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Chromium and Manganese ions are considered non-essential and highly toxic elements in drinking water. In this 
study, the adsorption of these ions from water was examined using pomegranate peel (PP) and activated carbon 
obtained from pomegranate peel (ACPP) as adsorbents. Pomegranate peel powder was chemically modified with 
phosphoric acid (H3PO4) to enhance the adsorption characteristics of activated carbon. A batch adsorption study 
was conducted to assess the effect of the solution’s pH, temperature and contact time on adsorbent removal 
effectiveness. This adsorption isotherms study revealed that the adsorption of Mn(II) and Cr(VI) onto PP and 
ACPP follows the Langmuir isotherm with a correlation coefficient of more than 0.95. The maximum monolayer 
adsorption capacities of ACPP as well as PP were found to be 142.86 and 100.52 mg/g as well as 90.91 and 
55.56 mg/g for Mn(II) and Cr(VI), respectively. The adsorption kinetics were investigated using the pseudo-first-
order, pseudo-second-order and intraparticle diffusion models. The correlation coefficient indicated that the 
adsorption process adhered to pseudo-second-order kinetics. Moreover, the concurrence between the measured 
and computed values of qe indicated a closely aligned adsorption equilibrium. The findings suggest that PP could 
be a cost-effective and promising adsorbent for effectively removing Cr(VI) and Mn(II).  

Keywords: Cr(VI), Mn(II), pomegranate peel, activated carbon, adsorption isotherms, adsorption 
kinetics, adsorbent 

1. Introduction 

Rapid industrialization, unregulated urbanization and the 

unwise use of natural water resources have caused the 

contamination of water bodies and the mixing of heavy 

metals is a major culprit [1]-[3]. Characteristics of heavy 

metals such as their toxicity, non-biodegradability, 

carcinogenic nature and persistence in the environment 

cause more harmful effects to aquatic life [4]. The heavy 

metals ions Cr(VI) and Mn(II) are known to be highly 

toxic, moreover, bioaccumulate throughout the food 

chain and as a result of other human activities. These 

metals are discharged into the aqueous environment 

through several sources like textiles, metallurgical 

industries, microelectronics, fertilizers and pesticides. 

Furthermore, prolonged exposure to them or their intake 
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in excess of the allowable limit of chromium metal ions 

is carcinogenic and may also cause several other health 

effects such as damage to the liver and kidneys [5]. In 

addition, the excessive intake of Mn(II) beyond its 

permissible limit causes neurological disorders [6]. The 

maximum allowed levels of Cr(VI) and Mn(II) in 

drinking water according to various organizations are 

presented in Table 1. According to the Bureau of Indian 

Standards (BIS), the permissible limits of Cr(VI) and 

Mn(II) in drinking water are 0.05 and 0.10 mg/L, 

respectively. Therefore, wastewater treatment to 

eliminate these metal ions is required before wastewater 

is discharged. Traditional techniques like precipitation, 

ion exchange, electrochemical treatment and membrane 

technologies are employed to eliminate heavy metal ions 

from wastewater. These methods have drawbacks such as 

their high costs, significant energy usage and the 

https://doi.org/10.33927/hjic-2026-01
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production of harmful sludge. Adsorption technologies 

based on natural biosorbents, on the other hand, provide 

a simple and cost-effective solution for wastewater 

treatment. 

In recent years, several low-cost agriculture-based 

adsorbents such as datura stramonium fruit [7], caryota 

urens [8], wheat bran [9], sugarcane bagasse [10], peanut 

husk [11] and pressmud have been investigated for the 

elimination of Cr(VI) and Mn(II) metal ions. Rice husk-

derived carbon quantum dots have the potential for 

cadmium absorption given their high solubility in water 

and the availability of oxygen-rich groups which act as 

binding sites with metallic substrates [12],[13]. These 

adsorbents are modified by chemical or physical 

activation methods to enhance adsorption. During 

chemical activation, a lignocellulosic precursor is 

blended with a substance that hinders tar formation. The 

activated carbon is generated through carbonization and 

subsequent washing. The chemical incorporated into the 

interior of the precursor undergoes reactions with the 

byproducts of its thermal decomposition, thereby 

reducing the emission of volatile substances and 

preventing particle contraction. The precursor is 

converted into carbon at a rapid rate by this method and 

once the chemical is removed following the heat 

treatment, a considerable level of porosity is generated 

[14].  

Pomegranate or Punica granatum is known for 

being rich in phenolic compounds [15]. Producing 

approximately one million tons of pomegranate juice 

results in nearly nine million tons of peel and process 

waste. As of 2018, India was number one for 

pomegranate cultivation worldwide with around 

234,000 hectares under cultivation and an annual 

production of 2.84 million metric tons [16]. Pomegranate 

peel (PP), an abundant agro-waste byproduct, has gained 

significant attention as a low-cost and eco-friendly 

adsorbent for removing various pollutants from aqueous 

solutions. Its rich composition of bioactive compounds 

and functional groups enhance its adsorption capacity. 

The effective utilization of waste PP for diverse 

applications is increasingly necessary to promote 

sustainability and reduce the amount of waste produced. 

PP powder, according to the pertinent literature, contains 

a significant number of functional groups, including 

hydroxyl and carboxylic groups, moreover, has 

demonstrated excellent efficacy in the elimination of 

ammonium ions. PP powder was used previously for the 

removal of ammonium [17], lead and copper [18], nickel 

[19] as well as phosphate [20]. 

Charuta Waghmare et al. [21] synthesized the 

phosphoric acid-treated PP adsorbent for the adsorption 

of methylene blue dye. Similarly, Shivali Singh 

Gaharwar et al. [22] reported the effective adsorption 

performance of phosphoric acid (H3PO4)-modified 

activated carbon synthesized using PP waste to remove 

protocatechuic acid. However, a comparative analysis of 

raw PP and chemically activated carbon synthesized 

using PP waste to remove the heavy metal ions Cr(VI) 

and Mn(II) from water has yet to be reported. Therefore, 

in this study, H3PO4 was used to chemically modify the 

adsorbent by synthesizing activated carbon using PP 

waste. The ability of PP to adsorb Cr(VI) and Mn(II) ions 

from a synthetic aqueous solution is studied in this work. 

Furthermore, efforts have been undertaken to transform 

this pomegranate peel waste into a chemically activated 

carbon adsorbent (ACPP) to remove Cr(VI) and Mn(II) 

from wastewater using H3PO4 acid. The effect of the 

solution’s pH and contact time on metal ion elimination 

was studied. The examination of adsorption equilibrium 

data involved the utilization of Langmuir and Freundlich 

isotherm models along with pseudo-first-order (PFO), 

pseudo-second-order (PSO) and intraparticle diffusion 

kinetics models. 

2. Experimental 

2.1. Preparation of the stock solution 

The synthetic solution of Cr(VI) and Mn(II) was prepared 

by using potassium dichromate (K2Cr2O7) and 

manganese sulfate monohydrate (MnSO4*H2O). The 

study employed chemical reagents purchased from Loba 

Chemie, India. H3PO4 was purchased from Fisher 

Scientific, India. 

2.2. Adsorbents 

PP was sourced from the local market in Raipur, 

Chhattisgarh, India which was rinsed multiple times with 

distilled water before being dried for 15 h at 100 °C to 

eliminate moisture. The dried peel was crushed, sieved to 

achieve a particle size of 100 mesh and subsequently 

stored in silica gel desiccators. One portion of the raw 

pomegranate peel powder was used directly as the 

unmodified adsorbent. The other portion was chemically 

modified by being soaked in H3PO4 (85%) for 48 hours 

to enhance its adsorption properties. This modified peel 

powder was heated in a furnace for 1 h with a nitrogen 

(N2) flow rate of 100 ml/min and a heating rate of 

15 °C/min, reaching a temperature of 450 °C. The sample 

was then cooled to ambient temperature while 

maintaining the N2 flow rate and rinsed with distilled 

water until the pH reached 6. It was then oven-dried for 

12 h at 110 °C before being stored in desiccators for later 

Table 1: Overview of recommended values for 

samples of potable water 

 
Cr(VI) 

(mg/L) 

Mn(II) 

(mg/L) 

Bureau of Indian Standards 

(BIS), India 
0.05 0.1 

Environmental Quality 

Standards, European Union 
0.05 0.001 

World Health Organization 

(WHO) 
0.05 0.4 

U.S. Environmental 

Protection Agency 

(US EPA) 

0.1 0.05 
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use. This second form of the adsorbent was labelled as 

ACPP. The activation procedure adopted in this 

experiment is consistent with that applied in previous 

studies [23],[24]. 

2.3. Batch adsorption studies 

Batch adsorption tests were carried out by introducing a 

constant quantity of adsorbent into a 250 mL Erlenmeyer 

flask containing an aqueous solution with a known 

concentration of metal ions. The flask was then shaken at 

a consistent speed and temperature in an orbital shaker. 

The adsorbent was filtered out of the solution by 

centrifugation at 4000 rpm after a specified period of 

time. An Atomic Absorption Spectrophotometer (AAS) 

was used to ascertain the concentration of residual metal 

ions in the solution (ECIL, India). The effect of the 

solution’s pH and adsorption time on the removal 

efficiency of metal ions as well as uptake capacity of 

adsorbents was also examined. The following equations 

were used to determine the metal ion uptake capacity and 

percent removal, respectively: 

𝑞𝑒 =  
(𝐶0−𝐶𝑒)𝑉

𝑚
 (1), 

%𝑅 =
(𝐶0−𝐶𝑡)

𝐶0
𝑥 100 (2), 

where qe represents the equilibrium adsorbent capacity in 

milligrams per gram, m stands for the mass of the 

adsorbent in grams and V denotes the volume of the 

solution in liters. The initial concentration, equilibrium 

concentration and concentration at any time t in the 

solution are represented by Co, Ce and Ct, respectively. 

The percentage R represents the amount of heavy metal 

ions that were removed. 

2.4. Characterization of the adsorbents 

The microstructure and surface morphology of both PP 

and ACPP were examined before and after the adsorption 

of heavy metal ions using Field Emission Scanning 

Electron Microscopy (FESEM) at 15 kV conducted with 

a ZEISS EVO Series SEM. The surface area and pore 

volume were measured using the multipoint Brunauer, 

Emmett, and Teller (BET) method, which utilizes a fully 

automated Smart Sorb 93 analyzer and N2 gas at 77 K 

under isothermal conditions. The structure and 

crystallinity of the synthesized adsorbents were 

determined through X-ray diffraction (XRD) analysis 

conducted on a PANalytical X’Pert Powder XRD 

multifunctional analyzer. To identify the functional 

groups present on the adsorbent surface, Fourier 

Transform Infrared Spectrometry (FTIR) was employed 

and the FTIR spectra of the adsorbents obtained using a 

Bruker Alpha spectrometer. 

3. Results and analysis 

3.1. Characteristics of the adsorbent 

To understand the adsorption behavior of Cr(VI) and 

Mn(II) over the derived adsorbent surface, the 

morphology of the adsorbents was analyzed using 

FESEM. The FESEM micrographs of PP before and after 

adsorption of the metal ions are shown in Figure 1. The 

FESEM micrographs of PP (Figures 1a and 1c) indicate 

that the pores are not open, which is probably because of 

the existence of lignin, pectin and other viscous 

compounds that cause the fibers to stick together 

[25],[26]. It can be observed from Figures 1b and 1d that 

the pores on the surface are open after the raw 

pomegranate peel had been activated by phosphoric acid, 

possibly due to the chemical treatment process removing 

volatile gases and viscous substances. The surface 

morphology of the adsorbent in Figures 1a, 1b, 1c and 

1d shows that it consists of irregular shapes, sizes, bends 

and broken edges on its surface. These surface 

characteristics allow the metal ions to diffuse from the 

solution onto the surface and into the pores. Furthermore, 

after the loading of metal ions, the surface morphology 

of the adsorbent became much smoother, indicating that 

adsorption had occurred. Similar results were reported in 

previous studies [27]-[29].  

 

Figure 1: SEM image of unloaded PP (a,c), unloaded 

ACPP (b,d), Cr(VI) and Mn(II) loaded PP (e,g) and  

Cr(VI) and Mn(II)loaded ACPP (f,h) 
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The XRD spectra of the synthesized PP and ACPP 

are presented in Figure 2. That of PP consists of sharp 

peaks at 14.72°, 21.10°, 23.10°, 30.06° and 35.20°, which 

indicates that PP is amorphous in nature. Jonghyun Choi 

et al. [30] also reported a similar trend according to XRD. 

In the XRD spectra of ACPP, sharp peaks are not found, 

indicating the absence of residual ash and impurities [31]. 

The peak at 25° of ACPP may be the result of diffraction 

by the (100) graphite plane [32], showing that the 

arrangement of its atoms or molecules is disordered. This 

can affect its physical and chemical properties, especially 

when applied for adsorption and catalysis.  

The FTIR spectra of PP and ACPP are shown in 

Figure 3. In the spectrum of PP, the stretching vibrations 

of the hydroxyl groups of carboxylic acid, alcohols or 

phenol are represented by the peaks at the wavelengths 

of 3400 to 3300 cm-1. The spectral peaks present at 

2930.09 and 2848.42 cm-1 correspond to an aliphatic 

C-H group. The peaks observed at approximately 

1737.63, 1619.20, 1584.49, 1321.09, 1212.87, 1033.19 

and 850.00 cm-1 may correspond to C = O stretching, 

N–H bending, C–C in-ring stretching, N–O symmetric 

stretching, C–N stretching, =C–H bending and C–Cl 

stretching, respectively. On the other hand, the FTIR 

spectrum of the chemically activated ACPP adsorbent 

revealed the disappearance or significant reduction in 

intensity of several sharp peaks, indicating successful 

activation by H3PO4. This change can be attributed to the 

decomposition or transformation of specific functional 

groups during the activation process, altering the 

chemical structure and surface morphology of the 

adsorbent. The diminished or absence of peaks suggests 

the removal or modification of the original organic 

functional groups, confirming that the activation process 

effectively disrupted or restructured the surface 

chemistry. Additionally, the emergence or shifting of 

certain bands in the spectrum implies the formation of 

new functional groups or the enhancement of existing 

ones. Overall, the FTIR analysis indicates the presence of 

surface functionalities such as carboxylic (–COOH), 

hydroxyl (–OH) and amine (–NH₂) groups, which are 

essential for the adsorptive properties of the material.  

3.2. Effect of pH on adsorption 

The impact of the solution's pH on the adsorption of 

Mn(II) and Cr(VI) onto PP and ACPP was examined by 

tuning the pH within the range of 2 to 8 using standard 

hydrochloric acid (0.1 M) and sodium hydroxide (0.1 M) 

solutions. The initial concentrations of Mn(II) and Cr(VI) 

were set at 20 mg/L using a fixed adsorbent dosage of 

0.2 g/L. The adsorption experiments were conducted at 

298 K with continuous shaking at 200 rpm for a duration 

of 120 mins. All other process conditions such as the 

initial metal concentration, dosage, temperature, time and 

agitation speed were kept constant. The adsorption of 

Cr(VI) increased as the solution’s pH decreased as 

illustrated in Figure 4. The maximum percentage 

removal of Cr(VI) was detected at a pH of 2 which is 

attributed to the presence of Cr(VI) ions in the solution 

such as HCrO4
-, Cr2O7

2- and CrO4
2-, which alter the 

polarity of the adsorbent surface in response to the pH 

change in the solution. At lower pH values, the adsorbent 

surface becomes positively charged due to protonation, 

leading to electrostatic attraction between the chromium 

anions and the positively charged adsorbent surface. 

Conversely, at higher pH values, the prevalence of 

hydroxyl groups (OH-) increases, hindering the diffusion 

of Cr(VI) ions on the adsorbent surface, reducing the 

interaction between Cr(VI) and the adsorbent surface. 

Comparable findings were reported in studies on the 

adsorption of Cr(VI) by farmland soil [33] and by 

graphene/SiO2 polypyrrole nanocomposites [34]. 

In the case of Mn(II) adsorption, as presented in 

Figure 4, the percentage removal of Mn(II) increased as 

the pH of the solution rose from 2 to 6. However, a 

decreasing trend in the percentage removal of Mn(II) is 

 

Figure 2: XRD spectra of (a) PP and (b) ACPP 

 

Figure 3: FTIR spectra of the adsorbents (a) PP and 

(b) ACPP 

 

Figure 4: The influence of pH on the percentage 

removal of Cr(VI) and Mn(II) ions from the synthetic 

solution by the derived adsorbents 

Conditions: Initial Cr(VI) and Mn(II) ion concentra- 

tion = 20 mg/L, adsorbent dosage = 0.2 g/L, reaction 

time = 120 mins and temperature = 298 K 
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observed beyond pH 6. The maximum percentage 

removal of Mn(II) was detected at pH 6. The reason for 

such a trend of Mn (II) adsorption is the hindrance in the 

diffusion of Mn(II) ions towards the binding site of the 

adsorbent as a result of the abundance of H+ ions when 

the pH was less than 6. On the contrary, when the pH was 

greater than 6, Mn(II) ions precipitated as a result of the 

hydroxide anions forming a manganese hydroxide 

precipitate. Similar results were observed for Mn(II) 

adsorption onto activated carbon obtained from birbira 

leaves [35] and onto activated carbon synthesized from 

rice husk [36]. 

3.3. Effect of contact time on adsorption 

In the batch mode adsorption process, a crucial factor is 

the contact time between the adsorbate and the adsorbent 

until an equilibrium is reached. The impact of the contact 

time on the percentage removal of Mn(II) and Cr(VI) by 

PP and ACPP is presented in Figure 5 which indicates 

that the percentage removal of metal ions was notably 

high during the initial stages due to the plethora of active 

sites on the surfaces of the adsorbents, facilitating the 

rapid diffusion of metal ions onto them. However, 

following this initial rapid stage, the adsorption process 

of metal ions slowed down and after 120 mins no 

significant adsorption was observed. Consequently, 

120 mins was selected as the ideal duration for 

subsequent studies. The same trends with regard to the 

rate of Mn(II) adsorption onto Zeolite Y were observed 

by Kwakye-Awuah et al. [37]. Finally, the metal ion 

percentage removal efficiencies of Mn(II)-PP and 

Cr(VI)-ACPP exhibited overlapping trends over time. 

However, after 120 mins, the removal efficiency of 

Mn(II) using PP was observed to be slightly lower than 

that of Cr(VI) using ACPP, which may be attributed to 

the enhanced surface area, porosity and presence of 

functional groups in ACPP that facilitate greater 

adsorption affinity and capacity for Cr(VI) ions. In 

contrast, the unmodified PP likely offers fewer active 

sites and weaker interactions with Mn(II) ions, resulting 

in a marginally reduced removal performance at 

equilibrium. 

3.4. Adsorption isotherm study 

To understand the distribution of solute between the solid 

and liquid phases, the conventional Langmuir and 

Freundlich isotherm models were employed to test the 

equilibrium data obtained using the adsorbents ACPP 

and PP. In this study, only the most appropriate isotherm 

model is examined in detail, while other models are not 

discussed further. Among the various options, the 

Langmuir and Freundlich isotherms demonstrated the 

best agreement with the experimental data across all 

concentrations as indicated by their high linear regression 

coefficients (R²) of nearly 1. 

Langmuir isotherm model 

This model predicts the monolayer adsorption process.  

𝐶𝑒

𝑞𝑒
=  

1

𝑄0 𝑏
+  

𝐶𝑒

𝑄0
 (3), 

𝑅𝐿 =
1

1+𝑏𝐶𝑜
 (4), 

where Ce represents the metal ion concentration at 

equilibrium (mg/L), qe stands for the quantity of 

adsorbate absorbed per unit weight of adsorbent in 

milligrams per gram, Q0 denotes the supreme adsorption 

capacity in mg/g and b refers to a Langmuir constant 

symbolizing bond energy. 

The linear form of the model equation is presented 

in Equation 3 [38].  

The plot of Ce/qe against Ce is linear as depicted in 

Figure 6. This linear graph was utilized to ascertain the 

Langmuir isotherm parameters outlined in Table 2. 

Additionally, the Langmuir isotherm yields a 

characteristic separation factor (RL) also detailed in 

Table 2. RL is an indicator of the adsorption process with 

0<RL<1 signifying favorable adsorption, RL>1 

corresponding to unfavorable adsorption, RL=1 

indicating linear adsorption and RL=0 representing an 

unalterable adsorption process. In this investigation, 

RL values ranging from 0 to 1 were observed, confirming 

the favorable adsorption of the tested metal ions as noted 

by Koujalagi et al. [39].  

 

Figure 5: The effect of contact time on Cr(VI) and 

Mn(II) adsorption by PP and ACPP 

Conditions: Initial Cr(VI) and Mn(II) ion concentra- 

tion = 20 mg/L, adsorbent dosage = 0.2 g/L and 

temperature = 298 K 

 

Figure 6: Langmuir isotherm adsorption curve of 

Cr(VI) and Mn(II) on PP and ACPP 
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Freundlich isotherm model 

The Freundlich isotherm model was employed to analyze 

the multilayer adsorption process and the heterogeneous 

nature of adsorption sites [40]. The empirical model 

equation of the Freundlich isotherm model can be 

represented by this equation: 

log 𝑞𝑒 = log 𝐾𝑓 + 1
𝑛𝑓

⁄ log 𝐶𝑒 (5), 

where 𝐾𝑓 and 𝑛 represent the parameters of the 

Freundlich isotherm model corresponding to the 

adsorption energy and adsorption intensity, respectively. 

The values of 𝐾𝑓 and 𝑛 provide insights into the 

heterogeneity and adsorption characteristics. The plot of 

log qe against log Ce is linear, facilitating the evaluation 

of the dependent parameters 𝐾𝑓 and 1/n. The regression 

coefficient and parameters for both the Langmuir and 

Freundlich isotherm models are exhibited in Table 2 

which clearly show that the adsorption equilibrium data 

on the tested adsorbents align more closely with the 

Langmuir isotherm model than the Freundlich 

equivalent. This is evident from the higher R2 values for 

the Langmuir isotherm model when compared to the 

Freundlich one. The fitting of the Langmuir isotherm 

model suggests that the adsorption of Cr(VI) and Mn(II) 

onto PP and ACPP is monolayer in nature. The 

adsorption capacity (Qm) of ACPP for Mn(II) and Cr(VI) 

is 142.860 and 100.000 mg/g, respectively, indicating 

that ACPP is more effective in terms of adsorbing Mn(II). 

This higher affinity can be attributed to the ion 

exchange and coordination mechanisms between Mn(II) 

ions and the surface functional groups of ACPP. Mn(II), 

a divalent cation, can interact strongly with adjacent 

hydroxyl and oxyl (carboxylate) groups on the ACPP 

surface, forming stable complexes through electron pair 

donation and establishing a coordination number of four. 

This interaction releases two hydrogen ions into the 

solution, facilitating an ion exchange mechanism. 

Additionally, the electrostatic attraction between the 

positively charged Mn(II) ions and negatively charged or 

electron-rich sites on ACPP enhances the adsorption 

efficiency. In contrast, Cr(VI), present as anionic species 

(e.g. HCrO4
-, CrO4

2-), may experience weaker 

electrostatic interactions or repulsion, resulting in poorer 

adsorption. Hence, the adsorbent ACPP performs better 

in terms of Mn(II) removal. The lack of a fit to the 

Freundlich isotherm model indicates that the adsorption 

of heavy metal ions onto PP and ACPP is not 

heterogeneous in nature. 

3.5. Adsorption thermodynamics studies 

In general, the wastewater treatment was conducted 

using an adsorption process within a temperature range 

of 300–350 K. Accordingly, in the present study, 

experimental investigations were carried out at 303, 323 

and 343 K within this range. To assess the viability and 

nature of the adsorption process, thermodynamic 

variables, including changes in the standard Gibbs free 

energy (∆G°), enthalpy (∆H°) and entropy (∆S°), were 

determined using the equations below as outlined in the 

study by Chandraker et al. [38]: 

∆𝐺° = −𝑅𝑇 ln 𝐾𝐶  (6), 

𝐾𝐶 =
𝐶𝑎

𝐶𝑒
 (7), 

ln 𝐾𝐶 = −
∆𝐻°

𝑅𝑇
+

∆𝑆°

𝑅
 (8), 

where Kc denotes the thermodynamic equilibrium 

constant, R stands for the ideal gas constant, T represents 

the absolute temperature (K) and Ca refers to the solute 

concentration in the solid phase. Changes in the standard 

Gibbs free energy (kJ/mol), enthalpy (kJ/mol) and 

entropy (J/mol/K) are represented by ∆G°, ∆H° and ∆S°, 

respectively. 

The values of ∆G° were obtained using Equation 6 

while those of ∆H° and ∆S° were calculated using the 

gradient and intercept of the plot ln Kc against 1/T shown 

in Figure 7. The values corresponding to ∆G°, ∆H° and 

Table 2: Langmuir and Freundlich isotherm model parameters for the adsorption of Mn(II) and Cr(VI) onto PP and 

ACPP 

 Langmuir isotherm Freundlich isotherm 

Metal ion onto 

Respective adsorbent 

Qm 

(mg g−1) 

b 

(L g−1) 
R2 RL 

𝐾𝑓 

(mg g-1).(L mg-1)1/n 
𝑛f R2 

Mn(II) onto PP 90.910 0.180 0.996 0.052 0.905 4.830 0.941 

Mn(II) onto ACPP 142.860 0.058 0.970 0.146 18.110 2.164 0.926 

Cr(VI) onto PP 55.560 0.428 0.998 0.022 34.197 11.230 0.908 

Cr(VI) onto ACPP 100.000 0.062 0.997 0.137 19.186 2.976 0.979 

 

 

 
Figure 7: Thermodynamics curve for Cr(VI) and 

Mn(II) adsorption 
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∆S° are listed in Table 3. It was found that in all the 

experiments, the values of ∆H° were positive while those 

of ∆S° were negative, indicating that the adsorption 

process of Mn(II) and Cr(VI) onto PP and ACPP is 

endothermic, moreover, the entropy increased after 

adsorption. The negative ∆G° value suggests that the 

adsorption process is feasible and spontaneous. 

3.6. Adsorption kinetic models 

Understanding the adsorption mechanism involves fitting 

the batch adsorption data to kinetic model equations. To 

assess adsorption kinetics, the pseudo-first-order, 

pseudo-second-order and intraparticle diffusion model 

equations are utilized. The parameters for the kinetic 

models are presented in Table 4. 

Pseudo-first-order model 

According to this model, it is assumed that the adsorption 

of metal ions is directly proportional to the number of 

active sites available on the surface and can be expressed 

by the following equation [39]:  

log(𝑞𝑒 − 𝑞𝑡) = log 𝑞𝑒 𝑐𝑎𝑙 −
𝑘1

2.030
𝑡 (9), 

Table 3: Thermodynamic parameters for the removal of metals ions by the adsorbents 

 Thermodynamic parameters 

Metal ion onto 

respective adsorbent 

T 

(K) 

-∆Gْ 

(kJ.mol−1) 

∆Hْ 

(kJ.mol−1) 

∆Sْ 

(kJ.mol−1.K−1) 

 303 2.8830   

Mn(II) onto PP 323 3.1714 1.4258 0.0142 

 343 3.4517   

 303 2.0476   

Mn(II) onto ACPP 323 2.3412 2.0751 0.0136 

 343 2.5910   

 303 0.6420   

Cr(VI) onto PP 323 0.8131 1.5098 0.0071 

 343 0.9248   

 303 0.0037   

Cr(VI) onto ACPP 323 0.1625 1.7434 0.0058 

 343 0.2325   

 

Table 4: Kinetics parameters for the pseudo-first-order, pseudo-second-order and intraparticle diffusion models 

Sample 
qe (exp) 

(mg/g) 

Pseudo-first-order Pseudo-second-order Intraparticle diffusion 

k1 

(1/min) 

qe (cal) 

(mg/g) 
R2 

k2 

(g/mg/min) 

qe (cal) 

(mg/g) 
R2 

kid 

mg/g/min½) 

C 

(mg/g) 
R2 

A
C

P
P

 

C
r(

V
I)

 

66.35 0.01 21.62 0.93 0.0014 71.43 0.99 1.83 45.07 0.93 

P
P

 

C
r(

V
I)

 

52.35 0.03 36.47 0.94 0.0015 58.82 0.99 0.08 41.10 0.87 

A
C

P
P

 

M
n

(I
I)

 

75.68 0.02 44.66 0.85 0.0009 83.33 0.99 0.12 57.61 0.97 

P
P

 

M
n

(I
I)

 

69.27 0.02 36.89 0.88 0.0009 76.92 0.99 2.29 41.35 0.98 
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where k1 represents the first-order rate constant (min−1), 

qe denotes the adsorbent uptake capacity at equilibrium 

and qt stands for the adsorbent uptake capacity at time t.  

Utilizing the plot of ln (qe - qt) against time (t), the 

parameters k1 and qe can be determined. However, the 

correlation coefficients observed for the pseudo-first-

order kinetic model were low, moreover, notable 

disparities were evident between the experimental and 

theoretical parameters of equilibrium adsorption capacity 

(qe). Consequently, it is indicated that the PFO model 

inadequately fits the experimental statistics.  

Pseudo-second-order model 

In this model, the adsorption rate is assumed to be 

proportional to the square of the difference between the 

amount of adsorbate adsorbed at equilibrium and that 

adsorbed at time t [41]. The linear form of this model is 

commonly expressed as given in the following equation: 

𝑡

𝑞𝑡
=

1

𝑘2𝑞𝑒
2 +

𝑡

𝑞𝑒
 (10), 

where the rate constant for PSO adsorption is denoted by 

k2 (g/mg min).  

By plotting t/qt against time (t), a linear relationship 

is obtained (Figure 8), moreover, the gradient and 

intercept of this line are utilized to compute the values of 

qe and k2. Among all the investigated kinetics for Mn(II) 

and Cr(VI) adsorption onto ACPP and PP surfaces, the 

PSO  model exhibits the highest correlation coefficient. 

Additionally, the calculated qe values closely match 

experimental values for PSO kinetics, indicating a high 

level of agreement with the experimental data. These 

findings suggest that the chemical sorption process, 

pertaining to the transfer or interchange of electrons 

between the solute and adsorbents, is the rate-controlling 

step. 

Intraparticle diffusion model 

The intraparticle diffusion model is commonly employed 

to characterize the adsorption process by distinguishing 

between internal diffusion within the adsorbent pores and 

external mass transfer resistance across the boundary 

layer surrounding the adsorbent particles. In order to 

determine the mechanism followed by the adsorption 

process, an intraparticle diffusion kinetic model is 

proposed by Weber and Morris [42]. The intraparticle 

diffusion can be expressed by this equation: 

𝑞𝑡 = 𝑘𝑖𝑑𝑡
1

2⁄ + 𝑐 (11), 

where kid represents the constant for the intraparticle 

diffusion kinetic model (mg/g.min1/2) and c stands for the 

intercept, denoting the thickness of the boundary layer.  

When c is large, the surface adsorption effect is 

more significant. This model assumes that intraparticle 

diffusion is a factor in the adsorption process. The plot of 

qt against t1/2 yields a linear graph (Figure 9) and its 

gradient is used to determine kid. The linear plot 

originating from the origin signifies that the intraparticle 

diffusion process is not the exclusive rate-determining 

stage in the adsorption process, indicating that although 

intraparticle diffusion may play a role in the overall 

adsorption mechanism, additional factors such as surface 

adsorption, external diffusion or chemical interactions 

between the adsorbate and adsorbent are likely influential 

in regulating the rate of the process. The lack of deviation 

from the origin indicates the absence of substantial 

boundary layer resistance or external mass transfer 

constraints, suggesting that adsorption is regulated by a 

combination of various processes rather than solely by 

intraparticle diffusion. The results obtained in our 

investigations revealed the multifaceted nature regarding 

the plot of the intraparticle diffusion model, confirming 

that different adsorption mechanisms are involved in the 

adsorption process of the metal ions. The first stage of 

the curve suggests that the mechanism of metal ion 

adsorption is affected by outer surface sorption, while the 

second linear stage of the plot may be described by 

intraparticle diffusion. Moreover, intraparticle diffusion 

may be followed by more than one rate-controlling step 

because the linear plot deviated from the origin.  

The adsorption of Cr(VI) and Mn(II) onto the 

adsorbents PP and ACPP transpires via monolayer 

adsorption, wherein the metal ions form a singular layer 

on the adsorbent surface. This process is governed by 

chemical interactions between metal ions and surface 

functional groups, including carboxylic (-COOH) and 

hydroxyl (-OH) groups, which are recognized for their 

ability to bond with metal ions via coordination and ion 

 

Figure 8: The pseudo-second-order kinetic models for 

Cr(VI) and Mn(II) on the tested adsorbents 

 

Figure 9: Intraparticle Diffusion Model for Cr(VI) and 

Mn(II) on the tested adsorbents 
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exchange. The existence of these functional groups 

improves the adsorbent capacity to eliminate heavy metal 

ions by offering active sites for adsorption. 

4. Discussion 

The adsorption of Cr(VI) and Mn(II) onto the adsorbent 

PP/ACPP is highly dependent on the physicochemical 

properties of the adsorbent, particularly the surface 

functionalities and pore structure. FTIR analysis 

indicates the involvement of surface oxygen-containing 

groups such as hydroxyl, carboxyl and carbonyl moieties 

in the binding process. These groups can interact with 

metal ions through complexation and electrostatic 

attraction. In the case of Cr(VI), which exists primarily 

in the form of dichromate (Cr2O7
2-) or chromate (CrO4

2-) 

at neutral to alkaline pHs, the negative charge facilitates 

strong interactions with positively charged protonated 

functional groups on the adsorbent surface. Mn(II), being 

a divalent cation, also exhibits strong affinity through ion 

exchange and complexation with electron-donating 

groups. The surface area and mesoporous structure of the 

activated PP/ACPP enhance the availability of these 

functional sites, further improving the adsorption 

capacity. 

In addition to surface interactions, the role of redox 

processes in the adsorption mechanism cannot be 

overlooked, especially for Cr(VI), which undergoes 

reduction to the less toxic Cr(III) form during adsorption. 

This reduction is likely facilitated by electron-rich sites 

on the adsorbent surface such as phenolic or carbonyl 

groups which donate electrons to Cr(VI), resulting in its 

simultaneous reduction and adsorption. Thermodynamic 

parameters support this chemisorption process as 

indicated by the positive ∆H° values (endothermic 

nature) and negative ∆G° values, suggesting a 

spontaneous and favorable process. The increase in 

entropy (∆S°) implies enhanced randomness at the solid-

liquid interface, likely due to the displacement of water 

molecules and reorganization of surface-bound ions 

during metal binding. The deviation of the intraparticle 

diffusion model from the origin and its multilinear profile 

indicate that adsorption is governed by multiple steps, 

including film diffusion, pore diffusion and surface 

adsorption, which occur sequentially or simultaneously. 

Furthermore, the presence of oxygenated functional 

groups on the PP/ACPP adsorbent surface contributes 

significantly to Mn(II) adsorption by facilitating surface 

complexation, which is essential for the subsequent 

oxidation of Mn(II) to Mn(IV) species under ambient 

conditions. This catalytic role of the adsorbent 

underscores its multifunctionality that is adsorption 

coupled with redox transformation. For practical 

applications, the stability and regeneration of the 

adsorbent PP/ACPP are crucial. Batch and column 

studies must be integrated to evaluate breakthrough 

curves and determine adsorbent exhaustion points, which 

directly impact process scalability. The development of 

this low-cost, biowaste-derived adsorbent not only aligns 

with the principles of green chemistry but also offers a 

sustainable pathway for the removal of heavy metal ions 

in real-world wastewater systems. Comprehensive 

mechanical and economic evaluations will be required to 

validate its industrial applicability, ensuring a balance 

between efficiency, durability and operational costs. 

Desorption studies are essential to evaluate the 

reproducibility of the performance of the adsorbent 

PP/ACPP, ensuring consistent behavior across multiple 

adsorption–desorption cycles. To comprehensively 

assess the applicability of this material in real-world 

scenarios, future research should incorporate validation 

using both batch and column methodologies, which 

simulate different operational conditions in wastewater 

treatment systems. Additionally, in-depth economic 

evaluations are necessary to determine the feasibility of 

scaling up the adsorption process for industrial 

wastewater treatment applications. 

5. Conclusions 

In this study, raw pomegranate peel and activated carbon 

from pomegranate peel through chemical activation with 

H3PO4 were prepared. To understand the adsorption 

mechanism, the adsorbents were characterized physico-

chemically using SEM, XRD and FTIR analysis. It was 

found that the porous structure and pore volume of the 

raw PP increased after activation. The structure of PP was 

found to be crystalline and that of ACPP amorphous from 

XRD spectra. Surface functional groups of PP changed 

after activation by ACPP. The BET surface area of ACPP 

is larger than PP. The potential and applicability of PP 

and ACPP in the elimination of Cr(VI) and Mn (II) from 

aqueous solutions were studied. By examining the 

influence of contact duration, temperature and pH, it was 

demonstrated that the adsorption of Cr(VI) and Mn(II) 

onto the examined adsorbents closely followed the 

Langmuir isotherm and adhered to the pseudo-second-

order kinetic model. This suggests that the adsorption 

process is influenced by these factors and that the 

adsorption sites on the adsorbent are homogeneously 

distributed with the rate of adsorption being governed by 

the interaction between the adsorbate and adsorbent 

surface. The optimal adsorption capacities of PP and 

ACPP were found to be 55.56 and 100.00 mg/g for 

Cr(IV) but 90.91 and 142.86 mg/g for Mn(II), 

respectively. Thermodynamic studies showed that the 

adsorption reaction is instantaneous, endothermic and 

random in nature on the adsorbent surface. Furthermore, 

it is observed from this investigation that the adsorbent 

ACPP exhibited a good degree of potential for the 

elimination of Mn(II) and Cr(VI) from aqueous 

solutions. Future research could explore the development 

of advanced activation methods to enhance the 

adsorption efficiency of ACPP for a wider range of 

pollutants, including emerging contaminants. 

Technically, scaling up the production of ACPP for 

industrial wastewater treatment applications could lead 

to cost-effective solutions for the large-scale removal of 

heavy metal ions like Cr(VI) and Mn(II). To maximize 

the utility of these materials, future research should focus 
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on optimizing activation methods for specific pollutants 

such as heavy metal ions, dyes and pharmaceuticals. 

Furthermore, these adsorbents could be effectively 

employed in decentralized water treatment systems, 

especially in rural or resource-limited areas. Their 

integration into filtration units for household water 

purification, wastewater treatment plants or even 

industrial effluent management presents promising 

practical applications. Additionally, investigating the 

regeneration and reusability of ACPP would improve its 

economic viability and sustainability in continuous 

industrial processes. 
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