and reusability in removing both anionic and
cationic dyes. However, after these cycles, its performance declined rapidly (Figure 8B).
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Water Samples no of cycles

Dist Water Tap water Nile Water Sewage water

Figure 8. (A) Removal of MB and ARS from real water samples using TAC adsorbent; (B) The
reusability of TAC adsorbent for MB and ARS dyes.

3.6. Cost analysis of tassel-activated carbon preparation

The cost evaluation of tassel-activated carbon (TAC) derived from the tassels of Phragmites
australis was primarily based on the raw materials and processing chemicals used. Since these
tassels are an abundant and invasive agricultural by-product, their feedstock cost can be
considered negligible, consistent with previous studies on low-value waste’®. The main
contributors to the production cost of TAC include the activating agent (HsPOa), energy
consumption during pyrolysis, and post-treatment steps such as washing and drying.A
preliminary economic analysis suggests that chemical activation with phosphoric acid, although
more expensive than physical activation, yields highly porous carbons with enhanced adsorption
capacities, reaching up to 860 mg/g for methylene blue (MB) and 541 mg/g for acid red S
(ARS). This high efficiency reduces the amount of adsorbent needed, thereby lowering overall
water treatment costs, which aligns with findings regarding other bio-waste-derived carbons'?.
Furthermore, TAC exhibits strong regeneration ability, maintaining over 85% of its removal
efficiency after seven cycles. This characteristic enhances its economic viability by reducing
replacement costs. Since the precursor can be collected without transportation or purchase fees
(through local harvesting of Phragmites australis), the production cost of TAC remains relatively
low compared to commercial activated carbons, which typically range from 2 to 10 USD per
kilogram’®. Therefore, TAC presents a sustainable and affordable option for dye removal, with
financial benefits further amplified by the advantages of waste reuse and invasive species
management®’.



3.7. Comparison with literature

Table 4 presents a comparative overview of the (Qmaxexp) Values for ARS and MB adsorption
onto TAC adsorbents in relation to other biomass-derived materials reported in previous studies.
The results clearly highlight the exceptional efficiency of TAC in removing ARS and MB from
aqueous solutions. This superior performance not only demonstrates the novelty of our material
but also emphasizes its potential as a low-cost and sustainable alternative for wastewater
treatment.

Table 4. Comparison of the adsorption performances of TAC with other similar adsorbents for
the removal of MB and ARS.

Pollutant Adsorbent Om Surface pH Regeneration References
(mg/g) area(m?/g)
MgO/ZnO 378.79 546.8 2 6 20
nanocomposite
Fe;04/NiO 222.30 111.56 3 6 21
composite

ARS  PEI@MCNTs 196.08 127.93 <6 4 81
NiFe,04/PANI 186.0 21.94 4-8.6 6 82
ATCDW 87.54 94.2 2 6 83

TAC 541.0 1166.16 4 7 This study
Zn0O 910 /BC oo  118.8 286.4 7 4 84
BC 86.95 323.04 7 - 8
MC 285.6 62 11 4 8
CCMCS- 363.67 11.46 11 - 87

Si0,@PAMPS
SBC 84.2 8.71 11 - 88
MB

SMK 370.85 6.31 9 - 22
MBC 353.4 94.2 8 4 89
SA-RPB 191.49 0.74 - - %0

TAC 860.0 1166.16 8 7 This study



4. Conclusion

This study demonstrates that tassel-activated carbon (TAC), synthesized from Phragmites
australis tassels, is a highly efficient and sustainable adsorbent for removing ARS and MB from
wastewater. Its remarkable textural properties, including a surface area of 1166.16 m%/g and a
pore volume of 1.5038 cm?3/g, together with its hierarchical porosity and abundant functional
groups, enabled adsorption capacities that exceeded those of many conventional adsorbents.
Optimal performance was achieved at pH 4 for ARS and pH 8 for MB, with adsorption processes
well described by the Langmuir isotherm and pseudo-second-order Kinetics, confirming
monolayer chemisorption as the dominant mechanism. Furthermore, TAC exhibited excellent
regeneration and structural stability over multiple cycles, underscoring its potential for cost-
effective and long-term application in wastewater treatment. Despite these promising results,
certain limitations should be acknowledged. The present experiments were restricted to small-
scale batch studies with synthetic dye solutions. Future work will therefore focus on batch scale-
up and continuous-flow systems to validate TAC’s feasibility in larger volumes and under real
industrial conditions, as well as extending its use to other contaminants. The value-added
contribution of this research lies in transforming an abundant and invasive biomass into a high-
performance adsorbent, thereby addressing both dye pollution and waste valorization. By
advancing a renewable, eco-friendly, and reusable material, this study supports sustainable water
purification, fosters circular economy practices, -and aligns with the principles of green
chemistry. TAC thus emerges as a practical and scalable candidate for mitigating dye-laden
wastewater and contributing to cleaner aquatic environments.

Supporting Information

Calibration curve of Alizarin Red S (a) and Methylene Blue((Figure S1 (A, B)). Surface
characteristics of TAC (Table S1). Langmuir isotherm model (Figure S2(A)). Freundlich
isotherm model (Figure S2(B)). Temkin isotherm model(Figure S2(C)). Figure S3. Pseudo-
second-order (PSO) (Figure S3(A)). (B) Pseudo-first-order (PFO) (Figure S3(B)). Intra-particle
diffusion (IPD) (Figure S3(C)). The effect of temperature on the ARS, and MB adsorption onto
TAC ((Figure S4 (A, B)). Van't Hof plots of ARS and MB (Figure S4(C)). Removal of MB and
ARS from real water samples using TAC adsorbent (Table S2).FTIR spectra of TAC before and
after ARS adsorption(Figure S5).
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