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ABSTRACT 

Pomegranate peel waste (PPW) was successfully utilized as a renewable biomass precursor to develop an MgO-

based nanocomposite through a simple and environmentally sustainable synthesis process for water purification. The 

prepared PPW–MgO nanocomposites were systematically examined using XRD, FTIR and TGA to investigate surface 

functional groups, crystal structure, and thermal behavior. Among the synthesized formulations, PPW–MgO (0.50) displayed 

the most desirable physicochemical characteristics, with uniformly distributed MgO nanoparticles and an optimized surface 

charge, resulting in turbidity elimination efficiency of 81.9% under optimum coagulant dosage of 2.0 g L-1, conditions of pH 

4.6, and settling time of 40 min. The superior clarification efficiency was attributed to the cooperative effect of hydroxyl-

rich pomegranate peel matrix and MgO NPs, which enhanced particle destabilization through interparticle bridging, sweep 

flocculation and charge neutralization. Relative to conventional coagulants like alum and polyaluminum chloride, PPW–

MgO (0.50) achieved comparable or higher treatment performance while exhibiting excellent biodegradability, a residual 

Mg concentration below 0.05 mg L-1, and an estimated cost of approximately ₹20 per kg. Overall, the developed MgO 

nanocomposite derived from pomegranate peel waste represents an economical, scalable, and environmentally sustainable 

material for water and wastewater treatment, while simultaneously promoting agricultural waste valorization within a circular 

economy framework. 
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1. INTRODUCTION 

Wastewater generated from industrial and 

agricultural activities contains a wide range of organic 

pollutants, dyes, nutrients, and heavy metals that pose 

significant risks to ecosystems and human health (Kumar 

et al. 2026). Consequently, the development of 

sustainable, environmentally friendly, and cost-effective 

treatment technologies has become an important research 

priority. Various sustainable wastewater treatment 

approaches, including biological, physicochemical, 

phytoremediation, anaerobic digestion, and microbial 

fuel cell technologies have been extensively investigated 

for improving pollutant removal and promoting resource 

recovery (Rao et al. 2025). Among these approaches, 

pomegranate peel powder has been identified as an 

effective natural coagulant capable of enhancing nitrogen 

removal and contributing to sustainable dairy wastewater 

treatment (Tom, 2023). Owing to its abundance, 

biodegradability, porous lignocellulosic structure, and 

rich surface functional groups, pomegranate peel has 

emerged as a promising biomass precursor for the 

development of low-cost adsorbents. Pomegranate peel-

derived powdered activated carbon has demonstrated 

efficient removal of BOD, COD, nitrate, and phosphate 

during tertiary wastewater treatment, while the addition 

of alum further improved pollutant removal efficiency 

(Al-Baidhani and Al-Khafaji, 2017).  

Similarly, activated carbon prepared from 

pomegranate peel waste (PPW) effectively adsorbed 

protocatechuic acid following the Freundlich isotherm 

and pseudo-second-order kinetic model, highlighting its 

potential for sustainable wastewater remediation 

(Gaharwar et al. 2024). Crushed pomegranate peel has 

also been employed as an inexpensive biosorbent for 
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mercury and cadmium removal, achieving maximum 

adsorption capacities of 42.13 mg/g and 89.59 mg/g, 

respectively, according to the Langmuir isotherm model 

(Zareei et al. 2024). Furthermore, pomegranate peel 

exhibited excellent adsorption performance for Brilliant 

Blue R and Victoria Blue R dyes, attaining removal 

efficiencies of 90.38% and 100%, respectively (Akmese, 

2025). 

To further improve adsorption efficiency, 

numerous modified pomegranate peel-based materials 

have been developed. A kaolinite-modified pomegranate 

peel hydrochar composite demonstrated enhanced 

Malachite Green adsorption with improved structural 

stability while following Langmuir isotherm and pseudo-

second-order kinetic behavior (Azizi and Alorabi, 2025). 

Iron(III)-loaded pomegranate peel powder significantly 

enhanced phosphate removal, achieving a maximum 

adsorption capacity of 99.30 mg/g (Bashyal et al. 2023). 

Microwave-assisted nitrogen doping increased the 

surface area and functional groups of pomegranate peel-

derived biochar, resulting in superior Cd(II) adsorption 

performance (Murat et al. 2025). Likewise, phosphoric 

acid-activated pomegranate peel waste produced highly 

porous activated carbon capable of removing 89.36% of 

Brilliant Blue dye under optimized conditions (Al-

Hussainy et al. 2025). Activated carbon impregnated 

with nanoscale zero-valent iron further enhanced furfural 

adsorption, achieving a maximum adsorption capacity of 

222.22 mg/g (Rashtbari et al. 2022).  

The incorporation of functional nanomaterials 

into pomegranate peel matrices has further expanded 

their wastewater treatment applications. A pomegranate 

peel powder/reduced graphene oxide nanocomposite 

exhibited high adsorption capacities for the simultaneous 

removal of Pb(II) ions and Methylene Blue while 

maintaining excellent stability and reusability (Hassan et 

al. 2025). Novel pomegranate peel-based 

nanocomposites incorporating chitosan, Padina 

pavonica, Fe(III), and nano-MgO demonstrated efficient 

removal of Cu(II) and Cd(II), with the MgO-modified 

composite exhibiting the highest adsorption performance 

and excellent regeneration ability (Hamad and Ibrahim. 

2024). In addition, pomegranate skin proved to be an 

effective green adsorbent for Yellow Bemacid dye 

removal by following the Langmuir isotherm and 

pseudo-second-order kinetic model (Henini et al. 2024). 

Beyond adsorption, nutrient-fortified pomegranate peel 

powders have also been investigated as sustainable 

bioadsorbent-derived biofertilizers, where nutrient 

enrichment reduced phytotoxicity and enhanced plant 

growth, demonstrating the broader environmental 

applications of pomegranate peel biomass (Bodor et al. 

2024).  

In recent years, MgO nanoparticles have 

attracted considerable attention as visible-light-

responsive photocatalysts because of their high chemical 

stability, low toxicity, and strong oxidative capability. 

Green-synthesized MgO nanoparticles achieved more 

than 95% degradation of Rhodamine B and Methylene 

Blue dyes under visible-light irradiation, demonstrating 

excellent photocatalytic performance (Pachiyappan et al. 

2022). Oxygen-vacancy-rich MgO nanoparticles 

synthesized using lemon peel extract exhibited enhanced 

Crystal Violet degradation owing to improved charge 

separation and abundant active sites (Tamam et al. 2025). 

Similarly, Cu-doped MgO nanoparticles showed superior 

photocatalytic degradation of Methylene Blue through 

band-gap reduction and improved sunlight utilization 

(Arif et al. 2022).  

To combine adsorption and photocatalysis 

within a single material, several hybrid nanocomposites 

have recently been developed. Green-synthesized 

rGO/MgO nanocomposites achieved approximately 93% 

degradation of Methylene Blue under solar irradiation 

while simultaneously exhibiting strong antibacterial 

activity (Abel et al. 2025). A MnO2/diosgenin–chitosan 

nanocomposite demonstrated efficient visible-light 

degradation of Acid Green and Malachite Green Oxalate 

dyes together with excellent antimicrobial properties (Raj 

et al. 2025). Magnetic graphene oxide functioned as a 

recyclable adsorbent for Methylene Blue removal, 

exhibiting a maximum adsorption capacity of 78.13 mg/g 

while maintaining more than 90% removal efficiency 

after repeated use (Jalali et al. 2019). Furthermore, green-

synthesized nanoparticles derived from pomegranate 

peel, moringa seed waste, and sawdust were successfully 

employed for the removal of Cr(VI) from contaminated 

water, achieving removal efficiencies of 96–100% under 

column conditions and demonstrating the effectiveness 

of agricultural waste-derived nano-biosorbents for heavy 

metal remediation (Mahdy and Fathi, 2026). Building 

upon the utilization of pomegranate peel as a green 

precursor for nanomaterial synthesis, pomegranate peel 

extract was further employed to synthesize CuO 

nanoparticles, which exhibited outstanding 

photocatalytic degradation efficiencies of 98% for 

Methylene Blue and 95% for methyl orange while 

maintaining excellent stability over repeated reuse cycles 

(Arif et al. 2024).  

Pomegranate peel waste is an abundant 

agricultural residue that remains largely underutilized 

despite its high content of carboxyl- and hydroxyl-

containing functional groups, which provide favorable 

active sites for surface modification and the 

immobilization of metal oxide nanoparticles. Utilizing 

this biomass as a precursor for MgO-based bio-

nanocomposites represents an environmentally 

sustainable strategy that supports the concepts of circular 

bioeconomy and the green chemistry. This value-added 

conversion transforms discarded agro-waste into 

functional material suitable for water purification uses. 

Nanocomposites exhibit enhanced surface activity, 

improved coagulation performance, and reduced 
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environmental load, making them promising candidates 

for practical water and wastewater treatment. The novelty 

of the present work lies in the development of 

pomegranate peel waste-derived MgO bio-

nanocomposites as sustainable coagulation materials, an 

area that has received limited scientific attention. 

Although biomass-derived adsorbents and coagulants 

have been widely investigated, the fabrication of hybrid 

MgO nanocomposites from PPW for coagulation–

flocculation applications remain largely unexplored. 

Therefore, this study expands the scope of agricultural 

biomass valorization while presenting an innovative 

route for producing efficient, environmentally benign 

materials for water purification. 

2. MATERIALS AND METHODS 

2.1 Materials 

Fresh pomegranate peel waste was collected 

from a local fruit market. Analytical-grade reagents, 

including sodium hydroxide (NaOH, ≥98% purity), 

magnesium oxide (MgO, ≥99% purity), kaolin (≥99% 

purity), and sulfuric acid (98% purity) were obtained 

from Sigma-Aldric. Deionized water served as solvent 

for all solution preparation and experimental procedures 

to minimize contamination. Solution pH was monitored 

by Adwa AD11 pH meter, whereas turbidity 

measurements were performed with HACH TL2300 

turbidimeter. Coagulation–flocculation experiments 

were conducted using conventional jar test method with 

six-position programmable jar test unit fitted with 6 

variable-speed mixing and one-liter beakers.  

 

 

Fig. 1: Preparation process of MgO-based nanocomposites 

2.2 Nanocomposite Preparation Process 

Pomegranate peel waste was collected, washed 

thoroughly with distilled water to remove adhering 

impurities, and cut into small pieces before being 

naturally air-dried. The dried material was pulverized 

into a fine powder and subjected to alkaline pretreatment 

by soaking in 0.5 M NaOH with continuous stirring for 1 

hour. Preparation of pomegranate peel powder was 

carried out using the same method as reported by 

Abinaya et al. (2024). After treatment, the powder was 

repeatedly rinsed with deionized water until the wash 

solution reached neutral pH and then dried in sunlight. 

For the preparation of MgO-based nanocomposites, 

analytical-grade MgO nanoparticles were dispersed in 

100 mL of deionized water and magnetically stirred at 

400 rpm for 30 min to obtain a uniform suspension. 

Green synthesis of magnesium oxide nanoparticles 

(MgO NPs) was carried out using the same method as 

reported by (Kalidasan et al. 2026). The pretreated PPW 

powder were gradually incorporated into MgO dispersion 

at PPW:MgO ratios of 1:0.25, 1:0.50, and 1:0.75. 

Continuous stirring was maintained for an additional 1 

hour to promote effective interaction between the 

biomass matrix and MgO nanoparticles. To improve 

particle dispersion and suppress agglomeration, the 

suspensions were further treated using a probe 

ultrasonicator operated at 40 kHz and 150 W for 20 

minutes in pulse mode at ambient temperature. The 

resulting mixture was filtered, and recovered solid was 

dried in a hot-air oven at 65 ℃ for 3 hours. Dried 

products were gently ground into a uniform powder and 

preserved in airtight glass for physicochemical 

characterization and coagulation–flocculation 

experiments. Synthesized nanocomposites were 

designated as PPW–MgO (0.25), PPW–MgO (0.50), and 

PPW–MgO (0.75), corresponding to MgO loadings of 

0.25, 0.50, and 0.75 g/g of PPW, respectively. The overall 
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recovery yield after drying remained within 87–92%, 

indicating that the synthesis procedure (Fig. 1) involved 

minimal material loss. 

2.3 Preparation of Synthetic Wastewater 

The wastewater was prepared for coagulation–

flocculation studies using kaolin as the suspended 

particulate material. Briefly, 10 g of kaolin powder was 

added to 10 L of tap water at ambient temperature to 

prepare stock suspension. The mixture was initially 

blended manually to disperse the particles, followed by 

continuous stirring at 400 rpm for 30 minutes to obtain a 

homogeneous suspension. Subsequently, the suspension 

was allowed to stand overnight to ensure hydration of 

kaolin particles and stabilization of the colloidal system. 

The resulting synthetic wastewater showed initial 

turbidity of 576 NTU and was used as the stock solution 

throughout investigation. The physicochemical 

properties of prepared turbid water are summarized in 

Table 1.  

Table 1. Characteristics of synthetic wastewater 

Property Observed Value 
Measurement 

Technique 

Water 
medium 

Tap water – 

Initial 

turbidity 
576 ± 5 

HACH TL2300 

turbidimeter 

Kaolin quality ≥99 
Manufacturer 
specification 

Kaolin 
loading 

1.0 Analytical balance 

Agitation 

speed 
400 

Bio Tron magnetic 

stirrer 

Agitation 

period 
30 Stopwatch 

Preparation 
temperature 

30 ± 2 
Laboratory 

ambient conditions 

Suspension 

pH 
7.2 ± 0.1 

Calibrated digital 

pH meter 

Dissolved 
solids 

145 ± 10 
Conductivity/TDS 

meter 

Electrical 
conductivity 

225 ± 10 
Conductivity 

meter 

Physical 

appearance 

Homogeneous 

colloidal dispersion 
Visual inspection 

Experimental suspensions with the desired 

turbidity values were prepared by diluting the stock 

suspension to the required concentrations before each 

coagulation–flocculation experiment, as summarized in 

Table 2. 

Table 2. Surface charge characteristics of PPW-based 
materials 

pH PPW 
PPW-

NaOH 

PPW-

MgO 

(0.25) 

PPW-

MgO 

(0.50) 

PPW-

MgO 

(0.75) 

2 +5 +2 +15 +20 +25 

4 -2 -10 +5 +10 +15 

6 -15 -30 -5 +2 +8 

7 -20 -38 -12 -6 +1 

8 -28 -45 -22 -18 -10 

10 -35 -55 -30 -28 -20 

2.4 Characterization  

2.4.1 Surface Charge Analysis 

The surface charge behavior of raw PPW, alkali-

treated PPW (PPW–NaOH), and the synthesized PPW–

MgO nanocomposites was determined by zeta potential 

analysis (Gemini, Zeiss). The analysis was performed to 

investigate electrokinetic characteristics of prepared 

materials and to assess effect of alkali treatment and MgO 

incorporation on their surface properties. Variations in 

zeta potential reflected changes in surface charge 

resulting from chemical modification and nanocomposite 

formation, which directly influenced particle stability, 

aggregation behavior, and dispersion characteristics. The 

obtained results provide a better understanding of the 

interfacial interactions responsible for the improved 

coagulation efficiency and water purification 

performance of the developed nanocomposites. 

2.4.2 FTIR Analysis 

Chemical characteristics of prepared specimens 

were examined by Fourier Transform Infrared 

Spectroscopy to identify surface functional groups 

responsible for coagulation behavior. The spectra were 

recorded on a Bruker instrument in the wavenumber 

region        4000–400 cm-1 at a spectral resolution of 1 

cm-1.  

2.4.3 XRD Analysis 

The phase composition and crystalline structure 

of the prepared samples was examined using Powder X-

ray Diffraction (XRD). Data collection was performed 

over a 2θ range of 5–80° using a step interval of 0.02° 

and a scanning speed of 1–2° min-1. Before analysis, each 

sample was finely ground, uniformly spread onto a glass 
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sample holder, and the instrument was calibrated with a 

silicon reference standard to ensure measurement 

reliability. The recorded diffractograms were matched 

with ICDD standard patterns to identify crystalline 

phases and assess degree of crystallinity. These structural 

characteristics were subsequently correlated with the 

coagulation behavior and turbidity removal efficiency of 

the developed materials. 

2.4.4 TGA Analysis 

The thermal behavior and stability of the 

prepared materials were investigated using 

Thermogravimetric Analysis (TGA Q50 analyzer). For 

each measurement, 5–10 mg of sample was loaded into 

platinum crucible and heated from ambient temperature 

to 800–1000℃ at uniform rate of 10 ℃ min-1 at 

continuous nitrogen flow to minimize oxidative 

degradation. The TGA curves were analyzed to identify 

the successive mass-loss regions corresponding to 

moisture removal, decomposition of organic 

constituents, and structural transformations occurring 

during heating. The obtained thermal characteristics were 

further used to assess the stability of the synthesized 

materials and their relevance to coagulation performance. 

2.5 Optimization of Coagulation Parameter  

A systematic set of coagulation–flocculation 

was performed to optimize operating conditions and 

evaluate treatment efficiency of synthesized PPW–MgO 

nanocomposites. The effect of solution pH was initially 

investigated over the range 4.4 – 8.5, covering the 

conditions commonly encountered in wastewater and 

natural water treatment processes. The desired pH values 

were adjusted by 0.50 M H2SO4 and 0.50 M NaOH 

solutions, while a calibrated digital pH meter was 

employed to monitor and confirm the pH throughout the 

experiments, ensuring reliable and accurate 

measurements. 

The influence of coagulant dosage was assessed 

by adjusting the concentration of the synthesized PPW–

MgO nanocomposites from 0.4 to 2.6 g L-1. To study the 

effect of the initial turbidity, synthetic water samples 

containing kaolin concentrations between 0.5 and 4.0 g 

L-1 were prepared. Settling behavior was evaluated by 

collecting clarified supernatant after 20 – 100 minutes. 

The PPW–MgO nanocomposites were used at wet state, 

and coagulation–flocculation experiments were carried 

out under standardized operating conditions consisting of 

rapid agitation at 250 rpm for 5 minutes, followed by 

gentle mix at 50 rpm for 10 minutes. Every experiment 

was repeated three times, and the reported results 

represent reproducible measurements with acceptable 

statistical reliability. 

2.5.1 Jar Test Procedure 

Coagulation–flocculation experiments were 

performed using the conventional jar test protocol. The 

jar test unit consisted of 6 one-L beakers, all containing 

synthetic turbid water with initial turbidity of 576 NTU 

otherwise indicated. Before adding PPW–MgO 

nanocomposite coagulants, the initial pH of every 

suspension was recorded. The required coagulant dosage 

was then added, followed by stirring at 250 rpm for 5 

minutes and slow agitation at 50 rpm for 5 minutes to 

promote floc formation. The suspensions were 

subsequently left undisturbed for 40 minutes to allow 

sedimentation of the formed flocs. After the settling 

period, the clarified supernatant was carefully withdrawn 

for turbidity analysis. The percentage of turbidity 

removal was determined according to Eq. (1). 

Efficiency % =
Initial turbidity−Final turbidity

Initial turbidity
× 100  … (1) 

3. RESULTS AND DISCUSSION 

3.1 Surface Charge Characteristics 

The profiles of raw pomegranate peel waste 

(PPW), alkali-treated PPW (PPW–NaOH), and the 

synthesized PPW–MgO nanocomposites (PPW–MgO 

(0.25), PPW–MgO (0.50), and PPW–MgO (0.75)) reveal 

distinct variations in surface charge that govern colloidal 

stability and interfacial interactions. Following alkali 

treatment, PPW–NaOH displayed a substantially more 

negative zeta potential across the investigated pH range, 

indicating enhanced exposure of ionizable oxygen-

containing functional groups after partial removal of 

surface impurities and non-cellulosic constituents. In 

contrast, incorporation of MgO nanoparticles 

progressively shifted the surface charge toward less 

negative values, particularly under acidic and near-

neutral conditions. The PPW–MgO (0.25) 

nanocomposite exhibited only a slight reduction in 

negative surface charge, whereas PPW–MgO (0.50) and 

PPW–MgO (0.75) maintained near-neutral or weakly 

positive zeta potentials over a broader pH range, 

demonstrating the increasing contribution of MgO to the 

overall surface characteristics. This behavior can be 

attributed to the amphoteric nature of surface Mg–OH 

groups, which become protonated under acidic 

conditions and gradually deprotonate with increasing pH, 

thereby shifting the apparent isoelectric point of the 

nanocomposites. Consequently, PPW–NaOH showed 

superior electrostatic stability at alkaline pH because of 

its highly negative surface charge, while the MgO-

containing composites exhibited lower absolute zeta 

potential values around neutral pH, promoting particle 

aggregation and improving charge neutralization during 

coagulation. These findings confirm that alkali treatment 

primarily enhances the density of negatively charged 

functional groups on the biomass surface, whereas MgO 

incorporation modifies the electrokinetic behavior by 

introducing amphoteric surface sites. Such tunable 



A. T. Ravichandran et al. / J. Environ. Nanotechnol., Vol. xx(x), xx-xx (20xx) 

 

surface-charge characteristics are advantageous for 

improving coagulation efficiency, pollutant interaction, 

and suspension behavior under different water treatment 

conditions. 

3.2 FTIR Characteristics 

Fig. 2 presents the FTIR spectra of raw PPW, 

PPW–NaOH, and PPW–MgO nanocomposites 

containing MgO loadings of 0.25, 0.50, and 0.75. 

Comparison of the spectra demonstrates noticeable 

changes in the chemical structure of the lignocellulosic 

biomass after alkali treatment and confirms the 

establishment of interfacial interactions between MgO 

nanoparticles and the pomegranate peel matrix during 

nanocomposite formation.  

 

 

Fig. 2: Functional group analysis of raw pomegranate peel 
waste 

The FTIR spectrum of raw PPW exhibits broad 

peak centered at 3435 cm-1 attributed to stretching 

vibration of hydroxyl groups originating from 

hemicellulose, cellulose and physically adsorbed 

moisture. Following alkaline treatment, intensity of this 

peak increases in PPW–NaOH, indicating greater 

exposure of hydroxyl-containing functional groups due 

to the partial elimination of hemicellulosic and lignin 

constituents. Peaks observed in the 2915 cm-1 region 

correspond to symmetric and asymmetric stretching 

vibrations of aliphatic C–H bonds present in 

lignocellulosic framework. A distinct peak near 1725 cm-

1, assigned to carbonyl stretching vibration of ester 

groups associated with hemicellulose and lignin, 

becomes considerably weaker after alkali treatment and 

further diminishes with increasing MgO incorporation, 

confirming the cleavage of ester linkages and removal of 

non-cellulosic components. The absorption region 

between 1605 and 1630 cm-1 is mainly related to the 

bending vibration of adsorbed water together with 

residual aromatic structures from lignin. After 

incorporation of MgO nanoparticles, additional bands 

together with enhanced absorption intensity are observed 

within the 650–520 cm-1 region, which are attributed to 

Mg–O stretching vibrations and Mg–O–C interfacial 

interactions, demonstrating successful immobilization of 

MgO onto the biomass surface. Increasing the MgO 

loading from  PPW–MgO (0.25) to PPW–MgO 

(0.75) produces gradual peak shifts and improved 

spectral definition, indicating stronger interactions 

between the inorganic phase and the lignocellulosic 

matrix as well as the formation of bio-nanocomposite 

structure. According to earlier studies, FTIR analysis 

confirmed the successful incorporation of cellulose 

extracted from pomegranate peel waste and chemically 

crosslinked chitosan through hydrogen bonding within 

the composite structure. The identified functional groups 

verified the formation of a stable bio-based adsorbent 

with abundant active sites for efficient Methyl Orange 

adsorption (Fadhil et al. 2026). Overall, the FTIR results 

verify effective chemical modification of pomegranate 

peel waste and uniform incorporation of MgO 

nanoparticles, which are expected to improve the surface 

functionality and coagulation performance of the 

developed nanocomposites. 

3.3 XRD Characterization 

Fig. 3 presents the XRD patterns of raw and 

alkali-treated pomegranate peel waste together with the 

synthesized PPW–MgO nanocomposites, illustrating the 

structural changes induced by chemical pretreatment and 

MgO incorporation.  

 

 

Fig. 3: XRD patterns of PPW samples 

The XRD pattern of raw PPW is characterized 

by a broad diffraction band within the 2θ range of 

approximately 15–25°, indicating the predominantly 

amorphous nature of the lignocellulosic biomass with 

only limited crystalline ordering. After alkaline 

pretreatment, the diffraction feature of PPW–NaOH 

becomes relatively sharper, suggesting partial 



A. T. Ravichandran et al. / J. Environ. Nanotechnol., Vol. xx(x), xx-xx (20xx) 

 

elimination of amorphous hemicellulose and lignin, 

which improves structural organization of the cellulose 

phase. In comparison, MgO exhibits distinct crystalline 

reflections at approximately 2θ = 36.8°, 42.9°, 62.3°, 

74.8°, and 78.7°, corresponding to (111), (200), (220), 

(311), and (222) planes of the cubic periclase structure, 

confirming its high crystallinity. The diffraction profiles 

of the PPW–MgO nanocomposites reveal the gradual 

appearance and increased intensity of these characteristic 

MgO peaks with increasing MgO loading from PPW–

MgO (0.25) to PPW–MgO (0.75), demonstrating 

successful addition of crystalline MgO into biomass 

matrix. Simultaneously, broad amorphous halo 

associated with pomegranate peel waste becomes less 

prominent, indicating effective deposition of MgO 

nanoparticles on the lignocellulosic framework. The 

enhanced peak intensity observed for PPW–MgO (0.75) 

reflects improved crystallinity and stronger interaction 

between the MgO phase and oxygen functional groups of 

biomasses. Overall, XRD outcomes verify successful 

formation of PPW–MgO bio-nanocomposites, in which 

crystalline MgO is uniformly integrated with the 

lignocellulosic support, contributing to enhanced 

structural stability, surface activity, and coagulation 

performance. Benahdach et al. (2025) performed XRD 

analysis to confirm the successful formation of activated 

carbon derived from pomegranate peel waste (PPW-

derived AC) with a predominantly amorphous carbon 

structure suitable for adsorption. The structural 

characteristics verified by XRD supported the effective 

adsorption of Congo Red dye from wastewater.  

3.4 TGA Characterization 

The thermogravimetric profiles of PPW exhibit 

a characteristic multistage degradation behavior typical 

of lignocellulosic biomass. As illustrated in Fig. 4, the 

initial weight-loss region (<100℃) is primarily attributed 

to evaporation of adsorbed moisture and other volatile 

constituents present on the material surface.  

 

 

Fig. 4: TGA profiles of PPW samples 

A pronounced mass-loss stage is observed 

between 250 and 420 ℃, corresponding mainly to 

thermal decomposition of cellulose and hemicellulose 

fractions present in pomegranate peel waste matrix. 

Beyond 420℃, weight decreases gradually because of 

the progressive degradation of the thermally stable lignin 

component. Among all the investigated samples, raw 

PPW shows the greatest residual mass owing to the 

presence of undecomposed inorganic constituents and 

carbonaceous residues. In comparison, PPW–NaOH and 

the PPW–MgO nanocomposites exhibit improved 

thermal resistance, as evidenced by the delayed onset of 

decomposition and higher residual mass at the end of the 

analysis (600–730 ℃). The enhancement in thermal 

stability becomes more pronounced with increasing MgO 

loading, indicating effective interfacial interactions 

between the lignocellulosic matrix and MgO 

nanoparticles, which restrict polymer chain mobility and 

retard thermal degradation. These thermogravimetric 

results confirm that alkali pretreatment together with 

MgO incorporation significantly improves the thermal 

stability of pomegranate peel waste, highlighting its 

suitability as a durable biomass-based material for 

coagulation and environmental remediation applications. 

Kamalesh and Saravanan, (2026) have confirmed the 

excellent thermal stability of the raw pomegranate peel 

waste-loaded ZIF-8 (RPZIF-8) adsorbent, with the Zn–N 

framework remaining structurally intact during thermal 

treatment by TGA. The results demonstrated that RPZIF-

8 possesses sufficient thermal robustness for repeated 

adsorption–regeneration cycles in wastewater treatment 

applications.  

3.5 Coagulation Performance of PPW–MgO 

3.5.1 Influence of pH 

Fig. 5 presents the influence of solution pH on 

turbidity elimination efficiency (R%) of the PPW–MgO 

nanocomposites containing MgO loadings of 0.25, 0.50, 

and 0.75. Regardless of the MgO content, all 

nanocomposites exhibited a similar bell-shaped 

response, demonstrating that the coagulation efficiency 

was strongly governed by the solution pH.  

 

 

Fig. 5: pH-dependent coagulation efficiency 
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Turbidity removal efficiency improved 

progressively as the solution pH shifted from alkaline to 

mildly acidic, reaching the highest value at 

approximately pH 5.0. Among the investigated 

formulations, PPW–MgO (0.50) achieved the maximum 

removal efficiency of nearly 87.6%, indicating that this 

composition provided the most favorable combination of 

surface charge characteristics and homogeneous MgO 

nanoparticle distribution for efficient particle 

destabilization and adsorption. In comparison, PPW–

MgO (0.75) exhibited a slight reduction in performance, 

particularly under alkaline conditions, which may be 

associated with partial nanoparticle agglomeration and a 

decrease in number of accessible active sites. As pH 

increased beyond 7, the removal efficiency of all 

nanocomposites gradually decreased because of reduced 

protonation of weaker electrostatic interactions and 

surface functional groups with suspended colloidal 

particles. These findings demonstrate that mildly acidic 

conditions provide the most suitable environment for 

coagulation, with PPW–MgO (0.50) exhibiting the 

optimum balance between coagulation efficiency and 

structural stability. 

3.5.2 Dosage Effect 

Fig. 6 shows the effect of coagulant dosage on 

turbidity elimination efficiency of the synthesized PPW–

MgO nanocomposites containing MgO loadings of 0.25, 

0.50, and 0.75. The coagulation performance of the three 

formulations was evaluated over the investigated dosage 

range to determine the optimum operating condition.  

 

 

Fig. 6: Dosage-dependent coagulation performance 

Coagulant dosage increased, turbidity removal 

efficiency of all PPW–MgO nanocomposites improved 

steadily until reaching 2.0 g L-1, beyond which only 

marginal changes were observed, indicating the optimum 

dosage had been achieved. Among the prepared 

formulations, PPW–MgO (0.50) produced the highest 

removal efficiency (≈81.9%), demonstrating that this 

composition provided the most favorable balance 

between MgO nanoparticle dispersion and the 

availability of active coagulation sites. By comparison, 

PPW–MgO (0.75) exhibited a slightly lower removal 

efficiency, which may be attributed to partial 

nanoparticle agglomeration at higher MgO loading, 

reducing the accessibility of reactive surface sites. The 

negligible improvement observed above 0.5–2.0 g L-1 

indicates that additional coagulant does not significantly 

enhance particle destabilization because most suspended 

colloids have already been removed, while excess dosage 

may increase the concentration of residual solids. These 

observations demonstrate that both the MgO loading and 

the applied coagulant dosage play critical roles in 

achieving maximum turbidity removal efficiency, with 

PPW–MgO (0.50) representing the optimum 

formulation. 

3.5.3 Effect of Initial Concentration 

Fig. 7 illustrates effect of the initial turbidity 

concentration on removal efficiency (R%) of the 

synthesized PPW–MgO nanocomposites containing 

MgO loadings of 0.25, 0.50, and 0.75. The coagulation 

performance of each formulation was evaluated over 

different initial contaminant concentrations to assess its 

treatment capability under varying turbidity conditions.  

 

 

Fig. 7: Turbidity-dependent coagulation performance 

The turbidity removal efficiency raised rapidly 

as initial contaminant concentration increased 0.5 to 2.0 

g L-1, after which the values stabilized within the range 

of approximately 84–87%. This trend indicates that 

sufficient active coagulation sites were initially available 

on the PPW–MgO nanocomposites, enabling efficient 

particle destabilization through adsorption, charge 

neutralization, and floc formation. As the contaminant 

concentration increased further, the available surface 

sites gradually approached saturation, resulting in only 
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minor changes in removal efficiency. Among the 

investigated formulations, PPW–MgO (0.50) 

consistently achieved the highest turbidity removal over 

the entire concentration range, suggesting that this 

composition provided the optimum distribution of MgO 

nanoparticles and the greatest number of accessible 

reactive sites. In comparison, PPW–MgO (0.75) 

exhibited a slight decrease in performance at higher 

contaminant concentrations, which may be attributed to 

partial MgO nanoparticle agglomeration that reduced the 

effective surface area available for coagulation. The 

comparatively lower efficiency of PPW–MgO (0.25) was 

associated with its lower MgO content, resulting in fewer 

active sites for contaminant removal. Overall, the PPW–

MgO nanocomposites, particularly PPW–MgO (0.50) 

maintained a consistently high turbidity removal 

efficiency of approximately 86.3% over a broad 

concentration range, demonstrating excellent operational 

stability and strong potential. 

3.5.4 Effect of Settling Time 

Fig. 8 depicts effect of settling time on the 

turbidity removal efficiency (R%) of the synthesized 

PPW–MgO nanocomposites containing MgO loadings of 

0.25, 0.50, and 0.75. The settling behavior of each 

formulation was evaluated over different sedimentation 

periods to determine the optimum settling time for 

effective coagulation.  

 

 

Fig. 8: Time-dependent turbidity removal 

The turbidity removal efficiency gradually 

increased with increasing settling time, with the most 

significant improvement occurring during the initial 60 

minutes, after which only slight changes were observed, 

indicating that the coagulation process had approached 

equilibrium. This trend is characteristic of coagulation–

flocculation, where small flocs generated during rapid 

mixing progressively combine into denser and larger 

aggregates that settle efficiently under gravity. Among 

the formulations, PPW–MgO (0.50) consistently 

achieved the highest clarification efficiency, reaching 

84.2–87.7% after 100 minutes, whereas PPW–MgO 

(0.75) and PPW–MgO (0.25) exhibited comparatively 

lower removal efficiencies. The enhanced performance 

of PPW–MgO (0.50) is attributed to the optimum MgO 

loading, which provides a favorable balance between 

available active sites and uniform nanoparticle 

dispersion, thereby improving adsorption, charge 

neutralization, and floc formation. In contrast, the 

slightly lower efficiency of PPW–MgO (0.75) may be 

associated with partial MgO nanoparticle agglomeration 

at higher loading, resulting in reduced effective surface 

area. The continuous increase in turbidity removal with 

settling time confirms that prolonged sedimentation 

enhances the separation of suspended particles from the 

treated water. The nearly constant removal efficiency 

observed after 60–80 minutes further indicates that floc 

growth and sedimentation had essentially reached 

completion, and extending the settling period produced 

only limited additional improvement. In a previous study, 

pomegranate seed powder demonstrated effective 

coagulation–flocculation performance for pulp and paper 

wastewater treatment, with enhanced efficiency when 

combined with alum. The dual-flocculation system 

achieved 81% COD removal and 98% turbidity removal 

through synergistic coagulation and bridging 

mechanisms (Shabanizadeh and Taghavijeloudar, 

2023b).  

3.6. Flocculation Dynamics Analysis 

The coagulation kinetics of the PPW–MgO 

nanocomposites demonstrate a rapid multistep 

flocculation process, in which suspended particles are 

initially destabilized during the rapid mixing stage, 

followed by progressive floc growth, consolidation, and 

sedimentation under gentle mixing and settling 

conditions. Using the applied operating procedure, 

charge neutralization and the formation of primary 

microflocs occurred during the initial mixing stage, 

whereas subsequent particle collisions promoted floc 

enlargement through adsorption, interparticle bridging, 

and sweep flocculation. Accordingly, the greatest 

improvement in turbidity elimination was observed 

within first 20–60 minutes of settling. Among 

investigated formulations, PPW–MgO (0.50) reached 

near-equilibrium performance after approximately 60–80 

minutes, with only minor increases in removal efficiency 

thereafter, indicating the formation of compact and 

rapidly settling flocs. The lower MgO loading provided 

fewer effective coagulation sites, whereas excessive 

MgO content promoted partial nanoparticle 

agglomeration, both of which reduced floc growth and 

settling efficiency. Overall, the time-dependent removal 

profiles and optimized mixing conditions confirm that 

PPW–MgO nanocomposites exhibit favorable 

coagulation kinetics for practical water treatment, 

achieving efficient clarification within a relatively short 
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operating period through the combined effects of rapid 

charge neutralization, effective floc growth, and 

accelerated sedimentation. Previous studies have 

reported that, the natural bio-coagulants, including 

moringa leaves, chitosan, opuntia, pomegranate peel, 

lupin straw, sugarcane bagasse, and tea waste residue, 

promoted flocculation by aggregating pollutants into 

larger, settleable flocs. An optimum dosage of 0.8g/L 

achieved efficient removal of turbidity, suspended solids, 

organic matter, and nutrient contaminants (Ahmed et al. 

2024).  

3.7 Comparative Coagulation Performance 

Under the optimized operating conditions, the 

PPW–MgO (0.50) nanocomposite reached turbidity 

removal efficiency of 81.9%. This performance is higher 

than that reported for many conventional alum-based 

coagulants, for which turbidity removal efficiencies 

generally range from approximately 50–85% depending 

on the water characteristics, operating conditions, and 

applied dosage. These findings demonstrate that the 

developed PPW–MgO nanocomposites provide 

coagulation performance comparable to widely used pre-

hydrolyzed aluminum coagulants while offering 

additional environmental benefits associated with the 

utilization of pomegranate peel waste as a renewable 

biomass support and the reduced risk of residual 

inorganic contaminants. Shabanizadeh and 

Taghavijeloudar, (2023a) employed pomegranate seed 

powder as a natural coagulant, promoting particle 

destabilization through charge neutralization by 

increasing the zeta potential of wastewater to the 

isoelectric point. Under optimum conditions (2391.91 

mg/L, pH 10.37, 25 minutes), it achieved 98% turbidity 

and 87% COD removal. 

3.8 Residual Mg Analysis 

The concentration of residual magnesium 

remaining in the treated water after coagulation with 

PPW–MgO (0.50) was lower than 0.05 mg L-1, quantified 

by ICP–OES following a validated sample digestion 

protocol and instrumental analysis with limits 

substantially lower than the measured concentration. The 

negligible residual Mg concentration indicates that the 

synthesized nanocomposite remained highly stable 

during the coagulation process, with minimal release of 

Mg species into the treated water. Although World Health 

Organization has not established a health-based guideline 

value specifically for magnesium in drinking water, the 

measured residual concentration is considerably lower 

than levels generally regarded as acceptable in drinking 

water. These observations demonstrate that the 

developed PPW–MgO nanocomposite not only provides 

efficient turbidity removal but also maintains a favorable 

environmental safety profile by minimizing magnesium 

release under the investigated operating conditions. 

3.9 Economic Feasibility Analysis 

A comparative economic assessment was 

performed to examine the cost-effectiveness of the 

developed PPW–MgO nanocomposites for water 

treatment applications. The estimated production cost of 

the optimized PPW–MgO (0.50) nanocomposite is 

approximately ₹20 per kg, mainly because pomegranate 

peel waste is an inexpensive and readily available 

biomass, while only a moderate amount of MgO is 

required during synthesis. By comparison, the market 

price of commonly used polyaluminum chloride is 

approximately ₹45–48 per kg, whereas commercial 

chemical coagulants are generally available within a 

broader price range of ₹2–52 per kg, depending on their 

composition and intended application. Although the 

overall treatment cost may vary with operating 

conditions, dosage, and raw water quality, the developed 

PPW–MgO nanocomposite offers a cost-effective 

alternative without compromising treatment efficiency. 

Combined with high turbidity elimination efficiency 

(≈86.4%) and a residual magnesium concentration below 

0.05 mg L-1, PPW–MgO nanocomposite represents an 

environmentally sustainable, economically attractive, 

and practical substitute for wastewater treatment. 

3.10 Elucidation of Removal Mechanism  

The excellent turbidity removal performance of 

the PPW–MgO nanocomposites is attributed to the 

combined contribution of several complementary 

coagulation mechanisms governed by their surface 

chemistry, microstructure, and pH-dependent 

electrokinetic properties. Under the optimum operating 

conditions (pH 4.6 and a coagulant dosage of 

approximately 2.0 g L-1), PPW–MgO (0.50) exhibited the 

highest clarification efficiency (≈84–87%) because this 

formulation provided the most favorable balance 

between MgO nanoparticle distribution and surface 

charge characteristics. Zeta potential analysis 

demonstrated that MgO incorporation gradually 

modified the highly negative surface of alkali-treated 

PPW toward a less negative or near-neutral electrokinetic 

state, thereby enhancing charge neutralization and 

electrostatic attraction of suspended colloidal particles 

under mildly acidic conditions. At the same time, the 

abundant carboxyl and hydroxyl functional groups 

present on pomegranate peel matrix supplied numerous 

sites, while the lignocellulosic framework promoted 

interparticle bridging, resulting in the formation of larger 

and more stable flocs. The FTIR analysis confirmed the 

interaction between MgO nanoparticles and oxygen-

containing functional groups of the biomass, while XRD 

results further verified the successful incorporation of 

crystalline MgO into the lignocellulosic matrix. In 

contrast, excessive MgO loading in PPW–MgO (0.75) 

resulted in partial nanoparticle agglomeration, reducing 

the availability of active coagulation sites and limiting 

treatment efficiency. The coagulation process followed a 
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typical sequence involving rapid particle destabilization 

during high-speed mixing, subsequent floc growth 

through adsorption, bridging, charge neutralization, and 

sweep flocculation during slow mixing, and efficient 

sedimentation within approximately 60–90 minutes. 

Furthermore, OES–ICP analysis detected a residual 

magnesium concentration below 0.05 mg L-1, confirming 

that MgO nanoparticles remained effectively 

immobilized during treatment while maintaining high 

clarification efficiency. These findings demonstrate that 

the superior performance of the PPW–MgO 

nanocomposites is governed by the synergistic 

interaction of adsorption, charge neutralization, polymer 

bridging, and sweep flocculation, all of which are 

strongly influenced by MgO loading and solution pH. 

4. CONCLUSION 

The present study demonstrates an 

environmentally sustainable and scalable strategy for 

converting pomegranate peel waste into performance 

MgO-based nanocomposites for water purification. 

Among the synthesized formulations, PPW–MgO (0.50) 

exhibited the highest turbidity elimination efficiency 

(81.9%) under optimized operating conditions, owing to 

the combined effects of adsorption, polymer bridging, 

charge neutralization, and sweep flocculation. The 

excellent clarification efficiency, low residual 

magnesium concentration (<0.05 mg L-1), and 

economical production cost demonstrate the potential of 

the developed material as a sustainable modification to 

conventional chemical coagulants. The current 

investigation employed synthetic kaolin suspensions to 

systematically evaluate the coagulation mechanism, 

future studies will focus on applying the optimized PPW–

MgO nanocomposite to real textile wastewater and 

natural surface water for comprehensive assessment of 

COD, color, and microbial removal. Thus, the PPW–

MgO nanocomposite provides a promising, 

environmentally friendly, and circular-economy-based 

material for advanced water and wastewater treatment 

applications. 
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