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ABSTRACT 

In order for the process of removing pollutants, including dyes, from the aquatic environment 12 

to be effective, plant wastes such as banana peels were used as adsorbent surfaces by 

thermally activating them (ABP) and modifying them with iron oxide nanoparticles (MABP), 

which were characterized using Fourier transform infrared (FT-IR) and X-ray diffraction (XRD) 15 

techniques. They were applied in the field of Janus green (JG) dye adsorption for the batch 

system and studied the effect of several factors (adsorbent weight, contact time, initial 

concentration, and temperature). Their data were analyzed kinetically using first- and second-18 

order kinetic models and they were found to follow the second order. Their data were also 

analyzed through the equilibrium isotherms (Freundlich and Langmuir), and it was found to 

follows the Freundlich isotherm model. The thermodynamic functions for the dye adsorption 21 

process on both surfaces were calculated, through these functions, it was found that the dye 

adsorption process is spontaneous, easy, regular, and exothermic. 
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INTRODUCTION  

The increase in industrial activities and the rise in population at present represent multiple 

problems in our ecosystem due to the pollution resulting from these activities, which creates 27 

a threat to water safety [1]. The disposal of liquid industrial waste, whether treated or 

untreated, into water, is considered the main cause of pollution [2]. High levels of 

contaminated substances in drinking water or industrial water samples represent the 30 

acceptable level, which is then called contaminated or unsafe water [3]. Numerous industrial 

dyes and other organic and inorganic compounds that could be harmful to agriculture, public 

health, and other sectors are present in this water [4]. 33 

Among these contaminants are dyes, which are artificially produced organic substances that 

attach to textile surfaces to impart colour [5]. Due to their low cost and resilience against 

heat and other variables, artificial dyes have become more popular in the textile industry 36 

than natural colours. As a result, these portion's liquid waste is dumped into the water, 

polluting it [6]. Dye-containing wastewater is challenging to treat because the dyes are 

refractory particles that are extremely resistant to oxidizing chemicals, and removing them 39 

can be costly [7]. As a result, adsorption can be employed in the removal process due to its 

high efficiency even at high dye solution concentrations, safety, and technological 

advancement over alternative approaches [8]. Additionally, dye from contaminated water 42 

can be removed using straightforward adsorbents that have the capacity to hydrolyze [9]. 

Banana peels are one of these materials. They have attracted the attention of many 

researchers because of their easy availability throughout the year and also because of the 45 

presence of many different functional groups that allow these peels to adsorb cationic and 

anionic materials from the surfaces of active sites [10]. 

Recently, the nanoscale form of metal oxides, including iron oxide, has been used in many 48 

applications, including treating water from pollutants such as heavy metals and dyes, due to 

their excellent surface properties and high effectiveness, which considers them promising 

adsorbent surfaces in the future [11-13].  51 

The adsorption of different dyes using banana peels has been studied in many previous 

studies [14, 15]. Most of these studies shed light on the possibility of using banana peels to 

remove dyes from their standard solutions, as they showed high efficiency in removing them 54 

and were applied commercially due to their low economic cost [16]. They [17] studied the 

possibility of using banana peels to absorb Congo red dye from its aqueous solution by 

activating it with sodium hydroxide. While [18] studied the use of banana peel waste for the 57 

adsorption of methylene blue dye because it is an inexpensive and environmentally friendly 
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material, the surface was modified using Rhizopus microorganisms, and the modified 

surface showed high efficiency in the adsorption of the dye. 60 

Therefore, this article aims to thermally activate banana peels modify them with iron oxide 

nanoparticles and characterize those using techniques (XRD and FT-IR) and application of 

the prepared surfaces in the field of Janus green dye adsorption from aqueous solution. 63 

 

EXPERIMENTAL  

Activation of banana peel surfaces (ABP): The banana peels used in this study were 

activated by washing  and heating to a temperature of 200 °C in an oven (Daihan Labtech, 66 

Korea) for 1 hour and then grinding. The product (ABP) was diagnosed using the techniques 

of XRD and FT-IR (Shimadzu, Japan). 

Modification of Activated Banana Peel Surfaces (MABP): The activated banana peels 69 

were modified by taking 10 g of the activated substance and adding 1 g of ferrous sulfate 

heptahydrate (BDH chemicals, UK ) with 0.4 g of sodium hydroxide (BDH chemicals, UK) 

and 100 ml of distilled water. The mixture was placed on the stirrer for 3 hours at a 72 

temperature of 50 °C. Then 100 ml of NaOH with a concentration of 0.1 M was prepared, 

added to the mixture, and placed in the sonicator for 1 hour. After that, the prepared 

precipitate was washed and dried in an oven (Daihan Labtech, Korea) at 80 °C for 3 hours, 75 

and then griound. The product (MABP) was diagnosed using the techniques of XRD and 

FT-IR. 

Adsorption tests: First, a number of experiments were conducted to adsorption of JG dye 78 

on banana peels without any treatment, but we did not obtain acceptable results. Second, 

adsorption experiments were conducted in this study using a batch system, where several 

factors were tested through experiments of taking different weights (0.01-0.07) g for both 81 

surfaces (ABP and MABP) by balance (Sartorius Lab, Germany) and over a range of time 

(15-90) min and a range of concentrations (10–35) mg/l of the Janus green B dye (JG) at a 

range of temperatures (25, 30, 35, 40) °C at pH 7 and particle size 75 µm using a shaking 84 

water bath (Labtech, Korea). The surface was separated from the JG dye solution using a 

centrifuge (Hettich, Germany), and the absorbance of the JG dye solution was measured 

using a UV-vis spectrophotometer (Shimadzu, Japan) at λmax for the JG dye. The amount of 87 

adsorbed dye and the percentage of adsorption (% A) were calculated through the equations 

[19]. 
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m- mass of (ABP and MABP) surfaces (g). Co- concentration of JG dye adsorbed (mg/l) at 

(0 and teq). V- volume of JG dye solution (L). 93 

 

RESULTS AND DISCUSSION 

Characterization of surfaces 

XRD analysis: It can be observed from Fig.1 The XRD spectrum of thermally activated 96 

banana peels (ABP), where distinct and sharp peaks were found at (2 theta: 28.5, 40.8 °), 

and from Fig .1 Show the surface after modification (MABP), which includes (2 theta: 31.7, 

38.8, 44.6, 50.3, 55.5, 63.5, 73.8°) and corresponds to the levels of Miller indices (hkl): (311), 99 

(400), (422), (511), (440), and (533) respectively. These values correspond to the standard 

values for iron oxide nanoparticles according to the card (JCPDS file no. 65-3107). We used 

the Debye-Scherer equation to obtain the crystallite size [20]: 102 

 

(3) 

 

Shkl - the average crystallite size (nm), K - the Scherer constant (0.89), λ - the incident X-ray 

wavelength, θ - the Bragg diffraction angle, and b - the full width high maximum.  

 

The average crystallite sizes are 31, 24, and 26 nm for the ABP, Fe2O3 NPs, and MABP 105 

surfaces, respectively. Which indicate modifying banana peels with iron oxide nano particles 

[21]. 

 108 

Fig.1. XRD Graph of activated banana peel (ABP), modified and activated banana peel 

(MABP). 

FT-IR analysis: Fig.2 represents the FT-IR spectrum of thermally activated banana peels 111 

(ABP) at a temperature of 200 °C, which affected all the peaks in the spectrum. It is noted 
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that there is a strong broad peak at 3375.4 cm-1 due to vibration stretching of the group 

hydroxyl group. Which belong to cellulose polymeric compounds or groups of amino acids, 114 

and the presence of two peaks at (2906.7 and 2829.5) cm-1, which indicate the presence of 

symmetric and asymmetric stretching respectively of the (C-H) bonds of the alkanes, as well 

as the presence of a small peak at (1672.2) cm-1, which indicates the presence of stretching 117 

bonds (C=O) that belong to carboxylic acids or esters, the presence of a peak at (1550.7) 

cm-1, which indicates the presence of absorbed water molecules, the presence of a peak at 

(1367.5) cm-1, which indicates the presence of a bend of the bond (C-H), the presence of a 120 

peak At (1089.7) cm-1, which goes back to the (C-O) bond of the lignin compound, the 

presence of a peak at (725.2) cm-1, which goes back to the bend of the bond for the amino 

groups. Also Fig.2. show the FT-IR spectrum after modification (MABP) with iron particles, 123 

which led to relative changes in all the characteristic peaks before modification, A new peak 

was also observed at 617 cm-1, which is due to the stretching of Fe-O for iron oxide 

nanoparticles [22, 23]. 126 

 

Fig.2. FT-IR Graph of activated banana peel (ABP), modified and activated banana peel 

(ABP) 129 

Adsorption studies 

Effect of ABP and MABP adsorbent weights: The effect of ABP and MABP adsorbent 

doses on the adsorption of JG dye from an aqueous solution is presented in Fig. 3. shows 132 

that the highest amount of JG dye adsorption is at weight (0.01 g), but with increasing weight 

of the adsorbing surface, a decrease in the amount of adsorbed dye is noted, indicating an 

increase in the availability of adsorption sites not occupied by the adsorbed JG dye 135 

molecules, which causes a decrease in the amount of JG dye adsorbed for both surfaces.. 
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Therefore, for adsorbents (ABP and MABP), a dose of 0.01 g was chosen in this study due 

to its higher adsorption capacity [24]. 138 

 

 

Fig. 3. Effect of ABP and MABP adsorbents weight on the adsorption of JG dye 

 

Effect of contact time and temperature: The profile of the time-dependent study on the 141 

adsorption of JG dye onto ABP and MABP surfaces at different temperatures is shown in 

Fig. 4 and 5. The result showed that the removal rate of JG dye was rapid within the first 20 

min, after which it a little increased, attaining equilibrium around 60 min, with 33% and 46% 144 

of JG dye removed by ABP and MABP surfaces, respectively. It is also noticeable that the 

percent of dye adsorption decreases with increasing temperature, which indicates that the 

JG dye adsorption process on both surfaces is exothermic [25]. 147 

 

 

Fig. 4. Effect of contact time on the adsorption of JG dye onto ABP surface at different 

temperatures 150 
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Fig. 5. Effect of contact time on the adsorption of JG dye onto MABP surface at different 

temperatures 

 

Kinetic study for adsorption: The first-order and second-order kinetic models were applied 153 

to the experimental data and their kinetic parameters are presented in Table 1 and 2. The 

linear form of this model equation is given as (Lagergren), 

(4) 

k1 - the Lagergren rate constant of adsorption (min-1), and qe and qt - the quantities of JG 156 

dye adsorbed (mg/g) at (te and tt), respectively.  

 

The slope and intercept of the plots of ln (qe-qt) versus t were used to determine the first-

order rate constant kI and the equilibrium adsorption capacity qe for JG dye. The linear form 159 

of the second order equation is expressed as: 

 

(5) 

Where k2 (g/mg.min) - the equilibrium constant of pseudo second order adsorption [26].  

Table 1. First order and second order kinetics data for adsorption of JG dye on ABP surface 162 

T/K 

ABP 

First order 

k1 (g. mg-1.min-1) qe(mg/g)(cal) R2 

298 0.035 2.990  0.66 

303 0.031 11.485 0.929 

308 0.078 81.557 0.710 

313 0.0371 26.115 0.974 

 Second order 

T/K k2(g. mg-1.min-1) qe(mg/g)(cal) R2 

298 0.022 21.882 0.999 

303 0.003 21.142 0.992 

308 0.001 29.412 0.930 

313 0.0001 51.813 0.654 
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Table 2. First order and second order kinetics data for adsorption of JG dye on MABP surface 

T/K 

MABP 

First order 

k1(g. mg-1.min-1) qe(mg/g) (cal) R2 

298 0.029 4.945 0.903 

303 0.025 8.133 0.917 

308 0.052 17.179 0.809 

313 0.031 8.064 0.809 

 Second order 

T/K k2(g. mg-1.min-1) qe(mg/g)(cal) R2 

298 0.012 30.864 0.999 

303 0.005 25.189 0.995 

308 0.005 24.450 0.998 

313 0.006 23.529 0.997 

 

It is noted from the Tables (1and 2) that the R2 values of the second-order model for the 

practical data of JG dye adsorption by the two surfaces (ABP and MABP) are higher than 165 

the R2 values of the first-order model for most temperature, In addition to the convergence 

between the practical and theoretical value of the adsorption amount according to the 

second-order kinetic model being higher than according to the first-order, This leads to the 168 

fact that the kinetic data for the JG dye adsorption process on both surfaces follows the 

second-order kinetic model , which means that chemical adsorption is dominant in the 

process of JG dye adsorption on both surfaces [27]. 171 

Isothermal and thermodynamic study for JG dye adsorption: equilibrium adsorption 

isotherms provide useful information for designing and optimizing operating procedures for 

adsorption systems at equilibrium. The Langmuir and Freundlich isotherm models were 174 

applied to the practical data and their parameters are given in Tables 3, 4. The Langmuir 

isotherm model can be expressed as the following equation: 

(6) 

 

qL (mg/g) and kL (L/mg) - the monolayer adsorption capacity of surfaces (ABP, MABP) and 177 

the Langmuir affinity parameter respectively. The constants qL and kL were calculated from 

the slope and intercept of the linear plot of ce / qe versus ce.The linear form of Freundlich 

isotherm can be represented as:  180 

(7) 

 

Where kF is the freundlich constant related to the adsorption capacity (mg/g), and n is a 

constant related to the adsorption intensity of the adsorbent (L/mg).  
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Therefore, the plot of lnqe versus LnCe gives a straight line of slope 1/n and intercepts lnkF 183 

[28].  

 

Table 3. The calculated constants and correlation coefficients (R2) for Langmuir isotherm of JG dye 

adsorption onto ABP and MABP surfaces 186 

T/K 
ABP MABP 

kL qm R2 kL qm R2 

298 0.064 36.900 0.830 0.066 98.039 0.725 

303 0.045 30.030 0.834 0.002 1428.571 0.011 

308 0.018 42.553 0.628 -0.018 -117.647 0.216 

313 -0.006 -67.114 0.124 -0.026 -62.112 0.356 

 

Table 4. The calculated constants and correlation coefficients (R2) for Freundlich isotherm of JG 

dye onto ABP and MABP surfaces 

T/K 
ABP MABP 

kF n R2 kF n R2 

298 4.587 2.011 0.879 8.163 1.492 0.920 

303 2.467 1.721 0.912 2.979 0.981 0.959 

308 1.132 1.301 0.952 1.401 0.782 0.915 

313 0.307 0.877 0.926 0.835 0.692 0.907 

 

It is noted from the Tables 3, 4 that the R2 values of the Freundlich isotherm equation for the 189 

practical data of dye adsorption by the two surfaces are greater than the R2 values of the 

Langmuir isotherm equation for all temperatures, Also the value of the Freundlich constant 

(kF) for the composite (MABP) is greater than it is for the original surface (ABP) for all 192 

temperatures, which indicates that the adsorption process tends to favor the complex to a 

greater degree than it does for the original surface, Also notice that the values (n< and >1) 

when the temperature increases, which indicates that the type of adsorption changes from 195 

physical-chemical adsorption to chemical adsorption due to the effect of temperature on 

both surfaces. This leads to that the equilibrium data for the dye adsorption process on both 

surfaces follow the Freundlich isotherm model, which means that the surfaces (ABP and 198 

MABP) are of heterogeneous nature and that the JG adsorption may be single or multilayer 

[29]. 

Thermodynamic parameters, including changes in Gibbs free energy (ΔG), changes in 201 

enthalpy (ΔH), changes in entropy (ΔS), and equilibrium constant (keq) for the adsorption 

process were calculated using the following equations: 

 

(8) 
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(10) 

  

 

(11) 

 

Where T - the temperature (K), R is the ideal gas constant (8.314 J/mol .K), keq - the 204 

thermodynamic equilibrium constant [30]. 

 

Table 5. The thermodynamic parameters for the adsorption of JG dye onto ABP and MABP surfaces 

T/K 
ABP MABP 

ΔG (J/mol) ΔH (J/mol) ΔS (J/mol.K) ΔG (J/mol) ΔH (J/mol) ΔS (J/mol.K) 

298 -2140.4 

-39287.0 

-124.7 -4986.374 

-
11895.671 

-23.186 

303 -979.6 -126.4 -4846.084 -23.266 

308 -509.2 -125.9 -4705.615 -23.344 

313 -225.7 -124.8 -4647.672 -23.157 

 

It is noted from Table 5 that the values of (ΔG) are negative, which indicates the spontaneity 207 

of the JG dye adsorption process, which decreases with increasing temperature, and this is 

more so on the modified surface than on the activated surface. The values of (ΔH) are 

negative, which indicates that the nature of adsorption is exothermic, and the negative 210 

values of (ΔS) do not indicate that the process of adsorption of JG dye molecules is regular 

at low temperatures and the degree of uniformity becomes fluctuating as the temperature 

increases[31,32]. 213 

 

CONCLUSIONS 

The processes of thermal activation of banana peels (ABP) and the formation of a 

nanocomposite with iron oxide nanoparticles (MABP) have been proven successful through 216 

two techniques (XRD and FT-IR). The surfaces were tested in the process of adsorption of 

JG dye with an efficiency of up to 33% and 46% for both surfaces (ABP and MABP) 

respectively, Kinetically, it was found that the adsorption process follows the second-order 219 

kinetic model, which indicates the type of chemical adsorption, While the equilibrium data 

followed the Freundlich isotherm model., which indicates that the adsorbent surfaces are of 

a heterogeneous nature. The negative values of the thermodynamic functions refer to the 222 

adsorption process is spontaneous, regular, and exothermic nature. 
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