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					ABSTRACT  

					ARTICLE INFO  

					Water pollution usually results from discharge of untreated or partially treated human and  

					industrial waste into water bodies, and nanomaterials are increasingly being recognized as a  

					sustainable alternative remediation approach. The aim of the present study is to determine the  

					structural properties and possible adsorption property of hydrothermally synthesized MnO2  

					nanoparticles. The synthesized nanoparticles were characterized using X-ray diffraction, scanning  

					electron microscopy, energy-dispersive X-ray spectroscopy, Brunauer-Emmett-Teller surface  

					area analysis, Fourier-transform infrared spectroscopy and UV-Visible spectroscopy. The  

					nanoparticles primarily exhibited small crystallite sizes, structural disorder, and mostly  

					amorphous material. Manganese was dominant in the nanoparticles as evidenced by surface shape  

					and chemical composition but diminished with rising temperature. The surface area peaked at  

					110oC and decreased at higher temperatures possibly due to pore collapse and sintering effect,  

					suggesting that annealing temperature had a significant impact on the mesoporous structure. FTIR  

					and UV-Visible data suggest the presence of surface hydroxyl groups evidenced by moisture  

					absorption, an O-Mn-O stretching that promotes hydrogen bonding and bandgap energies that  

					allow for possible visible-light photocatalysis. Incorporating these results with existing research,  

					the adsorption mechanism is expected to include electrostatic interactions controlled by surface  

					charge, chemisorption via redox-active Mn sites, cation exchange regulated by potassium  

					intercalation, and synergistic physisorption. The study also suggests that controlled thermal  

					treatment enhanced adsorption performance as nanoparticles annealed at 90-110°C are expected  

					to exhibit optimal adsorption qualities. Overall, findings from this study offer a starting point for  

					producing efficient MnO2-based adsorbents capable of removing organic pollutants and heavy  

					metals in aquatic environment.  
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					Introduction  

					Experimental and theoretical studies have shown that metal oxides can  

					Nanoparticles (NPs) are natural or synthetic particles of  

					matter with sizes ranging from 1-100 nm which are capable of creating  

					new materials with novel and unique properties. Despite their small  

					size, they have a relatively large surface to volume ratio which is one of  

					the major reasons for their remarkable physicochemical attributes.1  

					They exhibit distinctive attributes such electrical, magnetic, and optical  

					activities among others, in contrast to their bulk phase.2 In recent years,  

					transition metals and their oxides have attracted widespread use as NPs  

					because of their special physicochemical properties. Metal oxides are  

					the most significant functional materials with excellent properties that  

					are widely used in electronic devices, sensors, batteries and  

					heterogenous catalysts.3,4 Additionally, transition metal oxides occupy  

					a significant position in the field of research due to their unique  

					properties like electronics conductivity, dielectric properties, bandgap  

					energy and high reactivity.5  

					undergo dramatic thermodynamic crossovers in polymorph stability, as  

					a function of both particle size and composition. Small particles  

					generally exhibit large surface area to volume ratio, meaning a bulk  

					metastable phase with low surface energy can become  

					thermodynamically stabilized at the nanoscale.6,7  

					Among the transition metal oxides, manganese oxide (MnO2) stands out  

					due to its abundant reserves, high activity, low toxicity and relatively  

					simple preparation process. It is widely used in oxidation catalyst  

					materials, aqueous batteries, supercapacitors, adsorption and other  

					fields.8-10 MnO2 nanoparticles have recently garnered substantial  

					interest due to their diverse applications in catalysis, energy storage, and  

					environmental remediation, particularly in the adsorption of pollutants  

					from aqueous solutions, owing to their high surface area, redox activity,  

					and environmental compatibility.11,12 The effectiveness of MnO2  

					nanoparticles as adsorbents is significantly influenced by their  

					morphology and phase composition, which dictate the availability of  

					active sites and overall surface reactivity.13,14 The ability to control  

					these properties is crucial for optimizing the adsorption performance of  

					MnO2 nanoparticles in targeted applications.  

					Several methods have been deployed in the synthesis of nanoparticles.  

					These include green synthesis using plant extracts, hydrothermal  

					synthesis, sol-gel technique, chemical co-precipitation, thermal  

					decomposition, and laser ablation. For instance, Dayak onion extract  

					nanoparticles were prepared using cross-link methods to improve  

					solubility, stability and bioavailability of active substances.15 However,  

					this was applicable in drug design to increase absorption and reduce  

					digestive tract interference. Furthermore, green synthesis methods,  
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					leveraging bioactive compounds in plant extracts, enable  

					environmentally friendly production with controlled particle size and  

					surface characteristics, thereby enhancing biocompatibility and  

					reactivity.16,17 Hydrothermal and sol-gel techniques offer precise control  

					over morphology and crystallinity thereby influencing surface area and  

					porosity which are critical for adsorptive applications. Gel formation,  

					followed by calcination, produces porous nano-tablets which enhance  

					adsorption sites.18 Many studies have reported the synthesis of MnOx  

					nanoparticles by combining hydrothermal methods with subsequent  

					doping to enhance adsorption of heavy metals and organic dyes.19 The  

					resultant nanoparticles often exhibit high surface area, tailored pore size  

					distribution, and abundant surface functional groups, leading to  

					improved removal efficiency, adsorption kinetics, and recyclability.  

					The hydrothermal approach stands out as a flexible and effective  

					method of producing different nanomaterials. It has proven to be  

					effective for creating nanoparticles with controlled particle size through  

					careful adjustment of pH, temperature, pressure, and reaction time.20,21  

					Therefore, the stability of nanoparticles which may not be feasible at  

					high temperatures is assured by the capacity of the method to accept  

					both low-pressure and high-pressure settings depending on the vapor  

					pressure of primary components of the reaction. It also offers a versatile  

					route for synthesizing MnO2 nanoparticles with controlled  

					morphologies and phases by manipulating reaction parameters such as  

					temperature, pressure, and reactant concentrations.22 Annealing  

					temperature plays a vital role in tuning the crystalline structure, particle  

					size, and surface properties of the synthesized nanoparticles,  

					consequently impacting their adsorption capabilities.23 The integration  

					of adsorption studies with comprehensive material characterization  

					facilitates the development of predictive models that enable rational  

					design of MnO2-based adsorbents with tailored properties for specific  

					environmental applications.24 The crystal structure and phase  

					composition of MnO2 nanoparticles significantly influence their  

					adsorption capacity and selectivity. Different crystalline phases of  

					MnO2 such as α-MnO2, β-MnO₂, γ-MnO2, and δ-MnO2 exhibit distinct  

					adsorption properties due to their unique tunnel structures and surface  

					characteristics.25  

					vigorously for 20 minutes using magnetic stirring to form  

					a

					homogeneous solution. The resulting dark brown gel-like solution was  

					immediately transferred into an autoclave, sealed and heated at varying  

					temperatures of 70oC, 90oC, 110oC, 130oC and 150oC respectively for a  

					period of 2 h in each case. The reactor was then taken out and allowed  

					to cool to room temperature. The resulting brown-black precipitate was  

					filtered off, washed with distilled water three times to remove the excess  

					ions until a neutral pH was attained, and finally dried for 12 hours in an  

					oven at a temperature of 120oC.  

					Characterization of MnO2 nanoparticles  

					The structure of the synthesized MnO2 nanoparticles was characterized  

					using X-ray diffraction (XRD) technique. The surface morphology and  

					chemical composition of the nanoparticles were determined using  

					scanning electron microscopy (SEM) and energy dispersive X-ray  

					(EDX) spectroscopy. The major functional groups present in the  

					samples were identified using Fourier Transformed Infrared  

					Spectroscopy (FTIR) while the specific surface area and pore size  

					distribution of the synthesized nanoparticles were determined using  

					Brunauer-Emmett Teller (BET) surface area analysis. Finally, the  

					structural and optical properties of the nanoparticles were determined  

					using UV-Visible spectroscopy.  

					Statistical analysis  

					Where applicable, data were presented as mean ± standard deviation of  

					five replicates. Statistical analysis was performed using Statistical  

					Package for Social Sciences (SPSS; version 23.1) software. A p-value  

					of < 0.05 was considered statistically significant.  

					Results and Discussion  

					X-Ray diffraction spectra of synthesized MnO2 nanoparticles  

					X-Ray diffraction analysis was carried out to examine the crystalline  

					phase of the synthesized manganese dioxide nanoparticles as depicted  

					in Figure 1. The spectra displayed broad humps and well-defined peaks  

					at various 2θ positions especially between 10° and 50°, which is  

					characteristic of poorly crystalline or nanocrystalline materials. There  

					are some discernible, though still broad, peaks near the 2θ positions of  

					28°, 37° and 56°. These positions are consistent with the standard MnO₂  

					phases (δ-MnO₂) and the broadness indicates small crystallite sizes or  

					significant structural disorder as confirmed in previous studies.26 Each  

					spectrum is vertically offset for clarity, but the relative intensity of the  

					major features remains similar across all temperature ranges. The  

					spectra remain unchanged across all temperatures (70-150°C), further  

					confirming persistent structural disorder. A similar crystallinity pattern  

					was reported in the green-synthesized MnO₂ using Punica granatum  

					peel, with tetragonal phases matching JCPDS standards.26 All samples  

					retain a largely nanocrystalline or amorphous structure, as evidenced by  

					the broad features and lack of distinct, sharp Bragg reflections. Overall,  

					the high structural disorder and abundant surface defect sites indicate  

					that MnO₂ nanoparticles may be suitable for pollutant adsorption.  

					The ability to predict adsorption behavior based on characterization data  

					holds immense value in accelerating the development of adsorbent  

					materials from metal oxides. Therefore, the objective of the present  

					study is to synthesize MnO2 nanoparticles using hydrothermal  

					technique at different annealing temperatures followed by  

					characterization of their crystal structure, morphology, surface  

					chemistry, surface area, and optical properties. By analyzing these  

					parameters, the study seeks to predict the adsorption potential of MnO2  

					nanoparticles. The novelty of this work lies in its unique provision of a  

					detailed framework linking synthesis conditions to the expected  

					adsorption behavior of MnO2 nanoparticles, thereby offering valuable  

					insights for the design of effective adsorbents in environmental  

					remediation applications.  

					Materials and Methods  

					Chemicals/Reagents and equipment  

					The chemicals/reagents used in the study included potassium  

					permanganate (Kermel Chemical Company, China), manganese sulfate  

					monohydrate (Loba Chemie, India) and hydrogen peroxide (Central  

					Drug House, India) all with 99% purity. The equipment used were  

					analytical balance (M214A, Italy), scanning electron microscope  

					(TM3030Plus, Hitachi, Japan) and Brunauer-Emmelt Teller machine  

					(Nova 4200e, USA). The other equipment namely x-ray diffractometer  

					(ARL X’TRA), UV-Visible spectrophotometer (Evolution 220), energy  

					dispersive spectrometer (PRO:X:800-07334) and FTIR spectrometer  

					(Nicolet iS50) are all products of Thermo Fisher Scientific Company,  

					Switzerland.  

					Synthesis of MnO2 nanoparticles  

					MnO₂ nanoparticles were synthesized using hydrothermal technique as  

					described by Gan et al.20 with slight modifications. The first step was  

					the preparation of precursor solution where MnSO4·H2O (0.329 g, 0.01  

					M) and KMnO4 (0.632 g, 0.01 M) were mixed and dissolved in 250 mL  

					of H2O2 solution (1:1 molar ratio of H2O2 to distilled water) and stirred  

					Figure 1: XRD pattern of MnO2 nanoparticles synthesized at  

					different temperatures  
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					modification of acidity/basicity.28  

					Morphological changes in synthesized MnO2 nanoparticles  

					Table 1: Weight concentration of elemental component of  

					Morphological study of nanoparticles is very important for analyzing  

					their size, shape, and surface, which is directly related to adsorption  

					activity. The morphology of the synthesized MnO2 nanoparticles as  

					revealed in Figure 2 indicates that they are generally aggregated,  

					forming clusters. At a lower temperature of 70°C, the particles appear  

					finer and more evenly distributed, while at higher temperatures (130°C  

					and 150°C), aggregation became more significant. This suggests a  

					change in texture and possibly particle size aggregation as temperature  

					increases. It has been reported in a previous study that phase  

					transformation in relation to temperature variation in MnO2 is affected  

					by precursor materials, stoichiometry and particle size.19 These factors  

					have impacted on the morphology of the synthesized nanoparticles  

					which may influence their adsorptive performance particularly towards  

					heavy metals and dyes. Specifically, tailored morphologies with higher  

					surface area and favorable crystal facets provide more active sites and  

					enhance effective mass transfer, which improve adsorption capacity and  

					kinetics. Consequently, controlling phase transformation and resultant  

					morphology during synthesis is important for optimizing the  

					effectiveness of manganese oxide nanoparticles as adsorbents in  

					wastewater treatment.27  

					MnO₂ nanoparticles synthesized at various temperatures  

					Element  

					70 °C  

					90 °C  

					110 °C  

					130 °C  

					150 °C  

					Manganese  

					Potassium  

					Sulfur  

					95.46  

					3.37  

					0.50  

					0.42  

					0.19  

					94.71  

					2.47  

					0.56  

					0.65  

					0.65  

					96.00  

					2.03  

					0.16  

					0.27  

					0.97  

					95.95  

					2.03  

					0.15  

					0.31  

					0.65  

					95.03  

					2.40  

					0.24  

					0.59  

					0.88  

					Calcium  

					Phosphorus  

					Silicon  

					0.07  

					0.00  

					0.00  

					0.26  

					0.26  

					1.35  

					0.12  

					0.46  

					0.00  

					0.14  

					0.41  

					0.00  

					0.25  

					0.33  

					0.08  

					Aluminum  

					Magnesium  

					Surface area and porosity of synthesized MnO₂ nanoparticles  

					Trends in surface area and porosity as a function of annealing  

					temperature are presented in Table 2. The data revealed a clear  

					temperature-dependent trend in the surface area and porosity of MnO2  

					nanoparticles which are critical parameters for adsorption efficiency.  

					The surface area increased from 235.51 m²/g at 70°C to a peak of 415.41  

					m2/g at 110°C. This corresponds with increasing pore size and volume  

					indicating enhanced mesoporosity favorable for adsorption through  

					larger accessible surface and facile diffusion pathways.29 However, at  

					130°C, the surface area dropped sharply, suggesting thermal sintering  

					effect and pore collapse which could negatively affect the adsorption  

					potential of the synthesized nanoparticles.30 The sample at 150°C  

					showed a recovery in surface area, though not exceeding that of the  

					110°C sample, which suggests stabilization of morphology but not fully  

					restoring optimal adsorption properties. Pore volume followed a similar  

					trend, matching recent findings on temperature-optimized nanomaterial  

					synthesis for catalysis and energy applications.30  

					Table 2: Surface area and porosity of MnO₂ nanoparticles at  

					different annealing temperatures  

					Sample  

					BET Surface Pore  

					Pore size (cc/g)  

					area (m2/g)  

					Volume  

					(cc/g)  

					0.13 ± 0.01  

					MnO2 70oC  

					MnO2 90oC  

					MnO2 110oC  

					MnO2 130oC  

					MnO2 150oC  

					235.51 ± 8.55  

					342.82 ± 6.32  

					415.41 ± 5.43  

					142.51 ± 8.29  

					355.97 ± 7.49  

					48.25 ± 1.35  

					70.47 ± 2.11  

					77.99 ± 2.55  

					32.34 ± 1.04  

					64.80 ± 2.26  

					0.19 ± 0.05  

					0.22 ± 0.03  

					0.09 ± 0.01  

					0.18 ± 0.02  

					Figure 2: Micrograph of MnO2 nanoparticles synthesized at  

					different temperatures  

					UV-Vis spectra of synthesized MnO₂ nanoparticles  

					The UV-Vis spectra of synthesized MnO₂ nanoparticles showing  

					bandgap values, absorption edge shifts, and their correlation with  

					morphology are presented in Figure 3. A strong absorption peak near  

					359 nm (bandgap ~3.45 eV) indicates MnO₂ formation. Broader peaks  

					at higher temperatures suggest larger nanoparticles or agglomeration,  

					which reduces electrochemical and surface activities. This is consistent  

					with previous findings which reported that annealing temperature  

					significantly affects optical properties.31 The spectra revealed distinct  

					absorption profiles across the UV-visible range (200-800 nm) at  

					different temperatures. The samples exhibited characteristic broad  

					absorption in the UV region with absorption edges extending into the  

					visible range, which is typical for MnO2 materials. Bandgaps around  

					1.2-2.0 eV confirm potential photocatalytic activity under visible light,  

					which synergistically improves organic pollutant removal by degrading  

					contaminants adsorbed on nanoparticle surfaces.32,33 The spectra  

					revealed clear temperature-dependent variations in both absorption  

					intensity and spectral shape. Samples synthesized at relatively high  

					temperatures exhibited modified absorption profiles, indicating  

					structural and optical property changes upon thermal treatment. It has  

					been confirmed that high annealing temperatures improve grain size and  

					Elemental composition of synthesized MnO2 nanoparticles  

					Elemental analysis provides information on the component and purity  

					of synthesized materials. The EDX results as presented in Table 1  

					confirm the presence of manganese (~50-60%) and oxygen (~40-50%)  

					as the dominant primary elements in the synthesized nanoparticles.  

					Other elements such as sulfur, calcium, phosphorus, silicon and  

					aluminum are present as traces of impurities. The presence of potassium  

					may be due to the precursor used in the synthesis (potassium  

					permanganate), which diminishes at higher annealing temperature.  

					Incorporation of potassium into the Birnessite lattice is well known to  

					stabilize the layered structure and facilitate cation exchange  

					mechanisms essential for heavy metal adsorption.19 The EDX data for  

					MnO2 nanoparticles revealed that Mn content is relatively high in all  

					samples, indicating successful synthesis. The variations in impurity  

					levels may be attributed to synthesis conditions and washing  

					procedures. For instance, the Mg content is relatively high in the 90°C  

					sample but absent in majority of others. Minor dopants such as sulfur,  

					calcium, and phosphorus may further tailor surface chemistry,  

					potentially affecting adsorption selectivity and affinity through  
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					porosity, which manifest as broader absorption features in UV-Visible  

					spectra.34 The conversion from granular to porous amorphous structure  

					at higher temperatures explains the reduced electrochemical activity  

					and surface reactivity.  

					Significant findings from the study  

					Based on the data obtained from XRD, SEM, EDX, BET, UV-Visible  

					and FTIR spectroscopic analyses, a detailed framework for predicting  

					the adsorption potential of MnO2 nanoparticles was established. The  

					specific surface area, pore size distribution, and the presence of surface  

					functional groups collectively determine the number of available active  

					sites for adsorption. Bandgap energy and electronic properties influence  

					redox activity and ability to interact with pollutants. By correlating  

					these physicochemical features with synthesis conditions, a predictive  

					model was developed to optimize the synthesis of MnO₂ nanoparticles  

					with tailored adsorption properties. The possible adsorption mechanism  

					of MnO2 nanoparticles is therefore multifaceted and can proceed by  

					both chemical and physical means.32,40 Physisorption, driven by high  

					surface area and mesoporosity, cooperates with chemisorption  

					processes involving redox-active Mn (III/IV) sites and surface hydroxyl  

					functionalities that enable strong binding and possible electron transfer  

					reactions with pollutants.39 Cation exchange and intercalation within the  

					layered structure, modulated by potassium content, may enhance  

					selective heavy metal uptake.41 Surface charge, influenced by  

					functional groups and annealing induced surface chemistry  

					modification, further governs electrostatic interactions vital for  

					adsorption of ionic species.42  

					Additionally, the adsorption process can be tuned by varying  

					temperature thereby modifying the morphology and surface functional  

					groups. The operation can be achieved by grafting specific groups into  

					the framework or by tuning the net charge based on pH of solution in  

					which the adsorption takes place.43 Carbonaceous nanomaterials can be  

					modified to increase their solubility, reactivity, and adsorptive  

					capacity.44 These strategies would enhance the performance of the  

					material in environmental applications.45 This is supported by previous  

					studies which reported that nanomaterials with high specific surface  

					area and enhanced adsorption kinetics are particularly suitable for  

					treating wastewater, even at ultralow pollutant concentrations.46  

					Nanostructured materials, including metal oxides, have also been used  

					as adsorbents to remove organic compounds from water.47  

					FTIR spectra of synthesized MnO₂ nanoparticles  

					FTIR analysis is known for its high sensitivity, especially in the  

					detection of inorganic and organic species. The FTIR spectra obtained  

					for the synthesized nanoparticles in this study are presented in Figure 4.  

					The spectra showed peaks related to O-Mn-O stretching vibrations  

					(around 520 cm-1), which confirms formation of MnO₂ nanoparticles.  

					Broad O-H (~3400 cm⁻¹) indicates possible surface-adsorbed moisture.  

					The typical Mn-O bond vibrations and surface hydroxyl groups present  

					in the spectra provide active sites for hydrogen bonding and  

					electrostatic interactions that contribute to adsorption affinity.35 The  

					changes in spectra according to the temperature of synthesis may be an  

					indication of alteration in the Mn-O bonding or the presence of  

					impurities.36-38 These changes mostly result in creation or modification  

					of surface functional groups such as hydroxyl, oxygen vacancies, and  

					Mn-OH species, which are required for adsorption activity. The  

					presence of these functional groups has the tendency to increase the  

					affinity of MnO₂-based adsorbents towards heavy metals by providing  

					active sites for complexation, ion exchange, and electrostatic  

					interactions. Studies have shown that a high density of surface hydroxyl  

					groups enables binding of heavy metals like lead, cadmium, and  

					chromium, thereby enhancing removal efficiency and selectivity.39  

					Consequently, oxygen vacancies created during phase transitions or  

					temperature variations serve as reactive centers that promote redox  

					reactions and catalytic degradation of organic contaminants such as  

					dyes in aqueous solutions. Therefore, tuning synthesis parameters to  

					optimize surface chemistry and functional group availability is  

					necessary to maximize the efficiency and effectiveness of MnO2  

					nanoparticles in environmental remediation applications.19,27  

					Conclusion  

					Hydrothermal synthesis of MnO2 nanoparticles at different controlled  

					annealing temperatures effectively modified their structural,  

					morphological, and surface chemical properties which directly  

					influence their adsorption potential. The resulting MnO₂ nanoparticles  

					exhibited high structural disorder and abundant surface defect sites,  

					favorable for pollutant adsorption. Potassium content within the layered  

					MnO2 structure plays a critical role in modulating cation exchange  

					capacity and adsorption selectivity. The study identified 110°C as the  

					optimal annealing temperature yielding maximum surface area and  

					porosity, thereby proposed to facilitate adsorption capacity. At  

					temperatures below and above 110°C, the observed declines in surface  

					characteristics correspond to reduced adsorption potential due to pore  

					collapse or particle sintering. Surface functional groups such as  

					hydroxyls and bandgap-dependent photocatalytic properties further  

					contribute to multifaceted adsorption mechanisms, including redox-  

					active chemisorption and photocatalytic degradation of organic  

					pollutants. These combined effects suggest that MnO2 nanoparticles  

					synthesized at 90-110°C offer promising adsorbent platforms for the  

					removal of contaminants from aqueous environments. The  

					characterization analysis and theoretical adsorption studies  

					demonstrates the promise of hydrothermally synthesized MnO2  

					nanoparticles as effective adsorbents, with annealing temperature  

					serving as a crucial parameter for tailoring their properties for  

					environmental remediation performance. Future prospects for this study  

					should focus on real time application of the synthesized nanoparticles  

					for the removal of organic pollutants and heavy metals in polluted  

					water.  

					Figure 3: UV- Visible spectra of MnO2 nanoparticles  

					synthesized different temperatures  
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