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Abstract. This study describes the synthesis and characterisation of a novel 
magnetically recoverable nano-catalyst (MAC) from pomegranate seed biomass, 
promoting value addition to agricultural waste for sustainable materials. The 

synthesis used a controlled pyrolysis and acid activation approach to prepare a 
porous structure of activated carbon support, followed by iron doping for 
magnetic properties and modifying surface properties. The structural and 
morphological properties of the prepared material were systematically studied. 
Fourier Transform Infrared Spectroscopy (FTIR) characterisation confirmed 
successful surface functionalization and metal-oxygen vibrations. X-Ray 
Diffraction (XRD) showed that crystalline iron oxide phases were encapsulated 
within the amorphous carbon for magnetic separation. The resultant magnetic 

nano-catalyst was found to be green, cost-effective, and recoverable for different 
heterogeneous catalytic applications in the spirit of sustainable material 
engineering. 

Keywords: Magnetic nano-catalyst; Biomass-derived carbon; Sustainable 
materials; Heterogeneous catalysis.  

1 Introduction 

Fast industrialisation and urbanisation are fuelling high global energy demand, against 

a backdrop of continuously increasing pressure on conventional energy sources. 

Despite growing interest in renewable energy, fossil fuels still contribute the majority 

of global primary energy consumption. [2], yet their finite reserves and associated 
environmental issues [1] highlight an urgent need for cleaner, sustainable options. In 

this respect, eco-materials and green catalytic systems have become important areas of 

research in sustainable chemical engineering [3]. 

Catalysts are widely used in green chemistry to improve reaction efficiency and reduce 

waste generation. but even highly active homogeneous catalysts often create difficulties 

during practical use because their separation from the reaction mixture is tedious, their 

recyclability is poor, and they can impose additional environmental concerns [4]. 

Heterogeneous catalysts address many of these issues since they are generally more 

stable and can be separated easily after the reaction. However, several reported 

heterogeneous systems still rely on costly precursor materials or require multi- step and 

time-consuming synthesis routes, which reduces their feasibility for large- scale 
industrial applications. 

To address these challenges, increasing attention is being directed towards the 

valorisation of biomass—converting agricultural residues into high-value functional 

materials. Pomegranate seed (PS), an abundant agro-waste, is a potential alternative to 
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carbonaceous precursors for the synthesis of activated carbon (AC) with tunable 

porosity and a high specific surface area. Such carbon materials serve as excellent 

supports for heterogeneous catalysts. Introducing magnetic properties into 

heterogeneous catalysts allows simple separation using an external magnet, improving 

catalyst recovery.[6]. High surface area-to-volume ratios are provided by magnetic 

nano-catalysts [5], which also have the added advantage of being magnetically 

recoverable, making it simple to separate them from the reaction mixture using a 

magnet from the outside. This characteristic increases catalyst reusability, facilitates 

downstream processing, and improves overall process sustainability. 

In this study, iron-doped magnetic activated carbon was prepared from pomegranate 

seed waste and characterised using FTIR and XRD. The goal is to synthesise an eco- 

friendly, inexpensive magnetically recoverable nano-catalyst from agricultural waste. 

FTIR and XRD were applied to characterise surface functional groups, crystalline 

phases and morphology. The results reveal the promising possibility as a solid and 

recyclable heterogeneous catalyst for various environmentally benign industrial 

processes. 

2  Materials and Methods 

2.1 Materials 

Pomegranate seeds were obtained from the local market in Gandhinagar, Gujarat, India. 

Hydrochloric acid, sulfuric acid (5% normal), iron (III) chloride anhydrous, sodium 

hydroxide pellets (low chloride), cetyltrimethylammonium bromide (CTAB), and iron 

(II) sulfate heptahydrate were used in this study. All chemicals were obtained from 

institutional laboratory facilities and were of analytical grade. 

2.2 Synthesis of Activated Carbon 

Pomegranate seeds that could be found locally were used in the study as a raw material 

to obtain activated carbon. Before being dried at room temperature, 50 grams of fresh 

pomegranate seeds were processed using a laboratory dryer. Seeds were dried till the 

moisture content was less than 5% v/v. Particles ranging in size from 75 to 200 

micrometres were created by grinding and shredding the dried seeds [7]. 

The crushed seeds were pretreated with hydrochloric acid (HCl) for an extended period 

of 24 hours to improve the porosity of the material and eliminate impurities. Following 

acid treatment, the material was thoroughly cleaned with distilled water until its pH was 

neutral. The seeds were cleaned and dried at room temperature [8]. 

To remove moisture content, the material underwent atmospheric drying before heating 

as part of the pretreatment process. Carbonisation processes were carried out in a muffle 

furnace to convert organic biomass into activated carbon. The materials underwent a 

preliminary heating process at 200 °C for 30 minutes to start the carbonisation process. 

To enable full carbonisation of the material, the furnace's heating process was prolonged 

from 250 °C to 300 °C over 4 hours of continuous activation [9]. 

This controlled thermal decomposition under limited oxygen conditions facilitated the 

development of a porous carbon structure while minimising combustion losses. To 
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prevent oxidising breakdown, the carbonised product was allowed to reach room 

temperature while the furnace switched to cooling mode, and the system remained 

sealed. 

The obtained activated carbon was acid-washed with H2SO4 (5% v/v) to cleanse and 

activate the carbon pores. The mixture was kept in a closed vessel to avoid 

contamination overnight. This step helped in activating the prepared carbon due to the 

high acid content. The carbon was then washed with distilled water continuously until 

a neutral pH was obtained. Upon neutralising, the carbon was subjected to an oven for 

4 hours or until the moisture content was less than 2% to obtain activated carbon [7]. 

2.3 Synthesis of Magnetised Activated Carbon (MAC) via Iron Doping 

As precursor reagents, Iron (III) chloride (FeCl3) and Iron (II) sulfate (FeSO4) were used 

to create the magnetic nanoparticles. The aqueous solution was prepared by dissolving 

salts in 250 mL of distilled water and simultaneously being stirred to obtain a uniform 

solution. The FeCl3 solution was first added to the reaction vessel containing 250 mL of 

distilled water and stirred using a magnetic stirrer. The FeSO4 solution was then added 

gradually and was constantly stirred during this process to keep the system uniform. 

Sodium hydroxide (NaOH) Pellets were dissolved in 100 mL of distilled water and 

added dropwise to the reaction mixture to promote alkalinity and induce co- 

precipitation, which in turn facilitated the formation of iron oxide particles [10]. The 

reaction medium was supplemented with the activated carbon that had been produced 

earlier. At this point, a stabilising agent and surfactant, CTAB, were added to maximise 

the interaction between the carbon support and iron precursors while also improving 

their dispersion. The reaction mixture was continuously stirred for eight hours at 65–70 

°C to fully synthesise the biocatalyst doped with magnetic material [11]. Following the 

reaction, the product was separated and allowed to dry at room temperature for 4 hours. 

At the end of this process, the iron-doped magnetic carbon was obtained, which was 

used as the catalyst for further research. 
 

 

 

Fig. 1. Methodology for Activated Carbon synthesis from pomegranate seed 
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3 Results and Discussion 

3.1 Fourier Transform Infrared (FTIR) Spectroscopic Analysis for Catalyst 

FTIR analysis was carried out to identify surface functional groups present on activated 

carbon and iron-doped samples. The latter is expected to work as a heterogeneous 

catalyst in the preparation of biodiesel, while the former may act as a heterogeneous 

catalyst when doped with iron compounds in the process of producing biodiesel. FTIR 

spectroscopy senses molecular vibrations by means of absorption bands, which can be 

used to identify bonding and surface properties. Comparison of the FTIR spectra 

revealed the differences in transmittance between the two samples. The red and black 

are the magnetised and precursor-activated carbon spectra. In the typical absorption 

region associated with metal–oxygen (Fe–O) stretching vibrations, a notable change is 

observed [12]. This band (below 700 cm⁻¹ in the MAC spectrum) is absent (or much 

less intense) in the AC spectrum, indicating the inclusion of iron species in the 

carbonaceous structure. Hydroxyl and carbonyl bands change around 3400 cm⁻¹ and 

1700 cm⁻¹, confirming the changes in the molecular structure due to doping. The 

features of these bands (metal–hydroxyl formations) suggest the increased functionality 

of the surface in the MAC sample. Such surface modifications are known to improve 

catalytic activity in transesterification reactions.The inclusion of iron oxide in the 

activated carbon structure provides several benefits for catalysis. Due to their magnetic 

property, the catalyst can be easily separated by an external magnetic field after 

reaction, reducing cost and improving reusability. The kinetics of the reaction are also 

promoted by triglyceride and alcohol adsorption over iron-based compounds [13]. 

 

 

Fig. 2. FTIR analysis of activated carbon 
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Fig. 3. FTIR analysis of magnetised biocatalyst 

Fig. 4. FTIR analysis comparison on doping 

3.2 X–Ray Diffraction 

X-ray Diffraction (XRD) characterisation was performed to analyse the crystal structure 

of the activated carbon (AC) and magnetised activated carbon (MAC). The AC 

diffraction pattern (Fig. 5) shows a broad peak centred at 2θ ∼ 23°–25°, associated with 

the (002) plane of amorphous graphitic carbon [14]. This supports the amorphous 

structure of pomegranate seed waste–based activated carbon. The lack of sharp peaks 

also indicates the poor ordering and the porous nature of the material [14]. 
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Fig. 5. XRD analysis of activated carbon 

The XRD pattern of the MAC sample (Fig. 6) shows extra sharp peaks at about 2θ = 

30.1° and several other characteristic lines corresponding to magnetite (Fe₃O₄) [15]. The 

presence of these crystalline peaks shows that the incorporated iron oxide nanoparticles 

were successfully formed on carbon. The carbon hump is still visible, which indicates 

that the magnetic functionalisation has not substantially modified the amorphous carbon 

matrix. The lack of hematite or maghemite peaks also implies that the magnetite formed 

is of high purity [15]. The combination of the crystalline magnetite peaks and the 

amorphous carbon background indicates a dual-phase structure made up of a high-

surface-area amorphous carbon matrix with immobilised magnetic sites [16]. During 

heterogeneous processes, this structure facilitates both the material's magnetic recovery 

and catalytic activity. 

 

 

Fig. 6. XRD analysis of magnetised activated carbon 
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4 Conclusion 

The current study has successfully prepared a heterogeneously magnetised activated 

carbon–supported catalyst derived from pomegranate seed biomass. The general goal 

was to produce a magnetically active, solid and green catalyst, while being cost- 

effective, which could bring about an improvement in some of the drawbacks in 

homogeneous catalyst, such as separation and recovery, as well as reusability and 

sensitivity to pollutants. The project aimed at the development of an agricultural 

residue-to-high–surface-area porous catalyst support taking advantage of biomass 

valorisation. A catalyst having the properties of being a dual functional material was 

achieved when the carbon structure was activated and magnetically functionalized, for 

the purpose of applying it in heterogeneous catalysis. The carbon support not only acted 

as a thermally stable and chemically inert host matrix, but also facilitated the excellent 

dispersion of active magnetic sites, which could give rise to the increased catalytic 

surface exposure and magnetic recoverability. The successful preparation of the catalyst 

was verified by contemporary characterisation techniques. FTIR study confirmed the 

existence of important surface functional groups, and the XRD data confirmed the 

formation of crystalline magnetite in the carbon matrix, which revealed a great extent 

of integration with magnetic particles. These characterisation studies confirmed the 

design of the catalyst and gave us an understanding of its physicochemical features with 

respect to catalysis. According to these results, the material has a potential applicability 

in transesterification and other green catalytic processes. 

A key advantage of the developed catalyst is its magnetic property, which enables rapid 

and efficient recovery using an external magnet, offering significant operational 

benefits for scalability. From an environmental and economic standpoint, the use of 

biowaste as a precursor and the avoidance of hazardous reagents align well with green 

chemistry and circular economy principles. 

This catalyst demonstrates potential for broader applications, including glycerol 

upgrading, methanolysis-based hydrogen generation, and treatment of industrial or 

pharmaceutical wastewater, where magnetically separable catalysts are highly 

desirable. Future techno-economic assessments may support the applicability of this 

material in decentralised or distributed catalytic systems. 

In summary, the magnetised activated carbon synthesised in this study exhibits 

magnetic recoverability, large surface area, chemical stability, and an eco-friendly 

synthesis route, making it a promising material for future use in sustainable energy and 

environmental applications. These findings provide a strong foundation for pilot-scale 

development and contribute to the ongoing shift toward low-carbon and resource- 

efficient technologies. 

Disclosure of Interest. The authors have no competing interests to declare that are relevant to 

the content of this article. 



  
26             D. Thakar and H. Gaikwad

References 

1 Rostamnia, S., Doustkhah, E.: Nanoporous silica-supported organocatalyst: a heterogeneous 

and green hybrid catalyst for organic transformations. RSC Advances 4(54), 28238–28248 

(2014). 

. 

2 Kouser, M., Chowhan, B., Sharma, N., Gupta, M.: Transformation of waste toner powder 

into valuable Fe₂O₃ nanoparticles for the preparation of recyclable Co(II)-NH₂-SiO₂@Fe₂O₃ 

and its applications in the synthesis of polyhydroquinoline and quinazoline derivatives. ACS 

Omega 7(51), 47619–47633 (2022). 

. 

3 Maleki, A., Aghaei, M., Ghamari, N.: Facile synthesis of tetrahydrobenzoxanthenones via a 

one-pot three-component reaction using an eco-friendly and magnetized biopolymer 

chitosan-based heterogeneous nanocatalyst. Applied Organometallic Chemistry 30(11), 

939–942 (2016).  

. 

4 Shende, V.S., Saptal, V.B., Bhanage, B.M.: Recent advances utilized in the recycling of 

homogeneous catalysis. Chemical Record 19(9), 2022–2043 (2019). 
. 

5 Khazaee, A., Jahanshahi, R., Sobhani, S., Skibsted, J., Sansano, J. M.: Immobilized 

piperazine on the surface of graphene oxide as a heterogeneous bifunctional acid–base 

catalyst for the multicomponent synthesis of 2-amino-3-cyano-4H-chromenes. Green 

Chemistry, Advance Article (2020). 

. 

6 Zengin Kurt, B., Durmuş, Z., Sevgi, E.: In situ reduction of graphene oxide by different plant 

extracts as a green catalyst for selective hydrogenation of nitroarenes. International Journal 

of Hydrogen Energy 44(48), 26322–26337 (2019) 

. 

7 Reza, M. S., Yun, C. S., Afroze, S., Radenahmad, N., Abu Bakar, M. S., Saidur, R., 

Taweekun, J., Azad, A. K.: Preparation of activated carbon from biomass and its applications 

in water and gas purification: a review. Arab Journal of Basic and Applied Sciences 27(1), 

208–238 (2020). 

. 

8 Fulgheri, T., Della Penna, F., Baschieri, A., Carlone, A.: Advancements in the recycling of 

organocatalysts: From classical to alternative approaches. Current Opinion in Green and 

Sustainable Chemistry 25, 100387 (2020). 

. 

9 Kisszékelyi, P., Nagy, S., Fehér, Z., Huszthy, P., Kupai, J.: Membrane-supported recovery 

of homogeneous organocatalysts: a review. Chemistry 2(3), 742–758 (2020). 
. 

10 Pramudita, R. A., Motokura, K.: Heterogeneous organocatalysts for the reduction of carbon 

dioxide with silanes. ChemSusChem 14(1), 281–292 (2021). 
. 

11 Monge-Marcet, A., Cattoën, X., Alonso, D. A., Nájera, C., Wong Chi Man, M., Pleixats, R.: 

Recyclable silica-supported prolinamide organocatalysts for direct asymmetric aldol 

reaction in water. Green Chemistry 14(6), 1607–1615 (2012). 

. 

12 Muhd Julkapli, N., Bagheri, S.: Graphene supported heterogeneous catalysts: an overview. 

International Journal of Hydrogen Energy 40(2), 948–979 (2015). 
. 

13  Zhou, J., Wan, J., Ma, X., Wang, W.: Copolymer-supported heterogeneous organocatalyst 

for asymmetric aldol addition in aqueous medium. Organic & Biomolecular Chemistry 

10(21), 4354–4361 (2012). 

. 



  

 

          

 14 Ioannidou, O., Zabaniotou, A.: Agricultural residues as precursors for activated carbon 

production—A review. Renewable and Sustainable Energy Reviews 11(9), 1966–2005 

(2007).  

. 

15 Laurent, S., Forge, D., Port, M., Roch, A., Robic, C., Vander Elst, L., Muller, R. N.: Magnetic 

iron oxide nanoparticles: synthesis, stabilization, vectorization, physicochemical 

characterizations, and biological applications. Chemical Reviews 108(6), 2064–2110 (2008). 

. 

16

scaffold for polymer nanocomposites with enhanced mechanical properties. Chemical 

Engineering Journal 281, 793–803 (2015). 

Trakakis, G., Anagnostopoulos, G., Sygellou, L., Bakolas, A., Parthenios, J., Tasis, D., 

Galiotis, C., Papagelis, K.: Epoxidized multi-walled carbon nanotube buckypapers: a 

. 

  27Synthesis and Characterization of a Magnetised Nano Catalyst … 

Open Access This chapter is licensed under the terms of the Creative Commons Attribution-
NonCommercial 4.0 International License (http://creativecommons.org/licenses/by-nc/4.0/),
which permits any noncommercial use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license and indicate if changes were made.
        The images or other third party material in this chapter are included in the chapter's
Creative Commons license, unless indicated otherwise in a credit line to the material. If material
is not included in the chapter's Creative Commons license and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder.

http://creativecommons.org/licenses/by-nc/4.0/

	Synthesis and Characterization of a Magnetised Nano Catalyst Derived from Pomegranate Seed Biomass



