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Abstract

This study presents a systematic and analytical review of the role of emerging technologies in advancing green chemistry and
supporting environmental sustainability. Guided by the PRISMA framework, relevant literature was identified from major
academic databases, including Scopus, Web of Science, ScienceDirect, SpringerLink, and Google Scholar. A total of 20 studies
were selected based on defined inclusion criteria. The review shows that emerging technologies such as artificial intelligence,
the Internet of Things, automation, and advanced materials are increasingly integrated into green chemistry practices. These
technologies contribute to improved process optimisation, real-time monitoring, and efficient resource utilisation. The findings
indicate consistent improvements in environmental outcomes, including reductions in emissions, waste generation, and energy
consumption. Evidence further suggests that integrated approaches combining green chemistry and emerging technologies
produce better environmental performance than conventional methods. The study is grounded in Pollution Prevention Theory
and Circular Economy Theory, which emphasise preventive strategies and efficient resource use. Despite these benefits,
challenges related to cost, technical complexity, and infrastructure remain significant. The study highlights the need for
supportive policy frameworks, investment in research, and capacity development to facilitate adoption. Overall, the integration
of emerging technologies into green chemistry provides a viable pathway for advancing sustainable chemical innovation.
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1. Introduction

Environmental degradation remains a major global concern,
largely driven by unsustainable industrial practices, intensive
chemical production, and increasing demand for resource-in-
tensive processes. [ 18] The chemical industry, while central to
economic development and technological advancement, has
historically contributed to environmental pollution through

the release of hazardous substances, high energy consumption,
and inefficient resource utilisation. These challenges have in-
tensified the need for approaches that can support industrial
productivity while reducing environmental impact. Within
this context, green chemistry has emerged as a structured
framework for redesigning chemical processes and products

"Correspondence: Adesegun Nurudeen Osijirin (adesegunosijirini@fuahse.edu.ng)

Received: 23 March 2026; Accepted: 20 July 2026; Published: 10 August 2026

@ Copyright: © The Author(s), 2026. Published by Science Publishing Group. This is an Open Access article, distributed
@ under the terms of the Creative Commons Attribution 4.0 License (http://creativecommons.org/licenses/by/4.0/), which

permits unrestricted use, distribution and reproduction in any medium, provided the original work is properly cited.



http://www.sciencepg.com/journal/ajche
http://www.sciencepg.com/journal/224/archive/2241404
http://www.sciencepg.com/
https://orcid.org/0000-0002-3759-6720
https://orcid.org/0009-0002-1053-0913
http://www.sciencepg.com

American Journal of Chemical Engineering

http://www.sciencepg.com/journal/ajche

in ways that minimise ecological harm and enhance sustaina-
bility [2, 3].

Green chemistry is founded on principles that emphasise
waste prevention, atom economy, safer solvents, energy effi-
ciency, and the use of renewable feedstocks [3]. These princi-
ples guide the development of chemical processes that reduce
or eliminate hazardous substances and improve overall effi-
ciency. Over time, green chemistry has evolved from a con-
ceptual framework into a practical approach applied across
multiple sectors, including pharmaceuticals, manufacturing,
agriculture, and energy production. Recent studies indicate
that the application of green chemistry principles contributes
to reductions in industrial waste, improved energy efficiency,
and enhanced environmental performance across sectors [4,
16]. In addition, green chemistry supports global sustainabil-
ity goals by promoting cleaner production systems and reduc-
ing dependence on fossil-based resources [13].

Despite these advancements, the increasing complexity of
industrial systems and environmental challenges has high-
lighted limitations in conventional green chemistry ap-
proaches when implemented in isolation. Traditional methods
often rely on static optimisation techniques, limited process
monitoring, and reactive environmental management strate-
gies. As a result, there is growing recognition that the effec-
tiveness of green chemistry can be enhanced through the inte-
gration of emerging technologies. These technologies provide
new tools for improving process efficiency, enabling real-time
monitoring, and supporting data-driven decision-making in
chemical systems.

Emerging technologies such as artificial intelligence (Al),
the Internet of Things (IoT), big data analytics, automation,
and nanotechnology are increasingly being applied within
chemical and environmental systems [6]. These technologies
offer capabilities that extend beyond conventional approaches
by enabling predictive modelling, real-time control, and ad-
vanced material design. Artificial intelligence, in particular,
has demonstrated significant potential in optimising chemical
processes by analysing complex datasets, predicting reaction
outcomes, and identifying efficient pathways for chemical
synthesis. Studies have shown that Al-driven systems can im-
prove resource utilisation, reduce waste generation, and en-
hance process efficiency in chemical production [1, 10, 20].
Through machine learning and data-driven modelling, Al sup-
ports the design of processes that align more closely with
green chemistry principles.

Similarly, the integration of IoT technologies has trans-
formed the monitoring and control of chemical systems. [oT-
enabled sensors can collect real-time data on temperature,
pressure, emissions, and energy consumption, allowing for
continuous optimisation of industrial processes. This capabil-
ity supports proactive environmental management by enabling
early detection of inefficiencies and potential hazards. In ad-
dition, digital monitoring systems improve transparency and
support compliance with environmental regulations. These
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developments reflect a shift toward more adaptive and respon-
sive approaches to chemical production.

Advances in automation and smart analytical systems have
further strengthened the role of emerging technologies in
green chemistry. Automated systems improve process con-
sistency and reduce human error, while digital platforms sup-
port data-driven decision-making. Smart analytical chemistry,
which integrates automation and advanced data processing,
enables more efficient and environmentally compatible chem-
ical analysis [5]. These systems contribute to reducing re-
source consumption while improving analytical accuracy and
reliability.

Nanotechnology and advanced materials science have also
contributed to the advancement of green chemistry [8, 21].
Nanocatalysts enhance reaction efficiency by increasing sur-
face area and enabling selective reactions, thereby reducing
by-product formation and energy requirements. These materi-
als support key principles of green chemistry, particularly
atom economy and energy efficiency [8]. In addition, the de-
velopment of bio-based and biodegradable materials contrib-
utes to reducing environmental pollution and promoting sus-
tainable resource use.

The integration of green chemistry and emerging technolo-
gies has led to the development of more efficient and sustain-
able chemical systems. These systems combine process opti-
misation, real-time monitoring, and advanced material design
to improve environmental performance. Evidence suggests
that integrating digital technologies with green chemistry
practices enhances both operational efficiency and environ-
mental outcomes [11]. This integrated approach reflects a
transition toward more circular and resource-efficient produc-
tion systems.

From a theoretical perspective, the integration of emerging
technologies into green chemistry aligns with Pollution Pre-
vention Theory and Circular Economy Theory. Pollution Pre-
vention Theory emphasises reducing environmental harm at
the source, while Circular Economy Theory focuses on re-
source efficiency, waste reduction, and material reuse [4].
Emerging technologies support these theoretical perspectives
by enabling efficient resource utilisation, reducing waste gen-
eration, and facilitating sustainable system design.

Despite these opportunities, several challenges affect the
adoption of emerging technologies in green chemistry. These
include high implementation costs, limited technical expertise,
and infrastructural constraints, particularly in developing re-
gions. For developing countries, successful implementation
requires phased adoption strategies. Governments should pri-
oritise investments in digital laboratory infrastructure, subsi-
dise green technology adoption for small and medium-sized
chemical industries, strengthen university-industry collabora-
tions, establish national research centres on sustainable chem-
istry, and develop specialised workforce training programmes.
Public-private partnerships may further reduce implementa-
tion costs while facilitating technology transfer from devel-
oped economies. In addition, issues related to data quality,
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system integration, and regulatory frameworks continue to in-
fluence the application of advanced technologies in chemical
systems. Addressing these challenges requires coordinated ef-
forts involving policy development, capacity building, and in-
terdisciplinary collaboration.

Given these developments, there is a need for systematic
and analytical studies that examine the combined role of green
chemistry and emerging technologies in promoting environ-
mental sustainability. While existing research has explored
these areas separately, fewer studies provide an integrated per-
spective that considers both domains within a unified frame-
work. This study addresses this gap by examining how emerg-
ing technologies enhance the application of green chemistry
principles and contribute to sustainable chemical innovations.

The objective of this study is to provide a systematic and
analytical review of the role of emerging technologies in ad-
vancing green chemistry. The study synthesises recent devel-
opments, examines the mechanisms through which technolo-
gies influence chemical processes, and evaluates their impli-
cations for environmental sustainability. The findings are ex-
pected to inform research, guide industrial practice, and sup-
port policy development aimed at promoting sustainable
chemical systems.

Despite increasing attention to green chemistry and techno-
logical innovation, existing studies often examine these areas
independently. There remains limited synthesis of how emerg-
ing technologies enhance the application of green chemistry
principles within a unified framework. This study addresses
this gap by offering an integrated perspective on the interac-
tion between emerging technologies and green chemistry in
the context of environmental sustainability.

Unlike previous narrative reviews that examine green
chemistry or emerging technologies independently, this study

integrates both domains within a unified analytical framework.

The review further compares technological applications
across studies, identifies common implementation barriers,
evaluates measurable sustainability outcomes, and proposes
an integrated pathway for technology-enabled green chemis-
try that provides practical implications for researchers, indus-
try, and policymakers.

2. Literature Review

Green chemistry has evolved into a systematic approach for
designing chemical products and processes that minimise en-
vironmental impacts while improving resource efficiency. It
is defined as the design of chemical products and processes
that reduce or eliminate the use and generation of hazardous
substances, reflecting a preventive strategy in which environ-
mental concerns are addressed during process design rather
than through remediation after production. [3, 4, 15, 16] The
twelve principles of green chemistry provide a comprehensive
framework for promoting sustainability through waste preven-
tion, atom economy, energy efficiency, and the use of renew-
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able feedstocks. Although earlier studies primarily empha-
sised the conceptual foundations of green chemistry, recent
research has increasingly focused on its practical implementa-
tion across industrial sectors. The effectiveness of green
chemistry is commonly assessed using measurable indicators
such as the E-factor and atom economy, which provide objec-
tive measures of process efficiency and environmental perfor-
mance. Furthermore, green chemistry supports the transition
towards circular production systems by promoting waste re-
duction, resource recovery, and sustainable manufacturing
practices. Despite these advances, its adoption remains une-
ven across industrial sectors, particularly in resource-con-
strained settings where financial, infrastructural, and technical
barriers continue to limit implementation [3, 4, 16].

Emerging technologies have introduced transformative ca-
pabilities for improving chemical processes and environmen-
tal management. Technologies such as artificial intelligence
(AI), the Internet of Things (IoT), automation, and advanced
materials have become increasingly important in process op-
timisation, predictive modelling, and real-time environmental
monitoring. Artificial intelligence enhances chemical research
by predicting reaction outcomes, optimising reaction condi-
tions, and reducing experimental waste, while IoT technolo-
gies enable continuous monitoring of emissions, energy con-
sumption, and operational parameters to facilitate timely pro-
cess adjustments. Likewise, nanotechnology contributes to
sustainability through the development of advanced catalysts
and materials that improve reaction selectivity and reduce en-
ergy consumption. Environmental nanotechnology continues
to present significant opportunities for sustainable chemical
innovation and environmental protection by supporting pollu-
tion remediation, resource-efficient material design, and envi-
ronmentally compatible industrial processes [21, 23]. Collec-
tively, these technologies improve operational efficiency, en-
vironmental performance, and decision-making. Nevertheless,
their implementation remains constrained by high investment
costs, technical complexity, data management challenges, and
inadequate infrastructure, particularly in developing countries
[8, 10, 11, 20].

The integration of emerging technologies into green chem-
istry represents a significant advancement in sustainable
chemical innovation through intelligent optimisation, automa-
tion, and continuous monitoring [7]. While green chemistry
provides the guiding principles for environmentally responsi-
ble process design, emerging technologies strengthen imple-
mentation through intelligent optimisation, automation, and
continuous monitoring. Compared with conventional ap-
proaches, technology-enhanced green chemistry systems ena-
ble dynamic process optimisation, improved environmental
monitoring, and more efficient resource utilisation. Evidence
from the reviewed studies demonstrates that combining en-
ergy-efficient processes with digital monitoring systems
achieves greater reductions in emissions and operational
waste than standalone approaches. Similarly, artificial intelli-
gence-supported optimisation improves both environmental
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and operational performance, while digital technologies facil-
itate circular production systems through enhanced resource
tracking and waste minimisation. However, these benefits
should be considered alongside challenges such as increased
energy demands associated with digital infrastructure and
concerns relating to data quality and system reliability [4, 10,
20].

The relationship between green chemistry and emerging
technologies can be further explained through established the-
oretical perspectives. Pollution Prevention Theory emphasises
preventing environmental pollution at its source, which
closely aligns with the preventive principles of green chemis-
try. Emerging technologies reinforce this approach by ena-
bling precise process control, predictive optimisation, and re-
duced operational inefficiencies. Similarly, Circular Economy
Theory promotes resource efficiency, waste minimisation, and
material reuse, objectives that are strengthened through digital
monitoring, intelligent optimisation, and data-driven decision-
making. Together, these complementary theoretical perspec-
tives provide a comprehensive framework for understanding
sustainable chemical innovation from both process-level and
systems-level perspectives [4].

The reviewed literature consistently demonstrates positive
relationships between green chemistry practices, emerging
technologies, and environmental sustainability. Sustainable
chemical practices have been associated with reductions in in-
dustrial waste, emissions, and resource consumption, while
emerging technologies further enhance process optimisation,
operational efficiency, and environmental performance. De-
spite these positive findings, much of the existing literature
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investigates green chemistry and emerging technologies inde-
pendently, with relatively few studies providing an integrated
analysis of their combined contribution to environmental sus-
tainability. Furthermore, the available evidence is concen-
trated largely in developed economies, with limited empirical
research addressing the unique challenges of developing
countries. Another notable limitation is the predominance of
conceptual and qualitative studies, with comparatively few in-
vestigations employing quantitative methods to evaluate
measurable sustainability outcomes. These gaps underscore
the need for more systematic and analytical research that inte-
grates green chemistry and emerging technologies within a
unified framework [4, 10, 16, 20].

Overall, the literature indicates that green chemistry pro-
vides the fundamental principles for sustainable chemical pro-
duction, while emerging technologies significantly improve
the efficiency, adaptability, and practical implementation of
these principles. Comparative evidence suggests that inte-
grated approaches consistently achieve superior environmen-
tal outcomes compared with isolated strategies. However, fi-
nancial constraints, infrastructural limitations, technical com-
plexity, and data management challenges continue to influ-
ence the adoption of these technologies. Consequently, there
remains a clear need for integrated empirical investigations
that examine the combined effects of green chemistry and
emerging technologies on environmental sustainability across
diverse industrial and geographical contexts [4, 10, 16, 20].

The conceptual relationships examined in this study are pre-
sented in Figure 1.
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Figure 1. Conceptual Framework Linking Green Chemistry, Emerging Technologies, and Environmental Sustainability.
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3. Methodology

This study adopts a systematic review approach to examine
the role of emerging technologies in advancing green chemis-
try and promoting environmental sustainability. The system-
atic review method was selected to provide a transparent, rep-
licable, and comprehensive synthesis of existing literature.
The review process was guided by the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA)
framework [14], which outlines structured procedures for
identifying, screening, and selecting relevant studies.

A comprehensive literature search was conducted across
major academic databases, including Scopus, Web of Science,
ScienceDirect, SpringerLink, and Google Scholar. The search
focused on journal articles published between 2018 and 2025
in order to capture recent developments in green chemistry
and emerging technologies. The search strategy was devel-
oped using combinations of keywords and Boolean operators,
including “green chemistry” AND “emerging technologies,”
“sustainable chemical processes” AND “artificial intelli-
gence,” “green chemistry” AND “IoT” OR “digital technolo-
gies,” “nanotechnology” AND “sustainable chemistry,” and
“automation” AND “environmental sustainability.” These
search terms were refined iteratively to improve relevance and
ensure adequate coverage of the literature.

To ensure the quality and relevance of the selected studies,
inclusion and exclusion criteria were applied. The inclusion
criteria comprised journal articles published between 2018
and 2025, written in English, and focusing on green chemistry,
sustainable chemical processes, or environmental sustainabil-
ity. Studies examining the application of emerging technolo-
gies such as artificial intelligence, the Internet of Things, au-
tomation, or nanotechnology were also included, provided
they offered empirical, conceptual, or analytical contributions.
In contrast, conference abstracts, editorials, and non-sources
were excluded, as were studies published before 2018, articles
not directly related to the study focus, studies lacking suffi-
cient methodological detail, and duplicate records identified
across databases.

The study selection process followed four stages in accord-
ance with PRISMA guidelines. In the identification stage, a

total of 510 records were retrieved from the selected databases.

After the removal of 312 duplicate records, articles were re-
tained for screening based on titles and abstracts. Subse-
quently, 198 full-text articles were assessed for eligibility us-
ing the defined inclusion criteria. Following this process, 20
studies were selected for inclusion in the final qualitative syn-
thesis.
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Titles, abstracts, and keywords were screened inde-
pendently to ensure relevance. Duplicate records were identi-
fied and removed using database filtering tools. The screening
process was conducted in two stages, involving initial title and
abstract screening followed by full-text assessment. To en-
hance reliability, the selection process followed clearly de-
fined inclusion and exclusion criteria.

Data were extracted systematically from the selected stud-
ies using a structured template. Information recorded included
the authors and year of publication, study objectives, types of
emerging technologies applied, green chemistry principles ad-
dressed, methodological approaches, and key findings. The
extracted data were then coded into thematic categories, in-
cluding technological applications in green chemistry, envi-
ronmental outcomes, process optimisation and efficiency, as
well as challenges and limitations associated with implemen-
tation.

To improve methodological rigour, all eligible studies were
subjected to a quality appraisal adapted from the Critical Ap-
praisal Skills Programme (CASP) checklist. The assessment
considered five criteria: clarity of study objectives, methodo-
logical appropriateness, data quality, validity of findings, and
relevance to the objectives of this review. Each study was in-
dependently evaluated and classified as High, Moderate, or
Low quality. Only studies rated High or Moderate were re-
tained in the final synthesis. Of the twenty included studies,
nineteen were classified as high quality and one as moderate
quality. No study was classified as low quality; therefore, all
twenty studies were retained for the final synthesis.

Quality Appraisal of Included Studies

The methodological quality of the eligible studies was as-
sessed using an appraisal checklist adapted to accommodate
the empirical, review and conceptual designs included in the
synthesis. Each study was evaluated against six criteria: clar-
ity of research objectives, appropriateness of study design, ad-
equacy of data sources or sampling procedures, transparency
of data collection and analysis, validity and support for the re-
ported findings, and relevance to green chemistry and emerg-
ing technologies. Each criterion was scored as 2 when fully
satisfied, 1 when partially satisfied and 0 when not satisfied or
insufficiently reported. The maximum obtainable score was
12. Studies scoring 9—12 were classified as high quality, those
scoring 6—8 as moderate quality, and those scoring 05 as low
quality. Low-quality studies were excluded from the final syn-
thesis. The appraisal was conducted independently by the au-
thors, and disagreements were resolved through discussion
and consensus.
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PRISMA Flow Diagram of Study Selection

No. Appraisal criterion

1 Clarity of objectives

Appropriateness of
study design

Adequacy of data
sources or sampling

Transparency of data

4 collection and analy-
sis

5 Validity of findings

Figure 2. PRISMA Flow Diagram of Study Selection.

Table 1. Quality-Appraisal Criteria and Scoring Framework.

Fully satisfied (2)

Objectives or research questions are clearly
stated and directly relevant to the review

Design is clearly identified and appropriate
for addressing the objectives

Data sources, participants, materials or
search procedures are clearly described and
adequate

Data-collection and analytical procedures
are clearly explained and reproducible

Findings are supported by appropriate evi-
dence, analysis and interpretation
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Partially satisfied (1)

Objectives are stated but are broad
or partly relevant

Design is identified but its appro-

priateness is not fully justified

Data sources or sampling are de-
scribed but have some limitations

Procedures are partly explained
but lack sufficient detail

Findings are generally supported
but contain analytical limitations

e
Records identified through database . " ”
= R Additional records identified
o) searching (n = 510)
b through other sources
IE e Scopus 140 (n=0)
5] e Web of Science 98 &
— ¢ ScienceDirect 112
E e SpringerLink 94
i * Google Scholar 66
(=]
Total 510
|
o '
(L) Records after duplicates removed
= (n=312)
=
w
w
5 v
N Records excluded
Records screened fiased itl d
= 198) S ased on title an
S— (n abstract screening
(n=178)
)
v
E Full-text articles assessed Full-text articles excluded
=1 3
o for eligibility > with reasons (n = 0)
© (n=20) Did not focus on both green
| chemistry and emerging
w technologies
Not empirical or review studies
—
Irrelevant to environmental
P sustainability outcomes
Studies included in qualitative Insufficient data
a synthesis
a (n=20)
2 e X sy
d Studies included in quantitative
2 synthesis (if applicable)
(n=0)
—

Not satisfied (0)

Objectives are absent or
unclear

Design is absent, unclear or
inappropriate

Data sources or sampling
procedures are inadequately
reported

Procedures are absent,
vague or not reproducible

Findings are unsupported or
conclusions exceed the evi-
dence
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No. Appraisal criterion Fully satisfied (2) Partially satisfied (1) Not satisfied (0)

Study directly examines green chemistry Study addresses only part of the
Relevance to the re- . . .
6 view and at least one emerging technology or review focus but provides relevant
measurable sustainability outcome evidence

Study has little or no direct
relevance to the review

Maximum score 12

Quality classification: High quality = 9—12; Moderate quality = 6—8; Low quality = 0-5.

Table of Quality Appraisal of the Included Studies

Table 2. Methodological Quality Appraisal of Studies Included in the Review.

fi)‘l’)::c- Design Ap- Data Sources Analysis Findings Review Total Qual
No. Study Study Type Clear (0- propriate  Adequate (0— Transpar- Supported Relevance 2 i
2) 0-2) 2) ent (0-2) (0-2) (0-2) vy
Clark et al. Analytical / .
! (2020) Conceptual Article 2 ! 2 2 2 1 High
o Gavilescu Review Article 2 2 1 1 2 2 10 High
(2021) g
Gomollén-Bel ~ Review / Perspec- .
3 s tive Article 2 ! ! ! 2 2 ? High
Hadi et al. . . :
4 (2025) Review Atrticle 2 2 1 1 2 2 10 High
5 Hussain (2025) Review Article 2 2 1 2 2 2 11 High
6 Lictal (2023) [mpirical Quanti- 2 2 2 2 2 12 High
tative Study
. Comprehensive .
7  Mahjoub (2025) . 2 2 1 2 2 2 11 High
Review
Sanchez Mo- . . .
8 rales (2024) Systematic Review 2 2 2 2 2 2 12 High
9  Sheldon (2022) Analytical Review 2 2 1 2 2 2 11 High
Venkatesan et . . .
10 al. (2024) Review Article 2 2 2 2 2 2 12 High
Yadav et al. . . .
11 (2025) Review Article 2 2 2 2 2 2 12 High
Zhang et al. Empirical Quanti- .
12 2004 tative Study 2 2 2 2 2 2 12 High
American
13 Chemical Soci- Review Article 2 2 2 2 2 2 12 High
ety (2025)
14 Lozamoetal gl Study 2 2 2 2 2 I 11 High
(2020) P Y &
15 Horvath & An- Edltorlal / Perspec- ) | 0 0 | ) 6 Moder-
astas (2021) tive ate
16 Girotra, Kaushik Comprehensive ) ) ) ) ) ) 12 High

& Vaya (2024) Review
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No.

17

18

19

20

t(;b::c- Design Ap- Data Sources Analysis Findings Review Total Qual
Study Study Type C‘l,ear (0- propriate  Adequate (0— Transpar- Supported Relevance 12 i u

2) 0-2) 2) ent (0-2) (0-2) (0-2) vy
Kumar et al. . . .
(2024) Review Article 2 2 2 2 2 2 12 High
Huang et al. . . .
(2024) Systematic Review 2 2 2 2 2 2 12 High
Al-Olawade et - . .
. (2024) Mini Review 2 2 2 2 2 2 12 High
Brundageetal. - p iew Article 2 2 2 2 2 2 12 High

(2022)

Note: Each criterion was scored 2 = fully satisfied, 1 = partially satisfied and 0 = not satisfied or insufficiently reported. Total scores of 9-12
indicate high quality, 68 indicate moderate quality and 0-5 indicate low quality. The quality ratings presented in Table 2 are based on the
final appraisal conducted for all included studies.

A thematic and analytical synthesis approach was employed  in sustainable chemical systems, and evaluating the contribu-
to examine patterns, relationships, and differences across the se-  tion of these technologies to environmental sustainability. The
lected studies. The analysis focused on comparing traditional synthesis involved grouping studies into thematic clusters and
green chemistry approaches with those enhanced by emerging identifying recurring patterns as well as variations in findings
technologies, identifying dominant technological applications across the literature.
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Figure 3. Integrated Pathway of Green Chemistry and Emerging Technologies in Sustainable Chemical Systems.
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Figure 3 presents the integrated pathway linking green
chemistry principles with emerging technologies to achieve
sustainable chemical systems. It illustrates how technology-
enabled process optimisation, real-time monitoring, and con-
tinuous improvement contribute to enhanced environmental
sustainability and resource efficiency.

4. Results of Systematic Review

The review synthesised findings from 20 studies that met
the inclusion criteria, covering the period from 2018 to 2025.
These studies span a range of applications of green chemistry
and emerging technologies across industrial, environmental,
and research contexts. The body of literature includes empiri-
cal investigations, conceptual analyses, and review studies,
thereby providing a comprehensive perspective on the rela-
tionship between sustainable chemical practices and techno-
logical innovation. The findings were synthesised into key
thematic areas reflecting recurring patterns in the literature,
namely technological applications in green chemistry, envi-
ronmental outcomes, process optimisation and efficiency, and
implementation challenges.

The reviewed studies indicate that emerging technologies
are increasingly being integrated into green chemistry prac-
tices to improve process design, operational performance, and
environmental sustainability. Across the included studies,
technology-assisted green chemistry consistently demon-
strated measurable environmental improvements. Artificial
intelligence-supported optimisation reduced chemical waste
by approximately 18—-35%, while Internet of Things (IoT)-en-
abled monitoring decreased process-related emissions by 15—
40%. Similarly, nanocatalyst applications improved reaction
efficiency by 20-45% and reduced energy requirements by
approximately 25-30%. Automation-based process optimisa-
tion also reduced operational waste by 10-28%, depending on
the industrial application [10, 17, 19, 20].

Artificial intelligence has been widely applied in predictive
modelling, reaction optimisation, and material discovery, en-
hancing the accuracy of reaction predictions while reducing
experimental waste. Likewise, [oT technologies facilitate real-
time monitoring of industrial processes by continuously track-
ing emissions, energy consumption, and operational parame-
ters, thereby enabling timely process adjustments that mini-
mise environmental impacts. In addition, nanotechnology
contributes significantly to catalyst design and material effi-
ciency through the development of nanocatalysts that improve
reaction selectivity and lower energy requirements, resulting
in more efficient and sustainable chemical processes. Collec-
tively, these findings demonstrate that emerging technologies
substantially enhance the implementation of green chemistry
principles by improving both process design and operational
efficiency [8, 10, 11, 20].

A consistent pattern across the reviewed studies is the pos-
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itive relationship between green chemistry practices, sup-
ported by emerging technologies, and environmental sustain-
ability. The evidence indicates improvements in air quality,
water quality, and soil integrity, primarily resulting from re-
duced emissions, lower energy consumption, and decreased
waste generation. Sustainable chemical practices have been
shown to reduce industrial waste, while energy-efficient sys-
tems contribute to lower carbon emissions. Furthermore, com-
parative evidence demonstrates that technology-enhanced
green chemistry approaches achieve stronger environmental
outcomes than conventional methods through improved pro-
cess control, real-time monitoring, and data-driven optimisa-
tion [4, 10].

The integration of emerging technologies has also contrib-
uted significantly to improvements in process optimisation
and operational efficiency. Artificial intelligence and automa-
tion enhance decision-making through predictive analysis, re-
ducing reliance on trial-and-error experimentation and im-
proving reaction efficiency while lowering resource consump-
tion. [24] Similarly, Internet of Things (IoT)-based monitor-
ing systems enable continuous adjustment of process condi-
tions, thereby minimising operational inefficiencies and re-
ducing environmental risks. Collectively, these technological
innovations strengthen the effectiveness and efficiency of
green chemistry practices [10, 20].

Despite these demonstrated benefits, the adoption of emerg-
ing technologies in green chemistry continues to face several
challenges. High implementation costs, limited technical ex-
pertise, and inadequate infrastructure remain major barriers,
particularly in developing countries. Additional concerns in-
clude data management, system integration, regulatory com-
pliance, and the increased energy demands associated with
digital infrastructure, as well as issues relating to data reliabil-
ity. These findings suggest that successful implementation re-
quires careful consideration of both technical and economic
factors to maximise sustainability benefits [5, 9, 11, 12].

Quality of the Included Evidence

The quality-appraisal exercise showed that the included lit-
erature was generally of acceptable methodological quality.
Studies were assessed for clarity of objectives, appropriate-
ness of design, adequacy of data sources, transparency of anal-
ysis, validity of findings and relevance to the review objec-
tives. Studies that provided clearly defined methods, transpar-
ent analytical procedures and evidence-based conclusions re-
ceived higher scores. Review and perspective articles that of-
fered relevant insights but provided limited information about
data identification or analytical procedures generally received
moderate scores. Only studies rated high or moderate were re-
tained in the final synthesis, while studies with inadequate
methodological reporting or insufficient relevance were ex-
cluded.

The synthesis of the reviewed studies indicates that emerg-
ing technologies enhance the effectiveness of green chemistry
practices by improving process efficiency, enabling real-time
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monitoring, and supporting data-driven decision-making. extent of these benefits is influenced by contextual factors
While green chemistry provides the foundational principles such as technological capacity, policy support, and institu-
for sustainable chemical processes, emerging technologies fa- tional readiness.

cilitate their practical implementation. Comparative analysis The key thematic areas identified from the reviewed studies
suggests that integrated approaches combining green chemis- are summarised in Figure 4, illustrating the major dimensions
try and emerging technologies produce more favourable envi- of technological application, environmental outcomes, pro-

ronmental outcomes than standalone practices. However, the cess optimisation, and implementation challenges.

| Systematic Review of 20 Studies (2020-2025) |
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Figure 4. Thematic Synthesis of Literature on Green Chemistry and Emerging Technologies.

Table 3. Thematic Summary of Reviewed Studies.

Theme Key Focus Representative Studies Main Findings
. L. Al IoT, nanotechnology in Zhang et al. (2024); Lozano et al. Technologies improve process
Technol 1 Appl . . o .
cchnological Applications green chemistry (2020); Horvath & Anastas (2021) design, monitoring, and efficiency

Reduction in emissions, waste,
and environmental degradation

Impact on air, water, and soil

Environmental Outcomes .
quality

Clark et al. (2020); Li et al. (2023)

Efficiency and productivity
improvements

Enhanced reaction efficiency and

Process Optimisation e
resource utilisation

Li et al. (2023); Zhang et al. (2024)

High cost, technical complexity,

Implementation Challenges  Barriers to adoption Multiple studies . s
and infrastructure limitations

Source: Author’s compilation based on systematic review (2025).

The analysis indicates that while all identified technologies contribute to sustainable chemical practices, artificial intelligence
and digital monitoring systems appear to have the most consistent impact across studies. This suggests a shift toward data-driven
optimisation as a central component of modern green chemistry applications.
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Table 4. Comparative Analysis of Traditional and Technology-Enhanced Green Chemistry Approaches.

Technology-Enhanced

Technology  Traditional Method et
Artificial Ma.nugl process Machlge learnlngi
. optimisation based on  predictive modelling, and
Intelligence . . .
(AI) trial-and-error intelligent process
experimentation optimisation

Real-time monitoring using

Periodic environmental
smart sensors, automated

Internet of .
monitoring and manual

Things (IoT) . . data acquisition, and intelli-
spection
gent process control
Manual process control Intelligent automation, ro-
Automation  and operator-depend-  botics, and smart process
ent adjustments control systems
Conventional catalysts
. Y Nanocatalysts and ad-
Nanotechnol-  with lower selectivity .
. vanced functional nano-
ogy and higher energy de- .
materials
mand

Representative

Observed Improvement Studies

Li et al. (2023);
Zhang et al. (2024);
Yadav et al. (2025)

20-35% improvement in process efficiency,
reduced reaction time, lower material
consumption, and improved product yield

15-40% reduction in emissions, faster detec- Lozano et al. (2020);

tion of process deviations, improved environ- Hussain (2025);
mental compliance, and enhanced operational American Chemical
responsiveness Society (2025)
Approximately 25% reduction in waste gener- Gavrilescu (2021);

ation, improved operational consistency, en-
hanced productivity, and reduced human error

Li et al. (2023);
Hadi et al. (2025)

Horvath and Anastas
(2021); Venkatesan
et al. (2024); Mah-
joub (2025)

Approximately 30% reduction in energy con-
sumption, improved catalytic efficiency, en-
hanced reaction selectivity, and reduced by-
product formation

Source: Autho ors' synthesis based on the twenty studies included in the systematic review (2025).

Table 4 provides a comparative synthesis of traditional and
technology-enhanced green chemistry approaches. The find-
ings demonstrate that integrating artificial intelligence, the In-
ternet of Things, automation, and nanotechnology into green
chemistry practices consistently improves process efficiency,
environmental performance, and resource utilisation com-
pared with conventional approaches. These improvements
highlight the value of technology-enabled innovation in ad-
vancing sustainable chemical systems.

The comparative analysis demonstrates that technology-en-
hanced green chemistry consistently outperforms conven-
tional approaches across key sustainability indicators. Artifi-
cial intelligence offers the greatest improvements in process
optimisation through predictive modelling and intelligent de-
cision support, while IoT technologies significantly enhance
environmental monitoring and emission control through con-
tinuous real-time sensing. Automation contributes to opera-
tional consistency and waste minimisation, whereas nanotech-
nology improves catalytic efficiency and reduces energy re-
quirements. Collectively, these findings indicate that integrat-
ing emerging technologies with green chemistry principles
provides measurable environmental and operational ad-
vantages over traditional chemical production methods.

5. Discussion

The findings of this review provide a basis for examining the
implications of integrating emerging technologies into green
chemistry from both theoretical and practical perspectives.
Across the reviewed studies, approaches that combine green
chemistry principles with digital and advanced technologies

consistently report stronger outcomes than conventional meth-
ods. This pattern suggests that green chemistry, while effective
as a design framework, attains greater practical relevance when
supported by technologies that enable optimisation, monitoring,
and control of chemical processes.

From a theoretical perspective, the results align with Pollu-
tion Prevention Theory, which emphasises reducing environ-
mental harm at the source rather than relying on post-produc-
tion remediation. The evidence from the reviewed studies in-
dicates that emerging technologies enhance the implementa-
tion of preventive strategies by enabling precise control over
reaction conditions and resource use. For instance, artificial
intelligence supports predictive modelling and optimisation,
reducing the generation of waste during experimental and pro-
duction processes. Similarly, loT-based monitoring systems
allow for real-time adjustments that prevent inefficiencies and
minimise emissions. These capabilities reinforce the central
proposition of Pollution Prevention Theory by demonstrating
that technological tools can strengthen preventive approaches
within chemical systems.

The findings also correspond with the principles of Circular
Economy Theory, which emphasise resource efficiency, waste
reduction, and material reuse. Green chemistry contributes to
this framework through process design, while emerging tech-
nologies enhance execution through improved tracking, opti-
misation, and resource management. The reviewed studies
show that digital technologies facilitate more efficient use of
materials and energy, thereby supporting circular production
systems. In this context, the relationship between green chem-
istry and emerging technologies can be understood as comple-
mentary, where principles guide the direction of sustainability,
and technologies enable their implementation.
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A comparative analysis of the literature reveals that tradi-
tional green chemistry approaches are often limited by static
optimisation and restricted monitoring capabilities. In contrast,
technology-enhanced approaches allow for continuous opti-
misation and dynamic process control. This distinction is evi-
dent in studies that report greater reductions in emissions and
energy consumption when digital monitoring and Al-based
optimisation are applied alongside green chemistry practices
[10,20]. These findings suggest that the effectiveness of green
chemistry is influenced not only by the principles adopted but
also by the tools available for implementation. As such,
emerging technologies serve as enabling mechanisms that ex-
tend the operational scope of green chemistry.

The review further highlights the role of emerging technol-
ogies in improving process efficiency and decision-making.
Artificial intelligence reduces reliance on trial-and-error ex-
perimentation by identifying optimal reaction pathways, while
automation enhances consistency and reduces operational er-
rors. IoT systems contribute to continuous monitoring and
rapid response to process variations, thereby improving over-
all system performance. These improvements are associated
with reductions in resource consumption and environmental
impact, indicating that efficiency gains and sustainability out-
comes are closely linked.

Although nearly all the reviewed studies reported positive
environmental outcomes, important differences were ob-
served regarding the magnitude and focus of technological
benefits. Some studies identified energy efficiency as the pri-
mary advantage of artificial intelligence-assisted optimisation,
whereas others emphasised reductions in chemical waste
achieved through predictive modelling. Likewise, while some
researchers highlighted improvements in resource circularity
and sustainable material use, others argued that environmental
performance should be assessed using objective quantitative
indicators such as atom economy and the E-factor rather than
relying solely on qualitative sustainability claims. These dif-
ferences suggest that the effectiveness of emerging technolo-
gies depends largely on industrial context, implementation
strategy, and the sustainability indicators adopted for evalua-
tion. Consequently, no single technology provides a universal
solution; instead, optimal sustainability outcomes are more
likely to be achieved through the strategic integration of com-
plementary technologies tailored to specific industrial and en-
vironmental requirements [4, 10, 16, 20].

Despite these positive outcomes, the findings also point to
important challenges that may influence the adoption of
emerging technologies in green chemistry. High implementa-
tion costs and technical complexity remain significant barriers,
particularly in developing contexts where access to advanced
infrastructure is limited. In addition, issues related to data
quality, system integration, and regulatory frameworks may
affect the reliability and scalability of technology-driven solu-
tions. These constraints suggest that the benefits of technolog-
ical integration are contingent on the availability of supporting
systems and institutional capacity.
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Another consideration emerging from the review is the po-
tential trade-off associated with increased reliance on digital
technologies. While these technologies improve process effi-
ciency, they may also contribute to higher energy demand due
to data processing and infrastructure requirements. This high-
lights the need for balanced approaches that consider both the
environmental benefits and potential unintended conse-
quences of technological adoption. Future developments in
energy-efficient computing and sustainable digital infrastruc-
ture may help to address these concerns. [17]

The findings of this review also contribute to the broader
discourse on sustainable industrial transformation. The inte-
gration of green chemistry and emerging technologies reflects
a shift toward more adaptive and data-driven production sys-
tems supported by smart manufacturing and Al-enabled pro-
duction systems [22, 25]. This transition is consistent with
global sustainability goals that emphasise innovation, effi-
ciency, and environmental responsibility. However, the une-
ven distribution of technological capabilities across regions
suggests that targeted policy interventions and capacity-build-
ing initiatives are required to ensure inclusive adoption.

In terms of research implications, the review identifies a
need for more empirical studies that examine the combined
effects of green chemistry and emerging technologies using
quantitative methods. While existing studies provide valuable
insights, many rely on conceptual or case-based approaches.
Future research could explore sector-specific applications and
evaluate long-term environmental and economic outcomes as-
sociated with integrated approaches. In addition, interdiscipli-
nary research that combines chemistry, engineering, and data
science may provide deeper insights into the mechanisms un-
derlying sustainable chemical innovation.

The discussion indicates that emerging technologies play a
critical role in enhancing the application and effectiveness of
green chemistry. While green chemistry provides the founda-
tional principles for sustainable chemical processes, emerging
technologies enable their practical implementation and opti-
misation. The alignment of these approaches with established
theoretical frameworks underscores their relevance in ad-
dressing contemporary environmental challenges and advanc-
ing sustainable development.

These findings suggest that the effectiveness of green
chemistry is increasingly dependent on the availability of
technological tools that support optimisation and monitoring.
The transition from conventional to technology-enhanced sys-
tems reflects a broader shift toward intelligent and adaptive
chemical production systems.

Despite their environmental benefits, emerging technolo-
gies are not entirely impact-free. Artificial intelligence, cloud
computing, and IoT infrastructures require substantial compu-
tational resources that increase electricity consumption and
associated carbon emissions, particularly where energy is gen-
erated from fossil fuels. Consequently, the environmental
gains achieved through technology-enhanced green chemistry
should be evaluated using life-cycle assessment approaches
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that consider both operational benefits and digital infrastruc-
ture footprints. Future innovations should therefore prioritise
energy-efficient algorithms, renewable-powered data centres,
and low-energy sensor technologies.

6. Conclusion and Policy Implications

This study presents a systematic and analytical synthesis of
the role of emerging technologies in advancing green chemis-
try and supporting environmental sustainability. The evidence
indicates that green chemistry provides a coherent framework
for the design of chemical processes that reduce environmen-
tal impact, while emerging technologies enhance the imple-
mentation, optimisation, and monitoring of these processes.
The reviewed studies consistently show that approaches com-
bining green chemistry with technological tools are associated
with improved environmental outcomes, including reduced
emissions, lower energy consumption, and more efficient use
of resources. In comparison with conventional methods,
which often rely on static optimisation and limited process
control, technology-supported approaches allow for continu-
ous adjustment and more effective management of chemical
systems. These findings further demonstrate that emerging
technologies act as enabling mechanisms that extend the prac-
tical implementation of green chemistry principles rather than
replacing them.

The findings further show that artificial intelligence, the In-
ternet of Things, automation, and advanced materials contrib-
ute to sustainable chemical systems in complementary ways.
Artificial intelligence improves predictive analysis and pro-
cess optimisation, IoT systems enable continuous monitoring
of environmental and operational parameters, automation en-
hances consistency in production processes, and advanced
materials such as nanocatalysts improve reaction efficiency.
These developments align with the principles of Pollution Pre-
vention Theory and Circular Economy Theory, as they sup-
port preventive approaches to environmental management and
more efficient use of materials and energy. At the same time,
the extent of these benefits depends on factors such as techno-
logical infrastructure, technical expertise, and institutional ca-
pacity.

The study also identifies several constraints that may affect
the adoption of emerging technologies in green chemistry.
These include high costs of implementation, technical com-
plexity, and challenges associated with data management and
system integration. Such constraints are particularly evident in
contexts where access to advanced technological infrastruc-
ture is limited. In addition, the increased reliance on digital
systems raises questions regarding energy demand and data
reliability, which require consideration in the design and ap-
plication of these technologies.

From a policy standpoint, the findings point to the im-
portance of developing regulatory and institutional frame-
works that support the integration of green chemistry and
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emerging technologies. Policies that emphasise pollution pre-
vention, resource efficiency, and sustainable production prac-
tices may facilitate the adoption of these approaches. Targeted
incentives, funding mechanisms, and support for research and
development can further encourage innovation and the uptake
of sustainable technologies. In addition, investment in digital
infrastructure and technical capacity is necessary to enable ef-
fective implementation across different sectors.

For industry, the results suggest the value of incorporating
both green chemistry principles and technological tools into
production systems. The use of data-driven approaches, mon-
itoring technologies, and environmentally compatible materi-
als may contribute to improved efficiency and compliance
with environmental standards. For research and academic in-
stitutions, the findings highlight the need for interdisciplinary
work that brings together expertise in chemistry, environmen-
tal science, and technological innovation. Such collaboration
may support the development of practical solutions to sustain-
ability challenges.

In the area of education and professional development,
there is a need to integrate green chemistry and emerging tech-
nologies into training programmes and academic curricula.
This would support the development of relevant skills and
strengthen capacity for sustainable practice in both industrial
and research settings. Broader awareness of these approaches
may also encourage their adoption across different sectors.

In conclusion, the integration of emerging technologies into
green chemistry offers a viable approach to improving environ-
mental sustainability and advancing sustainable chemical prac-
tices. Green chemistry provides the guiding principles for re-
ducing environmental impact, while emerging technologies en-
able more effective implementation and optimisation. The com-
bined application of these approaches has the potential to ad-
dress current environmental challenges, provided that the asso-
ciated technical, economic, and institutional constraints are ad-
equately addressed. The findings underscore the importance of
integrating scientific principles with technological innovation
in addressing contemporary environmental challenges.

Study Limitations

This review has several limitations. First, only English-lan-
guage studies published between January 2018 and March
2025 were included, potentially excluding relevant evidence
published in other languages. Second, because of methodolog-
ical heterogeneity across the included studies, formal meta-
analysis was not feasible, and findings were synthesised the-
matically. Third, although quality appraisal was conducted,
publication bias cannot be completely ruled out. Finally, most
reviewed studies originated from developed countries, limit-
ing generalisability to low-resource settings.

Future studies should undertake meta-analyses where suffi-
cient homogeneous data become available, evaluate long-term
environmental impacts of Al-assisted green chemistry, con-
duct life-cycle assessments of digital technologies, and inves-
tigate scalable implementation models suitable for developing
countries.
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