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ABSTRACT 

Biomass, particularly lignocellulosic materials derived from wood 

and agricultural residues, is emerging as a sustainable alternative to 

fossil fuels for chemical production. As the global community 

grapples with climate change and fossil fuel depletion, the need for 

renewable feedstocks becomes increasingly critical. Biomass 

oxidation, especially through processes such as glycerol oxidation, 

offers pathways to generate high-value chemicals, including glyceric 

acid and formic acid, which are essential for applications in 

biodegradable materials and pharmaceuticals. This dual approach not 

only facilitates the production of renewable chemicals but also serves 

as an efficient method for hydrogen generation, with glycerol 

electrolysis utilizing significantly less energy compared to traditional 

water electrolysis method. 

Despite the promising potential of biomass oxidation, challenges 

persist, particularly regarding the development of effective catalysts 

[3]. Current catalytic systems, including cobalt-based and 

manganese-based catalysts, exhibit varying degrees of stability and 

selectivity. For instance, while Co(salen) complexes have 

demonstrated good catalytic performance, they often decompose 

under harsh conditions, leading to reduced efficacy in lignin 

oxidation. Similarly, Mn-based catalysts face selectivity issues and 

degradation, necessitating the integration of additional reagents or 

redox mediators. Therefore, ongoing research is crucial to identify 

and develop robust catalysts that can withstand the complexities of 

biomass feeds, which typically contain a diverse array of 

components. 

Nanomaterial synthesis via co-precipitation presents an innovative 

strategy for optimizing catalytic performance in biomass oxidation. 

Factors such as solubility, pH, temperature, and stirring rates play 

pivotal roles in determining the morphology and properties of 

nanoparticles, enabling researchers to tailor these materials for 

enhanced catalytic activity. Advanced characterization techniques, 

including field emission scanning electron microscopy (FE-SEM) 

and X-ray diffraction (XRD), are essential for elucidating the 
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structural and electrochemical properties of synthesized 

nanomaterials, allowing for a deeper understanding of their 

performance in catalytic processes. 

In conclusion, biomass oxidation represents a vital avenue for 

developing sustainable energy solutions and reducing reliance on 

fossil fuels. The successful integration of glycerol oxidation within 

biomass valorization frameworks can lead to the co-production of 

valuable chemicals and renewable energy sources. However, 

achieving these goals hinges on overcoming the existing challenges 

in catalyst development and optimizing oxidation processes. By 

fostering innovations in catalytic materials and reaction conditions, 

biomass can be positioned as a cornerstone of a more sustainable and 

eco-friendly chemical industry. 

Keywords: Biomass, Oxidation, Glycerol, Catalysts, Nanomaterials. 

1. INTRODUCTION 

Biomass, particularly lignocellulosic materials 

such as wood and agricultural byproducts, has 

emerged as a promising sustainable feedstock for 

the production of chemicals. As the global 

community faces the dual challenges of climate 

change and the depletion of fossil fuels, there is 

an increasing urgency to explore alternative 

energy sources and feedstocks. Lignocellulosic 

biomass, which accounts for a significant portion 

of the renewable biomass resources, is abundant 

and can be sourced from various agricultural and 

forestry residues [1]. Despite its potential, 

biomass must compete with fossil fuels, which 

remain entrenched in the global energy system. 

Therefore, technological advancements are 

necessary to enhance the economic viability of 

biomass utilization and promote its adoption as a 

mainstream feedstock. Innovations in biomass 

conversion processes, particularly in biomass 

oxidation, can lead to higher efficiency and 

facilitate the generation of sustainable products. 

These advancements are crucial for positioning 

biomass as a viable alternative to traditional 

petrochemical routes, contributing to a more 

sustainable and eco-friendly chemical industry. 

The potential of biomass not only lies in its 

ability to replace fossil fuels but also in its 

capacity to generate high-value chemicals that 

can be used in various applications, from 

pharmaceuticals to biodegradable materials [2].  

One of the promising avenues in biomass 

oxidation is the oxidation of glycerol, a 

byproduct of biodiesel production. Glycerol 

oxidation has gained attention due to its ability to 

yield valuable byproducts such as glyceric acid 

and tartronate, which have applications in 

biodegradable polymers and pharmaceuticals. 

These compounds can serve as building blocks 

for the development of sustainable materials, 

thus contributing to the circular economy. 

Moreover, glycerol oxidation presents an 

attractive alternative to water electrolysis for 

hydrogen production. Glycerol electrolysis 

consumes approximately three times less energy 

compared to water electrolysis, making it a 

highly energy-efficient process. This energy 

efficiency is crucial in the context of rising 

energy costs and the need for sustainable energy 

solutions. The co-production of hydrogen 

alongside value-added chemicals further 

enhances the economic and environmental 

viability of glycerol oxidation, making it a 

compelling option for renewable energy 

generation and chemical production. By 

integrating glycerol oxidation into the biomass 

valorization framework, researchers can develop 

strategies that not only improve energy 
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efficiency but also create valuable chemical 

intermediates that can drive economic growth[3]. 

Despite the promising potential of glycerol 

oxidation, the search for effective catalysts 

remains a significant challenge. Various catalysts 

have been explored for biomass oxidation; 

however, many face significant deficiencies. For 

instance, Co(salen) and its derivatives have 

shown good catalytic performance, but they often 

suffer from decomposition under high 

temperatures and harsh pH conditions, which 

leads to reduced efficiency in lignin oxidation. 

The stability and durability of catalysts are 

critical factors that influence the overall success 

of biomass oxidation processes. Similarly, Mn-

based catalysts, including Mn porphyrins, have 

demonstrated better performance than iron 

porphyrins in lignin oxidation. However, they are 

not without their challenges; selectivity issues 

and catalyst degradation are common problems 

that necessitate the use of additional reagents or 

redox mediators to maintain their stability and 

activity. The complexity of biomass feeds, which 

contain a mixture of components, makes it 

imperative to develop catalysts that can 

effectively address these challenges while 

maximizing yield and selectivity. Additionally, 

some cobalt catalysts have shown promise in 

biomass oxidation, but many face deactivation 

due to ligand reactivity or by-product formation. 

These issues highlight the need for continued 

research and development in the field of catalytic 

materials to create robust and efficient catalysts 

that can withstand the demands of biomass 

conversion processes [4,5]. In summary, 

biomass, particularly lignocellulosic materials, 

represents a viable and sustainable alternative to 

fossil fuels for chemical production. Innovations 

in biomass oxidation, such as glycerol oxidation, 

offer pathways for generating valuable chemicals 

and renewable energy sources. However, the 

effectiveness of these processes is closely tied to 

the development of stable and efficient catalysts. 

The ongoing exploration of various catalytic 

materials is essential for overcoming the existing 

challenges in biomass oxidation and maximizing 

the potential of biomass as a sustainable 

feedstock for the chemical industry. 

BIOMASS OXIDATION 

Biomass oxidation is a crucial area of sustainable 

energy research, providing an innovative 

approach to energy production by converting 

renewable resources from plants and biological 

materials into valuable energy carriers like 

formic acid (FA). This process involves the 

controlled oxidation of organic materials, 

including agricultural residues and forestry 

wastes, representing a renewable and abundant 

source of carbon. Unlike finite fossil fuels, 

biomass can be sustainably harvested, allowing 

for energy conversion without significantly 

disrupting the atmospheric carbon balance. The 

advantages of biomass oxidation are numerous; 

FA serves as a versatile secondary energy carrier 

that can be stored, transported, and used in 

various applications, including hydrogen storage 

and as a precursor for chemical synthesis in 

industries such as pharmaceuticals and 

agriculture. Moreover, this process can be 

designed to minimize or eliminate net CO2 

emissions, enhancing environmental 

sustainability compared to fossil fuel combustion 

[6,7]. Techniques such as the OxFA method, 

which utilizes polyoxometalate (POM) catalysts, 

exemplify how biomass can be oxidized to 

produce FA and CO2 under mild conditions, 

avoiding harmful by-products. Additionally, 

biomass oxidation supports energy security by 

diversifying energy sources, making it a reliable 

alternative to finite fossil fuels. Research has 

focused on optimizing oxidation processes to 

enhance FA yields and economic viability, with 

various catalytic systems being explored to 

efficiently convert complex biomass components 

into FA while minimizing energy inputs. 

Furthermore, advancements in biphasic reaction 

systems and separation techniques address 

challenges in FA purification, paving the way for 

scalable and commercially viable biomass 

oxidation processes. In summary, biomass 
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oxidation is pivotal in developing sustainable 

energy solutions, leveraging renewable biomass 

to produce formic acid and contributing to 

energy diversification, climate change 

mitigation, and the transition to a cleaner energy 

future [8]. 

 

 

 

 

No 

 

Product Structure Applications 

1 1,3-dihydroxyacetone 

 

Used as a pharmaceutical intermediate, 

as self-tanning agent and browning 

ingredient in the cosmetic industry, 

monomers in Polymer Biomaterials 

2 DL-glyceraldehyde 

 

Modifier for crystallisation solution, 

substrate for evaluating aldose 

reductase activity, and starting material 

for D,L-serin synthesis. 

3 DL-glyceric acid 

 

Anionic monomer of packaging 

material for exothermic and volatile 

agents, used for treatment of 

skin diseases. 

4 Tartronic acid 

 

Acts as an Oxygen scavenger, its 

derivatives are used in the treatment of 

osteoporosis. 

5 Mesoxalic acid 

 

Used in making drugs, dyes, and other 

chemicals. It also improves dye 

colours and durability on fabrics. 
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METHODS AND MATERIAL 

Method Catalyst/Material Applications Advantages Challenges 

Electrocatalysis Copper-doped 

cobalt oxide 

Glycerol 

oxidation, 

hydrogen 

production 

High activity, low 

energy consumption, 

excellent stability 

Minor pH 

sensitivity 

Chemical 

Oxidation 

Co(salen), Mn 

porphyrins 

Lignin and 

glycerol 

oxidation 

High selectivity with 

redox mediators 

Catalyst 

degradation 

under harsh 

conditions 

Photocatalysis TiO₂, doped oxides Biomass Renewable energy- Low efficiency 

6 Glyoxylic acid         

 

         

Used as substrates of pharmaceutical 

intermediates, and as a reducing agent 

in electroless copper plating, utilized at 

concentrations ranging from 0.5 to 

10% in hair straightening treatments 

(shampoos, conditioners, lotions, and 

creams). 

7 Oxalic acid  

 

Used in Cleaning or bleaching, 

removal of dust, mordant in dyeing 

processes, baking powder, antioxidant. 

8 Lactic acid 

            

Used as a synthetic intermediate in 

variety of industries, including organic 

synthesis, biochemistry, food 

preservation, meat processing, 

cosmetics, dyeing, and dairy 

production. 

9 Formic acid 

 

 

 

 

It is a preservative and an antibacterial 

agent. Act as Fuel in the fuel cell, 

organic chemical raw materials, metal 

surface treatment agents, rubber 

additives, and industrial solvents. 
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valorization driven 

OxFA Process Polyoxometalates 

(POMs) 

Formic acid 

production 

Mild conditions, 

minimal by-products 

Scalability 

issues 

Catalyst-Free 

Oxidation 

Supercritical water Biomass 

conversion 

No catalyst 

degradation 

High 

temperature 

and pressure 

required 

 

NANOMATERIAL SYNTHESIS 

PARAMETERS FOR BIOMASS OXIDATION 

The synthesis of nanoparticles through co-

precipitation is significantly influenced by various 

factors, including solubility, pH, temperature, 

calcination, stirring, and flow rate. Solubility plays 

a key role in determining the sequence of 

precipitation, particle size, morphology, and purity 

of the resulting nanoparticles. Lower solubility 

substances precipitate first, often leading to 

smaller, finely divided particles, while those with 

higher solubility may form larger, more crystalline 

structures [9,10]. Additionally, solubility affects the 

kinetics of the precipitation process, where lower 

solubility results in rapid precipitation, whereas 

higher solubility leads to slower rates. The pH of 

the solution further modifies reaction kinetics and 

nucleation, with high pH promoting rapid 

nucleation and larger particles, while low pH yields 

smaller, more uniform nanoparticles [11,12]. 

Other factors, such as temperature and calcination, 

impact crystallinity, particle size, and dopant 

distribution. Higher synthesis temperatures enhance 

reaction kinetics and crystallinity, leading to more 

uniform particles, while calcination at elevated 

temperatures aids in achieving pure and stable 

phases. Stirring during co-precipitation ensures 

homogeneous mixing of reactants, promoting 

uniform particle size and morphology and 

preventing agglomeration. Finally, the flow rate of 

the solvent influences particle size distribution and 

purity; higher flow rates promote rapid mixing and 

smaller particles, while slower rates may lead to 

larger, less uniform nanoparticles. By carefully 

controlling these parameters, researchers can tailor 

the properties of nanoparticles for various 

applications in fields like medicine, electronics, and 

catalysis [13-17]. 

CHARACTERIZATION 

Field emission scanning electron microscopy (FE-

SEM), linear sweep voltammetry (LSV), X-ray 

diffraction (XRD), high-resolution transmission 

electron microscopy (HR-TEM), and 

electrochemical measurement techniques are 

critical in the comprehensive analysis of materials, 

especially in nanotechnology, sensing, and 

catalysis. FE-SEM is instrumental in investigating 

surface morphology at the nanoscale, revealing 

intricate details like grain boundaries, defects, and 

surface roughness, which are crucial for 

understanding material behaviour in applications 

such as catalysis and sensing [18]. This technique 

excels in characterizing surface structures with high 

resolution, providing insights into the texture and 

composition of nanomaterials that play key roles in 

their functionality. Additionally, it allows for 

elemental analysis through energy-dispersive X-ray 

spectroscopy (EDS), giving researchers a complete 

picture of both structure and composition [19,20]. 

X-ray diffraction (XRD) complements surface 

imaging by offering valuable information about the 

crystalline structure and phase purity of materials. 

XRD enables the identification of crystallographic 

planes and the determination of lattice parameters, 

critical for understanding how structural properties 

influence material performance [21]. Crystallite 

size, strain, and defects within the material can be 

detected, providing vital insights into the stability 

and effectiveness of nanomaterials in applications 

like electrochemical sensing or catalysis. Together 

with FE-SEM, XRD ensures a thorough 

understanding of both the surface and internal 

structures of nanomaterials [22,23]. 

Electrochemical analysis using linear sweep 

voltammetry (LSV) plays an essential role in 
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assessing the redox behaviour of materials, 

particularly for evaluating the efficiency of 

electrocatalysts or sensors. By varying the potential 

applied to the working electrode and recording the 

current response, LSV allows for a detailed 

investigation of reaction kinetics, oxidation and 

reduction potentials, and overall electrochemical 

activity [24]. This is crucial for applications such as 

oxygen evolution reactions (OER) or glucose 

sensing, where understanding electrochemical 

properties directly correlates with performance. 

High-resolution transmission electron microscopy 

(HR-TEM) takes structural analysis to the atomic 

level, offering a deeper understanding of 

nanomaterials' internal structures. HR-TEM reveals 

atomic arrangements, defects, and lattice fringes 

that directly affect the material’s properties. It is 

particularly useful for characterizing nanostructures 

like nanoparticles, nanorods, and nanowires, 

providing direct correlations between structure and 

functionality. When paired with electrochemical 

techniques and morphological studies like those 

from FE-SEM, HR-TEM and XRD allow 

researchers to understand the intricate relationships 

between a material’s structure and its 

electrochemical performance, making these 

techniques indispensable for the development of 

advanced materials in sensing, catalysis, and 

energy applications [25,26]. 

RESULT AND DISCUSSION 

Biomass oxidation employs diverse methods to 

transform renewable resources into valuable 

chemicals and energy carriers. Among these, 

electrocatalysis is a standout approach, particularly 

for glycerol oxidation, yielding products like 

glyceric acid, tartronic acid, and hydrogen with 

high efficiency [27]. Copper-doped cobalt oxide 

emerges as a highly effective material for this 

method, offering superior conductivity, catalytic 

activity, and stability. Its advantages include low 

energy consumption, high product selectivity, and 

enhanced durability, with only minimal challenges 

such as slight pH sensitivity requiring minor 

process adjustments. 

Chemical oxidation, involving oxidizing agents like 

hydrogen peroxide or molecular oxygen, often 

utilizes catalysts such as Co(salen) complexes or 

Mn porphyrins. While this method demonstrates 

notable selectivity, the stability of these catalysts 

under harsh conditions can be a concern[28]. 

Photocatalysis, which employs light-activated 

catalysts such as TiO₂ or doped metal oxides, is 

driven by renewable energy and produces minimal 

chemical waste, though its efficiency and 

scalability remain limited. Alternatively, catalyst-

free oxidation using supercritical water conditions 

eliminates catalyst degradation and achieves high 

efficiency, but demands high temperature and 

pressure, posing practical challenges [29]. 

Nanomaterials play a critical role in enhancing 

catalytic performance for biomass oxidation. 

Copper-doped cobalt oxide stands out for its high 

catalytic activity in glycerol oxidation and formic 

acid production, robust operational stability, and 

excellent conductivity, which accelerates reaction 

kinetics [30,31]. While this material is highly 

effective, minor adjustments to reaction conditions 

may be needed to address its pH sensitivity. Other 

catalysts, such as Co(salen) complexes and cobalt 

nanoparticles, show strong oxidation capabilities 

but encounter stability issues in extreme conditions. 

Mn porphyrins, although effective for selective 

oxidation, require stabilizing agents to prevent 

degradation. Polyoxometalates (POMs), widely 

used in the OxFA method for formic acid 

production, operate efficiently under mild 

conditions and generate minimal by-products 

[32,33]. 

Overall, electrocatalysis using copper-doped cobalt 

oxide stands as a promising method for biomass 

oxidation, combining efficiency, selectivity, and 

durability, and demonstrating significant potential 

in advancing sustainable chemical production. 

CONCLUSION 

The exploration of biomass oxidation, particularly 

through processes like glycerol oxidation, 

represents a promising frontier in the development 

of sustainable energy and chemical production. By 

leveraging lignocellulosic materials, which are 

abundant and renewable, researchers can address 

the pressing global challenges of climate change 

and fossil fuel dependency. Glycerol oxidation not 
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only produces high-value chemicals such as 

glyceric acid and formic acid, but it also presents 

an efficient method for hydrogen generation, 

positioning itself as a viable alternative to 

traditional fossil fuel-derived processes. 

Despite the potential benefits, significant 

challenges remain in the field, particularly 

regarding catalyst stability and efficiency. The 

current reliance on cobalt and manganese-based 

catalysts, while showing promise, is hindered by 

issues of degradation and selectivity. This 

underlines the need for continued innovation in 

catalyst development, with a focus on creating 

robust materials that can endure the complexities of 

biomass feeds. 

Nanomaterial synthesis via co-precipitation offers 

exciting opportunities to optimize catalytic 

performance by allowing precise control over 

particle size and morphology. By tailoring the 

synthesis parameters such as pH, temperature, and 

stirring rates researchers can enhance the catalytic 

activity of nanoparticles, making them more 

effective in biomass oxidation processes. Advanced 

characterization techniques like FE-SEM, XRD, 

and HR-TEM are critical for understanding the 

structural properties and electrochemical behavior 

of these materials, facilitating the design of more 

efficient catalysts. 

In summary, biomass oxidation holds immense 

potential for transforming renewable feedstocks 

into valuable chemicals and energy carriers, 

contributing to a more sustainable chemical 

industry. The successful integration of glycerol 

oxidation into biomass valorization frameworks can 

drive economic growth while promoting 

environmental sustainability. Continued research 

and innovation in catalyst development and 

nanomaterial synthesis are essential for unlocking 

the full potential of biomass as a cornerstone of a 

clean energy future. By overcoming existing 

challenges, biomass can emerge not just as an 

alternative, but as a key player in the transition to a 

sustainable and eco-friendly chemical industry. 
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