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second-order model. The adsorption on a solution simulating real conditions shows a promising
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1. Introduction

The use of refractory chemicals in various human activities such as the chemical industry,
agriculture, dyeing process, etc., results in the discharge of a large amount of polluted water rich in
chemicals generally toxic. Among these chemical compounds, dyes are used extensively and emitted
directly in the environment (Yagub et al. 2014), (Bauer ef al., 2001). In terms of health, there are a
number of studies (Anliker e al., 1979; Chung et al., 1981) have demonstrated the potentially toxigenic
and carcinogenic actions of organic dyes., as well as their high chemical and photochemical stability.
The toxicity of dyes is related to the presence of carcinogenic substituents in their chemical structure,
such as cyanides, aromatic nuclei, barium salts, and halogens (especially Cl) which are generally highly
reactive towards the nitrogenous bases of DNA and RNA, which deteriorates the genetic code of the
cell and the appearance of severe health damages such as mutations and cancers (Zollinger et al., 1991;
Tsuda et al., 2000; Combes et al., 1982; IARC International Agency for research on cancer., 1982).
Therefore, the effluents containing these dyes have to be treated before any release into the
environment. In this sense, a large number of physical (Wawrzkiewicz et al., 2022; He et al., 2022;
Isaad et al., 2022; Liu et al., 2022; Kankou et al., 2021), chemical (Liao et al., 2022; Lia et al., 2022;
Lietal., 2022; Xu et al., 2022; Xiang et al., 2022), photochemical (Hunger et al., 2003; Ahmad ef al.,
2022; Hu et al., 2022; Lee et al., 2022; Athawale et al., 2020), and electrochemical (Liu et al., 2022;
Sun et al., 2022; Shokri et al., 2022; Cui et al., 2021; Hamous et al., 2021) processes, as well as the
water-solubilization of organic dyes by grafting carbohydrates onto the starting dyes (Bianchini et al.,
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2007), (Isaad et al., 2009), (Bianchini et al., 2012), (Isaad et al., 2013), (Isaad et al., 2020), (Bianchini,
et al., 2008), have been used to treat and reduce the environmental impact of water polluted by dyes.
Most of the materials used in these dye removal processes are of high dye adsorption performance.
However, the preparation of these materials involves a number of toxic chemicals, which can induce
secondary environmental contamination. Therefore, there is a great interest in the eco-design of
adsorbent materials using no or few toxic substances. In this context, many works have indicated that
adsorbents based on biopolymers (Druet et al., 2015; Medjahed et al., 2013; Sheth et al., 2021; Ben
Ali et al., 2017; Al-Onazi et al., 2021; Bellahsen et al., 2021; Isaad et al., 2021; Elsherif et al., 2022)
and agro-wastes (Eltaweil et al., 2021; Salmani et al., 2021; Akram et al., 2022; Muhammad ef al.,
2020; Kyzas et al., 2017; Giindiiz et al., 2017; Usman et al., 2022; Haque et al., 2020) are effective in
removing several pollutants in general, such as heavy metals (Druet ef al., 2015; El Hammari et al.,
2023; Sheth et al., 2021; Ben Ali et al., 2017; Al-Onazi et al., 2021; Bellahsen et al., 2021), anions
(Isaad et al., 2021) wastes (Eltaweil et al., 2021; Salmani et al., 2021; Akram et al., 2022), and dyes
wastes (Eltaweil et al., 2021; Salmani et al., 2021; Akram et al., 2022). Agricultural wastes are
naturally renewable materials, available in large quantities, cheaper and better than other materials used
as adsorbents due to their usual use without or with minimal processing (washing, drying, grinding),
which can reduce the economic cost of producing an adsorbent from agricultural waste as a raw product
and minimize the cost of energy in the thermal process of treatment. Pomegranate is one of the most
popular fruits in the world and is widely consumed in the food industry, which generates a considerable
quantity of pomegranate peel as a by-product and is therefore inexpensive. Several bio-adsorbents
based on RPP (Ben-Ali ef al., 2022), or calcined pomegranate peel (CPP) (Eltaweil ef al., 2021;
Salmani et al., 2021), were performed for removing dyes from aqueous media. CPP-based bio-
adsorbents are effective in removing dyes, however, their preparation is done at high temperatures
(400-800 °C), which increases their economic cost and decreases their ecological interest. On another
side, it is important to note that only one type of dye (anionic or cationic) is used to study the adsorption
capacity of dyes by RPP, and to our knowledge, the use of adsorbents based on RPP to remove a
mixture of dyes with a different chemical nature is rather limited in the literature. Removal of
Eriochrome black (EBT), Direct Blue (DB71), Malachite green (MG) and Methylene blue (MB)
received more attention by researchers (Aaddouz et al., 2023; Kouar et al., 2021; Loubna et al., 2019;
Dahri et al. 2018; El Badraoui et al., 2019). Therefore, the above limitations indicate (1) great interest
in using RPP as a natural biosorbent and (2) investigating the ability of this material for removing a
cationic and anionic dye mixture (anionic: EBT, DB71 and cationic: MG, MB) from an aqueous
solution. In this work, RPP was used as a promising bio-adsorbent to remove both anionic and cationic
dye from aqueous media with an easy and inexpensive preparation method, as well as to improve the
efficiency of the adsorption process.

2. Methodology
2.1 Reagents and chemical solutions

All the chemical compounds are of reagent quality (Aldrich Chemical - France.) and were used
without purification. The pomegranates used in this study are of the "Saftri" variety collected from the
Ouled Abdellah region (Fqih Ben Salah province - Morocco). Four dyes (Figure 1) were chosen for
the study of the adsorption capacity of RPP. All the experimental procedures of this study are described
in the supporting information section.

Abbach et al., Mor. J. Chem., 2023, 14(3), pp. 832-853 833



2.2 Preparation of the adsorbent

Pomegranate peels were collected, dried in the air, and then crushed in a mechanical crusher. In
order to remove dust, soluble impurities, coloring matters, and water-soluble tannins, the obtained
powder was washed with distilled water and then boiled for one hour at 90°C several times until the
supernatant was colorless. The resulting powder was dried at 100°C until a constant weight was
achieved. The dried biomaterial was then grounded through increasingly fine sieves to obtain a powder
of different particle sizes. The prepared bio-adsorbents RPP were characterized by elemental analysis,
FTIR, TG/DTA, XRD, Boehm titration, B.E.T analysis, and point of zero charges (pHp.c) analysis.
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Figure 1: Chemical structure of the studied dyes

3. Results and Discussion
3.1 Characterization of the RPP as bio-adsorbent
3.1.1. Elemental analysis
The elemental analysis of RPP (Table 1) shows that RPP contains carbon (42.42%) and oxygen
51.66%, as well as a measurable amount of hydrogen (5.90 %). This chemical composition is in

agreement with the literature where plant waste is mainly composed of lignin, cellulose, and
hemicellulose (Malik, et al., 2017).

Table 1: Elemental composition of RPP.

Chemi.c?l (Wt. %)
composition
Carbon 42.42
Oxygen 51.66
Hydrogen 5.92

3.1.2. FT-IR spectroscopy

The FT-IR spectrum of RPP (Figure 2) showed characteristic bands at 3435 and 2906 cm’!
attributed to COOH, O-H (aliphatic or aromatic), and C-H groups (Ben-Ali et al., 2022) respectively.
The vibrations that appeared at 1751 and 1633 ¢cm™! confirmed the presence of C=0 groups (aldehyde,
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ketone, carboxylic acid, and acetate). The other absorption bands appearing at 1447, 1383, 1181 cm’!,
and 1060 cm™! are assigned to -C-OH, -O-H, -C-O, and -C=0 respectively. The band at 1600 cm™ is
attributed to the ionized O=C-O" groups (Malik, et al., 2017). These results are in agreement with the
nature of the chemical functions present on the surface of RPP and identified by titration according to
the Boehm method. Therefore, RPP contains a high number of OH and COOH functions on its surface,
which can potentially interact with the dyes.
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Figure 2: FT-IR data of RPP

3.1.3. Thermogravimetric analysis

The DTG spectrum (Figure 3) of RPP shows a first weight loss observed between 50 and 180 C°
which may be due to the dehydration of volatiles. Three other significant losses are observed due to
the decomposition of hemicelluloses (180 - 350 °C), cellulose (350 - 500 °C), and lignin (380 - 600
°C).
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Figure 3: DTG spectrum of RPP
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3.1.4. XRD analysis

The X-ray diffraction spectrum (Figure 4) of RPP shows a single, and very broad peak at 20 =
20.57, suggesting that RPP has an amorphous structure. This result is also supported by the literature
in which agricultural wastes are generally characterized by an amorphous structure (Vinod, et al.,
2010).
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Figure 4: XRD spectrum of RPP

3.1.5. B.E.T surfaces analysis

The specific surface area was measured for RPP powders of different sizes. Table 2 indicates that the
specific surface area increases from 0.042 m?.g! to 1.105 m?.g"! when the size of the particles decreases
from 800 to 250 um. On the other hand, particles of 250 pm present a total volume and an average pore
diameter in the range 0of 0.0017 cm?.g"! and 71.45 A respectively. These textural properties suggest that
the RPP powder can be considered a mesoporous material of type IV according to IUPAC.

Table 2: Specific surface area of RPP.

Particle size Specific surface
(um) area (m’.g™)
250 1.105
315 0.064
800 0.042

3.1.6. Zeta potential

The zeta potential of RPP (Figure 5) shows that the particles of RPP present an isoelectric point
(pHpze) around pHpze = 5.6. At pH < pHpzc, the surface of RPP has a positive charge and the zeta
potential reaches a value of +24 mV at pH = 3. In contrast, at pH>pHpzc, the surface of RPP presents
a negative charge, and its zeta potential reaches values of -20, and -19 mV at pH 10 and 11 respectively.
The changes in the electrical charges of RPP particles with pH are due to the carboxylic (-COOH) and
hydroxylic (-OH) groups present in abundance in RPP. Indeed, at pH > pHp.., the RPP particles show
a negative charge due to the ionization/deprotonation of the carboxylate and alcoolate functions to
carboxylate -COO and alcoolate -O. However, at pH < pHp,, the -COOH, and -OH groups are
protonated and the RPP particles become positively charged. According to the zeta potential results, at
pH > pHp.c, the adsorption of cations is favored as the RPP surface is negatively charged due to
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deprotonation, while at pH < pHyyc, the electric charge on the surface of RPP is positive, and the anions
adsorption is favorited. In this case, adsorption of anionic and cationic dyes by RPP should be
appropriate when solution pH is below 5.6, and above 5.6 respectively, due to electrostatic dye-charge
interactions with RPP.
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Figure 5: Zeta potential values of RPP versus pH.

3.2. Dyes adsorption capacity studies
3.2.1. Effect of initial pH

The pH of the solution of adsorption is an important parameter affecting the adsorption capacity
of the RPP bio-adsorbent for anionic (EBT, DB71) and cationic (MG, MB) dyes. In fact, the electric
charge of the dyes and the adsorbent changes according to the pH of the adsorption solution. For this
reason, the adsorption capability of RPP to remove the dyes was studied at a pH between 2 and 11. As
reported in Figure 6, The adsorption of cationic dyes (MB, MQG) is weak in an acidic medium. When
the pH increases, the removal rate increases up to a maximum value of 81% for MB and 83% for MG
obtained at pH= 7. On the other hand, in the case of anionic dyes (EBT, DB71), the removal rate
reaches a maximum value of 69% for DB71 and 62% for EBT at pH3 which decreases with the increase
of the pH of the solution.
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Figure 6: Adsorption capacities of RPP towards the anionic (EBT, DB71) and cationic (MG, MB) dyes as a
function of pH. Conditions: Caye = 50 mg.L™"; Vsowion = 100 mL; Adsorbent dosage = 0.10 g; Temperature =
25°C; Contact time = 120 min.
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The pH effect of the adsorption solution on the removal performance of RPP towards anionic
(EBT, DB71) and cationic (MG, MB) dyes depends on the value of pHp,c = 5.6 and on the ionization
state of the functional groups available on the surface of the RPP powder. In fact, at pH < pHpzc, the
(-OH, -COOH) groups are protonated to (-OH,*, CO,H,") which renders the surface of RPP with a
positive charge allowing greater electrostatic attractiveness towards the anionic dyes (EBT, DB71). On
the other hand, at pH>pHpzc, the functional groups (-OH, -COOH) are deprotonated to (-O°, COO")
and the RPP surface becomes a negative charge, which favors the adsorption of cationic dyes (MB,
MG). These results confirm that RPP is effective in adsorbing dyes over a wide pH range, regardless
of their electrical charge. The adsorption of the studied dyes on RPP was confirmed by recording the
XPS spectrum of RPP and RPP/dye. As shown in Figure 7a, the XPS spectrum of RPP shows sharp
peaks at 285 eV and 532 eV corresponding to Cls and Ols, respectively. After dye adsorption, new
peaks appear at 400 eV and 167.4-168.2 eV which are assigned to N1s (Figure 7b) and S2p (Figure
7c-e) of the dyes.
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Figure 7: XPS spectra of RPP (a) before and (b-¢) after dye adsorption

3.2.2. Effect of temperature

The temperature effect on the adsorption of the anionic (EBT, DB71) and cationic (MG, MB) dyes
on RPP was studied by varying the temperature of the adsorption experiment at 298, 313, 333, and 353
K. Figure 8 shows that the removal rate decreased slightly from 71% to 59% for MG, from 80% to
56% for MB, from 81% to 67% for EBT, and from 88% to 74% for DB71 by increasing the temperature
from 298 to 353 K. These results suggest that the physical binding strength between the dye and the -
COOH and -OH groups of RPP decreases slightly with the increase in temperature. Consequently, RPP
has the potential to be used over a large temperature range for the adsorption of both anionic (EBT,
DB71) and cationic (MG, MB) dyes.
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Figure 8: Effect of the temperature on the adsorption of the anionic (EBT, DB71) and cationic (MG,
MB) dyes into RPP. Caye = 50 mg.L™!; Vsontion = 100 mL; Adsorbent dosage = 0.10 g; pH = 3 (for
EBT, DB71) and 7 (for MG, MB); Contact time = 60 min.

3.2.3. Effect of the initial dye concentration

The effect of initial dye concentration was studied using 20, 60, 80, 100, and 150 mg.L! as initial
concentrations and at different periods. As shown in Figure 9, increasing the initial concentration of

dye increases the dye adsorption capability (qe), which is in accordance with the literature (Isaad et al.,
2021).
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Figure 9: Effect of the initial dye concentration on the adsorption of the anionic (EBT, DB71) and
cationic (MG, MB) dyes into RPP. Vsolution = 100 mL; Adsorbent dosage = 0.10 g; pH = 3 (for EBT,
DB71) and 7 (for MG, MB). Contact time = 60 min, Temperature 25 °C.
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The adsorption capacity of RPP has doubled or tripled with a dye concentration of 100 mg.L! for 60
min compared to the low concentration of 25 mg.L"!. In fact, increasing the initial dye concentration
results in rapid dye diffusion in the RPP, and strong dye adsorption, however, equilibrium is reached
after a relatively long time. These results may be attributed to the increase in the concentration gradient
force upon increasing the initial dye concentration, which implies favoring the intra-particle diffusion
(Isaad, et al., 2021). Thus, these results demonstrate the main role of initial dye concentration in dye

adsorption in RPP powder, which can exhibit strong dye adsorption at high and low levels of dye
concentration.

3.2.4. Effect of ionic strength

The effect of NaCl quantity on the ability of RPP to remove anionic (EBT, DB71) and cationic (MG,
MB) dyes was studied by adding different concentrations of NaCl (from 0 to 2 g.L!) to the solution in
the adsorption experiments. As shown in Figure 10, dye retention decreased with increasing NaCl
concentration up to 1 g.L!, and beyond this value, the retention rate (R) remained stable. These results
can be explained by the occupation of charged sites on the surface of the RPP by Na* and CI- ions,
which reduce the number of free charged sites available to adsorb dyes on the RPP surface through
electrostatic dye-charge interactions with the RPP. In this sense, the addition of NaCl to a dye solution
increases the amount of Cl- and Na* ions, resulting in competition between CI', Na*, and dye ions for
active cationic and anionic binding sites in the RPP. As the amount of NaCl increases, Cl- and Na* ions
gradually substitute for the dye up to 1 g.L"!, after which equilibrium is reached between Cl-, Na*, and
their corresponding ionic forms of the dye.
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Figure 10: The effect of NaCl concentration on the removal of anionic (EBT, DB71) and cationic
(MG, MB) dyes into RPP. Conditions: Vsolution = 100 mL; RPP quantity = 0.10 g; pH = 3 (for EBT,
DB71) and 7 (for MG, MB). Contact time = 60 min, Temperature= 25 °C.

3.2.5. Effect of the RPP quantity

In order to investigate the effect of the RPP quantity on the adsorption of the anionic (EBT, DB71) and
cationic (MG, MB) dyes, the removal experiment was performed using different increased amounts of
adsorbent (from 0.06 to 0.3 g) and constant dye concentration (50 g.L'!). As shown in Figure 11, the
removal rate (R) shows an increase with RPP quantity from 0.06 g to 0.1 g and then remains constant
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from 0.1 to 0.3 g for all anionic (EBT, DB71) and cationic (MG, MB) dyes. These results may be due
to the availability of more active sites capable of adsorbing dyes when a high quantity of RPP is used,
thus increasing its removal efficiency (R).
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Adsorbent dose (g)

Figure 11: The effect of the RPP quantity on the removal of the anionic (EBT, DB71) and cationic
(MG, MB) dyes. Conditions: Cgye = 50 mg.L!; Vsolution= 100 mL; pH = 3 (for EBT, DB71) and 7 (for
MG, MB). Contact time = 60 min, Temperature 25 °C.

3.2.6. Effect of Adsorbent size

The effect of adsorbent size on the adsorption capacities of the studied cationic and anionic dyes is
presented in Figure 12. It shows that the removal rate of RPP increases when the adsorbent particle
size is increased from 800 to 250 pum, leading to higher removal of the studied dyes. This result is quite
expected considering that the RPP particles with the size of 250 pm have the highest specific surface
area value (1.105 m?.g™") compared to the other sizes (315 and 800 um) and, therefore, the number of
RPP active sites is very high on the surface of the RPP particles with the size of 250 compared to the
other sizes (315 and 800 pm)
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Figure 12: The effect of the adsorbent (RPP) size on the removal of the studied anionic (EBT,
DB71) and cationic (MG, MB) dyes. Conditions: Cgye = 50 mg.L"1; Vsolution= 100 mL; pH = 3 (for
EBT, DB71) and 7 (for MG, MB). Contact time = 60 min, Temperature 25 °C.
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3.2.7. Effect of the contact time

The determination of the optimal contact time for the adsorption of anionic (EBT, DB71) and cationic
(MG, MB) dyes onto RPP powder involves the calculation of the contact time, corresponding to an
equilibrium state of saturation of the RPP by the dye. For this purpose, the adsorption experiments
were performed under various contact times, and the results obtained given in Figure 13 show that the
removal rate of the dyes increases rapidly to an optimum value in the first 60 minutes and it remains
approximately stable from 60 to 120 minutes, which indicates a stable equilibrium state. This result
demonstrates that the equilibrium adsorption of the studied dyes into the RPP powder is very fast.
Afterward, the adsorption becomes progressively slower. This is due to the presence of a high number
of free adsorption sites available on the surface of the RPP powder during the initial adsorption phase.
Consequently, these lead to the reduction of the removal rate, and after 60 min a plateau is established
corresponding to the equilibrium state.

100 -+—MB --MG -B-EBT —--DB71

90 +
80 +

70

Removal Rate (R) %

10 t t 1 1
0 30 60 90 120
Contact Time (min)

Figure 13: The effect of the contact time on the removal of the studied anionic (EBT, DB71) and
cationic (MG, MB) dyes. Conditions: Cgye = 50 mg.L1; Vsowtion= 100 mL; pH = 3 (for EBT, DB71)
and 7 (for MG, MB). Temperature 25 °C.

3.3. Adsorption kinetics

Sorption kinetics is of great interest for a wastewater treatment process. It provides major information
about the reaction mechanism followed by the pollutant during its sorption onto the solid adsorbent.
For this purpose, experimental data on adsorption kinetics were modeled using pseudo-first-order (Li
et al., 1999) and pseudo-second-order (Ho et al., 1999) models. As shown in Table 3, the R? correlation
coefficients (approximately 0.999) are greater than the R? values (less than 0.9912) of the pseudo-first-
order model), indicating that the sorption kinetics of anionic (EBT, DB71) and cationic (MG, MB)
dyes by RPP are consistent with the pseudo-second-order kinetic model. Furthermore, the experimental
ge(exp) values calculated on the basis of the pseudo-second-order model are approximately similar to
the calculated ge(exp) values compared to the corresponding values calculated from the pseudo-first-
order equation. These results indicate that the adsorption of the dyes on the RPP powder implies
chemisorption as well as physisorption.

Regarding the description of the mass transfer mechanism of adsorbates, the intra-particle diffusion
model was tested to describe the adsorption of anionic and cationic dyes on RPP powder. As shown in
Table 3, the coefficients calculated according to the intra-particle diffusion model, are in accordance
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with this model. Moreover, Figure 14 shows two linear parts in the curves of all studied dyes,
indicating that adsorption occurs in two or more steps. Therefore, the intra-particle diffusion model can
be used to describe the adsorption of anionic (EBT, DB71) and cationic (MG, MB) dyes in two steps.
In the first step, the dye diffuses from the solution to the surface of the RPP powder, and the second
step consists of a final equilibrium in which intra-particle diffusion is limited. Moreover, the correlation
coefficient values for the dyes range from 0.951 to 0.977, confirming that the intra-particle diffusion
model is appropriate to describe the first step of dye adsorption on RPP. However, the second stage of
dye adsorption is slow and is characterized by the occupation of the majority of the active sites, making
this stage the limiting one. On the other hand, the k1d constants of the cationic dyes (MG, MB) are
higher than the constants of the anionic dyes (EBT, DB71), which indicates that the adsorption of
cationic dyes is faster than that of anionic dyes.

Table 3: kinetic parameters of the studied anionic (EBT, DB71) and cationic (MG, MB) dyes onto
RPP powder. Conditions: Vsowtion= 100 mL; pH = 3 (for EBT, DB71) and 7 (for MG, MB).
Temperature 25 °C.

Concentration of Concentration of Concentration of Concentration of DB71 (mg.L"

MG (mg.L™") MB (mg.L") EBT (mg.L") 5

25 50 100 25 50 100 25 50 100 25 50 100
q. (exp) mg.g”! 20.75 | 41.5 83.17 20.25 40.51 81.21 15.51 31.22 62.05 17.25 34.5 69.23
Pseudo-first order
ki (10%)(min™) 1.18 1.95 1.57 2.34 1.85 1.12 2.05 2.12 1.58 1.61 2.03 1.25
qe cal (mg.g™") 19.85 | 40.28 84.12 19.13 39.34 78.99 15.11 33.54 6167 17.89 33.75 70.45
R? 0.894 | 0.864 0.905 0.905 0.889 0.884 0.872 0.862 0.907 0.864 0.883 0.899
Pseudo-second order
k2 (10%)(g.mg".min")| 2.55 1.82 1.58 341 1.75 2.22 3.38 2.08 2.98 1.78 2.52 3.11
q. cal (mg. g™) 20.12 | 41.64 81.08 19.34 41.12 79.55 14.89 30.38 60.97 17.11 31.21 67.75
R? 0.984 | 0.991 0.988 0.99 0.974 0.982 0.973 0.977 0.971 0.982 0.985 0.976
Elovich
A (mg.g’'. min™) 0.659 | 0.873 0.855 0.442 0.426 0.594 0.529 0.599 0.912 0.277 0.785 1.297
B (g.mg™) 0.992 | 0.842 0.693 5.694 2.547 1.634 2.257 1.507 1.273 4.324 2.264 1.504
R? 0.945 | 0.951 0.937 0.954 0.952 0.942 0.952 0.943 0.922 0.939 0.958 0.936
Intra-particle diffusion
Kid (mg.g’. min'?) | 0.577 | 0917 1.364 0.431 0.672 0.941 0.551 0.602 0.687 0.307 0.710 0.847
Ci (mg.g™h) 11.25 | 22.25 45.52 11.34 19.64 39.52 8.16 13.92 34.82 9.75 15.42 38.52
R 0.951 | 0.959 0.961 0.955 0.960 0.958 0.977 0.967 0.962 0.953 0.964 0.973
Kzd (mg.g”’. min'?) | 0.064 | 0.071 0.095 0.075 0.081 0.089 0.052 0.074 0.088 0.075 0.091 0.097
Cz (mg.g™h) 19.11 | 38.95 81.25 20.12 40.68 78.66 15.04 30.362 59.96 16.11 32.34 67.58
R 0.656 | 0.759 0.665 0.712 0.689 0.598 0.687 0.687 0.723 0.698 0.711 0.658

3.4. Thermodynamics of adsorption

In general, the interactions between the dye and the adsorbent are strongly temperature dependent. For
this reason, a thermodynamic study is necessary to investigate whether the adsorption of the studied
dyes onto the PPR is feasible and also to evaluate its nature. In this thermodynamic study, AG®°, AH®,
and AS° were calculated at 303, 318, 328, and 343 K, and the obtained calculations are summarized in
Table 4. AG shows negative values for all dyes, indicating spontaneous adsorption of the dyes onto the
PPR powder. In addition, the AG values are low and they range from 0 to 20 kJ/mol, which implies
physical adsorption based on electrostatic interactions between PPR and dye (Kavitha ez al., 2007). On
the other hand, the sorption of the dyes studied by PPR is considered exothermic based on the negative
values of AH®.
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Figure 14: intra-particle diffusion model of the studied anionic (c) EBT, (d) DB71, and cationic (a)
MG, (b) MB) dyes onto RPP powder. Conditions: Vsolution= 100 mL; pH =3 (for EBT, DB71) and 7
(for MG, MB). Temperature 25 °C.

Table 4: Thermodynamic parameters calculation of the anionic (EBT, DB71) and cationic (MG,
MB) dyes adsorption onto RPP powder. Conditions: Caye = 50 mg.L!, Vsoluion= 100 mL; pH = 3 (for
EBT, DB71) and 7 (for MG, MB).

AG°(KJ/mol) AS°® AH°
Anions | 303K | 318K | 328K 343k (J/Kmol) | (KJ/mol)
MG | -1090 | -10.85 | -10.82 -10.78 -3.06 -11.83
MB | -1134 | -1129 | -11.26 1121 3.16 -12.30
EBT | -1683 | -16.76 | -16.71 -16.64 -4.64 -18.24
DB71 | -1489 | -1480 | -14.74 -14.64 -6.12 -16.75

3.5. Adsorption isotherms analysis

The correlation between the adsorption of anionic (EBT, DB71) and cationic (MG, MB) dyes onto
RPP powder was studied using mathematical models such as Freundlich, Dubinin-Radushkevich, Sips,
Temkin, and Langmuir. According to the results shown in Table 5, the Sips, Timkin, Freundlich, and
Dubinin-Radushkevich models show a relatively low correlation coefficient R?, which signifies that
the adsorption of the studied dyes is not perfectly in accordance with these models. In contrast, the R?
coefficients of the Langmuir model (Usman et al., 2022; Haque et al., 2022) are high (0.996-0.998),
and thus the adsorption process of anionic (EBT, DB71) and cationic (MG, MB) dyes is perfectly
correlated with the Langmuir model with higher gs of these dyes (41.525 mg.g™! for MG, 40.515 mg.g"
! for MB, 31.224 mg.g™! for EBT and 34.536 mg.g™! for DB70) for an initial dye concentration ranging
from 25 to 100 mg.L ™! and 0.1 g of RPP. In addition, the low values of the affinity constant (K1) indicate
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that the adsorption process of the studied dyes is reversible. On the other hand, the adsorption capacity
(KFr) and intensity (nr) have high values, indicating that the RPP powder has a high adsorption capacity
for the dyes. The adsorption energy and heat of sorption (B) values of the dyes calculated by Dubinin-
Radushkevich (D-R) and Temkin models are less than 20 kJ/mol, which confirms that the adsorption
is mainly physisorption. In summary, based on the results of the isothermal analysis, we can conclude
that the Langmuir model is adequate for the description of the adsorption of anionic and cationic dyes
on RPP powder, which suggests that this adsorption involves physisorption and chemisorption due to
electrostatic interactions between the dyes and the functional groups of RPP (-COOH and -OH).

Table 5: Isotherm parameters of anionic (EBT, DB71) and cationic (MG, MB) dyes adsorption onto RPP
powder. Conditions: Co= 50 mg.L", Vsotion= 100 mL; pH = 3 (for EBT, DB71) and 7 (for MG, MB).

Temperature = 25 °C.

MG MB EBT DB71
Langmuir
(max (Mg/g) 41.525 40.515 31.224 34.536
Ku (L/mg) 0.062 0.059 0.053 0.055
R? 0.998 0.997 0.998 0.996
RL 0.243 0.253 0.273 0.266
Freundlich
Kr (mg/g) 5.643 5.575 5.382 5475
(L/mg)lln
1/nr 0.624 0.614 0.611 0.608
R? 0.887 0.879 0.885 0.881
Temkin
Kr (L/mg) 0.585 0.578 0.554 0.543
B (J/mol) 25.875 24 518 23.852 23.548
R? 0.921 0.928 0.922 0.919
Dubinin—Radushkevich
qs (mg/g) 21.125 20.274 14.547 16.384
Kbpr (mol?/J?) 3.54.10° 428.10° 4.18.10° 5.18.107
E (kJ/mol) 6.254 6.184 5.887 5.715
R? 0.897 0.889 0.881 0.889
Sips
(max (mg/g) 38.657 36.851 28.354 30.758
Ks (L.mg™) 0.0884 0.0855 0.0774 0.0811
n 2.958 2.548 1.857 1.985
R? 0.935 0.945 0.925 0.916
RMS 10.548 11.058 8.584 9.879

3.6. Bibliographic comparison

The adsorption performance of anionic and cationic dyes by RPP powder was evaluated against other
adsorbents reported in published works. Table 6 shows that RPP powder has a higher adsorption
capacity than other dye adsorbents. Thus, this comparison with the literature confirms that RPP powder
is potentially useful as a practical and efficient adsorbent for the removal of anionic (EBT, DB71) and
cationic (MG, MB) dyes.

3.7. Dyes desorption study

The preparation of a practical-use adsorbent for removing anionic (EBT, DB71) and cationic (MG,
MB) dyes requires that the adsorbent be able to desorb the fixed dyes in a facile manner. To this end,
the regeneration ability of RPP powder was evaluated by treating RPP/anionic dye and RPP/cationic
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dye with basic (NaOH: 0.5 M) and acidic (HCI: 0.5 M) solutions, respectively, and at a temperature of
25°C and for different treatment periods, and the desorption rate was calculated for each treatment
time.

Table 6: Comparison of the adsorption capacity of dyes on some adsorbents

Adsorbents Dyes qe Removal | Co of dye | Adsorbent pH Ref
(mg/g) | rate quantity

chitosan-coated geo MG 142 91% 0.1 M 10g 8 (Isaad et al.,

textiles based on poly DB71 176 95% 0.1 M 10g 4 2022)

ethylene terephthalate

Carbonized waste MG 31.45 99.10 30mg/L | 0.1g 6 (Giindiiz et al.,

pomegranate peel. 2017)

Carbonized pomegranate | WS 27.32 90.78 30mg/L | 0.1g 4 (Usman et al.,

peel activated with HC1 2022)

Nano-iron oxide-loaded | MG - 93.9 10mg/L | 0.1g 7-8 (Soni et al., 2014)

alginate microspheres

Cationic Modified CR 163 - 300 0.05¢g 3 (Munagapati et

Orange Peel Powder mg/L al., 2016)

Coir pith MB 5.87 97 % 20mg/L | 03 g 6.9 (Kavitha et al.,
2007)

Raw Brazil nut shells MB 7.81 1100 25¢g 6.5 (De Oliveira Brito

mg/L etal., 2010)

Orange peel MB 14.2 - 35mg/L | 0.05¢g 4 (Salman et al.,
2016)

Banana peel powder MB 111.11 | - 20mg/L | 1g 5.6 (Moubarak et al.,
2014)

Raw pomegranate peel MB 40.5 81 % S50mg/L | 0.1g This work

powder

Raw pomegranate peel MG 41.5 83 % S50mg/L | 0.1g This work

powder

Raw pomegranate peel EBT 31 62 % S50mg/L | 0.1g This work

powder

Raw pomegranate peel D71 34.5 69 % S50mg/L | 0.1g This work

powder

WS: Aniline blue dye; CR: Congo Red

Figure 15 shows that generally, the desorption rate of the studied dyes increases with the increase
of the treatment time up to a maximum value of 91 % for MG, 89 % for MB, 87 % for DB71, and 85
% for ETB. These maximum desorption values were obtained after a treatment time of min for anionic
dyes and min for cationic dyes. The desorption of the dyes is probably related to the rupture of the
bonds (van der Waals, electrostatic interaction, hydrogen bonds...) between the fixed dyes and the RPP.
Therefore, the desorption of dyes can be easily achieved by varying the pH of the RPP/dye solution
and we can conclude that RPP powder is suitable for cationic and anionic dye adsorption with excellent
regeneration ability.

3.8. Plausible mechanism of the dye adsorption onto RPP

The results of the zeta potential analysis, adsorption kinetics, and isotherms presented above
indicate that the adsorption mechanism of the studied dyes on RPP powder can be explained by (1) the
electrostatic interactions (physical adsorption) between the cationic dye (MG, MB) and the adsorbent
which is negatively charged (at pH > pHp.c), and the anionic dye (EBT, DB71) and the adsorbent with
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positive charges (at pH < pHp.c), as well as by ( 2 ) the weak hydrogen bonds between the heteroatoms
(oxygen, nitrogen, sulfur atoms) present in the dyes and the hydrogen atoms of the functional groups
(-COOH, -OH) available on the adsorbent surface. In addition, the m-m interactions can also be
established between the benzene cycles of the studied dyes and the benzene cycles present in the lignin
of the RPP powder. In fact, benzene cycles are electron-rich sites, they can produce donor-acceptor
stacking interactions between the dyes and RPP as shown in Figure 16.

-+—MB -—MG -=—-EBT -e-DB71

100 T

90

80

70

60

Desoiption rate (%)

40

30 +

20 + g g g t t + + t J
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Figure 15: Desorption of the studied anionic (EBT, DB71) and cationic (MG, MB) dyes.
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Figure 16: Plausible mechanism of the dye adsorption onto RPP

These findings were also interpreted by Barka e al., 2011, using S. hispanicus biomass by the
biosorption yield increased from 15.56 to 85.05% when the biosorbent dosage was increased from 0.1
to 1 g/L for MB and from 14.43 to 72.16% when the biosorbent dosage was increased from 0.1 to 3
g/L for EBT. The observed enhancement biosorption yield with increasing biosorbent concentration
could be due to an increase in the number of possible binding sites and surface area of the biosorbent
(Bouzidi et al., 2021; El-Naggar et al., 2018; Gong et al., 2005). The SEM images of the resultant
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activated carbon prepared from pomegranate (Eddebbagh et al., 2016) indicated that the activated
carbons have an irregular and heterogeneous surface morphology with a well-developed porous
structure. Such pores of different sizes shapes favorized the adsorption of different dies

3.9. Treatment of real water sample

In order to evaluate the adsorption capacity of RPP of anionic (EBT, DB71) and cationic (MG,
MB) dyes under real conditions, a solution containing anionic and cationic dyes was prepared with
other chemical agents to simulate real conditions as shown in Table 7. This solution was treated with
RPP powder and the removal rate of dyes was determined. The adsorption results of the studied dyes
show that the adsorption capacity of RPP powder decreases in the presence of the other chemical agents
(Figure 17), but this capacity is still satisfactory in view of the obtained removal rates (47% of MG,
42% of MB, 31% of EBT and 34% of DB71). Therefore, the treatment of textile wastewater, which
may contain such chemical agents, can be efficiently performed with RPP powder.

Table 7: Chemical composition of the simulated wastewater

Chemical agents Concentration (mg.L™")

MG 100

MB 100

EBT 100

DB71 100
NaCl 50
Cu?* 50
Ca®* 50
Fe?* 50
Ccr® 50
cr’ 50
Humic acid 50
NO5y 50
NOy 50
SO4 50
PO4> 50

100 - B R% of dyes without other chemical agents

® R% of dyes with other chemical agents
90 A

80 -
70 A

60 -

R %
N
o

40 -

30 A

20 A

10 -

MG MB EBT DB71
Dyes

Figure 17: Removal rate (R%) of the anionic (EBT, DB71) and cationic (MG, MB) dyes with and
without other chemical agents. Conditions: Vsolution = 100 mL; pH= 7 for all studied dyes, RPP
quantity = 100 mg, Contact time 60 min, Temperature = 25 °C.
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Conclusion

RPP has been valorized as a natural resource-efficient bio-adsorbent for removing anionic (EBT,
DB71) and cationic (MG, MB) dyes from a contaminated aqueous solution. Physicochemical and
spectroscopic characterizations showed that the RPP powder is constituted of carbon (42.42%), oxygen
(51.66%), and hydrogen (5.90%), and presents an amorphous structure with the presence of (-OH) and
(-COOH) functions available on the surface of the RPP. Zeta potential study shows that the surface
area of RPP shows pHp..= 5.6 and this surface area is negative at pH< pHp,c and positive at pH> pHp,c.
Surface analysis by B.E.T. indicates that the specific surface area, total volume, and average pore
diameter of RPP particles are about 1.105 m?.g"!, 0.0017 cm?.g’!, and 71.45 A, respectively, for
powders of 250 pum in size. The adsorption of the studied dyes on RPP was confirmed by XPS
spectroscopy of RPP and RPP/dye by showing new peaks attributed to N1s and S2p of the studied dyes
in the XPS spectrum of RPP. The experimental results of adsorption showed that RPP has a high
efficiency to remove the studied anionic and cationic dyes which reach an adsorption capacity of 81%
for MB and 83% for MG obtained at pH= 7, and 69% for DB71 and 62% for EBT at pH3, during 60
min as contact time, for an initial dye concentration of 50 mg.L"! and an amount of RPP of 0.1 g at a
temperature of 25 °C. The results of the isothermal analysis indicate that the Langmuir model is
appropriate to describe the adsorption of the studied dyes by RPP, which involves physisorption and
chemisorption processes, and the sorption kinetic data are consistent with the pseudo-second-order
kinetic model. The adsorption mechanism is explained by the electrostatic interactions between the
opposite charges of RPP and dyes as a function of solution pH and pHpzc, as well as the n-n interaction
established between the benzene cycles of the dyes and the benzene cycles of the lignin portion of the
RPP powder, and also by the H-bonds. The desorption of anionic (EBT, DB71) and cationic (MG, MB)
dyes was established by treating RPP/anionic dye and RPP/cationic dye with NaOH (0.5 M) and HC1
(0.5 M) solutions, respectively and the results obtained showed that 91% of MG, 89% of MB, 87% of
DB71 and 85% of ETB could be desorbed from RPP powder. Finally, the RPP adsorption experiment
on a solution simulating real conditions shows a promising application in wastewater treatment.

Disclosure statement: Conflict of Interest: The authors declare that there are no conflicts of interest.
Compliance with Ethical Standards: This article does not contain any studies involving human or animal subjects.
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