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A B S T R A C T

There are several disposal and governance difficulties due to rapid bio-waste growth. Therefore,
recycling and repurposing them for environmental purposes is garnering increasing attention.
Hydrothermal carbonization (HTC) followed by phosphoric acid activation was used in this in-
vestigation to synthesize a novel activated hydrochar (AHPP) from pomegranate peels. X-Ray Dif-
fraction, Fourier-transform infrared spectroscopy, Scanning electron microscopy with energy dis-
persive X-ray spectroscopy, Brunauer, Emmett and Teller (BET) surface area analysis and Barrett-
Joyner-Halenda (BJH) pore size distribution, and pH of zero charge were exploited to define the
characteristics of AHPP, which was then used to assess the uptake of Basic Red 46 (BR46) dye in
the batch mode. Isothermal and kinetic investigations were accomplished with pH = 6, 0.5 g.L−1

of adsorbent, 400 rpm at 298 K upon 60 min. The Freundlich model accurately presented the
equilibrium curves with an adsorption capacity of 998.95 mg g−1, while the PSO kinetic model
adequately corresponded to the experimental data. Furthermore, thermodynamic data disclosed
that the process was spontaneous, endothermic, and linked to a growing disorder at the adsor-
bent-adsorbate interface. Lastly, the reuse investigation using HCl ascertained that AHPP might
be recycled ten times, whereas a probable adsorption mechanism was proffered. Overall, it is pos-
sible to conclude that activated hydrochar generated from pomegranate peels as cost-effective
waste could be employed as an alternative sorbent in dining substantial effluents retaining BR46.

1. Introduction
Textile dyeing manufacturing is renowned as an intricate industry, with potentially substantial water, energy, and chemical re-

source consumption while also yielding extensive quantities of unsafe effluents, which is why many researchers regard it as the
world's multiple environmentally defiling industry (Graba et al., 2022). Because of their inability to biodegrade, carcinogenicity, and
mutagenicity; synthetic dyes and their derivatives are among the considerable hazardous pollutants; endangering human health,
aquatic life, and the ecosystem as a whole (Akkari et al., 2022a).
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Azo cationic dyes like Basic Red 46 are among the extensively utilized in textile manufacturing; as a result, there was a greater fo-
cus on adequately managing them. Before being released, industrial effluents containing dyes may be treated using various tech-
niques. These include biological techniques such as aerobic/anaerobic treatment (Shoukat et al., 2019), chemical techniques like re-
dox treatment, precipitation, and photocatalysis (Kaci et al., 2021, 2022), and physical techniques such as adsorption, ion exchange,
and membrane filtering (Atmani et al., 2022). Due to its simplicity, ease of utilization and excellent efficacy, adsorption is one of the
most alluring and adaptable treatment modalities. Therefore, it is crucial to create novel adsorbents with high adsorption capacities,
low investment costs, and superior renewability for removing dyes.

Under subcritical water conditions, low oxygen, 180–250 °C, and saturated pressure, biomass may undergo a thermochemical
transformation into hydrochar, a high added value carbonaceous material. Hydrothermal carbonization means this action (HTC)
(Román et al., 2018a). Dehydration, decarboxylation, condensation, polymerization, and aromatization are all involved in hydrochar
creation. Unfortunately, a thorough understanding of the response mechanism is lacking (Funke and Ziegler, 2010). HTC's technology
has quick, secure, affordable, and valuable processing advantages. A good carbon range, porous nature, many oxygenated functional
groups on the surface, low moisture content, and chemical and biological resistance are all characteristics of the generated hydrochar.
However, its modest surface area and pore volume may occasionally restrict its adsorption effectiveness (Yu et al., 2020). So, activat-
ing hydrochar could improve its surface characteristics and adsorption potential. Additionally, the use of hydrochar as a precursor for
the preparation of porous carbonaceous materials (activated hydrochars, for example) has shown promise (El Hadrami et al., 2022).

Lower activation temperatures, greater gains, and well-developed porosity are just a few advantages of chemical activation. Com-
pared to other chemical agents, phosphoric acid shows more advantages, such as higher mass production, non-toxic characteristics
and requires washing with water only (Yahya et al., 2015). The physicochemical characteristics of hydrochar can be enhanced by the
introduction of acids. The additional acid may catalyze the hydrolysis reaction, which increases hydrochar's active surface area and
functional groups (Braghiroli et al., 2015). It has been noted that adding phosphoric acid could promote the production of hydrochar's
high surface areas and acidic functional groups (Zhou et al., 2017; Liu et al., 2018). In order to increase the adsorption capacity, acti-
vation using phosphoric acid appears to be highly prospective.

Pomegranates are easily found in the region, and the peels are a cheap byproduct. Promising results came from their investigation
as a biosorbent (Akkari et al., 2021). However, its limited textural properties limit its performance. Therefore, it seems convenient to
value pomegranate peels to produce hydrochar-based adsorbents to eliminate water contaminants. Yet, no earlier study investigated
removing Basic Red 46 (BR46) on activated hydrochar yielded with pomegranate peels, which is important.

This study centred on making a new phosphoric acid-activated hydrochar from pomegranate peels. The produced powder was
then characterized through diverse approaches for removing BR46. Working parameters affecting the process were optimized, while
the isothermal, kinetic, and thermodynamic investigations were checked. Last, the viability of recycling prepared adsorbent was ex-
plored, and the plausible mechanism was also suggested.

2. Experimental part
2.1. Preparation of dye solution

Molecular dimensions of BR46, its molecular electrostatic potential surfaces and the HOMO-LUMO orbitals are shown in Fig. 1.
Full details of the calculation and preparation of BR46 solutions are given in Section 1 of Supplementary Material.

2.2. Preparation of activated hydrochar
100 mL of distilled water was soaked for 2 h with 10 g of powdered pomegranate peels (PPR). After that, the mixture was put into

an autoclave created of stainless steel, and hydrothermal carbonization (HTC) was brought out at 220 °C for 20 h under autogenously
heating. These operating parameters were selected following previous hydrochar production techniques using agricultural byprod-
ucts documented in the literature (Román et al., 2018b). The powder was then quickly chilled to room temperature, and the hy-
drochar (HCPP) was collected, cleaned, and dried for an entire night at 100 °C.

The activation process was performed using phosphoric acid solution mixed with HCPP in a 4:1 H3PO4/HCPP weight ratio, obeyed
by calcination (600 °C, 1 h) under N2 atmosphere, per the methodology outlined in detail formerly (Fernandez et al., 2015). The gen-
erated activated hydrochar (AHPP) was then dried, powdered, sieved (<100 μm) with a moderate particle size of 18.99 nm (Table
1), and kept in a desiccator until it was needed. Note that ACPP is an adsorbent prepared by the same procedure of activating pome-
granate peels by phosphoric acid but without combining with HTC (Akkari et al., 2022a). Some characteristics of the mentioned ad-
sorbents based on pomegranate peels are gathered in Table 1.

2.3. Characterization of activated hydrochar
The activated hydrochar (AHPP) was characterized through X-Ray Diffraction, Fourier-transform infrared spectroscopy, Scanning

electron microscopy with energy dispersive X-ray spectroscopy, BET surface area analysis and BJH pore size distribution, and pH of
zero charge. This section is detailed in Supplementary Material (section 2).

2.4. Adsorption experiments
While analyzing the experimental conditions (C0 = 200 mg.L−1 for 60 min), adsorption tests were carried out using a beaker con-

taining a volume of the solution. At ideal conditions of batch adsorption (pH 6, 0.5 g.L−1 of AHPP, 400 rpm at 25 °C), the effects of du-
ration, starting dye concentration, isotherms, kinetics, thermodynamics and reuse of AHPP have been examined.
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Fig. 1. Molecular dimensions of BR46 dye (C18H21N6O4S), its molecular electrostatic potential surfaces and the HOMO-LUMO orbitals.

Table 1
Comparaison of AHPP's characteristics with previously developed pomegranate peel adsorbents.

Parameter This study Akkari et al. (2022a) Akkari et al. (2023) Akkari et al. (2021)

AHPP ACPP HCPP PPR

C (wt. %) 62.76 61.23 65.4 30.6
O (wt. %) 30.78 30.69 28.2 61.7
P (wt. %) 6.46 8.09 – –
Average particle size (nm) 18.998 58.784 – –
BET surface area (m2.g−1) 315.812 102.068 5.008 1.046
Total pore volume (cm3.g−1) 0.397 0.069 0.023 0.001
Adsorption average pore size (4V/A by BET) (nm) 5.032 2.724 – –
BJH Adsorption average pore size (nm) 6.479 3.595 – 6.012
pHPZC 2.42 2.31 5.47 6.87
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The specimens were centrifuged (6000 rpm; 10 min), Ct and Ce were quantified via a UV–Vis Spectrophotometer (SHIMADZU UV-
1800) at λmax (531 nm).

The adsorption uptake (q) and removal rate (R) are figured utilizing equations (1) and (2):

q(e,t) =

(
C0 − C(e,t)

)
V

M

(1)

R(e,t) =

(
C0 − C(e,t)

)

C0

× 100 (2)

Co (mg.L−1) denotes BR46 concentration at t = 0, Ce and Ct (mg.L−1) express, respectively, BR46 concentrations at the equilibrium
and at time t, V (L) is the solution's volume, and M (g) is AHPP's mass.

Varied isotherm models, along with Langmuir, Freundlich and Temkin, allow for examining the interactions of BR46 with AHPP
surface (Langmuir, 1918; Freundlich, 1906; Temkin and Pyzhev, 1940). These are presented in Equations (3)–(5):

qe =
qmKLCe

1 + KLCe

(3)

qe = KF. Ce1⁄n (4)

qe = Bln(ACe) (5)

qe (mg.g−1) defines the uptake at equilibrium, the final BR46 concentration is Ce (mg.L−1), qm (mg.g−1) is the monolayer adsorption
capacity, KL (L.mg−1) and KF are the Langmuir and Freundlich constants, n stands the adsorption intensity, A implies the Temkin
isotherm constant (L.mg−1), and B stands Temkin adsorption heat constant (J.mol−1).

To depict the reaction sequence of the BR46 adsorption over AHPP, pseudo-first order (PFO) and pseudo-second order (PSO) mod-
els (Lagergren, 1898; Ho and McKay, 1999)] have been examined. These models are yielded by formulas (6) and (7), including both:

qt = qe

(
1 − e−k1t

) (6)

qt =

k2q2

e
t

1 + k2qet
(7)

qt and qe express the quantity of BR46 (mg.g−1) adsorbed respectively at a time and equilibrium, k1 and k2 represent the rate constants
of the PFO and The PSO.

The kinetic and equilibrium models were discussed using determination coefficient values (R2), Adj. R2 and χ2.
Understanding the procedure is made possible by the reckoning of thermodynamic grounds, including ΔG°, ΔH°, and ΔS° exploit-

ing formulas (8) and (9):

ΔG° = −RTlnK
0

e
(8)

ln K
0

e
=

ΔS°

R
−

ΔH°

RT
(9)

Ke0 stands for the dimensionless thermodynamic equilibrium constant (Zanella et al., 2021; Lima et al., 2019), R represents the con-
stant of gases, and T (K) tells the absolute temperature.

3. Results and discussion
3.1. Characterization

AHPP X-Ray Diffraction (XRD) pattern is seen in Fig. 2. The large peaks at (002) and (100) at 25° and 44° indicate its amorphous
structure (Wang et al., 2021).

Fig. 3 depicts the results of Fourier-transform infrared spectroscopy (FTIR) characterization abused to quantify functional groups.
The broad band at approximately 3293 cm−1 is credited to N–H and/or O–H stretching vibrations, whereas the peaks at 2924 and
2853 cm−1 are attributed to C–H asymmetric stretching vibrations in CH2 groups (Liu et al., 2017). The peak at 1744 cm−1 is directly
related to C=O, and the CN stretching/NH bending modes may be connected to the peak at 1615 cm−1 (Baláž et al., 2016). C=C in
aromatic rings is associated with a 1425 cm−1 peak, while the peak at 1097 cm−1 may be from P–O–C reflecting the interaction of
pomegranate peel surface with phosphoric acid (Bagheri et al., 2020). C–O, C–N, and C–O–C vibrations can be set to peaks ranging
from 1023 to 1236 cm−1, and the peaks at 534 cm−1 could stand due to C–H deformation. A summary of the prominent FTIR peaks of
AHPP and their identification is given in Table 2. It is possible to conclude that the surface of AHPP is densely packed with functional
groups, which can interact in different ways with the molecules of BR46.

Fig. 4(a–d) shows Scanning Electron Microscopy (SEM) pictures of AHPP material at various magnifications. An uneven particle
way and a rugged, contrasting, and porous surface varying from 12.7 to 30 nm with a moderate diameter of 20.2 nm may be ob-
served (Fig. 4 (f)), suggesting a convenient surface for the uptake of BR46. Energy Dispersive X-ray spectroscopy (EDS) was em-
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Fig. 2. XRD pattern of AHPP.

Fig. 3. FTIR Spectrum of AHPP.

Table 2
Identification of the main FTIR peaks of AHPP.

Wavenumber (cm−1) Attribution

3293 ‒N‒H and ‒O‒H
2924 and 2853 C–H
1744 C=O
1615 C–N/N–H
1425 C=C in aromatic rings
1236, 1156 and 1023 C–O, C–N and C–O–C
1097 P–O–C
534 C–H

ployed to identify the composition of AHPP. Data Spectrum in Fig. 4 (e) and Table 1 demonstrates that the sample has high carbon
content (62.76%). The presence of the element phosphorus is directly connected to phosphoric acid activation (H3PO4) (Han et al.,
2020).

Fig. 5 displays textural analysis of AHPP. According to IUPAC classifications, the sample's nitrogen adsorption isotherm was
classed as type IV, indicating a mesopores material (Tu et al., 2021). It should be pointed out that the medium BJH pore dimension of
the adsorbent was equal to 6.47 nm (Table 1), while the molecular dimensions of the adsorbate are small likened to the pore dimen-
sions of the adsorbent. For example, the BR46 dye has (1.55 × 0.59 × 0.49) nm as its molecular dimensions (Fig. 1), which shows
that it could readily access AHPP pores. As indicated in Table 1, BET surface area and total pore volume of AHPP (315.812 m2 g−1

and 0.397 cm3 g−1) were considerably greater than those of previously developed pomegranate peel adsorbents; this demonstrates
the efficiency of combining the HTC approach with phosphoric acid activation in the development of material textural qualities.

The pH of the zero charge (pHPZC) is highly useful for determining the surface charge of adsorbents. When pH = pHPZC, AHPP is
electrically neutral. AHPP is positively charged with a pH < pHPZC due to the protonation of surface functional groups, promoting an-
ionic species adsorption. Alternatively, a pH > pHPZC results in an overall negatively charged surface with deprotonated functional
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Fig. 4. SEM image at different magnifications (a–d), EDS Spectrum of AHPP (e) and porous size distribution histogram (f).

Fig. 5. N2 adsorption/desorption isotherm of AHPP at 77 K (a) and BJH pore size distribution (b).
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groups, which is favourable for catching cations (Liu et al., 2021). The pHPZC of AHPP is reported to be 2.42 (Fig. 6 and Table 1); its
acidic behaviour might be related to the activation by phospohoric acid.

3.2. Adsorption parameters
pH: it is a crucial parameter, as it may have an impact on the adsorbent's surface electrical charges and the dye molecules' ioniza-

tion. Fig. 7 (a) depicts the impact of pH (from 2 to 10) on BR46 adsorption onto the AHPP surface and the pH-dependent BR46 species
distribution. While pH extended from 2 to 6, the uptake boosted from 153.76 (R = 76.88%) to 199.92 mg g−1 (R = 99.96%), subse-
quently it decreased. It can stand clarified by AHPP pHPZC and BR46 pKa values. Because of the protonation of its functional groups,
AHPP's surface acquires a positive charge at pH < pHPZC, preventing BR46 cations from taking up by electrostatic repulsion. The
number of OH− ions in the solution increases as the pH rises, promoting deprotonation of AHPP's functional groups, enabling its sur-
face to ripen negatively charged, attracting dye cations electrostatically, and boosting the uptake (Naushad et al., 2019). At higher
pHs (pH > pka), an excessive quantity of OH− encircles the dye molecule, preventing its uptake on the negatively charged surface of
AHPP.

AHPP dosage: Fig. 7 (b) shows the impact of varying AHPP amount on the process performance. While AHPP concentration was
increased (0.25–2 g.L−1), the uptake decreased from 739 (R = 92.37%) to 99.96 mg g−1 (R = 99.96%) because specific adsorption
sites are unsaturated. However, for greater adsorbent dosages, a larger surface area and more adsorption sites may also boost the re-
moval rate (Bayuo et al., 2019). Adsorbent dosages > or = 0.5 g.L−1 resulted in a minor increase in uptakes.

Agitation speed: This impact (100–600 rpm) on BR46 adsorption is given in Fig. 7 (c). Adsorption quantity rose from 371.96
(R = 92.99%) to 399.83 mg g−1 (R = 99.95%) with increasing agitation (100–400 rpm) and subsequently declined, ensuring the
sameness of the adsorbent particles and dye solution (Saxena et al., 2020). At agitation rates increase, vortices develop, and a cut of
the adsorbent gets dumped on the flask walls, reducing the homogeneity of the mixture.

Temperature: Adsorption capabilities rose slightly with temperature from 399.83 to 399.91 mg g−1 (Fig. 7d). Adsorption in-
creases as temperature rises, meaning an endothermic process. This indicates that irregularity increases during the process. Because
water molecules are liberated due to molecular interaction between BR46 and the surface of AHPP, irregularity at this interface rises
(Değermenci et al., 2019; Banaei et al., 2017).

Time and initial concentration of BR46: Equilibrium was scrutinized based on initial concentration of BR46 and time. Fig. 7
(e) depicts the adsorbed quantity qt (mg.g−1) with time (0–60 min) for varied starting BR46 concentrations (20–500 mg.L−1). The
findings indicated that for all examined concentrations, BR46 adsorption on the surface of AHPP is very high in the first minute and
reaches equilibrium within 60 min. A substantial number of unoccupied uptake sites can be noticed at first, and this number eventu-
ally declines (Muinde et al., 2020). It was also shown that raising BR46 concentration (50–500 mg.L−1) increased the adsorbed
amount of BR46 (39.99–998.95 mg g−1). This could be clarified by the greater concentration gradient, which is a driving factor in
moving adsorbate molecules to active adsorption sites and overcoming mass transfer resistance (Jawad et al., 2020a).

3.3. Adsorption isotherms
Fig. 7 (f) illustrates the experimental data for adsorption, and the nonlinear fit of the isotherm models studied. The isotherm pro-

file is of type L (Langmuir) according to the Giles classification (Giles et al., 1974), which assumes that the molecules are adsorbed
horizontally onto the adsorbent surface with little contest with solvent molecules.

Fig. 6. pHpzc of AHPP.
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Fig. 7. The influence of different parameters on dye adsorption onto AHPP: solution pH (a), adsorbent dose (b), stirring speed (c), temperature (d) and contact time and
initial dye concentration (e); and adsorption isotherm (f).

To better comprehend the process, Langmuir, Freundlich, and Temkin models suited the experimental findings. The results are
given in Table 3.

Freundlich model had the highest R2 and Adj. R2 values and the lowest χ2 value, demonstrating that it had the best match. This
model covers the multilayer adsorption processes on heterogeneous surfaces with diverse adsorption strengths. As the active spots fill

Table 3
The values of parameters for each isotherm model used in the study.
Langmuir qm (mg.g−1) 1276.104

KL (L.mg−1) 6.614

R2 0.966
Adj. R2 0.955
χ2 6678.884

Freundlich KF 1339.549
n 2.166
1/n 0.461
R2 0.997
Adj. R2 0.996
χ2 466.005

Temkin A (L.mg−1) 103.189
B (J.mol−1) 226.853
R2 0.923
Adj. R2 0.923
χ2 3843.389
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up more, the affinity forces weaken. There are a limited number of sites, and the most powerful are filled first (Syafiuddin et al.,
2018).

According to the Freundlich model's heterogeneity factor (n), the process could be linear (n = 1), chemical (n < 1), or physical
(n > 1). Additionally, cooperative adsorption and typical Langmuir isotherms are indicated by 1/n < 1 and 1/n > 1 (Foo and
Hameed, 2010). The findings (Table 3) show that n and 1/n are 2.166 and 0.461, pointing to a physical process and favouring the
standard Langmuir isotherm (Zanella et al., 2021).

3.4. Adsorption kinetics
The nonlinear fits are given in Fig. 8(a–e), and the estimated values are included in Table 4. Based on R2, Adj. R2 and χ2 parame-

ters, the PSO model provides the most suitable fit (Highest R2 and Adj. R2 values with the lowest values of χ2). Additionally, the tight

Fig. 8. Kinetic adsorption results for initial dye concentrations of 20 (a), 50 (b), 100 (c), 200 (d) and 500 mg.L−1 (e).

Table 4
Kinetic parameters.

Concentration (mg.L−1) qe exp (mg.g−1) Pseudo first-order kinetic Pseudo second-order kinetic

qe cal (mg.g−1) k1 (min−1) R2 Adj. R2 χ2 qe cal (mg.g−1) k2 (g.mg −1.min−1) R2 Adj. R2 χ2

20 39.998 39.973 5.612 0.999 0.999 0.002 39.999 4.980 1 1 4.981E-4
50 99.994 99.866 4.238 0.999 0.999 0.054 100.048 0.611 1 1 3.723E-4
100 199.976 198.323 3.029 0.998 0.998 6.903 199.766 0.079 0.999 0.999 1.579
200 399.838 395.129 2.173 0.996 0.995 57.646 400.406 0.018 0.999 0.999 2.895
500 998.95 960.636 1.656 0.980 0.978 1795.294 983.681 0.003 0.994 0.993 555.859
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deal among the calculated and actual adsorption capacities (qe) utilizing this model (Table 4) reveals that the PSO catches the uptake
of BR46 on AHPP. The surface possesses many sorption sites, as evidenced by a good match of PSO. As a result, the initial BR46 con-
centration could be low in comparison to the sorption capacity of AHPP (Vithanage et al., 2016). Meanwhile, it may be asserted that
the mechanism is caused not only by multilayer physical interactions but also by chemisorption (Jawad et al., 2020b).

3.5. Thermodynamic study
The thermodynamic parameters were established using ln Ke0 versus 1/T plot (Fig. 9 and Table 5). ΔG°<0 and the positive value

of ΔH° (3.288E-06 kJ mol−1) denote a spontaneous and endothermic process, while ΔH° magnitude <40 kJ mol−1 implies that the
adsorption process is physical (Tran et al., 2016). ΔS° (7.856E-05 kJ mol−1.K−1) defines the affinity of BR46 to the surface of AHPP,
demonstrating that the dye molecules on the surface fast substitute the solvent molecules, enhancing the adsorption capacity (Ghibate
et al., 2021).

3.6. Reuse study
The reuse scope of an adsorbent is directly proportional to its subsequent practical application. Details of this study are given in

Supplementary Material (section 3). As illustrated in Fig. 10, after ten cycles, the adsorption capacity was nearly constant
(998.95–969.14 mg g−1). This validates AHPP's strong performance and implies that it might be suitable for water treatment applica-
tions.

Table 6 compares the adsorption capacity of BR46 onto AHPP to those of several adsorbents collected from the literature.
AHPP demonstrated excellent performance with a remarkable uptake of 998.95 mg g−1 and an efficiency of 99.95%; affirming
that the prepared activated hydrochar is promising and looks capable of removing a wide variety of contaminants. In addition,
Table 7 compares the uptake of BR46 on the pomegranate peel-based adsorbents already studied and that of AHPP. It appears
from these data that AHPP had the highest performance, and that the combination of HTC process and activation with phos-
phoric acid was successful.

3.7. Probable adsorption mechanism
The primary challenge for adsorption studies is to suggest plausible mechanisms to better comprehend all probable reactions/in-

teractions throughout the process. In this context, different factors could play critical roles in the adsorption mechanism and must be
considered, including the nature and complicatedness of the adsorbate structure, adsorbent surface characteristics and the adsorbent/
adsorbate specific interactions.

Depending on BET analysis, the dimensions of the BR46 molecule is slighter than the pore size of AHPP, allowing it to infiltrate the
substrate's microstructure easily. This may indicate that the adsorption mechanism can include pore-filling.

Fig. 9. Plot of Van't Hoff equation.

Table 5
Thermodynamic parameters at different temperatures.

T (K) lnKe0 ΔG° (kJ.mol−1) ΔH° (kJ.mol−1) ΔS° (kJ.mol−1.K−1)

298 15.412 −38.166 3.288E-06 7.856E-05
303 15.529 −39.103
313 15.763 −41.001
323 16.069 −43.131
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Fig. 10. Adsorption/desorption cycles of BR46 onto AHPP.

Table 6
Comparison of BR46 dye adsorption onto various adsorbents.

Adsorbent Adsorption capacity (mg.g−1) Reference

Synthesize graphene oxide nanoadsorbent 370.4 Shoushtarian et al. (2020)
Activated carbon from ziziphus lotus stones 307 Boudechiche et al. (2019)
Activated pine sawdust 312.5 Şentürk and Yıldız (2020)
Fe@graphite core-shell magnetic nanocomposite 46.7 Konicki et al. (2018)
Raw cactus fruit peel 82.58 Akkari et al. (2022b)
Activated clay 175 Mekatel et al. (2021)
Biochar prepared from Chrysanthemum
morifolium Ramat straw

53.19 Yang et al. (2021)

Activated hydrochar from pomegranate peels 998.95 The present study

Table 7
Comparison of BR46 dye adsorption onto pomegranate peel adsorbents.

Adsorbent Adsorption
capacity
(mg.g−1)

Preparation method Particle
size (μm)

Surface
area
(m2.g−1)

pH Adsorbent
dose (g.L−1)

Initial BR46
concentration
(mg.L−1)

Time
(min)

T
(°C)

Reference

Raw pomegranate peels
(PPR)

86.13 Without any
physical or
chemical activation

<100 1.046 7 2 200 60 25 Akkari et
al. (2021)

Hydrochar from
pomegranate peels
(HCPP)

367.72 Hydrothermal
carbonization

<100 5.008 6 1.2 500 60 25 Akkari et
al. (2023)

Activated carbon from
pomegranate peels
(ACPP)

551.58 Phosphorique acid
activation

<100 102.068 6 0.8 500 60 25 Akkari et
al. (2022a)

Phosphoric acid activated
hydrochar from
pomegranate peels
(AHPP)

998.95 Hydrothermal
carbonization
+
Phosphorique acid
activation

<100 315.812 0.5 500 60 25 This study

The studies of isotherm and thermodynamic parameters conclude that multilayer physical sorption can manage the process.
Meanwhile, the kinetic study revealed that physical sorption is not the only mean of adsorption but also chemisorption.

Considering the pHPZC of AHPP and pKa of BR46, studying the solution pH impact on the uptake revealed that the process strongly
depends on electrostatic interactions. That is why; the electrostatic draw among the negatively charged surface of AHPP and BR46
cations could be one of the crucial interactions in the adsorption mechanism.

Moreover, the results of FTIR exposed the fact of several functional groups of AHPP that can contribute to the adsorption of BR46
by other types of interactions besides electrostatic interactions:
• The dipole-dipole hydrogen sticking could ensue among the H-donor atom (nitrogen) in BR46 molecules and hydroxyl groups of

AHPP (H-acceptor). In contrast, the Yoshida hydrogen bonding interactions (π-H bonding) may happen among the aromatic rings
of BR46 and the hydroxyl groups on the AHPP surface (Dao et al., 2021).
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Fig. 11. Possible adsorption mechanism of BR46 over AHPP surface.

• π–π interactions may also occur between π aromatic rings donors of BR46 and π acceptor groups in the surface of the adsorbent (π
electron system of AHPP) (Jawad et al., 2020c).

• In addition to that, another type of interaction may occur, probably n–π interactions between the oxygen groups onto AHPP
(electron donors) and the aromatic rings of BR46 (electron acceptors) (Tran et al., 2017).
To sum up,Fig. 11illustrates the probable interactions between the BR46 molecule and the AHPP surface.

4. Conclusion
By combining the hydrothermal carbonization process and phosphoric acid activation, a novel adsorbent based on pomegranate

peels (AHPP) was synthesized in this investigation. The features of AHPP were depicted through X-Ray Diffraction, Fourier-transform
infrared spectroscopy, Scanning electron microscopy with energy dispersive X-ray spectroscopy, BET surface area analysis and BJH
pore size distribution, and pH of zero charge, and the efficacy of combining the HTC method with H3PO4 activation in the improve-
ment of adsorbent quality was demonstrated. At ideal operating conditions, BR46 dye batch adsorption experiments revealed an im-
pressive uptake of 998.95 mg g−1 with a clearance rate of 99.95%. Freundlich and PSO models adequately modelled isotherms and ki-
netics, and adsorption was spontaneous and endothermic. Additionally, AHPP sustainability was scrutinized through recyclability
screening for up to 10 successive runs without any noticeable defeat of effectiveness. Lastly, the adsorption mechanism of BR 46 over
AHPP was also proposed. In closing, we assess the potential for valorizing pomegranate peels by designing a novel activated hy-
drochar, economical and eco-friendly for clearing BR46 and purifying textile wastewater.
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