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1. ABSTRACT  


 


This work explores the catalytic pyrolysis of biomass-derived residues, such as rice husks, 


eucalyptus leaves, and alkaline lignin, for the synthesis of nanocarbon materials with 


potential application in mercury removal from aqueous solutions. Two iron-based 


catalysts and different pyrolysis conditions were employed to obtain carbon nanotubes 


and nanosheets. The adsorption capacity for Hg(II) of the resulting nanocarbons and the 


effectiveness of reducing mercury concentration from water was determined. These 


results highlight the valorisation of biomass waste as a sustainable route for producing 


nanocarbons with adsorption applications. 
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3. INTRODUCTION 


 


Nanocarbons and carbon nanotubes (CNTs) have gained significant attention in recent 


years as a unique and highly versatile class of carbon-based adsorbents due to their 


exceptional properties, making them advantageous for diverse applications. Such 


properties render nanocarbons and CNTs particularly advantageous for a wide spectrum 


of technological and environmental applications, especially in the field of water treatment 


and pollution remediation. These materials can be proposed as adsorbents of various 


inorganic and organic pollutants commonly found in contaminated wastewater. This 


potential is largely due to their developed porous structure, which generally features a 


large specific area, considerable pore volume and suitably sized pore diameters. In 


addition, their surface can be functionalized to enhance the pristine adsorption capacity. 


Overall, the tuneable surface properties, combined with their intrinsic structural and 


textural advantages, position nanocarbons and CNTs as highly promising candidates for 


the development of next-generation adsorbents aimed at addressing pressing challenges 


in environmental pollution control and wastewater treatment technologies [1].  


 


On the other hand, the valorisation of carbonaceous materials by converting biomass into 


valuable carbons through carbonization is of great interest in the context of sustainability 


and circular economy, as the resulting materials have broad applications as well. This 
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process not only offers an environmentally friendly alternative for waste management but 


also contributes to the development of high-performance materials with tailored 


properties. These biomass-derived carbons can be employed in fields such as adsorption, 


catalysis, energy storage, and environmental remediation, thereby aligning with current 


strategies aimed at promoting resource efficiency and reducing environmental impact [2]. 


 


Lignocellulosic biomass, one of the most abundant renewable resources, serves as an 


excellent precursor for carbon-based nanomaterials due to its carbon-rich composition 


and diverse functional groups, which in turn, can be particularly active in the removal of 


heavy metals from wastewater [3,4]. In this context, the aim of this work was to study the 


production of carbon nanotubes and carbon nanomaterials by catalytic pyrolysis of 


residual biomass to develop valuable carbon adsorbents of heavy metals removal. The 


properties of resulting materials obtained with the pyrolytic conversion and their Hg(II) 


adsorption ability were compared. 


 


4. MATERIALS AND METHODS 


 


To obtain carbon-based nanomaterials with potential adsorption applications, various 


biomass-derived precursors were selected and processed. Crop residues, such as rice 


husks, eucalyptus leaves, and alkaline lignin (see Figure 1), were used as starting 


materials for the synthesis of CNTs and other nanocarbon structures. These residues were 


chosen due to their abundance, low cost, and high carbon content, which make them 


suitable candidates for valorisation through carbonization and subsequent nanostructuring 


processes.  


 
 


 


 


 


 


 


Figure 1. Various types of crop residues, including rice husks, eucalyptus leaves, and 


alkaline lignin, have been employed in the present study. 


 


Nanocarbon materials were obtained after pyrolysis of the biomass precursor in the 


presence of different transition metal catalysts: commercial Al2O3 impregnated with iron 


(Fe2O3/Al2O3), and zero valent iron nanoparticles (nZVI). Fe2O3/Al2O3 was obtained 


from impregnation of Fe(NO3)3 on commercial Al2O3, followed by calcination at 800oC 


[5], while nZVI was synthesized by reducing FeSO4⋅7H2O in excess of NaBH4 at pH 


adjusted to 6.8 [6]. Both catalysts were characterized by scanning electron microscopy 


(SEM), nitrogen adsorption-desorption at 77K, and X-ray diffraction (XRD) to evaluate 


their structure and composition. The former catalyst exhibited the presence of Fe2O3 


phase deposited on the porous alumina phase, and the latter contained Fe(0) near spherical 


particles of around 50 nm, joined to form chains (see Figure 2). 
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Figure 2. Catalysts used in this work. Left: Fe2O3/Al2O3. Right: zero valent iron 


nanoparticles (nZVI)  
 


A vertical stainless-steel furnace was used for the pyrolysis treatment. Two pyrolytic 


routes were investigated to produce activated carbons with the maximum carbon 


nanomaterial content, based on the biomass and, above all, on the catalyst used. Pyrolysis 


(A) (see Figure 3) was carried out using a single-heating jacket system under slow heating 


conditions. The experimental setup included two distinct height positions for the catalyst 


and the biomass, which were placed separately. In this configuration, the Fe₂O₃/Al₂O₃ 


catalyst and the biomass precursor were not in direct contact during the pyrolysis process. 


Figure 3 shows a summary of the parameters of the general process carried out in what 


we have called pyrolysis (A). 


 


  
 


Figure 3. Diagram of the pyrolysis (A) with furnace in vertical configuration, using 


Fe₂O₃/Al₂O₃ and biomass separated.  
 


Pyrolysis (B) (see Figure 4) was carried out using a single-heating jacket system under 


slow heating conditions. The experimental setup included only one height position for the 


catalyst and the biomass, which were placed together. In this configuration, the nZVI 


catalyst and the biomass precursor were in direct contact during the pyrolysis process. 


Figure 4 shows a summary of the parameters of the general process carried out in what 


we have called pyrolysis (B). 
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Figure 4. Diagram of the pyrolysis (B) with furnace in vertical configuration, using 


nZVI and biomass together.  


 


In both processes the furnace was heated to 800ºC at a rate of 11.2°C/min under nitrogen 


gas (100 NmL/min) and maintained at 800°C for 30 min. After the pyrolytic process the 


obtained products were treated with an acidic solution to remove the catalyst from the 


samples and to functionalize the nanocarbon derived material. The characterization of 


carbon materials was carried out by using spectroscopic and microscopy techniques such 


as TEM, SEM, ATR-IR, and Raman spectroscopy. Samples were also characterized by 


nitrogen adsorption-desorption isotherms at 77 K. Aqueous mercury adsorption was 


analysed by means of batch adsorption experiments with different Hg(II) concentration, 


that was determined by CV-AFS (cold vapor atomic fluorescence spectrometry). 


 


 


5. RESULTS 


 


Results showed that the effectiveness of the carbon nanomaterial production varied 


depending on the catalyst, pyrolysis route, and biomass precursor. Figure 5 shows a small 


selection of TEM images of some of the nanocarbon products obtained in this work, 


depending on the pyrolytic process used and the biomass of the catalyst used. As an 


example, for the pyrolysis route (A) of eucalyptus leaves carried out in the presence of 


Fe2O3/Al2O3 was found to promote the formation of amorphous carbonaceous materials 


with graphene-like characteristics (nanosheets). This catalytic system appears to produce 


the disordered growth of carbon layers (Figure 5a).  


 


In pyrolysis route (B), the use of eucalyptus leaves in presence of nanoscale zero-valent 


iron (nZVI) as catalyst promoted the formation of filamentous carbon structures, which 


are indicative of catalytic graphitization processes typically associated with transition 


metal activity. Additionally, the process led to the generation of Fe-C nanoparticles, 


suggesting a strong interaction between the iron species and the carbon matrix during 


pyrolysis. (Figure 5b).  
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The pyrolysis route (A) of pure lignin in the presence of Fe2O3/Al2O3 also yielded carbon 


nanosheets (Figure 5c), but with a higher degree of graphitic organization compared to 


the carbon prepared by pyrolysis A of the eucalyptus (Figure 5a).  


 


a) b)   c)   


 


Figure 5. a) TEM image of carbon nanosheets from eucalyptus leaves pyrolyzed slowly 


(Fe2O3/Al2O3); b) TEM image of tube-shaped nanotube from eucalyptus pyrolyzed 


slowly (nZVI); c) TEM image of carbon nanosheets from lignin by fast pyrolysis and 


Fe2O3/Al2O3 as a catalyst. 


 


The analysis of nitrogen adsorption-desorption isotherms showed that materials exhibit 


just a slight porosity with measured BET surface areas of 4.7 and 1.6 m2/g for samples 


prepared by pyrolysis route A of lignin and eucalyptus leaves in the presence of 


Fe2O3/Al2O3. However, when eucalyptus undergoes pyrolysis route B with nZVI as 


catalyst, the surface area increased significantly to a value of SBET = 19.0 m²·g⁻¹. 


 


The obtained nanocarbon materials were tested for mercury removal by batch adsorption 


experiments using aqueous Hg(II) solutions in the range of concentration 1 to 


150 mg/dm3. It was found that these materials did not exhibit particularly high adsorption 


capacities. For example, for a 75 mg/L of Hg(II) solution, the laminar carbon material 


obtained from the pyrolysis of lignin catalyzed with Fe₂O₃/Al₂O₃ showed an adsorption 


capacity of qe = 60 mg·g⁻¹ which decreased to qe = 18 mg·g⁻¹ after acid washing. Similar 


values were obtained for the material prepared after pyrolysis of eucalyptus leaves with 


the same catalyst (qe = 55 mg·g⁻¹ which decreased to qe = 12 mg·g⁻¹ after acid treatment). 


However, when nZVI was used for the pyrolysis of lignin, higher Hg(II) adsorption 


capacities were determined (qe = 80 mg·g⁻¹ and qe = 48 mg·g⁻¹ were found before and 


after the acid treatment). 


 


 


6. CONCLUSIONS 


 


The results showed that the textural and structural properties of the carbonaceous 


materials obtained through pyrolysis are influenced by both the type of biomass precursor 


and the nature of the catalyst employed. Specifically, the use of nanoscale zero-valent 


iron (nZVI) in the pyrolysis of eucalyptus significantly enhanced the development of 


filamentous carbon structures, leading to a notable increase in specific surface area (from 


1.6 to 19.0 m²·g⁻¹). This suggests that nZVI favors the formation of more structured and 


porous carbon materials compared to Fe₂O₃/Al₂O₃ catalysts. 
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In contrast, lignin-derived materials exhibited slightly higher surface areas than 


eucalyptus when using Fe₂O₃/Al₂O₃, likely due to the inherently more aromatic and 


condensed structure of lignin that facilitates the formation of graphitic domains. 


However, even in these cases, the surface areas remained modest (4.7 m²·g⁻¹), indicating 


limited porosity development under the selected pyrolysis conditions. 


 


Regarding mercury adsorption performance, the materials generally showed moderate 


capacities, although it was found that catalyst choice, biomass source, pyrolysis route and 


subsequent treatments critically affected the final adsorption behavior. Acid treatment, 


while removing residual metal species, did not increase the surface functionalities for 


Hg(II) interaction.  


 


Overall, pyrolysis route, catalyst type, and biomass precursor produced a clear synergistic 


effect on the morphology, surface area, and adsorption performance of the resulting 


nanocarbon materials. Nonetheless, further optimization of synthesis parameters and 


post-treatments will be necessary to enhance their application potential in environmental 


remediation processes such as heavy metal adsorption. 
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