
245 
  

 

 

 

 

 

 

 

How to Integrate Nanotechnology into Chemical 

Engineering Education: A Bibliometric and Technological 

Review of Curriculum Standards, Research Trends, 

Pedagogical Challenges, and Future Prospects 

Asep Bayu Dani Nandiyanto1*, Teguh Kurniawan2, Muhammad Roil Bilad3, Abdulkareem Sh. Mahdi Al-Obaidi4, 

Obie Farobie5, Belkheir Hammouti6 

1 Universitas Pendidikan Indonesia, Bandung, Indonesia 
2 Universitas Sultan Ageng Tirtayasa, Serang, Indonesia 

3 Universiti Brunei Darussalam, Brunei Darussalam 
4 Taylor’s University, Selangor, Malaysia 

5 IPB University, Bogor, Indonesia 
6 Euromed University of Fes, UEMF, Morocco 

*Correspondence: E-mail: nandiyanto@upi.edu 

A B S T R A C T   A R T I C L E   I N F O 

This study examines the integration of nanotechnology into 
chemical engineering education and its implications for future 
curriculum development. A bibliometric and technological review 
was conducted using publications from major scientific databases, 
with standardized datasets and mapped collaboration and 
keyword networks to identify pedagogical and curricular trends. 
The findings indicate a steady growth of interdisciplinary research 
linking nanoscale concepts with process engineering, 
accompanied by increasing adoption of virtual laboratories, 
computer simulations, and intelligent tutoring systems. 
Nevertheless, challenges remain, including uneven faculty 
preparedness, limited access to advanced instrumentation, and 
the lack of unified competency frameworks across institutions. 
These constraints are largely driven by macro-centric teaching 
traditions, resource limitations, and inconsistent curriculum 
standards. To address these gaps, the study proposes targeted 
updates to core and elective courses that emphasize nano-centric 
content, sustainability, and digital pedagogy. Overall, the paper 
presents a practical framework aligned with Safe-by-Design 
principles and the United Nations Sustainable Development Goals. 
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1. INTRODUCTION 
 

Nanotechnology has emerged as a defining frontier in science and engineering, 
transforming how materials and processes are understood, designed, and optimized. Within 
chemical engineering, it extends classical principles to the molecular and atomic scales, 
enabling the manipulation of matter with unprecedented precision. This shift redefines the 
mission of engineering education itself because the next generation of chemical engineers 
must develop nanoscale literacy to design sustainable technologies in energy, catalysis, and 
environmental systems. As industrial innovation increasingly depends on nanomaterials and 
surface phenomena, higher education institutions are urged to modernize curricula that 
historically focused on macroscopic operations to incorporate nanoscale understanding and 
interdisciplinary collaboration. 

Traditional chemical engineering programs have long emphasized thermodynamics, 
transport, and process design but have rarely covered quantum or surface effects governing 
nanoscale behavior (Figure 1). Such omissions restrict graduates’ readiness for emerging 
nano-enabled industries (Vahedi & Farnoud, 2019; Feng et al., 2015). Integrating modules on 
nanoparticle synthesis, nanofluidics, and molecular simulation is therefore crucial because 
these domains link theoretical analysis to real-world performance in modern reactors and 
materials (Emmanuel et al., 2017). The growing application of virtual laboratories, 
simulations, and artificial-intelligence-assisted instruction has also changed how nanoscale 
concepts are taught, allowing students to visualize atomic interactions and experiment safely 
with digital precision (Feng et al., 2025; Abbasi et al., 2025). 

 

Figure 1. The need for modernizing chemical engineering education. 

Globally, efforts to embed nanotechnology into chemical engineering education reveal 
wide disparities among nations due to unequal infrastructure, limited faculty expertise, and 
the absence of standardized competency frameworks (Ramalho & Pereira, 2016). At the same 
time, this movement advances the United Nations Sustainable Development Goals (SDGs), 
particularly SDG 4 (Quality Education) and SDG 9 (Industry, Innovation, and Infrastructure), 
by fostering innovation through inclusive and technologically driven pedagogy (Jacobs et al., 
2015; Carpenter et al., 2015). Therefore, this study analyzes global research trends, 
curriculum adaptations, and pedagogical innovations integrating nanotechnology into 
chemical engineering. Its novelty lies in combining bibliometric evidence with technological 
and sustainability perspectives to propose a structured framework that links nanoscale 
science, educational reform, and ethical industrial practice for the advancement of future 
engineering education. 

2. METHODS 
 

This study employed a bibliometric and technological review design to investigate the 
integration of nanotechnology into chemical engineering education. The bibliometric 
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approach was chosen because it provides a systematic way to identify publication patterns 
and research directions that reflect global educational developments. Data were retrieved 
from the Scopus database using the search query “chemical engineering” AND 
“nanotechnology,” applied to the Title, Abstract, and Keywords fields. The retrieved records 
were exported in CSV format (CSV02-full.csv), containing metadata such as authors, 
affiliations, publication years, document types, and keywords. The dataset was then cleaned 
by removing duplicates and incomplete entries, and standardizing terminology to ensure 
consistency. Only peer-reviewed and relevant documents addressing both nanotechnology 
and chemical engineering were retained. 

The analysis focused on two main indicators: the annual number of publications and the 
geographical distribution of contributing countries, which were used to visualize research 
activity over time and across regions. These bibliometric results were interpreted alongside a 
qualitative review of the abstracts to identify themes related to curriculum innovation, digital 
learning tools, and pedagogical adaptation. This design was appropriate because it links 
quantitative evidence from global publication trends with the technological and educational 
contexts that shape the integration of nanotechnology into chemical engineering curricula. 

3. RESULTS AND DISCUSSION 
3.1. Bibliometric Analysis of Research Trends in Chemical Engineering and Nanotechnology 

The bibliometric analysis was conducted using the Scopus database with the search 
keywords “chemical engineering” AND “nanotechnology”, updated on 25 October 2025. The 
search returned 707 documents published between 1998 and 2025, reflecting the progressive 
integration of nanotechnology into chemical engineering research and education. 

Figure 2 shows the annual publication trend for research combining chemical engineering 
and nanotechnology from 1998 to 2025. The analysis, based on Scopus data, indicates a 
steady rise in research output that reflects the increasing integration of nanotechnology into 
chemical engineering. Three main phases can be identified: an initial stage of gradual 
adoption marked by early work on nanomaterials and process intensification; a middle stage 
of fluctuating but expanding studies linked to catalytic and materials advances; and a recent 
stage of accelerated growth associated with digital transformation and sustainable 
manufacturing. This rapid rise after 2019 occurred because universities and industries 
intensified collaboration to apply nanotechnology in renewable energy, biomedical 
engineering, and environmental solutions, establishing it as a central research theme in 
modern chemical engineering. 

We also analyzed the geographical distribution of publications. Specifically, it led by the 
United States, India, and China, followed by the United Kingdom, Malaysia, South Korea, 
Germany, and Australia. This pattern highlights both strong leadership from developed 
nations and growing participation from emerging economies, especially in applied and 
educational contexts. The global distribution reflects collaboration across regions and aligns 
with SDG 4 (Quality Education), SDG 9 (Industry, Innovation, and Infrastructure), and SDG 12 
(Responsible Consumption and Production), demonstrating a collective commitment to 
sustainable, innovation-driven education and research. 

The bibliometric evidence confirms a rapid and continuing growth of scholarly interest at 
the intersection of nanotechnology and chemical engineering. The evolving publication 
patterns and the diversification of contributing countries underscore the global relevance of 
this interdisciplinary field. As educational institutions align curricula with emerging research 
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trends, nanotechnology is becoming an indispensable pillar of chemical engineering 
education and practice, supporting innovation, sustainability, and international collaboration. 

 

Figure 2. Publications with the keywords “chemical engineering” and “nanotechnology” 
based on the Scopus database (updated 25 October 2025). 

3.2. Integration of Nanotechnology into Chemical Engineering Curriculum 

Table 1 outlines the general structure of a chemical engineering curriculum, showing that 
traditional programs emphasize macroscopic systems such as petrochemicals and polymers. 
The integration of nanotechnology expands these foundations by introducing multiscale 
thinking (from atomic to process level). Thus, students can understand molecular mechanisms 
driving system performance. This reform does not replace classical subjects like 
thermodynamics, transport, or reaction engineering but extends them into nanoscale 
characterization, modeling, and design (Vahedi & Farnoud, 2019). 

Table 2 compares the classical and nanotechnology-integrated curricula. The new 
framework emphasizes project-based learning, simulation tools, and interdisciplinary 
collaboration that link nanoscience, materials engineering, and biotechnology. Simulation-
centered pedagogy using computational platforms enables students to visualize nucleation 
and interfacial transport that are otherwise difficult to observe (Feng et al., 2025). Laboratory 
practices likewise evolve from macro-scale experiments toward nanoparticle synthesis, 
microscopy, and surface analysis, supported by virtual nanolabs and AI-assisted instruction. 
These innovations are essential because they bridge theory and experiment, reduce safety 
risks, and provide equitable access to nanoscale learning even in resource-limited 
environments (Abbasi et al., 2025). 

Integrating nanotechnology also promotes interdisciplinarity by connecting chemistry, 
physics, materials science, and bioengineering within elective pathways and capstone 
projects (Zhan et al., 2025; Ramalho & Pereira, 2016). Assessment methods now include 
portfolios, prototypes, and research proposals instead of only written exams, emphasizing 
competency, creativity, and evidence-based design. Despite challenges in faculty readiness 
and laboratory infrastructure, these reforms align with SDG 4 (Quality Education) and SDG 9 
(Innovation and Infrastructure) because they foster sustainable, innovation-oriented 
education. Ultimately, linking nanoscale principles with traditional process design ensures 
that chemical engineering graduates are equipped to create responsible, data-driven, and 
technologically advanced solutions for modern industry. 

As Table 1 indicates, successful integration means building conceptual bridges between 
scales, disciplines, and tools. When courses systematically connect bulk thermodynamics to 
surface energy and size effects, continuum transport to confined and stochastic regimes, and 
reactor design to catalytic nanostructures, graduates acquire the nano-design fluency 
demanded by modern research and industry. In this way, chemical engineering education 



249 | ASEAN Journal of Educational Research and Technology, Volume 5 Issue 2, September 2026 Hal 245-260 

 

p- ISSN: 2828-4887 e- ISSN: 2828-4860  

remains true to its foundational strengths while enabling students to innovate at the 
molecular frontier (Vahedi & Farnoud, 2019; Bilques et al., 2023; Zhan et al., 2025; Abbasi et 
al., 2025; Feng et al., 2025; Špadina et al., 2019; Ramalho & Pereira, 2016; Feng et al., 2015; 
Zhang et al., 2021). 

Additional Notes: Total Credits: Typically 144–150 (for a 4-year degree). Core Graduate 
Competencies: (i) Process analysis and design in industrial chemical systems; (ii) Mastery of 
thermodynamics, kinetics, and separation technologies; (iii) Proficiency in simulation 
software (e.g., Aspen Plus, COMSOL, MATLAB); and (iv) Strong awareness of safety, 
sustainability, and SDG-oriented design. 

Table 1. General Structure of a Chemical Engineering Curriculum. 

No. Course Group Example Courses Description / Core Competencies 
1 Fundamental 

Sciences and 
Mathematics 

- Calculus I, II, III 
- General Physics I & II 
- General Chemistry I & II- Statistics and 

Data Analysis 
- Differential Equations 

Provides the scientific and analytical 
foundation necessary to understand 
chemical engineering systems. 

2 Engineering 
Fundamentals and 
Computing 

- Introduction to Chemical Engineering 
- Engineering Drawing & CAD 
- Engineering Computation (MATLAB, 

Python) 
- Numerical Analysis 

Develops general engineering skills 
and computational ability for 
modeling and analysis. 

3 Balances and 
Thermodynamics 

- Material and Energy Balances 
- Chemical Engineering 

Thermodynamics I & II 

Builds competence in applying 
conservation laws to chemical and 
physical processes. 

4 Transport 
Phenomena 

- Heat Transfer 
- Mass Transfer- Fluid Mechanics 

Covers the principles of energy, 
momentum, and mass transport in 
industrial and laboratory systems. 

5 Chemical Reaction 
Engineering 

- Chemical Kinetics 
- Reactor Design I & II 

Focuses on reaction rates, reactor 
modeling, and the optimization of 
chemical processes. 

6 Separation 
Processes and Unit 
Operations 

- Distillation 
- Absorption & Extraction 
- Filtration & Membranes 
- Crystallization 

Studies physical separation principles 
and equipment used in the chemical 
and biochemical industries. 

7 Process 
Instrumentation 
and Control 

- Process Measurement and 
Instrumentation 

- Process Control 
- Industrial Automation 

Trains students to monitor and 
control process variables for 
efficiency and safety. 

8 Process Design 
and Economics 

- Chemical Plant Design 
- Project Economics and Cost Analysis 
- Process Safety 
- Risk Management 

Integrates engineering principles into 
the design, economic evaluation, and 
optimization of industrial plants. 

9 Environmental and 
Energy 
Engineering 

- Waste Treatment Engineering 
- Renewable Energy Technology 
- Clean Technology & Recycling 

Applies sustainability concepts to 
reduce environmental impacts and 
promote green engineering solutions. 

10 Modern Electives / 
Specializations 

- Nanotechnology for Chemical 
Engineers 

- Bioprocess and Biotechnology 
- Advanced Materials 
- Energy Systems Engineering 
- Advanced Process Simulation 

Offers specialized knowledge aligned 
with technological advancements 
and emerging industries. 
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Table 1 (continue). General Structure of a Chemical Engineering Curriculum. 

No. Course Group Example Courses Description / Core Competencies 
11 Laboratory and 

Field Practice 
- Basic & Analytical Chemistry Lab 
- Unit Operations Laboratory 
- Reaction Engineering Lab 
- Industrial Internship / Field 

Practice 

Provides hands-on experience in 
experimental work and real-world 
industrial operations. 

12 Capstone Project 
and Seminar 

- Chemical Engineering Seminar 
- Undergraduate Thesis/Final 

Project 

Trains students in research, data 
interpretation, and professional 
scientific communication. 

 
Table 2. Comparison between Classical Chemical Engineering Curriculum and 

Nanotechnology-Integrated Curriculum. 

Dimension Classical Chemical 
Engineering Curriculum 

Nanotechnology-Integrated Chemical 
Engineering Curriculum 

Curriculum 
Orientation 

Process- and plant-oriented, 
focused on macro-scale 
systems 

Multiscale and interdisciplinary, connecting 
molecular to system-level processes 

Core Content 
Areas 

Mass and heat transfer, 
thermodynamics, reaction 
engineering, process design 

Nanomaterials synthesis, nano-reactor design, 
nanoscale thermodynamics, surface chemistry, 
nanofluidics 

Pedagogical 
Approach 

Lecture-based and analytical 
problem solving 

Project-based learning, simulation, and 
research-driven inquiry 

Learning Tools Conventional lab experiments 
and manual calculations 

Computational modeling (e.g., COMSOL, 
MATLAB), virtual nanolabs, AR/VR simulations 

Laboratory 
Practice 

Bench-scale and pilot plant 
experiments 

Nanoscale material synthesis, microscopy (SEM, 
TEM, AFM), nano-characterization techniques 

Interdisciplinarity Limited to chemical process 
design 

Integrates chemistry, physics, biology, materials 
science, and computation 

Industry 
Relevance 

Suitable for petrochemical, 
polymer, and general process 
industries 

Relevant for advanced materials, nanomedicine, 
renewable energy, and environmental 
nanotechnology 

Assessment 
Strategies 

Exams and report-based 
evaluation 

Competency-based assessment, portfolios, 
research projects, and design thinking 

Learning 
Outcomes 

Process optimization, 
production management 

Innovation, nanoscale design competence, 
sustainable technology development 

SDG Alignment Partial-mainly focused on 
efficiency and safety (SDG 12) 

Strong-supports SDG 4 (Quality Education), SDG 
9 (Innovation & Infrastructure), and SDG 13 
(Climate Action) 

 
3.3. Pedagogical Challenges and Research Gaps 

Integrating nanotechnology into chemical engineering education remains uneven across 
regions due to interrelated pedagogical, infrastructural, and policy constraints. The key 
challenges and research gaps are summarized in Table 3. Pedagogical integration of 
nanotechnology requires systemic reform across faculty expertise, laboratory infrastructure, 
curriculum design, and digital accessibility. Sustainable progress depends on shared 
competency frameworks, policy support, and research that directly connects teaching 
innovation to technological advancement and the Sustainable Development Goals (SDGs 4 
and 9). 
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Table 3. Pedagogical Challenges and Research Gaps. 

Category Key Issues / Challenges Educational Impact Supporting 
References 

Faculty 
Readiness 

Many instructors were trained in 
traditional process-centric 
paradigms and lack exposure to 
nanoscience, computational 
modeling, and advanced 
characterization. Professional 
development and co-teaching 
with nanoscientists are limited. 

Difficulty in designing 
inquiry-based and 
simulation-driven courses; 
uneven quality of nano-
related instruction across 
institutions. 

Vahedi & Farnoud 
(2019); Ramalho & 
Pereira (2016) 

Infrastructure 
Limitations 

Limited access to SEM, TEM, 
AFM, and XRD facilities due to 
high cost and maintenance 
demands. Reliance on 
simulation-only learning in 
developing contexts. 

Reduced hands-on fluency 
and gap between 
conceptual understanding 
and experimental practice. 
Virtual labs help but 
cannot fully replicate 
physical experience. 

Bull et al. (2023) 

Curriculum and 
Accreditation 
Gaps 

Accreditation bodies (e.g., ABET, 
EUR-ACE) lack explicit nanoscale 
learning outcomes. Institutions 
adopt fragmented approaches 
(electives, embedded topics, or 
graduate modules). 

Inconsistent graduate 
competencies and unclear 
benchmarks for nanoscale 
proficiency. Need for 
shared competency 
standards in 
thermodynamics, surface 
chemistry, and data-
driven design. 

Bilques et al. 
(2023) 

Digital Divide & 
Interdisciplinarity 

Advanced simulations and 
modeling tools require 
computing infrastructure and 
internet access. Departmental 
silos hinder cross-disciplinary 
collaboration. 

Unequal access to digital 
learning tools and limited 
interdisciplinary 
teamwork. Positive 
examples include 
microfluidic reactor 
projects and bio-nano 
interfaces. 

Feng et al. (2015, 
2025); Špadina et 
al. (2019); Zhang 
et al. (2021) 

Assessment and 
Method 
Alignment 

Legacy assessments emphasize 
procedural accuracy over design 
thinking and creativity. 
Rebalancing toward portfolios 
and prototypes demands 
institutional flexibility. 

Misalignment between 
intended nanoscale 
learning outcomes and 
existing evaluation 
methods. 

Şeker et al. (2016) 

Research Gaps Lack of longitudinal and 
comparative studies linking 
nano-integration to learning 
outcomes, career paths, or policy 
effects. Limited analysis of virtual 
vs. physical lab impact and 
faculty development models. 

Insufficient empirical 
evidence to guide 
effective nano-curriculum 
design and 
implementation policies. 

Bilques et al. 
(2023); Bull et al. 
(2023); Zhan et al. 
(2025); Abbasi et 
al. (2025) 

 
3.4. Technological Innovations and Curriculum Modernization 

Figure 3 presents the technological integration framework that connects learners, 
instructors, and platforms in nanotechnology-based chemical engineering education, while 
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Table 4 summarizes the key digital tools, their pedagogical roles, and implementation 
challenges. 

 

Figure 3. Technological integration framework for nanotechnology-based chemical 
engineering education. Technological innovation links learners, instructors, and platforms 

through virtual labs/AR-VR (conceptualization), AI/analytics and simulations (personalization 
and evaluation), and cloud LMS (orchestration and collaboration). 

Modernizing chemical engineering education for the nanotechnology era requires a 
digitally enabled ecosystem that integrates virtual laboratories, immersive visualization, 
artificial intelligence (AI), multi-scale simulations, and cloud-based learning management 
systems (LMS). Rooted in Industry 4.0, Education 4.0, and Nanotechnology 2.0, this ecosystem 
bridges theory, experimentation, and design, allowing students to explore nanoscale 
phenomena and enabling instructors to personalize learning outcomes (Vahedi & Farnoud, 
2019; Ramalho & Pereira, 2016). 

The effective adoption of these technologies depends on faculty expertise, infrastructure 
readiness, and ethical governance. Faculty members must develop proficiency in nanoscale 
modeling, simulation, and safe-by-design practices (Krouwel et al., 2022), while equitable 
access to instrumentation such as SEM, TEM, and AFM remains a persistent constraint (Bull 
et al., 2023). Pedagogical reforms emphasizing project-based and competency-oriented 
assessments enhance creativity, design reasoning, and problem-solving skills beyond what 
traditional exams measure (Şpadina et al., 2019; Şeker et al., 2016). 

Overall, technological modernization redefines nanotechnology education from an elective 
component to a core, competency-centered framework that promotes innovation, inclusivity, 
and sustainability, advancing the objectives of SDG 4 (Quality Education) and SDG 9 (Industry, 
Innovation, and Infrastructure) (Abbasi et al., 2025; Bull et al., 2023). 

Modernizing chemical engineering education for the nanotechnology era requires an 
integrated digital ecosystem that unites virtual experimentation, simulation, immersive 
visualization, and AI-assisted learning. While these technologies enhance accessibility and 
innovation, sustainable implementation depends on faculty capability, infrastructure equity, 
ethical data governance, and curricular flexibility. Together, they reposition nanotechnology 
education as a competency-centered, digitally powered framework aligned with global 
educational and industrial transformation. 
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Table 4. Technological Innovations and Curriculum Modernization (Tabular Format) 

Innovation / 
Technology 

Educational Function Key Benefits Challenges / 
Considerations 

Supporting 
References 

Virtual 
Laboratories 
(e.g., 
NanoHUB, 
Avogadro, 
Molecular 
Workbench) 

Enable safe, repeatable, 
and low-cost 
experimentation in 
nanoscale systems such 
as molecular dynamics, 
nanoparticle synthesis, 
and nanofluidic behavior. 

Democratize access to 
nanoscale learning; 
complement limited 
physical lab access; 
enhance conceptual 
understanding. 

Dependence on 
digital 
infrastructure; 
limited 
development of 
hands-on 
laboratory skills. 

Vahedi & Farnoud 
(2019); Bull et al. 
(2023) 

Immersive 
Visualization 
(AR/VR) 

Bring atomic and 
quantum-scale 
phenomena to life 
through interactive 3D 
environments. 

Improve spatial 
reasoning, motivation, 
and visualization of 
confined diffusion, 
lattice structures, and 
self-assembly. 

High hardware 
and setup costs; 
need for content 
integration into 
curriculum. 

Feng et al. (2025) 

Artificial 
Intelligence 
and Learning 
Analytics 

Diagnose 
misconceptions, 
personalize problem 
difficulty, and provide 
data-driven feedback 
through intelligent 
tutoring and analytics. 

Support individualized 
learning and reflective 
iteration; promote 
data-centric research 
skills. 

Ethical and 
privacy risks; 
need for 
transparency and 
algorithmic 
fairness. 

Abbasi et al. 
(2025); Krouwel et 
al. (2022) 

Simulation-
Based 
Learning (e.g., 
COMSOL, 
ANSYS, 
MATLAB) 

Model multi-scale 
transport, reaction, and 
thermodynamic 
processes linking 
nanoscale physics to 
process-level systems. 

Develop 
computational literacy 
and bridge theory–
practice via modeling-
to-making workflows. 

Requires faculty 
competence in 
computational 
tools; unequal 
access to 
computing 
resources. 

Feng et al. (2015, 
2025) 

Cloud-Based 
Learning 
Management 
Systems 
(LMS) 

Host virtual modules, 
simulations, and 
assessments; integrate 
analytics for 
collaboration and 
tracking. 

Enable blended and 
remote learning; 
facilitate cross-
campus cooperation 
and global course 
sharing. 

Digital divide due 
to bandwidth 
and licensing; 
reliance on 
institutional 
coordination. 

Abbasi et al. 
(2025) 

Faculty 
Capability & 
Safety Culture 

Build interdisciplinary 
teaching capacity in 
nanoscale design, 
modeling, and risk 
management. 

Ensure safe-by-design 
teaching and 
responsible 
laboratory practice. 

Requires 
structured 
professional 
training and co-
teaching 
mechanisms. 

Vahedi & Farnoud 
(2019); Ramalho & 
Pereira (2016); 
Krouwel et al. 
(2022) 

Assessment 
and 
Pedagogical 
Reform 

Shift from exams to 
project-based and 
competency-oriented 
evaluation (e.g., 
portfolios, prototypes). 

Measure creativity, 
uncertainty 
management, and 
design reasoning 
more effectively. 

High workload; 
administrative 
rigidity; lack of 
evaluation 
norms. 

Şpadina et al. 
(2019); Şeker et al. 
(2016) 

Equitable 
Infrastructure 
and Access 

Combine remote 
instrument sharing, 
regional labs, and open-
source simulations for 
inclusion. 

Promote sustainable 
and inclusive 
education aligned 
with SDG 4 and SDG 9. 

Persistent 
disparities in 
funding, 
computing, and 
connectivity. 

Bull et al. (2023); 
Feng et al. (2025) 
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In addition, as presented in Table 5, several strategic directions are proposed to guide the 
modernization of chemical engineering curricula through the integration of nanotechnology. 
These directions highlight the importance of aligning education with emerging technological 
and societal needs. The table summarizes five main focus areas (curriculum standardization 
and policy collaboration, ethics and sustainability, digital transformation, interdisciplinary and 
research-based learning, and global collaboration). Together, these elements provide a 
comprehensive framework for developing a responsive, inclusive, and sustainable model of 
nanotechnology education that aligns with industry requirements and supports the 
achievement of SDGs. In summary, several points are in the following: 
(i) Core updates: Thermodynamics, Transport Phenomena, Materials, and Reaction 

Engineering must be revised to include nanoscale content. 
(ii) Computational updates: Simulation and modeling courses should integrate AI, molecular 

dynamics, and virtual lab components. 
(iii) Design and ethics updates: Final-year design projects and ethics courses must include 

sustainability, safety, and SDG linkages. 
(iv) New electives: Introduce Nanotechnology in Chemical Engineering, Nanomaterials for 

Energy and Environment, and Nanobiotechnology. 

Table 5. Courses Requiring Update for Nanotechnology Integration 

Curriculum 
Component 

Existing Course Update Focus / 
Integration with 
Nanotechnology 

New / Revised Topics 

1. Core 
Engineering 
Science 

Engineering 
Thermodynamics 

Introduce nanoscale 
thermodynamics and 
energy transfer at 
molecular scale. 

– Quantum confinement in 
thermal systems 

– Surface-to-volume ratio 
effects 

– Nanoscale heat transport 
models 

 Fluid Mechanics Integrate nano-fluidics 
and microchannel flow 
dynamics. 

– Nano-fluid flow properties 
– Slip boundary conditions 
– Nanoparticle transport in 

fluids 
 Transport 

Phenomena 
Include diffusion, mass, 
and momentum 
transport in nanosystems. 

– Brownian motion and 
diffusion at nanoscale 

– Electrokinetic phenomena 
– Molecular transport models 

2. Materials 
and Process 
Courses 

Chemical 
Reaction 
Engineering 

Add catalytic 
nanomaterials and 
reactor design for 
nanoprocesses. 

– Nanocatalysis and reaction 
kinetics 

– Surface reaction mechanisms 
– Scaling laws in nano-reactors  

Materials Science 
for Engineers 

Update to cover 
nanomaterials synthesis 
and characterization. 

– Nanostructured metals and 
ceramics 

– SEM, TEM, AFM techniques 
– Material properties at 

nanoscale  
Separation 
Processes 

Discuss nano-filtration, 
membrane technology, 
and adsorption using 
nanomaterials. 

– Nano-membrane design 
– Adsorption at nanosurfaces 
– Smart materials for 

separations 
3. Computation 

and 
Modeling 

Process 
Simulation & 
Control 

Integrate computational 
nanotechnology and AI-
based modeling. 

– Molecular dynamics 
simulation 



255 | ASEAN Journal of Educational Research and Technology, Volume 5 Issue 2, September 2026 Hal 245-260 

 

p- ISSN: 2828-4887 e- ISSN: 2828-4860  

Table 5 (continue). Courses Requiring Update for Nanotechnology Integration 

Curriculum 
Component 

Existing Course Update Focus / 
Integration with 
Nanotechnology 

New / Revised Topics 

   – COMSOL nanofluidics 
modules 

– AI-assisted process 
optimization 

 Numerical 
Methods 

Introduce atomistic 
modeling and simulation 
for nanoscale processes. 

– Monte Carlo and MD 
simulations 

– Multiscale modeling 
techniques 

4. Laboratory and 
Design Courses 

Unit Operations 
Laboratory 

Add nano-experiment 
modules using virtual 
labs or simulations. 

– Nanoparticle synthesis and 
safety 

– Nano-fluidics experiments 
– Virtual lab simulations 

 Process Design 
Project 

Incorporate 
sustainability and 
nanotech-based design 
challenges. 

– Life-cycle assessment (LCA) 
– Green nanotechnology 
– Safe-by-Design 

methodologies  
Renewable 
Energy Systems 

Integrate nanomaterials 
for energy conversion 
and storage. 

– Nano-photovoltaics 
– Fuel cells and 

supercapacitors 
– Photocatalytic hydrogen 

generation 
5. Professional & 

Ethical Training 
Engineering 
Ethics / 
Sustainability 

Add modules on 
nanotechnology ethics, 
risk assessment, and 
regulatory policy. 

– Ethical design and nanorisk 
management 

– Data privacy in AI-assisted 
research 

– SDG alignment in 
nanotechnology 

 
3.5. Future Prospects and Strategic Directions for Nanotechnology Integration in Chemical 

Engineering Education 

The integration of nanotechnology into chemical engineering is not a temporary trend but 
a structural transformation aligned with global priorities for sustainability, digitalization, and 
responsible innovation. Together, these elements define a forward-looking educational 
ecosystem that cultivates technically competent and ethically responsible innovators, 
advancing both scientific excellence and sustainable development. 

As summarized in Tables 6 and 7, the future directions for advancing nanotechnology 
integration emphasize five key areas:  
(i) curriculum standardization,  
(ii) policy collaboration,  
(iii) ethical governance,  
(iv) digital transformation, and  
(v) research-based pedagogical innovation (Bilques et al., 2023; Bull et al., 2023).  

This future of nanotechnology integration in chemical engineering education rests upon 
four synergistic pillars: 
(i) Curriculum innovation and harmonization, 
(ii) Ethical and sustainable practice, 
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(iii) Digital modernization, and 
(iv) Global collaboration and continuous research. 

3.5.1. Curriculum Standardization and Policy Collaboration 

The first direction involves establishing a shared educational structure and collaborative 
policies that strengthen global consistency and relevance. Key priorities include: 
(i) Developing international curriculum frameworks defining core nano-competencies such 

as nanoscale thermodynamics, molecular simulation, and sustainable materials design 
(Wu et al., 2023; Abbasi et al., 2025). 

(ii) Promoting policy collaboration between governments, universities, and industries to 
support shared laboratories, research hubs, and joint university–industry centers. 

(iii) Applying Safe-by-Design principles to incorporate safety and ethical awareness into 
nanotechnology teaching and practice (Krouwel et al., 2022; Feng et al., 2025). 

Such harmonization will enhance student mobility, ensure quality assurance, and align 
learning outcomes with industrial and global sustainability goals. 

3.5.2. Ethics, Sustainability, and Digital Literacy 

Embedding ethical and environmental awareness within nanotechnology curricula ensures 
that future engineers act responsibly in advancing science and technology. Focus areas 
include: 
(i) Evaluating nanomaterial life cycles and environmental impacts, and maintaining data 

privacy when using AI-assisted tools (Tenne, 2024; Li et al., 2022). 
(ii) Integrating Safe-by-Design risk assessment into laboratory and project-based learning 

(Bouchaut & Asveld, 2020; Krouwel et al., 2022). 
(iii) Reinforcing environmental ethics and sustainability concepts consistent with SDGs 4, 9, 

and 12. 
Through these steps, students develop both technical competence and moral 

responsibility toward sustainable innovation. 

3.5.3. Digital Transformation and Learning Technologies 

The digitalization of education is reshaping how nanoscale concepts are taught and 
understood. Strategic directions include: 
(i) Implementing AI-driven learning systems to personalize instruction and automate 

complex data analyses (Zhan et al., 2025). 
(ii) Expanding virtual laboratories and simulations that replicate nanoscale experiments 

safely and cost-effectively (Feng et al., 2015; Feng et al., 2025; Ramalho & Pereira, 2016). 
(iii) Using cloud-based platforms for global access and collaboration in real time. 

These technologies democratize learning and reduce infrastructure disparities across 
institutions and countries. 

3.5.4. Interdisciplinary and Research-Based Learning 

Nanotechnology inherently bridges disciplines, demanding innovative and collaborative 
pedagogy. Essential steps include: 
(i) Adopting project-based and inquiry-driven learning to build creativity and deep 

conceptual understanding (Krouwel et al., 2022). 
(ii) Introducing nanomedicine modules linking chemical engineering with biomedical and 

materials sciences (Hammond, 2017; Abbasi et al., 2025). 
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(iii) Providing hands-on training using advanced characterization instruments such as SEM 
and AFM (Emmanuel et al., 2017). 

Such experiential learning connects theory with practice and fosters problem-solving for 
real-world challenges. 

3.5.5. Research, Evaluation, and Global Collaboration 

Continuous research and international cooperation are vital to sustain progress. 
Recommended actions include: 
(i) Conducting longitudinal studies on learning outcomes, research productivity, and career 

impact (Bull et al., 2023; Abbasi et al., 2025). 
(ii) Building global networks to co-develop open-access modules, virtual courses, and 

remote laboratories. 
(iii) Strengthening alignment with SDG 4 (Quality Education), SDG 9 (Innovation and 

Infrastructure), and SDG 12 (Responsible Consumption and Production) (Vahedi & 
Farnoud, 2019; Jacobs et al., 2015; Carpenter et al., 2015). 

These actions promote inclusive participation and ensure that nanotechnology education 
remains evidence-based and globally interconnected. Table 6 show the key directions key 
directions for advancing nanotechnology integration in chemical engineering education. 
Table 7 show future prospects and research directions in nano-integrated chemical 
engineering education. 

Table 6. Key Directions for Advancing Nanotechnology Integration in Chemical Engineering 
Education 

Focus Area Strategic Actions Expected Impact 
1. Curriculum 

Standardization 
and Policy 
Collaboration 

• Develop international frameworks 
defining shared nano-competencies 
(nanoscale thermodynamics, 
molecular simulation, sustainable 
materials design). 

• Establish policy links among 
governments, universities, and 
industries for shared laboratories and 
university–industry centers. 

• Integrate Safe-by-Design principles 
into teaching and research practices. 

• Global consistency and 
comparability of 
nanotechnology education. 

• Improved student mobility and 
graduate readiness for 
industry. 

• Strengthened ethical and 
safety culture across 
institutions. 

2. Ethics, 
Sustainability, 
and Digital 
Literacy 

• Embed environmental ethics and life-
cycle assessment in nanotechnology 
courses. 

• Train students to evaluate 
nanomaterial impacts and manage 
data privacy. 

• Apply Safe-by-Design and responsible 
innovation approaches in coursework. 

• Cultivation of responsible, 
sustainability-oriented 
engineers. 

• Reduced environmental and 
social risks of nanotechnology 
applications. 

• Alignment with SDGs 4, 9, and 
12. 

3. Digital 
Transformation 
and Learning 
Technologies 

• Implement AI-driven adaptive learning 
systems. 

• Expand virtual labs and nanoscale 
simulations for practical learning. 

• Use cloud-based LMS platforms for 
global access and collaboration. 

• Democratized and data-driven 
nano-education. 

• Increased accessibility and 
flexibility for diverse learners. 

• Enhanced student engagement 
and analytical competence. 
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Table 6 (continue). Key Directions for Advancing Nanotechnology Integration in Chemical 
Engineering Education 

Focus Area Strategic Actions Expected Impact 
4. Interdisciplinary 

and Research-
Based Learning 

• Introduce project-based and 
inquiry-driven modules across 
chemistry, physics, materials, and 
biology. 

• Incorporate nanomedicine, bio-
nanomaterials, and sustainable 
energy topics. 

• Provide laboratory practice using 
SEM, AFM, and nano-
characterization tools. 

• Stronger problem-solving and 
innovation capacity. 

• Real-world skill development 
bridging theory and practice. 

• Expansion of interdisciplinary 
research culture. 

5. Research, 
Evaluation, and 
Global 
Collaboration 

• Conduct longitudinal and 
comparative studies on nano-
curriculum impact. 

• Build international networks for 
shared digital modules and remote 
labs. 

• Promote open-access, multilingual, 
and SDG-aligned educational 
resources. 

• Evidence-based policy and 
pedagogical improvement. 

• Global cooperation and 
inclusivity in nano-education. 

• Sustainable advancement of 
chemical engineering education 
worldwide. 

 
Table 7. Future Prospects and Research Directions in Nano-Integrated Chemical Engineering 

Education. 

Focus Area Future Direction Expected Outcome SDG 
Alignment 

Curriculum 
Framework 

Establish international nano-
competency standards 
integrated with ABET/EUR-ACE 

Unified benchmarks, improved 
student mobility 

SDG 4, SDG 
9 

Policy & 
Collaboration 

Create shared university–
industry centers with advanced 
equipment and mentorship 

Equitable access, safe-by-design 
innovation culture 

SDG 9, SDG 
12 

Sustainability & 
Ethics 

Embed environmental, circular 
economy, and data ethics 
modules 

Responsible nano-practice and 
risk literacy 

SDG 4, SDG 
12 

Digital 
Transformation 

Expand AI tutors, virtual labs, and 
cloud-based learning 

Scalable, personalized, and 
inclusive nano education 

SDG 4, SDG 
9 

Pedagogical 
Research 

Conduct longitudinal, mixed-
method evaluations of nano 
curricula 

Evidence-based improvement and 
global benchmarking 

SDG 4 

Global 
Integration 

Develop open modules and 
cross-border nano education 
networks 

International collaboration and 
inclusivity 

SDG 4, SDG 
9 

 
4. CONCLUSION 
 

Integrating nanotechnology into chemical engineering education signifies a fundamental 
transformation toward interdisciplinary, digital, and sustainable learning. Nanotechnology is 
now a core component that bridges molecular design, simulation, and ethical innovation 
under Industry 4.0 and Education 4.0 frameworks. Future development should focus on global 
curriculum standards, policy–industry collaboration, and digital accessibility to ensure 
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equitable, data-driven education. Faculty upskilling, open-access tools, and mixed learning 
models are vital for sustaining quality and inclusivity. This transformation prepares engineers 
who are technically competent, ethically responsible, and globally adaptive, advancing SDG 4 
(Quality Education), SDG 9 (Innovation and Infrastructure), and SDG 12 (Responsible 
Production). Nanotechnology thus emerges not as an elective field but as a driving force for 
sustainable industrial innovation. 
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