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Abstract: The current study aims to determine how well pomegranate peel can
remove methylene mlue (MB) from an aqueous solution. For this purpose, kin-
etic, isotherm and thermodynamic adsorption studies were performed in a batch
system. The rate of MB adsorption was rapid and reached the equilibrium at
about 60 min. The adsorption capacity reached approximately 42.71 mg g! at the
initial dye concentration of 100 mg L-!. The kinetic modelling of MB adsorp-
tion was perofrmed using pseudo-first-order, pseudo-second-order, Elovich and
intraparticle diffusion models. The pseudo-second-order model was found to be
the most adequate for fitting the kinetic data based on RZ, RMSE, ARE and j?
values. It was also discovered that MB adsorption onto pomegranate peel is not
simply rate-limited by intraparticle diffusion. The isotherm approach showed a
maximum adsorption capacity of 67.78 mg g'! at 298 K using 2 g L'! of pome-
granate peel. The equilibrium modelling was also conducted. The four statis-
tical values highlighted the better fit of the Langmuir model than the Freund-
lich model. Additionally, the exothermic and spont-aneous nature of the ads-
orption process was revealed by thermodynamic research. These findings
demonstrate the effectiveness of pomegranate peel as an eco-friendly absorbent
for MB removal.
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INTRODUCTION

Methylene blue (MB) is one of the most widely utilized synthetic dyes in
various industrial sectors.! It is known for the promising potential in dyeing
cotton, wool, and silk,2 making it a common choice in the textile industry. How-
ever, the release of MB into the environment poses aesthetic issues and dramatic
effects on aquatic life,3 attributed to its visibility, low biodegradability and bio-
accumulation through the food chain, posing a danger to human health. The acute
exposure to MB can cause tachycardia, cyanosis, jaundice, quadriplegia and tis-
sue necrosis in humans. It also causes eye burns, leading to permanent injury to
the eyes of humans and animals.5 Other adverse effects of MB, such as hyper-
tension, acute kidney failure and hemolytic anemia, have been reported in the lit-
erature.%7 In this context, various conventional methods have been investigated
to remediate water pollution caused by MB. These methods include adsorption,8-12
classical and advanced chemical oxidation,!3-17 membrane separation!8.19 and
coagulation/flocculation.20-22 Among these approaches, adsorption is an effect-
ive and low-cost technique to remove different pollutants from aqueous solut-
ions,23-26 including MB. The significant advantages of the adsorption process
include its effectiveness and economical dye removal, low sludge production and
simplicity in execution.2” Additionally, using agricultural waste as a biosorbent
offers a low-cost and eco-friendly approach to a circular economy.28 Several res-
earchers have demonstrated the potential of various agricultural wastes for MB
removal, such as sugarcane bagasse,? rice husk,* date pits,30 peanut hull,3! sour-
sop residues,2? wheat straw32 and orange and banana peels.33

The pomegranate is a prized fruit, valued for its unquestionable qualities that
promote consumption. Global pomegranate production continues to rise owing to
the high demand for the fruit and its derivatives, such as juice, syrup and jam.
However, the peel, constituting approximately 50 % of the fruit’s mass,34 is often
discarded as waste despite its potential uses. The worldwide generation of pome-
granate peel was estimated at around 1.9 million tons five years ago.35 Further-
more, Morocco produces a substantial amount of pomegranate fruit, with an est-
imated annual production of pomegranate peel reaching 29,000 tons based on the
approximately 58,000 tons of fruit harvested annually.3¢ In this context, this res-
earch aims to enhance the performance of pomegranate peel as an eco-friendly
adsorbent for removing MB from an aqueous solution. A preliminary study rev-
ealed its potential use for the adsorption of MB.35 Therefore, the present work
focuses on studying the kinetic, isotherm and thermodynamic approaches to
gather more information on the mechanism of MB adsorption by pomegranate peel.

EXPERIMENTAL
Adsorbate

Methylene blue, with the molecular formula C,4H;gCIN;S (Fig. 1), was supplied by
Loba Chemie. It was used without further purification to prepare the stock solution (1000 mg

Available online at: http://www.shd.org.rs/JSCS

(CC) 2024 Serbian Chemical Society.



ECO-FRIENDLY ADSORBENT FOR DYE REMOVAL 1 109

L1). The working solutions of MB were subsequently prepared by diluting the stock solution
with distilled water.

Fig. 1. Chemical structure of methylene blue dye.

Biosorbent preparation

After the separation from pomegranate, the peel is cleaned with distilled water and dried
in the sun for about three weeks. The fragments are ground into a powder and washed rep-
eatedly with distilled water until a colourless solution is obtained. The powdered pomegr-an-
ate peel is then dried at 60 °C for 48 h before being placed in a desiccator, awaiting usage.

ATR-FTIR characterization

The surface functionalities of the produced pomegranate peel powder were identified
using attenuated total reflectance-Fourier transform infrared (ATR-FTIR) on a Themosc-ient-
ific Nicolet iS10 FTIR spectrometer. The samples were recorded in transmittance mode.

Adsorption experiments

The adsorption experiments in the present study were conducted in a batch system using
the initial pH of the MB solution. For each experiment, 0.1 g of powdered pomegranate peel
was added to 50 mL of the MB solution (100 mg L) in a 100 mL Erlenmeyer flask. The
suspensions were shaken at 300 rpm by an electromagnetic stirrer. The studied concentration
was chosen based on the preliminary investigation assessing the effective MB concentration in
textile wastewater. The adsorption kinetic approach was carried out from 0 to 300 min at room
temperature. The adsorption isotherm approach was performed at 298 K for 120 min by vary-
ing the initial dye concentration from 0 to 500 mg L-!. The thermodynamic approach was con-
ducted at varying temperatures from 298 to 328 K for 120 min. At the end of each adsorption
experiment, the suspensions were centrifuged at 3800 rpm for 5 min. Then, the residual con-
centration of MB in the supernatant was determined using a double-beam UV-Vis spectro-
photometer at 665 nm. The amount of MB adsorbed per unit mass of adsorbent (¢;) was
calculated using the following equation:

Cy—-C
q,= a2 7 (1)
m
where C;y and C, are, respectively, the initial and time ¢ concentrations of MB in solution, mg L1,
V is the MB solution volume, L, and m is the mass of the powdered pomegranate peel, g.

Kinetic study

The kinetic approach was investigated to determine the order of the adsorption reaction and
the mechanism controlling the process. In this regard, four well-known models were used to
study the kinetic of MB adsorption onto pomegranate peel: pseudo-first-order (PFO), pseudo-
second-order (PSO), Elovich and intraparticle diffusion (IPD), as given in Table I, where ¢, /
mg g and K, / min’! represent, respectively, the amount of MB adsorbed at equilibrium and
the rate constant of PFO; K, / g mg™! min’! represents the rate constant of PSO; ¢ / mg g!
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min'! and S / g mg! represent the rates constants of adsorption and desorption of Elovich,
respectively; Kjp / mg g'! min'!2 represents the IPD rate constant and ¢ the constant related to
the thickness of the boundary layer.

TABLE I. Adsorption kinetic models

Kinetic Non-linear Linear Plot Ref.
model
PFO dg, _ _ In(g. —g,) =Ing. — Kyt In(ge —q,) vs. t
=Ki(9e —4q/)
dt
PSO 38
1 1 1 .
dqt=K2(CIe_CIz)2 4 —t t/q; vs. t
dt 9 Ky g
Elovich d 39
q, 1 1 q, vs. Int
— =g exp(— =—In(e +—In¢
P £ exp(—Seq;) 4q; B (e fe) B
40
IPD - g, =K pt"*+C q; vs. V2

Isotherm study

The study of the adsorption isotherm is essential for quantifying and comparing the per-
formance of pomegranate peel in MB removal. In this regard, Langmuir and Freundlich
models were employed. The Langmuir isotherm model presupposes that all adsorption sites
on the adsorbent are structurally homogeneous, that the adsorption is confined to a monolayer,
and also that molecules adsorbed on neighbouring sites do not interact.#! Accordingly, when
an adsorbent reaches an equilibrium saturation point, no further adsorption occurs, indicating
a finite capacity for adsorption:

— qmaxKLCe (2)
1+ KLCe

€

The Langmuir equation may be expressed in its linearized form as follows:

C__ 1 ,C 5
qe KLqmax Gmax

where ¢y, / mg g denotes the maximum adsorption capacity and K / L mg'! represents the

Langmuir constant.

The Freundlich adsorption isotherm is an empirical model used to elucidate the multi-
layer adsorption with the interactions between molecules adsorbed on heterogeneous surfaces
featuring non-identical sites and varied adsorption energies. This model is not restricted to the
formation of monolayers of adsorbate molecules on the adsorbent.*? The Eq. (4) illustrates the
Freundlich isotherm model:

qe = KpCl/" “4)

The linearized form of the Freundlich model can be expressed as follows:

Ing. =InK¢ +llnCe &)
n
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where K / (mg g')(L g'!)" is the Freundlich constant and # is the Freundlich exponent.
Analysis of models

The use of error functions is an effective way to assess the fit of a model and its under-
lying assumptions. This study employed four statistics: coefficient of determination (R2), root
mean square error (RMSE), average relative error (ARE), and chi-square (#?). The optimal

model should have a coefficient of determination close to one and the lowest values of RMSE,
ARE and .

The RMSE, ARE and j? are calculated using the following expressions:

N
RMSE = \/z,‘_l(qt,cal - qt,exp )2

6
N (6)
ARE =100V [dre Zdreat -
N = qt,exp
— 2
PER SR i N ©

qt,cal

where N is the number of the experimental data points, g, ey, / mg gl is the experimental
value, and ¢, .y / mg g’ is the predicted value of g, with the investigated model.

RESULTS AND DISCUSSION

ATR-FTIR characterization

The ATR-FTIR spectrum of the studied biosorbent is illustrated in Fig. 2.
The infrared spectrum of pomegranate peel exhibits bands at 3,368 (hydroxyl
group of carboxylic acid or phenol), 2925 and 2853 (C-H stretching vibrations of
lignocellulosic components), 1730 (C=O stretching vibration of carboxyl groups),
1615 (aromatic C=C or COO~ stretching vibration of carboxylic acids), 1444
(asymmetric deformation of C—H bond of methyl and methylene groups) and
1327 cm~! (symmetrical deformation of C—H bond of methyl group). The other

Transmittance, %

80 . ‘ T . T .
4000 3500 3000 2500 2000 1500 1000 Fig. 2. ATR-FTIR spectrum of pomegra-
Wavenumber, cm’’ nate peel powder.
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bands are attributed to the C—O vibration of primary alcohols (C—OH) of cellu-
lose and hemicellulose.

Adsorption kinetics

The kinetic study of MB adsorption onto pomegranate peel was conducted
over a range of contact times from 5 to 300 min. The results depicted in Fig. 3
clearly illustrate a two-stage adsorption process. Initially, there was a rapid inc-
rease in MB adsorption, reaching 33.94 mg g1 within just 10 min. Subsequently,
the rate of MB adsorption slowed down, gradually reaching its maximum around
60 min, with no significant changes observed thereafter. This behaviour can be
attributed to numerous vacant sites on the pomegranate peel surface during the
initial stage, which were rapidly occupied by MB molecules until saturation was
achieved.

O
_m—

401

304

q,/mgg’

20

& ok

50 100 150 200 250 300 Fig. 3. MB adsorption kinetic onto pome-
Adsorption time, min granate peel.

Additionally, to understand better the adsorption ability of the produced
biosorbent, the adsorption kinetic of rhodamine B (RhB) dye onto pomegranate
peel was previously investigated. The rate of RhB adsorption was rapid, reaching
the equilibrium at approximately 120 min, with an adsorption capacity of around
30.47 mg g1.27 However, it’s noteworthy that this value is lower than that obs-
erved for MB adsorption, which reached 42.71 mg g1, indicating a higher affin-
ity of pomegranate peel for MB dye.

Kinetic modeling

Four kinetic models were fitted to the obtained kinetic data: PFO, PSO, Elovich
and IPD (Fig. 4). The kinetic parameters and the associated statistical analysis of
each model are presented in Table II. The suitability of the PSO model to fit the
MB adsorption onto pomegranate peel can be inferred from a simple review of
the Table II. Indeed, this model presents the highest coefficient of determination
(R? = 1) and the lowest values of RMSE, ARE and y2. Additionally, the fit ade-
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quacy of the PSO model for MB adsorption has been revealed by other res-
earchers as well.43
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Fig. 4. a) PFO, b) PSO, c) Elovich and d) IPD linear plots for MB adsorption onto
pomegranate peel at 298 K.

TABLE II. Kinetic parameters for the adsorption of MB onto pomegranate peel

Egljetic Kinetic parameters at 298 K 2 S;e;;;t;cal :1;2}//5(1;0 7

PFO Gocal/ Mg g’} K, /min’! 0.7857 3443 88.75 3.51x103
7.16 0.02

PSO Gocal/ Mg gl K,/ g mg! min’! 1 1.56 2.52 0.86
43.14 0.009

Elovich ag / mg g! min’! Be/ gmg! 0.7227 3.07 7.55 2.78

2.11 103 0.26

IPD(2) Kpp/mg g! min2 c 09061 626 1337  9.10

1.13 3341
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Furthermore, Fig. 4d illustrates the tri-linearity observed in the IPD plot,
which doesn’t pass through the origin. This suggests that the intraparticle diffus-
ion is not the only rate-limiting step, and the MB adsorption process is controlled
by three mechanisms. Indeed, the first linear section with a sharp slope represents
the bulk diffusion at the adsorbent’s external surface (instantaneous adsorption).
The second section depicts the intraparticle diffusion (gradual adsorption), and
the last one, the plateau portion, represents the equilibrium.** The intercept of the
second section provides information on the thickness of the boundary layer
(Table II). A higher intercept indicates a thicker boundary layer, amplifying its
effect.4346 Other researchers have reported similar findings regarding the adsorp-
tion of MB onto tea residues and diatomite.47-48

Models validation

Fig. 5a depicts the accuracy of the PSO model in describing the MB adsorption
kinetic data. This observation is further supported by Fig. 5b, which provides a
graphical comparison of the experimental and the predicted equilibrium adsorp-
tion capacities for each model. The figure highlights the predictive quality of the
PSO model in representing MB adsorption onto pomegranate peel, as evidenced
by its closest predicted value (gecal = 42.76 mg g1) to the experimental value

(Qe,exp =42.71 mg g_l)-

(@) 60+ (b) qeﬁi(p
504 1PD Model 52.91
404
o Elovich Model 45.53
OED 30 = Experimental data
oy PFO Model i
20 S0 Model PSO Model | 42.76
] Elovich Model H
——1PD Model !
104
PFO Model 7.15
0 - T T T T T T - r T T T
0 50 100 150 200 250 300 0 10 20 30 40 50
, -1
t /min Qe.cal ME £

Fig. 5. Kinetic models validation with experimental data.

Adsorption isotherm and modeling

The equilibrium mechanisms between MB and the pomegranate peel surface
were studied through Langmuir and Freundlich models. The adsorption isotherm
was simulated at 298 K (Fig. 6), and the associated parameters were determined
and grouped with statistical analysis in Table III. The linear fitting plots of the
Langmuir and Freundlich models are represented in Fig. 6. The Langmuir model
provided a better fit to the experimental data, with a coefficient of determination
closer to one (R? = 0.9998) and lower RMSE, ARE and y? values compared to the
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Freundlich model (Table III). This adequacy indicates the monolayer adsorption
of MB onto pomegranate peel.

a i b
(@) 7 ( )4_4 ]
61 42 //-
.
54 y =0.2446x + 2.8587 o
= 401 R2=0.9172
a4 o 3.8
— o
= 5 y=0.0141x + 0.2201 K=
) 3.6
9 R? -~ 0.9998
2+ 3.4
1 324
L
0 - T T - - 3.0 . . . . .
0 100 200 300 400 500 1 5 3 Y 5 6
C./mgL’ InC,

Fig. 6. a) Langmuir and b) Freundlich linear isotherm plots for MB adsorption onto
pomegranate peel at 298 K.

TABLE III. Equilibrium parameters for MB adsorption onto pomegranate peel at 298 K

EZiirm Isotherm parameters at 298 K 7 Sﬁ;j;;al Zr;?éyf;) 72

Langmuir Grmax / Mg g7} K. /Lg! 0.9998 2.00 4.05 1.10
70.96 0.06

Freundlich n Ke/(mgghLglh" 09172 572 9.69 4.01
4.09 17.44

The Langmuir model’s adequacy is further supported by Fig. 7, which dis-
plays the experimental and predicted isotherms of MB adsorption onto pomegra-
nate peel. A simple examination of the figure confirms the Langmuir model’s pre-
dictive quality. Indeed, the Langmuir maximum adsorption capacity (70.96 mg
g 1) is close to the maximum experimental adsorption capacity (67.78 mg g1).

754

= [xperimental data
304 Langmuir model
i e Freundlich model

0 100 200 300 400 Fig. 7. MB adsorption isotherm onto pome-
C./mgL! granate peel.
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Moreover, it is advisable to compare the adsorption capacity of pomegranate
peel with that of other biomass reported in previous research. Table IV demon-
strates that pomegranate peel has a higher adsorption capacity than other bio-
mass, suggesting it could be used as an inexpensive and environmentally friendly
adsorbent for the removal of MB.

TABLE IV. Comparison of maximum adsorption capacities of various biomass for MB dye

Biomass Gmax / Mg g1 Reference
Rice husk 40.59 4
Soursop residues 55.40 29
Sugarcane bagasse 17.43 29
Date pits 80.29 30
Wheat straw 60.66 32
Orange peel 18.60 33
Banana peel 20.80 3
Orange albedo 71.79 49
Potato peel 97.08 >0
Avocado peel 62.11 31
Hamimelon peel 58.60 31
Dragon fruit peel 62.58 31
Tucuma cake 17.24 52
Pomelo peel 81.71 33
Pomegranate peel 67.78 This work
Thermodynamic study

The thermodynamic study plays an essential role in understanding the ads-
orption process of MB onto pomegranate peel. In this respect, the thermodyn-
amic parameters of MB adsorption, namely the free energy change, AG° / kJ
mol-!, the enthalpy change, 4H° / kJ mol-!, and the entropy change, 45° / J
mol~!"K-! were determined using the following equations:

AG® =—RTInKy;Ky =2e ©)
Ce

AG® = AH® —TAS" (10)
As®) (aE° )1

InKy=| - |- - 11

were K is the distribution coefficient for adsorption, C, / mg L1 is the equilib-
rium concentration of MB, g, / mg g~! is the amount of MB adsorbed at equilib-
rium, 7'/ K is the absolute temperature and R is the gas constant (8.314 J mol-! K1),
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The slope and intercept of the In Ky vs. T-! plot, shown in Fig. 8, were used
to calculate the values for 4H° and 4S°. The obtained results are presented in
Table V.

0.4- y=1,110x - 32822
R® = 0.9957
JF 03
R=|
0.2
0.1
0.0030 0.0031 0.0032 0.0033 Fig. 8. The plot of In Ky vs. T"! for the MB

T'/K! adsorption onto pomegranate peel.

TABLE V. Thermodynamic parameters

T/K AG®/ k] mol! AH° / kJ mol! A8° /T mol K1
298 -1.07 -9.23 -27.29
308 -0.86

318 -0.54

328 -0.27

The negative values of 4G° for the various temperatures examined, as shown
in Table V, demonstrate the spontaneity of MB adsorption. The negative value of
AH°® supports the exothermic nature of the adsorption process and suggests that
no energy needs to be added in order to transfer MB from the aqueous phase to
the solid. Moreover, the negative value of 4S5° suggests a reduction in random-
ness at the adsorbent/adsorbate interface during the adsorption process, without
any significant change in the adsorbent structure.>* Similar findings were also
reported by Miraboutalebi et al.33 for the adsorption of MB onto corn silks.

CONCLUSION

The findings indicate that pomegranate peel possesses a strong MB adsorp-
tion capacity. The MB adsorption occurred rapidly, reaching the equilibrium
around 60 min, with an adsorption capacity close to 42.71 mg g~! at an initial dye
concentration of 100 mg L. The results from the kinetic approach suggest that
MB adsorption onto pomegranate peel perfectly follows pseudo-second-order
kinetic and that the intraparticle diffusion is not the only rate-limiting step in the
adsorption process. Additionally, a maximum adsorption capacity of 67.78 mg g~!
was observed with the isotherm approach, and the equilibrium data showed good
compliance with the Langmuir model. The exothermicity and spontaneity of the
adsorption process were indicated by the negative values of 4G° and 4H°, res-
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pectively. In terms of 4S5°, the negative value suggested an increase in disorder at
the adsorbent/adsorbate interface during the adsorption process. Moreover, the
pomegranate peel exhibited a comparatively higher adsorption capacity for MB
compared to other biomass. These findings highlight the potential of pomegra-
nate peel as an environmentally friendly absorbent for effluent containing MB.
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and Technical Research, Morocco) for the partial support of this study.

U3BOJI

I[NTEP®OPMAHCE EKOJIOIIKH ITPUXBAT/bUBOI' AICOPBEEHTA 3A YKIIAILAILE
METHJIEHCKOTI ITVTABOT' U3 BOOEHOT PACTBOPA: KHHETHYKH, U30OTEPMHHU U
TEPMOJIWHAMMUWYKH IMTPUCTYIIN

RAJAE GHIBATE!, MERYEM BEN BAAZ1Z72, AL AMECHROUQ?, RACHID TAOUIL* 1 OMAR SENHAJI®

"Laboratory of Physical Chemistry, Materials and Environment, Faculty of Sciences and Technologies, Moulay
Ismail University of Meknes, Errachidia, Morocco, “Laboratory of Materials Engineering for the Environment
and Natural Resources, Faculty of Sciences and Technologies, Moulay Ismail University of Meknes,
Errachidia, Morocco, *Laboratory of Biomolecular and Macromolecular Chemistry, Moulay Ismail University
of Meknes, Meknes, Morocco u *Laboratory of Mechanics, Energetics, Automation u Sustainable Development,
Faculty of Science and Technology, Moulay Ismail University of Meknes, Errachidia, Morocco

[TpecraB/beHa CTyOHja MMa 3a LWJb Aa YTBPAM KOJHUKO NOOPO KOpa Hapa MOXe
VKJIOHUTH METHJIeHCKO MmiaBo (MB) u3 BomeHor pactBopa. Y Ty CBPXy Cy CIpOBeleHe
KHUHETHYKe, U30TeEpMHE U TePMONUHAMHUYKe CTyAMje aICcopluuje y LapKHOM CHCTEMY.
bpsuna angcopnuuje MB je duna O6p3a 1 focturia je paBHOTeXy 3a oko 60 min. JocTur-
HYTH KamaLHUTeT afcoprnuuje je 6nusy 42,71 mg ¢~ npu mouyeTHoj KoHIeHTpaKju Hoje
on 100 mg 1'!. Kunernuko mopenosamwe amcopnnuje MB je cnposeneHo xopumhemeM
Mogesia ICeyno-NMpBor, Nceyno-gpyror peaa, EnosuueBor mojena U mopena gudysuje
yHyTap uyectuna. YTBpheHo je nma je Mogmen mceyno-Ipyror pefa HajaJeKBaTHHUjH 3a
yknamame KHHETHYKMX I0jaTaka Ha OCHOBY BpeAHOCTH R% (koeduIHjeHT HeTepMHH-
anuje), RMSE (xBampaTHa cpefma rpemxa), ARE (IpoceuHa penaTHBHA rpemka) u y2
(xu-kBagpat). Takohe je oTkpuBeHo fa agcopnuuja MB Ha kopu Hapa HUje jeIHOCTaBHO
orpaHuueHa Op3uHOM nu(dy3uje yHyTap yectuna. M30TepMHHU MPUCTYN je MOKa3ao Mak-
CHMaJHH KamauuTeT agcopnuuje ox 67,78 mg 1'! ma 298 K xopumhemem 2 g 1'! kope
Hapa. Takohe je cmpoBeeHo MozenoBawe paBHOTeXe. UeTHPU CTAaTUCTHYKE BPEJIHOCTH
Cy ucTakiie na ce JIaHTMypoB Mojiesl HajOosse ykiamna y ogHocy Ha OpojHANTNXOB MOLelt.
JopaTHO, er3soTepMHa M CIIOHTaHa NpUpoOJa Npoleca afCopniuje je OTKpUBEHA TEPMO-
OUHAMUYKUM HCTpaxuBawmeM. [IpukasaHu pe3ynTaTH Nokasyjy edHKacHOCT kope Hapa
Ka0 eKOJIOUIKHM ITPUXBAT/bUBOT anicopdeHTa 3a yKkiawame MB.

(ITpumsbeHo 17. mapTa, peBunupaHo 1. Maja 2023, mpuxsaheno 26. mapra 2024)
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