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and sustainable chemistry into
high school: contributions of instructional model-
based teaching to enhance students' critical
reflective thinking

Carlos Alberto da Silva Júnior, *a Leonardo Victor Marcelino, b Gildo Girotto
Júnior, cd Dosil Pereira de Jesus cd and Carlos Alberto Marques b

The integration of Green and Sustainable Chemistry Education (GSCE) into high school fosters students'

critical reflection on socio-environmental issues. This study examines how multimodal teaching activities

designed around pedagogical models contribute to the development of critically reflective students. A

qualitative research design was employed. Instructional model-based activities within the GSCE were

implemented with 26 high school students enrolled in a chemistry course at a rural school in Brazil. The

students worked in small groups to participate in instructional, reflective, and experimental activities,

including a case study (CS) focused on socio-scientific issues related to local water scarcity. Data were

collected using multiple instruments, including a CS, classroom observations, and students' written

responses. The results indicate that these activities support students' ability to critically analyze

environmental problems, recognize their complexity, and reflect on the interrelationships among

science, technology, and society. However, limitations were observed regarding students' self-awareness

and the translation of critical reflection into behavioral intention, with responsibility often attributed

primarily to governmental actors. These findings align with previous studies reporting challenges in

achieving sustained engagement in sustainable practices. Overall, the study underscores the role of

instructional models in structuring the integration of GSCE in secondary education and in fostering

critical reflection, while highlighting the need for pedagogical strategies that further strengthen students'

active participation in sustainability.
Sustainability spotlight

Integrating Green and Sustainable Chemistry Education (GSCE) into secondary education is directly linked to SDG 4 (Quality Education) and SDG 12
(Responsible Consumption and Production). However, sustainability education in rural school contexts remains underrepresented, despite these communities
facing acute socio-environmental challenges such as water scarcity, which is directly linked to SDG 6 (Clean Water and Sanitation). To advance Education for
Sustainable Development, teaching approaches must be context-based and equitable, fostering students' critical reection and agency. This work examines how
multimodal activities support students' understanding of the interconnections between chemistry, society, and sustainability. While promoting critical
reection, the ndings also reveal persistent challenges in translating reection into individual action, highlighting key directions for strengthening
sustainability oriented chemistry education.
Introduction

Green and Sustainable Chemistry Education (GSCE) has
emerged as a relevant interdisciplinary eld that seeks to align
of Education, Science and Technology of
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the teaching of chemistry with environmental responsibility,
ethical reection, and social justice. This approach contributes
not only to the understanding of chemical principles but also to
the development of critical and active citizenship, guided by
sustainability and inclusion. Although international frame-
works such as the United Nations' Sustainable Development
Goal 4 (SDG 4) emphasize inclusive and equitable quality
education, GSCE offers valuable pathways to rethinking science
education in diverse sociocultural contexts, by encouraging
reection on sustainability-related challenges.

Education for sustainability (EfS), or Education for Sustain-
able Development (ESD), as it is usually named, encompasses
RSC Sustainability, 2026, 4, 2185–2197 | 2185
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bringing awareness to sustainability issues and developing
knowledge to address those issues, by guiding new research on
relevant topics or empowering society in general to participate
in decision making. A set of key competencies is needed for
bringing about this empowered subject and can be grouped in
three domains as follows:1–3

1. Cognitive domain:
(a) Systems thinking competency.
(b) Anticipatory competency.
(c) Normative competency.
(d) Critical thinking competency.
2. Socio-emotional domain:
(a) Collaboration.
(b) Self-awareness.
3. Behavioural domain:
(a) Strategic competency.
(b) Integrated problem-solving competency.
In this sense, GSCE encompasses environmental, social, and

economic dimensions of sustainability, and its application in
the classroom should be guided by didactic models capable of
articulating these layers. According to Sjöström, Eilks and
Talanquer (2020, pp. 911),4 didactic models aim “to guide
teacher thinking when making educational decisions, before,
during, and aer teaching practice.” They can be used as
analytical tools to reect upon teaching activities or guiding
principles, helping teachers to establish connections between
theoretical views and teaching practice.

Didactic models on EfS may also help to structure its rapid
growth. According to a review in Web of Science,5 the rst paper
of EfS (and related terms) was published in 1993. Fiy-one
papers were published in 2009, 106 in 2014, 203 in 2018, and
451 in 2019, showing that the output is doubling at an
increasing pace.

However, literature reviews point out the scarcity of research
on teaching and learning activities in EfS. In the 153 records on
EfS in higher education retrieved from Education Research
Complete and the Education Resource Information Center
(ERIC), only 16 addressed specic teaching and learning activ-
ities.6 Green chemistry teaching, on the other hand, is more
balanced, having considerable output addressing reports and
proposals of teaching activities, as well as research reecting
upon its nature, limits, and objectives.7–9

In this context, Sandri and Santin Filho (2019)10 proposed
three instructional models for GSCE, organized along
a continuum that ranges from a technical-instrumental orien-
tation to a critical perspective. These models are structured
around four dimensions – didactic approach, teacher's role,
timing and frequency of implementation, and educational
objectives – which together provide a coherent framework for
the design and analysis of teaching activities.10 Notably, these
models were originally conceived for secondary school contexts,
which aligns with the scope of the present study.

Consistent with this pedagogical framework, studies in EfS
also emphasize the importance of adopting active
methodologies.11–18 Vilmala et al. (2022)12 reported that
problem- or project-based learning activities are suitable for
EfS, as they enable the development of core competencies, such
2186 | RSC Sustainability, 2026, 4, 2185–2197
as strategic and integrated problem-solving competencies.
Similarly, Clapson et al. (2025)13 demonstrated that inquiry-
based and gamied active learning activities grounded in
green chemistry principles, such as systems thinking and life
cycle analysis, can effectively engage learners in critically
examining sustainability challenges and connecting chemical
research to societal and policy contexts. Moreover, an analysis
of green chemistry education papers published in the Journal of
Chemical Education up to 2019 revealed that 21% of studies
employing non-traditional teaching strategies emphasized the
active role of learners, frequently through problem- and project-
based learning approaches.9

Among them, the case study (CS) method stands out for its
potential to engage students in the resolution of real-world
problems, fostering critical thinking, collaborative work, and
the application of chemical knowledge to socially relevant
issues. In parallel, tools such as the Green Star19–21 – an evalu-
ative metric of green chemistry – can contribute to strength-
ening the connection between practical chemistry and
sustainability criteria, making such learning more tangible and
meaningful.

In this context, our study is guided by the following research
question: how do instructional model-based teaching activities
in green and sustainable chemistry support the development of
critical reective thinking among secondary school students?
Our objective is to examine the potential of the instructional
model proposed by Sandri and Santin Filho (2019)10 to foster
students' critical reective thinking and to identify elements
that allow inferences about this developmental process within
a rural educational context.

To date, there is no empirical research that explicitly exam-
ines the use of instructional model-based teaching to enhance
students' critical reective thinking in rural high school
contexts. This gap in the literature underscores the originality
and relevance of the present study.

Research design and methods
Pedagogical approach and participants

For this study, a participant-based approach was employed to
investigate the effects of instructional model-based teaching to
students' critical reection. Specically, the pedagogical
framework of the Three Pedagogical Moments (problem-
atization, knowledge organization, and knowledge application)
proposed by Delizoicov et al. (2021),22 along with the method-
ological guidelines outlined by Sandri and Santin Filho (2019),10

were adopted. Within this framework, instructional activities
were carried out with a group of 26 high school students
enrolled in an integrated technical course in Environmental
Studies at the Federal Institute of Education, Science, and
Technology of Paraiba (IFPB), Campus Sousa, Brazil, a campus
located in a predominantly rural region.

All participants voluntarily took part in the study and
provided informed assent and/or consent. The research was
conducted in accordance with the ethical principles outlined in
the Declaration of Helsinki and was approved by the Human
Research Ethics Committees of the University of Campinas
© 2026 The Author(s). Published by the Royal Society of Chemistry
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(protocol number 56608422.6.0000.5404, approved on 16 May
2022) and the IFPB (protocol number 56608422.6.3001.5185,
approved on 31 May 2022).
Instruments

Regarding the instruments used in this study, we analysed data
using both quantitative and qualitative methods. Specically,
quantitative analysis was employed for the pre- and post-tests to
numerically discern trends among the participants. Conversely,
qualitative analysis was utilized for data derived from the
resolutions of the CS, aiming to comprehend the interpreta-
tions and insights derived from the responses.
Questionnaires

Table 1 presents the goals and question types of the pre- and
post-tests. All tests were administered individually to ensure
anonymity.

The pre-test contained six open-ended questions (SI
Appendix A), six closed-ended questions (“yes,” “no,” “maybe,”
or “I don't know”) (SI Appendix B), and three items on a 5-point
Likert scale (SI Appendix C). The post-test contained 20 Likert-
scale items (SI Appendix D). No pre-test questions were
repeated because each instrument served a distinct purpose:
the pre-test assessed initial perceptions, and the post-test
captured impressions of the methodological pathways.
Case study (CS) method

Case studies (CS)23,24 were applied to assess the impact on
students' critical learning about green chemistry,25,26 and the
method was used to analyse the texts produced by the class. The
CS addressed the issue of water scarcity in the city of Sousa,27

Brazil, despite the presence of the São Gonçalo Reservoir, which
has a maximum capacity of 44.6 million m3. Although this
reservoir is considered sufficient to supply the municipality's
population of 65 803 inhabitants, many neighborhoods have
reported recurring shortages, generating signicant socioeco-
nomic impacts.

To investigate the causes of the problem, the mayor assem-
bled a team composed of a local teacher, a resident, an
employee of the water supply company, and the student
participant. The narrative presented differing perspectives:
Table 1 Goals and types of questions in pre- and post-testsa

Tests Types of questions

Pre-test N = 15 Open-ended (N = 6) closed-ended (N = 6
scale (N = 3)

Post-test N = 20 Likert scale (N = 20)

a N = The number of questions.

© 2026 The Author(s). Published by the Royal Society of Chemistry
inadequate distribution infrastructure and irresponsible
domestic water use. Students were then asked to propose ways
to identify the main cause of the shortage, to argue for one of
the proposed alternatives, and to outline an action plan to
promote the conscious use of water among the population. Data
analysis focused on the ve nal texts produced by the class.

The CS on water scarcity in Sousa was used as the central
contextual problem guiding the instructional sequence.
Throughout the sessions, the chemistry topics addressed in
class – such as the principles of green chemistry, organic reac-
tions, green chemistry metrics, and water treatment processes –
were progressively connected to the issues raised in the CS. This
integration allowed students to apply the scientic concepts
discussed in class to analyse the possible causes of the water
shortage and to develop evidence-based arguments and
proposals for addressing the problem. In this way, the CS
functioned as a pedagogical bridge between the curricular
chemistry content and the socio-environmental context
explored in the activity.
Procedure

The research was implemented over seven sessions, each
comprising three 50 minute chemistry classes, totaling 21
lessons. Table 2 details the activities and educational objectives
associated with each session. A more detailed description of the
lessons, including the alignment between instructional activi-
ties, collected data, and analytical procedures, is provided in the
SI (Appendix E). These goals were derived from the framework
proposed by Sandri and Santin Filho (2019),10 which enables the
systematic analysis of the level at which green chemistry is
addressed – classied as technical, intermediate, or critical.

These activities complement one another in creating a rich
environment in which sustainability competences (in their
cognitive, socio-emotional and behavioural dimensions) can
ourish. The CS provided students with the opportunity to
develop collaborative competences by learning from others,
understanding and respecting their needs, perspectives, and
actions, and managing conict within a group. The activity also
encouraged students to develop self-awareness when reecting
on actions they could undertake to address water scarcity in the
region. Furthermore, they were required to propose a plan to
Goals

) Likert Assess participants' prior knowledge of green
chemistry, water-related topics, and their
learning strategies, regardless of whether such
knowledge or practices were developed in
formal or non-formal educational contexts
Assess participants' perceptions of the
methodological pathways and the general issues
addressed

RSC Sustainability, 2026, 4, 2185–2197 | 2187
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Table 2 Procedural steps and educational objectives

Sessions Activities developed with the rural students
Educational objectives based on Sandri and
Santin Filho (2019)

1 - Presentation of the research procedures - To foster conscious, intentional, and critical
practice of green chemistry (GC)

- Administration of the pre-test - To promote education for sustainability
- Implementation of the case study (CS), with the
formation of ve teams

2 - Lessons on the history of GC, its 12 principles,
and a review of concepts including physical and
chemical transformations, chemical reactions
and equations, and the law of conservation of
mass

- To disseminate or provide information about
GC

- Discussion of the teams' initial CS solution - To integrate GC into chemistry education
- Completion, in groups, of questions from the
brazilian national high school examination
(ENEM; Portuguese: Exame Nacional do Ensino
Médio) focused on GC

- To improve the social perception of chemistry
through GC

- To encourage conscious, intentional, and
critical practice of GC
- To promote education for sustainability

3 - Lessons on hydrocarbon reactions - To disseminate or provide information about
GC

- Review of the 12 principles of GC integrated
into the instructional content

- To incorporate GC into chemistry teaching

- To improve the social perception of chemistry
through GC
- To encourage conscious, intentional, and
critical practice of GC
- To promote education for sustainability

4 - Review of the content covered - To disseminate or provide information about
GC

- Lessons on the water treatment Plant and
Toulmin's argument structure

- To incorporate GC into chemistry teaching

- Review of the 12 principles of GC integrated
into the instructional content

- To improve the social perception of chemistry
through GC

- Discussion of the teams' CS solutions using
Toulmin's argument structure

- To encourage conscious, intentional, and
critical practice of GC
- To promote education for sustainability

5 - Reading of the text “green reactions” - To improve the social perception of chemistry
through GC

- Lessons on GC metrics, emphasizing the
environmental factor

- To stimulate conscious, intentional, and
critical practice of GC

- Implementation of the educational activity
“which industry Am I?”

- To promote education for sustainability

- Review of previously covered content
- Discussion of the teams' CS solutions

6 - Review of previously covered content,
including organic reactions and GC metrics

- To improve the social perception of chemistry
through GC

- Presentation of CS solutions - To encourage conscious, intentional, and
critical practice of GC

- Introduction to key laboratory safety standards - To promote education for sustainability
- Overview of the “green chemistry thematic
environment”28

7 - Reading of the investigative text about the
disaster of Bento Rodrigues in Brazil, caused by
the collapse of a mining tailings dam29

- To improve the social perception of chemistry
through GC

- Conducting the experimental session, inspired
by the methodology proposed by Ventapane and
Santos (2021)30

- To promote conscious, intentional, and critical
practice of GC

- Administration of the post-test - To advance education for sustainability

2188 | RSC Sustainability, 2026, 4, 2185–2197 © 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Responses to the closed-ended questions in the pre-test. (a)−(f) denote individual questions.
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tackle the problem, thereby engaging strategic and integrated
problem-solving competences.

Lessons on the 12 principles of green chemistry (GC), GC
metrics, and laboratory safety standards were designed to foster
anticipatory competences by encouraging students to assess the
consequences of actions, address risks and uncertainties, and
apply the precautionary principle. Toulmin's model of argu-
mentation supported students in reecting upon their values,
perceptions, and actions, enabling them to adopt a well-
founded position within sustainability discourse, that is, to
exercise critical thinking competence.

Normative competence was addressed throughout the
activities by prompting reection on the norms and values
underpinning action: safe laboratory practices, preventive and
precautionary approaches in industry, and tensions between
economic values and human rights in the exploitation of
natural resources. Taken together, the set of activities enabled
students to grasp the interconnectedness of sustainability
issues (systems thinking competence) by integrating chemical
knowledge, GC practices, and structured argumentation in
addressing a concrete problem (such as the CS problem
situation).
Data analysis

For the analysis of the pre-test, the accuracy rate was calculated.
Additionally, ve nal written texts produced and presented by
the students were examined. The post-test, composed of Likert-
© 2026 The Author(s). Published by the Royal Society of Chemistry
scale items, was analysed by determining the frequency distri-
bution of responses for each scale point, thereby reducing
potential statistical bias and allowing an assessment of
students' perceptions and attitudes.

The process of segmenting these texts into Units of Analysis
(UAs) was conducted by the rst author. In line with the
methodologies proposed by Scheuer et al. (2014)31 and Souza
and Queiroz (2018),32 each UA was dened as a statement that
concluded with either a period or a semicolon, which enabled
the assessment of students' written output in terms of structure
and extent. As suggested by Souza and Queiroz (2018),32 this
study prioritized the quantication of UAs without incorpo-
rating a qualitative judgment of the content at this stage. For
the qualitative dimension of the analysis, each UA was classied
according to the type of evidence employed – whether personal
or based on authoritative sources – and its thematic domain,
such as scientic, social, environmental, commercial, political,
economic, cultural, health-related, or ethical aspects. This type
of qualitative categorization has been widely adopted in the
literature to characterize student-generated texts. The resulting
data were visually represented using graphs and gures, created
with soware tools like Microso Excel.

Findings
Prior knowledge of research terms

Fig. 1 reports the responses to items 1–6 from the survey with
closed-ended questions (SI Appendix B), which formed part of
RSC Sustainability, 2026, 4, 2185–2197 | 2189

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5su00964b


Fig. 2 Responses to questions on a five-point Likert scale in the pre-test.

Table 3 Number of Units of Analysis (UAs) per group of students

Group
Number of units of analysis
(UAs)

1 19
2 15
3 27
4 14
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the pre-test. The objective was to assess the class's prior
knowledge regarding some terms or expressions relevant to the
research.

The data reveal uneven levels of familiarity with
sustainability-related concepts. Awareness of green chemistry
was limited, with only 41% reporting prior contact, while 36%
had never heard the term and 23% were unsure (Fig. 1A). In
contrast, “zero waste” showed broader recognition (68% yes),
suggesting higher public visibility (Fig. 1B). Familiarity with the
SDGs remained moderate: 41% had heard of them, 32% were
uncertain, and 27% reported no prior knowledge (Fig. 1C).

Students demonstrated awareness of “water footprint” (95%
yes), indicating that water-related themes are more present in
their educational environments (Fig. 1D). This emphasis is
consistent with their lived experiences, as 36% reported recent
episodes of water unavailability at home despite all bills being
paid (Fig. 1E). Finally, understanding of the term “drinking
water” was high (91% yes), with only 9% expressing uncertainty
(Fig. 1F).

These results indicate that students exhibit familiarity with
concepts directly associated with water access and quality,
whereas more specialized sustainability terms, particularly
those related to green chemistry, remain less recognized. This
discrepancy underscores the need for targeted educational
actions to broaden students' conceptual understanding within
GSCE.

With respect to the open-ended questions in the pre-test
(items 1–5, SI Appendix A), the ndings also indicate limited
prior knowledge of green chemistry and its foundational prin-
ciples. In response to “What do you think green chemistry
might be?”, 81% of the students associated the term with
broadly environmental or ecological themes. However, as di-
scussed by Andrade and Zuin (2023),26 these interpretations are
conceptually inaccurate, since green chemistry is dened by the
intentional design of products and processes that reduce or
eliminate the use and generation of hazardous substances33 –
an aspect absent from all responses. Additionally, 15% of the
students reported not knowing how to answer the question, and
4% le the item blank.

A similar pattern emerged for the question “What is the rst
principle of green chemistry?”. Only 12% of the learners
2190 | RSC Sustainability, 2026, 4, 2185–2197
provided environmentally oriented yet vague or imprecise
answers, whereas 84% stated that they did not know the prin-
ciple, and 4% le the item blank. Notably, none of the students
identied the correct principle – prevention, which emphasizes
minimizing waste at its source.33 These results collectively
reect a lack of prior conceptual understanding of green
chemistry.

In response to “Does the chemical industry bring benets to
society? Justify your answer.”, 82% of the students answered
affirmatively, emphasizing technological advances, improved
quality of life, and pharmaceutical production. Illustrative
responses included: “many things would not be possible
without chemistry” and “it is through the chemical industry
that medicines are produced for the population.” In contrast,
14% reported not knowing how to answer, and 4% le the item
blank. Overall, students viewed the chemical industry as bene-
cial, although justications remained predominantly practical
rather than socio-environmental.

Conversely, when asked “Does the chemical industry bring
harm to society? Justify your answer.”, 65% responded affir-
matively, most frequently citing environmental pollution,
inadequate waste disposal, and risks to human health. Exam-
ples included statements that the industry generates “pollution
released into the soil and air” and that “chemical waste di-
scarded improperly can worsen environmental conditions.”
Additionally, 4% stated that it does not bring harm, 4%
responded “maybe,” 23% reported not knowing, and 4% le the
item blank. These results indicate that perceived harm is
framed primarily in environmental terms, with limited recog-
nition of broader systemic or socio-economic aspects.
5 16
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Based on the students' responses regarding the importance
of proper water treatment, 45% emphasized issues related to
disease prevention and human health, while 41% highlighted
aspects associated with safe water consumption. Illustrative
statements included: “the importance of proper water treat-
ment is to avoid diseases caused by polluted water,” and “water
must be treated because untreated water can cause serious
health problems.” A smaller portion of responses corresponded
to “I don't know” (5%) and blank answers (5%). It is important
to note that these percentages do not total 100%, as some
students articulated ideas that t into more than one category –
for example, simultaneously addressing health risks and
consumption-related concerns.
General perceptions regarding learning strategies

Fig. 2 reports the ndings from the survey assessment on a 5-
point Likert scale (SI Appendix C), which also formed part of the
pre-test. The analysis reveals a predominantly positive response
pattern.

For the statement “I try to put into practice what I have
learned,” 18% of students strongly agreed, 36% agreed, 36%
were neutral, and 10% disagreed, indicating moderate adher-
ence to applying learned content. Regarding interest in reading
scientic or informational media, 27% strongly agreed and 45%
agreed, while 14% were neutral, 9% disagreed, and 5% strongly
disagreed, reecting overall positive engagement with infor-
mational sources. The most positive evaluation was observed
for enjoyment of laboratory classes, with 45% strongly agreeing,
45% agreeing, and 10% neutral, demonstrating a preference for
practical learning experiences.

When students were asked, “What could I do to learn more
and learn better?” (item 6, SI Appendix A), 60% of the responses
emphasized individual study strategies, including reviewing
content, completing exercises, and seeking additional infor-
mation. Another 15% highlighted the importance of practical
activities for consolidating learning, as illustrated by the state-
ment, “Putting into practice everything that is taught, I believe,
is the best way to learn.” Additionally, 20% referred to study
Fig. 3 Responses to items 1–20 on a five-point Likert scale in the final
assessment.

© 2026 The Author(s). Published by the Royal Society of Chemistry
planning and organization, and 5% mentioned increased
participation in class as a means to improve learning.

Written productions

The analysis of the written productions revealed substantial
variability in the number of Units of Analysis (UAs) generated by
the student teams. As shown in Table 3, the class collectively
produced 91 UAs.

Group C presented the highest number of UAs (27), whereas
Group D produced the fewest (14). This discrepancy is largely
attributed to the structure and descriptive depth of the texts. In
particular, Group C provided a detailed description of a tech-
nological device proposed as a solution to water waste, using
short, segmented sentences to outline its objectives and oper-
ational mechanisms. Because UAs were dened as statements
ending with a period or semicolon, the more fragmented
structure of Group C's text resulted in a higher UA count. It is
also noteworthy that this team was the only group to incorpo-
rate pictographic or visual inscriptions into its proposed solu-
tion, a feature that may have contributed to the elaboration and
segmentation of its written argumentation.

Regarding the analysis of evidence sources,32 all teams pre-
sented some form of evidence in their written texts. Overall,
evidence based on authoritative sources was more frequently
observed than evidence of a personal nature. Concerning the
nature of the arguments, a predominance of social and envi-
ronmental arguments was identied. Specically, 52 units of
analysis (UAs) were classied as social, while 32 were classied
as environmental. This pattern is likely attributable to the
inherently controversial nature of the issue and the focus on
collective well-being.

Final perceptions regarding research methods

Fig. 3 shows that the 20 Likert-scale items (SI Appendix D)
demonstrate a marked predominance of positive evaluations
concerning the classes, the case study, and the overall educa-
tional experience. In nearly all items, responses were predom-
inantly concentrated in the strongly agree and agree categories.

Regarding conceptual understanding, all students strongly
agreed that the classes improved their understanding of green
chemistry (item 1). Most also reported gains in organic chemistry,
with 91% strongly agreeing and 9% agreeing (item 2). For aquatic
chemistry, responses were more distributed: 45% strongly agreed,
36% agreed, and 18% remained neutral (item 3). In addition, 77%
strongly agreed and 23% agreed that the classes encouraged more
conscious water use in daily life (item 4).

Items focused on scientic and cognitive skills also received
high endorsement. Students indicated that the CS enhanced
their argumentation skills (86% strongly agree, 14% agree; item
5) and scientic thinking (64% strongly agree, 36% agree; item
6). The same pattern was observed for the development of
a proactive stance toward issues involving drinking water
distribution in their region (64% strongly agree, 36% agree;
item 7).

Regarding collaborative work, 77% strongly agreed and 18%
agreed that group activities promoted responsibility and
RSC Sustainability, 2026, 4, 2185–2197 | 2191
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citizenship, although 5% strongly disagreed (item 8). Students
also reported that group work facilitated communication and
shared meaning-making (86% strongly agree, 14% agree; item
9). Organizational aspects of the case were positively evaluated:
77% strongly agreed and 23% agreed on the importance of clear
assessment criteria (item 10), and nearly all students valued the
professor's role in organizing and evaluating the case (95%
strongly agree, 5% agree; item 11). Moreover, 82% strongly
agreed and 18% agreed that the time allotted for solving the
case was adequate (item 12).

Perceptions of teamwork were further reected in item 13 :
76% strongly agreed, 14% agreed, 5% were neutral, and 5%
disagreed that team members were important for solving the
case. Items related to socio-environmental awareness also
received strong endorsement. Students strongly agreed that
green chemistry classes strengthened their awareness of
responsible consumption at local and global levels (95%
strongly agree, 5% agree; item 14). A similar pattern was
observed regarding the belief that sustainable development is
a shared mission (95% strongly agree, 5% agree; item 15). Most
students also believed that participation in the project could
support their performance on the national high school exam
(95% strongly agree, 5% agree; item 16).

Finally, items addressing future interest and motivation
showed consistently high levels of endorsement. All students
strongly agreed that green chemistry should be discussed more
broadly in other subjects of their technical program (item 17).
They also expressed a desire for more experiments in chemistry
classes (95% strongly agree, 5% agree; item 18) and further
discussion about human responsibility in sustainable devel-
opment (91% strongly agree, 9% agree; item 19). Interest in
participating in additional case studies was also high, with 86%
strongly agreeing and 14% agreeing (item 20).

Discussion

The results indicate that multimodal pedagogical planning
supported students' learning processes and engagement with
critical thinking within GSCE. The positive evaluations reported
by students, together with gains in conceptual understanding,
argumentation, and socio-environmental awareness, indicate
that the instructional design went beyond a narrow focus on
laboratory experimentation, which is oen restricted to the
macroscopic level.34–40 Research in chemistry education has
highlighted that meaningful learning arises from the integra-
tion of multimodal approaches.35,38,41–47 More recently, scholars
have also shared the importance of inclusive representational
levels, which broaden access to chemical knowledge by
considering linguistic, cognitive, and communicational
diversity.35,48–51 In this sense, the present ndings suggest that
green chemistry should not be reduced to experimental prac-
tices alone, but rather approached as an integrated educational
framework that connects chemical knowledge, ethical consid-
erations, and real-world challenges.

An additional and noteworthy contribution of this study lies
in the specic educational context investigated. According to
the literature review conducted, no previous studies were
2192 | RSC Sustainability, 2026, 4, 2185–2197
identied that simultaneously address green chemistry
teaching at the secondary school level and within rural school
settings. The students' positive perceptions of the methodology,
along with their reported learning gains, provide important
evidence that such approaches are both feasible and meaning-
ful in contexts that are oen underrepresented in educational
research. Rather than serving as isolated results, these ndings
offer a valuable background for future applications and inves-
tigations in similar rural or socially vulnerable educational
settings, contributing to the expansion of GSCE beyond urban.

The ndings also support the potential of GSCE to promote
a more critical and reective approach to chemistry learning,
moving away from practices centered on rote memorization of
concepts.
Cognitive domain of sustainability competency

Initial results revealed fragmented and intuitive understandings of
green chemistry, whereas the nal assessment indicated increased
awareness of responsible consumption, the societal role of
chemistry, and the relevance of sustainability-oriented decision-
making. This shi is particularly signicant in the Brazilian
context, where an increasing emphasis on preparing students
exclusively for university entrance examinations has oen
marginalized broader educational goals.52–54 While access to
higher education remains important, the results reinforce the
need to reclaim the broader purpose of education, which extends
beyond academic or labor-market preparation toward the forma-
tion of critically engaged citizens capable of interpreting and
responding to socio-environmental challenges. In this regard,
green chemistry emerges as an educational domain for recon-
necting chemical knowledge with ethical responsibility and social
life.

Regarding critical thinking competency, students predomi-
nantly employed social and environmental arguments in their
written productions, frequently supported by evidence, sug-
gesting an engagement with the collective implications of the
issues discussed. The use of argumentationmodels, particularly
those aligned with Toulmin's framework,55,56 appears to have
supported students in structuring claims, justications, and
conclusions, thereby strengthening their capacity for reasoned
decision-making. Through the CS, students were encouraged to
analyze complex problems, negotiate meanings collaboratively,
and reect on local challenges related to water access and
management, all of which are central elements of critical citi-
zenship education.

Anticipatory competency is hinted when students agree that
green chemistry should be discussed more broadly in other
subjects of their technical program. As prevention is a core
principle in GC, its insertion throughout curriculum may help
students to develop green and sustainable practices. The desire
of students for further discussion about human responsibility
in sustainable development may signals the systemic nature of
sustainability issues. However, we should investigate further
the development of these competencies.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Socio-emotional and behavioural domains of sustainability
competency

Students reported in the nal assessment that group work
facilitated communication and shared meaning-making and
that team members were important for solving the case. This
shows appreciation for collaborative work and a possible
development of collaboration competency. Students also
revealed signs of strategic competency by stating that sustain-
able development is a shared mission, demanding coordinated
actions among whole society.

CS analyses also revealed important limitations regarding
students' self-reection and sense of responsibility for social
action. While learners were able to identify socio-environmental
problems and articulate well-founded arguments, many tended
to attribute responsibility for solutions exclusively to govern-
mental authorities. This perspective indicates difficulties in
recognizing their own potential roles as active citizens –

whether through social mobilization, political engagement, or
the development of social technologies aimed at addressing
local problems. Such limitations are not unique to this study.
Previous research in ESD has shown that, although knowledge
acquisition and attitudinal change are frequently achieved, self-
awareness and behavioral change are considerably more diffi-
cult to promote. Studies oen report inertia toward action, even
when students demonstrate increased understanding and
positive attitudes toward sustainability.6 Despite UNESCO's
emphasis on behavioral learning objectives as central to ESD,
these outcomes remain among the least achieved, underscoring
the complexity of behavior intention and the need for educa-
tional approaches with greater transformational potential.

Finally, considering that the methodology adopted in this
study was grounded in the models proposed by Sandri and
Santin Filho (2019),10 it is possible to explicitly address the
guiding research question: what are the contributions of activ-
ities based on these models to the formation of critical citi-
zenship? The results suggest that these models may contribute
by mediating the relationship between chemical knowledge and
students' social realities. Their contributions extend beyond
conceptual learning to include the development of argumen-
tation skills, socio-environmental awareness, collaborative
responsibility, and ethical reection. Although challenges
remain in fostering deeper self-responsibilization and behav-
ioral intention, the activities enabled students to critically
evaluate the role of chemistry in society and to recognize
sustainability as a shared responsibility. Thus, the ndings
suggest that instructional models grounded in GSCE can play
a signicant role in supporting students' critical engagement
with socio-environmental issues, particularly when imple-
mented through contextualized, participatory, and problem-
oriented pedagogical designs.
Rural context as a mediating factor

The rural educational context in which this study was conducted
represents an importantmediating factor in interpreting students'
perceptions of socio-environmental issues and their attributions
of responsibility for addressing them. In Brazil, rural schools have
© 2026 The Author(s). Published by the Royal Society of Chemistry
historically provided technical training aligned with the socio-
economic and environmental realities of local communities.59

Despite their relevance, rural educational settings remain under-
represented in chemistry education research, particularly in
studies addressing GSCE.

Educational practices in these institutions have traditionally
integrated theoretical instruction with practical activities
related to agricultural production and environmental manage-
ment. This approach seeks to connect scientic knowledge with
the concrete experiences of students living in rural
environments.

Within this context, students' educational experiences are oen
directly connected to environmental challenges such as water
availability, resource management, and agricultural practices.
Consequently, the rural setting functions not merely as a back-
ground characteristic but as a mediating factor that inuences
how students interpret sustainability challenges and attribute
responsibility for addressing them. In semi-arid regions of Brazil,
where communities frequently face structural limitations related
to water infrastructure and resource governance, these contextual
conditions may contribute to students attributing responsibility
primarily to institutional or governmental actors, while simulta-
neously fostering awareness of the social and environmental
implications of sustainability-related decisions.
Limitations

This study examined the implementation of instructional
model-based green and sustainable chemistry teaching activi-
ties in a rural high school context, using a Likert-scale instru-
ment alongside the CS method to explore students' responses
and reective processes. However, several limitations should be
acknowledged. The research involved a small sample of 26 high
school students from a single rural school in Brazil, which
limits the transferability of the ndings to other rural educa-
tional contexts. In addition, the limited sample size precluded
the use of robust statistical analyses. Another limitation is that
the study did not analyze the complexity of students' written
arguments, which could have provided deeper insights into
their reasoning processes and the development of critical
reection.

Furthermore, potential threats to validity should be consid-
ered. Students' responses may have been inuenced by social
desirability, as participants might have provided positive eval-
uations of sustainability-related learning activities because
these themes are socially valued. Moreover, some items in the
end-of-class Likert-scale instrument may have been formulated
in ways that could guide students' responses, and the instru-
ment did not include reverse-coded items that might help
reduce response bias. In addition, maturation effects cannot be
fully ruled out, since students' reective capacities may natu-
rally develop over time during their schooling. Finally, contex-
tual, or external events related to environmental issues in the
region during the study period may also have inuenced
students' perceptions and responses.
RSC Sustainability, 2026, 4, 2185–2197 | 2193
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Recommendations

The ndings indicate that GSCE can meaningfully support the
development of students' critical reection in high school
contexts. In this sense, the recommendations presented here
are oriented toward strengthening pedagogical practices that
foster reective engagement with socio-environmental issues,
as well as toward evaluating specic instructional models and
broader policy outcomes.

Emphasize the three principles of inclusive green and
sustainable chemistry education (IGSCE)35

These principles are designed to guide reection, design, and
implementation of inclusive pedagogical materials and
approaches.35,57 They include: (i) embracing student-centered
learning; (ii) promoting instruction across the ve levels of
chemical representation; and (iii) adapting the curriculum to
enable students to apply their academic skills meaningfully to
real-world contexts through supportive teaching and social
engagement. In addition to the evidence provided in the present
study, prior research has also demonstrated positive impacts
from the application of the Triangular Bipyramid Metaphor
(TBM) in educational contexts.41,42,58,59 We concur with these
researchers in recognizing that inclusive instructional
approaches offer signicant opportunities for educational
interventions aimed at increasing the participation of all
students in chemistry education.

From a pedagogical perspective, the ndings of the present
study suggest opportunities for future micro-interventions
grounded in the principles of IGSCE. Such interventions may
include short student-centered activities, tasks that explicitly
address the ve levels of chemical representation, and reective
discussions connecting chemical concepts to local socio-
environmental issues. These practices can support the mean-
ingful application of academic knowledge to real-world contexts
and further strengthen students' critical reective thinking.

Implement policies in rural settings that foster interest in
green and sustainable chemistry

Policy-oriented research has increasingly recognized the
importance of institutional and governmental frameworks in
supporting the integration of green and sustainable chemistry
into educational systems.60,61 Initiatives such as the Green
Chemistry Commitment (GCC)62,63 illustrate how coordinated
policy instruments can align educational institutions around
shared objectives related to sustainability in chemistry educa-
tion. However, comparable policy-driven actions remain limited
in rural educational contexts.64,65 This gap underscores the need
for the development and implementation of targeted educa-
tional policies that explicitly address the structural, geographic,
and socio-economic characteristics of rural schools. Such poli-
cies should support long-term outreach programs, foster part-
nerships between educational institutions and local
communities, and allocate resources to ensure sustained
engagement with green and sustainable chemistry. In doing so,
policy frameworks can play a central role in strengthening the
2194 | RSC Sustainability, 2026, 4, 2185–2197
integration of chemistry education with broader societal and
sustainability goals in rural settings.
Further research into sustainability competencies

Sustainability competencies 1–2 was a good theoretical frame-
work to analyse educational results. However, we have not
prepared the research instruments on the basis of this theory.
Therefore, we feel sorry to acknowledge we could not analyse
deeply, with robust evidence, the development of these
competencies. Future research should take them into
consideration.
Conclusions

This study provided contributions to the integration of GSCE
into rural secondary education through teaching activities
designed based on instructional models, with an emphasis on
fostering students' critical reection. Grounded in a qualitative
approach, the research engaged 26 high school students from
a rural school in Brazil and included instructional activities,
group-based written productions, reective tasks, and a labora-
tory activity oriented toward sustainability.

The results suggest that instructional model-based activities
in GSCE can support students' engagement with socio-
environmental issues and stimulate critical reection. From
a sustainability perspective, this study highlights the impor-
tance of the GSCE in rural contexts, as it supports students'
critical engagement with socio-environmental challenges
closely linked to their local environmental, social, and
economic realities. The analysis of learners' responses and
written productions suggests the development of reective
thinking, as they were able to mobilize scientic, environ-
mental, and ethical perspectives when discussing
sustainability-related problems. Furthermore, the laboratory
activity provided opportunities for students to connect chemical
knowledge with sustainability practices, strengthening contex-
tualized learning.
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