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Abstract 
Effective and affordable methods of removing heavy metals (HMs) are desperately needed because HMs are a major danger to human and environmental health. Adsorption has emerged as a highly promising therapeutic technique in recent years due to the difficulty of biodegrading and transforming heavy metals. Due to its wide range of potential applications, biochar (BC), a sustainable and inexpensive adsorbent substance made from agricultural waste, has recently garnered a lot of research interest. Mango wood sawdust was converted into biochar utilizing the pyrolysis process in an oxygen-limited environment. The pyrolysis process was carried out until the temperature reached 600 degrees Celsius while the heating rate was kept at 5 degrees Celsius per minute. While XRD analysis shows a broad diffraction peak around 26 degrees (2 theta), indicating the presence of amorphous carbon with partially ordered graphite structures, SEM analysis clearly shows highly porous sites that increase surface area, attachment sites, and water retention capacity as well as increase adsorption of heavy metals and increase cation exchange capacity. This work helps to sustainable waste management and environmental protection by highlighting the efficient use of agricultural waste to create value-added carbon products. In order to determine its true effectiveness, future research will employ this biochar in real-world water treatment procedures across a range of industries. Future research will also examine the prepared biochar's recyclable and reusable qualities.
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1. Introduction:
The amount of waste produced is directly correlated with the global population. As a result, there is an enormous amount of garbage produced as a result of the world's population growth and ongoing human demands [1]. Sawmill operations generate significant amounts of waste, such as wood sawdust, which need to be properly managed but are nevertheless disregarded by small mill owners [2]. About 10–13% of the wood log that is chopped off during milling operations is made up of powdery wood dust, which is produced throughout the timber processing process [3, 4]. Ground and surface water pollution results from the management of agricultural animal and crop wastes, which is a major environmental burden [5]. These wastes can be used as resources for pyrolysis bioenergy, together with other byproducts.
Charring not only produces energy but also drastically reduces the waste material's volume and weight, which is crucial when handling cattle manure, for instance. Green urban wastes and some clean industrial wastes, including those from paper mills, have similar prospects [6]. Many of these waste or organic by-products might occasionally present business prospects, with a sizable, dependable supply of feedstock produced at a single place [7]. 
The term ‘biochar’ is a relatively recent development, emerging in conjunction with soil management and Carbon sequestration issues [8]. The carbon-rich byproduct of biomass, such as wood, manure, or leaves, is called biochar is heated in a sealed container with minimal or no air. Technically speaking, biochar is created through the "thermal decomposition" of organic material at relatively low temperatures and with a restricted supply of oxygen (O2) [9]. The Green Revolution can be transformed into sustainable agro-ecosystem practices with the help of biochar. Carbon and minerals with various pore diameters make up the majority of the skeletal structure of biochar [10]. The fruit of the mango (Mangifera indica L.), which is grown throughout the world, especially in tropical nations, is a member of the Anacardiaceae family in the order Sapindales. There are more than a thousand mango types in the globe [11]. Mango sawdust is a common agricultural leftover that is frequently seen as trash [12]. 

Utilizing these waste materials, carbon-rich biochar production can provide an effective solution for both waste management and heavy metal remediation. This sawdust is rich in lignocellulosic components such as cellulose, lignin which makes it suitable for producing carbon-rich biochar.

The preparation condition such as pyrolysis temperature, heating rates and pressures are expected to have the second greatest influence since they affect the physical mass transfer of volatiles evolving at the given temperature from there acting particles [13]. The efficacy of biochar in contaminant management depends on its surface area, pore size distribution and ion-exchange capacity.
The potential biochar applications include carbon sequestration, soil fertility improvement, pollution remediation, and agricultural by product/waste recycling. Several approaches have been taken to provide first estimates of the large-scale potential of biochar sequestration to reduce atmospheric 𝐶𝑂2 [14]. Biochar work as a sorbent for contaminant management in soil and water [15]. Capturing energy during biochar production and, conversely, using the biochar generated during pyrolysis bioenergy production as a soil amendment is mutually beneficial for securing the production base for generating the biomass [16]. A main benefit may be that pyrolysis offers clean heat, which is needed to develop cooking technology with lower indoor pollution by smoke than is typically generated during the burning of biomass [17].Therefore, this study focuses on the preparation of carbon-rich biochar from mango wood sawdust using a controlled pyrolysis process. The research aims to explore an effective method for converting mango wood waste into a valuable carbon material, contributing to sustainable biomass utilization and environmental management.

2. Materials & Method:-
Mango wood sawdust is one type of agricultural debris that may be found throughout Bangladesh. Mango wood was gathered from Kushtia, Bangladesh, for the inquiry. Distilled water is used to wash the collected agricultural waste in order to remove contaminants and dirt particles from the surface. After that, the moisture was removed by drying it in an oven at 105°C for almost an hour. To get a consistent particle size (typically 0.5–1 mm), the dried sawdust is crushed and sieved.
An oxygen-limited pyrolysis process was used to create biochar. In particular, a 50 g sample of mango wood sawdust was weighed and placed in a furnace (Nabertherm, manufactured in West Germany). The pyrolysis process was carried out until the temperature reached 600 degrees Celsius while maintaining a heating rate of 5 degrees Celsius per minute. Because of the low oxygen content, the biomass is able to transform into biochar that is rich in carbon instead of completely burning.
3. Charactarization:
3.1.X-Ray Diffraction: A non-destructive analytical method for determining the atomic and molecular structure of crystalline materials, powders, and thin films is X-ray diffraction (XRD) [26]. 
While amorphous solids lack regular patterns but do display local order, crystalline substances feature organised arrangements of ions or molecules in a repeating three-dimensional array (a crystal lattice). The three main parts of a laboratory X-ray diffractometer are an X-ray tube, a sample holder, and an X-ray detector.
The XRD analysis tool was a Rigaku Smart Lab Model from Japan. Both a ball mill and an agate pestle and morter were used to finely grind the biological samples. Using a razor blade, the ground was packed into the cavity to create a random orientation of crystallites. To reduce the preferred orientation of the particles, direct pressing of the ground materials was avoided [27]. Characteristic X-ray was produced using a copper X-Ray tube (Cuka = 0.154060 nm), which was run with a voltage of 40 kV and a current of 50 mA. To reduce Kβ-ray interference in the diffracted beam path, a Ni-Kβ filter was employed. All tests were conducted using Bragg-Brentano para focusing geometry, and a silicon reference was utilised to calibrate the apparatus. A 10.00 mm length-limiting slit, a 1/2-degree incidence slit box, and a 1D scan at 35.00°/min were all part of the usual working mode. 
With a horizontal theta-theta goniometer installed and the reception and secondary slit boxes open, a Hybrid Pixel Array Detector (HPAD) system—more precisely, the Hypix-400 horizontal array—was employed.
The positions of peaks observed in an XRD pattern are related to lattice spacing in the crystal according to Bragg’s Law
nλ = 2dhkl sinθ

3.2. FTIR: 
By detecting the amount of infrared light that solids, liquids, or gases absorb, Fourier Transform Infrared Spectroscopy (FTIR), a quick and non-destructive analytical method, may ascertain the chemical makeup and structure of these materials [28]. It recognises organic substances, functional groups, and molecular vibrations by generating a distinct molecular "fingerprint" spectrum [29].
 
FTIR observations were performed using a Shimadzu IR Prestige-21 Fourier Transform Infrared Spectroscopy from Japan. The crystal was a ZnSe and 128 scans with a resolution of 4 cm-1 were taken between 400 and 4000 cm-1. A background was gathered before to each sample, and the auto gain function was employed. At least four duplicate spectra were obtained for every specimen. The spectra were first ATR corrected and then baseline corrected using a linear extrapolation.
3.3. Scanning Electron Microscope (SEM): 
SEM is a device that uses electrons rather than light to create an image that is significantly magnified [30]. An electron gun at the top of the microscope creates an electron beam. The electron beam travels vertically through the vacuum-filled microscope. After passing through electromagnetic fields and lenses, the beam is focused in the direction of the sample. Electrons and X-rays are expelled from the sample when the beam strikes it. The sample needs to be prepared specifically since the SEM employs vacuum conditions and electrons to create an image. Since water would evaporate in the vacuum, all water must be eliminated from the samples. Since all metals are conductive, they don't need to be prepared before usage. A small layer of conductive material must be applied to the sample in order to make all non-metals conductive. A tool known as a "sputter coater" is used to accomplish this. By using an electron to trace a material in a raster pattern, a scanning electron microscope may offer detailed surface information [31]. Here, we examined the surface structure and appearance of the nanoparticles using a German ZEISS Sigma 500 VP Field Emission Scanning Electron Microscope. This device operated at 5 kV and had magnifications of 30.00 KX, 50.00 KX, 100.00 KX, and 150.00 KX.
3.4. DLS Method: 
Particle size (nanometres to microns) and size distribution of particles in suspension are measured using DLS, a highly sensitive and non-invasive method [32].The sample inside the cell is illuminated by light from the laser light source. One of two detectors is used to gather the dispersed light signal at a scattering angle of either 173 degrees (back angle) or 90 degrees (right angle). More freedom in selecting measurement settings is made possible by the availability of both detectors. A wide range of liquids can disperse particles. To interpret the measurement findings, one only needs to know the liquid's viscosity and refractive index. Due to the particles' randomly shifting relative positions, the resultant optical signal exhibits random changes. The particle size will be extracted from the "noise," which is actually caused by particle motion [33]. DLS measurements are usually taken at a single angle, unlike laser diffraction, though data collected at multiple angles can be helpful. Furthermore, the method is entirely noninvasive; the particle motion persists whether or not DLS is probing it. The particles' random Brownian motion is what causes the signal's fluctuations. An autocorrelation function can be used to interpret the signal.





4. Result & Discussion:
4.1.X-Ray Diffraction:
[image: ]
Fig. 1: XRD pattern of Mango wood Saw dust
The crystalline structure and phase of the mango wood sawdust biochar were determined by X-ray diffraction analysis and the results are shown in figure 1 & table 1, which uses Cu Kα radiation to plot the diffraction intensity against the diffraction angle (2θ), which ranges from roughly 5° to 75°. Amorphous carbon structures are characterised by a broad and diffused peak about 2θ = 20–26° in the pattern. Disordered carbon layers created during the pyrolysis of lignocellulosic biomass are indicated by this broad peak. The absence of sharp and intense peaks suggests that the material does not possess a highly crystalline structure. This wide peak suggests that low-crystallinity, disordered carbon structures make up the majority of the biochar [18]. Because it offers more active sites and surface heterogeneity, which improves adsorption and catalytic characteristics, the predominance of amorphous carbon structures is advantageous for environmental applications [19].

Table 1: Phase identified or possibly present in the random powder diffraction of mango wood saw dust Bio-char Sample

	Pos. [°2Th.]
	Height [cts]
	FWHM Left [°2Th.]
	d-spacing [Å]
	Rel. Int. [%]
	

	26.5980
	44.30
	0.2880
	3.34865
	100.00
	



According to ICDD phase identified in the random power diffraction of mango wood saw dust is quartz ( 2 ) [20].
4.2. FTIR Analysis:
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Fig. 2: FTIR spectra of Mango wood saw dust bio-char sample
Figure 2 demonstrate the FTIR spectra of the Mango wood saw dust bio-char sample. The acid axial deformation C=O, mainly aldehydes and ketones produced by the dissociation of cellulose and hemicellulose, is responsible for the peaks seen between 1750 cm-1 and 1650 cm-1 [21]. The detected bands in the 1600–1580 cm-1 range are connected to aromatic C=C and C=O, which are connected to ketones and quinones [22]. We were able to determine from the FTIR study that although cellulose and hemicellulose are broken down during the gasification process, certain lignin-related aromatics are still present in the biochar samples. These qualities could enhance the utilisation of biochar as a soil supplement, according to [23]. Here, the large peak between 3200 and 3600 cm-1 shows that the hydroxyl groups in the biochar are derived from moisture, alcohols, and phenolic chemicals.2800-3000 cm-1 represents C-H stretching(alkanes) & shows the presence of organic carbon structure.

4.3. Dynamic Light Scattering (DLS) Method:
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Fig. 3: Particle size distribution analysis of Mango wood saw dust Bio- char
Mango wood sawdust biochar that is between 600 and 800 nm in size has been successfully produced; its frequency versus diameter curve, which is examined using the DLS principle from a Horiba Scientific nanoparticle analyser, is displayed  in figure. Due to its single, sharp peak, this graph demonstrates good particle homogeneity. The highest frequency occurs in the 55–60% range, while the peak position is between 600 and 800 nm. This tight peak indicates that most biochar is of a comparable size, indicating carefully regulated synthesis conditions. This suggests that the average particle size is about 700 nm. Additionally, it shows low polydispersity, which is advantageous for catalytic and adsorption applications. The average particle size (~700 nm) falls within the submicron region rather than the real nanoscale (<100 nm), despite the investigation being referred to as nanoparticle characterisation. The physicochemical qualities of biochar, such as surface area, pore structure, and adsorption effectiveness, can be greatly impacted by these particle size features [24].
4.4. SEM Analysis:
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Fig. 4: SEM analysis of mango wood sawdust

Effective volatilization during pyrolysis is shown by the SEM micrographs in figure 4, which show a highly porous, uneven, and heterogeneous surface morphology with well-developed pores and cavities. During pyrolysis, flake-like sheets and cracked surfaces are seen, which show that the mango wood's original lignocellulosic structure broke down. There are smooth and rough areas in the figure. Macropores and micropores are probably created when volatile stuff is released during the pyrolysis process, leaving spaces in the carbon matrix. The creation of these holes greatly increases the biochar's surface area and adsorption capacity. Additionally, certain areas have comparatively compact and smooth surfaces, which could be explained by localized thermal melting or tar residue deposition during carbonization. The biochar's well-developed porous structure makes it appropriate for a variety of desirable applications, including the removal of heavy metals from wastewater and the cleanup of CO2 from the environment [25].
5. Conclusion: 
The present study successfully demonstrated the preparation of biochar from mango wood sawdust through a controlled pyrolysis process and its subsequent physicochemical characterization using X-ray diffraction (XRD), scanning electron microscopy (SEM), Dynamic Light scanning (DLS) and Fourier transform infrared spectroscopy (FTIR). The generated biochar primarily showed an amorphous carbon structure with few crystalline phases, indicating incomplete graphitisation and the presence of disordered carbon matrix, according to the XRD examination. The development of a porous and heterogeneous surface morphology—a desired characteristic for applications related to adsorption—was confirmed by SEM micrographs. The physicochemical aspects of biochar, such as surface area, pore structure, and adsorption effectiveness, can be greatly impacted by the maximum particle size, which is confirmed by the DLS method to be in the sub-micron range. However, pyrolysis parameters like temperature, heating rate, and residence duration were not thoroughly investigated in this work. While functional groups and porosity were validated by characterisation techniques, quantitative measurement of surface area (e.g., BET analysis) and pore size distribution was not carried out. Future studies should concentrate on improving the pyrolysis conditions to increase the biochar's yield, porosity, and surface functioning. In order to assess its true effectiveness, this manufactured biochar will also be employed in practical applications in the future, such as the removal of heavy metals from wastewater and the sequestration of CO2 from the environment. Furthermore, research on the biochar's regeneration, reusability, and life-cycle assessment would offer important insights into its sustainability both economically and environmentally. 
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