Engineering 64 (2026) 65-69

journal homepage: www.elsevier.com/locate/eng

Contents lists available at ScienceDirect

Engineering

Views & Comments

Consolidating the Foundations of Molecular Chemical Engineering n

Weigiang Tang *", Xiaofei Xu ¢, Qian Sun¢, Shuangliang Zhao “*

Check for
updates

3 Interdisciplinary Research Center for Sustainable Energy Science and Engineering (IRC4SE?), School of Chemical Engineering, Zhengzhou University, Zhengzhou 450001, China

® National Key Laboratory of Special Rare Metal Materials, Zhengzhou University, Zhengzhou 450001, China

State Key Laboratory of Chemical Engineering & School of Chemical Engineering, East China University of Science and Technology, Shanghai 200237, China

4 Guangxi Key Laboratory of Petrochemical Resource Processing and Process Intensification Technology, School of Chemistry and Chemical Engineering, Guangxi University, Nanning

530004, China

1. Introduction

Over the past century, remarkable achievements have been
made in chemical engineering by establishing a rigorous frame-
work—known as “three transfers and one reaction”—that inte-
grates heat transfer, momentum transfer, and mass transfer with
chemical reaction engineering, thereby facilitating the efficient
transformation of chemical reactions into industrial-scale produc-
tion. This continuum-based paradigm has served as the foundation
for the large-scale manufacturing of fuels, chemicals, and materials
that sustain modern society. Nevertheless, as contemporary tech-
nologies increasingly operate under conditions characterized by
significant molecular-scale heterogeneity, it has become apparent
that continuum-based descriptions are inadequate to comprehen-
sively depict the governing physical principles of modern chemical
engineering processes [1,2].

Recently, societal and technological advancements have
imposed new requirements on modern chemical engineering,
especially in the context of high-end manufacturing, green pro-
cesses, and customized production routes. Emerging platforms
such as microchemical technologies [3], high-gravity reaction sys-
tems [4], membrane-based separations [5], and the processing of
heavy petroleum fractions [6] demand unparalleled precision in
regulating chemical reactions and transport phenomena at the
molecular scale. These challenges collectively indicate the neces-
sity for a novel engineering paradigm that can explicitly correlate
molecular-level behavior with macroscopic process performance.
Importantly, such a framework cannot be limited to confined or
interfacial systems but must be general and remain applicable to
bulk systems, where it is naturally reduced to conventional contin-
uum descriptions under conditions of weak spatial heterogeneity.

In response, molecular chemical engineering, as proposed by
the research group led by Prof. Jian-Feng Chen at Beijing University
of Chemical Technology, has emerged as a process science and
technology aiming to achieve precise control over chemical trans-
formation and physical transport processes at the molecular scale
[7]. Its intellectual origin can be traced back to von Hippel’s con-
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cept of molecular engineering in 1956, which advocated the design
of materials and processes starting from atoms and molecules
rather than prefabricated bulk substances [8]. Building upon
advancements in molecular characterization and computational
modeling, molecular chemical engineering expands this concept
by explicitly recognizing that, as system dimensions approach
approximately 10 times the relevant molecular correlation length,
the underlying physical mechanisms undergo qualitative changes:
Transport and reaction are no longer determined by continuum
properties but arise from molecular-scale heterogeneity, including
interaction-driven microstructures and their temporal and spatial
evolution.

Despite the growing consensus on the significance of molecular
chemical engineering, a fundamental question remains unan-
swered: What constitutes the theoretical foundation of molecular
chemical engineering? Without a unified scientific basis, there is
a risk of this concept degenerating into a collection of advanced
techniques rather than a coherent discipline. Existing perspectives
have largely focused on molecular-scale technologies, process-
intensification strategies, or advanced characterization and simula-
tion tools. In contrast, the present work proposes that the essential
novelty of molecular chemical engineering lies in establishing an
interaction-centered theoretical framework, in which molecular
interactions and the resulting local molecular density serve as
the fundamental variables governing coupled reaction and trans-
port phenomena across scales. Within this perspective, reaction
kinetics, transport coefficients, and interfacial resistances are trea-
ted not as intrinsic constants but as emergent properties deter-
mined by interaction-regulated molecular environments. As
illustrated in Fig. 1, this article posits that a molecular-interac-
tion-based theoretical framework for chemical reactions and trans-
port processes at the molecular scale, along with
nanothermodynamics, provides a theoretical foundation for molec-
ular chemical engineering.

2. Molecular interactions: The centrality of molecular chemical
engineering

Molecular interactions refer to the ensemble of short- and long-
range forces, which includes electrostatic interactions, van der
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Fig. 1. A conceptual framework of molecular chemical engineering (ChE).

Waals forces, hydrogen bonding, ion-dipole coupling, and polariza-
tion effects, as well as electron-mediated interactions such as
charge transfer, orbital hybridization, and exchange-correlation
effects. These interactions define the microscopic potential energy
landscape that governs molecular transport and chemical reactiv-
ity across interfaces and within confined environments. An interac-
tion-centered perspective represents a fundamental departure
from the traditional foundations of chemical engineering. In tradi-
tional frameworks, transport coefficients and reaction kinetic
parameters are treated as intrinsic, bulk-averaged properties. They
are typically obtained from macroscopic experiments conducted
under near-equilibrium conditions or inferred from empirical cor-
relations rooted in continuum assumptions. Such treatments
implicitly assume spatial homogeneity and neglect molecular-
scale heterogeneity.

In contrast, molecular chemical engineering recognizes that
reaction rates, diffusivities, and interfacial resistances are not fixed
constants but emergent quantities that sensitively depend on the
local environment. From an engineering perspective, this implies
that key process variables, such as conversion, selectivity, and
transport limitations, are ultimately governed by interaction-regu-
lated local environments, rather than intrinsic material constants.
Specifically, they are determined by the local molecular densities,
which are governed by molecular interactions including inter-
molecular interaction and the external potential on each molecule.
Here, local molecular density does not just refer to the number den-
sity of chemical species; it refers more broadly to the spatially and
temporally resolved distribution of molecules, including their com-
position, orientation, coordination, and solvation state. It reflects
the local molecular structure imposed by molecular forces and
thus embodies the microscopic state of the local environment.
Consistent with this view, diffusion measurements in nanoscale-
confined systems have consistently shown that molecular and
ionic diffusion coefficients can be suppressed by orders of magni-
tude relative to their bulk values, while becoming strongly depen-
dent on confinement length scale and surface chemistry [9].
Similar deviations from bulk behavior are observed for local den-
sity and other thermodynamic quantities. These observations
underscore the breakdown of conventional continuum descrip-
tions at molecularly heterogeneous interfaces and highlight the
necessity of interaction-resolved theoretical frameworks in molec-
ular chemical engineering.
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Molecular interactions exert a pervasive influence not only on
mass transport but also on reaction kinetics, momentum, and heat
transfer, particularly under confinement. A striking illustration is
provided by fluid transport through angstrom- to nanometer-scale
channels. Nair and co-workers [10] demonstrated that graphene
oxide membranes are impermeable to gases and organic solvents
yet permit ultra-fast water transport, with permeation rates
exceeding those of helium by more than 10 orders of magnitude.
Similarly, at solid-liquid interfaces, thermal boundary resistance
is found to be highly dependent on surface wettability [11]. These
observations indicate that, under nanoconfinement and at inter-
faces, transport phenomena are dominated by microscopic interac-
tions rather than bulk properties.

The centrality of molecular interactions further extends to
heterogeneous catalysis, where reaction and diffusion are intrinsi-
cally coupled. A representative example is selective alkyne hydro-
genation over a supported palladium (Pd) catalyst. By rationally
designing a composite support, such as oxygen-deficient TiO,
integrated with carbon, electronic metal-support interactions
can be precisely tuned to modulate the electronic structure of
Pd active sites. Oxygen vacancies in TiO, lower hydrogenation
energy barriers by stabilizing key intermediates, while the carbon
component facilitates the rapid desorption and diffusion of alkene
products [12]. This synergistic regulation of reaction kinetics and
mass transport arises directly from tailored electronic and interfa-
cial interactions at the molecular scale, enabling optimal catalytic
performance. Such results demonstrate that precise control over
intermolecular and interfacial interactions provides a unifying
strategy for balancing reaction pathways and transport processes,
offering a molecular-level foundation for the rational design of
high-performance catalytic systems. While such systems are often
interpreted within the framework of electronic metal-support
interactions, the perspective of molecular chemical engineering
emphasizes that these effects arise from interaction-induced vari-
ations in the local molecular density near the interface. This shifts
the focus from site-specific electronic tuning to a spatially
resolved description of the coupled reaction-transport
environment.

A defining characteristic of molecular chemical engineering is
therefore the dynamic coupling between reaction and transport
mediated by the local molecular density, which is governed by
molecular interactions. In this sense, molecular interactions and
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local density form a closely coupled pair: Molecular interactions
define the underlying energetic landscape, while the local density
represents the structural and statistical response of molecules to
that landscape.

To adequately describe and subsequently leverage these phe-
nomena, molecular chemical engineering must move beyond
purely semi-empirical descriptions and adopt molecular-interac-
tion-based theoretical and computational frameworks. Two com-
plementary aspects are essential. First, molecular interactions
must be quantified and characterized with sufficient molecular
resolution. Second, these interactions (and/or local densities) must
be embedded into the frameworks.

3. Characterization and quantification of molecular interactions

Because molecular interactions manifest through molecular
structure and dynamics, their quantification is inseparable from
the determination of environment- and interface-specific local
density distributions. As a result, both experimental and theoreti-
cal approaches to molecular interactions necessarily probe local
molecular density, either directly or through its measurable
consequences.

Two complementary classes of methods have emerged as
foundational in molecular chemical engineering. Experimentally,
molecular interactions are rarely accessed directly; instead, they
are inferred from measurable observables such as force
responses, density profiles, and binding thermodynamics. Tech-
niques such as atomic force microscopy provide local force and
interaction information at solid-liquid interfaces, while advanced
operando and in situ approaches—most notably X-ray-based
methods such as X-ray reflectivity—enable angstrom-scale reso-
lution of the density profiles normal to interfaces. These mea-
surements reveal interaction-induced molecular structure,
including layering, depletion, or enrichment under confinement
or external fields. Complementary ion-beam, spectroscopic, and
label-free optical techniques further encode interaction strength
and specificity through kinetic and thermodynamic signatures
[13,14]. Despite these advances, such approaches predominantly
probe static or quasi-equilibrium structures and provide only
indirect access to the spatiotemporal evolution of molecular
structure. Emerging techniques offer promising, yet still incom-
plete, routes to address this limitation. For instance, cryo-elec-
tron microscopy and single-molecule-tracking methods enable
the observation of molecular structure and dynamics with
unprecedented resolution in space or time. These approaches
offer new opportunities to probe transient heterogeneities and
dynamic molecular environments.

At a more fundamental level, first-principles and quantum-me-
chanical calculations provide explicit, parameter-free descriptions
of intermolecular interactions by resolving electronic structure,
charge transfer, polarization, and orbital hybridization. Density
functional theory and ab initio methods are indispensable for quan-
tifying reaction energetics, adsorption phenomena, and metal-
support interactions, while increasingly incorporating solvation,
electric fields, and finite-temperature effects to predict interac-
tion-driven density redistribution at interfaces [15]. Crucially,
first-principles calculations underpin the construction and valida-
tion of force fields, enabling molecular simulations to propagate
electronic-scale interactions into spatially and temporally resolved
local density fields [16].

Together, experiments and first-principles theory establish a
hierarchical and internally consistent framework in which molec-
ular interactions define the energetic landscape, and local molecu-
lar density represents the corresponding structural response.
Embedding this interaction-density coupled pair into multiscale
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modeling frameworks is essential for transforming molecular
chemical engineering from an empirical extension of continuum
theory into a predictive discipline.

4. Rethinking the foundations of molecular chemical
engineering

The transition toward molecular chemical engineering is not
merely an academic development; it is driven by pressing engi-
neering limitations in modern chemical processes. In many emerg-
ing systems, existing models fail to reliably predict performance
metrics such as rate, selectivity, and energy efficiency under realis-
tic operating conditions. Addressing these bottlenecks requires a
framework that explicitly connects molecular-scale interactions
with macroscopic process behavior.

First, molecular-scale operando characterization must become a
standard component of chemical engineering research [17]. Tradi-
tional characterization techniques largely rely on ex situ or aver-
aged measurements, which obscure the dynamic and
heterogeneous nature of molecular environments under working
conditions. In contrast, recent advances in operando spectroscopic
techniques, scanning probe microscopies, high-resolution scatter-
ing, and cryogenic imaging now enable direct observation of solva-
tion structures, charge distributions, and molecular orientations at
interfaces and within confined environments during operation
[18].

Second, molecular chemical engineering requires a nanother-
modynamic framework for heterogeneous and confined systems
[19]. Rather than abandoning classical thermodynamics, nanother-
modynamics generalizes it to systems where interfacial free ener-
gies, finite-size effects, and spatial heterogeneity become non-
negligible. Rooted in Gibbs’ surface thermodynamics and system-
atically formulated by Hill through the theory of small systems,
nanothermodynamics extends equilibrium thermodynamics to
finite, non-uniform systems by explicitly accounting for interfacial
free energies [20]. Revitalized by advances in nanoscience, nanoth-
ermodynamics provides a physically consistent basis for defining
the equilibrium properties of confined and interfacial systems
without invoking bulk replicas. Importantly, it remains an actively
developing framework, particularly for multicomponent, field-dri-
ven, and chemically reactive systems.

Third, quantum-classical coupled modeling frameworks are
essential for predictive molecular chemical engineering [21-23].
Purely classical models lack electronic resolution, whereas purely
quantum-mechanical descriptions are computationally prohibitive
at relevant length and time scales. Quantum-classical coupled
frameworks that integrate electronic structure calculations, molec-
ular dynamics, and mesoscale transport models offer a viable com-
promise. For instance, interaction-explicit multiscale approaches,
such as reaction density functional theory (RXDFT), provide one
possible route to couple reactive electronic structures with the sur-
rounding molecular environment [16,24]|. RXDFT is a theoretical
framework that incorporates reaction energetics as functionals of
both electronic and molecular densities. This approach enables
the capture of solvent and confinement effects that extend beyond
the limitations of vacuum or continuum approximations.

Fourth, molecular chemical engineering demands the explicit
construction of molecular-level reaction-transport models to
address a long-standing engineering bottleneck: the inability to
consistently predict and control the interplay between reaction
kinetics and mass transport under realistic conditions [25]. In con-
trast to conventional approaches that treat transport as an external
constraint on reaction kinetics, molecular-level reaction-transport
models must explicitly resolve how molecular interactions simul-
taneously regulate reaction energetics and pathways. In many
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confined and interfacial systems, reaction and transport are intrin-
sically coupled through their shared dependence on local molecular
structure and density, rendering their separation physically incon-
sistent. A representative example is the molecular-interaction-
based dynamic RxDFT [26,27]. In this framework, both diffusion
and reaction fluxes are explicitly governed by the local molecular
density: Diffusion responds to density-dependent chemical poten-
tial gradients, while reaction rates scale with activation barriers and
density-related collision frequencies. Consequently, reaction and
transport are self-consistently coupled through their shared depen-
dence on local density, yielding a molecular-level description of
reaction-diffusion processes in nanoconfined systems [28]. From
a process engineering perspective, this enables a multiscale work-
flow in which local molecular density distributions are first deter-
mined under realistic conditions, followed by the extraction of
density-dependent reaction kinetics and transport properties,
which are then upscaled into continuum reactor models to obtain
effective rate expressions and mass transfer coefficients.

Fifth, molecular chemical engineering must adopt a multiscale
and mesoscience-oriented framework. Molecular chemical engi-
neering inherently operates across multiple spatial and temporal
scales, from electronic interactions and molecular collisions to
mesoscale structuring and macroscopic process behavior. The con-
cept of mesoscience—which focuses on the emergence of collective
behavior from competing mechanisms across scales—provides a
systematic framework for bridging these regimes [29]. For exam-
ple, in nanoporous catalysts and membranes, adsorption and diffu-
sion are governed by molecular interactions, while overall
performance depends on mesoscale features such as pore connec-
tivity and tortuosity [30,31]. Mesoscience-based approaches allow
these effects to be analyzed coherently rather than in isolation.

Sixth, artificial intelligence (Al) and data-driven approaches
offer powerful new tools for molecular chemical engineering [32].
However, two key limitations currently hinder their effective appli-
cation in this context. First, there is a lack of high-quality data for
interfacial systems, particularly under operando conditions. Second,
existing machine learning models generally lack the ability to
enforce physical constraints, such as interaction-driven thermody-
namics, nanothermodynamic consistency, and nonlinear reaction-
diffusion coupling. Within this framework, Al methods should be
viewed as operating on top of interaction-explicit physical models,
rather than as standalone predictive tools. Their primary role is to
accelerate the exploration of high-dimensional molecular interac-
tion spaces and to establish data-driven mappings between local
molecular density and macroscopic observables.

5. Conclusions

Molecular chemical engineering is emerging as an essential
extension of traditional chemical engineering in response to
increasingly heterogeneous, confined, and interfacial chemical sys-
tems for which conventional continuum assumptions become
insufficient. Rather than treating transport coefficients and reac-
tion Kkinetics as intrinsic constants, this perspective emphasizes
that they are emergent properties governed by molecular interac-
tions and the resulting local molecular environments.

A central challenge in this field is the absence of unified interac-
tion-explicit theoretical frameworks capable of consistently cou-
pling reaction, transport, thermodynamics, and multiscale
heterogeneity. Addressing this challenge will require substantial
advances in several directions, including operando molecular-scale
characterization under realistic conditions, nanothermodynamic
descriptions of reactive heterogeneous systems, quantum-classical
multiscale modeling strategies, and interaction-informed Al
approaches.
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Ultimately, establishing predictive interaction-centered frame-
works capable of bridging molecular-scale structure and macro-
scopic process behavior will be critical for the rational design,
optimization, and scale-up of next-generation chemical processes
and materials.
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