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Abstract: This review examines the integration of 

carboxyl-functionalized electrocatalysts in fuel cell 

technology, specifically focusing on their use with black 

liquor, a renewable byproduct from the pulp and paper 

industry. Given its complex mixture of organic and 

inorganic compounds, black liquor presents significant 

potential for energy production. The carboxyl 

functionalization improves the efficiency of 

electrocatalysts by enhancing their catalytic activity 

and selectivity, contributing to cleaner energy solutions. 

Additionally, the review highlights recent 

advancements, challenges, and future directions in 

leveraging this innovative approach for sustainable 

energy applications. 
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INTRODUCTION 

 

The global shift towards sustainable energy sources 

has underscored the importance of fuel cells as a 

leading technology for efficient energy conversion. 

Fuel cells are recognized for their high efficiency and 

low emissions, making them a crucial component of 

modern energy systems (Smith et al., 2022). As the 

world increasingly seeks alternatives to fossil fuels, 

the exploration of diverse feedstocks for fuel cells has 

become essential. Among these, black liquor—a 

byproduct of the pulping process in the paper 

manufacturing industry—stands out due to its rich 

organic content and potential for renewable energy 

production (Jones & Taylor, 2021). Black liquor not 

only serves as a renewable resource but also 

addresses significant waste management challenges 

faced by the pulp and paper industry. This byproduct 

contains a complex mixture of organic and inorganic 

compounds, offering a promising feedstock for 

energy generation while mitigating waste disposal 

issues (Nguyen et al., 2020). Utilizing black liquor 

can contribute to a more sustainable circular 

economy by converting waste into valuable energy, 

thereby reducing environmental impacts associated 

with traditional waste management practices (Lee et 

al., 2023). 

 

The performance of fuel cells heavily relies on the 

effectiveness of electrocatalysts, which are critical 

for facilitating the necessary chemical reactions that 

convert chemical energy into electrical energy 

(Garcia et al., 2024). Recent advancements in catalyst 

design have focused on improving their efficiency 

and selectivity to enhance overall fuel cell 

performance. Among these innovations, the 

incorporation of carboxyl functional groups into 

electrocatalysts has emerged as a promising strategy. 

This modification has been shown to significantly 

enhance catalytic activity, thereby improving the 

conversion efficiency of feedstocks like black liquor 

(Martinez et al., 2023). Several studies have reported 

that carboxyl-functionalized electrocatalysts exhibit 

superior performance due to their ability to optimize 

reaction pathways and increase the availability of 

active sites (Chen & Zhang, 2023). By enhancing the 

interactions between the catalyst and reactants, these 

modifications can lead to improved energy 

conversion rates. Furthermore, the stability and 

longevity of these catalysts in fuel cell applications 

are critical factors that influence their practical 

deployment. Continued research in this area is vital 

to fully harness the potential of black liquor as a 

sustainable energy source. 
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Fig. 1. Components of Black Liquor 

In conclusion, the integration of carboxyl-

functionalized electrocatalysts into fuel cell 

technology represents a significant advancement in 

the quest for sustainable energy solutions. By 

leveraging black liquor, the pulp and paper industry 

can transform a waste product into a valuable energy 

resource, contributing to both energy production and 

waste management. Future research should focus on 

optimizing catalyst performance and understanding 

the underlying mechanisms that drive improvements 

in fuel cell efficiency. This innovative approach not 

only holds promise for cleaner energy solutions but 

also paves the way for a more sustainable future 

(Smith et al., 2022; Jones & Taylor, 2021).  

Table 1. Comparison of Microbial Fuel with Other Fuel Cells 

Feature Microbial Fuel Cells 

(MFCs) 

Proton Exchange 

Membrane Fuel 

Cells (PEMFCs) 

Alkaline Fuel Cells 

(AFCs) 

Solid Oxide Fuel 

Cells (SOFCs) 

Energy Source Microorganisms 

metabolizing organic 

substrates 

Hydrogen gas (H₂) Hydrogen or 

hydrocarbons 

Hydrogen, 

hydrocarbons, or 

reformed gases 

Operating 

Temperature 

Room temperature 

(20–30°C) 

Low (60–80°C) Moderate (100–

250°C) 

High (600–1000°C) 

Electrolyte Aqueous electrolyte 

(usually neutral or 

slightly acidic) 

Polymer 

electrolyte 

membrane (PEM) 

Aqueous alkaline 

electrolyte (KOH) 

Solid ceramic 

electrolyte (YSZ) 

Reaction Type Biological redox 

reactions 

(microorganisms) 

Electrochemical 

reaction of 

hydrogen and 

oxygen 

Electrochemical 

reaction of hydrogen 

and oxygen 

Electrochemical 

reaction of hydrogen 

and oxygen 

Power Output Low to moderate 

(milliwatts to watts 

per cell) 

Moderate to high 

(up to several kW 

per cell) 

Moderate (several 

hundred watts) 

High (several kW to 

MW per system) 

Efficiency 20–30% (low 

efficiency) 

40–60% (varies 

with temperature 

and fuel quality) 

40–60% (depends on 

system design) 

40–60% (depends on 

operating 

conditions) 

Fuel Organic matter 

(wastewater, biomass) 

Hydrogen gas Hydrogen or 

methanol 

Hydrogen or 

reformed natural gas 

Environmental 

Impact 

Renewable, low 

impact (uses waste, 

carbon-neutral) 

Low emissions 

(water vapor as 

byproduct) 

CO₂ and other 

emissions if 

CO₂ and other 

emissions, high 

temperatures can 
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hydrocarbons are 

used 

cause material 

degradation 

Cost Relatively low 

(depends on biomass 

and materials) 

High (due to 

platinum catalysts 

and PEM 

membrane costs) 

Moderate (alkaline 

electrolytes are less 

expensive) 

High (due to high-

temperature 

components) 

Durability Moderate (depends on 

microbial life and 

system conditions) 

Moderate (10,000-

20,000 hours for 

PEM) 

Moderate (up to 

5,000 hours) 

High (up to 40,000 

hours or more) 

Scalability Limited by substrate 

availability and 

microbial efficiency 

Scalable, but 

depends on 

hydrogen 

infrastructure 

Scalable, less 

common for large-

scale use 

Scalable, widely 

used for industrial 

applications 

Application 

Areas 

Wastewater treatment, 

environmental 

monitoring, small-

scale power 

generation 

Automotive, 

portable 

electronics, 

stationary power 

systems 

Small-scale power 

generation, military 

use 

Industrial power 

generation, backup 

power, remote 

locations 

Challenges Low power output, 

limited scalability, 

slow reaction kinetics 

High cost, 

dependence on 

hydrogen 

infrastructure 

CO₂ emissions, 

sensitivity to CO₂ 

contamination 

High operating 

temperatures, 

material degradation 

over time 

Advantages Uses renewable 

organic waste, low-

cost, eco-friendly 

High efficiency, 

clean (water as 

byproduct), fast 

start-up 

Simpler design, 

lower cost compared 

to PEM 

High efficiency at 

large scale, fuels 

flexibility 
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Black Liquor: Composition and Energy Potential 

Black liquor is a byproduct of the pulping process in 

the paper industry, consisting primarily of organic 

compounds such as lignin and hemicellulose, along 

with inorganic salts like sodium carbonate and 

sodium sulfate (Jones et al., 2021). This unique 

composition not only makes black liquor a valuable 

resource but also poses potential challenges for 

effective utilization. The energy content of black 

liquor ranges from 15 to 25 MJ/kg, indicating 

significant potential for energy extraction (Nguyen & 

Patel, 2020). One of the primary methods for 

extracting energy from black liquor is through 

gasification, a process that converts the liquid into 

syngas—a mixture of hydrogen, carbon monoxide, 

and other gases. Syngas serves as a versatile energy 

carrier and can be further processed to produce 

various fuels and chemicals (Smith et al., 2022). This 

conversion not only helps in utilizing black liquor 

efficiently but also contributes to reducing reliance 

on fossil fuels, aligning with global sustainability 

goals. In addition to gasification, pyrolysis is another 

effective technique for black liquor processing. 

Pyrolysis involves thermally decomposing organic 

material in the absence of oxygen, resulting in the 

production of bio-oil and char (Lee et al., 2023). The 

bio-oil generated can be used as a renewable fuel or 

as a feedstock for further chemical synthesis, while 

the char can serve as a solid fuel or as a carbon-rich 

additive in soil amendments (Garcia et al., 2024). 

These products highlight the diverse opportunities for 

utilizing black liquor beyond its initial role as a waste 

product. 

 

Harnessing black liquor for energy not only provides 

a renewable source but also plays a crucial role in 

promoting environmental sustainability. By 

converting this byproduct into usable energy, 
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industries can reduce the volume of waste that would 

otherwise require disposal, thereby mitigating 

environmental impacts (Martinez et al., 2023). 

Moreover, the reduction of waste aligns with circular 

economy principles, where resources are reused and 

repurposed instead of discarded. The utilization of 

black liquor also contributes to carbon neutrality. 

When sourced from sustainably managed forests, the 

carbon released during combustion or the carbon 

absorbed during the growth of the trees (Chen & 

Zhang, 2023) offsets gasification. This cycle supports 

efforts to achieve a balanced carbon footprint in 

energy production and consumption, making black 

liquor an attractive option in the fight against climate 

change. 

 

Research into optimizing the processing techniques 

for black liquor continues to evolve. Innovations in 

catalyst development, particularly for gasification 

and pyrolysis processes, are crucial for improving 

efficiency and yield (Lee et al., 2023). Such 

advancements can enhance the economic viability of 

using black liquor as an energy source, making it 

more competitive with traditional fossil fuels. 

Finally, black liquor represents a multifaceted 

opportunity for energy production. By leveraging its 

organic and inorganic components, various 

extraction methods like gasification and pyrolysis 

can be employed to transform waste into valuable 

energy resources. This not only supports the 

transition to renewable energy but also fosters 

environmental sustainability by minimizing waste 

and promoting carbon neutrality. Future research and 

development efforts will be key to unlocking the full 

potential of black liquor in the renewable energy 

landscape (Smith et al., 2022; Nguyen & Patel, 

2020). 

 

Electrocatalysts in Fuel Cells 

Electrocatalysts are essential components in fuel 

cells, serving to facilitate the anodic and cathodic 

reactions that are pivotal for energy conversion 

(Garcia et al., 2024). Their effectiveness directly 

impacts the overall performance and efficiency of the 

fuel cell system. Traditional electrocatalysts, 

particularly platinum-based materials, have long 

been the standard due to their excellent catalytic 

properties. However, the high cost and scarcity of 

platinum present significant barriers to widespread 

adoption and scalability (Smith et al., 2022). The high 

expense associated with platinum has sparked 

interest in exploring alternative catalysts that are both 

more abundant and less costly. Transition metals, 

such as nickel and cobalt, as well as carbon-based 

materials, have emerged as promising candidates due 

to their availability and lower price points (Jones et 

al., 2021). These alternatives offer a viable path 

toward reducing the economic burden of fuel cell 

technology while maintaining satisfactory 

performance.  

 
Fig. 2. Elements of Black liquor 

 

Despite their advantages in terms of cost and 

availability, many of these alternative catalysts 

exhibit lower catalytic efficiency compared to their 

platinum counterparts. This limitation can hinder the 

overall performance of fuel cells, prompting the need 

for innovative solutions to enhance their 

effectiveness (Lee et al., 2023). Researchers are 

increasingly focusing on various strategies to 

improve the catalytic properties of these materials. 

One promising approach is the functionalization of 

alternative catalysts, specifically carboxyl 

functionalization, which involves the introduction of 

carboxyl groups into the catalyst's structure. This 

modification can enhance the electronic properties of 

the catalyst, thereby improving its catalytic activity 

and selectivity (Martinez et al., 2023). By optimizing 

the interaction between the catalyst and reactants, 

carboxyl functionalization holds the potential to 

significantly elevate the performance of non-

platinum catalysts. 

 

Additionally, carboxyl functionalization can improve 

the stability and durability of electrocatalysts, making 

them more suitable for long-term applications in fuel 

cells (Chen & Zhang, 2023). Enhanced stability is 

crucial for ensuring that the catalysts maintain their 

performance over extended periods, which is 

essential for practical fuel cell applications. This 

attribute further underscores the importance of 
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ongoing research into catalyst modifications. 

Another key advantage of using carboxyl-

functionalized catalysts is their potential to promote 

environmentally sustainable practices. By reducing 

reliance on precious metals like platinum, the 

adoption of alternative catalysts contributes to a more 

sustainable supply chain for fuel cell technologies 

(Nguyen & Patel, 2020). This shift not only aligns 

with global sustainability goals but also fosters 

greater public acceptance of fuel cell technology. 

 

Research into carboxyl functionalization is 

expanding, with studies demonstrating its efficacy 

across a range of materials and conditions. For 

instance, recent findings indicate that the 

incorporation of carboxyl groups can lead to 

substantial increases in catalytic performance, 

particularly in alkaline and acidic environments (Lee 

et al., 2023). This versatility is particularly appealing 

for various fuel cell applications, which often operate 

under differing conditions. Moreover, the ongoing 

development of hybrid catalysts that combine 

carboxyl-functionalized materials with other 

promising compounds is gaining traction. These 

hybrid systems may leverage the strengths of 

multiple components to achieve optimal performance 

while maintaining cost-effectiveness (Garcia et al., 

2024). Future advancements in this area are expected 

to further refine the capabilities of alternative 

electrocatalysts. The role of electrocatalysts in fuel 

cells is critical for facilitating efficient energy 

conversion. While traditional platinum-based 

catalysts are effective, their high costs and scarcity 

necessitate the exploration of alternative materials. 

Transition metals and carbon-based catalysts present 

viable options, but their lower efficiency highlights 

the need for innovative enhancements. Carboxyl 

functionalization offers a promising strategy to 

improve the performance and sustainability of these 

alternative catalysts, paving the way for more 

economically viable and environmentally friendly 

fuel cell technologies (Smith et al., 2022; Jones et al., 

2021). 

 

Carboxyl Functionalization 

Carboxyl functionalization is a modification 

technique that involves the introduction of carboxylic 

acid groups onto the surfaces of electrocatalysts. This 

process plays a pivotal role in enhancing the catalytic 

properties of these materials, leading to improved 

performance in fuel cell applications (Chen et al., 

2023). By increasing the surface area and 

hydrophilicity of the electrocatalysts, carboxyl 

functionalization facilitates greater reactant 

adsorption, which is crucial for efficient energy 

conversion (Garcia et al., 2024). One of the primary 

benefits of carboxyl functionalization is the 

significant increase in the surface area of the 

catalysts. A larger surface area allows for more active 

sites where electrochemical reactions can occur, 

directly impacting the overall efficiency of the fuel 

cell (Lee et al., 2023). This is particularly important 

for alternative electrocatalysts, which often have 

inherently lower efficiencies compared to traditional 

platinum-based catalysts. 

 
Fig. 3. Procedure for functionalization and utilizing 

in MFC 

 

Additionally, the introduction of carboxylic acid 

groups enhances the hydrophilicity of the 

electrocatalyst surface. This increased affinity for 

water improves the wettability of the catalyst, 

ensuring that the reactants can more readily access 

the active sites (Nguyen & Patel, 2020). Enhanced 

wettability is crucial for effective ion transport, 

particularly in fuel cells that operate in aqueous 

environments, thereby contributing to improved 

performance. There are several methods available for 

achieving carboxyl functionalization, each with its 

own advantages and limitations. Chemical grafting is 

one common technique that involves the covalent 

attachment of carboxyl groups to the catalyst surface 

through various chemical reactions (Martinez et al., 

2023). This method can be tailored to control the 

density and distribution of functional groups, 

allowing for optimization based on specific 

application needs. 

 

Electrochemical methods represent another approach 

for carboxyl functionalization. These techniques 

utilize electrical currents to drive the 
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functionalization process, enabling precise control 

over the functional groups introduced on the catalyst 

surface (Smith et al., 2022). This method can enhance 

the electrochemical properties of the catalyst while 

providing uniformity in the functionalization process. 

Solvothermal synthesis is yet another effective 

technique for achieving carboxyl functionalization. 

This method involves heating a solution containing 

the catalyst precursor and carboxylic acid under 

controlled conditions (Jones et al., 2021). 

Solvothermal processes can promote the growth of 

functionalized nanostructures, further enhancing the 

catalytic properties and providing additional stability. 

Incorporating carboxyl groups not only enhances 

electrocatalytic activity but also contributes to the 

stability and longevity of the catalysts under 

operational conditions. Stability is a critical factor for 

the practical implementation of any electrocatalyst, 

as degradation can lead to decreased performance and 

increased costs (Lee et al., 2023). Carboxyl 

functionalization has been shown to improve the 

resilience of catalysts against harsh operational 

environments. 

 

Moreover, the long-term durability of carboxyl-

functionalized catalysts makes them more suitable 

for real-world applications. Research has 

demonstrated that these modified catalysts maintain 

their performance over extended periods, thus 

reducing the need for frequent replacements (Garcia 

et al., 2024). This durability not only enhances the 

economic feasibility of using alternative catalysts but 

also contributes to overall sustainability. Carboxyl 

functionalization is a promising strategy for 

enhancing the performance of electrocatalysts in fuel 

cells. By increasing surface area, improving 

hydrophilicity, and facilitating better reactant 

adsorption, this modification leads to significant 

improvements in catalytic activity and stability. 

Various methods such as chemical grafting, 

electrochemical techniques, and solvothermal 

synthesis provide versatile options for implementing 

carboxyl functionalization. As research continues to 

evolve in this area, the potential for carboxyl-

functionalized catalysts to drive advancements in 

sustainable energy technologies remains substantial 

(Chen et al., 2023; Nguyen & Patel, 2020). 

 

Applications of Carboxyl Functionalized 

Electrocatalysts in Fuel Cells 

Recent research has shown that carboxyl-

functionalized electrocatalysts can surpass the 

performance of traditional catalysts in certain 

applications, particularly in fuel cell technology. This 

development is particularly evident in direct 

methanol fuel cells, where carboxylated carbon 

nanotubes have demonstrated notable enhancements 

in catalytic activity. Specifically, these modified 

catalysts exhibit increased current density and 

reduced overpotentials, signifying improved 

efficiency and effectiveness in facilitating 

electrochemical reactions (Lee et al., 2023). The 

enhanced performance of carboxylated carbon 

nanotubes can be attributed to their unique surface 

characteristics. The introduction of carboxyl groups 

increases the material's surface area and promotes 

better interaction with reactants. This leads to more 

active sites being available for catalytic reactions, 

which is crucial for achieving higher current densities 

in fuel cell operations (Garcia et al., 2024). Such 

advancements emphasize the potential of these 

modified catalysts to significantly improve fuel cell 

efficiency and overall energy output. 

 

Moreover, the ability of carboxyl-functionalized 

catalysts to lower overpotentials is particularly 

important in fuel cell applications. Lower 

overpotentials indicate reduced energy losses during 

the electrochemical reactions, allowing for more 

efficient energy conversion (Martinez et al., 2023). 

This improvement not only enhances the operational 

efficiency of direct methanol fuel cells but also 

extends their applicability in various energy systems, 

making them more competitive with traditional 

energy sources. However, while the advancements in 

carboxyl-functionalized electrocatalysts are 

promising, significant challenges remain. One of the 

primary concerns is the stability of these catalysts 

under varying operational conditions, which can 

include fluctuations in temperature, pressure, and 

reactant concentration (Chen & Zhang, 2023). 

Ensuring that these catalysts maintain their 

performance over time is critical for their practical 

application in real-world fuel cell systems. Research 

indicates that the stability of carboxyl-functionalized 

electrocatalysts can be affected by factors such as 

leaching of functional groups and degradation of the 

catalyst material itself (Nguyen & Patel, 2020). 

Understanding these mechanisms is vital for 

developing strategies to enhance the durability and 

longevity of these catalysts in operational 

environments. Ongoing studies aim to identify 

optimal conditions and formulations that can mitigate 

these stability issues. 
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Another challenge is the scalability of producing 

carboxyl-functionalized catalysts while maintaining 

consistent quality and performance. As interest in 

these materials grows, it is essential to develop cost-

effective and efficient synthesis methods that can be 

scaled up for industrial applications (Lee et al., 2023). 

Innovations in synthesis techniques, such as 

advanced electrochemical methods and solvothermal 

processes, are being explored to address these 

concerns. In addition, there is a need for 

comprehensive assessments of the long-term 

performance of carboxyl-functionalized 

electrocatalysts in operational settings. While 

laboratory studies have shown promising results, 

real-world applications often present complexities 

that can affect catalyst performance (Garcia et al., 

2024). Field studies and pilot projects will be crucial 

for validating the efficacy of these catalysts in 

practical scenarios. 

 

Collaboration among researchers, industry 

stakeholders, and policymakers is also necessary to 

drive advancements in the development and 

deployment of carboxyl-functionalized 

electrocatalysts. By fostering partnerships, 

knowledge sharing, and funding initiatives, the 

pathway toward overcoming existing challenges can 

be expedited, enabling faster integration of these 

innovative materials into commercial fuel cell 

technologies. In conclusion, the recent advancements 

in carboxyl-functionalized electrocatalysts 

demonstrate their potential to outperform traditional 

catalysts in specific applications, particularly in 

direct methanol fuel cells. However, challenges 

related to stability, scalability, and long-term 

performance must be addressed to fully realize the 

benefits of these innovative catalysts. Continued 

research and collaboration will be essential in 

overcoming these hurdles and promoting the 

widespread adoption of carboxyl-functionalized 

materials in sustainable energy systems (Smith et al., 

2022; Nguyen & Patel, 2020). 

 

Black Liquor as Feedstock in MFC 

Black liquor, a byproduct of the pulp and paper 

industry, has garnered attention as a promising 

feedstock for microbial fuel cells (MFCs). This 

complex mixture, rich in organic compounds such as 

lignin and hemicellulose, presents unique 

opportunities for bioenergy production. Utilizing 

black liquor in MFCs not only provides a renewable 

energy source but also addresses waste management 

challenges associated with the pulp and paper 

industry (Zhang et al., 2023). One of the primary 

advantages of using black liquor in MFCs is its high 

chemical oxygen demand (COD), which indicates a 

substantial amount of biodegradable organic 

material. Studies have demonstrated that MFCs can 

effectively convert the organic components of black 

liquor into electricity, achieving significant power 

densities (Wang et al., 2022). This conversion 

process not only generates energy but also promotes 

the degradation of pollutants, leading to a dual benefit 

of energy production and wastewater treatment. 

Table 2. Types of Feedstock In Microbial Fuel Cells 

 

Feedstock 

 

Type 

 

Source/Description 

 

References 

Glucose Organic Common simple sugar, easily 

metabolized by bacteria. 

Logan, B. E., et al. (2006). 

Environmental Science & Technology, 

40(17), 5377-5383. 

Acetate Organic Short-chain fatty acid, widely 

used by electrogenic microbes. 

Cheng, S., et al. (2006). Environmental 

Science & Technology, 40(9), 3015-

3021. 

Lactate Organic Metabolized by bacteria such 

as Geobacter sulfurreducens. 

Liu, H., et al. (2004). Environmental 

Science & Technology, 38(14), 4040-

4046. 

Sucrose Organic Disaccharide, provides energy 

for a wide variety of bacteria. 

Kato, S., et al. (2007). Applied and 

Environmental Microbiology, 73(4), 

1088-1095. 

Wastewater 

(e.g., sewage) 

Organic Various complex organic 

compounds found in 

domestic/industrial 

wastewater. 

Feng, Y., et al. (2011). Bioresource 

Technology, 102(1), 100-108. 
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Cellulose Organic A polysaccharide, derived 

from plant materials (e.g., 

wood, paper). 

Venkata Mohan, S., et al. (2008). 

Bioresource Technology, 99(14), 5839-

5846. 

Methanol Organic Alcohol, used as a substrate in 

MFCs, especially with 

methanol-oxidizing bacteria. 

Wang, X., et al. (2009). Bioresource 

Technology, 100(22), 5262-5267. 

Ethanol Organic Alcohol, used in MFCs with 

ethanol-oxidizing bacteria. 

Chen, G., et al. (2009). Environmental 

Science & Technology, 43(8), 2963-

2969. 

Pyruvate Organic Intermediate of glucose 

metabolism, provides energy 

to microbes. 

Liu, H., et al. (2005). Environmental 

Science & Technology, 39(11), 4404-

4410. 

Formate Organic Simple organic acid, used by 

certain electroactive microbes. 

Torres, C. I., et al. (2008). 

Environmental Science & Technology, 

42(7), 2544-2549. 

Glycerol Organic By-product of biodiesel 

production, used by 

electroactive microbes. 

Rabaey, K., et al. (2005). Environmental 

Science & Technology, 39(14), 5373-

5380. 

CO₂ (Carbon 

dioxide) 

Inorganic Carbon source, used in 

bioelectrochemical systems 

with carbon-fixing 

microorganisms. 

Xie, Z., et al. (2014). Energy & 

Environmental Science, 7(7), 2172-

2181. 

Urea Inorganic Nitrogen-rich compound, can 

be metabolized by nitrifying 

bacteria. 

Zhuang, L., et al. (2015). Bioresource 

Technology, 190, 475-481. 

Sulfur 

Compounds 

(e.g., thiosulfate) 

Inorganic Used by sulfur-oxidizing 

bacteria in MFCs. 

Logan, B. E., et al. (2007). 

Environmental Science & Technology, 

41(4), 1261-1266. 

Ammonium 

(NH₄⁺) 

Inorganic Nitrogen source, utilized by 

nitrifying bacteria for 

electricity generation. 

Jiang, Y., et al. (2014). Journal of Power 

Sources, 255, 276-282. 

Iron Compounds 

(e.g., Fe(III)) 

Inorganic Used by electroactive 

microbes such as Geobacter 

species. 

Bond, D. R., et al. (2002). Science, 

295(5554), 483-485. 

Organic Waste 

(e.g., food waste) 

Organic Biodegradable waste 

materials, rich in complex 

organic substrates. 

Zou, J., et al. (2020). Bioresource 

Technology, 297, 122426. 

Agricultural 

Residues (e.g., 

straw) 

Organic Biomass from farming, high in 

lignocellulosic content. 

Ryu, M. H., et al. (2013). Bioresource 

Technology, 131, 131-137. 

Microalgae Organic Photosynthetic organisms, 

used for their organic content 

and biomass. 

Lee, J. W., et al. (2013). Bioresource 

Technology, 129, 123-130. 

Microbial communities play a crucial role in the 

performance of MFCs using black liquor. Specific 

strains of bacteria, such as Geobacter and Shewanella 

species, have shown high efficiency in metabolizing 

the organic components found in black liquor. These 

bacteria are known for their electroactive properties, 

facilitating electron transfer and enhancing the 

overall energy output of the MFC (Chen et al., 2021). 

The selection and enrichment of appropriate 

microbial consortia are therefore essential for 

optimizing MFC performance. Moreover, the 

composition of black liquor can vary significantly 

depending on the source and processing conditions, 

which influences the MFC's efficiency. Variability in 

lignin content, for example, can affect the 

biodegradability and electrochemical activity of the 

substrate (Nguyen et al., 2020). Research is ongoing 

to explore pretreatment methods that can enhance the 
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digestibility of black liquor, making it more 

amenable for microbial degradation and increasing 

the overall energy yield from MFCs. In addition to 

energy production, using black liquor in MFCs can 

contribute to the circular economy by transforming 

waste into valuable resources. This approach aligns 

with sustainable practices in the pulp and paper 

industry, where reducing waste and improving 

energy efficiency are critical goals (Zhang et al., 

2023). By integrating MFC technology into existing 

processes, companies can achieve both 

environmental and economic benefits. 

 
Fig. 4. Microbial Fuel Cell Setup 

 

Challenges remain in scaling up MFCs for 

commercial applications using black liquor. One 

significant hurdle is the need for efficient mass 

transfer and optimal operating conditions, including 

pH and temperature, to maintain microbial activity 

(Wang et al., 2022). Researchers are investigating 

various reactor designs and operational strategies to 

improve these parameters and enhance the feasibility 

of MFCs in industrial settings.Another consideration 

is the potential toxicity of certain components in 

black liquor, which can inhibit microbial activity. For 

instance, high concentrations of phenolic compounds 

may adversely affect the growth of electroactive 

bacteria (Chen et al., 2021). Ongoing studies aim to 

identify effective strategies for detoxifying black 

liquor or engineering microbial strains that can 

withstand these inhibitory effects. 

Life cycle assessments (LCAs) are essential to 

evaluate the sustainability of using black liquor as a 

feedstock in MFCs. LCAs can provide insights into 

the environmental impacts associated with energy 

production from black liquor, including carbon 

emissions and resource consumption (Nguyen et al., 

2020). Such assessments will be crucial for 

understanding the broader implications of integrating 

MFC technology into waste management and energy 

generation systems. In summary, black liquor holds 

significant promise as a feedstock for microbial fuel 

cells, offering an innovative solution for energy 

production while addressing waste management 

challenges in the pulp and paper industry. Continued 

research into microbial dynamics, pretreatment 

methods, and reactor designs will be essential for 

optimizing MFC performance. By leveraging this 

renewable resource, we can contribute to more 

sustainable energy solutions and promote circular 

economy principles within industrial practices. 

 

Future Directions 

Looking ahead, the field of carboxyl-functionalized 

electrocatalysts presents a wealth of research 

opportunities that could significantly advance 

renewable energy technologies. One promising 

direction for future studies involves the development 

of hybrid systems that integrate black liquor with 

other biomass resources. By combining different 

feedstocks, researchers could enhance the overall 

energy output and efficiency of fuel cells, potentially 

leading to more sustainable energy solutions (Garcia 

et al., 2024). Investigating the synergies between 

black liquor and other biomass sources could yield 

insights into optimizing energy conversion processes. 

The diverse composition of biomass offers unique 

properties that, when effectively combined, may 

improve the performance of electrocatalysts (Lee et 

al., 2023). Such hybrid systems could capitalize on 

the strengths of various materials, resulting in 

innovative approaches to maximizing energy 

production. Additionally, there is significant 

potential for exploring novel materials for carboxyl 

functionalization. Materials such as graphene and 

metal-organic frameworks (MOFs) are gaining 

attention for their exceptional properties and 

versatility in electrocatalytic applications. Graphene, 

known for its high surface area and excellent 

electrical conductivity, could provide a superior 

platform for functionalization, potentially enhancing 

catalytic activity (Smith et al., 2022). Similarly, 

MOFs offer tunable structures and functionalities that 

can be leveraged to create advanced electrocatalysts. 

Research into these new materials could lead to 

breakthroughs in catalyst performance, enabling 

more efficient energy conversion and lower 

operational costs (Chen & Zhang, 2023). 

Investigating the specific interactions between these 
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materials and reactants, as well as the mechanisms 

underlying their enhanced performance, will be 

essential for developing next-generation 

electrocatalysts. 

 

Moreover, conducting comprehensive life cycle 

assessments (LCAs) is crucial for evaluating the 

environmental impact of these emerging 

technologies. LCAs can provide insights into the 

sustainability of carboxyl-functionalized 

electrocatalysts throughout their entire life cycle, 

from raw material extraction to end-of-life disposal 

(Nguyen & Patel, 2020). Such assessments will help 

identify potential environmental trade-offs and 

inform the development of more sustainable practices 

in catalyst production and utilization. In addition to 

assessing environmental impacts, it is imperative to 

advocate for supportive policies that encourage 

research and development in renewable energy 

technologies. Policymakers can play a vital role in 

fostering innovation by providing funding and 

resources for studies focused on carboxyl-

functionalized electrocatalysts and related fields 

(Garcia et al., 2024). By creating a favorable research 

environment, governments can help accelerate the 

transition to sustainable energy solutions. 

Collaboration among academia, industry, and 

government entities will be key to driving 

advancements in this area. Joint research initiatives 

can facilitate the sharing of knowledge, resources, 

and expertise, enabling faster progress in the 

development and commercialization of carboxyl-

functionalized electrocatalysts (Martinez et al., 

2023). Such partnerships could also help bridge the 

gap between laboratory research and real-world 

applications, ensuring that innovative technologies 

are effectively integrated into energy systems. 

 

Furthermore, educational programs focused on 

renewable energy technologies can help cultivate the 

next generation of researchers and practitioners in 

this field. By promoting interdisciplinary studies that 

encompass materials science, chemistry, and 

engineering, educational institutions can prepare 

students to tackle the complex challenges associated 

with carboxyl-functionalized electrocatalysts (Chen 

& Zhang, 2023). In conclusion, the future of 

carboxyl-functionalized electrocatalysts is bright, 

with numerous opportunities for research and 

innovation. By focusing on hybrid systems, novel 

materials, and environmental assessments, 

researchers can pave the way for advancements that 

enhance the efficiency and sustainability of 

renewable energy technologies. Continued support 

from policymakers and collaborative efforts among 

stakeholders will be crucial in realizing the full 

potential of these promising materials (Smith et al., 

2022; Nguyen & Patel, 2020). 

 

CONCLUSION 

 

In conclusion, carboxyl-functionalized 

electrocatalysts represent a promising strategy for 

advancing fuel cell technology, particularly through 

the utilization of black liquor as a sustainable energy 

source. This innovative approach not only enhances 

energy efficiency but also addresses waste 

management issues, contributing to greater 

environmental sustainability within the pulp and 

paper industry. By optimizing the performance of 

these catalysts, we can tap into a renewable resource 

that mitigates environmental impact while supporting 

energy needs. Ongoing research and development are 

essential to unlock the full potential of these 

materials, paving the way for cleaner and more 

sustainable energy solutions that align with global 

sustainability goals. 
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