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________________________________________________________________________________ 

ABSTRACT--- In present research, a novel attempt was undertaken to evaluate the effect of various acid – treatments 

on the adsorption performance of pomegranate peels towards methyl green (MG) dye. The prepared adsorbents were 

characterized using FTIR, SEM, and BET measurements. A series of experiments were conducted in a batch system 

to assess the effect of the system variables, i.e. solution pH, temperature, ionic strength and contact time on the 

adsorption capacity. Maximum adsorption was taken place at pH 5.5 while equilibrium was achieved in 75 min. 

Equilibrium isotherms were analysed by using Langmuir, Freundlich, Temkin, and Dubinin – Radushkevich 

isotherm equations. The equilibrium data fitted very well to the Langmuir Isotherm and the maximum capacity 

reached 29 mg g
-1

 at 303K. The adsorption kinetics was found to follow pseudo – second – order rate kinetic model. 

Thermodynamic parameters were also evaluated and revealed that the adsorption process is spontaneous and 

endothermic in nature. 

Keywords – Pomegranate Peel, Acid – treatment, Adsorption, Thermodynamics 
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1. INTRODUCTION 

Many industries, such as dyestuffs, textile paper and plastics, use dyes in order to color their products and also 

consume substantial volumes of water. As a result, they generate a considerable amount of colored waste water. The 

disposal of dye wastewater without proper treatment is a big challenge and cause serious hazards for the aquatic 

environment [1]. Discharging dyes into the hydrosphere give water undesirable color [2] and reduce sunlight penetration, 

with some dyes also being toxic/carcinogenic [3]. Dyes can be classified according to their structure as anionic and 

cationic [4]. In aqueous solution, anionic dyes carry a net negative charge due to the presence of sulphonate (SO3
-) 

groups, while cationic dyes carry a net positive charge due to the presence of protonated amine or sulpher containing 

groups [5].  

Biological, chemical and physical methods are three categories of dye removal technologies which have not 

been applied widely at large scale due to the high cost and disposal problems [6]. Various physical techniques including 

coagulation, precipitation, ion – exchange treatment, adsorption and co – precipitation have been used for the removal of 

dyes from wastewater [7, 8, 9, 10]. Among the physical technologies of dye removal, adsorption is one of the 

predominant methods used in wastewater treatment for dye removal due to its simplicity in operation and availability of a 

wide range of adsorbents. The increasing demand of efficient and economical treatment technology has given rise to a 

search of alternative low – cost adsorbents to substitute the use of commercial activated carbon that are expensive and 

difficult to be regenerated. The utilization of agro-wastes as adsorbent is currently receiving wide attention because of 

their abundant availability and low - cost owing to relatively high fixed carbon content and presence of porous structures. 

Many researchers in recent years have focused on the use of agro – wastes as adsorbents instead of activated carbon: 

banana stalk [11], groundnut hull [12], mango peels [13], rice husk [14], papaya seeds [15] and yellow passion fruit 

waste [16]. Recently, comparative studies of cationic and anionic dye adsorption by agricultural solid wastes and some 

other low-cost adsorbents were reported [17].  

The proper selection of additives for modification of the adsorbents play crucial role in ensuring better 

efficiency and more cycles of usability. Physical modification involves suitable sizing of the adsorbents by chopping and 

grinding, thermal treatment (steam and microwave), ultrasonic irradiation, stirring, freezing, drying and high pressure 

(autoclaving).While, chemical modifications involve treatment of the adsorbents with an array of chemicals for washing, 

enhancement of binding groups, elimination of inhibiting groups and graft copolymerization. The chemicals that can be 
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used are mineral (hydrochloric acid, sulfuric acid, nitric acid, phosphoric acid), organic acids (oxalic acid, citric acid, 

tartaric acid, salicylic acid), salts , alkanes, aldehydes, ketones ,oxidizing agents, and chelating agents [18].  

Punica Granatum, commonly called pomegranate, is one of the most popular fruits in the world due to its 

pleasant taste, high nutritional value, and many medical features. It is a by – product of the pomegranate juice industry 

and therefore is inexpensive. It consists of edible part, seeds, and peel. The pomegranate peel constitutes 5% to 15% of 

its total weight [19]. Recently, some studies have been done using pomegranate peel to remove Cr (VI) [20], Ni (II) [21], 

Fe(II) [19], Congo Red [22], and Amaranth Dye [23] from aqueous solutions. 

 In our research, acid modification was carried out using different activating agents such as phosphoric, nitric, 

sulphuric and citric acid onto the pomegranate peels for methyl green dye removal. The effect of different parameters 

such as, contact time, pH, ionic strength and temperature was studied.  The data from the experiments were fitted with 

different models to identify the adsorption mechanism. 

2. EXPERIMENTALS 

2.1 Dye solution preparation 

Methyl Green is a divalent cationic dye (C.I name Basic Blue 20) that is chosen in this study as an adsorbate. It 

has chemical formula C26H33N3Cl2, molecular weight 458.5 g/mol, and λ max 631 nm. The chemical structure of Methyl 

Green is shown in Fig.1. Stock solutions were prepared by dissolving 0.1g of MG in 1 L distilled water. The desired 

concentrations were obtained by successive dilutions of the stock solution (100 ppm) with distilled water to the required 

concentrations.  

 

Figure 1: Chemical structure of methyl green dye 

2.2 Preparation of the acid – modified adsorbents 

The waste peels of pomegranate were first washed with distilled water and dried in sunlight until the moisture 

was partially evaporated. Complete evaporation was accompanied by placing the pomegranate in an oven at 70ºC for 

overnight to remove moisture before use. The dried pomegranate peels were grounded in a ball mill. The sieved raw 

material was then divided into five portions. The first portion was used as it is for sorption (designated as RPP).  The 

second portion was mixed with H2SO4 (ratio 1:1) and kept at room temperature for overnight (designated as MPPS). The 

third and fourth portions were soaked for 24h in a solution of phosphoric acid and  nitric acid,  (30 wt%, ratio 1:1) for 

overnight, respectively, (designated as MPPP and MPPN). The fifth portion was soaked in a solution containing citric 

acid (20 wt%, ratio 1:1, designated as MPPC). All the samples were washed with double distilled water to remove the 

excess acid several times then dried in an oven at 100 ºC.  

2.3 Batch adsorption studies 

Batch adsorption experiments were carried out to study the effect of different parameters such as pH, contact 

time, and temperature. For each experiment run, 50 ml of dye solution with various concentration (20 – 100 mg/L), slurry 

pH = 5.5 and a known amount of adsorbate (0.1 gm) was taken in a 100 ml conical flask and agitated in a mechanical 

shaker at 120 rpm for a given time. The concentration of the dye was determined at 631 nm using UV – 2401 PC 

spectrophotometer (Shimadzu). The amount of dye adsorbed qe (mgg-1) was calculated using the following equation: 

𝑞
𝑒 =  

  𝐶𝑜− 𝐶𝑒    𝑉

𝑊

                                                              (1)   

where Co and Ce (mgL-1) are the initial and equilibrium concentration of  dye in solution, V (L) is the volume of solution 

and W (g) is the weight of adsorbent. The percentage removal of dye was also calculated using the following 

relationship: 

      % 𝑅𝑒𝑚𝑜𝑣𝑎𝑙 =  
𝐶𝑜− 𝐶𝑒

𝐶𝑜
 𝑋 100                                          (2)      
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3. RESULTS AND DISCUSSION 

3.1 Characterization of samples 

The characteristics of the modified pomegranate peel had been subjected to various characterization parameters. 

Scanning electron microscope (SEM) was used to study the surface morphology of the samples. Fig.2 shows the SEM 

images for the raw and different acid – treated samples. Comparing all the figures, the surface was found to be rough and 

present a high density of pores of different size and shapes especially for the modified samples treated with phosphoric 

and nitric acid [24]. 

 

                 

              

 

 

Figure 2: SEM images of acid – treated pomegranate peels using different activating agents 

 

Surface area analysis of the modified samples was performed using Quantachrome NOVA Automated Gas 

Sorption System by nitrogen gas adsorption at 77K. The modification treatment with the different acids led to a change in 

the surface area. The specific surface areas were 252.4 m2/g ; 244.6 m2/g; 232.7 m2/g; 179.7 m2/g and 177.8 m2/g for the 

MPPP, MPPN, RPP, MPPS and MPPC samples, respectively. It has been reported that phosphoric acid is an especially 

preferred modifying agent because it tends to promote the structural integrity of the molecular sieve framework [25]. 

Fourier Transform Infrared Spectroscopy (FTIR) analysis was used to identify some characteristic functional 

groups of the untreated and acid – modified samples. The spectra were measured from 4000 to 400 cm-1. Table 1 shows 

the tabulated data for FTIR spectra band assignments for the raw and different modified treated samples obtained from 

Fig.(3) .The peaks at 3430 cm-1 indicate O – H stretching vibration and spectra bands observed at 2920 cm-1 represent C 

– H stretching vibration of aliphatic C – H especially due to C – CH and C – CH2 bonds. The peaks observed at 1730 cm-

1 corresponds to C = O stretching vibrations of aldehydes, ketones, lactones or carboxyl groups while peaks observed at 

1620 cm-1 corresponds to C = C – stretching of alkenes. The peaks at 1230 cm-1 and 1030 cm-1 correspond to – O – H 

bending vibration and C – O stretching vibration of carboxylic acid. Girgis et al., reported that for the FTIR spectrum of 

MPPC MPPN 

MPPP MPPR 

MPPS 
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carbon prepared by phosphoric acid activation, the band in the region of 1300 – 900 cm-1 could be caused by 

phosphorous – oxy – containing functional groups. Therefore, the broad band observed at 1096 cm-1 could be attributed 

to P=O in organic phosphates, O – C bond in P – O – C linkage or P = OOH bond [26]. 

 

 

 

 

Figure 3: FTIR spectra of raw and different pomegranate peels using different activating agents 
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Table 1: FTIR spectra band assignments for modified pomegranate peel 

Assignment 

 

Band position (cm-1) 

RPP         MPPP         MPPC         MPPN         MPPS 

 

O – H stretching vibration of alcohols 

and phenols 

C – H stretching of aliphatic groups 

 

- C ≡ C- stretching of alkynes 

 

C = O – stretching of aldehydes , 

ketones, lactones or carboxyl groups 

 

- C = C – stretching of alkenes 

 

- C – N stretching of aliphatic amine 

 

Phosphorous – oxy containing 

functional groups 

 

 

3430        3450          3430             3430          3440 

 

2925        2923          2923             2925          2920 

 

2280        2295          2278             2275          2270 

 

1730          --             1730                --                -- 

 

1620        1624          1630             1624           1628 

 

1228         1096          1240             1029           1030 

 

622           ---             619                621             620 

 

3.2 Effect of pH 

 The magnitude of electrostatic charges imparted by ionized dye molecules is primarily controlled by the pH of 

medium. The amount of dye adsorbed or rate of adsorption tends to vary with pH of aqueous medium [27]. Two possible 

mechanisms of adsorption of dye on the adsorbent may be considered; (a) electrostatic interaction between the adsorbent 

and the dye molecule, (b) a chemical reaction between the dye and the adsorbent. The effect of pH on the removal of 

methyl green is shown in Fig.(4).  From this figure it is observed that at low pH values, the percentage removal 

decreased. However, when solution pH increased from 4.0 to 10, the percentage removal increased. The maximum 

percentage removal for methyl green adsorption was observed at pH 10 for all the modified samples under investigation. 

At lower pH values, the surface of the samples under investigation becomes positively charged and a strong 

repulsive force occurs between methyl green (dicationic triarylmethane dye) and positive surface adsorbents. This leads 

to a decrease in adsorption percentage of methyl green on the adsorbent. On the contrary, when the pH of dye solution is 

increased, the surface tends to acquire negative charge, thereby resulting in an increased adsorption of dyes due to 

increasing electrostatic attraction between positively charged sorbate and negatively charged sorbent [28]. However, 

increasing the pH solution above 10 resulted in an increase in negatively charged OH- which led to further decrease in 

percentage removal values. These results indicate that the protonation of MG occur in acidic medium.    

 

 

 

Figure 4: Effect of pH on the removal of methyl green prepared from different acid – treated 

pomegranate peel 
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3.3 Effect of ionic strength 

 Wastewater containing dye commonly has higher salt concentration and the effects of ionic strength are of some 

importance in the study of dye adsorption onto different adsorbents [29]. The effect of external ionic strength on the 

percentage removal of methyl green adsorption onto various modified samples was investigated in NaCl solutions with 

concentration range from 0.01 – 0.15M at 30ºC and pH = 4 (Fig.5). Theoretically, when the electrostatic forces between 

the adsorbent surface and adsorbate ions are attractive, an increase in ionic strength will decrease the adsorption capacity. 

This result was confirmed in this study. Conversely, when the electrostatic attraction is repulsive, an increase in ionic 

strength will increase the adsorption [29, 30]. The experimental data from this study did not follow this convention. At 

high ionic strength, (0.08 – 0.15M NaCl), a notable decrease in percentage removal of methyl green was observed. The 

reduction in uptake of the dye is probably due to the excess Na+ ions which inhibit the approach of adsorbed ions to the 

active sites of the sorbent.  

 

 

Figure 5: Effect of various NaCl concentrations on methyl green dye removal by various acid – 

treated modified pomegranate peels 

3.4 Sorption Isotherm Studies 

 The adsorption isotherm indicates how the adsorption molecules distribute between the liquid phase and the 

solid phase when the adsorption process reaches an equilibrium state [31]. The type of an adsorption isotherm model is 

very important in order to understand the adsorptive behavior for solid – liquid adsorption systems. Various isotherm 

equations have been used to discover the adsorption capacity of the acid modified samples prepared from pomegranate 

peel. Some of these equations are Langmuir, Freundlich, Tempkin and Dubinin – Radushkevich equations. 

 The Langmuir isotherm [32] is based on three assumptions, namely, sorption is limited to monolayer coverage, 

all surface sites are alike and only can accommodate one adsorbed atom and the ability of a molecule to be adsorbed on a 

given site is independent of its neighboring sites occupancy. Based upon these assumptions, the Langmuir equation is 

expressed as: 

                  
1

𝑞𝑒
=  

1

𝑄𝑜
+ 

1

𝑄𝑜𝐾𝐿𝐶𝑒
                                             (10) 

where Ce is the equilibrium concentration of adsorbate (mgL-1), qe is the amount of dye adsorbed at equilibrium, 𝑄𝑜  is the 

Langmuir constant related to maximum monolayer coverage capacity (mgg-1) and KL is the Langmuir constant related to 

energy of adsorption capacity (Lmg-1). The linear plot of 1/qe Vs 1/Ce is shown in Fig. (6).The constants Qo and KL can 

be calculated from the slope and intercept of the plot and the values are tabulated in Table 2. 

 The essential feature of the Langmuir isotherm to identify the feasibility and favorability of the adsorption 

process can be expressed by a dimensionless constant called separation factor (RL) was calculated in each case using the 

following equation: 

     𝑅𝐿 =  
1

1+ 𝐾𝐿𝐶𝑜
                                                   (11) 

where KL is the Langmuir constant and Co is the initial dye concentration (mgL-1). The value of RL lies between 0 and 1 

for favorable adsorption, while RL>1 represent unfavorable adsorption, and RL=1 represent linear adsorption while 

adsorption is irreversible if RL=0 [33].  In the present investigation, the RL values were less than one which indicates that 

the adsorption process was favorable. 
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The Freundlich isotherm is derived by assuming a heterogeneous surface with a non – uniform distribution of heat of 

sorption over the surface. It can be expressed in the linear form as follows [34]: 

              log 𝑞𝑒 = log𝐾𝐹 + 
1

𝑛
log 𝐶𝑒                                            (12)   

where qe is the amount of dye adsorbed at equilibrium time (mgg-1), Ce is the equilibrium concentration of the dye in 

solution (mgL-1), KF (Lg-1) and n are isotherm constant which indicate the capacity and intensity of the adsorption, 

respectively. The values of KF and1/ n were calculated from the slope and intercept of the plot of log qe versus log Ce.( 

Table 3). 

 

 

  

 

 

Figure 6: Langmuir isotherm plots for the removal of methyl green by modified pomegranate peels 

 

The Temkin isotherm describes the behavior of adsorption systems on heterogeneous surfaces, and it has 

generally been applied in the following form [35] :  

                 𝑞𝑒 =  
𝑅𝑇

𝑏
ln 𝐾𝑇𝐶𝑒                                                      13  

Eq.(13) can be expressed in its linear form as: 

                  𝑞𝑒 =  𝐵1 ln𝐾𝑇 + 𝐵1 ln 𝐶𝑒                                          (14)  
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                   𝐵1 =  𝑅𝑇 𝑏                                                             (15)  

where B1 is the Temkin constant related to heat of sorption (Jmol-1), KT is the Temkin isotherm constant (Lg-1) 

corresponding to the maximum binding energy, R is the universal gas constant ( 8.314 Jmol-1K-1) and T is the absolute 

temperature (K). The adsorption data can be analyzed according to Eq.(14). Therefore, a plot of qe Vs ln Ce enables the 

determination of the isotherm constants KT and B1 (Table 2).  

 The D – R isotherm [36] was used to determine the characteristic porosity and the apparent free energy of 

adsorption. The linear form can be represented as: 

              ln 𝑞𝑒 = ln 𝑞𝐷 − 𝐾𝐷𝑅  𝜀2                                         16  

where KDR is a constant related to the mean free energy of adsorption (mol2J2), qD is the theoretical saturation capacity 

(molg-1), ε is the polyani potential (Jmol-1), which is related to the equilibrium concentration (Ce, gL-1) as follows: 

             𝜀 = 𝑅𝑇 ln( 1 + 1 𝐶𝑒
 )                                        (17) 

The slope of the plot of ln qe Vs 𝜀2 gives KDR as slope and ln qD as the intercept. The isotherm parameters are represented 

in Table 2 (Fig. not shown). The mean free energy of the adsorption per molecule of adsorbate can be calculated using 

the following equation: 

              𝐸 =  
1

 2𝐵
                                                                 (18) 

The magnitude of E is useful for estimating the mechanism of the adsorption reaction. In the case of E < 8 kJ/mol, 

physical forces may affect the adsorption. If E is in the range of 8–16 kJ/mol, adsorption is governed by ion exchange 

mechanism, while for the values of E > 16 kJ/mol, adsorption may be dominated by particle diffusion [37]. It can be 

observed from Table 3 that the mean free energy (E) is found to be in the range of 2. 4 – 5.6 KJmol-1, which is in the 

range of physical adsorption.  

As seen from previous results that the Langmuir isotherm provides the best correlation for the experimental 

data, whereas the Freundlich, Temkin and Dubinin–Radushkevich isotherms were not fitted with the experimental data. 

This suggests that MG adsorption is limited with monolayer coverage and the surface is relatively homogenous in terms 

of active sites and there is significant interaction among the MG molecules. Since the Langmuir equation assumes that 

the surface is homogenous. The surface modification on the pomegranate peel using H3PO4 was shown to be able to 

increase its adsorption capacity on MG, from 10 to 29 mgg-1. Our findings showed that the treatments with sulphuric acid 

and citric acid resulted in reduced uptakes of MG. This was due to the removal of the hydroxide groups by the acidic 

treatment which produced acidic oxygen functional groups on the modified surface. However, the higher adsorption of 

MG on the H3PO4 – treated pomegranate peel was due to the adsorption of negative ions PO43- on the positive sites on 

the carbon surface, thus making the surface becomes more negatively charged, thus facilitating adsorption of the positive 

charged molecules of MG. This result shows that acid treatments might have different effects on the different acid – 

modified pomegranate peels [29]. (Table 2) 

3.5 Effect of contact time 

 The contact time between the pollutant and the adsorbent is of significant importance in the wastewater 

treatment by adsorption. A rapid uptake of pollutants and establishment of equilibrium in a short period of time signifies 

the efficiency of the adsorbent for its use in wastewater treatment. In physical adsorption, most of the adsorbate species 

are adsorbed within a short interval of contact time.  However, strong chemical binding of the adsorbate with adsorbent 

requires a longer contact time for the attainment of equilibrium. The effect of contact time for the removal of methyl 

green by various adsorbents is shown in Fig. (7). The dye was rapidly adsorbed in the first 30 min, and then the 

adsorption rate decreased gradually and reached equilibrium in about 75 min. In the beginning, the adsorption rate was 

fast as the dye ions were adsorbed by the exterior surface of the modified samples. When the adsorption of the exterior 

surface reached saturation, the dye ions extered onto the pores of the adsorbent particles and was adsorbed by the interior 

surface of the particle [38]. 
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Table 2:  Isotherm parameters for the adsorption of methyl green on different modified pomegranate peels 

Isotherms Parameters RPP MPPP MPPC MPPN MPPS 

 

Langmuir 

 

 

 

 

Qm(mg g-1) 

KL (Lmg-1) 

RL 

R2 

 

 

20 

0.021 

0.4 

0.99 

 

29 

0.02 

0.3 

0.99 

 

 

10 

0.021 

0..27 

0.98 

 

25 

0.024 

0.34 

0.99 

 

 

12 

0.013 

0.46 

0.98 

 

Freundlich 

 

 

 

 

KF(mg g-1)( Lmg-1) 

1/n 

R2 

 

 

1.99 

0.89 

0.97 

 

 

2.51 

0.9 

0.96 

 

1.26 

0.7 

0.96 

 

1.25 

0.9 

0.95 

 

1.25 

0.86 

0.97 

 

Temkin 

 

 

 

 

KT(L mg-1) 

B 

R2 

 

 

0.54 

3.2 

0.92 

 

 

0.93 

3.8 

0.95 

 

 

0.26 

3.8 

0.94 

 

 

0.49 

8.3 

0.94 

 

 

0.61 

1.9 

0.95 

 

Dubinin Radushkevich 

 

 

 

 

 

qD (mgg-1) 

E (KJ mol-1) 

R2 

 

12.81 

3.3 

0.92 

 

20 

2.5 

0.93 

 

 

 

7.0 

5.6 

0.93 

 

 

 

33.1 

2.6 

0.95 

 

 

 

49.4 

2.4 

0.94 

 

 

 

 

 

Figure 7: Effect of contact time on the removal of methyl green dye (Temp=30ºC, initial dye 

concentration 100mgL-1, adsorbent dosage=0.5 gm) using modified pomegranate peels 
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3.6 Adsorption Kinetic Study 

 Sorption kinetic mechanics can be based on diffusion mass transfer processes or chemical reaction kinetics. The 

sorption kinetics of a sorbent depends on the property of the adsorbate, experimental conditions, temperature and pH 

value. In this study, four kinetic models were studied, namely, pseudo – first – order, pseudo – second – order, Bangham 

and Elovich models. 

 The Lagergren's rate equation [39] is one of the most widely used rate equation to describe the adsorption of an 

adsorbate from the liquid phase. The linear form of the pseudo – first – order equation is given as: 

                   log 𝑞𝑒 − 𝑞𝑡) = log 𝑞𝑒 − 
𝐾1

2.303
 𝑡                    (19)  

where qe and qt (mgg-1) refer to the amount of dye adsorbed at equilibrium and at any time t (min), respectively, and  K1 

is the equilibrium rate constant of pseudo – first – order adsorption (min-1). The slopes and intercept of log (qe – qt) Vs t 

plot were used to determine K1 and qe. The values of K1, qe , along with the correlation coefficients (R2) are tabulated in 

Table 3. It is seen from Table 3 that the R2 values is  less than 0.99 suggesting that the present adsorption system does not 

follow pseudo – first – order process.                        

 The pseudo – second – order kinetic model (40) is represented by the following equation: 

         
𝑡

𝑞𝑡
=  

1

𝐾2𝑞𝑒
  2 + 

1

𝑞𝑒
 𝑡                                                          (20) 

where qe and qt refer to the amount of dye adsorbed (mgg-1) at equilibrium and at any time t (min), respectively. K2 is the 

pseudo – second – order rate constant (g mg-1min-1). The plots between t / qt versus t were drawn and shown in Fig.(8). 

The K2 and qe values were determined from the slope and intercept of the plot, and R2 values are represented in Table 3. 

The correlation coefficients for the linear plots of t/qt against t for the second-order equation were observed to be close to 

1 indicating the applicability of the pseudo – second – order model.  

 

 The Elovich equation is one of the most useful models for describing chemisorptions which is expressed as 

follows:[41] 

         𝑞𝑡 =  
1

𝑏
ln 𝑎𝑏 + 

1

𝑏
ln 𝑡                                                  (21) 

where a is the initial adsorption rate (mgg-1min-1) and b is the adsorption constant related to the extent of surface 

coverage and activation energy for chemisorption and qt is the amount of dye adsorbed at time t (min). The values of a 

and b can be obtained from the slope and intercept of the linear plots of qt versus ln t. The parameter a, b and R2 are given 

in Table 3. In the case of using the Elovich equation, the correlation coefficients 

are lower than those of the pseudo second-order equation. The Elovich equation does not predict any definite mechanism. 

 

 Kinetic data were further used to know about the slow step occurring in the present adsorption system using 

Bangham's equation [42] 

           log log  
Co

Co−qt m
 = 𝑙𝑜𝑔  

𝐾𝑜𝑚

2.303 𝑉
 +  ∞ 𝑙𝑜𝑔𝑡       (22)  

where Co is the initial concentration of adsorbate in solution (mgL-1), V is the volume of solution (ml), m is the weight of 

adsorbent per liter of solution (gL-1), qt (mgg-1) is the amount adsorbed at time t, and ∞ (<1) and Ko are constants. Linear 

plot of log log (Co / Co – qtm) versus log t did not yield perfect linear curves (R2<0.99) showing that the diffusion of 

adsorbate into pores of the adsorbent is not the only rate controlling step [43]. 

 

 

Figure 8: Langmuir isotherm plots for the removal of methyl green by modified pomegranate peels 
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Table 3: Kinetic parameters for the adsorption of methyl green on different modified pomegranate peels 

Equations Parameters RPP MPPP MPPC MPPN MPPS 

 

Pseudo – first - order 

 

 

 

 

K1(min-1) 

qe (mg g-1) 

R2 

 

 

0.004 

15.8 

0.99 

 

 

0.041 

30.2 

0.98 

 

0.02 

36.3 

0.99 

 

0.05 

27.5 

0.98 

 

0.03 

28.8 

0.99 

 

Pseudo – second - 

order 

 

 

 

 

K2(g mg-1min-1) 

qe (mg g-1) 

R2 

 

 

0.005 

25.0 

0.99 

 

0.002 

43.4 

0.99 

 

5.01 

32.7 

0.99 

 

0.001 

36.8 

0.99 

 

0.001 

34.6 

0.99 

 

Elovich 

 

 

 

 

a(mg g-1min-1) 

b (g mg-1) 

R2 

 

 

7.29 

0.16 

0.96 

 

10.66 

0.10 

0.97 

 

6.96 

0.15 

0.97 

 

9.32 

0.12 

0.96 

 

7.51 

0.17 

0.95 

 

Bangham 

 

 

 

 

K (g) 

Α 

R2 

 

 

29.58 

0.31 

0.93 

 

 

 

12.44 

0.31 

0.92 

 

 

 

3.31 

0.57 

0.93 

 

 

 

6.45 

0.25 

0.92 

 

 

 

4.47 

0.53 

0.94 

 

 

 

3.7 Effect of Temperature and adsorption thermodynamics 

 The effect of temperature on the adsorption of methyl green onto the various acid – treated samples was 

investigated by varying the adsorption temperature at 298, 313 and 333 K. Fig.(9) shows the plot of amount adsorbed 

versus various acid – modified treated samples at different temperatures. According to this figure it was found that the 

amount adsorbed increased with the increase in temperature of the system from 298 – 333 K. These results indicate the 

endothermic nature of the adsorption process. Increasing the temperature was known to increase the rate of diffusion of 

the adsorbate molecules across the external boundary layer and in the internal pores of the adsorbent particle, owing to 

the decrease in the viscosity of the solution. The enhancement in the adsorption capacity might be due to the chemical 

interaction between adsorbate and adsorbent, creating new adsorption sites hence increasing increasing the rate of 

intraparticle diffusion of adsorbate molecules into the pores of the acid – treated samples at higher temperatures [44, 45]. 

 The determination of the thermodynamic parameters; enthalpy of adsorption (ΔHº), Gibb's free energy of 

adsorption (ΔGº) and entropy of adsorption (ΔSº), is important to evaluate the thermodynamic feasibility and the 

spontaneous nature of the process. An adsorption process is generally considered as physical if ΔHº < 84 kJmol-1 and 

chemical when ΔHº lies between 84 – 420 kJmol-1 [46]. Therefore, the thermodynamic constants can be obtained from 

the equations: 

        ∆𝐺ᵒ =  −𝑅𝑇 ln𝐾𝐿                                                              (23) 

where ΔGº is the Gibb's free energy (kJmol-1 ), R is the universal gas constant ( 8.314 Jmol-1K-1), KL is the Langmuir 

constant and T is the absolute temperature (K). Values of KL may be calculated from the relation ln qe / Ce Vs qe at 

different temperatures [47, 48]. The values of other parameters such as enthalpy change (ΔHº) and entropy change (ΔSº), 

may be determined from Van't Hoff Equation: 

          ln𝐾 =  
ΔSº

𝑅
− 

ΔHº

𝑅𝑇
                                                           (24)  

ΔHº and ΔSº can be determined from the slope and intercept of Van't Hoff plot of ln K Vs 1/T. The data is tabulated in 

Table 4( Fig. not shown). The negative ΔGº values confirm the spontaneous nature and feasibility of the adsorption 

process. Furthermore, it is observed from Table 4, that the positive values of ΔHº show the endothermic nature of 

adsorption and it governs the possibility of physical adsorption [49, 50]. In case of physical adsorption, increasing the 

temperature of the system increases the extent of dye adsorption and this rule out the possibility of chemisorptions [51]. 

This observation is in good agreement with the results shown in Fig.(9). The positive value of ΔSº show the increased 
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disorder and randomness at the solid / solution interface during the adsorption of methyl green onto the acid – modified 

samples under investigation.  

  

 

 
 

Figure 9: Effect of temperature for different acid – treated pomegranate peels on the removal of 

methyl green 

 

 

 

In order to further support the assertion that physical adsorption is the predominant mechanism, the values of 

activation energy (Ea) and sticking probability (S*) were estimated from the experimental data. They were calculated 

using modified Arrhenius type equation related to surface coverage (θ) as follows [52]: 

                𝜃 = 1 − 
𝐶𝑒

𝐶𝑜
                                                           (25) 

               𝑆∗ =   1 − 𝜃    𝑒− 𝐸𝑎 /𝑅𝑇                                             ( 26)   

              ln 𝑆∗ = ln  1 −  𝜃 − 
𝐸𝑎

𝑅𝑇
                                             (27) 

             ln  1 −  𝜃 = ln 𝑆∗ + 
𝐸𝑎

𝑅𝑇
                                            (28) 

The sticking probability S*, is a function of the adsorbate / adsorbent system under investigation, its value lies in 

the range 0 < S* < 1 and is independent on the temperature of the system. The θ is the surface coverage, which can be 

calculated from equation 5. The values of Ea and S* were estimated from the slope and intercept of the plot of ln (1 – θ) 

Vs 1/T (Fig.10 and Table 4). The positive values of Ea indicate the endothermic nature of the adsorption process which 

are in agreement with the positive values of ΔHº and lie in the range of physisorption. The sticking probability values 

were less than 1, which indicates that the probability of methyl green dye to stick on the surface of the investigated 

samples is very high as S* << 1. These values also confirm that the sorption process is physisorption. 

 

 

 

Figure 10: Plot of ln (1-θ) Vs reciprocal temperature for the adsorption of methyl green dye 
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Table 4: Thermodynamic parameters for the adsorption of methyl green on different modified pomegranate 

peels 

 

Adsorbents 

 

 

Temp.(K) 

 

 

ΔG°(KJ mol-1) 

 

 

ΔH°(KJ mol-1) 

 

 

ΔS°(J mol-1K-1) 

 

 

Ea(KJ mol-1) 

 

 

S* 

 

 

RPP 

 

 

298 

313 

333 

 

 

-  23.0 

-  24.8 

-  28.1 

 

 

13.66 

 

 

 

84.6 

 

 

2.49 

 

 

 

0.31 

 

 

MPPP 

 

298 

313 

333 

 

 

-  25.6 

-  24.3 

-  23.4 

 

 

3.56 

 

 

78.9 

 

 

2.77 

 

 

0.32 

 

MPPC 

 

298 

313 

333 

 

 

-  23.0 

-  24.4 

-  26.2 

 

 

4.57 

 

 

78.7 

 

 

2.37 

 

 

0.37 

 

 

MPPS 

 

298 

313 

333 

 

 

-  21.8 

-  24.0 

-  25.9 

 

 

11.05 

 

 

79.8 

 

 

4.75 

 

 

0.25 

 

MPPN 

 

298 

313 

333 

 

 

-  23.4 

-  24.8 

-  26.7 

 

 

3.94 

 

 

80.5 

 

 

2.23 

 

 

0.18 

 

4. CONCLUSION 

The present investigation showed that untreated and acid – modified pomegranate peels show promising 

results as adsorbents for the removal of methyl green (MG) cationic dye from aqueous solution. Removal of methyl 

green is pH dependent and the maximum removal was attained at pH 10 for all adsorbents. Comparative study on the 

various acid – modified samples showed that the sample treated with phosphoric acid shows a maximum adsorption 

capacity, 29mgg-1. The equilibrium adsorption is practically achieved in 65 min. The equilibrium data were well fitted to 

Langmuir isotherm model than the other models under investigation. Kinetic studies showed that the adsorption followed 

the pseudo – second – order model. The adsorption capacity of the dye decreased by increasing the ionic strength of the 

solution. The determination of the thermodynamic parameters (∆Gº, ∆Hº and ∆Sº) indicate the spontaneous and 

endothermic nature of the adsorption process.  
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