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a b s t r a c t

The growing global demand for sustainable energy makes biodiesel an important renewable alternative

to alleviate the energy crisis and reduce greenhouse gas emissions. Therefore, there is an urgent need

to develop efficient, environmentally friendly and economically viable biodiesel production methods. Hy-

percrosslinked polymers (HCPs), as aromatic porous organic polymers, are solid frameworks that can be

used as heterogeneous catalyst, and they are a promising platform for biodiesel catalytic conversion due

to their low cost, highly accessible active site, tunable catalytic site types. In addition, innovative green

synthesis strategies make environmentally begin production of HCPs possible. In recent years, HCPs has

developed rapidly in the field of biomass catalysis. Unfortunately, to the best of our knowledge, there

are no publications focusing on the green synthesis and application of HCPs-based materials for biodiesel

production. This review provides an update on the synthesis and utilisation of green and efficient HCPs

for catalytic biodiesel production. Initially, the green routes for HCPs synthesis are described, followed by

a comprehensive summary of the various approaches to biodiesel production. The primary focus is on

the utilisation of HCPs as carriers of active sites in the catalytic conversion of biodiesel, with particular

emphasis on catalyst design, morphology control, and intelligent management in terms of application ex-

tension. Ultimately, thought-provoking recommendations are proposed to utilize improved green HCPs in

combination with advanced production processes to achieve more efficient and sustainable development.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

As a major source of fossil fuel consumption and greenhouse

gas emissions, the transport industry is under increasing pressure

to adapt to the global climate crisis and the shift toward sustain-

able energy [1–5]. According to the International Energy Agency,

the demand for liquid biofuels in 2024 is 0.2 EJ higher than in

previous years, accounting for more than 4% of global transport

fuel consumption [6]. This also reflects higher biofuel blending re-

quirements and fuel consumption in the context of continued pol-

icy support and growing transport fuel demand [7,8]. It is worth

noting that in this wave of green transformation, biodiesel is be-
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coming one of the most promising alternatives to fossil fuel diesel

by virtue of its low carbon emissions, renewable raw materials

and compatibility with the existing diesel infrastructure [9–11].

Biodiesel is considered a more environmentally friendly option

compared to conventional diesel because it produces fewer harm-

ful emissions, such as carbon monoxide, particulate matter, and

sulfur oxides. Additionally, because it is derived from renewable

resources, biodiesel helps reduce dependence on fossil fuels and

lowers the overall carbon footprint [12,13]. Biodiesel can be used in

pure form (B100) [14] or blended with petroleum diesel in various

concentrations [15], such as B20 (20% biodiesel and 80% petroleum

diesel) [16,17]. The use of biodiesel benefits agricultural industries,

reduces greenhouse gas emissions, and contributes to a more sus-

tainable energy future. This process involves reacting oils or fats

with an alcohol (usually methanol) and a catalyst (typically an acid

or base) to produce biodiesel fatty acid methyl ester (FAME) and
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glycerol as a byproduct [18–21]. Commonly, biodiesel is produced

from vegetable oils, animal fats, or recycled cooking oil through

transesterification. Thus, the catalysts often play important role in

biodiesel production.

Acid catalysis plays a crucial role in numerous industrial chem-

ical processes and is extensively utilized across various sectors, in-

cluding petroleum refining [22], water and gas purification [23], or-

ganic synthesis [24] and biomass conversion [25,26]. Homogeneous

acid catalysts, such as sulfuric acid (H2SO4), phosphoric acid, and

trifluoromethanesulfonic acid, are commonly used in these pro-

cesses due to their affordability and excellent catalytic efficiency

[27–29]. However, these mineral acids are not reusable and con-

tribute to significant corrosion, waste, and environmental issues.

As a result, extensive research has focused on developing solid acid

catalysts that can be recycled [30,31]. Materials like metals [32,33],

metal oxides [34,35] and non-metallic substances with acidic group

[36] are promising alternatives, as they are easy to store and trans-

port, offering a safer and more environmentally sustainable option.

Additionally, these materials can be easily separated and reused

multiple times.

Nanoporous organic polymers (NOPs) are the class of polymer

frameworks that only consisting of the lighter elements such as C,

H, O, N [37–40]. Hypercrosslinked polymers (HCPs) are one kind

of NOPs with the designable cross-linked rigid structures, hierar-

chal amorphous pore size distributions, and controllable external

morphologies [41,42]. HCPs can be synthesized through simple and

safe methods, without the requirement for expensive catalysts, in-

ert atmospheres, or complex monomers. Owing to their low cost,

highly accessible active sites, tunable catalytic functionalities, and

ease of recovery, HCPs represent a highly promising platform for

advancing biodiesel production processes [43,44]. In recent years,

HCPs have gained prominence as heterogeneous catalyst supports,

exhibiting exceptional potential in biodiesel synthesis by enabling

the incorporation of acid, base, and enzymatic active sites onto

their surfaces. Their well-controlled porosity further mitigates the

leaching of active species into biodiesel products. Additionally, the

inherent synthetic versatility of HCPs facilitates morphological en-

gineering (e.g., hollow spheres, nanofibers) [45–47] to enhance the

accessibility of active sites. By integrating green synthetic strate-

gies, such as metal-free catalysis and solvent-free mechanochem-

istry [48], with artificial intelligence [49,50], HCP-based catalysts

have increasingly aligned with sustainable paradigms for biodiesel

production, addressing both energy and environmental challenges.

Furthermore, the mechanical robustness and solvent resistance of

HCPs support their application in continuous-flow reactors, thereby

enabling scalable and efficient biodiesel production.

To date, although a limited number of review articles have been

published in related fields, they have primarily concentrated on

biodiesel production itself. Notably, to the best of our knowledge,

no comprehensive reviews have addressed the green synthesis and

application of HCPs-based materials specifically for biodiesel pro-

duction. This review aims to fill that gap by providing an updated

overview of the synthesis and utilization of improved, green, and

efficient HCPs for catalytic biodiesel production (Fig. 1). It begins

by highlighting the significance of biodiesel as a sustainable al-

ternative fuel and discussing the limitations of conventional cat-

alysts, thereby motivating the need for greener synthetic routes

for HCPs. Subsequently, the intrinsic properties of HCPs that influ-

ence their catalytic performance are explored, followed by a thor-

ough analysis of the various methodologies and factors impact-

ing biodiesel production. Particular attention is given to the use

of HCPs as carriers for active catalytic sites, with a focus on their

swelling behavior, porosity, and sulfur content. Remarkably, the in-

telligent management during the biodiesel production is also high-

lighted. Finally, the review proposes constructive strategies for the

development of enhanced green HCPs, integrated with advanced

production technologies, to achieve more efficient and sustainable

biodiesel production.

2. Green approaches of HCPs

Initially found by Davankov in 1970 [51,52], the typical syn-

thetization method was utilized a benzyl chloride contained

polystyrene as the precursor. After it swollen in the 1,2-

dichloroethane and followed knitting via classical Friedel-crafts re-

action by the Lewis acid catalysts such as FeCl3, the methylene

linked aromatic rings of polystyrene were highly crosslinked, that

is the reason why so called as HCPs. Attributed with these proper-

ties by synthetization, the direct application is relevantly with gas

capture and solvent storage. The CO2, hydrogen, and methane are

all reported as the represented model for absorption and show-

ing comparable absorption ability as other microporous polymers

[53,54]. With the development of HCPs synthesizing, three meth-

ods: (1) The one-step polycondensation, (2) post-crosslinking of

polymers, and (3) external crosslinking of the aromatic monomers,

have become the mainstream to generate the diverse HCPs ma-

terials. Meanwhile, the interesting functions and enhanced perfor-

mances also came into being by the designable tunable structures,

special functionalities, and well-defined morphologies of new dis-

covered HCPs. To date, HCPs have been reported in pollutants re-

moval [55], separation [56], catalysis [57], drug delivery [58], sen-

sors [59], antibacterial materials [60], carbon precursors [61] and

many other fields [62].

However, the practical and sustainable development of HCPs

remains hindered by several synthetic challenges [63,64], includ-

ing the reliance on metal-based Lewis acid catalysts that gener-

ate harmful by-products, as well as limitations in monomer and

crosslinker design, morphology control methods, and catalyst se-

lection. Indeed, to make HCPs become a practical utilizable mate-

rial, these obstacles must be jumped for enabling a wide range of

sustainable applications.

To address these synthetic challenges in a comprehensive man-

ner, detailed explorations of four critical dimensions: crosslinker

design, monomer optimization, catalysts optimization, and mor-

phology control, are systematically presented in Texts S2.1-S2.4

(Supporting information), enabling a holistic analysis of sustainable

fabrication of HCPs strategies while maintaining textual concise-

ness.

3. Intrinsic properties guiding catalytic behavior

3.1. Swellability

The swelling behavior of HCPs is one of the key parameters

for evaluating its performance [65–67]. Unlike rigid inorganic carri-

ers, HCPs exhibit a highly crosslinked yet inherently flexible frame-

work. Although HCPs cannot be dissolved in common solvents, the

relatively large organic molecules of solvents can penetrate into the

polymer interior and interact sufficiently with the polymer chains,

thereby occupying the voids within the network and causing the

originally compact structure to expand [68,69]. The swelling be-

havior of HCPs is influenced by various parameters, including the

type of initial monomers [70], polymer chain length [71], polymer

polarity [72–74], crosslinking density and the solvation state of the

growing polymer chains [75–78]. Excellent swelling capacity en-

dows the polymer chains with superior flexibility, which facilitates

the approach of reactants to catalytic sites.

Achieving controlled synthesis of nanoporous polymers with

tailored morphologies remains a key challenge for optimizing

their performance in applications that demand rapid molecu-

lar transport and accessibility, while preserving their unique

2
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Fig. 1. Reaction mechanism of biodiesel catalysts based on HCPs and green catalytic interface engineering.

swellability [58,79,80]. Our groups systematically compared a se-

ries of morphology-controlled HCPs for their swelling behavior

in methanol, dimethylformamide (DMF), and DCM [81]. Despite

their high cross-linking densities, all samples exhibited significant

solvent-induced swelling, with the dimensions of both micropores

and mesopores enlarged in the swollen state, which may signifi-

cantly enhance molecular diffusion in applications such as catal-

ysis and adsorption. Notably, the hairy-shelled HHNP B exhibited

the highest swelling capacity (∼45mL/g) in DMF (Fig. 2a), out-

performing other structures and commercially available Merrifield

resins. Moreover, even the HNTs, which had the lowest BET surface

area, demonstrated superior swelling performance compared to the

other structures, indicating that swelling capacity is not solely de-

termined by surface area but arises from the synergistic effects of

multiple factors. The authors also proposed that the swelling of

HCP is largely independent of the nature of the solvent or the

guest molecule, which was subsequently confirmed in swelling

tests in three chemical warfare agent (CWA) simulants. In the final

solubility test with real CWA (Fig. 2b), toluene- and fluorobenzene-

derived HCPs exhibited a significant uptake of ∼20mL/g, Hill et

al. embedded an oxidation system composed of tribromide, ni-

trate, and acid (NOxBrxH
+) into a fluorobenzene HCPs, a methy-

lated HCP, and an HCP with acidic moieties (HCP-A) [82]. Although

all three systems performed well in capturing and converting the

CWA simulant, the built-in Brønsted acidic functional groups in

HCP-A more effectively promoted the catalytic oxidation reaction,

which eliminated the need for an exogenous acid and streamlined

the overall system (Fig. 2c). Moreover, HCP-A exhibited excellent

swelling behaviour in dimethyl sulfoxide (∼16.2mL/g), thereby en-

hancing the chelation of the simulant and facilitating intimate con-

tact between the encapsulated species and the catalytic system.

Altogether, such progress strongly promotes the evolution of mul-

tifunctional catalytic decontamination materials. Catalytic conver-

sion of CO2 to value-added cyclic carbonates remains a key strat-

egy for carbon utilisation and one of the major hotspots [83–85].

Wen and coworkers proposed an innovative amide-functionalized

hypercrosslinked cationic polymer, P(MBA-V3Br)-2 [86]. Although

the strong electrostatic interactions among the imidazole units

prevented solvent molecules from penetrating the polymer net-

work, the incorporation of amide groups as hydrogen-bond donors

weakened these interactions. This modification increased the poly-

mer’s swelling ability toward epoxide substrates (Fig. 2d), which

enhanced the exposure of active sites and accelerated the mass

transfer of reactants within the network [87,88]. This excellent

swelling ability also stems from the increased amide content and

lower degree of crosslinking.

Under specific polymer structure design and functional group

introduction conditions, the type and polarity of the solvent may

still have a modulating effect on the microstructure and degree of

swelling of HCPs [89]. Huang et al. designed an efficient yolk–shell

nano-reactor that was capable of encapsulating various ligand-free

metal nanoparticles within its cavity, thereby facilitating the tun-

ing of their catalytic functionalities [90]. The most prominent high-

light was the ability to regulate the free volume of the nanosphere

shell by adjusting the solvent polarity that governed its swelling

behavior, which in turn enabled the fine-tuning of the bimodal mi-

cropore dimensions. Upon solvent removal, the shell recovered its

original state, indicating that such solvent-dependent swelling be-

havior was reversible (Fig. 2e).

Polymerisation induced microphase separation (PIMS) is a strat-

egy to develop nanostructured materials with highly tunable struc-

tural domain sizes and morphologies by driving microphase sep-

aration of block copolymers during polymerisation [91]. Seo’s

groups first explored the formation of hierarchically porous poly-

mers through the hypercrosslinking of PIMS monomers in 2014

[92]. In this process, an appropriate solvent was used to swell

the entire PIMS, after the hypercrosslinking process, the polylac-

tide domains were etched, and the swollen network structure pro-

duced a large number of micropores (Fig. 2f). However, for certain

applications, excellent swelling performance does not confer ben-

efits and may even be counterproductive [93–95]. Yi et al. devel-

oped HCP isoporous block copolymer membranes that, when sub-

jected to prolonged immersion in solvents of varying polarity, ex-

hibited rigid pore characteristics and highly stable pore architec-

tures that underwent minimal swelling (Fig. 2g) [96], thereby of-

fering extraordinary potential for the precise and on-demand sep-

aration of high-value nanoparticles with target sizes in organic

solvents.

From a catalytic science perspective, the core link between

swellability and catalytic behavior lies in how the dynamic

framework expansion optimizes mass transfer and enhances the

accessibility of active sites. In biodiesel production, this “pore

breathing” effect markedly increases the diffusion rate and pene-

tration depth of reactants toward the catalytic sites. Moreover, the

3
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Fig. 2. (a) Optical photographs of diverse morphology-controlled HCPs before and after MeOH swelling and evaluation of swelling capacity under three different solvents.

Copied with permission [81]. Copyright 2019, American Chemical Society. (b) Before and after swelling of CWA by fluorobenzene-derived HCPs and swellability of toluene-

and fluorobenzene-derived HCPs for three CWAs. Reproduced with permission [70]. Copyright 2017, The Royal Society of Chemistry. (c) Aerobic catalytic removal of the sulfur

mustard simulant is achieved via the catalytic oxidation system embedded within the gelating polymer. Copied with permission [82]. Copyright 2021, American Chemical

Society. (d) Schematic representation for preparing crosslinked and swollen polymers. Copied with permission [86]. Copyright 2022, Elsevier Publishing Group. (e) Solvent

polarity-dependent size-selective catalysts have better swelling and richer pores in toluene and the swelling behavior is reversible. Copied with permission [90]. Copyright

2019, American Chemical Society. (f) Simultaneous hypercrosslinking and etching of a PIMS precursor to create a hierarchical meso– and micro-porous material. Copied with

permission [91]. Copyright 2023, Wiley Publishing Group. (g) SEM images of surface morphology after two months of immersion in different organic solvents, as well as

pore size changes and swelling ratio evaluation. Copied with permission [96]. Copyright 2024, Wiley Publishing Group.

chain flexibility introduced by swelling facilitates a higher contact

frequency and affinity between functional groups and substrates.

3.2. Porosity

Since the 1970s, hypercrosslinking, generally of polymers con-

taining aromatic groups in a swollen state of solvent by Friedel-

Crafts alkylation [42,71,97–99], has produced new cross-links, thus

introducing a large number of micropores in the network phase,

which are able to maintain a high level of micro-porosity even af-

ter removal of the solvent. It has been widely acknowledged that

incorporation of mesopores in microporous materials to form lay-

ered structures is a promising way to remove their transport lim-

itations and further enhance their value in catalytic applications

[100–104]. By integrating the high specific surface area provided by

micropores and the rapid mass transfer pathways to the internal

surfaces enabled by mesopores, further introduction of macropores

can effectively minimize diffusion distances, thereby establishing a

more optimized structural foundation for efficient catalysis [105–

108].

In the report by the Silverstein group, a one-pot method was

innovatively applied to combine two polymer systems to con-

struct simultaneous interpenetrating polymer networks (IPN) [109].

Notably, the IPN based on 1,6-diisocyanatohexane (HDI), termed

IPN–H, produced mesopores with a median pore width of 6.7 nm

following hypercrosslinking, the generation of mesoporosity re-

flected the FeCl3-catalyzed degradation of these larger phase sep-

arated domains in IPN–H during hypercrosslinking, thereby signif-

icantly enhancing the hierarchical porous structure (Fig. 3a). Com-

pared to strategies for constructing static pore structures, the dy-

namic modulation of porosity via the swelling characteristics of

HCPs is equally compelling. In the core–shell nanoreactor devel-
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Fig. 3. (a) Schematic illustrations of micropore and mesopore generation: without porogenic agent (VD), semi-IPN containing PCL-triol, IPN containing HDI-based

poly(urethane urea) network. Copied with permission [109]. Copyright 2022, American Chemical Society. (b) Representative TEM images of egg yolk shell nanoreactors

immersed in toluene and acetone and hydrogenation of alkene-modified calixarenes by nanoreactors. Hollow and filled columns represent acetone and toluene, respectively.

Copied with permission [90]. Copyright 2019, American Chemical Society. (c) Introduction of mesoporous channels in micropores enables faster product leave in the reduc-

tion pathway. Copied with permission [110]. Copyright 2017, Elsevier Publishing Group. (d) Schematic illustration of how pore structure affects catalytic efficiency. Copied

with permission [44]. Copyright 2015, Elsevier Publishing Group. (e) The impact of building unit flexibility on total pore volumes and BET surface areas. Reproduced with

permission [111]. Copyright 2025, Wiley Publishing Group.

oped by Huang et al., the shell swelled to approximately 14.0 nm

in nonpolar toluene, twice the thickness observed in weakly polar

acetone (∼6.6 nm), and this change in shell thickness consequently

altered the polymer surface’s type-I micropores (∼0.55nm) and

type-II micropores (∼1.40nm) (Fig. 3b) [90]. In Pd nanoparticle-

encapsulated nanoreactors, subsequent hydrogenation reactions of

two alkene-modified calixarenes revealed that the turnover num-

bers in a toluene environment exceeded those in acetone, a re-

sult attributed to the swelling-induced increase in micropore size.

As shown in Fig. 3c, Huang’s group further confirmed that the

mesoporous channels play a key role in the reactant as the cat-

alyst for accelerating the speed of reaction. In which the meso-

pore could help the reactant flow effectively during the reaction

[110]. The confined pore size is benefit for the special catalysis ap-

plications. As depicted in Fig. 3d, Wang’s group showed the sul-

fonic acid functionlized HCPs could adjusted by monomer selection

and sulfonation degree, after carefully selection, the resulted cat-

alysts not only exhibited the high sulfonation (2.41mmol/g) with

the high surface area (>1000 m2/g), but also showed the spe-

cial nano-confinement effect with the special narrow pore size

distribution at the junction region of micro, and mesopore size

(∼2nm) [44]. As shown in Fig. 3e, Tan et al. employed an ex-

ternal crosslinking strategy to adjust the aliphatic chain length

within biphenyl structural units, thereby systematically controlling

the flexibility of the resulting HCPs frameworks [111]. Under spe-

cific methane pressures, these flexible polymers exhibited pore No-

tably, the HCP based on 1,3-diphenylpropane displayed a higher

packing density (0.68 g/cm3) and, by incorporating a longer propy-

lene bridging chain (-CH2–CH2–CH2-), manifested a unique gate-

opening effect that enabled an exceptional volumetric methane

uptake of 333 cm3 STP cm-3 at 273K and 100bar. This finding has

marked a significant step toward the development of economi-

cally efficient, high-capacity flexible porous adsorbents for practical

methane storage applications.

5



Y. Wen, Z. Wang, J. Li et al. Chinese Chemical Letters 37 (2026) 111960

From a catalytic science perspective, this network of intercon-

nected pores not only provides abundant surface-active sites, but

also forms continuous molecular channels, significantly reducing

macroscopic diffusion resistance. Especially the molecular sieve ef-

fect at the micro-nano scale has unique potential in selective catal-

ysis.

3.3. Sulfur content

Conventional post-modification approaches usually face the

fundamental challenge of balancing the high content of functional

groups and the large specific surface area of NOPs [112,113]. Specif-

ically, the high polarity and bulky nature of sulfonic acid groups

significantly alter surface properties and often lead to pore nar-

rowing or clogging [114]. Therefore, sulfonated NOPs must carefully

balance the incorporation of sulfonic acid groups with the preser-

vation of porous structural characteristics to enhance overall mate-

rial expansion properties [115–117].

Zhu groups proposed that improving the swelling state of NOPs

prior to sulfonation was conducive to attaining an optimal bal-

ance between specific surface area and sulfur content [118]. The

one-pot strategy facilitated the diffusion and modification of the

sulfonating reagent throughout the entire porous structure, in

the porous aromatic framework (PAF) studied, a specific surface

area of 580m2/g and a sulfur content of up to 13.2wt% were

achieved, surpassing those of most sulfonated NOPs materials ob-

tained via conventional post-sulfonation strategies (Fig. 4a), and

significant adsorption capacities for cationic dyes and antibiotics

(826–1134mg/g) were recorded. This strategy has also been con-

firmed in HCPs and CMPs. Sun et al. [119] reported the concen-

trated sulfonic acid could use for the sulfonication of the HCPs

resin at different temperatures, as shown in Fig. 4b, the sulfona-

tion temperature have the distinct effect on the acid capacities of

different sulfonic resins. For instance, the sulfonic acid capacities at

70 °C were calculated as 1.94, which is almost three times higher

than the 0.79 at 30 °C. Ye and Liu’s group reported that the sul-

fonation time also have effect on the acid content [120], for ex-

ample, in their case, the hypercrosslinked polystyrnene nanosphere

were sulfonated for 12, 18, 24h (Fig. 4c), respectively. The sul-

fur atomic percentage of the samples is 2.31%, 2.43%, and 2.55%,

respectively, which is consistent with the reaction time proceed.

However, in this case the content is not the multiplicative increase.

Thus, from an energy efficiency point of view, the appropriate sul-

fonation time is also a very important choice.

As illustrated in Fig. 4d, Wolska et al. [121] found that the po-

sitioning and loading of sulfonic acid groups had a significant im-

pact on the catalyst’s reactivity in esterification and that both pa-

rameters were notably affected by the degree of crosslinking in

the polymer matrix. Specifically, sHCP-1, characterized by the low-

est degree of crosslinking, tended to be located within the inter-

nal pores, exhibited the highest sulfur content (2.22mmol/g), and

yielded the highest conversion of acetic acid, approximately twice

that of Amberlyst-15. Sulfonic groups are expected to enhance the

separation selectivity between REE3+ and Al3+, thereby enabling

the effective recovery of trace rare earth elements [122,123]. In

the report by Yang et al., the HCP based on the BCMBP monomer

achieved a balance between a BET surface area of 1044.6m2/g and

a sulfur content of 3.27mmol/g after the introduction of a defined

amount of sulfonating agent (designated SHCP-P-3.0) [124], outper-

forming other monomer types under the same conditions. In actual

wastewater, it exhibited high selectivity, with a recovery rate for

REE3+ of 87% and an adsorption rate for Al3+ of 0% (Fig. 4e). On

the other hand, as illustrated in Fig. 4f, Wolska et al. found that

a 1 to 4 monomer to sulfonating agent molar ratio, used in the

construction of SHCP, retained a high specific surface area (∼704

m2/g) and a high sulfur content (∼3.98mmol/g) [125]. Adsorption

equilibrium for ciprofloxacin (∼757.7mg/g) was reached within 3h

outperforming commercial Amberlyst-15 and analogues modified

after synthesis, and the material exhibited selective adsorption via

ionic interactions in complex matrices.

From a catalysis viewpoint, higher sulfur content increases acid

site density, thus increasing available catalytic sites in chemical

thermodynamics. However, at the same time, the -SO3H group is

large in volume and highly polar, which can easily lead to pore

size contraction and inhibit the diffusion of macromolecules or hy-

drophobic substances, resulting in a decrease in apparent activity.

4. Biodiesel applications

Biodiesel is typically produced via transesterification of triglyc-

erides (TG) or esterification of free fatty acids (FFAs) with low

molecular weight alcohols, facilitated by appropriate acid or al-

kaline catalysts. The selection and optimization of catalysts have

long been critical challenges in biodiesel production, directly af-

fecting reaction efficiency, product quality, and catalyst recyclabil-

ity. Although heterogeneous catalysts (e.g., metal oxides, zeolites)

exhibit improved stability, their practical application is constrained

by insufficient surface area and inadequate exposure of active sites.

In recent years, HCPs have emerged as promising candidates in

heterogeneous catalysis due to their tunable nanoporous architec-

tures, exceptional surface area, and facile surface functionalization

[57,126]. We evaluated the parameters of heterogeneous catalysts

(mainly HCPs) from the perspectives of green and sustainability

and summarized them in Table S1 (Supporting information).

4.1. Type of catalyst

To improve the post-reaction separation and recyclability of cat-

alysts, extensive efforts have been devoted to exploring heteroge-

neous catalytic materials as alternatives to homogeneous counter-

parts. Heterogeneous solid acid catalysts have emerged as promis-

ing alternatives to conventional liquid acids (e.g., sulfuric acid,

hydrochloric acid) due to the inherent limitations of the latter

[127,128]. These solid-phase catalysts not only exhibit high cat-

alytic efficiency but also align with the principles of green chem-

istry, existing in a stable solid state that circumvents issues such

as corrosiveness, separation challenges, and hazardous waste gen-

eration associated with their liquid counterparts. Among the de-

veloped strategies, direct sulfonation of polymer frameworks has

emerged as a simple yet effective approach to introduce catalyt-

ically active sulfonic acid groups (-SO3H) [129–131]. As shown in

Fig. S5a (Supporting information), Bhaumik et al. innovatively de-

signed three categories of sulfonated pyrene-based porous organic

polymers (SPPOPs) [132], strategically utilizing the monomer ratio

of bis(1,4-bromomethyl)benzene to pyrene as a "molecular lever"

to achieve precise regulation of sulfonation degree and acidic

site density. In the work by Wang et al., a sulfonated HCP-based

metal-free solid acid was first synthesized. The nano-confinement

effect within tailored pore channels significantly enhances cat-

alytic efficiency in bulky-molecule-involved Friedel-Crafts alkyla-

tion and the Beckmann rearrangement [44]. Brown et al. eluci-

dated the leading role of acid site accessibility in governing cat-

alytic performance for esterification [43]. The D5081 catalyst, fea-

turing a micro-mesoporous hierarchical structure derived from hy-

percrosslinked networks, demonstrated a nearly 10-fold higher

turnover frequency than Amberlyst-15 despite possessing only 21%

of its acid site concentration. Dai et al. developed micro–meso–

macroporous polymers (MOP) with multifunctional active sites via

in situ crosslinking of functional molecules like aniline, phloroglu-

cinol, and ethylbenzene with 1,4-bis(chloromethyl)benzene, remov-

ing the need for templates [133]. Their MOP-aniline-[C4][SO3CF3]

and MOP-ethylbenzene-SO3H catalysts performed effectively in the
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Fig. 4. (a) One-pot synthesis of a highly sulfonated PAF, and comparison of its sulfur content and specific surface area with other sulfonated. Reproduced with permission

[118]. Copyright 2025, The Royal Society of Chemistry. (b) Schematic diagram of adsorption mechanism and adsorption kinetic curves of pyridine resins with different

degrees of sulfonation. Reproduced with permission [119]. Copyright 2022, Elsevier Publishing Group. (c) Preparation of modified hypercrosslinked polystyrene nanospheres

and SEM images of nanospheres with different degrees of sulfonation. Reproduced with permission [120]. Copyright 2024, American Chemical Society. (d) Investigation of

factors influencing the reactivity of sulfonic acid groups on HCPs in esterification. Copied with permission [121]. Copyright 2024, Elsevier Publishing Group. (e) Schematic

illustration of the scalable synthesis of sulfonic acid-functionalized porous HCPs and the La3+ adsorption capacity of SHCP-X in 200ppm solution. Reproduced with permission

[124]. Copyright 2024, Elsevier Publishing Group. (f) Highly sulfonated HCPs enable efficient and selective ciprofloxacin removal from water. Copied with permission [125].

Copyright 2024, Elsevier Publishing Group.

purification of tripalmitin, achieving biodiesel yields of 92.6 % and

86.7%, respectively, within 14h, three times higher than Amberlyst

−15. While HCPs have emerged as versatile platforms for hetero-

geneous catalysis in biodiesel production, their applications have

predominantly focused on acidic frameworks [134–136]. The explo-

ration of HCPs with tailored basicity remains underexplored, de-

spite the critical role of base catalysts in transesterification reac-

tions [137]. Díaz et al. pioneers a mechanochemically synthesized

KNO3-impregnated HCP (HCP-SB-K) as a robust alkaline catalyst

for biodiesel production [138]. As shown in Fig. S5b (Supporting

information), unlike conventional HCP-based acid catalysts, HCP-

SB-K leverages weak basic sites (CO2-TPD: 2.35mmol/g, 156 °C)
derived from K2O, achieving exceptional FAME yields (99.9 % for

low-FFA oils, 75.9 % for FFA-rich feedstocks) under mild condi-

tions (60 °C, 2 h). However, its limited efficacy for high-FFA oils

(>5.83mg KOH/g) underscores the need for bifunctional HCPs in-

tegrating acid-base duality.

In addition to conventional chemical approaches for biodiesel

production, the utilization of lipase-catalyzed enzymatic esterifi-

cation/transesterification has emerged as an environmentally be-

nign and promising alternative methodology [139]. Given the high

cost of exogenous lipases employed in biodiesel production, the

efficient immobilization of lipases onto ideal carriers (inert poly-

mers and inorganic materials) has been regarded as a promising

solution [140]. Current immobilization strategies primarily encom-

pass covalent crosslinking [141,142], adsorption [143–145], entrap-

ment [146,147] and encapsulation [148,149], thereby effectively en-

hancing enzymatic stability and reusability. A recent breakthrough

in enzyme immobilization stability comes from the Wang group

[150], who developed a rigid-flexible composite strategy. They con-

structed a layered material by growing ZIF-8 in situ within hy-

drophobic porous polyvinyl imidazole (Fig. S5c in Supporting in-

formation). Defective Zn sites served as coordination-enhanced an-

choring points, leading to a remarkable activity recovery (150%)

and a high turnover number. The catalyst remained stable for 44

days, retaining 83% activity after 16 cycles.

For the treatment of high acid value feedstocks, catalysts with

acid-base bifunctional sites are more attractive for their simulta-

neous conversion, given the need for a complex and expensive

two-step process [151]. As depicted in Fig. S5d (Supporting infor-

mation), Chen et al. modified ZIF-67 using phosphotungstic acid

(HPW), disrupting the Co-N bonds of ZIF-67 to generate coordina-

tively unsaturated Co2+ and N- terminal imidazole ligands, thereby

enhancing the Lewis acid-base properties of the catalyst [152]. Ad-

ditionally, the protons introduced with increasing HPW content en-

hanced the Brønsted acidity, promoting the conversion of microal-

gal lipids into fatty acid methyl esters. Similarly, enhanced Lewis-

Brønsted acid sites also could efficiently catalyze the conversion

7
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of these promising feedstocks. Cheng et al. [153] employed sul-

famic acid (SA) to modify ZIF–90. The formation of new imine

bonds firmly anchored SA to ZIF–90, and the supplied protons

disrupted the coordination Zn-N bonds [154], generating unsatu-

rated Zn2+ sites (Lewis acid) that promoted TG transesterification,

while the -NH groups synergized with SA (Brønsted acid) to fa-

cilitate FFA esterification (Fig. S5e in Supporting information). Al-

though both above bifunctional strategies achieved significant re-

sults (∼98%), they inevitably must be carried out at high tempera-

tures and pressures (200 °C), and the use of microwaves to further

optimize biodiesel production may be explored in future studies

[155,156].

It is worth mentioning that the changes in the porosity and

morphology of the catalyst largely determine its catalytic activ-

ity and reaction efficiency [20,157]. Du et al. [158] designed a

layered macro–microporous metal–organic framework with tun-

able dimensions (180–360nm), which increased enzyme loading

by 123.8%. However, fatty acids induce decomposition of the poly-

mer structure; therefore, as shown in Fig. S5a, template-assisted

pyrolysis method was employed to preserve this ordered porous

architecture and further improve enzyme loading and catalytic ac-

tivity. However, the low specific surface area HCP-SB-K (28m2/g)

also exhibited excellent catalytic activity in biodiesel production

(∼99.9% yield) [138]. This performance was attributed to its av-

erage pore size (5nm) being highly matched with the size of TG

molecules (5 nm), which allowed the TG to easily penetrate the

catalyst pores and ensured effective contact between the reactants

and the catalyst surface.

4.2. Different feedstocks

Selection of feedstocks is another critical factor influencing

the quality and efficiency of the transesterification process. As

biodiesel’s role as an alternative to fossil fuels grows, cost re-

duction and efficiency improvement have become paramount. Re-

search has accordingly expanded to explore a variety of feedstock

sources, including single oil feedstocks, such as edible vegetable

oils, non-edible vegetable oils, animal fats, waste cooking oils, and

algal oils [159], as well as blended feedstocks to overcome the lim-

itations associated with using a single oil source for biodiesel pro-

duction [160,161]. As illustrated in Fig. S5b, the fatty acid com-

position and physicochemical properties of these feedstocks vary

considerably [162], which in turn affects reaction conditions, cat-

alyst performance, and final product yield [163,164]. Therefore,

understanding feedstock characteristics is essential for optimizing

process parameters and ensuring consistent biodiesel production

[165]. A detailed discussion of the various feedstocks characteris-

tics and their impact on the production process can be found in

Text S4.2 (Supporting information).

4.3. Reaction conditions

The reaction conditions for biodiesel production are explored in

detail, which can be found in Text S4.3 (Supporting information).

4.4. Intelligent management

The synthesis of hierarchical nanoporous polymers with con-

trolled morphologies remains challenging, often relying on com-

plex templating strategies [130]. Song et al. proposed an assembly

strategy mediated by Lewis acid–base interactions and successfully

synthesized HHNP-B, a polymer with a rigid hollow framework

and intrinsic hydroxyl functionalities. Subsequent sulfonation with

concentrated H2SO4 yielded SHNP-B, which served as a heteroge-

neous solid acid catalyst [81]. Under mild conditions (25 °C, 6 h),

SHNP-B achieved high conversion rates (>91.6%) for most esteri-

fication substrates. In contrast, sulfonated irregular solid-spherical

HCPs exhibited significantly lower yields (65.6%), highlighting the

structural advantages of HHNP-B in catalytic performance. No-

tably, the Box-Behnken response surface methodology (RSM) was

employed to evaluate the relationship between variables and re-

sponses [166,167], which determined the optimal conditions for oil

transesterification using the SHNP catalyst (reaction time: 10.5 h;

methanol/oil weight ratio: 34.35; reaction temperature: 70 °C) and
achieved high conversion rates (∼90% yield) for most substrates.

Poly(ionic liquid)s (PILs), which feature repeating ionic liquid

groups integrated within a polymer network, have attracted con-

siderable interest for their potential applications across diverse

fields [99,168–170]. In Yang et al.’s work, a [DSI][FeCl4] catalyst fea-

turing both Brønsted and Lewis acidic sites was synthesized by a

simple and atom-economic route, a highly porous structure can be

observed in both SEM and TEM images, and it achieved the ef-

ficient conversion of non-edible Firmiana platanifolia (L. f.) oil to

biodiesel (Fig. S7a in Supporting information) [171]. Its high acid

density (3.73mmol/g) and mesoporous structure significantly en-

hanced the mass transfer of reactants. Under the RSM-optimized

conditions (120 °C, 10–11h, methanol-to-oil molar ratio of 25:1),

the use of biomass-derived tetrahydrofuran improved the misci-

bility between oil and methanol, resulting in a biodiesel yield of

98.7 % that was superior to conventional commercial resins. This

has provided a paradigm for customizing ionic solid acids to re-

alize sustainable biorefining processes. Qiu and coworkers were

the first to employ the economical and renewable raw material

Sapindus oil for biodiesel production (Fig. S7b in Supporting in-

formation) [172]. The designed PIL microsphere catalyst is distinct

from traditional PIL nanoparticles, featuring a unique cross-linked

microsphere structure (500μm in diameter) that combines excep-

tional mechanical strength and hierarchical porosity (specific sur-

face area of 100.1 m2/g and mesopore diameter of 18.9 nm), ad-

dressing critical limitations in catalyst recovery and mass trans-

fer. The hydrophobic-oleophilic balance of the material selectively

enriches reactants at the active sites, achieving a 95.2% FAME

yield from Sapindus oil under optimized conditions determined

by response surface methodology. Furthermore, some studies have

shown that incorporating metal chlorides or metal sulfates into

Brønsted acidic ionic liquids enables the catalysts to possess both

Brønsted and Lewis acidic sites [173]. Qiu et al. demonstrated a

rational design strategy for Brønsted-Lewis acidic ILs via a syn-

ergistic computational and experimental approach. The integrated

use of electrostatic potential analysis and proton affinity calcu-

lations precisely selected 4–methylthiazole as the optimal sub-

strate, and FeCl3 was subsequently introduced to enhance Lewis

acidity, thereby generating a synergistic catalytic effect. In their

orthogonal experiments and response surface optimizations, [PS–

MTH][CF3SO3]–FeCl3 (mole fraction of metal chloride=0.65) ex-

hibited the best catalytic performance (∼97.04% yield, Fig. S7c in

Supporting information) [174]. In a recent report, Kachhwaha and

coworkers employed a novel high-speed homogenizer-assisted pro-

cess intensification technique to synthesize biodiesel from high FFA

(80.65%) soya acid oil, marking a breakthrough in this field (Fig.

S7d in Supporting information) [175]. Through Box–Behnken opti-

mization, determine its optimal conditions: a methanol-to-oil ratio

of 18.4:1, a reaction time of 84.6 min, 2.18wt% catalyst, and a ro-

tational speed of 14,100RPM, they achieved a significant 98.06%

conversion of FFAs, thereby demonstrating higher efficiency than

conventional mechanical stirring. Notably, the biodiesel produced

by this process complies with EN 14,214, thus maintaining com-

mercial viability. The use of used cooking oil (UCO) for biodiesel

production is essential to move towards carbon neutrality [176].

Recently, Atray et al. utilized a novel solvent as both a phase-

transfer agent and a demulsifier to achieve the efficient conver-
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Fig. 5. (a) Challenges in the synthesis of hypercrosslinked polymers. (b) Prospects for the application of biodiesel production.

sion of UCO at room temperature [177]. The proposed “distributed

drive model” embedded production units into rural or peri–urban

settings, thereby directly connecting UCO suppliers with end users

and combining technical feasibility with economic advantages. Al-

Hamamre et al. innovatively exploited the structural complexity of

lignin to modulate the architecture of sulfonated carbon aerogels

through sol–gel synthesis and chemical activation (Fig. S7e in Sup-

porting information) [178]. Unlike conventional activation methods,

the sol-gel approach produced a hierarchical pore network (with

a surface area of 78.1m2/g and an acid density of 2.81mmol/g),

which enabled a biodiesel conversion of 96.58% from waste oil,

performance that surpassed most biomass-derived catalysts. Al-

though the reusability of the catalysts remained constrained by

sulfur leaching, the integration of response surface methodology

and multi-scale characterization has provided a blueprint for op-

timizing porous catalyst systems. Traditional statistical methods

such as RSM are widely used to optimize production processes, es-

pecially in experimental design and analysis under the influence

of multiple variables. However, as data complexity has increased,

these methods have been shown to encounter limitations when

dealing with nonlinear and high-dimensional datasets. In recent

years, artificial neural networks (ANNs) have garnered increasing

attention in the field of biodiesel due to their powerful nonlin-

ear mapping capabilities and their flexibility in adapting to com-

plex data [178–181]. Hosseinpour and coworkers innovatively com-

bined the dimension reduction advantages of partial least squares

(PLS) for handling high-dimensional data with the nonlinear map-

ping ability of ANN to enhance prediction accuracy (Fig. S7f in Sup-

porting information), associating the biodiesel cetane number with

the FAME curve and thereby overcoming the limitations of tradi-

tional linear PLS in modeling nonlinear systems [182]. By integrat-

ing an artificial neural network to optimize latent variable relation-

ships, the hybrid model achieved excellent accuracy (R2 > 0.99) in

135 biodiesel samples, outperforming standalone PLS (R2 ≈ 0.85).

Although this study demonstrated the transformative potential of

machine learning in optimizing fuel properties, its reliance on his-

torical data raises questions regarding its generalizability to new

feedstocks. Nevertheless, this framework has provided a template

for predicting multifunctional characteristics in complex bio-based

systems, representing a crucial step toward data-driven biodiesel

design.

5. Conclusions and perspectives

Bio-renewable energy is fast becoming the cornerstone of sus-

tainable energy solutions, radically reducing dependence on finite

fossil fuels while mitigating environmental impacts. Biodiesel is

one of the most sustainable and green liquid fuels from biomass

and is considered a renewable, biodegradable, environmentally

friendly and non-toxic fuel from edible/non-edible feedstocks. Ad-

vanced heterogenous catalytic materials show promising applica-

tions in catalysing transesterification and esterification reactions

for biodiesel preparation due to their high catalytic activity, corro-

sion resistance, ease of recycling, easy availability of resources, and

high designability of the active sites. In particular, the synergistic

effect of the new HCP catalysts developed by combining the mul-

tifunctional synthesis strategy with the principles of green chem-

istry and the process enhancement is expected to further advance

the bio refining methods, paving the way for an industrially scal-

able, economically viable and environmentally friendly biodiesel

production pathway. Remarkably, the intelligent manufacturing has

made the biodiesel industry more efficient and effective.

Although HCPs have shown broad application prospects with

the significant progress made in recent years in the fields of re-

action condition optimisation, multifunctional monomer design,

structure optimisation and polymerisation strategies, there are still

many technical difficulties to be overcome in achieving high-

performance synthesis, large-scale production and environmentally

friendly preparation. As depicted in Fig. 5a, these challenges ne-

cessitate consideration for further development: (1) Conventional

HCPs synthesis relies on metal-based Lewis acid catalysts, which

are difficult to remove completely after the reaction, residual metal

ions may contaminate the product and the post-treatment step

is time-consuming. Although metal-free catalyst systems, such as

Bronsted acid have been developed, but there is also a need

to avoid the occurrence of side reactions, the side effect on

the porosity also need to be addressed; (2) Halogen-containing

monomers or cross-linkers inevitably produce harmful by-products
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after cross-linking. Although preliminary explorations on halogen-

free systems have been undertaken, the development of improved

halogen-free materials that combine environmental friendliness

with competitive performance remains a core challenge in this

field; (3) The traditional hypercrosslinking process requires a re-

action time of at least 24h, which significantly restricts production

efficiency. To overcome this bottleneck, researchers have developed

techniques such as mechanical ball milling, continuous flow syn-

thesis, and microwave-assisted synthesis that reduce the reaction

time to 5–60min; (4) Morphological control relies on templating

methods. Hard templates (e.g., SiO2) require HF etching, while soft

templates (e.g., block copolymers) involve tedious synthetic steps.

The template free methods still in the laboratory preparation stage.

Therefore, there is an urgent need for a simple, universally applica-

ble, and scalable strategy; (5) The Friedel-Crafts reaction, due to its

rapid and stochastic nature, leads to irregularities and agglomera-

tions of the HCPs, limiting their dispersion and hindering their po-

tential in various heterogeneous catalytic applications. In response,

researchers have typically used restricted cross-linking strategies

or hydrophilic group grafting to improve dispersibility.

After identifying the five challenges mentioned above, as shown

in Fig. 5b, the next section will focus on the four major prospects

shown in biodiesel production and explore new opportunities for

its green and efficient preparation: (1) In recent years, in or-

der to alleviate ethical controversies over the competition be-

tween food and fuel and to reduce dependency on fossil resources,

the biodiesel feedstock system has gradually expanded from first-

generation edible vegetable oils (e.g., soybean and canola oils) to

non-edible lipid resources, including oils from marginal land crops,

waste animal and vegetable fats, microbially derived lipids, and di-

versified carbon sources derived from industrial and municipal by-

products. This transformation in feedstock composition not only

conforms to the principles of a low-carbon circular economy but

also provides new avenues for overcoming the bottlenecks asso-

ciated with conventional raw material supplies; (2) During con-

tinuous catalytic cycles in biodiesel production, effective catalyst

regeneration becomes imperative to sustain long-term process ef-

ficiency. To restore catalytic activity, several regeneration strate-

gies have been implemented. Acid regeneration generally employs

chemical treatments (e.g., reintroducing -SO3H groups) to restore

the acidic sites diminished due to leaching or blockage by impu-

rities. Its future development should focus on three major objec-

tives: enhancing regeneration efficiency, reducing environmental

burdens, and extending catalyst lifespan. Secondly, solvent wash-

ing usually uses organic solvents such as methanol and acetone

to dissolve hydrophobic deposits such as glycerol and saponifica-

tion on the surface and restore the mass transfer channels. Fu-

ture developments are expected to focus on optimising solvent

efficiency and process reliability to further consolidate its role

in catalyst regeneration; (3) Biodiesel production performance is

influenced by the interactions among multiple factors, such as

temperature, catalyst loading, and the methanol-to-oil ratio, and

traditional one-variable experiments are inadequate for revealing

complex nonlinear relationships. RSM as a commonly used op-

timization tool, effectively explores the interactions among these

factors through systematic experimental design. Among the var-

ious RSM approaches, the Box–Behnken design (BBD) is widely

adopted owing to its reduced number of experiments and high

predictive accuracy. In the future, by integrating machine learn-

ing, multi-objective optimization, and high-throughput technolo-

gies, BBD will further drive the transformation of catalyst design

from an “empirical trial-and-error” approach to a “data-driven”

intelligent paradigm, thereby providing a reliable theoretical ba-

sis for the industrialization of biodiesel; (4) In the green transi-

tion and expansion of the biodiesel industry, large-scale produc-

tion has become essential to meet growing market demand and

to advance a low-carbon circular economy. Continuous-flow reac-

tors are increasingly replacing batch reactors, enhancing reaction

efficiency and uniformity. Real-time monitoring systems and auto-

mated control technologies enable dynamic adjustment of critical

process parameters, thereby ensuring stable and efficient produc-

tion. Modular process design integrates all stages, from pretreat-

ment and reaction to separation and waste management, reducing

costs and offering greater flexibility for scaling up. Waste heat re-

covery and process integration improve energy efficiency and re-

duce emissions. In addition, exploring moulding methods such as

electrospinning [183–186], 3D printing [187] and coatings [188] can

further expand the scenarios in which HCPs catalysts can be used

and unlock their full green potential. Overall, the coordinated de-

velopment of technological innovation and various segments of the

industrial chain has been propelling the large-scale production of

biodiesel toward a greener, smarter, and more efficient future.
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