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Abstract

The transition toward sustainable chemical manufacturing requires catalytic technologies capable of
maximizing resource efficiency, minimizing greenhouse gas emissions, and enabling the utilization of
renewable feedstocks. Recent advances in computational catalysis, process technology, and biocatalytic
transformations have created opportunities for the development of integrated catalytic platforms
spanning molecular, reactor, and process scales. Density functional theory (DFT), machine learning-
assisted catalyst discovery, and multiscale modeling have accelerated the rational design of
heterogeneous, homogeneous, and enzymatic catalysts. Simultaneously, process intensification
strategies, including hydro processing, methanol-to-olefins technologies, biomass valorization, and
CO: utilization processes, have improved industrial sustainability metrics. Biocatalytic systems based
on enzyme immobilization, nano biocatalysts, and multi-enzymatic cascades provide environmentally
benign alternatives for selective chemical synthesis. This review discusses recent developments in
computational catalyst design, industrial catalytic process technologies, and advanced
biotransformation, highlighting opportunities for integration across disciplines. Future directions
include hybrid chemo-enzymatic systems, Al-guided catalyst discovery, digital twins, and circular
carbon technologies for net-zero chemical manufacturing.

Keywords: Computational catalysis, DFT, Machine learning, Hydro processing, CO- utilization,
Biomass conversion, Biocatalysis, Process intensification, Sustainable chemistry.

INTRODUCTION

The global demand for chemicals, materials, and energy continues to grow as industrialization and
population expansion place increasing pressure on natural resources. At the same time, concerns
regarding climate change, greenhouse gas emissions, and the depletion of fossil-based feedstocks have
intensified the need for sustainable manufacturing
technologies. Catalysis plays a fundamental role in
modern chemical industries and is involved in
nearly 90% of all industrial chemical processes.
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Catalytic technologies enable improved reaction
efficiency, reduce energy consumption, enhanced
product selectivity, and lower environmental
impact, making them essential for the transition
toward sustainable chemical production [1].

Recent advances in computational chemistry,
process engineering, and biotechnology have
significantly transformed catalyst development.
Traditional catalyst discovery relied heavily on
empirical experimentation and extensive trial-and-
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error approaches, often requiring substantial time and resources. In contrast, modern computational
techniques provide atomistic-level insights into catalytic mechanisms, reaction pathways, and surface
interactions, enabling rational catalyst design based on fundamental principles. Density Functional
Theory (DFT), molecular simulations, and machine learning algorithms now facilitate the prediction of
catalyst performance prior to experimental validation [2].

Simultaneously, innovations in process intensification have introduced more efficient reactor
configurations and integrated processing strategies that reduce energy requirements and improve
productivity. Advances in biocatalysis, including enzyme engineering, immobilization technologies,
and multi-enzymatic cascade systems, have expanded the use of biological catalysts in the sustainable
synthesis of chemicals, pharmaceuticals, and bio-based products. The convergence of computational
catalysis, process intensification, and biocatalysis has established a multiscale framework for
developing highly efficient and environmentally responsible manufacturing processes [3].

Recent studies and review articles have highlighted the growing importance of first-principles
modeling, artificial intelligence, machine learning, and enzyme engineering in accelerating catalyst
discovery and optimization. These developments are expected to play a crucial role in addressing global
sustainability challenges while supporting the production of chemicals and fuels with reduced
environmental footprints [4].

COMPUTATIONAL CATALYSIS FOR SUSTAINABLE CHEMICAL MANUFACTURING
Density Functional Theory and Catalyst Design

Density Functional Theory (DFT) has emerged as one of the most powerful computational tools for
investigating catalytic processes at atomic and molecular levels. By providing detailed information on
electronic structures, adsorption phenomena, reaction intermediates, and transition states, DFT enables
researchers to understand catalytic mechanisms and predict catalyst performance with high accuracy.
The method has become indispensable in the rational design and optimization of catalytic materials for
sustainable chemical manufacturing [5].

DFT-based investigations have provided valuable mechanistic insights into a wide range of
industrially important reactions, including carbon dioxide hydrogenation, methanation, methanol
synthesis, hydrodesulfurization, and biomass upgrading. Through the calculation of adsorption energies
and activation barriers, researchers can identify favorable reaction pathways and determine the factors
governing catalytic activity and selectivity. Such studies have facilitated the development of advanced
catalysts with improved efficiency and reduced energy requirements [6].

An important contribution of DFT to catalyst design is the establishment of scaling relationships and
activity descriptors that correlate fundamental surface properties with catalytic performance. Volcano
plots, derived from these relationships, provide a graphical framework for identifying optimal catalyst
compositions by balancing adsorption strength and reaction kinetics Figure 1. These predictive tools
enable rapid screening of large numbers of catalytic materials, significantly reducing experimental costs
and accelerating the discovery of next-generation catalysts for sustainable industrial applications [7].

DFT calculations — Descriptor generation — Machine learning model — Catalyst screening —
Experimental validation — Process optimization.

Machine Learning in Catalysis

Machine learning algorithms are increasingly used to predict catalytic activity, selectivity, and
stability. Neural networks, Gaussian process regression, and graph-based learning methods reduce
computational costs associated with high-throughput screening [8] Table 1.
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Figure 1. Multiscale computational workflow for catalyst discovery.
Table 1. Computational methods in catalyst design.
Method Scale Application Advantages
DFT Atomic Reaction mechanisms High accuracy
Molecular Dynamics Molecular Catalyst dynamics Time-dependent behavior
Kinetic Monte Carlo Mesoscale Surface kinetics Realistic reaction networks
Machine Learning Multiscale Catalyst screening Rapid prediction
Process Simulation Reactor scale Process optimization Industrial relevance

Transition-State Modeling
Transition-state calculations provide activation energies for elementary reaction steps including:
e Oxidative addition
e Reductive elimination
e Transmetallation
e Negishi cross-coupling reactions

These studies facilitate the rational design of catalysts with lower kinetic barriers.

PROCESS TECHNOLOGY AND INDUSTRIAL CATALYSIS
Hydro Processing and Hydrodesulfurization

Hydro processing technologies are essential for producing ultra-low sulfur diesel. Commercial
catalysts typically contain CoMo or NiMo sulfides supported on alumina [9].

Major reactions include:

¢ Hydrodesulfurization
e Hydrodenitrogenation
e Hydrodeoxygenation

Methanol-to-Hydrocarbon Technologies
Methanol conversion technologies provide alternative routes to transportation fuels and

petrochemicals.

Zeolite catalysts such as ZSM-5 and SAPO-34 remain industrial standards Table 2.
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BIOCATALYTIC TRANSFORMATIONS
Enzyme Immobilization Technologies
Immobilized enzymes provide enhanced stability, recyclability, and operational lifetime [10].

Support materials include:
Activated carbon
Metal-organic frameworks
Carbon dots

Polymeric dendrimers

Nanobiocatalysts

Nano biocatalysts are advanced catalytic systems that combine enzymes with nanomaterials to
enhance catalytic performance and operational stability. The immobilization of enzymes on
nanoparticles, nanotubes, nanofibers, or other nanostructured supports provides a favorable
microenvironment for enzymatic reactions while facilitating catalyst recovery and reuse. The unique
physicochemical properties of nanomaterials contribute to improved catalytic activity and process
efficiency [11].

Advantages of Nanobiocatalysts
e Increased surface area for enzyme immobilization
e Enhanced mass transfer between substrates and catalytic sites
e Improved enzyme stability under varying reaction conditions
e  Greater resistance to denaturation and degradation
o Easier catalyst separation and recyclability

Applications of Nanobiocatalysts:
e Glycosylation: Synthesis of glycosylated compounds for pharmaceutical and food applications
e Acylation: Production of esters and specialty chemicals with high selectivity
e Halogenation: Introduction of halogen atoms into organic molecules for fine chemical synthesis
e Deamination: Removal of amino groups during the production of valuable intermediates and
bioactive compounds

Nano biocatalysts have attracted significant attention in sustainable chemical manufacturing due to
their ability to combine the selectivity of enzymes with the enhanced performance characteristics of
nanotechnology.

Multi-Enzymatic Cascades

Multi-enzymatic cascades, also known as cascade biocatalysis, involve the integration of two or more
enzymes in a single reaction system to perform sequential biochemical transformations. In these
systems, the product of one enzymatic reaction serves as the substrate for the next, enabling the direct
conversion of starting materials into target products without isolating intermediate compounds Table 3.

Cascade biocatalysis eliminates intermediate isolation and purification steps, thereby reducing
process complexity, minimizing solvent consumption, and improving overall reaction efficiency. This
approach enhances product yields, decreases production costs, and reduces waste generation while
maintaining the high selectivity characteristic of enzymatic reactions.

Multi-enzymatic cascades are widely applied in the synthesis of pharmaceuticals, fine chemicals,
biofuels, and specialty compounds. Their ability to perform complex multi-step transformations under
mild reaction conditions makes them a key technology in green chemistry and sustainable industrial
bioprocessing [12].
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Table 2. Methanol conversion technologies.

Technology Product
MTG Gasoline

MTO Ethylene, Propylene

MTH Mixed Hydrocarbons

MTP Propylene

Table 3. Representative multi-enzyme transformations.

Reaction Enzyme System Product

Glucose oxidation GOx + Catalase Gluconic acid

CO: hydration Carbonic anhydrase Bicarbonate

Nucleoside synthesis | Multi-enzyme cascade | Pharmaceutical intermediates

Hybrid Chemo-Enzymatic Catalysis

Hybrid chemo-enzymatic catalysis refers to catalytic systems that integrate chemical catalysts (such
as heterogeneous, homogeneous, or electrochemical catalysts) with biocatalysts (enzymes or whole-cell
catalysts) in a single process. This approach combines the high selectivity and mild operating conditions
of enzymes with the robustness, broad substrate scope, and scalability of chemical catalysts. By
exploiting the complementary strengths of both catalytic domains, hybrid systems can achieve efficient
multi-step transformations that are difficult to accomplish using either catalyst alone.

Examples of hybrid chemo-enzymatic catalysis include:

¢ Enzyme-assisted CO: conversion, where enzymes selectively activate and convert carbon dioxide
into valuable intermediates that are subsequently transformed into fuels or chemicals through
chemical catalysis.

e Biocatalytic upgrading of biomass intermediates, in which enzymes convert biomass-derived
compounds into platform molecules that are further upgraded by chemical catalysts to produce
high-value products.

e Tandem oxidation-reduction systems, where chemical and enzymatic catalysts operate
sequentially or simultaneously to perform oxidation and reduction reactions with enhanced
efficiency, selectivity, and reduced waste generation Figure 2.

Process Intensification and Reactor Engineering

Process intensification (PI) is a modern chemical engineering approach aimed at making chemical
processes significantly more efficient, compact, sustainable, and economically viable. The concept
focuses on enhancing mass transfer, heat transfer, reaction kinetics, and separation efficiency while
reducing equipment size, energy consumption, waste generation, and capital costs. In catalytic and
biocatalytic systems, process intensification has emerged as a key strategy for improving productivity
and sustainability, particularly in biomass conversion, CO: utilization, pharmaceutical manufacturing,
and fine chemical production.

Microreactors

Microreactors are miniaturized continuous-flow reactors with channel dimensions typically ranging
from tens to hundreds of micrometers. Their high surface-area-to-volume ratio enables superior heat
and mass transfer compared with conventional batch reactors.

The small dimensions of microreactors allow rapid mixing of reactants, precise temperature control,
and efficient removal of reaction heat, reducing the formation of undesired by-products. These reactors
are particularly useful for highly exothermic reactions, catalytic oxidation processes, hydrogenation
reactions, and enzymatic transformations. In addition, microreactor technology facilitates continuous
production, safer operation, and easier scale-up through numbering-up strategies.
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Membrane Reactors
Membrane reactors integrate chemical reaction and product separation within a single unit operation.
A selective membrane continuously removes products or supplies reactants during the reaction, thereby

shifting the chemical equilibrium toward greater conversion according to Le Chatelier's principle.
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Membrane reactors have been extensively investigated for hydrogen production, methanol synthesis,
methane reforming, and CO: conversion processes. In biocatalytic applications, membrane reactors can
retain enzymes while allowing substrates and products to pass through, increasing catalyst lifetime and
productivity.

Reactive Separations

Reactive separation technologies combine reaction and separation processes into a single integrated
system. Conventional chemical manufacturing often requires separate reactors and downstream
separation units, resulting in high energy consumption and increased operational complexity. Reactive
separations eliminate these limitations by performing both functions simultaneously.

Examples include reactive distillation, reactive extraction, and reactive adsorption. Reactive
distillation has become particularly important in esterification, transesterification, and biodiesel
production because continuous product removal shifts reaction equilibrium toward higher yields.
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In-Situ Product Recovery (ISPR)

In-situ product recovery involves the continuous removal of products directly from the reaction
medium during operation. Product accumulation often inhibits catalyst activity, decreases enzyme
stability, or shifts equilibrium limitations. ISPR overcomes these challenges by selectively extracting
products as they are formed.

Common ISPR techniques include adsorption, membrane extraction, solvent extraction, gas
stripping, crystallization, and pervaporation. In biocatalytic processes, ISPR significantly improves
productivity by reducing product inhibition and enhancing enzyme stability. It is widely applied in the
production of biofuels, organic acids, antibiotics, and pharmaceutical intermediates.

Advantages of In-Situ Product Recovery
¢ Reduced product inhibition
e Enhanced catalyst stability
e Increased productivity
e Improved product quality
e Lower downstream processing costs
e Higher overall process efficiency

Benefits of Process Intensification
The implementation of process intensification strategies provides several important benefits for
sustainable chemical manufacturing:

Improved Heat Transfer

Microstructure equipment and intensified reactors possess high surface-area-to-volume ratios,
enabling rapid heat removal and minimizing temperature gradients. This results in better temperature
control, safer operation, and improved reaction performance.

Enhanced Selectivity
Efficient mass transfer and precise reaction control minimize side reactions and by-product
formation. Consequently, product selectivity and catalyst utilization are significantly improved.

Reduced Energy Consumption

The integration of reaction and separation steps reduces the need for multiple unit operations and
lowers overall energy requirements. This contributes to reduced greenhouse gas emissions and lower
operating costs.

Increased Productivity
Intensified reactors achieve higher reaction rates and shorter residence times, leading to greater
throughput and process efficiency.

Environmental Sustainability
Process intensification supports green chemistry principles by reducing waste generation, minimizing

solvent usage, lowering energy demand, and improving resource utilization Table 4.

Table 4. Process intensification approaches.

Technology Benefit
Microreactors High mass transfer

Membrane reactors Reaction-separation integration
Microwave heating Rapid energy delivery
Reactive distillation Reduced equipment count
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Overall, process intensification and advanced reactor engineering represent critical enabling
technologies for the future of sustainable chemical production. Their integration with computational
catalyst design, renewable feedstocks, and biocatalytic systems is expected to play a central role in
achieving carbon-neutral and resource-efficient manufacturing processes.

CONCLUSIONS AND FUTURE OUTLOOK

The transition toward sustainable chemical manufacturing requires transformative approaches that
integrate catalyst design, process engineering, and biological systems within a unified framework. As
highlighted throughout this review, the convergence of computational catalysis, industrial process
technology, and biocatalytic transformations is creating unprecedented opportunities for developing
highly efficient, environmentally benign, and economically viable chemical production routes.

Computational catalysis has evolved from a supportive analytical tool to a predictive platform
capable of accelerating catalyst discovery and optimization. Density Functional Theory (DFT),
molecular simulations, kinetic modeling, and machine learning algorithms have significantly enhanced
the understanding of catalytic reaction mechanisms at the atomic level. These approaches enable the
identification of active sites, prediction of reaction pathways, estimation of activation barriers, and
screening of thousands of catalyst candidates before experimental validation. The integration of
artificial intelligence with computational chemistry is expected to further reduce development time and
cost while improving catalyst performance and selectivity.

Industrial catalytic process technologies continue to play a critical role in addressing global energy
and environmental challenges. Advanced hydro processing technologies, methanol-to-hydrocarbon
processes, biomass conversion systems, and carbon dioxide utilization pathways demonstrate how
catalytic innovations can contribute to cleaner fuel production, reduced sulfur emissions, and carbon-
neutral chemical manufacturing. Process intensification strategies, including microreactors, membrane
reactors, microwave-assisted systems, and reactive separations, offer substantial improvements in
energy efficiency, mass transfer, and process sustainability. These technologies are expected to become
increasingly important as industries seek to minimize resource consumption and carbon footprints.

Biocatalysis represents another essential pillar of sustainable chemistry. Enzyme immobilization,
nano biocatalyst development, multi-enzyme cascade reactions, and metabolic engineering have
expanded the applicability of biological catalysts in the synthesis of fuels, pharmaceuticals, fine
chemicals, and value-added products. Compared with conventional catalytic processes, biocatalytic
systems frequently operate under milder reaction conditions, generate fewer by-products, and exhibit
remarkable chemo-, regio-, and stercoselectivity. The emergence of engineered enzymes and hybrid
bio-chemo catalytic systems further broadens the scope of industrial biotransformation’s.

A particularly promising direction lies in the development of hybrid catalytic platforms that combine
heterogeneous catalysts, homogeneous catalysts, and biocatalysts within integrated process
configurations. Such systems can exploit the advantages of each catalytic domain while overcoming
their individual limitations. For example, coupling enzymatic conversion of biomass-derived
intermediates with heterogeneous catalytic upgrading can create highly efficient pathways for
renewable fuel and chemical production. Similarly, integrating carbonic anhydrase-based CO: capture
with catalytic hydrogenation processes may provide viable routes for carbon capture and utilization
technologies.

The future of catalysis will increasingly rely on multiscale integration, where atomic-scale catalyst
design is directly connected to reactor performance and industrial process optimization. Digital twins,
autonomous laboratories, high-throughput experimentation, and data-driven process control are
expected to revolutionize catalyst development and deployment. The combination of machine learning,
advanced characterization techniques, and real-time process monitoring will enable adaptive catalytic
systems capable of self-optimization under dynamic operating conditions.
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Despite substantial progress, several challenges remain. Catalyst deactivation limited long-term
stability, scale-up difficulties, mass-transfer limitations, and economic feasibility continue to hinder the
commercialization of many emerging technologies. Addressing these challenges will require
interdisciplinary collaboration among chemists, chemical engineers, materials scientists, computational
researchers, and biotechnologists. Furthermore, standardized methodologies for catalyst evaluation,
lifecycle assessment, and techno-economic analysis are necessary to accurately quantify sustainability
benefits and facilitate industrial adoption.

Looking forward, the integration of renewable energy resources, circular carbon technologies, green
hydrogen production, and advanced -catalytic systems will be central to achieving global
decarbonization targets. Future research should prioritize the development of robust multifunctional
catalysts, Al-assisted catalyst discovery platforms, carbon-negative process technologies, and scalable
hybrid catalytic systems capable of converting renewable feedstocks into high-value chemicals and
fuels.

In conclusion, multiscale catalytic strategies provide a powerful pathway toward sustainable
chemical production by bridging fundamental catalyst science with industrial implementation. The
synergistic integration of computational catalysis, process technology, and biocatalytic transformations
has the potential to redefine chemical manufacturing, enabling cleaner production routes, improved
resource utilization, and significant reductions in greenhouse gas emissions. Continued innovation in
these interconnected fields will be essential for establishing a resilient, circular, and net-zero chemical
industry in the coming decades.

REFERENCES

1. Bruix A, Margraf JT, Andersen M, Reuter K. First-principles-based multiscale modelling of
heterogeneous catalysis. Nat Catal. 2019;2(8):659-670.

2. Jerng SE, Park YJ, Li J. Machine learning for CO- capture and conversion: a review. Energy Al.
2024;16:100361.

3. Quesne MG, Silveri F, de Leeuw NH, Catlow CRA. Advances in sustainable catalysis: a
computational perspective. Front Chem. 2019;7:182.

4. Benitez-Mateos Al, Padrosa DR, Paradisi F. Multistep enzyme cascades as a route towards green
and sustainable pharmaceutical syntheses. Nat Chem. 2022;14(5):489-499.

5. Liu B, Lin B, Su H, Sheng X. Quantum chemical studies of the reaction mechanisms of enzymatic
CO: conversion. Phys Chem Chem Phys. 2024;26(40):26677-26692.

6. Tang H, Qiu T, Wang X, Zhang C, Zhang Z. Theoretical advances in Fe-based catalysts for CO:
hydrogenation. Molecules. 2024;29(5):1194.

7. Vanhoof JR, Spittaels S, De Vos D. Electrochemical valorization and incorporation of CO: in
industrially relevant compounds. EES Catal. 2024;2(6):753-779.

8. Cail, Wei L, Wang J, et al. Application of catalysts in the conversion of biomass and its derivatives.
Catalysts. 2024;14(7):499.

9. Burek BO, Dawood AWH, Hollmann F, Liese A, Holtmann D. Process intensification as game
changer in enzyme catalysis. Front Catal. 2022;2:858706.

10. Vernet Armengol G, Hobisch M, Kara S. Process intensification in oxidative biocatalysis. Curr Opin
Green Sustain Chem. 2022;38:100692.

11. Cao'Y, Qiao W, Zhang C, et al. Programmable enzyme catalysis based on multiscale confinements.
Nat Synth. 2025;4(11):1338-1348.

12. Kumar B. Electrochemical CO: conversion commercialization pathways. Environ Sci Technol Lett.
2024;11(12):1161-1174.

© STM Journals 2026. All Rights Reserved 35



