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The intensifying dependence on fossil fuels has 

triggered unprecedented environmental concerns, 

including climate change, air pollution, and resource 

depletion. Biodiesel, a renewable fuel derived from 

vegetable oils and animal fats, offers a promising 

alternative to fossil fuels due to its biodegradability and 

lower emissions of greenhouse gases, particulate matter, 

and sulfur dioxide (Ambat et al, 2018: 356-369, 

Kularathne et al, 2019: 1355-1367). However, 

conventional biodiesel production methods often rely on 

homogeneous catalysts like sodium hydroxide (NaOH) 

or heterogeneous catalysts like metal oxides (Rehman 

et al, 2021: 417-438, Rizwanul Fattah et al, 2020).  

While effective, these methods pose limitations, 

including separation difficulties, corrosion of reaction 

vessels, environmental concerns associated with spent 

catalysts, and energy-intensive reaction conditions 

(Mandari & Devarai, 2022: 935-961).  

Supramolecular catalysis offers a compelling path 

toward overcoming these limitations and achieving 

sustainable and efficient biodiesel production. This 

report explores the fascinating interplay of hydrogen 

bonding and π-π stacking interactions within 

supramolecular catalysts, highlighting their role in 

enhancing biodiesel yields and selectivity while 

emphasizing sustainability. Additionally, we provide 

details of specific supramolecular catalyst examples for 

biodiesel production.  

Supramolecular catalysis offers a groundbreaking 

approach, harnessing the power of non-covalent 

interactions like van der Waals forces, hydrogen 

bonding, and π-π stacking to assemble discrete 

molecular entities into well-defined, functional 

structures with unique properties tailored for specific 

catalytic tasks (Raynal et al, 2014: 1660-1733). 

Supramolecular catalysis unlocks a world of 

possibilities, enabling high selectivity, mild reaction 

conditions, and catalyst recyclability (Raynal et al, 

2014: 1660-1733, Raynal et al, 2014: 1734-

1787) all contributing to the biodiesel production from 

diverse feedstocks such as vegetable oils, waste cooking 

oils, and animal fats, with impressive yields exceeding 

90% under gentle conditions (Elkelawy et al, 2022: 

1-17, Gouda et al, 2022: 100415). 

The selectivity of the supramolecular catalyst is 

influenced by non-covalent interactions. Firstly, 

hydrogen bonds act as activation enhancers. 

Strategically placed hydrogen bond donors and 

acceptors within the polymer structure can interact with 

reactants like triglycerides and methanol, stabilizing the 

transition state of the transesterification reaction. This 

lowers the activation energy, leading to faster reaction 

rates and higher yields. Beyond activation, these 

interactions act as a form of molecular recognition, 

selectively interacting with desired reactants like 

triglycerides while minimizing side reactions with other 

molecules. Furthermore, the reversible nature of 

hydrogen bonds contributes to the reusability of 

supramolecular polymer catalysts. Post-reaction, the 

catalyst and product molecules can dissociate through 

the breaking of hydrogen bonds, allowing for the 

catalyst's recovery and reuse in subsequent cycles. This 
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reusability not only reduces production costs but also 

minimizes waste generation, contributing to a more 

sustainable biodiesel production process. However, it's 

important to note that reusability depends not only on 

reversibility but also on factors like stability and 

separation efficiency. 

Another key player in the realm of supramolecular 

polymer catalysts for biodiesel production is π-π 

stacking. This unique interaction arises between 

electron-rich aromatic rings present in the polymer 

structure and similar aromatic residues within lipase 

enzymes, nature's biocatalysts for transesterification. 

Aromatic rings in the catalyst align with aromatic 

residues in the lipase's active site, forming a stable and 

specific binding.  π-π stacking induces 

conformational changes in the lipase enzyme. These 

changes optimize the enzyme's active site, exposing key 

binding pockets and facilitating efficient interaction 

with triglyceride substrates. Beyond activation, π-π 

stacking contributes to enhanced binding affinity 

between the lipase and triglyceride substrates. This 

affinity, stemming from the synergistic interplay of π-

π stacking and hydrogen bonding, ensures efficient 

substrate recruitment and minimizes the chances of 

competing side reactions. This selectivity, coupled with 

the activation effect, leads to the production of purer 

biodiesel with improved fuel properties. 

Researchers have synthesized various supramolecular 

systems employing diverse building blocks, including 

metal complexes, ionic liquids, and supramolecular 

gels, each offering unique advantages. For instance, 

metal-organic frameworks (MOFs) have emerged as 

particularly promising catalysts. With their well-

defined, porous structures, MOFs can be designed to 

incorporate catalytic sites, leading to exceptional 

activity and selectivity towards transesterification, the 

key reaction in biodiesel production. Supramolecular 

structures can pre-organize reactants, bringing them 

into proximity and facilitating reaction. Cyclodextrins 

can encapsulate oil molecules, aligning them for 

efficient transesterification. The assembled 

supramolecule creates unique active sites with tailored 

Lewis acidity or basicity. Several studies showcase the 

remarkable potential of these supramolecular catalysts. 

Copper (Cu)-based β-cyclodextrins supramolecular 

catalyst achieved biodiesel yields exceeding 88% under 

mild conditions, demonstrating their effectiveness and 

sustainability (Elkelawy et al, 2022: 1-17, Zhang et 

al, 2018: 1123-1128). Poly-β-cyclodextrin 

hydrogel used to immobilize lipase combined enzymatic 

activity with cyclodextrin's structural advantages, 

offered reusability, substrate recognition, and 

conversion, achieving successful biodiesel production 

from soybean oil (Wang et al, 2024: 133140). MOFs 

like UiO-66 and MIL-100 offer high yields and 

reusability due to their abundant active sites and porous 

structures (Gouda et al, 2022: 100415). 

Supramolecular gels and ionic liquids create reusable 

systems with tunable polarity and compatibility with 

diverse feedstocks.  

Supramolecular catalysts can be designed to accelerate 

this reaction and improve its efficiency in several ways 

by providing active sites, stabilizing intermediates, and 

enhancing selectivity. Research on supramolecular 

catalysis for biodiesel production is still in its early 

stages, but several promising examples show its 

potential. For instance, studies have demonstrated the 

use of supramolecular catalysts based on cyclodextrins, 

metal complexes, and ionic liquids to achieve high 

biodiesel yields under mild reaction conditions. Further 

research is crucial to optimize these catalysts, explore 

their long-term stability, and scale up the production 

process for commercial viability. However, the initial 

results suggest that supramolecular catalysis holds 

significant promise for developing a more sustainable 

and efficient approach to biodiesel production. 
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