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waterways as a result of rapidly increasing industrial 
activities can have harmful effects, even at low concen-
trations, due to their toxic and complex structures. While 
posing a threat to human health, they also disrupt the 
aesthetic and biological balance in the aquatic ecosystem 
[6].

Different physical and chemical techniques have been 
employed to eliminate dyes from wastewater [3]. Among 
these, adsorption stands out as a proven and effective 
method for dye removal [7]. This technology is appeal-
ing due to its low processing costs, straightforward 
process flow, and user-friendliness [8]. Adsorption effec-
tively targets non-biodegradable pollutants in water [9]. 
In adsorption methods, the quantity of substance cap-
tured by the adsorbent is influenced by the nature of the 

Introduction
BBR is a synthetic anionic dye commonly used in the 
textile industry and biochemistry laboratories for dye-
ing and evaluating proteins [1–2]. BBR’s non-degradable 
structure poses a danger to the environment and human 
health [3]. VBR is a cationic triphenylmethane dye widely 
used in the textile, leather, food, cosmetics, and pharma-
ceutical sectors. VBR can be mutagenic and carcinogenic 
to humans and aquatic organisms [4, 5]. Dyes mixed into 
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Abstract
This study investigated the removal of Brilliant Blue R (BBR) and Victoria Blue R (VBR), commonly used dyes in the 
textile industry, from wastewater using the pomegranate peel with an adsorption method. Pomegranate peel was 
characterized by using X-ray diffraction (XRD), Brunauer, Emmet ve Teller (BET), scanning electron microscopy (SEM), 
Fourier transform infrared spectrophotometer (FT-IR), thermogravimetric analysis (TGA), and zeta potential. For 
both dyes, pH, adsorbent amount, contact time, salt effect, and wastewater parameters were investigated in the 
batch system, while adsorbent amount and flow rate parameters were investigated in the continuous system. The 
adsorption results of both dyes on pomegranate peel indicate that they fit the pseudo-second-order kinetic model. 
The adsorption isotherms of both dyes were found to be compatible with the Langmuir isotherm model. In the 
thermodynamic study, it was determined that the adsorption process was spontaneous (∆G°<0) and exothermic 
(∆H°<0). It was decided that pomegranate peel is a suitable adsorbent for the adsorption of BBR and VBR dyes. 
Finally, the adsorption yields for removing BBR and VBR from wastewater using pomegranate peel were 90.38% and 
100%, respectively. This result shows that the high adsorption efficiency obtained for both dyes makes it possible 
for pomegranate peel to be widely applied as an adsorbent in wastewater treatment.
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adsorbent and the substance itself and by physicochemi-
cal factors, including concentration, temperature, adsor-
bent quantity, and solution pH [10].

In previous studies on the removal of BBR by the 
adsorption method, a porous nanocrystalline cobalt fer-
rite composite [11], nigella sativa [1], α-chitin nanopar-
ticles [12], corncob [13], wheat bran [14], apricot stone 
[15] and coconut pulp [16] were used as adsorbents. 
In the adsorption methods used to remove VBR from 
wastewater, calcined eggshell [17], chitosan-immobilized 
bone meal [18], magnetic microparticles bearing the 
double salt of Fe(II) and Co(II) [19], and chestnut tan-
nins [20] were used. In recent years, various bio-based 
and low-cost adsorbents, including agricultural and ani-
mal wastes, have been effectively applied in the removal 
of dyes and antibiotics from wastewater [21]. No study 
was found in the literature that examined the kinetic, iso-
therm, and thermodynamic parameters in detail for the 
deposition of BBR and VBR dyes with pomegranate peel.

Pomegranate peels are byproducts of the food industry. 
Pomegranate juice produces waste, primarily consisting 
of pomegranate peels (approximately 78%) [22]. Dispos-
ing of these wastes incurs costs, underscoring the need 
for alternative solutions [23]. Using agricultural byprod-
ucts as adsorbents has garnered significant attention due 

to their low cost, abundant availability, high fixed carbon 
content, and porous structure [24]. The use of pomegran-
ate peel, which contains compounds such as tannins, 
phenolic acids, and flavonoids with antioxidant, anti-
inflammatory, anticancer, and antimicrobial properties, 
as an adsorbent for treating wastewater contaminants 
shows promise for sustainable, environmentally friendly 
technologies [25–26].

In this study, the effectiveness of pomegranate peel in 
removing BBR and VBR dyes used in the textile industry, 
whose chemical formulas are listed in Table 1, was eval-
uated using the adsorption method. For the removal of 
dyes, time, pH, adsorbent amount, contact time, and salt 
effect were investigated in the batch system, and adsor-
bent amount and flow rate parameters were investigated 
in the continuous system. The adsorption potential of 
pomegranate peel was also examined using the results 
of kinetics, equilibrium isotherms, and thermodynamic 
experiments. Pomegranate peel was characterized by 
XRD, BET surface area, SEM, FT-IR, TGA, and zeta 
potential and successfully applied to remove dyes from 
wastewater.

Table 1 Chemical structure of the dyes
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Materials and methods
Chemicals
BBR, VBR, and sodium chloride were purchased from 
Sigma-Aldrich. Riedel de Haen provided sodium hydrox-
ide and 37% hydrochloric acid (d:1.19 g/mL). Pure water 
was used throughout all experiments.

Apparatus
The concentrations of the BBR and VBR dyes were mea-
sured using an ultraviolet (UV)/visible region spec-
trophotometer (Thermo Genesys 10  S brand). The 
maximum wavelengths of BBR and VBR were deter-
mined as 586 and 615  nm, respectively. The calibration 
graph for BBR was drawn in the concentration range of 
0.5–50 mg/L. The linearity of the graph was found to be 
R2 = 0.9993 and its equation was y = 0.0263x. The calibra-
tion graph for VBR was drawn in the concentration range 
of 0.5–50 mg/L. The linearity of the graph was found to 
be R2 = 0.9973 and its equation was y = 0.134x. Human 
Corp., Zeneer Power I brand, was used as a pure water 
device. Peristaltic pump (Ismatec, Wertheim, Germany) 
was used to determine the flow in the continuous system.

Working standard solutions
By dissolving the BBR and VBR in distilled water, a stock 
solution of 200  mg/L BBR and VBR was created. Dye 
solutions with different concentrations were taken from 
the stock solution and diluted with pure water. To adjust 
the pH of the dye solutions, 0.1  mol/L HCl, 1.0  mol/L 
HCl, 0.1  mol/L NaOH, and 1.0  mol/L NaOH solutions 
were prepared using distilled water as the solvent. The 
solutions were made daily and kept in the freezer at 
+ 4 °C.

Preparation of adsorbents
The pomegranate used in the study was purchased from 
the market in Corum, Turkey. After being separated and 
cleaned with distilled water, the pomegranate peel was 
dried until it lost weight at 50  °C. After drying, pome-
granate peels were crushed and sieved using a 150  μm 
screen.

Characterization of pomegranate Peel
XRD analyses were done with an X-ray diffractometer 
(Rigaku SmartLab) in the reading range of 3–90° (2θ). 
The average pore radius and total pore volume were 
determined using the BET (Quantachrome/IQ-Chemi) 
device. The surface morphology of pomegranate peel 
was examined using SEM (JSM-5600). The chemical 
structure analysis of pomegranate peel was performed 
using an FT-IR spectrometer (Thermo Nicolet iS10 FTIR 
Spectrometer). Thermogravimetric analysis (TGA) mea-
surement was obtained using a simultaneous differential 
thermal analyzer (SDTQ600). Detection of particle size 

measurements of pomegranate peel was conducted using 
a particle size and zeta potential measurement device in 
nanoparticles (Zetasizer/Nano ZSP).

Adsorption studies
This study found optimum adsorption conditions for 
the adsorption of BBR and VBR dyes with pomegranate 
peel in batch and continuous systems. The batch system’s 
parameters were studied, including the pH, amount of 
adsorbent, contact time, and salt effect. The adsorbent 
amount and flow rate parameters were studied in° the 
continuous system.

The percent of dye removed from the solution was cal-
culated using the formula below [27]:

 
%removal = C0 − Ci

C0
 (1)

where C0 (mg/L) is the dye concentration before adsorp-
tion, Ci (mg/L) is the dye concentration after adsorption.

The following formula was used to determine the 
adsorption capacity after equilibrium [28]:

 
qe = (C0 − Ce) V

m
 (2)

where qe (mg/g) is adsorption capacity, C0 (mg/L) is the 
dye concentration before adsorption, Ce (mg/L) is the dye 
concentration at equilibrium, V (L) is the dye solution 
volume and m (g) is the adsorbent amount (g).

Adsorption kinetics
In investigating the adsorption mechanism, the pseudo-
first-order kinetic model in Eq.  (3) [29], the pseudo-
second-order kinetic model in Eq.  (4) [30], and the 
intra-particle diffusion kinetic model in Eq. (5) [31] were 
used. The most suitable adsorption mechanism was 
compared.

 ln (qe − qt) = lnqe − Ks1t (3)

 
t

qt
= 1

Ks2q2
e

+ 1
qe

t (4)

 qt = Kpt0,5 + C  (5)

where qe (mg/g) is adsorption capacity (mg/g), qt (mg/g) 
is adsorption capacity at any given time, t (min) is time, 
Ks1 (1/min) is the pseudo-first-order rate constant, Ks2 (g/
mg min) is the pseudo-first-order rate constant, Kp (mg/g 
min2) is the intraparticle diffusion constant and C (mg/g) 
is a constant that indicates the adsorption process layer 
thickness.
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Adsorption isotherms
The adsorption isotherm describes the equilibrium dis-
tribution between two phases. In an attempt to correlate 
with the experimental results, the Freundlich isotherm 
model in Eq.  (6) [32], the Langmuir isotherm model in 
Eq. (7) [33], and the D-R isotherm model in Eq. (8) [34] 
were used.

 
lnqe = lnKF + 1

n
lnCe (6)

 

1
qe

= 1
qmax

+
[

1
qmaxKL

]
1

Ce
 (7)

 lnqe = lnqmax − β ϵ 2  (8)

ε is defined as:

 
ϵ = RT ln [ 1 + 1

Cϵ
] (9)

where qe (mol/g) is the adsorption capacity, and qmax 
(mol/g) is the maximum adsorption capacity, Ce (mol/L) 
is the dye concentration at equilibrium, KF (L/g) is the 
Freundlich isotherm constant, KL (L/mol) is the Lang-
muir isotherm constants, β (mol2/kJ2) is the constants 
related to adsorption energy, ε (kJ/mol) is the adsorp-
tion potential, T (K) is the absolute temperature and R 
(8.314 J/mol K) is gas constant.

To minimize the error distribution between the calcu-
lated theoretical model correlations and the experimental 
data, the Chi-square statistic (χ²), the hybrid fractional 
error (HYBRID), and the sum of the absolute errors 
(EABS) functions were employed to identify the kinetic 
and isotherm models that best matched the data [35–36].

 
χ 2 =

∑ n

i=1

(qe,exp − qe,cal)2

qe,cal
 (10)

 
HY BRID =

∑
n
i=1

[
(qe,exp − qe,cal)2

qe,exp

]

i

 (11)

 EABS =
∑ n

i=1
|qe,exp − qe,cal|i (12)

where qe, exp is experimental adsorption capacity, qe, cal is 
calculated adsorption capacity, and n is study data.

Thermodynamic parameters
By examining the effect of temperature on adsorption 
processes, it can be understood whether the process 
takes heat (endothermic) or gives heat (exothermic) 
and the most efficient temperature conditions can be 

determined accordingly [27]. Thermodynamic parame-
ters reveal whether adsorption occurs spontaneously and 
the interaction strength between the adsorbent and the 
adsorbate [28]. Three parameters, enthalpy change (∆H°), 
Gibbs free energy (∆G°) and entropy change (∆S°) were 
studied to evaluate the thermodynamic properties of the 
adsorption process. Thermodynamic parameters were 
calculated with the following equations [37]:

 ∆ G
◦

= −RTlnKL (13)

 
lnKL = −∆ H

◦

RT
+ ∆ S

◦

R
 (14)

where ∆G° (kJ/mol) is Gibbs free energy, R (8.314  J/
mol K) is gas constant, T (K) is temperature, KL (L/
mol) is the Langmuir isotherm constants, ∆H° (kJ/mol) 
is the enthalpy change and ∆S° (kJ/mol K) is the entropy 
change.

Wastewater
The natural wastewater was collected from the wastewa-
ter of factories in the Corum-organized industrial zone. 
It is a mixture of chemical and metallic waste materials 
from various factories operating in various types of pro-
duction, including paper, fertilizer, textiles, and metal 
[38]. Combining dye with wastewater created a 25 mg/L 
dye solution. Adsorption conditions were chosen as the 
predetermined optimum conditions.

Results and discussion
Characterization of the adsorbent
The study’s pomegranate peel was characterized using 
XRD, BET, SEM, FT-IR, TGA, and zeta potential analysis.

XRD analysis
In Fig. 1(a), broad and low-intensity peaks were observed 
at 18.06°, 22.08° and 38.68° in the XRD pattern of pome-
granate peel. This shows that the pomegranate peel’s 
crystal structure was less, and there are mostly irregular 
amorphous regions. In Fig. 1(b), sharp and distinct peaks 
were observed at 21.84° and 38.65° in the XRD pattern of 
BBR’s adsorption with pomegranate peel. This change in 
the peaks means that BBR changes the surface proper-
ties of the pomegranate peel after adsorption and gives 
it a more regular structure [39]. In Fig. 1(c), distinct and 
sharp peaks were observed at 22.18° and 38.66° in the 
XRD pattern of VBR adsorption with pomegranate peel. 
The sharp peaks observed after VBR’s adsorption with 
pomegranate peel show that VBR binds to the pome-
granate peel during the adsorption process and forms 
a regular structure on the surface. Consequently, it was 
concluded that while the pomegranate peel exhibited an 
amorphous nature before adsorption, the presence of 
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more regular structures increased after adsorption with 
BBR and VBR, indicating that the adsorption process led 
to a significant structural transformation in the pome-
granate peel [40].

The crystallinity index is a measure that expresses the 
volumetric ratio of crystalline phase and the percentage 
of crystalline material in a sample and is also directly 
related to the average size, structural regularity, and per-
fection of crystals [41]. The formula used in the calcula-
tion of crystallinity index (CrI) is [42]:

 
CrI% = It − Ia

It
 (12)

where It is the total intensity and Ia is the amorphous 
intensity. Accordingly, in the calculation made based on 
XRD analysis, the crystallinity index of the pomegranate 
peel before adsorption was 102.15%, and the crystallin-
ity index of the pomegranate peel after adsorption with 
BBR and VBR was 124.91% and 127.87%, respectively. 
The increase in crystallinity observed for both dyes is 
attributed to the interactions between the dye molecules 

and the adsorbent matrix, resulting in the formation of a 
more regular structure at the molecular level [43].

BET analysis
The calculated BET surface area was 4.414 m²/g, the mea-
sured pore radius was 1306.69 Å, and the total pore was 
6.118 10− 1 cc/g. The BET surface area of 4.414 m²/g indi-
cateds a large surface area (Table 2). A high surface area 
means the material can have a high adsorption capacity. 
In other words, this material can adsorb more substances 
on its surface. The pore radius of 1306.69 Å indicates that 
the pomegranate peel has large pores. This shows that 
the pomegranate peel has a macroporous (large porous) 
structure [44]. Large porous materials allow gases or liq-
uids to enter and exit more easily. The total pore amount 
indicated that the pomegranate peel can hold 6.118 10− 1 

Table 2 BET analysis results of pomegranate peel
BET surface area (m2/g) 4.414
Average pore radius (Å) 1306.69
Total pore volume (cc/g) 6.118 10− 1

Fig. 1 XRD patterns of (a) pomegranate peel, (b) BBR after adsorption with pomegranate peel, (c) VBR after adsorption with pomegranate peel
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cc/g volume in its pores. This supports the porous struc-
ture and adsorption capacity of the material.

SEM analysis
The pomegranate peel used in this study was analyzed 
with an SEM to examine its morphology. The SEM 
image of the fracture surface of the unloaded adsorbent 
is shown in Fig.  2(a), revealing the porous structure of 
the adsorbent. There are some gaps on the outer surface 
of the adsorbent that can receive dye molecules. Fig-
ures 2(b) and 2(c) belong to BBR and VBR, respectively, 
adsorbed on the surface of pomegranate peel. The differ-
ences in the pomegranate peel’s initial surface morphol-
ogy and the dye’s surface morphology after adsorption 
confirm the presence of dye molecules on the adsorbent. 
SEM analysis shows that pomegranate peel has a porous 
and rough surface. This rough structure enables liquids 
to be more evenly distributed on the surface, thereby 
increasing the adsorption capacity [45]. These results 

support the effectiveness of using pomegranate peel as an 
adsorbent.

FT-IR analysis
The functional groups of the adsorbent involved in the 
dye removal process can be better understood using 
FT-IR spectrum analysis, as is well known. The FT-IR 
spectra of pomegranate peel and BBR and VBR following 
adsorption with pomegranate peel were compared, and 
the results are shown in Fig.  3. The FT-IR spectrum of 
the adsorbent (Fig.  3a) before decolorization exhibiteds 
a broad absorption band centered at 3275  cm− 1, corre-
sponding to its O-H stretching vibration of the adsorbent. 
It corresponds to a C-H stretch of around 2935 cm− 1. It 
may correspond to a C = O stretch at around 1717 cm− 1 
and a C-O stretch 1230  cm− 1. The peak around 
1021 cm− 1 may give the CH2-O group. After the adsorp-
tion of BBR (Fig. 3b), the bands at 3275, 2935, 1230, and 
1021 cm− 1 on the immobilized adsorbent shifted to 3294, 
2917, 1168, and 1029 cm− 1, respectively, and the bands at 

Fig. 3 FT-IR spectrum of pomegranate peel (a) before adsorption, (b) after adsorption with BBR, and (c) after adsorption with VBR

 

Fig. 2 SEM pictogram of (a) pomegranate peel, (b) BBR-loaded pomegranate peel and (c) VBR-loaded pomegranate peel
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1717 and 1607 cm− 1 disappeared. The shift to 3294 cm⁻¹ 
indicated that BBR may have interacted with the O-H 
groups on the surface. 1717 and 1607  cm− 1 bands may 
indicate that carbonyl groups interacted with BBR during 
adsorption. After the adsorption of VBR (Fig. 3c), 3275, 
2935, 1717, 1607, and 1021 cm− 1 bands on the immobi-
lized adsorbent shifted to 3325, 2919, 1732, 1616, and 
1015  cm− 1, respectively. 3325  cm− 1 shift indicates that 
VBR interacts with O-H groups after adsorption. 1732, 
1616 cm− 1 shift may indicate that VBR interacts with car-
bonyl groups on the surface. These results indicated that 
the functional groups on the surface of the pomegranate 
peel interact with BBR and VBR after adsorption, result-
ing in stable adsorption on the surface of the adsorbent. 
This showed that no organic compound is dissolved in 
the solution and that there is no leakage from the surface 
of the pomegranate peel.

TGA analysis
The thermal behavior of the pomegranate peel occurred 
in a nitrogen atmosphere at a heating rate of 10  °C/min 
and between 30 and 490  °C. Figure  4 shows the TGA 
curves of pomegranate peel. Accordingly, the sample’s 
thermal weight loss is 14% mass loss in the 30–171.55 °C 
temperature range. The mass loss observed in this 
temperature range was due to the evaporation of the 

pomegranate peel. Pomegranate peel lost 39% of its 
mass at 294.25  °C. In this temperature range, cellulose, 
hemicellulose, and phenolic compounds found in pome-
granate peel may begin to decompose. The mass loss of 
pomegranate peel continues in the temperature range of 
350–490 °C, but a less steep decline is observed. This sug-
gests that the thermal degradation of the more resistant 
components of the pomegranate peel, such as lignin [46], 
was a contributing factor. At around 500  °C, the pome-
granate peel lost approximately 62% of its mass. Accord-
ing to these results, the pomegranate peel is thermally 
stable up to 171.55 °C.

Zeta potential
The zeta potential value of pomegranate peel was − 18.4 
mV (± 8.73 mV). The zeta potential value of BBR after 
adsorption with pomegranate peel was found to be -19.5 
(± 59.5 mV), and the zeta potential value of VBR after 
adsorption with pomegranate peel was found to be -14.1 
mV (± 90.2 mV). The zeta potential value of the pome-
granate peel after adsorption with BBR showed a slight 
decrease. This indicates that the negative charge on the 
surface increased after adsorption, and BBR bound to 
the surface, affecting the surface charge. The zeta poten-
tial value of pomegranate peel increased after adsorption 
with VBR. This change indicates that VBR binds to the 

Fig. 4 Thermogravimetric curve of pomegranate peel
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surface of the pomegranate peel and partially neutralizes 
the negative charge density on the surface [47].

According to zetasizer results, the particle size of 
pomegranate peel was 5.526  μm, and the polydispersity 
index was0.7960. This value showed that pomegranate 
peel particles tend to form large clusters in solution. This 
indicates low stability and needs better surface charge or 
chemical modification stabilization. After the adsorp-
tion of BBR with pomegranate peel, the particle size 
was 5.653  μm, and the polydispersity index was 1.000. 
This can be explained by the accumulation of BBR mol-
ecules on the surface of the pomegranate peel during the 
adsorption process, along with a slight increase in parti-
cle size. The increase in the polydispersity index suggests 
that the particles were heterogeneous and that stabil-
ity issues may arise. After the adsorption of VBR with 
pomegranate peel, the particle size was 4.051 μm, and the 
polydispersity index was 0.215. It was observed that the 
particle sizes became more homogeneous after adsorp-
tion; however, a surface structure was formed in which 
both large and small particles coexisted [42].

Adsorption studies in batch system
The optimal conditions for adsorbing pomegranate 
peel and dyestuffs in a batch system were identified by 

considering pH, the amount of adsorbent, contact time, 
the concentrations of BBR and VBR, and the impact of 
salt.

Effect of pH
In the pH = 2–10 range, the impact of pH on the adsorp-
tion of BBR and VBR with pomegranate peel was exam-
ined. 25  mg/L dye solutions were prepared. 0.1  mol/L 
HCl and 0.1 mol/L NaOH solutions were used to adjust 
the pH of the dye solutions. It was taken from the pH-
adjusted dye solutions in 25 mL volume and contacted 
with 0.1  g of adsorbent for 60  min. At 3000 RPM, the 
solid and supernatant were separated by centrifugation. 
Then, the quantitative determination of the supernatant 
and dye solutions was carried out using a UV spectro-
photometer at the maximum wavelength (λmax = 586 nm 
for BBR and λmax = 615 nm for VBR).

As shown in Fig. 5(a), the maximum adsorption capac-
ity of BBR dye was reached at pH 2. After pH 2, it was 
observed that the adsorption capacity decreased. The 
surface of the adsorbent becomes positively charged at 
acidic pH levels. The adsorbent surface, surrounded by 
positive ions, and the BBR dyestuff, loaded with nega-
tive ions, interact electrostatically. As the pH increases, 
the adsorption capacity decreases due to the increase of 

Scheme. 1 Experimental flow chart of the adsorption of BBR and VBR with pomegranate peel
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OH- ions around the pomegranate peel. According to the 
results, the optimum pH was determined to be 2. When 
the pH of the VBR solution was altered between 2 and 
5, it is observed that the adsorption capacity increases 
and then remains nearly constant. The original pH of the 
dye solution was found to be 6.8. Therefore, the origi-
nal pH (pH 6.8) of the VBR solution was determined as 
the optimum pH. Having three amine groups, VBR was 
positively ionized in a strongly acidic environment. At 
acidic pH values, the adsorption capacity was low due to 
competition between VBR ions and H3O+ ions. At a basic 
pH, since the surface of the adsorbent was surrounded 
by negative charges, the electrostatic attraction force 
between the adsorbent and the dye solution increases. 
Thus, the capacity was observed to increase.

Effect of adsorbent amount
The effects of the adsorbent amount were investigated 
in the range of 0.02–0.10 g and 0.04–0.15 g for BBR (pH 
2) and VBR (original pH), respectively. For this purpose, 

25 mL of 25 mg/L dye solutions were taken from each of 
the two dyes.The adsorption studies were conducted for 
60 min at a mixing speed of 250 RPM at the optimum pH 
of the dye solutions. After adsorption, the liquid and solid 
components were separated, and the concentrations of 
each component were quantified using a UV spectropho-
tometer. Figure 5(b) shows that for both dyes, the adsorp-
tion capacity rises as the amount of adsorbent increases. 
This condition can be explained by adsorption increas-
ing with surface area and staying constant at saturation. 
The optimum adsorbent amounts were determined to be 
0.08 g and 0.15 g for BBR and VBR, respectively.

Effect of contact time
The contact time study of adsorption was conducted in 
the range of 5 to 90 min by adding 0.08 g and 0.15 g of 
pomegranate peel to of BBR (pH 2) and VBR (original 
pH) solutions, respectively. For this purpose, 25 mL of 
25 mg/L dye solutions were taken from each of the two 
dyes. It was observed that the adsorption equilibrium 

Fig. 5 Effect of pH (a), adsorbent amount (b), contact time (c) and salt (d) on the adsorption of BBR (▲) and VBR(●) with pomegranate peel
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was established within a short time, such as 20 min, for 
both dyes. Figure  5(c) illustrates the impact of contact 
time on the adsorption of BBR and VBR onto pomegran-
ate peel. The adsorption processes of BBR and VBR with 
pomegranate peel are presented in Scheme 1.

Effect of salt
Wastewater usually contains high concentrations of salt, 
depending on its source. To investigate how other ions 
affect the adsorption efficiency in a natural wastewater 
environment, BBR and VBR solutions containing NaCl 
at concentrations ranging from 0.02 to 0.20 mol/L were 
prepared. The adsorption conditions of BBR are as fol-
lows: concentration, 25 ppm; solution volume, 25 mL; 
adsorbent amount, 0.08  g; pH, 2; temperature, 25  °C; 
and contact time, 20  min. 25 mL, 25  mg/L VBR adsor-
bent amount: 0.15 g, original pH, contact time: 20 min. 
The adsorption conditions of BBR were concentra-
tion 25 mg/L, solution volume 25 mL, 0.08 g adsorbent 
amount, pH 2; T 25 °C; contact time 20 min. The adsorp-
tion conditions of VBR were concentration 25  mg/L, 
solution volume 25 mL, 0.15 g adsorbent amount, origi-
nal pH; T 25  °C; contact time 20  min. BBR and VBR 
concentrations were determined using a UV spectropho-
tometer. Figure 5(d) illustrates the impact of NaCl salt on 
the adsorption of BBR and VBR using pomegranate peel. 
It was shown that neither dye was considerably impacted 
by the salt effect when NaCl salt was present.

Adsorption kinetics
Three distinct kinetic models were employed to gain 
a deeper understanding of the dynamics and control of 
the adsorption processes, and the time-dependent data 
acquired for the adsorption of pomegranate peel, BBR, 
and VBR dyes were utilized. A plot of ln(qe-qt) versus t 
was plotted using the pseudo-first-order kinetic model 
given in Eq.  (3). KS1 and qe values were found from the 
slope and intercept of the graph, respectively. A plot of 
t versus t/qt was plotted using the pseudo-second-order 
kinetic model given in Eq.  (4). qe and KS2 values were 
found from the slope and intercept of the graph, respec-
tively. A plot of t0.5 versus qt was plotted using the intra-
particle diffusion model given in Eq. 5. Kp and C values 
were found from the slope and intercept of the graph, 
respectively. According to the values obtained, the equa-
tion constants, R², χ², HYBRID, and EABS values are pre-
sented in Table 3.

According to Table 3, the pseudo-second-order kinetic 
model’s correlation coefficients (R2) are 0.9998 for BBR 
and 0.9999 for VBR. When the theoretical and experi-
mental qe values were compared, respectively, 4.270 
(mg/g) and 4.228 (± 0.05745) (mg/g) for BBR, 3.744 
(mg/g) and 3.728 (± 0.001178) (mg/g) for VBR were 
found. Given that the R2 values for both dyes are close to 
1, the qe values discovered both theoretically and experi-
mentally are also close to one another, and the error val-
ues of χ², HYBRID and EABS are also very low. Therefore, 
it can be concluded that the adsorption of both dyes with 
pomegranate peel obeys the pseudo-second-order kinetic 
model. The graph of the pseudo-second-order kinetic 
model is given in Fig. 6.

Adsorption isotherm
The adsorption isotherms examine the equilibrium con-
ditions of adsorbents on an adsorbent surface. BBR and 
VBR adsorption data with pomegranate peel were evalu-
ated at 4 °C, 25 °C, and 45 °C using the Freundlich, Lang-
muir, and D-R isotherm models. A plot of lnqe versus 
lnCe was plotted using the Freundlich isotherm model 
given in Eq.  (6). n and KF values were found from the 
slope and intercept of the graph, respectively. A plot of 
Ce

−1 versus qe
−1 was plotted using the Langmuir isotherm 

model given in Eq.  (7). KL and qmax values were found 
from the slope and intercept of the graph, respectively. A 
plot of ε2 versus lnqe was plotted using the D-R isotherm 
model given in Eq.  8. β and lnqmax values were found 
from the slope and intercept of the graph, respectively. 
According to the values obtained, the equation con-
stants, R², χ², HYBRID, and EABS values are presented in 
Table 4.

According to the obtained isotherm data, the Lang-
muir model showed the highest fit values for both BBR 
and VBR dyes at all three temperatures. The coefficient 

Table 3 Kinetic parameters for adsorption of BBR and VBR with 
pomegranate Peel

BBR VBR
Pseudo-first-order kinetic model
R2 0.9215 0.6870
χ² 0.0193 0.1321
HYBRID 0.0202 0.1453
EABS 0.4893 1.470
Ks1 (1/min) 0.05113 0.05664
qe (mg/g) 0.6400 0.5590
Pseudo-second-order kinetic model
R2 0.9998 0.9999
χ² 0.007610 0.004691
HYBRID 0.007678 0.004629
EABS 0.4212 0.2713
Ks2 (g/mg min) 0.1518 0.2118
qe (mg/g) 4.270 3.744
Intraparticle diffusion model
R2 0.8765 0.6884
χ² 0.01299 0.05339
HYBRID 0.01293 0.05407
EABS 0.5390 1.0001
Kp (mg/g min2) 0.08608 0.09066
C (mg/g) 3.480 2.969
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Table 4 Isotherm constants for adsorption of BBR and VBR with pomegranate Ppeel at different temperatures
Dye T (°C) Freundlich isotherm model

R2 χ² HYBRID EABS KF (L/g) n
BBR 4 °C 0.4130 1.940 10− 5 3.920 10− 5 3.010 10− 5 3.140 10− 4 3.805

25 °C 0.6291 6.030 10− 6 7.500 10− 6 1.530 10− 5 1.150 10− 4 5.958
45 °C 0.7716 3.990 10− 6 5.580 10− 6 1.620 10− 5 3.300 10− 4 3.747

VBR 4 °C 0.6853 9.520 10− 5 7.700 10− 5 1.460 10− 4 2.047 10− 2 1.660
25 °C 0.8849 2.640 10− 5 3.270 10− 5 8.260 10− 5 1.188 10− 1 1.287
45 °C 0.7406 7.150 10− 5 5.910 10− 5 1.130 10− 4 2.2778 0.9908

Dye T (°C) Langmuir isotherm model
R2 χ² HYBRID EABS KL (L/mol) qmax (mol/g)

BBR 4 °C 0.9548 2.420 10− 5 4.510 10− 5 3.630 10− 5 1.501 105 3.070 10− 5

25 °C 0.9255 2.880 10− 6 3.310 10− 6 1.100 10− 5 3.367 105 2.470 10− 5

45 °C 0.9175 1.560 10− 6 1.950 10− 6 8.440 10− 6 6.685 104 3.450 10− 5

VBR 4 °C 0.9536 8.930 10− 5 7.200 10− 5 1.460 10− 4 2.090 104 1.040 10− 4

25 °C 0.9577 2.590 10− 5 3.290 10− 5 7.810 10− 5 4.858 103 2.820 10− 4

45 °C 0.9440 7.140 10− 5 5.990 10− 5 1.150 10− 4 6.581 102 3.197 10− 3

Dye T(°C) D-R isotherm model
R2 χ² HYBRID EABS qmax (mol/g) β (mol2/kj2)

BBR 4 °C 0.8149 1.990 10− 5 4.000 10− 5 3.110 10− 5 8.000 10− 5 2.320 10− 9

25 °C 0.6619 5.660 10− 6 6.880 10− 6 1.470 10− 5 4.760 10− 4 1.280 10− 9

45 °C 0.8001 3.540 10− 6 4.840 10− 6 1.500 10− 5 9.030 10− 5 1.940 10− 9

VBR 4 °C 0.9361 9.350 10− 5 7.440 10− 5 1.450 10− 4 9.560 10− 4 5.560 10− 9

25 °C 0.8820 2.640 10− 5 3.270 10− 5 7.930 10− 5 2.637 10− 3 6.430 10− 9

45 °C 0.7423 7.060 10− 5 5.850 10− 5 1.130 10− 4 1.068 10− 2 6.780 10− 9

Fig. 6 Pseudo-second-order kinetic plot of BBR (▲) and VBR (●) for adsorption with pomegranate peel (Conditions: For BBR, dye concentration = 25 
ppm; adsorbent amount = 0.08  g; pH = 2; T = 25  °C ± 1  °C; contact time: 20  min. For VBR, dye concentration = 25  mg/L; adsorbent amount = 0.15  g; 
pH = original pH; T = 25 °C ± 1 °C; contact time: 20 min)
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of determination (R²) of the Langmuir model for the BBR 
dye was obtained as 0.9548 at 4 °C, 0.9255 at 25 °C, and 
0.9175 at 45  °C, respectively. The R² values for the VBR 
dye were 0.9536 at 4  °C, 0.9577 at 25  °C, and 0.9440 at 
45  °C, showing a very high correlation. In addition, the 
error parameters χ², HYBRID, and EABS of the Langmuir 
model were found to be lower compared to the other iso-
therm models. This reveals that monolayer and homo-
geneous surface adsorption is the most suitable model 
for all temperatures examined and for both dye types. 

Figure  7 shows the Langmuir isotherm graphs at 4, 25, 
and 45 °C for both dyes.

Adsorption thermodynamics
The thermodynamic parameters of adsorption of BBR 
and VBR with pomegranate peel were evaluated by ana-
lyzing ∆G°, ∆H°, and ΔS°. KL was used as the equilibrium 
constant. 1/T was plotted against lnKL. Thermodynamic 
data, calculated using the slope and intercept of the 
graph, are presented in Table 5.

According to the data in Table 5, since the ΔH° obtained 
for both dyes is negative, the adsorption of BBR and VBR 
with pomegranate peel was exothermic. The negative 
ΔG° values obtained indicate that the adsorption of both 
dyes was a spontaneous process [48]. The ∆S° obtained 
for BBR was positive. This means that the disorder of 
the system increases, i.e., the entropy increases with 
the dispersion of dyes on the surface during adsorption 
[48]. The ∆S° obtained for VBR was negative. Entropy 
decreases, indicating that the dye forms a more regular 

Table 5 Thermodynamic parameters for BBR and VBR adsorption 
by pomegranate peel
Dye T (°C) ∆H° (kJ/mol) ∆S° (kJ/mol K) ∆G° (kj/mol)
BBR 4 °C -1.308 104 55.02 -2.833 104

25 °C -1.308 104 55.02 -2.949 104

45 °C -1.308 104 55.02 -3.059 104

VBR 4 °C -6.135 104 -137.6 -2.322 104

25 °C -6.135 104 -137.6 -2.033 104

45 °C -6.135 104 -137.6 -1.758 104

Fig. 7 Langmuir isotherm graph of the adsorption of BBR(▲) and VBR (●) with pomegranate peel (a) T = 4 °C, (b) T = 25 °C, (c) T = 45 °C (Conditions: for 
BBR, dye concentration = 25 ppm; adsorbent amount = 0.08 g; pH = 2; T = 4, 25, 45 °C; contact time: 20 min. For VBR, dye concentration = 25 mg/L; adsor-
bent amount = 0.15 g; pH = original pH; contact time: 20 min)
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structure during adsorption and settles on the adsorbent 
surface in a more organized manner [49]. (Fig. 8)

Adsorption mechanism
According to FT-IR analyses, the shifts observed in the 
characteristic peaks (especially in O–H, C = O, and 
CH2–O groups) after adsorption indicate that the func-
tional groups on the pomegranate peel surface actively 
interact with the dye molecules. The interaction of 
hydroxyl and carbonyl groups with the dyes, in particu-
lar, suggests that covalent bonding may also be possible, 
in addition to hydrogen bonding. SEM images reveal the 

change in surface morphology of the pomegranate peel 
after adsorption, confirming that the dyes are successfully 
bound to the surface. XRD analyses reveal an increase 
in crystallinity after adsorption, indicating the forma-
tion of a more regular surface structure. Additionally, 
zeta potential analyses reveal a change in surface charges 
before and after adsorption, indicating an electrostatic 
attraction between the negatively charged surface of the 
pomegranate peel and the cationic VBR dye. In con-
trast, for BBR, attraction or repulsion forces may play a 
role depending on the pH conditions. Kinetic studies 
indicate that both dyes follow the pseudo-second-order 

Fig. 9 Effect of adsorbent amount (a) and flow rate (b) on the adsorption of BBR (▲) and VBR (●) with pomegranate peel in a continuous system

 

Fig. 8 Langmuir isotherm graph of the adsorption of BBR(▲) and VBR (●) with pomegranate peel
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kinetic model, suggesting that adsorption occurs through 
chemical interactions (chemisorption). The high correla-
tion coefficients (R²>0.999) and low error parameters (χ², 
HYBRID, and EABS) obtained support this mechanism. 
In addition, the Langmuir isotherm model, which shows 
the best fit at all temperatures, indicates that adsorption 
occurs as a monolayer on a homogeneous surface. When 
all these findings are evaluated together, it can be con-
cluded that the adsorption of BBR and VBR dyes onto 
pomegranate peel occurs primarily through chemical 
adsorption (chemisorption), a process supported by elec-
trostatic attraction, functional group interactions, and 
π–π interactions of aromatic structures [50].

Determination of the most suitable conditions for 
adsorption in the continuous system
The study investigated the effect of adsorbent quantity 
and flow rate on the adsorption of pomegranate peel 
onto BBR and VBR in a continuous system.

Amount of adsorbent
2 mL ejectors were selected for the column system to 
study the adsorption effectiveness of BBR and VBR. A 
flow rate of 0.1 mL/min was used to pass the BBR and 
VBR solutions through the column. UV spectrophotom-
etry was used to determine the concentration of BBR 
and VBR in the solution exiting the column. Figure 9(a) 
shows the effect of the adsorbent amount on the adsorp-
tion of BBR and VBR using pomegranate peel in a contin-
uous system. The amount of adsorbent for both dyestuffs 
was found to be 0.15 g. The removal percentage remained 
constant as the amount of adsorbent increased.

Effect of flow rate
The dye solutions were run through the column at vary-
ing rates, ranging from 0.1 to 0.4 mL/min, to test the 
impact of flow rate in a continuous system. Figure  9(b) 
illustrates the impact of flow rate on the adsorption of 
BBR and VBR using pomegranate peel in a continu-
ous system. Despite a slight reduction, the adsorption 

Table 6 Comparison of pomegranate Peel and other adsorbents in BBR and VBR removal
Dye Adsorbent Experimental conditions Removal% Ref
BBR nigella sativa C0 = 25 mg/L;

V = 50 mL;
m = 0.5 g;
t = 60 min

≈ 70%  [1]

BBR porous nanocrystalline cobalt ferrite C0 = 25–200 mg/L
pH = 1.79
m = 0.1 g

93%  [11]

BBR α-chitin nanoparticles C0 = 5–50 mg/L
pH = 10
t = 25 min

91%  [12]

BBR wheat bran C0 = 10 mg/L
pH = 2
m = 0.1 g
t = 30 min

95.70%  [14]

BBR apricot stone C0 = 20 mg/L
pH = 2

39.55%  [15]

BBR pomegranate peel C0 = 25 mg/L
V = 25 mL
m = 0.08 g
pH = 2
t = 20 min

90.38% This work

VBR calcined eggshell C0 = 50 mg/L
pH = 5.62
m = 2.0 g/L
t = 5 min

97%  [17]

VBR bone meal and chitosan biocomposite C0 = 3.00 g/L
V = 50 mL
m = 3.00 g/L
pH = 6
t = 15 min

98.69%  [18]

VBR pomegranate peel C0 = 25 mg/L
V = 25 mL
m = 0.15 g
pH = original pH
t = 20 min

100% This work
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capacity remained relatively unchanged as the flow rate 
increased.

Wastewater applications
Utilizing natural wastewater is crucial in demonstrating 
the study’s suitability for natural environmental condi-
tions and illustrating how adsorption can be applied in 
industrial settings. For this purpose, adsorption stud-
ies were conducted in the factory’s natural wastewater 
environment under the optimal conditions of the batch 
system. 25 mg/L of BBR and VBR were added to the sam-
ple from the textile factory effluent. Optimum adsorp-
tion conditions (for BBR: pH 2, 0.08 g of adsorbent, and 
20 min contact time; for VBR: 0.15 g of adsorbent at the 
original pH and 20 min contact time) were investigated. 
90.38% of BBR and 100% of VBR were removed from 
wastewater.

Table  6. compares the dye removal performance of 
pomegranate peel with the removal results of BBR and 
VBR with different adsorbents. Pomegranate peel is a 
very effective adsorbent with a removal efficiency of 
90.38% for BBR. Pomegranate peel, when compared to 
other adsorbents, showed a performance close to α-chitin 
nanoparticles [12], although not as much as cobalt ferrite 
[11] and wheat bran [14]. However, it produced much 
more successful results than nigella sativa [1] and apricot 
stone [15]. Higher removal can be achieved by modify-
ing the pomegranate peel to remove BBR. Pomegranate 
peel was the most effective adsorbent for VBR, providing 
100% removal. Pomegranate peel provided the maximum 
removal for VBR dye, although other adsorbents, such as 
calcined eggshell [17] and bone meal-chitosan biocom-
posite [18], also had very high removal percentages.

Conclusion
In this study, the removal of BBR and VBR dyes from 
aqueous solutions using pomegranate peel was inves-
tigated. Characterization studies (XRD, SEM, BET, 
FT-IR, TGA and zeta potential analyses) showed that 
pomegranate peel has high adsorption capacity in 
terms of surface morphology, surface area, and func-
tional groups. In kinetic analyses, it was observed that 
the pseudo-second-order kinetic model provided the 
best fit for both dyes. This shows that chemical adsorp-
tion is the dominant mechanism. Adsorption processes 
were conducted at various temperatures, and the results 
were evaluated using three different isotherm models. 
The obtained data showed that the Langmuir isotherm 
model was the most suitable model for both dyes at all 
temperatures (R²>0.91). According to the Langmuir 
model, the maximum adsorption capacities were found 
to be 6.685 10− 4 mol/g for BBR and 3.197 10− 3 mol/g for 
VBR. When thermodynamic parameters were examined, 
it was determined that adsorption was an exothermic 

and spontaneous process for both dyes. For BBR adsorp-
tion, ΔH° -1.308 kJ/mol and ΔG° -3.059 10⁴ kJ/mol were 
obtained; for VBR adsorption, ΔH° -6.135  kJ/mol and 
ΔG° -1.758 10⁴ kJ/mol were found. As a result, pome-
granate peel was evaluated as a low-cost, environmentally 
friendly, and effective adsorbent, demonstrating that it 
offers a sustainable alternative for removing textile dyes. 
The used adsorbent can be disposed of through con-
trolled incineration, minimizing environmental impacts, 
or utilized as a filling material in the construction sector. 
In this way, it can contribute to environmental sustain-
ability in terms of waste management.
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