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The accelerating global sustainability crisis has made it increasingly
urgent to transform science education into a catalyst for sustainable
development. Chemistry education, with its direct link to real-world
issues such as energy, the environment, and health, plays a vital role
in achieving this transformation. This study conducts a systematic
literature review of the implementation of Education for Sustainable
Development (ESD) in chemistry education from 2012 to 2025. A total
of 15 international and national articles were analyzed to map
theoretical models, instructional innovations, and student outcomes
related to ESD integration. The analysis identifies two main strands of
contribution: conceptual contributions, which focus on developing
frameworks and didactic theories, and practical contributions, which
emphasize instructional media, laboratory modules, and project-based
learning approaches. Practical studies dominate the literature,
showing strong impacts on students’ chemistry literacy, creativity, and
sustainability awareness. However, competencies such as critical
thinking, problem-solving, and action competence remain
underexplored. The findings underscore the need for a more balanced
research agenda that bridges theory and practice while systematically
developing a broader range of sustainability competencies. This
review highlights that chemistry education holds substantial potential
not only to enhance scientific understanding but also to cultivate
responsible citizens capable of addressing complex challenges for a
sustainable future.
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1. INTRODUCTION

The issue of sustainable development has become a global agenda that has gained
widespread attention through the Sustainable Development Goals (SDGs), particularly target 4.7,
which emphasizes the pivotal role of education in shaping global citizens who are environmentally
conscious, socially just, and oriented toward future well-being (Mahaffy et al., 2019). Chemistry
education holds a strategic position in supporting this agenda, as it not only investigates
phenomena at the molecular level but is also closely connected to real-world challenges such as
energy, the environment, food, health, and technology (Corréa Gomes & Zuin, 2023; Zowada et
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al., 2018). It is essential to incorporate systems thinking within chemistry education, allowing
students to understand and tackle complex, interdisciplinary problems related to sustainable
development (Blatti et al., 2019; Pazicni & Flynn, 2019). The integration of green chemistry
principles and sustainability into curricula empowers students with the knowledge, skills, attitudes,
and values necessary for fostering sustainability (Armstrong et al., 2019; Rahmawati et al., 2022).
Through creative, values-based learning approaches, students become engaged in addressing their
ethical views concerning environmental issues, ensuring that future generations are equipped to
deal with the challenges of a sustainable future (Rahmawati et al., 2023). Therefore, the potential
of chemistry education to contribute to sustainable development is substantial, as it prepares
students not only to understand chemical concepts but also to translate this understanding into
actions that promote sustainability in their communities (Wissinger etal., 2021; Zidny et al., 2021).

The concept of Education for Sustainable Development (ESD) emerges as an educational
framework that does not merely incorporate environmental issues into the curriculum but rather
transforms the learning paradigm to cultivate sustainability competencies (Fuertes et al., 2019;
Odintsova, 2024). These competencies include systems thinking, anticipatory skills, strategic
abilities, collaboration, and normative-ethical dimensions (Pimpa, 2024). In chemistry education,
ESD can be implemented through various approaches, such as green chemistry, socio-scientific
issues (SSI), project-based learning, environmentally friendly laboratory practices, and interactive
digital media (Albareda-Tiana et al., 2018; Soini et al., 2019). The integration of these approaches
enhances students' academic engagement and prepares them to navigate and address complex
sustainability challenges (Waltner et al., 2019). For example, project-based learning has been
shown to significantly contribute to the development of critical thinking skills and the ability to
work collaboratively on sustainability issues, thus allowing students to apply their knowledge in
real-world contexts (Redman & Wiek, 2021). Furthermore, fostering an understanding of green
chemistry principles within the ESD framework empowers students to make informed decisions
that positively impact environmental and social sustainability (Moreno-Pino et al., 2021; Salovaara
etal., 2019). Overall, ESD in chemistry education plays a vital role in preparing students to become
responsible global citizens who are equipped to tackle the sustainability challenges of the future
(Karvonen et al., 2023).

Nevertheless, the implementation of Education for Sustainable Development (ESD) in
chemistry education still faces various challenges. Several studies have found that teachers and
pre-service teachers often demonstrate a limited understanding of ESD, equating it primarily with
environmental education (Ichinose, 2017; Lamanauskas & Malinauskiené, 2024). This narrow
interpretation hinders the incorporation of broader sustainability principles into their teaching
approaches (Hepper, 2021). Additionally, the scarcity of instructional materials that explicitly
integrate ESD makes it challenging for educators to apply sustainable practices within their
classrooms (Anyolo et al., 2018). Research indicates that while ESD can enhance chemistry
literacy and student creativity, more comprehensive sustainability competencies such as critical
thinking and action competence have not yet been systematically evaluated (Félix, 2023). This
lack of evaluation underscores the necessity for targeted professional development and resources
to support teachers in effectively integrating ESD into their curricula (Zulfarina et al., 2023),
thereby fostering a richer understanding of sustainability issues among students (Schénstein &
Budke, 2024). As a result, there is an urgent need to bridge these gaps to fully realize the potential
of ESD in chemistry education (Larsson & Samuelsson, 2019; Semiz & Isler, 2020).
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However, despite the increasing number of studies integrating Education for Sustainable
Development (ESD) into chemistry education, existing research remains fragmented and limited
in scope. Most studies tend to emphasize either the conceptual development of ESD models or the
creation of instructional media without systematically linking both dimensions. Moreover, the lack
of synthesis between these two directions has resulted in a partial understanding of ESD
implementation—where conceptual frameworks are not fully reflected in practical classroom
innovations, and practical efforts often lack strong theoretical grounding. Therefore, it is essential
to synthesize these two strands into an integrated framework that bridges theory and practice,
providing a clearer direction for advancing sustainable chemistry education. Moreover, previous
works often focus on environmental aspects of sustainability while neglecting social and economic
dimensions, leading to a partial understanding of ESD implementation. In addition, there has been
little comprehensive synthesis that maps the progression of ESD implementation in chemistry
education across different contexts and time periods. This indicates a clear gap in the literature—
a lack of integrative reviews that holistically analyze theoretical models, pedagogical innovations,
teacher readiness, and student competencies within the ESD framework. Addressing this gap is
essential to guide future research and practice toward a more balanced and comprehensive
approach to sustainable chemistry education.

In light of these conditions, a literature review is needed to examine the development of
Education for Sustainable Development (ESD) implementation in chemistry education from 2012
to 2025. This review aims to: (1) map the various models, strategies, and media that have been
developed; (2) identify achievements and challenges in the implementation of ESD in chemistry
education; and (3) uncover research gaps that can serve as a basis for future research and
innovation. By systematically analyzing the existing literature, researchers can gain insights into
the diverse approaches and pedagogical practices that enhance ESD within chemistry curricula,
highlighting the importance of a holistic and interdisciplinary curriculum design (Perello-Marin et
al., 2018). Furthermore, the findings of this review are expected to provide a comprehensive
overview of the trajectory of ESD implementation in chemistry education, as well as serve as a
foundation for the development of policies, curricula, and future research (Kolleck et al., 2017).
Addressing these gaps will empower educators to foster sustainability competencies among
students, ultimately contributing to global sustainability goals (Bussing et al., 2018).

2. METHOD

This study employs a systematic literature review approach focusing on articles that discuss
the implementation of Education for Sustainable Development (ESD) in chemistry education. The
reviewed articles encompass the development of didactic models, innovations in learning media,
teacher and pre-service teacher profiles, as well as the outcomes of ESD implementation for
students. Data sources were drawn from various open-access databases, both international and
national. The international journals reviewed include Chemistry Education Research and Practice
(RSC Publishing), International Journal of Science Education (Taylor & Francis), Sustainability
(MDPI), Nature Sustainability, and Current Opinion in Green and Sustainable Chemistry. The
selection of these international journals was based on their scientific reputation, indexing status,
and thematic relevance to the topic of Education for Sustainable Development (ESD) in chemistry
education. Chemistry Education Research and Practice (CERP) and the International Journal of
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Science Education (1JSE) are widely recognized as leading journals in science education research,
particularly in chemistry pedagogy and curriculum innovation. Sustainability (MDPI) and Nature
Sustainability were chosen because they are interdisciplinary journals that regularly publish high-
impact studies related to sustainability education and policy, providing a broader contextual
understanding of ESD. Meanwhile, Current Opinion in Green and Sustainable Chemistry
specifically addresses issues of sustainability and green chemistry, aligning closely with the core
dimensions of ESD integration in chemistry teaching. Therefore, these journals collectively
represent a scientifically robust and thematically coherent body of literature suitable for identifying
both conceptual developments and practical innovations in ESD-oriented chemistry education.

In addition, relevant articles from several Sinta-accredited national journals on chemistry
education and ESD were also included. Article searches were conducted using keywords such as
“Education for Sustainable Development” + “chemistry education,” “ESD” + “chemistry

9 ¢ 2 ¢

teaching,” “green chemistry education,” “socio-scientific issues” + ‘“chemistry,” as well as
combinations of “ESD” with “critical thinking” or “action competence.” In the selection process,
inclusion and exclusion criteria were established to ensure the suitability of the articles for the
study objectives. The inclusion criteria consisted of open-access articles published in reputable
journals, focusing on chemistry education with ESD integration, in the form of conceptual studies,
model/media development, or empirical studies, and published between 2012 and 2025. Exclusion
criteria included articles discussing ESD in general without a chemistry context, short proceedings
without peer review, or paywalled articles that could not be fully accessed. The selection procedure
followed four stages. First, at the initial identification stage, 50 articles were retrieved from
database searches. Second, after screening based on titles and abstracts, the number was reduced
to 20 articles. Third, during the eligibility stage by reading the full texts, 5 articles were eliminated
for not meeting the inclusion criteria.

Fourth, a total of 15 final articles were included and used as the main basis for analysis.
Data from the selected articles were analyzed using a thematic approach. The analysis was
conducted by categorizing research findings into several major themes: (1) didactic models and
theories of ESD in chemistry education; (2) ESD-based learning media and innovations such as
modules, experiments, e-books, or digital applications; (3) teacher and pre-service teacher profiles
related to their understanding and readiness for ESD; and (4) student competency achievements
within the ESD framework, including scientific literacy, creativity, and sustainability awareness.
The results of the analysis were then presented in the form of a literature matrix table and supported
by graphs and diagrams to strengthen the data synthesis.

3. RESULTS AND DISCUSSION

Based on the article selection process through a systematic literature review approach, 15
relevant articles were identified concerning the implementation of Education for Sustainable
Development (ESD) in chemistry education. These articles represent research developments over
the past decade, ranging from the development of conceptual didactic models at the international
level to innovations in ESD-based media and learning tools within national contexts. In addition,
several articles highlight the profiles of chemistry teachers and pre-service teachers in relation to
their understanding and awareness of sustainability, as well as students’ achievements in chemistry
literacy, creativity, and sustainability awareness. Accordingly, the synthesis of these 15 articles
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provides a comprehensive overview of the trajectory of ESD implementation in chemistry
education, encompassing both theoretical frameworks and classroom practices. A more systematic
overview of the findings from the fifteen selected articles is presented in the form of a matrix in
Table 1. This matrix contains concise information on the authors, year of publication, research
objectives, methods employed, main findings, contributions to strengthening ESD, and limitations
of each study. The presentation of this table is intended to facilitate readers in observing the
variation of research foci, ranging from conceptual models and learning media innovations to
studies on teachers, pre-service teachers, and students. Thus, Table 1 serves as a foundation for
conducting more in-depth thematic analysis and synthesis in the subsequent discussion section in
the Table 1.

Table 1. Literature Matrix of 15 Articles on ESD in Chemistry Education

NO Author(s) Objective/To Method & Main Contributi Limitations
& Year pic Sample Findings on to ESD
1  Burmeister, Propose a Conceptual  Four models: Providesa  Not
Rauch & model for article green foundational empirically
Eilks integrating chemistry, framework  tested
(2012) ESD in content for
chemistry addition, SSI, integrating
school ESD in
development  chemistry
2 Jegstad & Develop the Conceptual  Five Offers Not
Sinnes "Chemistry model categories guidance classroom
(2015) Teaching for  article (content, for tested
the Future" context, planning
model methodology, ESD units
ESD
competences,
lived ESD)
3 Burmeister  Profile of Survey Positive Highlights  Sample
& Eilks chemistry pre- n=184 (87 attitudes, gaps in limited to
(2013) service students, 97  vague teacher Germany
teachers’ novice understanding education
understanding teachers) of ESD for ESD
of ESD
4 Burmeister, Understanding Interviews  Varied Emphasizes Limited
Schmidt- of experienced with senior  understanding, importance generalizabil
Jacob & teachers teachers confusionin  of teacher ity
Eilks implementatior professional
(2013) development
on ESD
5 Herranen, Develop eco-  Theoretical & Six Providesa  Not widely
Yavuzkaya reflexive collaborative categories professional tested
analysis (values, language for
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10

11

12

& Sjostrém
(2021)

Mahaffy et
al. (2019)

Review
Greening
the
Chemistry
Curriculum
(2022)
Wahyu Nur
Isnaeni &
Budimarwa
nti (2025)

Fau et al.
(2025)

Nurfadilah
& Siswanto
(2020)

Bawadi et
al. (2025)

Khoirunnis
aetal.
(2022)

didactic
model

Apply

systems
thinking
(STICE)

Strategies for
ESD-oriented
chemistry
curriculum

Needs
analysis for
chemistry
enrichment
book (green
chemistry &
SDGs)
Android-
based ESD
media (colloid
topic)

Integrating
STEAM +
ESD on
polymers

Project-Based
Learning
(PBL) for
understanding
ESD

Profile of
chemistry pre-
service
teachers’

Position
article
(Nature
Sustainabili
ty)
Curriculum
review &
practices

Survey with
7 high
school
teachers

R&D (4D)
+ quasi-
experiment
n=64

One class,
n=32

Review of
13 articles

Survey with
64 students
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content,
society, eco-
reflexivity,
etc.)
Connects
molecules «»
Earth systems
& society

Spiral
integration,
green
chemistry, ST
throughout
curriculum
85.7% of
teachers
lacked related
materials;
preferred
print+ebook

Significant
improvement
in chemistry
literacy
(d=2.194)

High creative
attitude, low
creative
thinking
(36.8%)
PBL
enhances
critical
thinking &
problem-
solving
60.5%
unfamiliar
with ESD,
moderate
awareness

chemistry—
ESD
teachers

Bridges
molecular
level and
sustainability

Maps
curriculum
strategies
aligned
with SDGs

Validates
teachers’
real
material
needs

Provides
empirical
evidence for
effectiveness
of ESD
media
Indicates
ESD
supports
creativity
development
Highlights
ESD
pedagogical
strategies

Evidences
the need to
integrate
ESD in
teacher

Conceptual,
needs
classroom
application

Not specific
to high
school
chemistry

Small
sample, self-
reported data

Single topic,
posttest-only

No control
group,
implicit ESD
integration

Secondary
literature

Sample
limited to
one
university
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understanding education
of ESD institutions
13 Alldruset Environmental R&D module Module valid Laboratory Context
al. (2020) chemistry development & effective,  work asa limited
practicum positive medium for
module based student ESD
on green responses
chemistry
14 Sari & High school R&D + Experiments  Contributes Small scale,
Purtadi chemistry validation validated to no critical
(2020) experiments (80-83%), sustainability thinking/acti
based on ESD environmenta literacy on
Ily friendly competence
test
15 Handayani  Contextual R&D + KIT valid, Supports Only initial
etal. (2023) chemistry validity effective in practical stage of
KIT/workshee testing enhancing action implementati
ts based on students’ (simple, on
ESD scientific contextual
literacy experiments)

As shown in Table 1, the fifteen reviewed articles demonstrate a diversity of foci and
approaches in integrating Education for Sustainable Development (ESD) into chemistry education.
Several studies emphasized the development of conceptual models and didactic frameworks aimed
at effectively embedding ESD into the chemistry curriculum. For instance, Zuin et al. highlighted
green and sustainable chemistry's principles in educational settings, which aligns with integrating
ESD into chemistry instruction (Zuin et al., 2019). In contrast, national studies often concentrated
on the development of instructional media, including modules, contextual chemistry kits, ESD-
based experiments, and Android applications, which have been shown to enhance students'
chemistry literacy (York & Orgill, 2020). Additionally, some studies explored the profiles of
chemistry teachers and pre-service teachers, revealing positive attitudes toward ESD, though with
a limited understanding primarily focused on environmental dimensions. Other research indicated
that the integration of ESD could encourage students to achieve competencies such as creativity
and sustainability awareness. Thus, Table 1 provides a summary of the reviewed studies,
illustrating the trends and directions of ESD research in chemistry education concerning theory,
practice, and pedagogical implications (Harta et al., 2019).

Beyond the matrix, the findings of this literature review are also summarized quantitatively
to show the distribution of research foci across the fifteen analyzed articles. This visualization is
important as it illustrates the proportional contributions of each category of study, ranging from
the development of conceptual models, innovations in instructional media, examinations of teacher
and pre-service teacher profiles, to research emphasizing specific competencies or pedagogical
strategies. Accordingly, this distribution enables readers to observe the tendencies and trajectories
of ESD research in chemistry education more clearly and systematically. The distribution is
presented in the form of a pie chart in Figure 1.
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Focus Categories of ESD Research in Chemistry Education
(15 Selected Articles)

Competencies/Strategies

Teachers/Pre-service Teachers
Models/Didactic Theories

Media & Innovation
Figure 1. Focus Categories of ESD Research in Chemistry Education (15 Selected Articles)

As shown in Figure 1, the distribution of research focus from the 15 analyzed articles
demonstrates a relatively balanced tendency between studies on models and didactic theories and
those on media and learning innovations, each accounting for 33.3% or five articles. This finding
indicates that research on ESD in chemistry education is not solely oriented toward the
development of conceptual foundations but also emphasizes practical implementation through the
design of media, strategies, and innovative teaching tools. Thus, the balanced direction between
theoretical and practical development can be interpreted as an effort to ensure that the principles
of ESD do not remain at the level of abstract ideas, but are truly applied in the context of chemistry
learning so that they are more easily understood and experienced by students. On the other hand,
studies focusing on competencies and learning strategies only contribute 20% (three articles),
while research concerning teachers and pre-service teachers is even smaller, amounting to 13.3%
(two articles) (Zuhaida et al., 2024). This distribution indicates that, although the areas of didactic
theory and instructional media have developed considerably, the focus on enhancing student
competencies and preparing teachers to integrate Education for Sustainable Development (ESD)
into chemistry education remains relatively limited. In fact, both aspects play a critical role in the
overall success of ESD implementation. As highlighted by Su et al., the systematic fostering of
sustainability competencies is essential for ensuring that future teachers are equipped to meet the
demands of ESD integration (Su et al., 2023). Thus, this gap can be identified as an opportunity
for future research, particularly studies exploring how sustainability competencies can be
integrated into educational frameworks.

As the demand for competent educators in ESD grows, it becomes increasingly important
to enrich teacher education programs and curricula (Waltner et al., 2018). Findings from Pascual
et al. echo this need by emphasizing interdisciplinary approaches in teacher training, which can
help create agents of change for sustainability (Pascual et al., 2020). Moreover, initiatives aimed
at developing pedagogical competencies among pre-service teachers are crucial, as they lay the
foundation for effective ESD integration in classroom settings (Schonstein & Budke, 2024).
Addressing these research gaps will enable educators to better prepare teachers to navigate the
complexities of sustainability issues, ultimately enhancing the impact of ESD in chemistry
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education. As outlined in Figure 1, the distribution of research foci on the implementation of ESD
in chemistry education reveals a relatively balanced tendency between studies on models and
didactic theories and those on instructional media innovations, while research addressing student
competencies and the role of teachers remains less prevalent. This finding indicates that ESD
research has developed not only in the conceptual domain but has also begun to move toward
concrete classroom applications through the development of teaching materials and innovative
media. To provide a more comprehensive overview, it is also important to further examine how
the contributions of each study can be mapped into two broad categories, namely conceptual
contributions and practical contributions. Such a presentation is expected to clarify the trajectory
of ESD research in chemistry education, whether it primarily provides theoretical foundations or
offers concrete innovations that can be directly implemented in teaching practice in the Table 2.

Tabel 2. Types of Contributions of ESD Research in Chemistry Education
Conceptual Contributions (6 articles)  Practical Contributions (9 articles)

Integration model of ESD (green chemistry, Curriculum strategies for ESD integration

SSlI, content addition, school development)

Chemistry Teaching for the Future model Enrichment book on green chemistry &
SDGs

Profile of pre-service chemistry teachers’ Android-based ESD media (colloid topic)

understanding of ESD
Experienced teachers’ understanding of ESD STEAM + ESD integration in polymer

topic
Eco-reflexive didactic model Project-Based Learning (PBL) to support
ESD
Systems Thinking in Chemistry Education Profile of pre-service chemistry teachers’
(STICE) framework awareness of ESD

Environmental chemistry practicum module
based on green chemistry

High school chemistry experiments
designed with ESD principles

Contextual chemistry KIT/worksheets
based on ESD, enhancing scientific literacy

Based Table 2 as presented in the summary table, the contributions of research on ESD in
chemistry education can be grouped into two main categories: conceptual contributions and
practical contributions. Articles with conceptual contributions generally focus on the development
of models, frameworks, and didactic theories that serve as foundations for integrating
sustainability principles into chemistry teaching. For instance, the integration model proposed by
Burmeister, Rauch, & Eilks (2012) or the Chemistry Teaching for the Future model developed by
Jegstad & Sinnes (2015) provide theoretical perspectives on how chemistry instruction can be
aligned with the goals of sustainable development. Similarly, the systems thinking approach
advanced by Mahaffy et al. (2019) offers a conceptual framework that links molecular-level
chemistry to global sustainability issues. Such contributions are essential, as they provide the
language and conceptual tools needed by educators to systematically design curricula and teaching
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strategies grounded in ESD. Meanwhile, the majority of the analyzed studies (9 articles) provide
practical contributions in the form of instructional media, teaching tools, or pedagogical strategies
that can be directly implemented in the classroom. These articles encompass a wide range of
innovations, including green chemistry laboratory modules, environmentally friendly chemistry
experiments, contextualized chemistry kits, and Android-based digital applications. Furthermore,
several studies highlight the importance of project-based learning (PBL) as a pedagogical strategy
to foster students’ critical thinking and problem-solving abilities. Practical research of this nature
offers empirical evidence that integrating ESD into chemistry education can improve student
outcomes, particularly in terms of scientific literacy, creativity, and sustainability awareness. Thus,
practical contributions play a crucial role in bridging the gap between ESD theory and classroom
practice, while also addressing teachers’ and students’ real needs for relevant and sustainability-
oriented learning materials.

Taken together, it is evident that practical contributions in Education for Sustainable
Development (ESD) within chemistry education are emphasized, as highlighted in the literature
Mahaffy et al. (2021). This trend reflects a strong commitment to implementing ESD-based
chemistry education that is practical and readily adopted by educational institutions. Nonetheless,
the prevalence of practical contributions emphasizes the need for more theoretical research that
can reinforce the conceptual foundations of ESD and enhance its integration into chemistry
education (Wissinger et al., 2021). For instance, systems thinking is increasingly recognized as a
crucial element in addressing sustainability challenges in chemistry education (Christodoulou &
Grace, 2019). Therefore, maintaining a balance between conceptual and practical research is vital
for the advancement of ESD studies, ensuring both innovative teaching tools and solid theoretical
frameworks that support their effective application (Talanquer & Szozda, 2024). Furthermore,
integrating ESD into the chemistry curriculum necessitates effective pedagogical approaches that
encompass both practical applications and theoretical understanding (Mukhambetaliyeva et al.,
2025). While current focus on practical contributions is beneficial, it poses a risk of undermining
essential theoretical developments that inform effective teaching (Murti & Hernani, 2023). By
exploring diverse pedagogical strategies such as socio-scientific inquiry-based learning, educators
can foster critical thinking and systems-thinking skills among students (Herranen et al., 2021).
This dual focus on practice and theory will enhance student learning experiences and better prepare
future chemistry educators to address sustainability issues comprehensively. Recent literature
emphasizes that the dynamic interplay between practical and conceptual contributions is crucial
for establishing a robust educational framework aligned with sustainability principles.

Following the discussion of research foci and the types of contributions (Table 2), it is
equally important to examine the competencies or learning outcomes emphasized in the reviewed
studies. This dimension sheds light on the extent to which ESD-oriented chemistry education
fosters not only theoretical understanding but also transformative skills and dispositions among
learners. As summarized in Table 3, the identified competencies include chemistry literacy,
creativity, sustainability awareness, critical thinking, problem-solving, and action competence.
The mapping of these outcomes provides valuable insights into how ESD research in chemistry
education translates into measurable student achievements, while also highlighting areas that
remain underexplored and warrant further investigation in the Table 3.
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Tabel 3. Types of Competencies or Learning Outcomes Highlighted in ESD Research in Chemistry
Education

Competency/Outcome EX;{ES:: of Main Findings
Chemistry Literacy Fau et al. (2025), Android-based media and contextual KIT
Handayani et al. effectively improved students’ chemistry
(2023) literacy.
Creativity (Attitudes & Nurfadilah & Integration of STEAM + ESD fostered
Skills) Siswanto (2020) creative attitudes, though creative thinking
skills were still relatively low (36.8%).
Sustainability Awareness  Khoirunnisa et al. Pre-service teachers showed positive
(2022), Burmeister  attitudes but only moderate awareness of
& Eilks (2013) ESD, often limited to environmental
aspects.
Critical Thinking & Bawadi et al. (2025) Project-Based Learning (PBL) shown to
Problem-Solving enhance critical thinking and collaborative
problem-solving.
Action Competence Sari & Purtadi Experiments and practicum modules
(2020), Al Idrus et introduced sustainable practices, but
al. (2020) systematic evaluation of students’ action

competence was still lacking.

As shown in Table 3, the reviewed studies highlight a range of competencies and learning
outcomes that reflect the diverse ways in which ESD has been implemented in chemistry
education. Among these, chemistry literacy emerges as a prominent focus, with studies such as
Fau et al. (2025) and Handayani et al. (2023) demonstrating that Android-based media and
contextualized chemistry kits can significantly improve students’ ability to connect chemical
concepts with real-world sustainability issues. These findings suggest that literacy in chemistry,
when embedded in an ESD framework, goes beyond content knowledge to encompass the capacity
to apply chemistry in addressing societal and environmental challenges. Another important strand
is the cultivation of creativity, particularly through the integration of STEAM approaches with
ESD. Nurfadilah and Siswanto (2020), for instance, found that while students exhibited strong
creative attitudes, their creative thinking skills remained relatively underdeveloped. This indicates
that although ESD has the potential to foster innovation and imagination, there is still a need for
more intentional instructional designs that explicitly develop higher-order creative competencies.
Similarly, research on sustainability awareness such as that conducted by Khoirunnisa et al. (2022)
and Burmeister & Eilks (2013) reveals that pre-service teachers often display positive attitudes
toward sustainability, but their understanding tends to be limited to environmental dimensions,
with little emphasis on social or economic aspects.

Beyond literacy, creativity, and awareness, some studies emphasize higher-level
competencies such as critical thinking, problem-solving, and action competence. Bawadi et al.
(2025) highlight the role of Project-Based Learning (PBL) in enhancing students’ ability to think
critically and collaborate in addressing complex sustainability problems. Meanwhile, research by
Sari & Purtadi (2020) and Al Idrus et al. (2020) underscores the potential of laboratory modules
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and school experiments to promote sustainable practices in chemistry education. However, these
studies also note that systematic assessment of students’ action competence remains
underdeveloped, pointing to a gap in evaluating how learners translate sustainability knowledge
into concrete actions. Taken together, Table 3 illustrates that while competencies such as chemistry
literacy and creativity have been relatively well explored, critical thinking and action competence
remain underrepresented in current research. This imbalance suggests an important agenda for
future studies: to broaden the focus of ESD in chemistry education toward developing the full
spectrum of sustainability competencies, thereby preparing learners not only to understand
sustainability challenges but also to act effectively in addressing them in the Figure 2.

Number of Articles Highlighting Competencies in ESD Chemistry Education
(15 Selected Articles)

3.0p

2.5¢1

Number of Articles
= N
w =

=
=]
T

051

Figure 2. Distribution of Competencies Highlighted in ESD Chemistry Education Research

Based Figure 2 includes eight articles that explicitly reported specific competencies
identified within the context of ESD-oriented chemistry education. The remaining studies did not
mention measurable competencies and therefore were not represented in this distribution. As
illustrated in Figure 2, the distribution of competencies highlighted across the reviewed studies
remains relatively modest, with no single competency receiving dominant attention. Chemistry
literacy, sustainability awareness, and action competence were each addressed in two studies,
indicating some level of emphasis on connecting chemical knowledge with sustainability issues
and promoting responsible practices. Meanwhile, creativity and critical thinking/problem-solving
were only explored in one study each, suggesting that these higher-order competencies are still
underrepresented in current research. This pattern underscores a research gap: while existing
studies demonstrate that ESD can foster literacy and awareness, there is still considerable potential
for future work to strengthen the cultivation and systematic assessment of critical and creative
competencies, which are central to UNESCO’s vision of sustainability-oriented education.

In summary, the analysis of research foci, types of contributions, and highlighted
competencies demonstrates that the implementation of ESD in chemistry education has progressed
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along both theoretical and practical dimensions, with notable achievements in developing
instructional media and enhancing students’ chemistry literacy. However, the limited attention to
higher-order competencies such as creativity, critical thinking, and action competence indicates
that the full potential of ESD has not yet been fully realized. These findings highlight the need for
future studies to pursue a more balanced research agenda that simultaneously strengthens
conceptual frameworks and develops practical innovations while also systematically fostering and
assessing a broader range of sustainability competencies. Such efforts will ensure that chemistry
education not only contributes to disciplinary knowledge but also empowers learners to become
active agents of sustainable development.

Comparative Analysis and Synthesis

Across the fifteen reviewed studies, several patterns and contrasts emerge that provide a
deeper understanding of how Education for Sustainable Development (ESD) has evolved within
chemistry education. Conceptual and theoretical studies (e.g., Burmeister et al., 2012; Jegstad &
Sinnes, 2015; Mahaffy et al., 2019) predominantly aim to establish frameworks that align
chemistry learning with sustainability principles through approaches such as systems thinking and
green chemistry. These works offer valuable insights into the pedagogical foundations of ESD but
remain limited in empirical validation. In contrast, practical studies (e.g., Handayani et al., 2023;
Fau et al., 2025; Al Idrus et al., 2020) demonstrate tangible outcomes such as improved chemistry
literacy, sustainability awareness, and student engagement, yet often lack theoretical coherence or
integration with broader ESD frameworks. A comparison between international and national
research also reveals contextual differences. International studies tend to emphasize macro-level
perspectives—Ilinking molecular understanding to global sustainability issues—while national
research, particularly from developing contexts such as Indonesia, focuses more on localized
implementation through practical innovations and resource adaptation. These contextual
differences highlight the need for cross-level integration, where global conceptual frameworks can
inform local practices, and local innovations can provide empirical feedback to refine global
theories.

Furthermore, while both groups of studies recognize the importance of sustainability
competencies, the depth and scope of these competencies differ. International works frequently
address systems thinking and anticipatory skills, whereas national studies focus on literacy and
awareness. This asymmetry suggests a research gap in connecting higher-order competencies, such
as critical thinking and action competence, with everyday classroom practices. Future research
should aim to bridge this divide by designing integrative pedagogical models that combine
conceptual rigor with contextual applicability. Taken together, the comparative synthesis
underscores the dual need for theoretical consolidation and practical innovation. Advancing ESD
in chemistry education will require not only the continued development of instructional tools but
also the systematic integration of these tools into theoretically informed frameworks that cultivate
a full spectrum of sustainability competencies. Building upon the previous synthesis, it is essential
to highlight the key findings and broader implications of this review. The synthesis of the fifteen
reviewed studies demonstrates that Education for Sustainable Development (ESD) in chemistry
education has contributed substantially to both theory and practice. Theoretically, this field has
expanded the conceptual landscape of chemistry education by introducing integrative frameworks
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such as systems thinking, green chemistry, and eco-reflexive didactics that align molecular-level
understanding with global sustainability challenges. Practically, it has generated diverse
pedagogical innovations—including project-based learning, contextual experiments, and digital
media—that enhance students’ chemistry literacy and sustainability awareness. These
developments indicate that ESD has the potential to serve as a transformative framework for
cultivating sustainability-oriented competencies in science education. However, research remains
uneven, with limited attention given to critical thinking, problem-solving, and action competence.
This gap highlights the need for future studies that establish stronger empirical links between
theoretical models and classroom applications, ensuring a coherent and evidence-based
progression of ESD implementation in chemistry education.

4. CONCLUSION

This systematic literature review aimed to map models, strategies, and media developed
for the implementation of Education for Sustainable Development (ESD) in chemistry education,
to identify achievements and challenges in its application, and to reveal research gaps for future
advancement. The findings show that ESD research in chemistry education has evolved along two
main directions conceptual contributions that strengthen theoretical frameworks such as systems
thinking and green chemistry, and practical contributions that focus on instructional media,
contextual experiments, and project-based learning. While these practical innovations have
significantly improved students’ chemistry literacy, creativity, and sustainability awareness, the
development of higher-order competencies such as critical thinking, problem-solving, and action
competence remains limited. Challenges also persist in teacher understanding and curriculum
integration, indicating the need for professional development and stronger policy support.
Therefore, future research should prioritize the integration of conceptual and practical approaches
to create coherent, evidence-based frameworks that foster a full spectrum of sustainability
competencies. Through this balanced agenda, chemistry education can more effectively contribute
to achieving global sustainability goals and preparing responsible citizens for a sustainable future.
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