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Utilizing Pomegranate Peel Biochar for Effective Malachite Green

Adsorption

Abstract

The quest for efficient treatment technology has been spurred by the possibility
that malachite green dye saturated wastewater may negatively impact both
human health and the environment. Accordingly, this research was conducted
to turn pomegranate peel into a biochar adsorbent for the elimination of
malachite green that is spiked in water. Initial dye concentration, pH, contact
time, volume of solution, and adsorbent dose were the five primary factors
taken into consideration while designing all the tests. An amorphous structure
was detected in the pomegranate peel activated carbon by XRD. Surface area
was analyzed using BET for the specific surface area of 46.363 m?/g. Scanning
electron microscopy has been used to examine the surface characteristics,
including porosity and cracks. At 200 mg/L, 16.3 mg, pH 7, and 100 min, the
greatest dye removal efficiency and adsorption capacity of 99.85% and 362.6
mg/g were recorded under testing circumstances. The adsorption process was
preferred to follow the Freundlich model with R? of 0.9996. Moreover, the
pseudo-second-order model suited the data better than the other kinetic
models. The homogeneous, monolayer surfaces driven by chemisorption were
the nature of the adsorption, as demonstrated by the kinetics and isotherm
analysis. Moreover, the research of thermodynamics demonstrated that
adsorption is endothermic (+58.9 kJ/mol) and spontaneous (AG<0). Finally, the
regeneration of the adsorbent was investigated using four different eluents,
and the potential for adsorbing other dyes was also evaluated. It can be
concluded that industrial effluents could be effectively treated using the
adsorbent material derived from pomegranate peel, as it is environmentally

friendly, readily available, and possesses high adsorption capacity.
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1. Introduction

Uncontrolled urbanization and industrialization have been identified as major
contributors to environmental degradation and the depletion of natural
resources. Large volumes of untreated wastewater are discharged into the
environment owing to rapid industrial growth, urban expansion, and the
unsustainable use of natural resources, placing significant pressure on
freshwater supplies (Al-Qaim et al., 2018, 2017; Fadhil Al-Qaim et al., n.d.; Liu,
2021; Shah et al., 2021). Furthermore, the current state of the environment is
comparable to that of the Anthropocene epoch in geological history, with
human activity being largely responsible for the pollution of our planet today
(Karaouzas et al., 2021). Therefore, measures to guarantee industrialization's
sustainability are desperately needed, regarding both averting environmental
harm (Abbood et al., 2023) and encouraging the growth of more ecologically
friendly enterprises. The majority of water contamination is now caused by
various organic, inorganic and microbial pollutants, which present serious
problems for the environment and public health. These contaminants,
originating from wastewater, freshwater sources, and other anthropogenic
activities, are produced either naturally or artificially (Fito et al., 2022).
However, because of the rapid growth of the textile industry driven by
increasing demand for textile products, wastewater discharge has significantly
increased, making the textile industry one of the major global sources of
pollution. Wastewater from the textile sector contains a variety of
contaminants, including heavy metals, biodegradable organics, laundry
detergents, stabilizing agents, colorants, and desizers. Malachite Green (MG),
a solid, cationic, crystalline dye, has the chemical name of 4-4-

(dimethylamino)phenylmethylidene-N, N-dimethylcyclohexa-2,5-dien-1-
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iminium chloride, with the chemical formula of Cy3H,5CIN, and a molecular
weight of 346.11 g/mol (Jabar et al., 2023; Oladoye et al., 2023). In addition,
because of malachite's synthetic origin, increased stability, affordability, and
superior water solubility, demand for it has grown across a range of industrial
areas (Bhat et al., 2023; Lemos et al., 2023). It is widely used in the making of
food, leather, textile dyeing, paint and pigment, wool, and silk, among other
products (Bhat et al., 2023). Furthermore, aquaculture uses MG as a fungicide,
parasiticide, and antiseptic (Abate et al., 2020). However, MG dye has negative
effects on the environment and human health. MG is mutagenic, carcinogenic,
teratogenic, persistent (resists natural bio-degradation), and bioaccumulative
(He et al., 2023; Laskar et al., 2023; Merrad et al., 2023).

Moreover, swallowing MG in water poses no harm to the kidney, heart, or
breast, all of which are essential human organs (Jabar et al., 2023). Drinking
water contaminated with malachite is linked to diseases such as respiratory,
gastrointestinal, and skin irritations (Merrad et al., 2023). Furthermore, leuco
malachite (LMG), which is produced when MG is biochemically reduced in the
human body system, raises liver tumours and promotes lung adenomas in
males when it accumulates in the body for longer than five months (Oladoye et
al., 2023). Aquatic life is endangered by the decrease in water surface
oxygenation induced by the blockage of light flowing in, which is because of
the discharge of sewage dyed with MG (Piriya et al., 2023). Some countries,
including the United States, Canada, China, the United Kingdom, and the
European Union, have outlawed the use of MG as a food coloring component
(Barria et al., 2023). This is why the removal of persistent dyes, such as MG, has
emerged as a critical task for the international community in order to preserve
human health and the environment. Experts in the fields of environmental
protection and public health now prefer innovative wastewater treatment
procedures since conventional approaches have proven ineffectual in

eliminating harmful and persistent contaminants such as MG dye. Researchers
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have spent a great deal of time studying how to use cutting-edge wastewater
technology to decolorize colored wastewater, for example, advanced oxidation
process supported by UV irradiation (Jasim et al., 2024; Mohamed et al., 2011),
membrane filtration (Izadmehr et al., 2020), and advanced oxidation method in
the presence of a catalyst (Amigun et al.,, 2022; Mussa et al., 2024). These
technologies have certain drawbacks, though, such as membrane technology's
short lifespan and lack of sustainability due to dye molecules clogging filter
pores and the inflated cost of acquisition (Lin and Zhang, 2023), capital
intensiveness, complex chemistry tailoring, excessive oxidants needed to
achieve the degradation process, large chemical requirements, and the
production of excessively hazard sludge through materials deposition (Wang
et al.,, 2021), as well as the unsupportable expense of both the investment and
the high cost power source for electrochemical processes (Saravanan et al.,
2022). Conversely, adsorption has emerged as a substitute pollution
detoxification technique owing to its low cost, eco-friendliness, effectiveness,
sustainability, and simplicity (Abdulhameed et al., 2025; Al-Asadi et al., 2025;
Almuslem et al., 2023). Commercial activated carbon is well-known for its
superior adsorption capacity and efficacy, and it is extensively used in a variety
of industrial wastewater treatment sectors (Jabbar et al., 2022). Commercial
activated carbon is effective and dependable, but its use is restricted by its non-
sustainability and preparation costs (Fito et al., 2023). As a result, many
researchers are still seeking adsorbents which are inexpensive and readily
available locally. To avoid the drawbacks of commercial activated carbons,
numerous research studies have been carried out on the creation of biomass-
based adsorbent materials. To guarantee this, the effectiveness of adsorbent
materials derived from agricultural waste (Abid et al., 2025; Al-Jaaf et al., 2022;
Al-Qaim et al., 2024) in eliminating dyes is being studied. These materials are
cheap, readily accessible, and easily usable. These investigations are limited by

their poor adsorption capacity, high adsorbent consumption for small amounts
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of adsorption, limited specific surface area, and lengthy contact times required
for pollutant detoxification.

In this work, pomegranate peels were subjected to three physical processing
steps: drying, crushing, and screening, which produced an effective MG
adsorbent. The majority of pomegranate peels come from the byproducts of the
pomegranate juice industry. Records show that processing one ton of
pomegranate fruit yields approximately 669 kg of these byproducts (piths,
rinds, and peels) (Hasnaoui et al., 2014). The peels and inner membrane of
pomegranates make up an astonishing 50% of the entire fruit (Abdel-Salam et
al., 2018). Pomegranate peels are widely accessible and contain several inherent
functional groups that facilitate numerous processes and are crucial for
pollutant adsorption. For instance, hydroxybenzoic (gallic and ellagic) acids,
flavone derivatives, and hydroxycinnamic acids are responsible for their
remarkable heavy metal chelation properties (Giri et al., 2021). A previous
phytochemical investigation of pomegranate peels found ten phenolic
compounds with a similar hexahydroxy diphenol moiety (Ruan et al., 2022).
Tannins, phenolic acids, and flavonoids are the main phenolic substances that
have been identified in pomegranate peels and reported in the literature (Singh
et al., 2018). Pomegranate peels are considered a carbon-rich, inexpensive, and
readily available material. They have been widely used in previous studies for
the treatment of various pollutants, including dyes and metal ions. As a result,
research on methods for preparing activated carbon from pomegranate peels
has expanded significantly. These peels have been processed using various
approaches, including 0.1 M HCl and 0.1 M NaOH (Abbasi et al., 2024), 80%
phosphoric acid (1:1) (Waghmare et al., 2024), and NaOH (Genel et al., 2024).
All of these methods have shown promising results in pollutant removal;
however, differences have remained among the methods in regard to achieving

optimal surface area and other desirable surface properties.
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PPAC adsorbent has three main advantages: it is highly effective in removing
dyes from aqueous solutions, readily available, and easy to obtain from plant
sources. The study itself is simple to conduct in regard to batch experiments
and adsorbent synthesis. Furthermore, dye analysis after adsorption does not
require highly accurate instruments such as HPLC or LC/MS; instead, it can be
performed using UV-visible spectroscopy. Despite the various advantages of
activated carbon (AC) as an adsorbent, there are still limitations in its
production process and challenges with regeneration, recycling capabilities,
and selectivity toward specific contaminants. These limitations restrict its
large-scale application in wastewater treatment. In addition, AC cannot
simultaneously adsorb both cationic and anionic dyes unless its surface is

modified.

2. Materials and methods

2.1. Materials

Merck supplied sulfuric acid, phosphoric acid, nitric acid, and potassium
hydroxide as activating agents (All are analytical grade and used without
turther purification). MG (C23H2¢N,OCl), a basic (cationic) dye, was used as the
model adsorbate for adsorption studies. The dye was purchased from
Dyestuffs and Chemicals Co., China, with a reported purity of 99%. Only
analytical-grade chemicals were used, with no additional treatment required.
However, several pretreatment experiments were conducted to select the most
suitable activating agent, and potassium hydroxide (KOH) was ultimately
chosen for subsequent experiments. The purity of all the materials was higher

than 98%.

2.2. Adsorbent preparation
The pomegranate peel, used as the precursor material for the production of AC,

was collected from local markets in Babylon, Iraq. The sample was thoroughly
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washed with tap water and then rinsed with distilled water. After removing
any dust, it was sun-dried, and residual moisture was eliminated by placing it
in an oven at 80°C for 24 h. Following oven drying, the peel was fully
impregnated with phosphoric acid in a 1:1 (m/v) ratio. It was then dried again
in the oven for 8 h before being pyrolyzed in a furnace at 350 °C for 2 h.

After cooling in a dry place, the resulting adsorbent material was thoroughly
washed with distilled water until the pH reached neutral. Finally, AC was
ground to a particle size of 750 um and stored in a sealed plastic container until

further use.

2.3. PPAC surface characterization

The adsorbent obtained from pomegranate peel was evaluated using various
techniques, including Scanning Electron Microscopy (SEM), Brunauer-
Emmett-Teller (BET) surface area analysis, Fourier Transform Infrared (FTIR)
spectroscopy, and X-ray Diffraction (XRD). The crystalline structure and
functional groups of the adsorbent material were determined using XRD
(Bruker D2 Phaser) and FTIR (PerkinElmer Spectrum), respectively. The FTIR
scan was conducted over a wavelength range of 400—4000 cm™. Furthermore,
surface morphology and specific surface area were determined by BET and

SEM (XIGMA, JSM-7610F, Carl Zeiss, Germany), respectively.

2.4. Experiments for adsorption of malachite green on PPAC

A 50 mL solution was used for the batch adsorption experiment to remove
malachite green dye using an adsorbent derived from pomegranate peel. To
prepare the dye solution, 100 milligrams of MG dye were dissolved in 100 mL
of distilled water. Separate solutions with concentrations of 30, 60, 100, 200, and
300 mg/L were then prepared. The pH of the solutions was adjusted using 0.1
M NaOH and 0.1 M HCI to achieve the desired acidity or alkalinity.

Subsequently, 50 mL of each MG dye solution was mixed with a suitable
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amount of PPAC. The mixtures were then shaken for a specified contact time
using an orbital shaker. After the contact period, the solutions were centrifuged
at 3000 rpm to separate the supernatants. The amount of dye that remained in
the aqueous solution was then determined using UV-visible spectroscopy.
Ultimately, an ultraviolet (UV)-visible spectrophotometer (UH4150, Hitachi)
with a maximum wavelength of 615 nm was used to calculate the final dye
concentration after adsorption.

A stock solution of MG dye for the calibration curve development was
prepared by weighing 100 mg of powdered MG dye and dissolving it in 100
mL of distilled water to obtain a 1000 mg/L dye solution. A calibration curve
was then constructed using serial dilutions of the MG dye at the concentrations
of 0.3, 0.5, 1, 2, 5, 15, and 25 mg/L. The standard solutions were placed in UV-
VIS spectrophotometer cuvettes, and the maximum wavelength was set at 615
nm. The absorbance measurements for each sample were then recorded and
documented in an Excel spreadsheet.

A calibration curve was obtained by plotting absorbance values (y-axis) against
dye concentrations in mg/L (x-axis) to determine the best linear fit. The
resulting linear equation was used to calculate unknown concentrations.
Equations (1) and (2) were employed to calculate the removal efficiency and

adsorption capacity, respectively:

Co — G
f

Qtz(CO—_Cf)Xv (2)

R% =

X 100 (1)

where Cy (mg/L) and C, (mg/L) are the initial and residual concentrations of
malachite green, respectively, R% represents the removal efficiency, Q; is the
adsorption capacity at time t, m is the mass of the adsorbent (g), and V is the

volume of the solution (L).
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2.5. Adsorption isotherm

Adsorption isotherms describe the interaction between the adsorbent and
adsorbate at equilibrium. These equilibrium relationships also help us
understand the fundamental adsorption mechanisms and the surface
characteristics of both the adsorbent and the adsorbate. The most commonly
used adsorption models are the Langmuir and the Freundlich isotherms,

although other models can also represent adsorption behavior.

The Langmuir model assumes a monolayer adsorption on a homogeneous
surface with strong interactions between the adsorbent and adsorbate. In
contrast, the Freundlich model suggests a heterogeneous surface with
multilayer adsorption. The Freundlich isotherm also indicates an enhancement

of the adsorptive properties of the surface.

If the Langmuir model fits the data well, the adsorption is likely chemisorption;
if the Freundlich model provides a better fit, the process is generally considered

physical adsorption.

For the isotherm study, the initial dye concentration was varied (200, 300, 350,
400, and 450 mg/L), while pH (7), contact time (100 min), and adsorbent dosage
(0.04 g) were kept constant. The Langmuir, Freundlich, and Dubinin-
Radushkevich isotherm models are presented in Equations (3)—(5), respectively
(Jani et al., 2024; Olasehinde et al., 2020):

G_ 1 1, G
Qe Quk, Qnm °

1
In Q. = InK¢+ Hln Ce 4)

ane = anm - Kade2 (5)
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where Ce is the concentration at equilibrium contact time, KL is the Langmuir
constant associated with adsorption capacity, KF and n are Freundlich
constants associated with adsorption intensity (Abbas and Trari, 2023), Qm is
the maximum Langmuir adsorption capacity, and Kad is the constant that refers

to sorption energy.

2.6. Adsorption kinetics

The possible rate-controlling phase in the adsorption process is identified by
studying adsorption kinetics. Furthermore, it makes it possible to comprehend
kinetic processes and the dye uptake rate. In the present work, the nature of the
adsorption between AC generated from pomegranate peel and MG dye was
investigated by analyzing the two commonly used kinetics models, i.e.,
Pseudo-first-order (PFO) and pseudo-second-order (PSO) kinetics. In addition,
Weber-Morris intraparticle diffusion was investigated. PFO and PSO are
frequently associated with chemisorption and physical adsorption,
respectively. In the simplest possible way, chemical sorption results in a strong
connection between the gently attaching adsorbent and the adsorbate.
Conversely, during the rapid adsorption stage of physical adsorption, there are
weak contacts between the adsorbent and adsorbate. Therefore, it is simple to
reverse physical adsorption, but chemical adsorption is more difficult to
reverse. For the kinetics investigation, the following parameters were used: pH
7, adsorbent dose of 0.04 g, beginning dye concentration of 100 mg/L, and
varied contact periods of 3, 5, 10, 15, 30, and 60 min. Equations (6)—(8) provide
the fundamental formulas needed to calculate PFO, PSO and Weber-Morris
intraparticle diffusion, respectively:

Ky .
2.303

log(Qe — Q) = logQe — (6)
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t 1 1

Q@ KQ2 Qe

(7)

Q; = Kysr t/% + C 8)

where K1 and K2 are pseudo-first-order (min-1) and pseudo-second-order
(g/(mg.min)) adsorption rate constants, respectively (Al-Asadi et al., 2023); Qt
and Qe (mg/g) represent the adsorption capacity at time t and equilibrium
adsorption capacity, respectively; Kait is the rate diffusion constant, t'? is the

square root of the contact time, and C is the intercept (Wu et al., 2009).

2.7. Adsorption thermodynamics

The adsorption thermodynamics is important since it tells us whether the
adsorption process is spontaneous or not. It also aids in determining the energy
involved in the adsorption process, the endothermic or exothermic nature of
the process, and the adsorption's feasibility. By varying the system's
temperature, the adsorption of MG dye from a water-based solution was
investigated thermodynamically (293, 303, 313, and 323K) while maintaining
the other variables at their ideal levels (period time of 100 min, PPAC dosage
of 0.04 g, and MG dye concentration of 200 mg/L). The thermodynamic
variables, change in enthalpy (A°H), change in entropy (A°S), and change in
Gibbs free energy (A°G) were determined using Equations (9)—(12):

AG = —RTInKd 9
Cs
Kd = Ce (10)
AS AH
InKd = R RT (11)
AG® = AH® — TAS® (12)

where T is the absolute temperature (K), Kd stands for the thermodynamic

constant, and R is the universal gas constant (8.314 J/mol. K). Ce is the
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concentration of MG dye at equilibrium, Cs is the concentration of dye
adsorbed (mg/L) on the adsorbent at equilibrium, and the symbols AG®, AS°,
and AH® stand for the changes in Gibbs free energy, entropy and enthalpy,
respectively. The values of AH® and AS® were determined using the slope and

intercept from the plot between In Kd and 1/T.

3. Results and discussion

3.1. PPAC characteristics

Using XRD, the crystalline nature of the AC derived from pomegranate peel
was investigated. The outcome of the investigation is shown in Figure 1a. It is
evident from the XRD examination that the adsorbent's overall structure is
amorphous. The (002) plane of disordered carbon is typically responsible for
the broad peak observed in AS XRD patterns, usually located between 18° and
26°. However, the PPAC adsorbent shows very small peaks, probably because
of the addition of KOH during chemical activation. A faint peak observed
around 38°-42° in the chemically activated PPAC sample corresponds to the
(100) plane of graphitic carbon (Xing et al., 2023). In general, amorphous
surfaces work better than crystalline structures for the adsorption of several
pollutants that differ in size and structure (Kumar et al.,, 2014). Using the
nitrogen gas adsorption-desorption concept, the BET-specific surface area of
activated carbon derived from pomegranate peel was ascertained (Figure 1b).
The apparatus 1land adsorption temperature were 0 and 77K, respectively. The
mass sample used was 0.015 g. Simply said, the affinity for pollutant adsorption
will essentially increase with the adsorbent's particular surface since there will
be more active sites available at that surface (Raji et al., 2023). Generally, the
surface area and type of the adsorbent material have a major influence on the
rate of adsorption. Higher surface area materials have more adsorbing sites,
which increases the amount of adsorption. Conversely, porous materials offer

more surface area, which increases adsorption capacity and removal efficiency.
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Essentially, the adsorbent's surface area is increased by finely splitting
(powdering), which ultimately improves the adsorption effectiveness. It was
discovered that the activated carbon pomegranate peel has a BET specific
surface area of 46.363 m?/g. In this investigation, the specific surface area
measured is greater than that of the AC derived from waste fig leaves of 18
m?/g, as reported in our previous study (Al-Asadi et al., 2023). SEM was used
to analyze the produced adsorbent's morphology, and the results are shown in
Figure 1c. The figure indicates that the adsorbent has a porous structure and
holes that allow it to absorb different types of contaminants with different sizes
and structures (Khadim et al.,, 2022). Because of the chemical and heat
activation used to increase the AC's adsorption capacity (Ali et al., 2022),
morphological fractures such as holes and uneven forms are seen. The pore size
distributions of PPAC are presented in Figure 1d. As it can be observed, PPAC
exhibits a pore size distribution centered between 4-12 nm, indicating a
development of microporosity of the material (Wang et al., 2005). FTIR was
effectively used to analyze the functional groups of activated carbon derived
from pomegranate peel, both before and after adsorption, as shown in Figure
le. It was discovered that the adsorbent was made up of many functional
groups with the ability to absorb different contaminants of different sizes and
structures (Humadi et al., 2023). The signal detected at 3423.26 cm™ in the FTIR
analysis of the activated carbon derived from pomegranate peel prior to
adsorption is ascribed to -OH, which contains functional groups such as
hydroxyl and water. The presence of C=O and C-O vibrations, which are
characteristics of the carbonyl group extending from ketones and ethers, is
responsible for the two distinct, strong peaks that can be seen at 1574.95 and
1421.99 cm™. A lesser peak, 1040.99 cm™, is connected to the C-H stretching
action. Finally, the presence of C-H bending is shown by the peak at 650.21
cm™. Following MG loading, two more peaks that had developed at 1012.63
and 922.03 cm? disappeared. The FTIR spectra of the pollutant-loaded
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activated carbon showed notable peak alterations compared to the pre-
adsorption values. Following adsorption, peaks were shown to move and
diminish. The observed significant shifts from before to after adsorption were
as follows: 3423.26 cm™ to 3396.35 cm™, 1574.95 cm™ to 1573.54 cm™, 1040.99
cm™ to 1039.58 cm™?, and 650.09 cm™ to 645.84 cm™. These shifts indicated the
impact of carboxyl, O-H, C=O, C-H stretching, and C-H bending on the AC
surface based on pomegranate peel during adsorption. In addition, two

peaks—1012 and 922 —vanish once MG is adsorbed on PPAC.

700
a (002)
.IJJ'l,l

600
N
500 - A
1004 ) v,
3004 g
B ( P
) ‘!III iy o LIQO:’
200 / My
‘,J

"'||' '||"
WM o
100 A IR A b, i
R W U l_n*

0 T T T T T T
10 20 30 40 50 60 70 80

20

—+—ADS DES

Intensity (counts)

450
400 | b
350 |
300 |
250
200 |
150 |
100 -
50 |

Volume adsorbed(cm?/g)

0 0.2 0.4 0.6 0.8 1
Relative pressure (p/p,)

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394



SEM HV: 15.00 kV
SEM MAG: 75.00 kx
View fieid: 2.889 pm

0.2

WD:5.618 mm

Det: InBeam

Date(m/d/y): 08/04/24

500 nm

MIRAW TES SEM HV: 15.00 KV
SEMMAG: 75.00kx  Det: InBeam
View field: 2.889 ym  Date(m/dAy): 08/04/24

Before adsorption

WD: 5514 mm

500 nm

After adsorption

0.18

0.16

0.14

0.12

0.1

dVp/drp

0.08

0.06

0.04

0.02

1.2

20

rp/nm 60

o
[+.+]
1

Transmittance%
o o
'S o

1 1

c'.lH\ ™

—PSAC

PSAC-MG

"

O-H

Fig. 1 Characterization of PPAC surface: a XRD spectrums of PPAC sample; b

nitrogen adsorption—desorption isotherms; ¢ micrographs of PPAC before and
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after MG adsorption; d Pore size distribution (BJH model); e FTIR investigation
of the most common identified functional groups for PPAC before and after

MG adsorption

3.2. Batch adsorption performance

With the use of AC derived from pomegranate peel, MG dye was adsorbed
from an aqueous solution in a batch manner. The adsorption efficiency and
capacity of the PPAC adsorbent are displayed in Table 1 under different testing
conditions. The results of this investigation showed that the greatest and least
removal efficiencies were, respectively, 99.85% and 9.4%. Under the ideal
operating conditions of pH 11, a contact time of 100 minutes, an initial dye
concentration of 100 mg/L, and an adsorbent dose of 0.04 g, the highest removal
efficiency was achieved in this investigation. Conversely, under testing
circumstances with pH, contact duration, dye concentration, and adsorbent
dose of 3, 100 min, 100 mg/L, and 0.04 g, respectively, the lowest removal
efficiency (9.4%) was measured. Generally, while evaluating the efficacy of
various adsorbents on dye detoxification, a number of factors should be taken
into account. These comprise the kind of wastewater (aqueous or actual), the
activation mode (thermal, chemical, or both), the amount of adsorbent used,

the particular surface area, the pollutant content, etc.

3.3. Effects of operating parameters

3.3.1. Effects of equilibrium time vs initial concentration

Figure 2 illustrates the investigation of the impact of varying contact periods
(0-140 min) and initial concentration levels (30-300 mg/L), with a fixed
adsorbent dosage, pH solution, and initial temperature, on the elimination of
MG dye from pomegranate peel-AC.

The initial concentration of the MG dye has a significant role in the adsorption

capacity by giving the dye molecules a stronger driving force to overcome mass
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transfer resistances between the solid phases and aqueous solution (Ahmad
Khan et al.,, 2023). As shown in Figure 2, a detailed study was conducted into
the impact of activated carbon made from pomegranate peel on the adsorption
of MG dye at different levels (30-300 mg/L). The effectiveness of dye adsorbed
onto adsorbent material was found to be 98.3% at a concentration of 100 mg/L.
The clearance, however, was reduced as the concentration of MG dye was
increased; at 300 mg/L, the dye concentration reached a minimum of 30%. For
the upcoming studies, the ideal concentration was determined to be 100 mg/L.
The results showed that at a concentration of 200 and 300 mg/L, a low removal
of the MG dye happened after 140 min (53 and 30.3, respectively), with an
adsorption capacity of 132.5 and 113.6 mg/g, respectively. The main factor for
the amount of MG dye absorbed onto the adsorbent material to rise with an
increase in contact time is the abundance of open pores and holes on the
pomegranate peel-AC adsorbent material. Furthermore, as time increases, the
probability of dye molecules being adsorbed rises. Nevertheless, the removal
efficiency decreased over the 100-minute contact period, indicating that

equilibrium was reached.
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Fig. 2. Impact of the starting concentration (pH 7, 0.04 g adsorbent, 50 mL, (0-
140) min) on the MG adsorption capacity (top) and removal efficiency (bottom)
using PPAC

3.3.2. Effect of pH
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As shown in Figure 3 and Table 1, the impact of pH on the effectiveness of dye = 479
removal was investigated by adjusting the pH from pH 3 to pH 11. Because of 480
the competition between the dye molecules and H* for accessible active sites at 481
lower pH values, it was shown that reducing the pH and dye removal 482
efficiency (Taqui et al., 2023). Because resistance is absent, cationic dyes suchas 483
MG are often greatly absorbed at higher pH levels. Here, at a pH of 11, the 484
highest removal effectiveness of 99.85% was observed. Similarly, as Figure 3 485
illustrates, the maximum adsorption capacity for the removal of dye wasatpH 486
11, 124.8 mg/g. The removal efficiency and adsorption capacity were first 487
reduced by lowering the pH solution, and they reached 9.4% and 11.75 mg/g, 488
respectively, at pH 3. For further experiments, pH 8 was selected in order not 489
to make further modifications to all MG dye solutions. 490
491
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Fig. 3 Impact of pH solution on MG's adsorption capacity and removal 507
efficiency using PPAC (100 mg/L MB, 0.04 g adsorbent, 50 mL, 100 min). 508
509
3.3.3. Effect of PPAC amount 510
The evaluation of the dose of AC derived from pomegranate peel for the 511
adsorption of 200 mg/L of MG dye solution at pH 7 is presented in Figure4and 512
Table 1. The figure shows that the adsorption effectiveness of MG increased 513
from 59.1% to 99.04% at PPAC doses of 0.0163 and 0.838 g, respectively. Thisis 514
because of the increase in the quantity of accessible unoccupied adsorption sites 515
and the surface area of the adsorbent for adsorption (Abuzerr et al., 2018). A 516
large dosage of adsorbent may lead to high removal efficiency. 517
However, the adsorption capacity reduces as the dose rises. If the adsorbent 518
dose is raised further, it may not be sufficient to supply negative charges for 519
the dye adsorption, since this might alter the composition of the solution (Izan 520
et al., 2022). It is evident that when the PPAC rose from 0.0163 to 0.838 g, the 521
adsorption capacity dropped from 362.6 to 118.2 mg/g. 522
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Fig. 4. Impact of PPAC dose (pH 7, 200 mg/L MB, 50 mL, 100 min) on PPAC- 529
adsorbed MG removal efficiency (left hand) and adsorption capacity (right 530
hand) 531
532
3.3.4. Effect of solution volume 533
PPAC shows excellent removal efficiency in the adsorption of the MG dye at 534
various volumes of solution (25, 50, and 100 mL), with the exception of 100 mL. 535



Removal%

102
100
98
9%
94
92

With using a 25 mL volume, the maximum clearance rate was 100%. The 536
removal efficiency decreases with increasing MG dye solution volume. The 537
maximum adsorption capacity of 231.5 mg/g was achieved with 100 mL of dye 538
solution. Table 1 and Figure 5 present these findings. 539
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Fig. 5 Impact of the MG solution volume (pH 7, 100 mg/L MB, 0.04 g, 100 min) 546
on the MG adsorption capacity and removal efficiency using PPAC 547
548
3.3.5. Effect of temperature 549
Figure 6 and Table 1 display the changes in MG adsorption, removal efficiency, 550
and capacity of pomegranate peel activated carbon at different temperatures. 551
At 20 °C, PPAC's elimination efficiency is 92.1%. The removal efficiency can = 552
reach 99% at 50 °C. As the temperature increased, the dye molecules' mobility 553
changed, and new active sites for adsorption appeared (Bharathi and Ramesh, 554
2013). From 20 °C to 50 °C, the adsorption capacity grew steadily with 555
temperature. The maximum adsorption capacity for MG dye adsorption is 556
247.5 mg/g at 50 °C, while the lowest value is 230.25 mg/g at 20 °C. According 557
to the data shown, a temperature rise results in swelling of the adsorbent's 558
internal structure, which increases the adsorption capacity and permits more 559
penetration of MG (Hu et al., 2018). 560
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Fig. 6 Impact of temperature on the adsorption capacity and removal efficiency =~ 565
of MG using PPAC (200 mg/L MB, pH 7, 0.04 g adsorbent, 50 mL, 100 min) 566
567
3.3.6 Effect of NaCl 568
The effect of NaCl on the removal efficiency of MG dye by the PPAC adsorbent 569
was evaluated, and the results are shown in Figure 7. It is evident that both the 570
removal percentage and adsorption capacity of MG dye decreased in the 571
presence of NaCl. This reduction can be attributed to the increased ionic 572
strength of the aqueous medium caused by the addition of NaCl, which shields 573
the surface-active sites. The presence of positively charged Na*ions may reduce 574
the negative charge on the adsorbent's active sites, thereby weakening the 575
electrostatic interactions between the dye molecules and the negatively 576
charged adsorption sites (Mahmoodi et al., 2011; Salah Omer et al., 2022). 577
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Fig. 7 Impact of NaCl amount on the adsorption capacity and removal 584
efficiency of MG using PPAC (100 mg/L MB, pH 7, 0.04 g adsorbent, 50 mL, 100 585
min). 586
587
Table 1. Removal% and adsorption capacity (Q) under the effect of all 588
selected parameters for the adsorption of MG on PPAC 589

Effect of initial concentration (mg/L)?

30 60 100 200 300

R% 100 100 98.3 51 30
Q (mg/g) 37.5 75 122.9 127.5 112.5




Effect of contact time (min)?

20 30 40 60 100 120
R% 78.2 82 85 89 95 96
Q (mg/g) 97.75 102.5 106.25 111.25 118.75 120

Effect of temperature (°C) ¢

20 30 40 50
R% 92.1 95.5 98.4 99
Q (mg/g) 230.25 238.75 246 247.5

Effect of initial pH solution ¢

3 5 7 9 11
R% 94 19.5 97.6 99.12 99.85
Q (mg/g) 11.75 244 122 123.9 124.8

Effect of PPAC amount (g)

0.0163 0.024 0.0433 0.063 0.0838
R% 59.1 66.85 95.6 98.6 99.04
Q (mg/g) 362.6 278.54 220.8 156.5 118.2

Effect of volume (mL) f

25 50 100
R% 100 99.63 92.6
Q(mg/g) 625 124.5 2315

Effect of NaCl (g)s

0 0.1 0.2 0.3 0.4 0.5
R% 93.4 76.6 64.1 67 62.1 70.6
Q (mg/g) 116.75 95.75 80.12 83.75 77.62 88.25

2700 min, 50 mL solution, 0.04 g PPAC, pH 7; ®100 mg/L MG, 50 mL solution, 0.04 g PPAC, pH
7,100 min, 0.04 g PPAC, 200 mg/L MG, 50 mL solution; 4100 min, 50 mL solution, 0.04 g PPAC;
¢ 100 min, 50 mL solution, 200 mg/L, pH 7;f 100 min, 100 mg/L, 0.04 g PPAC, pH 7; 8 100 min,
50 mL solution, 100 mg/L, pH 7.

3.4. Adsorption isotherm
As can be seen in Figures 8a and b, adsorption isotherms were evaluated using
the Freundlich and Langmuir models. The best curve fit was chosen after

taking the coefficient of determination (R?) into account. In comparison to the
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Langmuir isotherm model, it is determined that the Freundlich isotherm has a
maximum R? of 0.9996. Moreover, the efficiency of the adsorption process was
demonstrated by the determination of the maximum Langmuir adsorption
capacity (Qm) and the Langmuir constant associated with the free energy of
adsorption (KL), which were determined to be 126 mg/g and 0.033 L/mg,
respectively. However, as shown in Table 2, the values of the Freundlich
constant (KF) and an empirical parameter associated with intensity (n) were
found to be 35.2 and 0.188, respectively. For the adsorption of MG onto PPAC,
Figure 8c shows the plot of In Qe versus €2. The slope and intercept of the plot
were used to calculate the Dubinin—-Radushkevich (D-R) constants: the
sorption energy constant (Kid) measured in mol?kJ? and the maximum
adsorption capacity (Qmax) measured in mol g™1. These values are presented in
Table 2. The mean free energy of adsorption (E) was also calculated based on
the Kad values, and the results are also shown in Table 2. The data indicate that
the adsorption energy at 298 K for MG adsorption onto PPAC is less than
8 k] mol™, suggesting that the process is mainly driven by physical adsorption
forces. The R? value obtained from the Dubinin-Radushkevich isotherm is
lower than those from other adsorption isotherm models (R*= 0.3648),
indicating that the adsorption of MG onto the PPAC adsorbent does not fit the

Dubinin—-Radushkevich isotherm well.
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b y= 5.3216x-3.5622
R2=0.9996

1.55 1.6 1.65 1.7 1.75
In Ce
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Fig. 8 Isotherm plots (a) Langmuir, (b) Freundlich, and (c) Dubinin-

Radushkevich (D-R) for adsorption of MG on PPAC

Table 2. Isotherm parameters for Langmuir and Freundlich models after the

adsorption of MG on PPAC

Langmuir isotherm

Qm (mg/g) KL (L/mg) R?
126 0.033 0.9755
Freundlich isotherm

KF (mg/g)(L/mg)'~) n R2
35.2 0.188 0.9996
Dubinin-Radushkevich isotherm

E (kJ/mol) Om (mol/g) R?
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16.36 2.7x10* 0.3648

3.5. Adsorption kinetics

PFO and PSO models were used to develop the adsorption kinetics model,
which is important for assessing the time dependency of dye adsorption and
for finding the probable rate-determining step. Figure 9a,b and Table 3 display
the pseudo-first-order and pseudo-second-order models, respectively, for the
adsorption kinetic processes. The parameter values for each model are shown.
The data are shown to fit the pseudo-second-order model (R*=1) properly when
compared to the correlation coefficients found for the pseudo-first-order
model. MG dye adsorption onto pomegranate peel-activated carbon is typically
governed by a chemical reaction, with the rate of the adsorption process
determined by both the adsorbent and the adsorbate (Al-Jaaf et al., 2022). The
superior performance of AC (PPAC) as an adsorbent is further supported by
the rate constants presented in Table 3. It has been observed that the adsorption
rate constants for various dyes, such as methylene blue, on waste fig leaves is
relatively close (Al-Asadi and Al-Qaim, 2023). As shown in Equation (7), Weber
and Morris developed a linearized equation based on the relationship between
Q: vs t2. The boundary layer effect can be evaluated using the intercept of the
IPD graph. The graphs in Figure 9c represent the fitting of kinetic data obtained
under specific conditions to the linearized Weber and Morris intra-particle
diffusion (IPD) model. According to Equation (7), the high R? value indicates
the model’s strong validity. Furthermore, the positive intercept (107.9) from the
linear plot is proportional to the thickness of the boundary layer; a larger
intercept suggests a greater influence of the boundary layer on the adsorption
process (Kaur et al., 2013; Rathnayaka et al., 2024). Diffusion coefficients can be
calculated from the slopes of the IPD model, enhancing its analytical

capabilities and offering an additional practical application. However, one of
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the limitations of the IPD model is the complexity involved in applying it to

real-samples (Dharmarathna and Priyantha, 2024).
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Fig. 9 Investigation of adsorption process kinetics: (a) Plots of the pseudo-first

order model log(Qe - Qt) against time; (b) the pseudo-second order model

t/Qt versus time, and (c) Plot of the Weber and Morris intra-particle diffusion

(IPD) model Qe against the square root of contact time

Table 3. Kinetic parameters of adsorption of MG on PPAC
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Pseudo-first-order Pseudo-second-order Intraparticle diffusion

constant constant constant
Kags1 (min)  R? Kaas2 R?  Kaitf R?
(g/min. mg) (g./mg.min'?)
0.0426 0.9377 0.0167 1 1.9536 0.9458
700
3.6. Adsorption thermodynamics 701

The energy related to the adsorption process may be found using the 702
adsorption thermodynamics. Determining whether the adsorption is 703
spontaneous or non-spontaneous also aids in this process. In general, the 704
adsorption process is classified as non-spontaneous if the system's Gibbs free 705
energy is positive and as spontaneous if it becomes negative. According to 706
Table 4 and Figure 10, the pomegranate peel-AC used to remove the MG dye 707
from an aqueous solution was discovered to be both endothermic (AH =58.9 708
kJ/mol) and thermodynamically spontaneous (AG <0). From a thermodynamic 709

standpoint, it is generally possible for MG dye to be adsorbed onto activated 710

carbon obtained from pomegranate peels. 711
Table 4: Thermodynamic parameters values for the adsorption of MG onto 712
PPAC at different temperatures 713

Thermodynamic parameters

Temperature Kd AG° AH° AS°

(K) (kJ/mol) (kJ/mol) (J/molL.K)
293 11.658 -5.87 58.9 221.04
303 21.222 -8.08

313 61.5 -10.29

323 99 -12.5
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y =-7083.9x + 26.586
R*=0.98

In Kd
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Fig. 10 Curve of the relationship between distribution coefficient and inverse

of temperature

The maximal monolayer adsorption capacity of MG dye produced using the
AC generated from different peels of agricultural by-products is compared in
Table 5. In comparison to several earlier studies, PPAC produced

comparatively substantial MG dye adsorption.
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Table 5 Experimental conditions and maximum adsorption capacity for numerous fruit peels as a low-cost adsorbent for the

adsorption of MG compared with PPAC

Fruit Peels- Reagentused @ MG concentration AC/solution Treatment (Qmax)  References

source range (mg/L) (g/mL) time (min) mg/g

Pomegranate =~ KOH 200 mg/L 0.016 g/50 mL 60 min 362" The present study

peel

Rambutan KOH 200 mg/L 0.2 g/250 mL 3h 329 (Ahmad and Alrozi, 2011)

peel

Mandarinpeel No  chemical 200 mg/L 0.05 g/50 mL 150 min 180 (Yalvag and Bayrak, 2020)
reagent used

Durian peel KOH 300 mg/L 0.2 g/200 mL 6h 211 (Yusop et al., 2021)

Potato peel No  chemical 50 mg/L 0.05 g/50 mL 120 min 37.8 (Kiigtik and Bigici, 2024)
reagent used

Mangosteen H2504 100 mg/L 0.05 g/25 mL 120 min 29.6 (Yuningsih et al., 2024)

Peel

Peelof cassava No  chemical 40 mg/L 0.02 g/ 200 mL 180 min 92.6 (Belcaid et al., 2024)

reagent used

“Under these conditions: 0.016g PPAC, 200 mg/L and 50 mL



3.7. Adsorption mechanisms

The adsorption of MG in this particular study is a surface phenomenon,
meaning that it occurs spontaneously and promotes the formation of an
adsorbate layer on the surface of an activated carbon adsorbent made from
pomegranates because of the adhesion of MG molecules from wastewater. The
adsorption mechanism involves molecular interactions, transfer of dye
molecules across the boundary layer, intraparticle transport into the interior of
the sorbent (either by monolayer or multilayer), and adsorption on the surface
of the adsorbent. The first step in the adsorption process is the migration or
dispersion of pollutants present in water into the porous spaces of carbon
particles. While within the pore, mild electrostatic forces known as the Vander
Walls force hold the impurity molecules in the interior pore surfaces (Abewaa
etal., 2023; Liu et al., 2017). Adsorption is the process of removing solutes from
a solution until the solute concentration at the surface and the quantity of solute
still in solution are equal. The process of adsorption on AC's surface is typically
attributed to the micropores that are present there or the weak van der Waals
forces that might draw impurities. These interactions are the outcome of
particular interactions between functional groups through the development of
donor-acceptor complexes (Liu et al., 2017). However, the FTIR band shifts
before and after adsorption, 3423.26 cm™ to 3396.35 cm™, 1574.95 cm™ to 1573.54
cm™, 1040.99 cm™ to 1039.58 cm™, and 650.09 cm™ to 645.84 cm™, indicating that
carboxyl, O-H, C=0O, C=C, and C-O were significant factors in the adsorption
process. In conclusion, the hydrophobicity of the impurity molecule and the
foreign molecule's attraction to carbon, or both, promote the adsorption of

contaminants from wastewater.
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Fig. 11 Proposed mechanism of adsorption of MG on the PPAC surface

adsorbent

3.8 Regeneration of the Adsorbent

Adsorption is always followed by desorption, a temporary phase that precedes
regeneration. Given environmental concerns and the need for sustainable
development, regeneration is a critical factor in evaluating the reusability of
any adsorbent for industrial applications. Various chemical, thermal,
microbiological, and electrochemical methods can be used to recycle the
adsorbent. However, owing to its lower cost, chemical regeneration was
selected for this study. Five eluents, water, 0.1 M HCl, methanol, acetic acid:
H>O (1:1), and acetic acid, were used to evaluate the desorption efficiency of
the PPAC adsorbent following the adsorption of 50 mL of MG solution at 50
mg/L using 0.1 g of adsorbent in a column cartridge. All columns were rinsed
with water after MG adsorption and left to dry overnight. During the

desorption test, each eluent was passed through the column individually (see
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Figure 12). As shown in Figure 13, only 7% and 44% of the dye were desorbed
using distilled water and 0.1 M HC], respectively. However, the desorption
efficiency significantly increased to 92% when methanol was used. A variety of
eluents for dye desorption were used to investigate the ability of reused
activated carbon. However, acetone, acetic acid, methanol, ethanol, ultrapure
water, KOH, and HCl exhibited different desorption (Al-Musawi and Al-Qaim,
2024).

Fig. 12 Desorption of MG with acetic acid using column bed PPAC.
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Fig. 13 Assessment of the eluent solvent based on the recovery of MG dye

using PPAC
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Acetic acid was used as the eluent in three adsorption-desorption cycles
(Figure 14). PPAC maintained an adsorption efficiency between 98% and 91%
during the first two cycles. However, it began to decline in the third cycle,
dropping to 84%, and eventually decreased to 76% by the end of the fourth
cycle. One of the observed issues was that the eluent persistently occupied
several adsorption sites, which explains the decline in adsorption efficiency

after a certain number of cycles.

120 .

100 1 91 &
< 80 1 .
)
2 60 -
[@]
O
()] 40 7

20 -

O 1 1 1
cycle 0 cycle 1 cycle 2 cycle 3
No. cycles

Fig. 14 Regeneration of PPAC using concentrated acetic acid
3.9. Selectivity dye adsorption

Regarding the selectivity of pomegranate peels for different dyes, the efficiency
of the prepared peels was evaluated under fixed conditions using several dyes:
methylene blue, crystal violet, safranin, and the target dye, i.e.,, MG. It was
observed that the activated pomegranate peels (PPAC) play a significant role
in dye removal even at high concentrations and demonstrate the capability to
adsorb dyes with different chemical properties. The peels were effective in
removing not only MG but also methylene blue, crystal violet, and safranin.
For this evaluation, a constant weight of PPAC (0.06 g) was used with a fixed
dye concentration of 50 mg/L and a volume of 50 mL for each dye. The samples
were subjected to shaking for 100 min to maximize adsorption onto the PPAC

surface. The results showed that dye removal rates were generally high, with
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safranin being the lowest at 70%, while the others ranged between 89% and
94%. These results are considered acceptable and indicate that PPAC has strong
potential for removing a range of dyes, not just MG, as illustrated in Figure 15.
To assess the remaining dye concentrations after adsorption, it is important to
note that each dye has a specific absorbance wavelength. Therefore, post-
adsorption measurements were performed individually wusing the
characteristic wavelengths for each dye: MG (615 nm), methylene blue (665

nm), crystal violet (590 nm), and safranin (520 nm).

100

. I I I I
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Removal%
D
o
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Fig. 15. (Right hand) Adsorption profile for different dyes (MG, CV, MB and
SFR) on PPAC adsorbent, (Left hand) real photos for the selected dyes after
adsorption under these conditions: (50 mg/L dye, 0.06 g adsorbent dose, and

100 min shaking time)

4. Conclusions

The AC obtained from pomegranate peels was produced by chemical and
thermal activation, and its SEM, FTIR, BET, and XRD characteristics were
assessed. The study revealed a BET-specific surface area of 46 m?/g. However,
FTIR analysis revealed the existence of many functional groups that participate
strongly in trapping the dye. Furthermore, the adsorbent's heterogeneous

surface and amorphous nature were shown by XRD and SEM investigation.
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Throughout the course of the investigation, removal efficiency was shown to
range from 9.4 to 100%. At 200 mg/L, 16.3 mg, pH 7, and 100 min, the greatest
dye removal efficiency and adsorption capacity of 99.85% and 362.6 mg/g were
recorded under testing circumstances. This study carefully investigated the
impact of several experimental parameters, including pH, contact duration,
adsorbent dose, and starting dye concentration. The purpose of the adsorption
isotherm, kinetics, and thermodynamics investigations was to ascertain the
kind of adsorption, the mechanism, and the heat transfer related to the
adsorption process. Consequently, it was discovered that the pseudo second
order reaction kinetics model, with a maximum R? value of 1.0000, was
descriptive. This demonstrated that the adsorption mechanism was
homogeneous surface chemosorption, where a single attachment of
contaminants saturated the adsorbent's surface. Thermodynamic studies
indicate that adsorption is endothermic and occurs spontaneously. Ultimately,
this study demonstrated that activated carbon made from pomegranate peels
is a viable option for decolorizing textile effluents. To improve adsorption
capacity, it is advised to examine the column analysis and functionalize the

adsorbent's surface.
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