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Highlights

e DPotato peel can be used as an effective material for the adsorption of harmful substances such as
Malachite Green.

¢ The adsorption isotherm reveals a nonlinear relationship between Malachite Green and potato peel,
indicating its effective adsorption.

e Kinetic studies demonstrate that the adsorption of Malachite Green onto potato peel is fast and

efficient.
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ABSTRACT: Potato peels (PPs) were utilized for removal of malachite green (MG) from aqueous
solutions. The adsorbent underwent characterization through attenuated total reflection fourier transform
infrared spectroscopy (ATR-FTIR), Scanning electron microscope (SEM), point zero charge (pHrzc) X-Ray
diffraction (XRD), and Energy dispersive X-ray spectroscopy (EDX). The removal of MG was found to be
significantly influenced by pH, temperature, contact time, and initial concentration. Temperature and
particle size were determined to have lesser influence compared to other factors. The adsorption process
lasted for 120 minutes, with rapid removal occurring within the first 60 minutes. Adsorption kinetics were
analyzed using the Elovich, pseudo first order, and pseudo second order models. The pseudo second order
model was found to be more suitable for the kinetic study. Isotherm modeling was conducted using the
Temkin, Freundlich, and Langmuir isotherms. Due to the exothermic nature of the study, the Freundlich
and Langmuir models were found to be highly compatible. The maximum adsorption capacity was
determined as 37.8 mg/g at 41°C. ATR-FTIR analysis revealed the involvement of hydroxide and carbonyl
groups in the adsorption process. Overall, this study concluded that PPs is promising adsorbent for
removal of MG from aqueous solutions.
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1. INTRODUCTION

The effluent waste stream from dyeing processes alters water chemistry, damaging aquatic
ecosystems. In the past few years, significant damage has been caused by this untreated discharge, which
comprises 10-15% of the dyes in the effluent from paper, textile production, leather tanning, food
processing industries, and various dyes used in hair colouring products [1]. Dyes are dangerous
contaminants as they are toxic, mutagenic, carcinogenic, and non-degradable, and they tend to remain
stable in the environment for an extended period [2].

MG is a synthetic triphenylmethane dye that is classified as cationic dye and has the feature of being
very water-soluble. MG is often used as a disinfectant in the fish farming sector and in animal husbandry,
as an antiseptic and fungicidal agent in humans, and to suppress fungal assaults and protozoan diseases
in aquaculture [3]. MG is also frequently used in the cotton, silk, wool, paper, and leather dyeing industries
[4]. Despite being widely used in both medicinal and industrial settings, MG has negative impacts on
human health and harms the environment. The harmful effects of MG include teratogenesis,
carcinogenesis, and mutagenesis, which result in reproductive, immunological, and brain system damage
as well as respiratory illnesses [5]. Additionally, the release of MG into the hydrosphere alters
photosynthetic activity and lowers sunlight penetration while producing noticeable colouration even at
low MG concentrations. The removal of MG from industrial effluents before release into the aquatic
environment is therefore becoming an increasing problem [6].

Different methods have been proposed and tested to treat water and remove toxic compounds,
including adsorption, ozonation, ultrafiltration, flocculation and oxidation [7]. Among these techniques,
adsorption is considered the best approach as it offers several advantages compared to others. It is an
effective method with low energy consumption, simple operation, and capable of reducing the
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concentrations of dye and pharmaceuticals in polluted streams. Using materials with functionalized
surfaces is alternative to improve removal efficiency of adsorption for water treatment and purification
[8].

There are many studies in the literature related to potato peel [9-11]. These studies generally focus on
various industrial applications of potato peel. However, research on the adsorption of malachite green
dye by raw potato peel is quite limited. In particular, there is a lack of kinetic studies on the adsorption of
malachite green by raw potato peel [12]. Therefore, more detailed and comprehensive studies are needed
in this area. The results of these studies can reveal the potential of using potato peel in an environmentally
friendly way for the treatment of dyes. Research in this area is of great importance in terms of the disposal
of industrial waste and the reduction of environmental pollution.

The objective of this study was to determine capacity of raw adsorbent to adsorb MG. PPs with
varying pore sizes were used as the adsorbent. The study investigated various parameters such as particle
size, pH, temperature, contact time, and initial concentration. The data obtained from the study were
applied to different kinetic and isotherm models to determine results.

2. MATERIAL AND METHODS

Potatoes were purchased from the market located in the Eastern Anatolia Region of Turkey. After
being washed multiple times, they were peeled and left to dry in open air. The dried peels were then cut
into pieces by hand and shredded with a laboratory blender. The biosorbent was characterized using ATR-
FTIR, SEM, pHrzc, XRD and EDX.

During the experiment, we tested the adsorption isotherm at three distinct temperatures: 21°C, 31°C,
and 41°C. To conduct the test, we shook 0.05 g of PP (Particle size=0.5<PP<0.425). adsorbent with 50 mL
of MG (Figure 1) solution with varying initial concentrations (ranging from 10 to 50 mg/L). After three
hours of reaching equilibrium, we analyzed the concentration of MG via UV-Vis (616 nm). The adsorption
capacity of adsorbent was calculated through following equation:

Figure 1. Malachite green structure
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During the experiment, we conducted a kinetic study to determine the effects of varying initial MG
concentrations, temperatures, and particle sizes. To begin with, we mixed a constant adsorbent dose of 0.2
g/L with 200 mL of the MG solution at the desired initial concentration. The resulting mixture was then
agitated at a constant speed of 200 rpm for a set amount of time.

The particle size distribution analysis was performed on 100 grams of PP. The PP was washed, dried
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in open area, and then ground using a laboratory blender. Six types of Laboratory Test Sieves (ISO 3310-
1) ranging from 0.250 mm to 1 mm were used to pass the PP through. The weight of different particle sizes
was measured, and a graph was plotted to show the particle size versus the particle amount. The PP was
analyzed using ATR-FTIR analysis in Agilent Cary 630 Infrared Spectrophotometer equipped with a
spectrum range of 4000-500 cm!, resolution of 2 cm, and particle size of 0.5<PP<0.425 mm to observe
different functional groups. The XRD spectrum of the PP was analyzed in a PANalytical Empyrean with
a spectrum range of 10-80 20, X-ray generator of 4 kW, and particle size of 0.5<PP<0.425 mm to observe
crystallization. The SEM (scanning electron microscope model LEO-EVO 40) and EDX (energy dispersive
X-ray analysis model Bruker-125 eV) were used to determine the surface morphologies of raw and MG
adsorbed PP (particle size = 0.5<PP<0.425 mm).

3. RESULTS AND DISCUSSION
3.1. Characterization of PP

The functional groups in PP adsorbent were identified by analyzing its ATR-FTIR spectrum and its
characteristic vibrations. The analysis further supported the adsorption mechanism by demonstrating that
the vibrations of functional groups in adsorbents can change when they come into contact with cation ions
in dye through various interactions such as covalent bonding, complexation, electrostatic interactions, or
hydrogen bonding. The infrared spectra of PP adsorbent before and after adsorption are presented in
Figure 2 A.

The ATR-FTIR spectrum in Figure 2 A shows broad peak at 3270 cm, confirming presence of free and
O-H stretching vibrations of hydroxyl group within the hemicellulose, lignin, and cellulose in adsorbent
structure. The vibration observed at 2918 cm is attributed to stretching of the C-H bonds in methylene
groups and methyl found in adsorbent's polymers such as hemicellulose, lignin, and cellulose [2]. The
peak at 1618 cm™ indicates the presence of aromatic compounds in lignin components of adsorbent, and
is associated with C-O stretching vibration of ketones and aldehydes, as well as C=C stretching vibration
of benzene ring [13]. The peaks at 1021 cm™ and 1318 cm correspond to stretching vibrations of hydroxyl
and carboxylate group's C-O bonds, respectively, in hemicellulose, cellulose and lignin [14]. The 1409 cm-
1 peak corresponds to the OH bending vibration, whereas the peak at 1236 cm is attributed to stretching
vibration of the C-O-C bonds in aryl-alkyl ether linkages and deformation of phenolic OH plane in
hemicellulose and cellulose components of lignocellulosic structure of the adsorbent [15]. The 1021 cm!
vibrations can be attributed to primary amine functional groups present on the adsorbent surface, whereas
the vibration observed at 1137 cm™ may be linked to stretching of tertiary amine groups. [16].
Lignocellulosic materials contain hydroxyl and carboxylate groups that have been reported to interact
with metal ions during adsorption. There are noticeable changes in the frequency spectrum of the
adsorbent following adsorption. Some of the bands have an increase in intensity, with one of the most
prominent being the O-H, C-O stretching and bending vibrations. This observation provides further
evidence that these groups on the surface of the residue are indeed involved in the adsorption interactions
[17].
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Figure 2. A. ATR-FTIR spectrum of PPs B. XRD spectrum of PPs

XRD patterns of PPs are shown in Figure 2 B, which display the characteristic peaks of cellulosic
materials. The absence of sharp peaks confirms the amorphous nature of PPs. There are only four peaks
observed at approximately 14°, 18°, 21°, and 34°, corresponding to the reflection from the 101, 101, 200,
and 004 planes, respectively. These peaks indicate the structure's presence of hemicellulose, lignin, and
cellulose [18].
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Figure 3. A. Before MG adsorption of PPs B. After MG adsorption of PPs

Figure 3 A shows SEM micrograph of PP adsorbent, indicating presence of uneven crevices that likely
play significant role in transport of MG during adsorption. Figure 3 B illustrates the morphology of the
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structure following adsorption. It is evident that the structure, which previously had cracks, becomes
flatter after adsorption. The relative compositions of chemical elements present in an adsorbent can be
analyzed by utilizing energy-dispersive X-ray coupled with the SEM instrument. After analysis, the
carbon level has increased from 35.16 to 43.26, while the oxygen level has decreased from 61.17 to 54.84.
Furthermore, the changes in other elements are shown in Figure 3. EDX results provide evidence of
increased carbon, indicating that the structure effectively adsorbs MG.

3.2. Adsorption of MG

Figure 4 A illustrates the distribution of particle sizes. The weight of each class is depicted in relation
to the diameter of the particles. Three specific ranges of particle sizes have been chosen: < 0.25, 0.5-0.425,
and 1-0.85. The pH of aqueous solution is crucial factor that affects sorption of dyes. It influences
speciation of ions in the solution and, consequently, determines types of ions present at specific
concentrations of hydroxyl or hydrogen ions [19]. This, in turn, determines the effectiveness of adsorbents
in removing these ions. At a higher pH, PP was more effective in removing MG, as shown in Figure 4 C.
When the pH value of the aqueous solution is acidic, the removal efficiency was lower. This is because the
positively charged CV ions are repelled by the protonation of hydroxyl and carbonyl groups on the surface
of lignocellulosic material, which negatively affects the removal efficiency. However, as the pH increases,
the negatively charged surface of the lignocellulosic material changes its charge, making it easier to
remove positively charged CV ions from the water. This claim is supported by the analysis of pHpz, which
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was determined to be 6.35 (Figure 4 B, T=21°C, PP=0.05g, Conaci= 0.1 M, Particle size=0.5<PP<0.425),
indicating that surface of this adsorbent is positively charged below this pH.
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Figure 4. A. Particle size of PPs B. pHpzc of PPs C. Effect of pH on MG adsorption D. Effect of particle
size on MG adsorption E. Effect of temperature on MG adsorption F. Effect of contact time and initial
concentration on MG adsorption

Size of adsorbent particles greatly affects their capacity to adsorb pollutants. Increasing the particle
size usually leads to a decrease in adsorptive properties due to a reduced surface area. Conversely,
decreasing the particle size enhances adsorptive properties by increasing the surface area. However,
significantly reducing particle size may result in less efficient and environmentally friendly remediation
techniques. Drawbacks of extremely small particle sizes include reduced adsorbent yield and rigidity, as
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well as increased adsorption process costs [20]. Therefore, optimizing particle size is necessary for each
unique remediation case. To investigate this, MG batch adsorption experiments were conducted using
three particle sizes (1.00-0.850, 0.50-0.450, and 0.250- down mm). Figure 4 D (T=21°C, pH=5, C0=30 mg/L,
pp=0.05 g) displays removals of MB by three adsorbents at different particle sizes. It was observed that
the adsorption decreases as the particle size increases, compared to the adsorption at smaller particle sizes.
The removal efficiency of PP for MG from aqueous solutions was investigated at three different
temperatures: 21, 31, and 41°C. Figure 4 E shows the variation in adsorption capacity of PP for MG over
time at these temperatures (pH=5, Co=30mg/L, Particle size=0.5<PP<0.425). Initially, adsorption tended to
decrease as temperature increased. The adsorption capacity at low temperature in the first minute was 2.7
mg/g. However, it decreased to 1.5 mg/g with increasing temperature. Although the adsorption values
equalize over time, there are partial decreases in adsorption observed after 120 minutes at higher
temperatures. At 21°C, the adsorption amount was 11.4 mg/g, while at 41°C, it was 11.1 mg/g. This
indicates that the system undergoes an exothermic adsorption [21]. The decrease in adsorption at higher
temperatures may be attributed to increased thermal energy of system. As the temperature rises, the
kinetic energy of the adsorbate molecules also increases, leading to a greater tendency for desorption to
occur. This phenomenon is commonly observed in exothermic adsorption processes, where the release of
heat during adsorption can result in a decrease in adsorption capacity over time.

The adsorption of MG dye over time is shown in Figure 4 F. Initially, the adsorption was rapid, with
around 50% of the dye being adsorbed within the first 5 minutes. As the contact time between the
adsorbent and adsorbate increased, uptake of MG gradually increased up to 45 minutes, reaching a
maximum removal rate. This initial fast adsorption rate may be attributed to abundance of active sites and
pores on surface of adsorbent [22]. However, as the adsorption process continued, the accumulation of
dye molecules on surface hindered diffusion into pores, resulting in slower adsorption rate. The effect of
initial metal concentration on adsorption capacity of PGP was investigated for concentration values of 20,
30, and 40 mg/L, as illustrated in Figure 4 F (T=21°C, pH=5, PP=0.05g, Particle size=0.5<PP<0.425).
Adsorption capacity rises from 8 mg/g to 13.6 mg/g as initial MG concentration increases from 20 mg/L to
40 mg/L, until it reaches a constant value where no more MG can be eliminated. The increase in adsorption
capacity is attributed to high concentration of MG ions in the concentrated solution. The saturation point
is reached when concentration of MG ions in solution becomes too high for further adsorption onto PP.
At this point, the adsorption capacity remains constant since no more MG can be removed from the
solution. This observation indicates that the adsorption process relies on the initial MG concentration.
Higher initial MG concentrations provide a larger quantity of MG ions accessible for adsorption, resulting
in an enhanced adsorption capacity of PP. Understanding the relationship between initial MG
concentration and adsorption capacity is crucial in assessing the effectiveness of PP as a potential
adsorbent for MG removal.

3.2.1. Adsorption isotherm and kinetic

Adsorption is the binding or adherence of a substance or molecule to a surface, a process that plays a
crucial role in various industrial applications such as catalysis, water and gas purification, and
pharmaceutical production. Adsorption isotherms, which are mathematical models of the adsorption
process, are used to describe the adsorption equilibrium state [23].

The Temkin, Freundlich, and Langmuir models are commonly used adsorption isotherm models. These
models provide a mathematical expression of the adsorption process and are used to determine its
agreement with experimental data.

The Langmuir model describes monolayer adsorption, relating the number of adsorbed molecules on
surface of adsorbent, the number of vacant places on surface, and the equilibrium state of adsorption. The
Langmuir isotherm equation calculates the adsorption capacity and rate [24]. The Freundlich model
explains multilayer adsorption by expressing the relationship between the number of active sites on
surface of adsorbent and concentration of adsorbent. The Freundlich isotherm equation is non-linear
expression of adsorption process and is used to calculate the adsorption capacity and rate [25]. The
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Temkin model explains the interaction of the adsorption process with chemical reactions. It expresses the
relationship between the interaction of adsorbate molecules on surface of adsorbent and equilibrium state
of adsorption. The Temkin isotherm equation is also non-linear expression of the adsorption process and
is used to calculate the adsorption capacity and rate [26]. These three models mathematically express the
adsorption isotherms while addressing different aspects of the adsorption process and their interactions.
The use of these models helps to understand and optimize the adsorption process. The nonlinear equations
for these models are presented in equations 2, 3, and 4.
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Figure 5. A. Non-linear isotherms plots B. Non-linear kinetics plots

Table 1 shows that at 41°C, langmuir isotherm model yielded maximum monolayer adsorption
capacity (qm) of 37.8 mg/g. Langmuir isotherm constant (Kr) was found to be 0.02 L/mg, with R? value of
0.99. From Freundlich model, Kr is an approximate indicator of adsorption capacity, while 1/n represents
the strength of adsorption in the process. If n =1, the partition between the phases does not depend on the
concentration. Value of 1/n below one indicates normal adsorption, while a value above one indicates
cooperative adsorption. At a temperature of 21°C, the Kr value was determined to be 1.88, the n value was
found to be 1.63, and the R? value was calculated to be 0.982. According to the Temkin model, Ar
represents equilibrium binding constant (L/g). Maximum Ar value was computed to be 0.45 at a
temperature of 21°C, with an R? value of 0.939.

Adsorption kinetics are mathematical models that describe speed of adsorbate molecules on surface
of adsorbent and change of adsorption process over time. These models are used to calculate rate of the
adsorption process and the adsorption capacity [27].
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Table 1. Adsorption isotherm constant

Langmuir Freundlich Temkin
°C qm Ko R2 Kr n R2 br Ar R2
21 28.8 0.03 0.967 1.88 1.63 0.982 439.9 0.45 0.939
31 35.4 0.02 0.985 1.33 1.41 0.978 378.8 0.28 0.983
41 37.8 0.02 0.990 1.22 1.36 0.980 373.5 0.26 0.996

The pseudo first order model is kinetic model that describes rate of adsorption process. In this model,
adsorption rate is proportional to concentration of molecules adsorbed to surface of the adsorbate. This
model is used to calculate initial rate and rate constant in adsorption process [28]. The second order model
is another kinetic model that explains speed of adsorption process. In this model, adsorption rate is
proportional to square of concentration of molecules adsorbed to the surface of the adsorbate. This model
is used to calculate rate constant and adsorption capacity in the adsorption process [29]. The Elovich model
is another kinetic model that explains the speed of adsorption process. In this model, adsorption rate is
expressed as a function of number of molecules adsorbed to surface of adsorbate and activation energy in
the adsorption process. The Elovich model is used to calculate rate constant and adsorption capacity in
the adsorption process [30]. These three models mathematically express the rate in the adsorption process
and are used to calculate the adsorption capacity. The pseudo first order model is used to calculate initial
rate and rate constant in the adsorption process, while second order model is used to calculate rate
constant and adsorption capacity in the adsorption process. The Elovich model is used to calculate
activation energy and rate constant in the adsorption process. The nonlinear equations for these models
are presented in equations 5, 6, and 7.

q:= qe(1-€™1) ®)
qt= (k2qe?t)/(1+kzqet) (6)
qt= (1/b)In(abt+1) (7)
The function and plot of the isotherms are shown in Figure 5 B, and Table 2, respectively
Table 2. Adsorption kinetic constant
Pseudo-First Pseudo-Second Order Elovich
Order
Particle size °C G ki qe R? k2 qe R? a b R?
0.5>PP>0.425 21 20 008 797 0983 001 914 099 1.63 0.51  0.965
0.5>PP>0.425 21 30 009 106 0938 001 119 0971 3.48 043 0977
PP>0.25 21 30 029 102 0817 003 11.0 0942 2938 0.65 0976
1>PP>0.85 21 30 005 923 0987 001 109 0979 1.07 038 0954
0.5>PP>0.425 21 40 014 131 0845 001 141 0910 13.6 045 0935
0.5>PP>0.425 31 30 009 106 0977 001 120 098 @ 3.11 041 0956
0.5>PP>0.425 41 30 014 105 0938 0.01 115 0957 6.82 050 0.925

In general, chemisorption processes can be described using the pseudo-second-order and Elovich models.
The pseudo-second-order model accounts for the involvement of valency forces, such as covalent forces
and ion exchange, through the sharing or exchange of electrons between the adsorbate and adsorbent. On
the other hand, the Elovich model explains the kinetics of chemisorption on a heterogeneous surface of
the adsorbent. After analyzing the fitted models (Figure 5B) and their corresponding parameters (Table
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2), it was observed that the pseudo-second-order and Elovich models exhibited a better fit with a higher
coefficient of determination (R?) compared to the pseudo-first-order model. This suggests that
chemisorption mechanisms play a significant role in the adsorption of the MG dye.

4. CONCLUSIONS

An experimental study was conducted to investigate the efficacy of PPs - a common agricultural
residue - in removing MG dye from aqueous solutions. The study examined various parameters, including
temperature, pH, particle size, contact time, and initial concentration, to determine their effect on the
adsorption of MG onto the adsorbent. Results indicated that the loading of MG onto PP increased with
initial concentration, time, and pH. The optimal contact time was found to be 120 min, with adsorption
kinetics showing an initial fast phase followed by a slower equilibrium phase. Kinetic modeling of MG
adsorption was performed using pseudo-first-order (PFO), pseudo-second-order (PSO), and Elovich
models. PSO was found to describe the kinetics better than the other models. Based on this model, the
highest R? value was found to be 0.99 at 21°C. The physical, chemical, elemental, and spectroscopic
characteristics of the PP residue adsorbent were studied, and the findings indicate that the loading of MG
may involve ion exchange and adsorption-complexation mechanisms. Equilibrium sorption studies were
modeled using Temkin, Langmuir, and Freundlich isotherms, with the Langmuir model providing the
best fit. Based on this model, the maximum adsorption capacity (qmax) at 21°C was determined to be 25.8
mg/g. However, adsorption was found to be non-endothermic in temperature experiments. Thus, while
the Freundlich model was suitable at low temperatures, the Temkin model was deemed more appropriate
at higher temperatures. In summary, the findings of this study demonstrate the promising capability of
utilizing agricultural waste residue as a viable adsorbent for efficient removal of MG dye.
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