View Article Online

View Journal

M) Cneck tor updates

Chemistry
Education Research
and Practice

Accepted Manuscript

This article can be cited before page numbers have been issued, to do this please use: K. L. Nguyen, N. T.
B. Huynh, H. G. K. Nguyen and T. H. H. Dao, Chem. Educ. Res. Pract., 2026, DOI: 10.1039/D5RP00450K.

This is an Accepted Manuscript, which has been through the
Chemistl’y Royal Society of Chemistry peer review process and has been
Education Research accepted for publication.

and Practice

Accepted Manuscripts are published online shortly after acceptance,
before technical editing, formatting and proof reading. Using this free
service, authors can make their results available to the community, in
citable form, before we publish the edited article. We will replace this
Accepted Manuscript with the edited and formatted Advance Article as
soon asitis available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes to the
text and/or graphics, which may alter content. The journal’s standard
Terms & Conditions and the Ethical guidelines still apply. In no event
o sockre shall the Royal Society of Chemistry be held responsible for any errors
Vo OF CHERIETRY or omissions in this Accepted Manuscript or any consequences arising
from the use of any information it contains.

ROYAL SOCIETY
ROYAL SOCIETY WWW.rsc.org/cerp

(3


http://www.rsc.org/cerp
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d5rp00450k
https://pubs.rsc.org/en/journals/journal/RP
http://crossmark.crossref.org/dialog/?doi=10.1039/D5RP00450K&domain=pdf&date_stamp=2026-02-12

Page 1 of 46

W oONOOULID WN =

_ e
A WN-—=O

—_
(9]
cence.

wm\fh% aficldistedhbed urither € Rative Sorfindis Kﬁrﬁb’uﬁb‘ngo\?n&rt&i LCP.

o uUuUuUuUuUuubdSDSDSDS DN OpNBCEEsSAriGafURlishedn e gbiuark 2026. Rows Raded 0R2/RS/2026.7:38:29.AM
SN PWN=2SOH»I O D

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

Introduction

Chemistry Education Researchiand Practice

View Article Online

DOI: 10.1039/D5RP00450K

Mainstreaming education for sustainable development in
chemistry via systems thinking approach: case study on a series of
lessons in the existing curriculum

Systems thinking (ST) has been adopted in Education for Sustainable Development (ESD) as an approach that enables
learners to analyse complexity, interdependence, and multiple dimensions of sustainability issues. This paper reports a
participatory action research study that developed a sequence of five consecutive ESD-integrated chemistry lessons through
the ST approach and investigated its impact on the development of students’ ST competence. The lessons, developed based
on an adapted educational framework for teaching chemistry using a ST approach and the learning outcomes (LOs) of the
local existing curriculum, were tested with 44 ninth-graders at a lower secondary school in Vietnam. Students’ ST
competence was assessed using a one-way repeated measures design, in which both quantitative and qualitative data were
collected through written tests with open-ended questions and anecdotal records, using a methodological triangulation
approach. Data from written tests were analysed using one-way ANOVA and descriptive statistics, while data from the
anecdotal records were examined through deductive qualitative content analysis. The results showed a positive trend in the
development of most students’ ST skills (STS) across the five lessons, but the developmental trajectories differed across STS.
Notably, the data revealed that strict alignment with the mandatory LOs may have constrained the development of certain
STS. The results suggested that initiatives integrating chemistry lessons with ESD should continue to be implemented in
other countries’ national curricula, with particular attention to implementation in the form of lesson sequences, to evaluate
their alignment with mandatory LOs, to guide the use of ST in chemistry education and ensure coherence, continuity, and
transformative impact.

Chemistry education has been increasingly recognised as a fertile
domain for integrating ESD>7. Chemistry education is particularly
well-suited to reflect the complexity and multidimensionality of

The persistent shortfall in achieving the Sustainable Development
Goals (SDGs) highlights the limitations in existing sustainability
efforts!, and reinforces the need to advance Education for
Sustainable Development (ESD) as a means to foster the cognitive
and behavioural shifts essential for long-term transformation
towards sustainability?. According to the Sustainable Development
Report 20243, only 16% of the SDG targets are currently on track,
while the remaining are showing limited or reversed progress. While
this stagnation has been attributed to global crises?, accelerating the
achievement of the SDGs also requires behavioural change and the
development of values, skills, and attitudes for responsible global
engagement® 4, In this regard, ESD has been acknowledged not only
as part of SDG 4 but also as a key enabler that supports the
achievement of all other SDGs by cultivating sustainability
competencies> 5. Therefore, ESD continues to require active
promotion, along with the search for new context-appropriate
approaches.

sustainability issues®. Moreover, chemistry education provides
opportunities for students to engage with real-world problems that
require multi-causal reasoning and interdisciplinary understanding®.
Therefore, chemistry education is recognised as a relevant context
for engaging key ESD principles, which can support transformative
objectives®>. However, ESD implementation often remains
fragmented and narrowly focused, instead of advancing the holistic
integration of content, pedagogy, and outcomes within formal
education systems? . This undermines the transformative intent of
ESD and emphasises the necessity of embedding ESD within formal
chemistry to ensure coherence, continuity, and transformative

impact®.

Given the growing interest in aligning chemistry education with the
principles of ESD, the systems thinking (ST) approach has been
proposed as a pedagogy that reflects both the interdisciplinary
nature of ESD and the complexity of sustainability challenges'® 12, In
this context, ST is one of the key competencies in ESD®, equipping
students with the ability to understand interconnections, analyse
dynamic systems, and engage with uncertainty!2. Moreover, ST
reflects a worldview grounded in holistic, relational and contextual
thinking, offering a contrast to the reductionist logic that has long
dominated conventional chemistry education?. In response to the
need to develop ST competence, the ST approach has been a
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pedagogical strategy in sustainability education? 14, In recent years,
the “Systems Thinking In Chemistry Education project” (STICE)!>-2
and the “Sustainability and Systems Thinking In Chemistry Education
project” (SaSTICE)!® 2227 have made profound efforts to foster the ST
approach in teaching chemistry. Research publications relating to
STICE and SaSTICE have gained increasing, among which the
educational framework for teaching chemistry using a ST approach
and Szozda??

foundational guideline for researchers and practitioners in different

proposed recently by Talanquer provides a
countries to adapt and implement ST in teaching chemistry locally.
Most local implementations of the ST approach in chemistry lessons
came from the United States and Germany?8, but it has not yet been
widely implemented in some developing countries. There is thus a
growing need to develop further the local implementation of the ST
approach in chemistry education, inspired by recent results from the
STICE project, and examine its contextual relevance within the local
educational landscape, especially in developing countries.

Besides being grounded in well-developed theories, any ESD
initiative must align with local contexts, including both opportunities
and challenges. In many countries, education reforms have
increasingly positioned ESD as a strategic focus in both policy and
curricular frameworks?® 30, laying an opportunity for the inclusion of
ESD in school education. However, this integration, published in case
studies around the world, remains limited to isolated lessons and
lacks continuity3133, thus limits the extent to which transformative
actions and awareness can be effectively promoted. Moreover, the
integration of ESD into existing curriculum usually strictly aligns with
the mandatory learning outcomes (LOs), and the introduction of
additional content is often restrained by time limitations3*. These
obstacles may hinder the mainstreaming of ESD in chemistry
education. Accordingly, it is necessary to further promote the
integration of ESD into chemistry education in existing mandatory
curricula, face with local opportunities and challenges in
implementing ESD, and extend the length of the intervention to
enable more meaningful and reliable evaluation of its educational

impact.

The previous discussion points to the following key research
problem: how can ESD-integrated chemistry education be effectively
promoted through an appropriate ST approach (inspired by SaSTICE)
that is formal curriculum-grounded, provides sufficient intervention
duration to ensure impact, and supports the development of ST
competence — one of the key ESD competencies? Accordingly, the
main aim of this study is to investigate the impact of five consecutive
ESD-integrated chemistry, implemented through the ST approach, on
students’ ST competence. Our research question is: How does a
SaSTICE-inspired chemistry lesson sequence support students’
development of ST competence?

Backgrounds

2| J. Name., 2012, 00, 1-3

Systems thinking competence in education for sustaipable.. . 5.
development DOI: 10.1039/D5RP00450K
ST competence is defined as the capacity to collectively analyse
complex systems across social, environmental, and economic
domains at multiple scales, while accounting for cascading effects,
feedback loops,
sustainability problem solving!2. This competence is critical for

and other systemic dynamics relevant to
sustainable development by enabling stakeholders to locate leverage
points, anticipate systemic shifts, and plan actions that address
structural drivers instead of surface symptoms!2. Within ESD, this
competence is fostered through teaching and learning processes that
equip learners to map causal linkages, model dynamic scenarios and
adjust actions based on system feedback, thereby strengthening the
capacity to address complexity and uncertainty> 2% 35, To enhance
the practical assessment of ST competence within ESD, Karaarslan
Semiz and Teks6z synthesised 12 ST skills (STS) grounded in
established theoretical frameworks3®, presented in Figure 1. This 12
STS provides behavioural indicators that support the analysis of ST
competence in the ESD context3®. Furthermore, the 12 STS were
operationalised into an explicit assessment rubric that enables the
systematic evaluation of students’ STS development, with four
hierarchical levels of performance: pre-aware, emerging, developing,
and mastery3®.

Systems thinking approach to ESD-integrated chemistry education

Many established instructional models and paradigms have
advanced the understanding of the ST approach in education, yet
they often leave gaps in how it is implemented in practice. Assaraf
and Orion’s (2005) hierarchical model has made a significant
contribution by mapping the cognitive development of students’ ST
competence across eight hierarchical levels in chemistry education3>.
However, its staged structure remains closely tied to a linear logic
that reflects closed, mechanistic thinking, which Capra and Luisi
(2014),

inadequate for explaining complex socio-ecological phenomena®’.

through their systems paradigm, have criticised as
Instead, Capra and Luisi (2014) advocate a holistic worldview that
situates systems as dynamic, interdependent, and self-organising?’.
Orgill et al. (2019), as members of the STICE project, add value by
defining key system characteristics and clusters of skills to guide how
students describe, reason about, and analyse systems38, While these
contributions have clarified what ST is and why it is needed, they do
not resolve the crucial question of how to design, implement, and
assess it in practice in education — an issue that is especially critical
for ESD*. Talanquer and Szozda’s (2024) framework, as a result of
the SaSTICE project, addresses this missing link by adopting Assaraf
and Orion’s (2005) insight that developing ST competence requires a
clear structure, embracing the holistic orientation championed by

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 46


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5rp00450k

Page 3 of 46

oNOYTULT D WN =

—_
(9]
cence.

“‘m\fh% aficldistedhbed urither € Rative Sorfindis Kﬁﬁﬁmﬁngoﬁnﬁgrt&i [k

ocovuuuuuuuuubdsSDdDSS DD pORenBeesssArisafuishedon &2 fgbuank 2026. Rowsl paded 0R2/R5/2026 7:38:29.AM.
SV NONP,WN—-OOOI OB

Recognises links among

environment, economy, and | i andjgastzzcts
soctety, including values like ity

equity and diversity

Understands nature as an
organised system of
connected elements

Identifies main parts and Identifying
subsystems within - components of a
a defined system system
Explores how Al S
sustainability aspects link and | Miiefconnections
affect each other st the 2pecto
sustainability
Identifies factors or links that Recognising the
are not visible but r- hidden dimensions

influence system behaviour. i a system
Shows awareness of personal Recognising
role and responsibility F- own responsibility
in a system. in the system

Chemistry Education Researchrand Practice

View Article Online
DOI-10.1039/DSRPON45QK

Considering the (Take lessons from past actions))
relationship between _rela‘res them to present choices,
past, present and and considers

future actions \_ future consequences.

STS 8 Recognising (Tdentifies repeating cycles and)
(lysten oyl the cyclical nature - natural loops in
¥ SYEES of the system system processes

Considers
other people’s perspectives
and reasons for actions

| |Extends awareness and care to
nature and non-human life.

| Connects local context with
wider scales and systems

Developing
a sense of place

(Sense of place)

Adapting systems
thinking perspective -
to personal life

STS 12
(Personal practice)

Uses systems thinking in
personal decisions and actions.

Fig. 1 Systems thinking skills and corresponding descriptions3?

Capra and Luisi (2014), and building on the detailed system
characteristics articulated by Orgill et al. (2019)3%. Therefore, by
combining conceptual clarity with a practical pathway — planning,
implementation, and assessment — Talanquer and Szozda’s (2024)
framework bridges the enduring gap between theory and practice,
enabling teachers to translate ST competence into teachable,
that align with the
sustainability-focused lesson design?2.

measurable outcomes imperatives of

Moreover, Talanquer and Szozda’s (2024) framework exhibits
pedagogical coherence and a high degree of compatibility with the
core principles of ESD> 2. The framework repositions chemistry
education to address complex socio-environmental challenges,
treating sustainability not as an add-on but as the core logic for
curriculum design and learning outcomes (LOs)?%. It balances
disciplinary concepts, scientific practices, ST skills, and socio-
environmental competencies??, reflecting ESD’s focus on developing
not only knowledge but also the skills, values, and attitudes
necessary for transformative action®. Additionally, the framework
explicitly promotes interdisciplinarity by encouraging students to
connect chemistry knowledge with insights from other aspects,
fostering a more holistic understanding of complex issues?2.
Furthermore, the framework embeds formative assessment into the
learning process to generate constructive feedback??, which aligns
with UNESCO’s principle that assessment should empower learners
and foster transformative learning> 22. Despite these strengths, the
framework does not yet offer a detailed structure for assessing
students’ ST competence, which is better operationalised through
established skill sets such as the 12 STS proposed by Karaarslan and

Teksdz3®. Still, by coherently interweaving principles, content,

This journal is © The Royal Society of Chemistry 20xx

pedagogy, and learning environment, the framework exemplifies a
viable model for actualising ESD in practice.

Instructional tools for the systems thinking approach to ESD-
integrated chemistry education

The concept map is a student learning artefact’® that supports
learners in revisiting and reflecting on lesson content, aligning with
the expectations of the Connect phase in Talanquer and Szozda’s
(2024) framework?2. In the context of SaSTICE, Systems-Oriented
Concept Map Extensions (SOCME) diagrams, which require learners
to explicitly represent system boundaries, subsystems, and external
factors when modelling complex systems, were developed as
extensions of concept maps to support ST3> 41, SOCME can be
considered a unique type of concept map that groups items into
subsystems?*!, so it is highly recommended to use it in lessons with
the ST approach. In this article, the term “concept map” specifically
refers to “SOCME diagram”.

According to Novak et al. (2006), the concept map supports the ST
approach by helping students manage cognitive load and structure
complex ideas throughout the learning process®?. It enables
students to visualise systems, organise concepts*?, and make explicit
the interconnections such as
represented as linked

concepts*. During group-based classroom activities, concept maps

among system components,

subsystems and influencing factors,
also encourage peer interaction and discussion, enhance critical
thinking, and support the co-construction of knowledge among
students across various stages of group learning, including idea
novice

generation, reflection, and integration* 5. However,

students often struggle to create coherent concept maps, as their

J. Name., 2013, 00, 1-3 | 3
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3 initial representations tend to be fragmented, poorly structured, or  and reflection®’. Therefore, the researchers collaborated, with,one
4 lacking meaningful integration of ideas®® 44 46, Therefore, they chemistry teacher with 15 years of expefernéel03WHeO RNES4thRE
5 require continued practice and formative feedback?*?, highlighting participating practitioner in this participatory action research, to
6 the need for instructional “scaffolding” to support their conceptual ensure the practicability of the lesson plans in a real-world
7 development?® 47, educational context. In the lower secondary science curriculum, a
8 series of biomolecules and polymers lessons in the strand
9 In this context, scaffolding theory, first introduced by Wood et al.  «gypstances and their transformations” encompass equivalent
10 (1976), provides structured yet flexible instructional support aligned  .gntent to traditional chemistry. Accordingly, they were regarded as
11 with learners’ Zones of Proximal Development*, thus supporting the chemistry lessons for this study. The developed lesson plans were
12 implementation of the concept map in the learning process. This  empirically tested with a class of ninth-grade students, purposively
13 approach enables teachers to extend students’ potential beyond ggjected based on the recommendation of the participating teacher,
14 what they can accomplish independently* 0. Scaffolding refers to  \yho was responsible for teaching the class.

iR aficidis redhbed unither € CRRative Sorfindis xﬁﬁﬁmﬁngoﬁn&grta (Peetie.

the temporary and adaptive instructional support provided to help
students accomplish tasks that would be beyond their independent
capabilities®®. This guidance is gradually withdrawn as competence
increases, promoting autonomy for active learning, which is called
fading progress*® 5% 52 - align with ESD’s emphasis on student-centred
pedagogy®. Taken together, the integration of concept maps with
intentional scaffolding strategies plays an important role in
supporting the ST approach within ESD-integrated chemistry lessons
by facilitating students’ understanding of complex systems and
promoting their gradual development of independent learning

.39 ANECDOTAL RECORD

Ethical considerations: Both the students and the teacher voluntarily
agreed to take part in the study. As the participants were minorsin a
school setting, informed consent was obtained through a designated
gatekeeper, namely the classroom chemistry teacher, who signed
the Participant’s Consent form outlining the study purpose and
procedures. Students were informed that participation was
voluntary and that they could withdraw at any time without penalty.
Although no formal institutional ethics approval was required in this
context, essential ethical safeguards were applied. Specifically, all

f Deductive qualitative content analysis l
'L (theory-driven categorisation by 12 STS) J‘

&

— *REC
3, Les4son

4

4

Coded and scored (via rubric for assessing 12 STS)

& & & o sOpenpoegssAriglafPublishedan 42 gbiuark 2026. Rownl aaded 0R2/R5/2026.7:38: 29.AM.

&
s v
o= g .

p |=_=! WRITTEN TEST (One-way ANOVA | (| Descriptive statistics

p z

6 Fig. 2 Data collection and analysis methods and frameworks.
2; capacity. However, existing literature provides limited reference to data were systematically de-identified prior to analysis, and
49 whether scaffolding is clearly specified in ESD initiatives, particularly appropriate procedures for data storage and reporting were
50 in supporting students’ engagement with complex learning tasks and  implemented. As the first author implemented the instructional
51 their gradual development of autonomy?3? 33-56, intervention and conducted the data collection and analysis, the
52 study acknowledges a potential double agency inherent in
53 classroom-based research. To minimise this risk, the second author
54 Research design independently analysed the dataset, providing an additional analytic
55 perspective consistent with investigator triangulation38.
56 The case study was conducted in Ho Chi Minh City, Vietnam, from Al d by . v d d high demi
57 October 2024 to April 2025 and followed the participatory action students ha con5|.stenty em?nstrate ) 'eh aca (?mlc
58 research design with four phases: development, testing, evaluation performance and were actively engaged in extracurricular chemistry
59 ’ ’ " activities. Therefore, this sampling decision was made to ensure that
60
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the students had the necessary cognitive capacity for the first
implementation of a newly designed lesson sequence employing a
novel teaching approach. All classroom records and collected data
were only used internally among the researchers with the

participant’s permission.

Figure 2 summarises the design, methods and instruments used to
evaluate how the designed lesson sequence develops students’ ST
competence, which is the study's research question. A one-way
repeated measures approach®® was conducted across five data
collection points to assess students’ ST competence. Such a design
enhanced statistical precision by eliminating between-subject
variability, as each participant serves as their own control®®. Thus, the
design provided robust evidence of how ST competence developed
progressively in response to extended ESD-based instruction. It
directly addressed limitations in prior short-duration trials, which
had highlighted the need for extended teaching time to support
deeper conceptual growth3!. Moreover, data were collected during
and after instruments with

triangulation a mixed-methods design: written tests and anecdotal

each lesson, via two research
records. While the written tests captured students’ individual
reasoning after each lesson, but were limited by students’ ability to
express ideas or by test effects®® 61, the anecdotal records provided
real-time, situated evidence of learning through behaviour®! such as
discussion, argumentation, and collaborative problem-solving during
the whole classroom session. Hence, the combination of these two
data sources helped validate findings, reduce bias, and offer a more

holistic picture of student learning®% 63,

The written tests, each including some open-ended questions, were
purposefully developed to assess specific indicators within the 12
STS36 64 a5 well as ensuring the appropriateness to each lesson topic,
the learning content, and the educational context. In each test, one

Chemistry Education Researchiand Practice

question requires students to fully identify and comprehensively
analyse the explored system learned in theCledSod,>HerRaMothf
question(s) requires students to position themselves within the
system by proposing practical measures and real-life scenarios.
While the overall assessment intent remained consistent across the
lesson sequence, variations occurred in the level of scaffolding
provided in specific lessons. In particular, guiding prompts were
incorporated and subsequently faded in Lesson 4, and remained
removed in the final lesson. Across all lessons, the primary variation
in the written tests was related to the specific system context
referenced in each lesson, related to biomolecules and polymers (see
more details in the Supplementary Information). To better capture
students’ learning potential and responsiveness to support, dynamic
assessment®® (i.e., data collected from the previous tests are used as
a reference for designing the next test) was incorporated into the
written test design, aligning with the spirit of the participatory action
research design®. The content validity evidence was obtained by
asking for comments from authors of the research team, as well as
the secondary school teacher who participated in the study.
Students’ responses were coded directly according to the coding
manual developed by Karaarslan Semiz and Tekséz (2023)3¢. The
coding and scoring process was conducted independently by the first
and second authors, and interrater reliability was assessed using
Cohen’s Kappa coefficient®’”. To examine whether there were
statistically significant differences across the five measurement
points, one-way ANOVA was applied. Besides that, descriptive
statistics were also used to provide an overall view of the data
distribution.

The anecdotal records were collected during each classroom session
by the first author, who acted as a participant observer, following
qualitative observation principles that emphasise objectivity, detail,
and non-evaluative recording of behavior®!. Any behaviour deemed

ESD

\
(" Plan Implement
Define Map Out STSENSIIS 2RSS SIS A
Assess i
Conte?<tua||ze Zoom In STS3,STS5,STS 8

| |

[ Focus

[ Reflect W [Zoon10ut

} | STS 4, STS 5,5TS 7, 5TS 8

T

Design

.

(STS 6,STS7,STS 9, STS 10

STS 1 (Sustainability dimensions), STS 2 (Nature as a system), STS 3 (System components), STS 4 (Dimension interconnections), STS 5 (Hidden dimensions), STS 6 (Personal responsibility),
STS 7 (Action relationships over time), STS 8 (System cycles), STS 9 (Empathy with others), STS 10 (Empathy with non-human beings), STS 11 (Sense of place), STS 12 (Personal practice)

Fig. 3 Theoretical framework of the teaching intervention adapted from Educational Framework for Teaching

Chemistry Using a Systems Thinking Approach?2 and twelve systems thinking skills3°

This journal is © The Royal Society of Chemistry 20xx

J. Name., 2013, 00, 1-3 | 5


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5rp00450k

oNOYTULT D WN =

—_
(9]
ence.

wm\fh% aficldistedhbed urither € Rative Sorfindis Kﬁrﬁb’utﬁngo\?n;%rt&i LT

o uUuUuUuuUuubdsDDSSDS SN OpeNBCeEsIAriclaPuUlishedon 2 adiuark 2026. Rowsl faded 0R 2/RS/2026.7:38:29.AM.
SN PWN=2SOH»I O D

Chemistry Education Researchiand Practice

relevant, such as group activities, concept mapping, or classroom
debates, was recorded, and all notes were documented immediately
after each lesson to ensure accuracy in accordance with standard
practices in educational research observation®®. To ensure
consistency and theoretical alignment, the observation process was
guided by predefined criteria based on the 12 skills of the STS
framework3®¢, which helped enhance the construct validity and
interpretive coherence of the analysis®®. The study then applied
deductive qualitative content analysis, using this theory-driven
coding scheme to categorize® and interpret student behaviours in
relation to each targeted STS skills36. Taken together, findings from
both data sources were compared and triangulated to enhance
interpretive validity and deepen understanding of students’ ST

competence.

Teaching intervention

As suggested by Talanquer and Szozda??, the original
educational framework is modified (Figure 3) to better align
with the
mandatory LOs and time allocations allow only
flexibility”0.

chemistry learning was not sacrificed, as ST skills developed

local General Education Curriculum, since its
limited

Adherence to mandatory LOs ensured that

through students’ engagement with core concepts embedded
within the lesson design. In the planning stage, the sequence of
phases is intentionally restructured by placing the Define phase
at the beginning, emphasising that the starting point of lesson
planning must be the mandatory LOs, which drive the decision
in the
Contextualise phase. In addition, identifying the subsystems of

of selecting suitable socio-environmental issues
each lesson’s system in the Focus phase also has to be aligned
with the LOs to avoid digression and ensure consistency with
the pre-defined lesson duration. As a result, implementing ESD-
integrated chemistry education does not require adding new
content but instead focuses on reorienting how existing content
is approached — making it feasible and practical within the
current teaching structure. Finally, the teacher designs the
lessons according to the learning sequence suggested in the
Implement stage, with four main learning activities, each of
which may align effectively with the development of the STS
due to their potential correspondences in characteristics and
pedagogical intent (Figure 3, see more details in Supplementary
Information). To guide students in constructing concept maps
that closely align with their progressive engagement with the
scientific content, a scaffolding strategy is devised as follows:

e Inthe first two lessons (fully scaffolded), students received
The
teacher provided fully pre-constructed maps, leaving only

explicit guidance in constructing concept maps.
the component boxes blank. After learning the content of
each subsystem, students reviewed their understanding
through short guiding questions, which the teacher used to
support them in identifying key components and adding
these to their group concept maps during the Map out and

6 | J. Name., 2012, 00, 1-3

Zoom in phases. Subsequently, to help studepts recognise
connections among components aéraksOsli8ysteRYY Y
identify emerging or hidden components in the Zoom out
and Connect phases, the teacher directly guided students
through a sequence of guiding questions, with each
question explicitly targeting a specific relationship or
component.
e In the following two lessons (partially scaffolded),
instructional support was gradually reduced. The teacher
intentionally continued to provide pre-constructed
concept maps with the component boxes left blank within
each subsystem. In some cases, entire subsystems were
left without predefined component boxes. Across all four
phases, after learning the relevant content, students
engaged in group discussion and self-review to identify key
components, complete the subsystems, and establish
relationships among components. This process was
implemented progressively as students moved from one
subsystem to another. After each subsystem, students
presented their developing concept maps, and the teacher
provided feedback by posing guiding questions to support
students in recognising components and relationships that
were missing or challenging.
e In the final lesson (minimally scaffolded), students
independently constructed concept maps based on the
content learned in class. The provided concept maps
included only predefined but unlabelled subsystem areas,
with no component boxes specified. During the Map out
phase, the teacher and students collaboratively labelled
the subsystems to ensure that the content to be explored
within each subsystem was appropriately aligned with the
LOs. After learning the content of each subsystem,
students worked collaboratively in groups to construct
their concept maps. Subsequently, students presented
their maps, and the teacher offered support by prompting

the addition of relevant information where necessary.

The five lesson plans were designed in accordance with the
adapted educational framework, presented in Table 1. These
lessons were selected based on their pedagogical coherence
and their potential relevance to the goals of ESD*> 70. As these
five lessons are consecutively positioned within the official
curriculum (see Supplementary Information for the mandatory
LOs of those topics), they allow for repeated exposure without
being interrupted by unrelated instructional content.
Furthermore, the lessons are tightly interconnected in terms of
both content and instructional logic, linking topics from food to
materials, with all themes revolving around SDG 12 - Ensure
sustainable consumption and production patterns®and SDG 2 -
End hunger, achieve food security and improved nutrition, and
promote sustainable agriculture®, thereby supporting the
progressive development of systems thinking in a coherent

manner.

This journal is © The Royal Society of Chemistry 20xx
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Table 1 The instructional sequence across five lessons following a scaffolding strategy.

Chemistry Education Researchiand Practice

View Article Online
DOI: 10.1039/D5RP0O0450K

Fully scaffolded Partially scaffolded Minimally scaffolded
Lesson 1: Lipid & Lesson 2: Lesson 3: Lesson 4: Lesson 5: Polymer
Fat Glucose & Starch & Protein (90 minutes)
(90 minutes) Saccharose Cellulose (90 minutes)
(90 minutes) (90 minutes)
design C ez g ’1
concept !
[ |
The lesson | The lesson began | The lesson | The lesson | The lesson began with the issue
started with | with a game, | began with the | began with the | "The Battle of Survival Materials",
“Premature "Cutting sugar | issue of "No- | issue of "High- | in which students predicted the
ageing in youth,” | from meals", | carb diet | protein diet | durability of different materials in
guiding students | students trend", the trend", the various environmental
to identify | predicted teacher used | teacher used | conditions, which led to the
subsystems sugar-containing open-ended open-ended introduction of the issue "plastic
through open- | foods, lead to the | questions to | questions to | overuse". Then, the teacher used
Map out ended questions. | introduction of | guide students | guide students | open-ended questions to guide
the issue "cutting | in identifying | in identifying | students in identifying
sugar from | subsystems. subsystems. subsystems.
meals". Then, the
teacher used
open-ended
questions to
guide students in
identifying
subsystems.
e Applications in e The natural e The e The structures | ® The structures of polymer and
the human body: | sources, structures of of polyethylene: Students explored
food: Students structures of starch and protein: Student | the concepts, molecular
explored the glucose and cellulose: Stud | s explored the structures, and chemical bonds
concepts, saccharose: ents explored molecular of polymer and polyethylene.
molecular Students the concepts, structures and e The chemical properties of
structures, and explored the molecular chemical bonds polyethylene:
chemical bonds molecular structures, and | of protein, as Students explored the underlying
of different types | structures and chemical well as their nature of the properties of
of fats, then chemical bonds bonds of starch | natural states. polyethylene.
categorised them | of glucose and and e Chemical and e Some natural cycles in the
into specific saccharose, as cellulose, as physical environment:
groups with well as naturally well as their behaviours of Students explored the natural
. practical occurring naturally protein: Student | decomposition cycles, waste
Zoom in . . . - .
examples. products. occurring s explored the dispersion, and biological food
e Fat metabolism | ¢ Chemical and products. underlying chains.
in the body: physical e Chemical and | nature of the
Students behaviours of physical properties of
explored the glucose and behaviours of protein.
mechanism of fat | saccharose: starch and e Protein
metabolism in Students cellulose: metabolism in
the human body. | explored the Students the
e Chemical underlying explored the body: Students
behaviour of nature of the underlying explored the
fats: Students properties of nature of the mechanism of
explored the glucose and properties of protein
underlying saccharose. starch and metabolism in
nature of the cellulose.

This journal is © The Royal Society of Chemistry 20xx
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ARTICLE Journal Name
properties and e Sugar e Starch the human View Article Onlind
the metabolism in metabolism in body. DOI: 10.1039/D5RP00450K
saponification the the body: e Silk
reaction of fats. body: Students Students materials: Stude

explored the explored the nts explored the
mechanism of mechanism of origin of silk and
sugar starch nylon fibres.
metabolism in metabolism in
the human body. | the human
body.
Students analyse | Student analyse Students Students Students analyse the structure to
types of the molecular analyse the analyse the explain the chemical properties
(traditional and structure to molecular structures to of polyethylene; then, combine
industrial) fats in | explain the structure to explain the to explain and categorise its
conjunction with | chemical and explain chemical and various applications; combine
the fat physical chemical and physical with some natural cycles to infer
metabolism behaviours of physical behaviours of the issue of plastic pollution in
process in the glucose and behaviours of protein, and in the environment.
human body to saccharose; then, | starch and conjunction
infer issues for combine them to | cellulose; then, | with the protein
fat consumption explain their real- | combine metabolism
in health. They life applications; them to process in the
also examined combine with explain their human body, to
the molecular sugar real-life infer the role of
structure of fats metabolism in applications; protein in
to reason about the body to infer | combine with health.
Zoom environmental issues for sugar starch Additionally,
out pollution caused consumption in metabolism in analyse the
by fat residues. health. In the body to structures,
addition, infer issues for | chemical and
students infer starch physical
economic and consumption behaviours of
environmental in health. In protein in
aspects when addition, conjunction
considering students infer with types of
methods of economic and silks to
cultivating sugar- | environmental | distinguish
containing foods. | aspects when between natural
considering silk and nylon
methods of fibre.
cultivating
starch-
containing
foods.
Students Students Students Students just Students positioned themselves
positioned positioned positioned explain the within the system to propose and
themselves themselves themselves issue introduced | make decisions on individual or
within the within the within the at the beginning | collective actions for the
system to system to system to of the lesson. responsible use of polyethylene.
Connect propose a.nfj propose a.n.d propose a.nfj
make decisions make decisions make decisions
on individual or on individual or on individual
collective actions | collective actions | or collective
for the for the actions for the
responsible use responsible use responsible
of fats. of sugars. use of starch.

Notably, the mandatory LOs of Lesson 4 limit the full
implementation in the Connect phase. The LOs centred around
the molecular structure of proteins and their related chemical
and physical properties, with only a brief reference to “the role

8 | J. Name., 2012, 00, 1-3

of proteins in the human body”7°, making it difficult to extend
the lesson to broader themes such as responsible consumption.
Moreover, to maintain appropriate classroom time and avoid
deviating from the required outcomes, the teacher had to keep

This journal is © The Royal Society of Chemistry 20xx
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a strong focus on the specified content. Although the lesson was
designed in alignment with the framework for developing ST
competence and a real-world issue was appropriately
connected, the requirements of the Connect stage were still not

as fully implemented as in the other lessons.

Results and findings

Written test

Repeated measures ANOVA presented in Table 4 revealed
statistically significant changes across the 12 STS. The F-values
ranged from 40.739 to 233.579 and all p-values <.05, suggesting
that the observed improvements in student performance are
unlikely to have occurred by chance. Partial eta-squared (n?)
values ranged from .484 to .845, representing large effect
sizes’l. Observed power values ranged from .984 to 1.000,
reflecting a high probability of detecting true effects given the
sample size and observed variances’2. The largest statistical

Chemistry Education Researchiand Practice

differences were observed in STS 2 (F = 233.579,,n2.5. 845
power = 1.000), STS 8 (F = 143.656, n? =DP860 poiREr>2PLOBOK
and STS 5 (F = 110.362, n? = .764, power = 1.000). While these
values suggest strong statistical evidence of change, they may
reflect notable improvements at certain points rather than a
steady progression across the entire intervention’3. Similarly,
large effect sizes and high statistical power were also found for
STS 4,STS 6, STS 7, and STS 11 (n2 = .645—.710), indicating stable
differences in performance across lessons. STS 1, STS 10, STS 3,
and STS 12 demonstrated moderate but statistically meaningful
differences (n? = .484—.606; power = 1.000), further supporting
the robustness of the observed changes. In contrast, STS 9
showed no statistically significant change (F = .000, n2 = .000)
because this skill could not be assessed across the sequence via
the written tests. Taken together, these results suggest that the
intervention contributed to statistically reliable differences
across most of the 12 STS. However, confirming developmental
progression requires further analysis of change patterns, such

as trends in mean scores or triangulation with qualitative data’*
73

Table 2. Repeated measures ANOVA results for each Systems Thinking Skill (STS) across lessons 1>, Cohen’s k = 0.83. Note: df
(degrees of freedom: number of independent values used to estimate variance), F-value (a ratio indicating whether there is a
significant difference between group means relative to within-group variability)>®, p-value (tests whether the difference is
statistically reliable — p < .05 supports rejecting the hypothesis Ho)>°, partial eta squared (n2) (a measure of effect size indicating
the proportion of total variance in the dependent variable that is attributable to a particular factor, partialing out other
effects)>?, and observed statistical power (the probability that the test correctly rejects a false null hypothesis, i.e., detects a true

effect if one exists)>°.

df F-value Sig.(p) n?(Partial Eta?) Power
STS 1 (Sustainability dimensions) 3.298 55.535 .000 .564 .984
STS 2 (Nature as a system) 1.645 233.579 .000 .845 1.000
STS 3 (System components) 4 40.375 .000 484 1.000
STS 4 (Dimension interconnections) 2.537 98.751 .000 .710 1.000
STS 5 (Hidden dimensions) 2.167 110.362 .000 .764 1.000
STS 6 (Personal responsibility) 1.645 73.876 .000 .645 1.000
STS 7 (Action relationships over time) 2.600 88.479 .000 .673 1.000
STS 8 (System cycles) 1.965 143.656 .000 .786 1.000
STS 9 (Empathy with others) .000 .000 .000 .000 .000
STS 10 (Empathy with non-human beings) 2.284 66.062 .000 .606 1.000
STS 11 (Sense of place) 2.665 89.976 .000 .685 1.000
STS 12 (Personal practice) 2.475 40.739 .000 .487 1.000

the results of students’ ST
competence across the five lessons, showing a positive trend for

most STS. Most STS showed a gradual shift from lower level (in

Figure 4 presents in detail

lesson 1) to more advanced level (in lesson 3). Notably, lesson 5
demonstrated the most substantial improvements, with many
mean scores of STS above 2 out of 3. Especially for STS 1
(Sustainability dimensions), the mean score in lesson 5 reached
2.95, which is close to the maximum level. Most students were
able to identify relevant sustainability aspects within a given
context. For example, a student wrote:

“Since plastics cannot participate in natural decomposition,
they stay in the environment, spread everywhere, enter food
chains, and harm organisms. This not only affects ecosystems
but also human health. However, plastic is very cheap and easy

This journal is © The Royal Society of Chemistry 20xx

to use, so people still use it a lot, which leads to more
environmental pollution. Using too much plastic causes long-
term issues.”

Specifically, several notable findings were observed. STS 1
(Sustainability dimensions) demonstrated a high level of
performance from the first lesson and remained the most
developed skill by Lesson 5. STS 3 (System components)
demonstrated a consistent upward trend across the five
lessons, with mean scores gradually increasing over time. In
contrast, STS 12 (Personal practice) consistently remained at a
relatively low level throughout the sequence, with mean scores
below 1.25. STS 8 (System cycles)
underdeveloped in the first four lessons (with mean scores

Besides, remained

below 0.51), but showed a marked increase in the final lesson

J. Name., 2013, 00, 1-3 | 9
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Fig. 4 Scores of Students’ 12 STS

(mean score = 1.95). Similarly, STS 2 (Nature as a system) was
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entirely absent during the first four lessons, yet demonstrated
clear emergence in Lesson 5, with a mean score of 1.88.
Notably, with the exception of STS 3 (System components) and
STS 5 (Hidden dimensions), most skills declined in Lesson 4
before recovering in Lesson 5. Lastly, STS 9 (Empathy with
others) was not demonstrated in any lesson, suggesting the
need to cross-reference with anecdotal records to determine
whether this absence resulted from a lack of instructional
opportunity or from limitations in the assessment instrument.

Anecdotal record

We observed clear development in students’ ST competence
over the course of five lessons, evidenced through 12 STS. The
changes observed across the five lessons are summarised in
Table 3. Selected raw excerpts from the anecdotal are provided
in the Supplementary Information.

Table 3. Observing changes in students’ STS across the five lessons.

(Sustainability
dimensions)

STS Observed changes in students across five lessons
Lesson 1: Relying on teacher prompts and model maps, students were able to effectively identify
relevant sustainability aspects in the Zoom out and Connect phase, within the context of the lesson.
& Lessons 2: Students began independently proposing ideas related to sustainability aspects during the
| STS 1 Map Out activity, within the context of the lesson. They continued to effectively identify these aspects

during the Zoom Out and Connect phases.

Lessons 4: Students independently identified sustainability aspects, but these were incomplete and did
not encompass all key dimensions as in other lessons.

Lessons 3, 5: Students actively identified new sustainability aspects while making connections in the

47 Zoom Out phase. Some students posed cross-lesson questions, indicating an expanded systems

48 perspective.

49 Lessons 1-4: Nature was mentioned only as background or consequence, without being seen as the

50 STS 2 system, as when students just said waste oil polluted water and harmed fish.

51 (Nature as a Lesson 5: Some students began to recognise the interactions between nature and human behaviour.

[¥) system) Some of them described how plastic waste from humans goes into nature and harms animals and water,

53 showing that everything in nature is connected.

54 Lesson 1: In the Zoom in phase, although the teacher directly guided students in identifying system

55 STS 3 con'!ponents of each subsystem, many still found it chaIIe'ngir?g to recognise all relevant components.

56 (System Their concept map was fra.gmented and lacked clear organ|§at|on. N '

57 components) Lesson 2-3: In the Zoom in phase, some students began independently organising components into
concept maps. They identified the components of each subsystem more completely, and their concept

58 map demonstrated improved logical organisation.

59

60

10 | J. Name., 2012, 00, 1-3
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Lessons 4-5: Students gradually took primary responsibility for system structuring, with the, teacher, .
providing only feedback. DOI: 10.1039/D5RP00450K

Lesson 1: The relationships between aspects of sustainability that students identified were often
fragmented or unclear. They just mentioned environmental or health aspects as isolated factors.
Lesson 2: Some students began forming reasoned connections between aspects of sustainability. They
gradually became able to simply point out that the health factor was related to economic concerns in
food consumption, based on the teacher’s guiding questions.

Lessons 3, 5: In the Zoom out and Connect phase, argumentation integrating sustainability aspects
became more common. They engaged in more active discussions and made efforts to consider multiple
aspects of a given issue, such as food consumption or plastic use.

Lesson 4: Students just focused on the health-related aspect.

1
2
3
4
5
6
7 STS 4
8 (Dimension
9 interconnections)
10
11
12
13
14
STS5
(Hidden

dimensions)

Lesson 1: In the Zoom out phase, most students were only able to identify some hidden aspects by
recording the teacher-guided information, including molecular bonding or metabolic pathways at the
cellular level, as well as additional aspects not initially present in the lesson context, such as pollution,
economic concerns, and health impacts.

Lessons 2-5: In the Zoom out phase, some students began exploring deeper system layers through
indirect relationships. As they connected the subsystems, they began to identify additional aspects that
were not initially present in the context of the lesson, such as pollution, economic concerns, or health
impacts.

STS 6
(Personal
responsibility)

Lesson 1: In the Connect phase, most students' proposed solutions were general and not linked to
specific personal contexts.

Lessons 2, 3, 5: In the Connect phase, students began offering solutions grounded in their own or their
family’s contexts. Some students also consider others' situations, such as questioning whether eating
cereal in the morning would be suitable for a worker, showing awareness of different needs in decision-
making.

Lesson 4: In the Connect phase, students had not yet had the opportunity to place themselves within
the system for reflection.

Lessons 1, 2: In the Zoom out and Connect phase, most students just offered descriptive explanations,
often focusing on imagined future scenarios related to the issue. Only a few students began to make
simple decisions by reflecting on past experiences to suggest actions for the future. However, they did

(System cycles)

STS 7 not consider the present and gave no clear reasons for their choices.
(Action Lessons 3, 5: In the Zoom out and Connect phase, some students clearly reflected on past lessons or
relationships over  their own experiences to draw lessons for making more sustainable choices in the future, and even
time) considered their present situation.
Lesson 4: In the Zoom out and Connect phase, students only reflected on the context of the lesson and
gave explanations related to it within systems, which shows reflection on the past. They had not yet had
the opportunity to consider the present or the future.
Lesson 1: Natural cycles were rarely mentioned.
STS 8 Lessons 2-4: Limited progress in Zoom in, Zoom out and Connect phase; only some students just

identified basic feedback loops in food consumption, but without a clear explanation.
Lesson 5: Students described natural cycles more clearly in Zoom in phase, such as decomposition, food
chains, and biological-social interactions.

& b~ » pOpengcegssAriiglafublishedon 42 fgonusrk 206 Rownl Raded 0R2/RS/ 2026 7:38:29.AM.
wm\fh% aficldistedhbed urither € Rative Sorfindis Kﬂrﬁb’mﬁngo\?n&rté (Peetie.

Lessons 1: At first, students rejected different system perspectives from other students, leading to
arguments and unwillingness to compromise in the Zoom out and Connect phase. The teacher stepped
in to help them recognise and respect others' viewpoints.

Lessons 2-5: Students gradually became more open to others’ views and began to respond by exploring
ideas rather than rejecting them in the Zoom out and Connect phase. The number of students engaging
in system analysis during debate activities gradually increased across the lessons.

Lessons 1-4: Limited emotional expression toward living organisms or ecosystems. Some students began
to express concern about environmental harm caused by food production processes.

Lesson 5: Most students showed greater emotional engagement, using empathetic language toward
animals and natural habitats. Such as, some students expressed concern for animals losing their habitats.

Lessons 1: Most students struggled to clearly integrate multiple perspectives related to themselves in
the Connect phase. When considering food consumption, they often focused only on the health aspect.
Lesson 2, 3, 5: Some students more clearly integrated personal circumstances, cultural habits, and
economic conditions into their system analysis.

Lesson 4: Students had limited opportunities to bring in diverse perspectives when discussing the
context of the lesson, as they merely focused on explaining the issue itself in the Connect phase.

STS9

4 (Empathy with

5 others)

6
j; STS 10

(Empathy with non-

gg human beings)
51
52
53 STS 11
54 (Sense of place)
55
56
57 STS 12
58 (Personal practice)
59
60

Lessons 1-3, 5: Some students expressing intentions related to personal behaviour, showing a desire to
change and maintain a healthier lifestyle in the Connect phase. However, no clear development was
observed, as they only articulated intentions without taking specific actions.

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 11
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Lesson 4: Students had no opportunity to engage in making decisions on individual or collective actions, .

regarding the responsible use of protein in the Connect phase.

DOI: 10.1039/D5RP00450K

Lesson 5: A few observable behavioural changes were noted in the classroom, such as using plastic
bottles or eating deep-fried foods sold at the school gate.

This observation revealed uneven levels of participation in
learning activities, as some students were minimally involved in
class tasks. Even during group work, they rarely took the
initiative to express their own perspectives. As a result,
although the anecdotal records produced notable findings, they
did not fully capture the performance of all students in the class,
which can be better reflected through individual written tests.

Discussion

This study contributes empirical insights into how a SaSTICE-
inspired chemistry lesson sequence can support the development
of students’ ST competence within ESD-integrated chemistry
education — a promising field that remains under-researched®
27, To address the research question, the intervention was
developed based on the adapted Talanquer & Szozda's
framework?? (in the SaSTICE project), combined with 12 STS
proposed by Karaarslan and Teksdz3, scaffolding strategies and
concept map tools. A one-way repeated measures design was
employed, and data collected from written tests and anecdotal
records to give a in-depth
understanding of how students’ ST competence can be formed

were triangulated more

and developed in sequence of ESD-integrated chemistry
lessons.

Both data from written tests and anecdotal records provide
compelling evidence of students’ progressive development in
most STS from lessons 1 to 3, and most STS reached high levels
in lesson 5. This demonstrates the effectiveness of the lesson
sequence, which might be attributed to two interrelated
components: a structured instructional framework?? and
strategically designed scaffolding®l. The adapted framework
supported teachers in integrating ESD by aligning with
mandatory LOs and allocated lesson time, while maintaining
pedagogical coherence. As a result, although no additional
content was incorporated beyond the mandatory LOs, students
could still develop most STS effectively within each lesson. In
parallel, scaffolding strategies played an important role in
gradually supporting students to engage step by step with STS.
Initial results showed that most STS appeared at a low level at
the start, confirming that

Conversely, the presence of well-structured scaffolding in the

scaffolding was necessary.
early stages might allow students to gradually and smoothly
build this competence without becoming overwhelmed. In
addition, the concept map, supported by scaffolding, also might
serve as a practical visual tool that helps students structure
lesson content, position themselves within the system and
examine factors more actively during the Connect phase. Thus,
this combination demonstrated a positive impact on students’

12 | J. Name., 2012, 00, 1-3

development of ST competence. However, there are some
important points to note about how certain STS developed.

Findings on some STS development in this study align with
previous research. The most positive developmental trend was
observed in STS 1 (Sustainability dimensions) and STS 3 (System
components), aligning with the findings of Ekselssa et al®*. Our
study also revealed that STS 1 consistently demonstrated a high
level of performance from the first lesson, which may suggest
that this skill is relatively easy to develop and had already begun
to emerge before. The lesson sequence mainly served to further
sharpen this skill. Although Semiz and Teks6z did not examine
the developmental trajectories of individual STS, they noted
that these two skills represent the lowest-order cognitive
demands and are therefore more easily developed by
students®. In contrast, STS 12 (Personal practice) was not fully
evident across the three-week, five-lesson intervention. This is
also the STS that Semiz and Teks6z3¢ identified as the most
challenging for students to develop. Although the lessons were
intentionally designed to support the Connect phase by
engaging students with sustainability issues and encouraging
movement toward transformative actions, opportunities to
observe and assess such transformation were inherently
constrained within the classroom setting. Consequently, this
finding highlights the need for further exploration of how the
development of STS 12 may be supported and examined in
broader learning contexts beyond the classroom.

A noticeable shift in students’ developmental trend emerged in
Lessons 4 and 5, which may be attributed to the strict
adherence to the LOs of the local General Education Curriculum
and the change in scaffolded supports as dynamic assessment®®.
In lesson 4, as evidenced by both written test results and the
anecdotal records, except for STS 3 (System components) and
STS 5 (Hidden dimensions), most of the STS were weakly
expressed. Firstly, the limited scope of the mandatory LOs and
the time allocated for each lesson constrained opportunities for
students to position themselves within the system in order to
reflect and engage in informed decision-making as in other
lessons. They just constructed systems based on the mandatory
LOs and connected system components to explain the issue
introduced at the beginning of the lesson in the Connect phase.
As a result, the development of most STS was hindered.
Secondly, throughout Lessons 1 to 3, support was made explicit
during both instruction and assessment to help students build
foundational understanding and reasoning confidence, which
contributed to a steady upward trend in their performance.
Lesson 4, by contrast, used only two questions to examine
students’ independent performance. The lower results at this

This journal is © The Royal Society of Chemistry 20xx
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stage might therefore stem from both the lesson design and the
assessment tool. In Lesson 5, an additional support component
was explicitly incorporated through dynamic assessment,
allowing guided feedback during evaluation. This adjustment
enabled students to express their reasoning more effectively,
revealing learning potential consistent with the principles of
dynamic assessment®. With these data, it is uncertain to
determine which factor really affects this developmental trend;

hence, the above arguments suggest that future controlled

research investigate the effect of each factor (LOs and
scaffolded support) on students' development of ST
competence.

The strict adherence to the LOs may also limit the development
of STS 2 (Nature as a system) and STS 8 (System cycles) in the
Regarding STS 2,
responsible consumption led them to perceive nature merely as

first four lessons. students’ focus on
an external factor, as the LOs centred primarily on human
health and personal well-being. By contrast, Lesson 5, which
emphasised environmental implications more prominently,
provided greater space for students to recognise humans as
embedded within ecological systems, contributing to clearer
development of STS 2. STS 8 also showed slow development,
with consistently low scores across the first four lessons. This
may be because the learning outcomes framed processes in a
linear manner, which did not prompt students to trace recursive
effects or consider how outcomes can feed back into the
system. Only a few students were able to recognise feedback
loops when considering the system as a whole. This result is
consistent with the observations of Ekselsa et al.®4, who noted
that these skills are particularly challenging to develop. This
shows that while some STS can develop readily, others remain
more difficult to foster and tend to develop more slowly under
mandatory LOs. Therefore, future research could examine the
development of these STS across different lessons, as well as
across different national education curricula.

Some limitations of the assessment instrument suggest that the
written test alone may not be sufficient to capture the full
students’ STS. A notable observation is that the performance
trends of most STS in five lessons were generally consistent
across both data sources, except for STS 9 (Empathy with
others). STS 9 was not evident in students’ written responses
across all five lessons but was observed in the anecdotal
records, possibly because the assessment question did not
explicitly require students to consider others’ perspectives and
only referred to humans indirectly. This might also suggest that
the ability to view issues from others’ perspectives is difficult to
assess comprehensively through written tests alone. Therefore,
itis important to strengthen assessment practices that focus on
each individual student and reinforce the essential role of
triangulating quantitative and qualitative data sources.

This journal is © The Royal Society of Chemistry 20xx
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As a result, the lesson sequence can be considereck/‘sel\;vc/ggcqgglnluing
integrating core principles of ESD, as demdastrated Hoagh
multiple strands of evidence. Integrating ESD within the
boundaries of the program’s mandatory LOs may pose certain
constraints; however, the results still indicate positive signals,
as a key condition is that the program’s outcomes must be
achieved and aligned with students’ actual learning capacity.
Therefore, the results of this study support the need for
implementing ESD-integrated chemistry lesson sequences, as
they help strengthen students’ sustainability competence
without necessarily requiring extensive additional content
beyond the existing curriculum, given that both time and
students’ cognitive capacity are limited. As shown in this study,
only one lesson was clearly constrained by the LOs and the
limited support provided by the written test. Accordingly, the
development of this competence should be maintained through
multiple successive lessons; hence, it is recommended that ESD
be embedded throughout the teaching process, whether
through a few lessons or many, to frame how ST is applied into
chemistry education and ensure sustained impact.

Conclusion

This study presents a participatory action research on the
integration of ESD into chemistry education through the ST
approach. The research team designed a SaSTICE-inspired
chemistry lesson sequence and tested it on a sample of Grade 9
students (N = 44) to examine the development of students’ ST
competence. The findings highlight the positive progression of
students’ ST competence throughout the lesson sequence.
Notably, this competence was progressively cultivated across
the five lessons, following a gradual trajectory that balanced
cognitive demands with This steady
progression not only prevented cognitive overload but also

student readiness.
enabled students to internalise and independently extend their
ST capabilities, aligning with the long-term objective of

nurturing autonomous, sustainability-oriented learners.
Importantly, the results also address a previously identified gap
in ESD implementation: the need for structured chemistry
lesson sequences that allow students to gradually develop key
competencies over time, rather than through isolated or

fragmented interventions.

However, the study still has limitations. First, the sample was
limited to students with relatively high academic performance,
which may restrict the generalizability of the findings to broader
student populations, particularly those with lower academic
readiness. Second, while responsible action (STS 12 - Personal
practice) is a core element of ESD, the study was unable to
assess whether students translated their learning into actual
behaviours due to the absence of authentic, real-world
contexts. Future research should address this by incorporating

J. Name., 2013, 00, 1-3 | 13
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opportunities for students to demonstrate and consolidate this
competency through situated learning experiences. Third,
across the first four lessons, some STS remained at relatively
low levels before rising sharply in Lesson 5. This pattern may
have been influenced by the lesson content itself rather than
only by teaching or assessment factors. Future studies should
therefore include a control group to clarify whether the
observed changes stem from instructional effects or from
differences in lesson content. Finally, this study focused solely
on assessing ST competence, which represents only one
dimension of the broader set of ESD competencies. Future
research should aim to evaluate a more diverse range of
competencies to provide a more comprehensive understanding
of students’ development within ESD.

To our knowledge, this study is among the earliest studies to
apply the results of the SaSTICE project to investigate the ESD-
chemistry education integration using the ST approach. Its
contribution lies not only in the conceptual alignment of ESD
with existing curriculum content, but also in the concrete design
and implementation of a structured five-lesson chemistry
sequence. By grounding the intervention in the Talanquer &
Szozda framework??, 12 STS3®¢ and employing a repeated
measures design®® with triangulated data sources, this study
offers evidence of how ST competence can develop
progressively within an ESD-integrated chemistry sequence. We
strongly recommend that future research explore the use of the
ST approach to integrate ESD across different student
populations, in order to further advance the implementation of
ESD and the application of results from STICE and SaSTICE
projects in diverse educational contexts. Moreover, chemistry-
ESD integrating initiatives should continue to be implemented
in other countries’ national curricula, with particular attention
to the design and empirical investigation of chemistry lesson
sequences, in order to evaluate their alignment with curricular
goals, to support the application of ST in chemistry education,

and ensure coherence, continuity, and transformative impact.
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S1. RESEARCH DESIGN

S$1.1 Written test instrument

The written tests, including open-ended questions following each of the five lessons, are presented
below. While the structure of the questions remains consistent across lessons, the content varies
according to each lesson’s content focus. Starting from Lesson 4, a scaffolding strategy was applied by
gradually fading the guiding prompts to encourage students to independently analyse the issue.
However, the results from this lesson suggest that although fading support is necessary to foster
autonomy, reducing scaffolding too quickly may limit students’ ability to fully demonstrate their
systems thinking skills. Therefore, in Lesson 5, the level of scaffolding was adjusted through the
incorporation of a dynamic assessment approach, which enabled responsive support during the
assessment to better balance guidance and independence. Following the questions, a rationale is
provided to clarify how each question is purposefully constructed to assess relevant STS.

Written assessment

e Question of lesson 1: Lipid and fat

Question 1: Analyze the impacts of consuming fat-based products in contemporary life. Provide a

detailed explanation of each component and the relationships among them.
The following guiding questions can be used to support your response to the above question:

e What are the different applications of fats? Based on which scientific concepts are these
applications developed? structure, physical and chemical properties, chemical equations,...)

e Why do we need to consume fats? Through which chemical properties and biological
processes does the human body digest fats? Are all types of fats the same? What are the
health benefits and risks associated with different types of fats? What accounts for these
differences?
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e Apartfrom its effects on individual health, how does fat consumption influence broaders$tiess ;. ok

(animal, economy, and environment)? Provide a clear explanation of the factors contributing
to these impacts

e When considering various aspects such as the scientific nature of fats, the consumption of fat-
based products,..., which issue do you find becomes more apparent?

Q2: Based on your reflection on the issues discussed above, how should you personally use fat-based
products in a way that is appropriate for your needs? Do you think this approach should be integrated
into your everyday life?

Q3: In your opinion, the lack of nutritional knowledge has led to negative biases against fats, thereby
promoting trends of eliminating fat from diets. How does this affect the issues you have previously
analyzed (human health, the economy, the environment, and animal welfare)?

e Question of lesson 2: Glucose and saccharose

Q1: Analyze the impacts of consuming glucose and saccharose-based products in contemporary life.
Provide a detailed explanation of each component and the relationships among them.

The following guiding questions can be used to support your response to the above question:

- What are the applications of glucose and sucrose? Based on which scientific principles have
these applications been developed? (molecular structure, physical and chemical properties,
chemical reactions,...)

- Why do we need to consume foods containing glucose? Through which chemical properties
and biological processes does the human body digest sugars? Are all types of sugars the same?
What are the health benefits and risks associated with each type of sugar? What accounts for
these differences?

- What are the cultivation methods for natural food sources containing glucose and sucrose?
Based on these methods, analyze their respective impacts on the environment and the
economy.

- Apart from its effects on individual health, how does glucose and saccharose consumption
influence broader issues (animal, economy, and environment)? Provide a clear explanation of
the factors contributing to these impacts.

- When considering various aspects (the scientific nature, the consumption of glucose and
saccharose based products,...), which issue do you find becomes more apparent?

Q2: Based on your reflection on the issues discussed above, how should you personally use glucose
and saccharose-based products in a way that is appropriate for your needs? Do you think this approach
should be integrated into your everyday life?

Q3: In your opinion, the lack of nutritional knowledge has led to negative biases against sugar, thereby
promoting trends of eliminating sugar from diets. How does this affect the issues you have previously
analyzed (human health, the economy, the environment, and animal welfare)?

e Question of lesson 3: Starch and cellulose

Q1: Analyze the impacts of consuming starch-based products in contemporary life. Provide a detailed
explanation of each component and the relationships among them..
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431 The following guiding questions can be used to support your response to the above question; , | 5o 5 S5oieok

> - What are the applications of starch? Based on which scientific principles have these

? applications been developed? (molecular structure, physical and chemical properties,

8 chemical reactions,...)

9 - Why do we need to consume foods containing starch? Through which chemical properties and

1(1) biological processes does the human body digest starch? Are all types of starch the same?

12 What are the health benefits and risks associated with each type of starch? What accounts for

13 these differences?

1:‘8 - What are the cultivation methods for natural food sources containing starch? Based on these
g methods, analyze their respective impacts on the environment and the economy.

- Apart from its effects on individual health, how does starch consumption influence broader
issues (animal, economy, and environment)? Provide a clear explanation of the factors
contributing to these impacts

- When considering various aspects (the scientific nature, the consumption of starch based
products,...), which issue do you find becomes more apparent?

Q2: Based on your reflection on the issues discussed above, how should you personally use starch-
based products in a way that is appropriate for your needs? Do you think this approach should be
integrated into your everyday life?

Q3: Inyour opinion, the lack of nutritional knowledge has led to negative biases against starch, thereby
promoting trends of eliminating starch from diets. How does this affect the issues you have previously
analyzed (human health, the economy, the environment, and animal welfare)?

. Question of lesson 4: Protein

Q1: Analyze the relationship between the structural characteristics of proteins and the following

R afficiEisTroded urider 8 CRative Soriindnis AttMBuiion 309 nﬁ&t&ﬁ Sk

components: their chemical properties, the metabolic processes in the human body, and their
applications in human life, particularly in the textile industry. Be sure to clearly explain the content of
each part in your response.

Q2: The current 'high-protein' trend has attracted considerable attention from young people due to

& » » pOpenfceesspriisladublishedon 42 kebivark 2G26. Qo agded oRu2/R5/2026 7:38:29.AM.

f-‘ the important role of protein in the human body. However, in your opinion, what could happen if this
4 trend continues to grow while consumers lack proper nutritional knowledge? (which can help you
45 reflect on how to use protein-based production appropriately for yourself). Provide a well-reasoned
46 argument based on the physical and chemical properties of proteins.
47
48 e Question of lesson 5: Polymer
49
50 Q1: Analyze the impacts of consuming products made from polymers (polyethylene) in contemporary
g; life. Present in detail the content of each part and the relationships among them (properties,
53 applications, natural cycle, economic and environmental issues,...)
54
55 Q2: Based on your reflection on the issues discussed above, how should you personally use
56 polyethylene-based products in a way that is appropriate for your needs? Do you think this approach
57 should be integrated into your everyday life?
58
59

(o))
o
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use, is becoming increasingly widespread as part of a shift towards more environmentally friendly

lifestyles. In your opinion, how does this trend affect the issues you previously analysed (human

health, the economy, the environment, and animal welfare)?

b.

The rationale

With an open-ended format and a structured set of guiding questions, Question 1 not only encourages

students to review their knowledge throughout lessons but also creates opportunities to assess a

range of STS.

This question is well positioned to assess STS 1 (Sustainability dimensions) as it directs
students to analyze the impacts of a product across multiple dimensions (including health,
environment, economy,...) which are explicitly embedded within the guiding questions. By
prompting consideration of these diverse aspects, the question encourages learners to
identify different dimensions of sustainable education, rather than approaching the issue from
a single perspective.

STS 2 (Nature as a system) can be assessed through prompts that guide students to analyze
natural processes such as decomposition or the product’s interaction with the human body or
ecosystems. By being encouraged to explain how these processes take place, students are led
to perceive the phenomenon as a sequence of interactions, both within each subsystem and
with the natural environment.

The potential to assess STS 3 (System components) lies in the guiding question that requires
students to identify and describe all components of each subsystem such as molecular
structure, physical and chemical properties, and functional characteristics.

STS 4 (Dimension interconnections) also can be assessed through the guiding question toward
analyzing interconnections between sustainability dimensions. This creates an opportunity for
students to consider the relationships between the sustainability aspects they are otherwise
addressing in isolation.

Regarding STS 5 (Hidden dimensions), the question does not impose rigid content boundaries
but instead allows students to expand their analysis based on their understanding. This
flexibility creates space for learners to incorporate elements that are not immediately visible
or explicitly stated, such as hidden costs or long-term consequences. Such an open approach
enables the assessment of students’ ability to recognize and integrate hidden or less obvious
components of a system.

STS 8 (System cycles) may also be assessed, as students are prompted to analyze processes
like digestion, transformation, or decomposition—processes that are inherently cyclical
within biological and environmental systems. Furthermore, when asked to evaluate the
product’s impact on human health, students are implicitly encouraged to trace cause-and-
effect loops that reinforce cyclical patterns.

Subsequently, with open-ended format and strong emphasis on reflective thinking, questions 2 and 3

can create opportunities to assess a range of systems thinking skills related to purposeful action,

affective engagement, and self-positioning within real-world systems.
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® The questions may be well suited to assessing STS 6 (Personal responsibility), asg@p%@ﬁéﬁé@époo%w

encouraged to propose practical solutions by positioning themselves within the system. The
process of envisioning and articulating context-specific actions demonstrates that students
are not only understanding the system at a conceptual level but are also recognizing their own
role within it.

e STS 7 (Action relationships over time) may also be assessed as students are encouraged to
anticipate how the system might develop in response to the solutions they propose. By
considering possible future states and projecting the consequences of certain actions over
time, students demonstrate the ability to think dynamically about systems. They also take in
the knowledge they have learned as part of their personal experience.

e STS 9 (Empathy with others) may be indirectly assessed. Although the questions do not
explicitly ask students to consider other people’s perspectives, proposing realistic solutions
often involves thinking about how others might be affected. If students choose to take this
into account, their responses can reflect an emerging sense of empathy and awareness of
different viewpoints.

® These questions also have the potential to assess STS 10 (Empathy with non-human beings).
They provide an opportunity for students to develop empathy, rather than merely referring
to it as a related factor. Students express their care for nature and non-human entities when
considering the factors surrounding their proposed actions. When non-human elements are
treated as integral parts of the system and evaluated alongside human interests, students
demonstrate a more inclusive and holistic systems perspective.

e STS 11 (Sense of place) may also be assessed, as students are asked to propose solutions that
are relevant to their own context. This process guides them to consider how the issue relates
to the social, environmental, and cultural aspects of the place where they live. By connecting
the system under study to the places they inhabit, students demonstrate an understanding
that sustainability challenges are not abstract, but are embedded within real, lived spaces.
This encourages the development of a grounded sense of place

e STS 12 (Personal practice) may also be assessed, as students are asked to propose actions that
appropriate their real-life context. Although this skill is not easily assessed through the
guestions, the way students articulate their proposed actions—especially when these are
closely connected to their personal situations—can show whether they are likely to apply
these actions in practice. Such responses may reflect an early step in the potential application
of systems thinking to students’ own lives, although it remains uncertain whether these would
translate into actual actions.

Finally, the process of proposing solutions also provides an indirect opportunity to assess STS 1
(Sustainability dimensions) and STS 4 (Dimension interconnections). As students consider the
impacts of their proposed actions on various dimensions (such as health, economy, and the
environment,...), they continually revisit key aspects of sustainability (STS 1) and analyze how
these dimensions interact within a complex system (STS 4).
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Identifying the
meaning and
aspects of
sustainability

refer to more than
two aspects of
sustainability
related to issue.

two aspects of
sustainability
related to issue.

to one aspect of
sustainability
related to issue.

Systems
Thinking Skills Mastery Developing Emerging Pre-aware
(STS)
STS 1. Students clearly Students refer to | Students refer Students do not

refer to aspects
of sustainability
related to issue.

from human

pollution.

Example of Eating fat is good We need to eat We need to eat | Protein is made
student for our body, but fat because it is fat because it from amino
response eating too much can | important for the | gives energy to acids through
cause health body, but eating | our body, helps | peptide bonds.
problems like too much or build cells, and Its chemical
obesity. When eating too many | protects our properties
people get sick, snacks can cause | organs. If we do | include protein
they have to spend | obesity, health not eat fat or decomposition,
a lot of money on problems only eat coagulation or
medical treatment. | because itis unhealthy fat denaturation,
Besides that, if we saturated fat, from snacks, our | and hydrolysis
throw cooking oil and waste body may get reaction:
away carelessly, it money on sick because itis | protein + H,0 =
can pollute rivers hospital bills. hard to digest (acid or base,
and water in the and use it heat or enzyme)
environment. properly. -> amino acids.
STS 2. Seeing Students are able to | Students are able | Students No particular
nature as a look at the nature to look at the struggle to look | view of nature
system as a system nature as a at the nature as | as a system.
considering most of | system a system and
the aspects of considering two | only consider
integral ecology and | or three aspects | one or two
describe human-— of integral aspects of
nature relationship | ecology and try integral ecology
in a holistic way. to describe and describe
human-nature human-nature
relationship in a relationship
holistic way. from
mechanistic
perspective.
Example of No responses Environmental Plastic waste Plastic is very
student reached the pollution caused | causes convenient and
response mastery level. by plastic results | environmental cheap, so many

people use it
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overuse due to
its convenience;
since plastics
cannot
participate in
natural
decomposition,
they accumulate,
fragment, and
disperse,
entering the
human body and
food chains,

When people
use and throw
away too much
plastic, the
environment is
damaged and
becomes unsafe
for living things.

View Arf

everydayfaro nsr
bags, bottles,

and food
containers.
Because of its
strong structure,
it is difficult to
decompose and
can exist for a
long time.

cle Online
PO0450K

harming

organisms
STS 3. Students are able to | Students try to Students are Students cannot
Identifying identify multiple identify multiple | able identify one | identify

components of a

components of a

components of a

or two

components of a

system system in a clear system. components of a | system.

way. system.
Example of Fat is used in daily Fatis usedin Fatis found in No responses
student life to make food daily life for food | many foods such | reached the pre-
response and soap. and soap. as cooking oil aware level.

In food, there are There are and animal fat.

many kinds of fat different kinds of | It can give

such as animal fat, fat such as energy to the

sesame oil and olive
oil.

Solid fat has only
single bonds, so it is
saturated fat, while
liquid oil has double
bonds and is
unsaturated fat.
Trans fat is found in
snacks and cakes
and is created when
unsaturated fat is
hydrogenated,
which changes its
structure.

When fat reacts
with NaOH, it forms
RCOONa, which has
cleaning ability and

saturated fat,
unsaturated fat
and trans fat,
which are found
in animal fat,
cooking oil and
snacks.

Fat can react
with NaOH to
make soap.
When people eat
fat, it is broken
down in the body
to provide
energy.

After cooking,
waste oil can be
thrown away and

human body.
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creates soap
bubbles.

The human body is
also a component of
the fat system.

Fat provides energy,
helps build cells and
forms a fat layer to
protect organs.
After eating, fat is
broken down into
fatty acids to
perform these roles.
There are different
types of fat such as
saturated fat,
unsaturated fat,
trans fat, whole fat,
refined fat and cold-
pressed fat,
classified by
structure and
processing.

In my opinion, trans
fat and refined fat
should not be eaten
because they lose
nutrients and can
cause obesity, while
other fats can
provide nutrition if
used properly.

Fat molecules have
R groups and
cannot dissolve in
water.

When waste oil is
poured into sinks or
rivers, it can pollute
water and reduce
oxygen for aquatic
organisms.

Using animal fat
also increases
animal slaughter,

may pollute
water.

View Arf
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which can affect
animal rights.
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STS 4. Analyzing
interconnections
among the
aspects of
sustainability

Students are able to
critically analyze the
interconnections
among the
components of a
system by
considering all
aspects of
sustainability.

Students are able
to analyze
interconnections
by considering
two aspects of
sustainability.

Students
struggle to
analyze the
interconnections
among the
aspects of
sustainability.

Not analyzing
the
interconnections
among the
aspects of
sustainability.

Example of Polyethylene Plastic waste can | Fat provides Fat provides
student possesses durable pollute the energy for the energy for the
response properties due to its | environment, human body. human body so

chemical structure especially water | It can also cause | we should eat

and bonding, which | and soil. When environmental fat in meals.

makes it resistant to | plastic breaks pollution.

natural degradation | into small pieces,

despite the it can harm

existence of animals living

environmental there. This

decomposition pollution can

cycles. As a result, it | also affect

tends to accumulate | human health

in the environment, | because

contributing microplastics

significantly to may enter food

pollution. and drinking

Microplastics from water.

polyethylene can

gradually enter the

food chain and

eventually reach

humans, posing

serious health risks.

Nevertheless,

polyethylene

remains widely used

because it is

inexpensive and

convenient, and it is

present in many

items around us
STS 5. Students are able to | Students able to | Students Students cannot
Recognizing identify many identify some struggle to identify hidden
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hidden hidden dimensions | hidden identify hidden | dimepsjons itbas-nls01e0k
dimensions in a system by dimensionsin a dimensionsina | system.

connecting to the system and system.
issue clearly. making
connection to
the issuein a
simple way.
Example of No responses The improper Eating too much | Eating too much
student reached the consumption of | fatty food can fatty food can
response mastery level. fatty foods leads | cause diseases, cause obesity
to various and it also and health
diseases due to makes people problems.
visceral fat spend more
accumulation, money on
resulting in high | treatment.
treatment costs;
however, this
contributes to
the growth of
the healthcare
economy.
STS 6. Students are able to | Students try to Students Students cannot

Recognizing own
responsibility in

make connection
between the

make connection
between the

struggle to make
connection

make any
connection

the system problem/issue and problem/issue between the between the
their personal life. and their problem/issue problem/issue
personal life. and their and their
personal life. personal life.
Example of | think that using | know that | think organic Organic food is
student brown rice and brown rice and food are healthier for the
response organic products is organic food are | healthier for the | body and can

good for health, but
they are expensive.
At home, my
mother is the one
who buys food, so
even though | know
they are healthier,
we still eat white
rice. However, | will
try to talk to my
mother about
switching if our
family can afford
them.

healthier than
white rice.
However, they
are more
expensive, so my
family usually
does not buy
them. I think
eating healthier
food is
important, but it
is not easy to
change our daily
meals.

body and can
help prevent
diseases.
However, my
family is used to
using other
foods that are
not organic
because they
are more
suitable for our
conditions.

help prevent
diseases such as
obesity and
heart disease.
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STS 7.
Considering the
relationship
between past,

Students are able to
make relationship
between past,
present and future

Students try to
make
relationship
between past,

Students
struggle to make
relationship
between past,

Students,capiigt.

make
relationship
between past,

cle Online
PO0450K

present and clearly. present and present and present and
future future. They future. future.
mostly consider
two time spans
(e.g. past and
present).
Example of In the past, | used to | | used to eat lots | I think | should Eating too much
student use many plastic of oily food with | eat less oily food | oily food with
response bags when trans fats, but and choose trans fats is
shopping. Now | now | think | healthier meals | unhealthy for
realize that plastic need to eat more | to meet my the body.
waste causes at home and eat | nutritional
serious pollution, so | healthier while needs.
| try to bring my still meeting
own bag. In the nutritional
future, | will needs.
continue reducing
single-use plastics
and encourage my
parents to do the
same.
STS 8. Students are able to | Students try to Students No explanation
Recognizing recognize cyclical recognize cyclical | struggle to about cyclical
cyclical nature nature of the nature of the recognize nature of the

of the system

system by giving
examples (e.g.
natural cycles).

systemin a
simple way.

cyclical nature
of the system.

system.

Example of
student
response

Organic waste is
broken down by
bacteria into carbon
dioxide and water,
which return to the
environment and
are taken up by
plants again
through the air and
soil.

Organic waste
can be broken
down by bacteria
into simple
substances.
These substances
return to the
environment and
can be reused in
nature

Fat is necessary
for health, so
people should
consume fatty
foods. But when
consumed
improperly, the
skin becomes
dry, requiring
expensive
moisturizers
while the body
still lacks

Fat is important
for the body
because it
provides energy
and helps
protect organs.
Eating too much
fat can cause
health
problems.



http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5rp00450k

oNOYTULT D WN =

e}

tﬁn?O‘Bnﬁ&t&ﬁ Peeifte™ P N — <

~hR aficlEisTreded Urider 'R PRative Somindhs Atthvu

o uUuuUuuuubdsdSSDSS S sOpenBogssshriislalulishiedond? ebuark 2G26. Qo aded 0R,2425/2026.7:38:29.AM .
SN PWN=2SOH»I O D o)

Chemistry Education Research and Practice Page 28 of 46
essential DOI: 10.1039/D5RP00450K
nutrients.

STS 9. Students are able to | Students try Students Students cannot
Developing develop empathy develop empathy | struggle to make | develop
empathy with with other people with other empathy with empathy with

other people

by explaining their

people, but they

other people.

other people.

reasons or needs give simple
behind their actions | explanations
without blaming about their
them. needs or
reasons.
Example of Students actively Students were Students initially | Students
student listened to different | able to present rejected rejected
behavior system and justify their different system | different system
perspectives, own group’s perspectives perspectives
articulated their system proposed by from other
own viewpoints, perspective and | other groups students,
and engaged in showed and engaged in leading to
constructive openness to the | disagreements. | arguments and
discussion of the perspectives With teacher unwillingness to
system proposed by intervention, compromise in
components. Based | other groups. they gradually the Zoom out
on the shared They agreed with | became more and Connect
arguments, they alternative willing to phase.
collaboratively viewpoints and compromise.
integrated relevant | discussed a However, they
ideas from other specific system did not fully
groups into their component using | accept with the
own concept maps. | group-based different
reasoning, perspectives
focusing on presented by
exchanging other groups.
arguments rather
than engaging in
disagreements.
STS 10. Students are able to | Students try to Students Students cannot
Developing state their state their struggle to make | make
empathy with connection with connection with | connection with | connection with
non-human non-human beings non-human non-human the non-human
beings and to whole beings in a beings. beings.
nature. simple way.
Example of No responses Using animal fat | If animal fat is We need to eat
student reached the means animals used too much, | foods that
response mastery level. have to be killed | more animals contain fat such
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for food
production.

This can affect
animal rights
because animals
lose their lives
only to meet
human needs.

can be killed for
food.

as meat, Ojl aBd s
butter.

cle Online
PO0450K

STS 11. Students are able to | Students try to Students Students cannot
Developing build multi- build multi- struggle to build | build any sense
sense of place dimensional, holistic | dimensional multi- of place.

sense of place. They | sense of place. dimensional

could attribute They could sense of place.

several meanings to | define the place | They could

the places as including two | define the place

(biophysical, social, | dimensions. as including

cultural, political single

etc.). dimension.
Example of Brown rice is We use white My family eats White rice is
student healthier because it | rice because it's | white rice commonly eaten
response contains more fiber | cheaper and part | because it is in many families.

and nutrients, but it | of our habit, but | suitable.

is more expensive I'll try to change

and harder to buy. that if my

White rice is family’s financial

cheaper and easier | condition allows.

for my family to use

every day.

Therefore, we

usually eat white

rice, but we

sometimes choose

brown rice when

our budget allows.
STS 12. Adapting | Students are able to | Students almost | Students Students do not
systems thinking | adapt systems start to adapt struggle to adapt systems

perspective to
personal life

thinking perspective
to their personal life
by taking
transformative
actions.

systems thinking
perspective to
their personal
life by taking
small steps.

adapt systems
thinking
perspective to
their personal
life. They
describe simple
actions for
sustainability.

thinking
perspective to
their personal
life.
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Example of | won't eat | realize that too | | think i Proteip,is 8008 thlareon
student carelessly anymore. | much fried food shouldn’t eat for building
response People used to tell is unhealthy. too much fatty muscles and

me, but | didn’t Now | am food because it | repairing the

care. After this starting to try to | can cause body, but eating

lesson, | understand | choose healthier | obesity. too much

why it causes food, such as protein can

obesity, so I'll eating home- cause

cooked meals. constipation.

S$2. TEACHING INTERVENTION

$2.1 Systems thinking framework

The Talanquer & Szozda’s framework provides a clear and structured instructional sequence? that may

align effectively with the development of the 12 STS through its four pedagogical phases. Based on

the characteristics of each STS and the functions of each phase in the Implementating stage?, this

study proposes potential alignments, as presented in the table below. While some STS may emerge

across multiple phases, we highlight where each skill is most strongly initiated or reinforced.

(Sustainability
dimensions)

Phases of Systems thinking Rationale for the alignment
implementation skills?
stage!
Map out STS 1 Students are required to recognise the socio-environmental

issue not only from a scientific perspective but also by
recognizing aspects related to sustainability dimensions.
Through this process, students begin to recognize which
subsystems (including those associated with sustainability) are
relevant to the issue and recognise simple relationships among
them.

STS 2 (Nature as
a system)

During the process of identifying subsystems related to the issue
in the Map Out phase, students may be guided to initially
integrate natural factors (such as environment, soil, and water)
into the system. This can begin to foster a holistic perspective
on natural systems that are directly relevant to the issue under
consideration, as well as their inherent complexity.

STS 3 (System
components)

Students are expected to recognize the subsystems within the
system and the factors that affect the system. These factors may
be chemical, physical, biological, environmental, social, political,
or economic. Although detailed analysis of component
properties is not required at this stage, the process helps
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students begin to recognize the key elements that make tip-tie,
system.

STS 4 (Dimension
interconnections)

Although the Map Out phase does not require students to
analyze detailed interactions among factors and subsystems,
organizing these subsystems together within a system
framework helps them recognize that sustainability dimensions
are not separate or independent. This stage supports students
in developing an initial awareness of how different domains are
connected and dependent on one another, providing a

foundation for more in-depth analysis in later phases.

Zoom in

STS 3 (System
components)

Students are guided to examine each subsystem at the
microscopic and submicroscopic levels through appropriate
This
components, such as molecules, cells, or chemical and biological

chemistry lenses. process involves analyzing key

structures and identifying their properties.

STS 5 (Hidden
dimensions)

Students are guided to access subsystems at the microscopic
and submicroscopic levels, where many components are not
readily observable. As students are guided to analyze processes
such as molecular bonding or metabolic pathways at the cellular
level, they begin to identify hidden components or mechanisms
that are not apparent at the surface. These components often
serve as foundational drivers of system behavior but can only be
revealed through deeper-level examination.

STS 8 (System
cycles)

Students engage with dynamic processes within subsystems,
such as nutrient cycles, metabolic pathways, or biological
feedback mechanisms. These phenomena unfold over time,
often exhibiting cyclical or continuous processes. This aligns
with the Zoom In phase’s emphasis on examining systems across
different scales in space and time.

Zoom out

STS 4 (Dimension
interconnections)

Students are required to connect the subsystems together in
order to zoom out from the submicroscopic scale to the
macroscopic world, thereby analyzing and explaining the issue
from an integrated perspective. This task prompts students to
examine the nature and directionality of interactions among
these dimensions. When students are encouraged to reflect on
the multidimensional impacts across the previously analyzed
subsystems (particularly in terms of sustainability), they begin to
move beyond isolated listing and toward constructing
integrated understanding across the three pillars of sustainable

development.

line
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STS 5 (Hidden
dimensions)

Students are encouraged to synthesize preyjgusly,iSelated,
analyses of individual subsystems in order to construct a more

comprehensive view of the system as a whole. This process
creates the cognitive conditions for students to identify features
that are not readily observable within each isolated subsystem -
such as delayed feedback, gradual accumulation over time, or
indirect consequences. These are hidden aspects of the system
that only become evident when students examine the system as
an interconnected whole.

STS 7 (Action
relationships
over time)

To construct an explanation for the issue under examination,
students are guided to move beyond a linear or present-focused
approach by examining the connections between past, present,
and future actions. This process fosters temporal reasoning and
awareness of long-term impacts, enabling students to develop
the capacity for decision-making within complex systems,
thereby preparing them for the next phase of learning.

STS 8 (System
cycles)

The Zoom Out phase further deepens STS 8 by prompting
students to reason about how components change over time at
the whole-system level. Rather than observing only the cycles or
processes within a single subsystem, students are guided to
consider delayed feedback, indirect cause—effect chains, and
cumulative changes. These elements reflect the dynamic and
nonlinear nature of complex systems, enabling students to
recognize subtle temporal changes and incorporate them into a
more comprehensive systems analysis.

Connect

STS 6 (Personal
responsibility)

Students are prompted to reflect on their own roles, actions,
and choices in relation to the system they have analyzed. By
positioning themselves within the system, they begin to
recognize the reciprocal influence between individual behavior
and the sustainability of the system. This process fosters
awareness of personal responsibility and civic engagement.

STS 7 (Action
relationships
over time)

Students are required to revisit the entire system they have
analyzed as a way to summarize and reinforce their learning.
This process not only helps review key knowledge, but also
fosters reflective thinking. Through this reflection, students can
identify aspects that require adjustment and propose more
appropriate solutions to the issue under consideration in the
future.

Page 32 of 46
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STS 9 (Empathy
with others)

View Article O

Students may be encouraged to consider the seRidPimpacr o
the issue, particularly when constructing community-oriented
solutions. This process can help foster students’ empathy
toward groups affected by the system, thereby initiating the
development of awareness related to social justice.

STS 10 (Empathy
with non-human
beings)

When students are asked to reflect and propose system-based
solutions, they may be encouraged to consider the
environmental impacts of the issue, including effects on non-
human elements such as animals, plants, or ecosystems. This
broader perspective can help initiate awareness of ethical
responsibility toward nature

STS 11 (Sense of
place)

Students may be provided with opportunities to connect their
systems understanding with familiar real-life contexts such as
their school, community, or local environment. When students
are asked to propose actions within these settings, they develop
a deeper understanding of the specific biophysical,
psychological and socio-cultural dimensions of the place.

STS 12 (Personal
practice)

Students may be provided with opportunities to connect the
system to their own personal lives. When asked to propose
actions or personal orientations based on their system analysis,
they begin to adjust how they evaluate situations and select
appropriate solutions by considering multiple dimensions
surrounding themselves. This process helps guide their personal
behaviors in ways that are more appropriate, responsible, and
sustainable.

$2.2 Mandatory learning outcomes in Grade 9 curriculum

Topic Learning outcomes (in the curriculum) Core content
Lipid and fat | 1) Define the concepts of lipids and fats, their - The concept of lipids and
occurrence in nature, the structural characteristics, fats
and the general formula of simple fats (RCOO);CsHs. | - Natural occurrence of

lipids and fats
- General formula of simple

fats
2) Present the physical properties of fats (aggregate | - Physical properties of fats
state, solubility) and their chemical properties (aggregate state, solubility)
(saponification reaction). Write the corresponding - Chemical properties of

chemical equations.

fats (saponification
reaction)
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Topic Learning outcomes (in the curriculum) Core content, ..o ben
3) Explain the role of lipids in cell structure - Biological role (cell
composition and energy storage within the body. structure, energy storage).
4) Present the applications of fats and propose - Application of fats
measures for appropriate fat consumption in the - Dietary
daily diet to maintain a healthy body and prevent recommendations.
obesity.
Glucose and | 1) State the elemental composition and general - Composition and general
saccharose | formula of carbohydrates. formula of carbohydrates
2) State molecular formula, natural occurrence, and | Glucose and saccharose:
physical properties of glucose and saccharose. - Molecular formula
- Natural occurrence
- Physical properties
3) Present the chemical properties of glucose (silver | - Chemical properties of
mirror reaction, alcoholic fermentation) and glucose: silver mirror
saccharose (hydrolysis reaction catalyzed by acids or | reaction, alcoholic
enzymes). Write the corresponding chemical fermentation
equations using molecular formulas. - Chemical properties of
saccharose: hydrolysis
reaction catalyzed by acids
or enzymes
4) Perform/observe the silver mirror experiment. Silver mirror experiment
5) Present the roles and applications of glucose (an - Roles and applications of
important nutrient for humans and animals) and glucose: important nutrient
saccharose (an important raw material in the food for humans and animals
industry). Demonstrate awareness of the - Roles and applications of
importance of reasonable saccharose consumption. | saccharose: an important
Identify foods rich in saccharose and fruits rich in raw material in the food
glucose. industry
- Importance of reasonable
saccharose consumption
- Foods rich in saccharose
and fruits rich in glucose
Starch and 1) State the natural occurrence and physical Starch and cellulose:
cellulose properties of starch and cellulose. - natural occurrence

- physical properties

2) Present the chemical properties of starch and
cellulose: hydrolysis reaction; the color reaction of
starch paste with iodine. Write the chemical
equations for the hydrolysis reaction using
molecular formulas.

- Hydrolysis of starch and
cellulose

- The color reaction of
starch paste with iodine

3) Perform (or observe via video) experiments on
the hydrolysis reaction and the color reaction with
iodine; describe the experimental phenomena, make
comments, and draw conclusions about the
chemical properties of starch and cellulose.

- Hydrolysis experiment of
starch and cellulose

- The color reaction
experiment of starch paste
with iodine

4) Present the applications of starch and cellulose in
daily life and production, the formation of starch
and cellulose, and their roles in green plants.

- Applications of starch and
cellulose

- Formation and roles of
starch and cellulose in

green plants
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Learning outcomes (in the curriculum)

View Ar
Core content z0/nsr

5) State the importance of starch and cellulose
formation in green plants.

- Importance of starch and
cellulose formation in
green plants

6) Identify starch-rich food sources and know how to
consume starch appropriately.

- Starch-rich food sources
- Appropriate consumption

1) Define the concept, molecular structure (amino
acids, peptide bonds), and molecular weight of
proteins.

- Concept of protein
- Molecular structure and
weight of protein

2) Present chemical properties of protein:
Hydrolysis, coagulation (by acid/base/heat),
decomposition.

Chemical properties of
protein: Hydrolysis,
coagulation (by
acid/base/heat),
decomposition.

3) Perform/observe experiments: coagulation,
decomposition.

- Coagulation,
decomposition experiment

4) Distinguish protein (wool, silk) from other
substances (nylon).

Differences between
protein (wool, silk) from
other substances (nylon)

5) Present the role of protein in the human body.

Role of protein in the
human body

1
2
3 "
Topic

4 P
5
6
7
8
9
10 Protein
11
12
13
14 .

%

6

73

8
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1) Define the concepts of polymer, monomer, chain
links..., the structure, and the classification of
polymers (natural polymers and synthetic polymers).

- Concepts of polymer,
monomer, chain links

- Structure of polymers

- Classification of polymers

2) Present the general physical properties of
polymers (state, solubility).

Physical properties of
polymers (state, solubility)

3) Write the chemical equations for the preparation
reactions of PE (Polyethylene) and PP
(Polypropylene) from monomers.

- Preparation reactions of
PE (Polyethylene)

- Preparation reactions of
PP (Polypropylene)

4) Define the concepts of plastics, fibers, rubber, and
composite materials, and explain how to use and
preserve some household items made of plastics,
fibers, and rubber safely and effectively.

- Concepts of plastics,
fibers, rubber, and
composite materials

- How to use and preserve
some household items

5) Present the applications of polyethylene; the
environmental pollution issues associated with the
use of non-biodegradable polymers (polyethylene),
and ways to minimize environmental pollution when
using polymer materials in daily life.

- Applications of
polyethylene

- Environmental pollution
issues

- Measures to minimize
environmental pollution

when using polymer

[ NN, BN, BN, BT, BV, BV B, B0
O VWoONOULL D WN

S3. ANECDOTAL RECORD (FIELD NOTES on classroom observation)

The following notes are taken from the anecdotal records.

In Lesson 1, when discussing food consumption, students focused on health-related aspects. Initial
reports from some groups contained statements such as, “Saturated fat is also good for health”. Some
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health problems and costly treatments”. In the Zoom Out and Connect activities of Lesson 1, some
students said, “Fat may cause water pollution”. Other students’ responses were like “I shouldn’t eat
too much fat; | should eat at home and exercise regularly”, and some pointed out that “fat layers
reduce oxygen for aquatic animals”.

In Lesson 2, during the Map Out activity, students were asked to identify subsystems related to the
lesson topic. Student A stated, “I think we should examine human health” or “If PE pollutes the
environment, maybe it also harms living organisms, so we should consider this factor”. Many students
identified new aspects they discovered, such as “healthcare economy” or “employment issues”.
Students noted that "juicing fruits removes fiber, making it similar to refined sugar and thus less
healthy so not all fruit-based options are necessarily beneficial" or that "organic farming not only
benefits the environment but also supports farmer livelihoods". Additionally, some students showed
recognition of cyclical feedback loops, such as “the cumulative health effects of dietary choices”.

Additionally, some students selected and organised relevant elements into their concept maps
without teacher prompts. Their concept maps included multiple components and connections among
system constituents, and students began posing questions to the teacher and other groups. For
instance, student B posed the question: “Fats, starch, and glucose all provide energy, so how can they
be connected? | already see the link between starch and glucose in the concept map, but what about
fats?”.

In Lesson 3, when discussing system relationships, evaluating issues, and proposing solutions, students
expressed differing viewpoints. After each group presented, disagreements emerged, and students
rejected opposing perspectives, despite the presence of counterarguments in Lesson 1 and 2.
However, following the teacher’s intervention, emphasising mutual respect and the legitimacy of
multiple perspectives, the teacher reminded students to listen to different viewpoints. Beginning with
Lesson 3, students continued to critique each others’ ideas, listened to other groups’ presentations
before responding, and referred to peers’ arguments during discussion.

In the same lesson, some examples students offered include: “Through metabolism, starch provides
energy, but eating too much leads to fat accumulation, so we need to exercise more. Alternatively, we
could consume resistant starches like whole grains or brown rice, but they’re more expensive, so we
have to choose based on our situation”. Some students also expressed concerns, stating: “Such choices
may be good, but not everyone can afford them. My family eats white rice because it is cheaper and
has become a habit, but | will try to change that if our financial situation allows”.

In subsequent lessons, students identified and structured components in their concept maps, and
teachers provided feedback. In Zoom Out activities, students added additional components and
connections to their maps. When the topic of “animal rights” was introduced, several students raised
their hands and leaned forward.

In Lesson 5, some students pointed out that “environmental pollution destroys habitats” or “plastic
waste causes marine creatures to become entangled or ingest plastic”. Some students stated, “We use
plastic because it’s cheap, but when it stays in the environment, it breaks down very slowly and affects
the nature system, it harms animals, plants, water, and eventually comes back to harm us too”.
Statements such as “Because of its properties, plastic is durable, cheap, and widely used, so it’s very
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hard to replace” were articulated by some students. Particularly, natural cycles were artigu|ated, stichs o 0x
as the “natural degradation cycle” and “biological food chain".

In Lessons 2, 3, and 5, when asked to propose a context-appropriate solution while reflecting on the
system map they had constructed, some students suggested choosing healthier food options. Others
evaluated how solutions might apply to others, as in the comment, “Workers often eat out because
they need energy to keep working, and they don’t gain weight because they are constantly active”.

Finally, in Lessons 1-3, many students stated that they adopted healthier lifestyles. After Lesson 2,
fewer students brought sugary drinks to class. Some students stated “/ will live a healthier life”. By
Lesson 5, students referred to their everyday choices and discussed possible long-term consequences
of those choices during class discussions.

S4. EXAMPLES OF STUDENTS’ CONCEPT MAPS

Lipid and fat — Local version
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Lipid and fat — English version
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Polymers — English version
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Data for this article are available at Google Drive at
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uVw/edit?gid=0#gid=0. Data collected from human participants, described in Table 3, are not

available for confidentiality reasons.
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