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Chemistry is essential for improving the quality of life and reducing pollution, requiring regulations, green
innovations, and sustainable action. In this case, chemistry education is key not only for raising
environmental awareness, but also for preparing future scientists and informed citizens capable of
driving sustainable transformations through green and sustainable chemistry. An inquiry-based learning
approach can link chemistry education with sustainability, allowing students to develop scientific skills,
environmental awareness, and teamwork while experimenting with real-world problems. One significant
environmental issue is the degradation of materials, which affects their chemical structure and
functionality, requiring solutions to minimize their environmental impact. This study presents an inquiry
conducted by ninth-grade secondary school students on material degradation in the context of
sustainability. The inquiry is developed as a collaborative project, with students working together
throughout most stages, while some tasks such as data collection and analysis were performed
individually to encourage autonomy. Furthermore, the inquiry spans a full quarter, enabling students to
observe long-term changes, deepen their understanding of the studied processes, and engage more
deeply with the environmental issue. Among their key findings, students concluded that a period of 100
days is insufficient for the complete degradation of paper, cardboard, plastic, and metal, with the latter
two showing minimal changes despite exposure to environmental conditions that favor
photodegradation (solar radiation), thermal degradation (temperature fluctuations between day and
night), hydrolytic degradation (humidity variations on rainy days), biodegradation (fungal growth), and
chemical degradation or corrosion. Additionally, they developed explanatory models on material
degradation, considering environmental factors and their impacts, which allowed them to reflect on
sustainability, responsible consumption, and the importance of green chemistry. This study reveals that
the students indirectly reflected on five principles of green chemistry through these findings, namely,
waste prevention (principle 1), less hazardous chemical synthesis (principle 3), use of renewable

feedstocks (principle 7), design for degradation (principle 10), and real-time analysis for pollution
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Accepted 19th June 2025 prevention (principle 11), especially during the planning and conclusion phases of the inquiry. Thus, this

study concludes that inquiry-based learning is an effective approach that deepens the understanding of

DOI: 10.1039/d55u00176e material degradation and its environmental impact while fostering the integration of the principles of

rsc.li/rscsus green chemistry. This approach was well-received by students and encouraged positive emotions.

Sustainability spotlight

Understanding the relationship between chemistry and society is crucial for addressing material degradation and its environmental impact. This study
highlights the importance of chemistry education in fostering sustainability awareness through inquiry-based learning. Ninth-grade students conducted an
inquiry into material degradation, analyzing environmental factors such as photodegradation, biodegradation, and corrosion. Their findings show that
materials such as plastic and metal degrade minimally over 100 days, reinforcing the need for sustainable solutions. This approach advances sustainability by
integrating scientific inquiry into education, promoting responsible consumption and green chemistry. This study aligns with UN SDGs, particularly Goal 4
(Quality Education), Goal 12 (Responsible Consumption and Production), and Goal 13 (Climate Action), by fostering scientific literacy and ecological
responsibility in future generations.
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Introduction

In recent years, the teaching of chemistry has evolved toward
active methodologies that encourage student participation in
the learning process. Among these approaches, inquiry-based
learning (IBL) has been proven to be an effective strategy for
developing scientific skills and critical thinking.* In parallel,
green chemistry has emerged as an essential approach to
addressing environmental issues through sustainable prac-
tices,>® and its integration into IBL has given rise to a new form
of inquiry that combines scientific exploration with environ-
mental responsibility.

The introduction of green chemistry into the classroom offers
unique opportunities for students to not only learn responsible
concepts and practices but also develop a critical awareness of
their role in planetary sustainability. This approach fosters
transversal competences such as creativity and systemic
thinking, which are essential for tackling global challenges.
Moreover, early learning about sustainability principles in
chemistry allows students to understand that their individual
and collective actions can contribute to positive change, whether
in their daily lives or in their future professional decisions.””

In response to the environmental crisis, schools must serve
as catalysts for change. Integrating topics of the green chemistry
into pre-university education is essential, given that its trans-
formative potential should be embedded throughout the
chemistry curriculum.” Among the various sustainability-
related topics that can be addressed in the chemistry class-
room, material degradation stands out due to its direct link to
environmental pollution, particularly from plastics and other
persistent waste materials.'* Understanding how different
materials degrade in natural environments enables students to
critically examine the long-term consequences of consumption
and disposal habits. Furthermore, degradation processes inte-
grate key chemical concepts, such as reaction mechanisms,
structure—property relationships, and environmental chemistry,
making this topic especially suitable for meaningful and
interdisciplinary inquiry. By incorporating concepts such as the
circular economy, life cycle analysis of materials, and sustain-
able product design, students can gain the knowledge and skills
needed to tackle the current environmental challenges.” Ulti-
mately, safeguarding our planet requires a global shift toward
more sustainable models, and education must be at the fore-
front of this transformation.

Although green chemistry inquiry is a direct approach for
teaching the principles of green chemistry in the classroom,
some authors®”® suggest that these principles can also be
implicitly addressed through other approaches, such as IBL,
even when they are not explicitly taught. Although not all
studies explore this idea directly, several researchers have noted
that by engaging with environmental and sustainability issues
through IBL, students can intuitively understand and apply the
core principles of green chemistry.**>¢

In this context, this study presents a standard IBL to a rele-
vant environmental topic, material degradation, with Spanish
high school students to explore whether the principles of green
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chemistry can implicitly emerge through the conventional IBL
process. This study does not aim to contribute novel findings to
the literature on material degradation, but rather bring this
topic closer to high school students through discovery within an
IBL approach. The novelty of this research lies in several
aspects. The first innovative aspect is the duration of the
inquiry, which lasts a full quarter. This extended timeframe
allows students to observe long-term changes and deepen their
understanding of the processes studied, facilitating greater
immersion in the environmental issue. The second innovative
aspect is that the inquiry is developed as a group and collabo-
rative project in the classroom, where all students cooperate
closely in the various stages of the inquiry, from planning to
interpreting results and drawing conclusions, although some
stages, such as data collection and analysis, were done indi-
vidually to promote autonomy in learning. In this way, the
benefits of teamwork, as practiced by scientists, impact both
individual and larger group learning.”” This method is consid-
ered innovative given that it is uncommon in chemistry class-
rooms, where inquiries are typically individual activities
without the opportunity for collaborative decision-making. The
final innovative aspect is the analysis of the emotions of
students throughout the IBL.

Theoretical framework
Chemistry and environment

The relationship among chemistry, society, and the environment
is undeniable. Our lifestyle and environmental degradation are
closely linked."® A clear example is the enhanced quality of life
enabled by the knowledge chemistry contributes to society across
various fields, including health, food, and materials."*** The
consumption of raw materials and the relentless production to
meet societal demands generate massive amounts of single-use
materials,” many of which ultimately end up in nature.”* In
the past few decades, the production of materials and chemicals
lacked environmental and health impact assessments.*
Although regulations in the chemical industry have improved, it
remains one of the largest sources of pollution and environ-
mental hazards.”** High carbon dioxide emissions, resource
consumption, and waste production are the three main pillars of
the environmental degradation problem.

The current climate emergency is urgent. The planet faces
unprecedented environmental challenges, with climate change
and human-induced alterations as the primary drivers.**>*
Rising temperatures, extreme weather events, biodiversity loss,
and ocean acidification are some of the devastating effects of
this crisis.*** Communities worldwide are experiencing direct
impacts, ranging from floods*** and droughts®* to forced
migration due to environmental degradation. Addressing the
climate emergency requires urgent action, a global and coor-
dinated effort to reduce greenhouse gas emissions, adopt more
sustainable practices, and develop innovative solutions to
protect our planet and future generations.’®> Awareness and
immediate action are essential to tackle this global crisis.

To address this challenge, the United Nations,*® through the
2030 Agenda, established an ambitious and universal
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framework with 17 Sustainable Development Goals (SDGs),
broken down into 169 specific targets. These targets focus on
critical areas such as climate action, sustainable cities and
communities, and responsible production and consumption,
which are measured through a series of indicators. The SDGs
are interconnected and based on the principle of “leaving no
one behind”, meaning that all countries and all people must
participate in the pursuit of sustainable development.

Another significant effort in this area is driven by green
chemistry, a framework for chemistry that establishes a rela-
tionship among chemistry, the environment, and society.>**”
One of the principles of green chemistry establishes that
chemical products should be designed in such a way that at the
end of their function, they break down into innocuous degra-
dation products and do not persist in the environment.® The 12
principles are as follows: (1) waste prevention rather than post-
treatment; (2) atom economy to maximize material efficiency;
(3) the synthesis of less hazardous products to reduce toxicity;
(4) the use of safer chemicals; (5) the reduction of auxiliary
substances; (6) energy efficiency by conducting processes
under optimal conditions; (7) the use of renewable raw mate-
rials instead of non-sustainable resources; (8) the minimiza-
tion of unnecessary steps in production (reduction of
derivatives); (9) the promotion of catalysts over conventional
reagents; (10) the design of biodegradable products; (11) real-
time monitoring to prevent pollution; and (12) the develop-
ment of inherently safer processes, avoiding substances that
can cause accidents or environmental harm. Together, these
principles enable more efficient, safer, and sustainable
chemistry. Green chemistry research has fostered the devel-
opment and use of renewable raw materials,>*** creating
chemical processes that consume less energy and finding and
promoting safer alternatives to widely used hazardous
materials.”

To ensure a more sustainable future, current generations
must live in a way that preserves resources and opportunities for
those to come.*® Some examples include various alternatives for
energy production and use, innovative products derived from
chemistry that can help preserve natural resources, or the
interaction of the chemical industry with the local and regional
economy and society.*®

Degradation of materials

In this context, it is essential for citizens to reflect on the fate of
materials when they are carelessly discarded into nature. Over
time, the physical and chemical properties of these materials
change due to the action of various factors, such as solar radi-
ation, temperature fluctuations, chemical reactivity with
different substances or solutions, physical stress, and contact
with water. These factors, either individually or in combination,
trigger different types of degradation processes that impact
both the structure and functionality of materials. Posada*® and
Vasile* identified the following types of degradation:

e Physical degradation, or changes in the physical properties
of materials that occur as a result of mechanical forces, such as
wear, deformation, and fracture.*>*
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e Chemical degradation, also known as corrosion in the
context of metallic materials, refers to the deterioration or
decomposition of a material due to chemical agents. This
process involves an electrochemical reaction that dissolves the
material in the presence of an electrolyte, such as moisture or
a saline solution.****

e Hydrolytic degradation, a chemical decomposition process
in which water is added to a compound, leading to the breaking
of chemical bonds.*

e Photodegradation, a chemical degradation process
induced by light, particularly ultraviolet radiation, which results
in changes in both physical and chemical properties. Although
it affects various materials, it is particularly significant in
plastics due to the absorption of high-energy photons.*®

e Thermal degradation, referring to the deterioration or
decomposition of a material due to exposure to heat.*”**

e Biodegradation, a process involving the action of micro-
organisms. Although many synthetic polymers are resistant to
this degradation, there is growing interest in developing
biodegradable plastics for applications in agriculture, medi-
cine, and packaging.*

The effects of degradation on materials vary depending on
their composition and chemical structure. Physical degradation
leads to material wear, while chemical degradation involves
processes such as corrosion and hydrolysis. Biomaterials, such
as paper, cardboard, and wood, are particularly susceptible to
microbial degradation. Metals are mainly affected by oxidation-
reduction processes. Polymers and ceramics are especially
prone to fatigue and fractures.* In particular, polymers, such as
different types of plastics, are chemically difficult to break
down, which means they primarily undergo surface deteriora-
tion. Their lightweight nature and resistance to both mechan-
ical and thermal stress allow them to persist intact in
ecosystems for long periods.™

Chemistry education for the ecological transition

Improving the educational level of society is a key driver in the
transition toward more sustainable practices, given the strong
connection between environmental preservation and educa-
tion, both broadly and within chemistry education. Li et al.>
highlighted how the interaction between green innovation and
government intervention, together with the role of education,
helps reduce carbon emissions. Their findings show that
education significantly lowers harmful pollutant emissions,
while the mechanisms of green innovation and government
intervention further reinforce its positive impact on the green
transition. Similarly, Voumik and Ridwan® emphasized that
population growth and industrialization cause long-term
damage to the natural environment, whereas the relationship
between carbon dioxide emissions and educational expendi-
tures is significantly inverse in the short term. This connection
between education and environmental sustainability under-
scores the idea that investing in knowledge is an investment in
a more prosperous and ecologically responsible future. Thus,
addressing socio-scientific issues related to chemistry enhances
scientific literacy and prepares citizens with a deep
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understanding of chemistry, which can be applied to improve
society.>*>*

In summary, chemistry education is key to the ecological
transition because it provides students with solid environ-
mental knowledge and awareness, enabling them to under-
stand environmental challenges and the importance of
sustainability, particularly through understanding the behavior
of materials when exposed to the environment.*® By exploring
environmental issues from multiple perspectives, students are
empowered to become informed citizens who make decisions
and take actions to promote a change in society's attitudes.” In
this way, chemistry education can empower students as future
citizens to participate in policy-making and environmental
decisions, while also preparing them for careers in
sustainability-related sectors, thereby contributing to a green
economy.

Inquiry-based learning as an approach to sustainability

The urgent environmental issues make effective approaches
necessary in the teaching and learning processes of
chemistry.””"** IBL, recognized by the European Commission” as
a relevant approach in science education, can empower
students to acquire scientific skills to study natural phenomena
and solve problems."**°*** IBL allows students to apply relevant
scientific knowledge in meaningful socio-scientific issues,
thereby connecting theory with real-life situations and prac-
tices.*® However, IBL is not synonymous with laboratory prac-
tice,"*>% given that it requires the active participation of
students, who must reflect on both the processes and scientific
knowledge.

IBL offers students the opportunity to design and conduct
their own investigations on a problem and interpret them
according to their own knowledge.®**® The proposal by the
National Research Council®” (NRC) understands inquiry
through the following stages: (a) posing science-oriented ques-
tions that allow active student participation, (b) collecting
evidence by students that enables the development and evalu-
ation of their own explanations to the posed questions, (c)
developing explanations to answer the questions based on the
evidence collected, (d) evaluating the explanations, which may
include alternative explanations that reflect scientific under-
standing, and (e) communicating and justifying the proposed
explanations. The comparative study by Franco-Mariscal*® on
different inquiry approaches concluded that IBL helps develop
scientific competences in the areas of problem formulation,
information handling, planning and designing research, data
collection and processing, data analysis, and drawing conclu-
sions, communicating research results, and fostering critical
reflection and teamwork.

Although IBL is not a widely practiced approach in the
chemistry classroom,* an increasing number of studies have
been reported in the literature on chemistry and the environ-
ment with secondary school students.’®® One example is the
work by Mandler et al.*® in the environmental context of water
quality and its effects on daily life, where students designed and
conducted experiments and evaluated their findings. Learning
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environments for secondary school students that connect
formal and non-formal learning are another opportunity to
develop chemistry inquiries on sustainability. For instance,
Garner et al.** proposed inquiries on sustainability, such as the
production of biodiesel from vegetable oils, where the role of
the teacher was limited to support and consultation. During the
inquiry, students reflected on the characteristics of fuels, the
social debates surrounding this topic, and learned about
national regulations such as subsidies. Another interesting
inquiry is the one reported by Franco-Mariscal®® on the corro-
sion phenomenon, using urban furniture as a starting point,
such as completely rusted steel traffic signs compared to
aluminum windows showing few signs of deterioration. This
inquiry allowed students to develop critical reflection and
awareness of the environmental issues caused by corrosion, as
well as the associated economic losses.

The learning of topics related to green chemistry through an
IBL approach is gaining increasing attention in the
literature.'>**™® Green chemistry inquiry represents a specific
case of IBL, characterized by distinct content, values, and
objectives centered on sustainability and responsible chemistry.
Table 1 presents a comparison of the main features of IBL and
green chemistry inquiry.

Duangpummet et al.®® carried out a laboratory-based inquiry
unit focused on the application of lipase as a catalyst, with the
aim of promoting the understanding and perception of greener
chemistry. Nahlik et al® strived to bring industrial and
manufacturing green chemistry closer to a more suitable
version for primary and secondary school students through
educational proposals in which students conduct open and self-
directed experiments, encouraging them to formulate ques-
tions, make decisions about materials and procedures, and
draw conclusions based on their evidence. Consequently, they
not only engage students but also foster a more sustainable
mindset. In upper-level chemistry courses, alternatives to
traditional laboratory experiments are also being explored,
where students learn about stoichiometry by applying the
principles of green chemistry through scientific inquiry.*
Meanwhile, the Department of Chemistry at the University of
California, Berkeley, was a pioneer in redesigning general
chemistry laboratory courses to introduce green chemistry
concepts, using them simultaneously as a relevant context for
learning. Armstrong et al.” analyzed the effectiveness of these
proposals, concluding that the principles of green chemistry
can be integrated into the classroom through inquiry. More-
over, the green chemistry curriculum effectively introduced
new, purely chemical concepts to students.

Additionally, several authors proposed that the principles of
green chemistry can be integrated implicitly within pedagogical
approaches such as IBL, even in the absence of explicit
instruction.” Research has shown that when students explore
environmental and sustainability issues through IBL, they often
develop an intuitive understanding and application of green
chemistry”® with the potential to influence their comprehension
of key chemistry concepts, attitudes, motivations for pro-
environmentally action, and pro-environmental values.” The

IBL approach, particularly when centered on socio-
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Table 1 Features of IBL versus green chemistry inquiry
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Aspect Inquiry-based learning

Green chemistry inquiry

Definition

exploration
Main objective
and learning autonomy

Content
Context
Ethics and sustainability

Application of principles
scientific method
Assessment
reasoning
Student motivation

Interdisciplinary approach Varies depending on the design

environmental issues, can naturally elicit reflections aligned
with the principles of green chemistry. As students formulate
questions, design experiments, and interpret evidence in real-
world contexts, they begin to engage with ideas such as waste
minimization, degradation, and pollution prevention. Some
research suggests that guiding students through authentic,
problem-based inquiry can enhance their knowledge, aware-
ness, and application of green chemistry.>>”°

Anastas and Warner® indicated that many of the principles of
green chemistry, such as waste reduction and toxicity minimi-
zation, are so deeply embedded in environmental issues that
they can be intuitively understood through IBL, without the
need for direct instruction. Similarly, Nahlik et al,’ in their
research on green chemistry learning at the primary and
secondary levels, emphasized that when students engage in
open-ended, self-directed experiments, they can discover and
apply green chemistry principles even if they are not explicitly
introduced. This suggests that the standard IBL can also serve
as an indirect pathway for incorporating these principles into
the learning process.

A key aspect of inquiry is collaborative work, which in turn
provides the fundamental competence for social responsibility.
Huang” demonstrated that inquiry develops teamwork skills
and collaborative problem-solving. The benefits of teamwork
not only positively impact the learning by individual students,
but also enhance the learning of a larger group, enriching their
collective understanding and fostering mutual support.”
Furthermore, the level of student engagement in an inquiry and
the quality of their learning can be influenced by the emotions
that arise during the process.”””® IBL allows students to expe-
rience and manage a range of emotions, ranging from curiosity
to frustration, which not only enriches their learning but also
strengthens their socio-emotional skills. Emotions throughout
the stages of inquiry are common,” particularly during the data

© 2025 The Author(s). Published by the Royal Society of Chemistry

An educational approach focused on active
learning through question formulation and

To develop critical thinking, scientific skills,

General and adaptable to any field of knowledge
May or may not relate to real-life situations
Not a required component of the approach
Does not involve specific principles beyond the
Focused on the inquiry process and scientific

Driven by curiosity and general exploration

A didactic strategy based on inquiry-based
learning, applied to environmental issues using
the principles of green chemistry

To understand chemical processes while
promoting ecological and sustainable
awareness

Chemistry-specific, focused on sustainability
and ecological processes

Always based on real and current environmental
issues

Central to the approach; ethical and sustainable
values are explicitly integrated

Applies the 12 principles of green chemistry as
a conceptual framework

Assesses scientific skills as well as
environmental and ethical impact

Enhanced by connection to real-world problems
and a sense of environmental responsibility
Highly interdisciplinary (chemistry, ecology,
ethics, technology, etc.)

collection and analysis phase, when the results do not meet
expectations.*

Objectives and research questions

The IBL presented is part of a teaching-learning sequence on
plastics and pollution for secondary school students,’® framed
within the R&D project TED2021-130102B-I00, aimed at
promoting ecological and digital transition in science educa-
tion. It has been proposed as a pilot study whose objective is to
explore the possibilities of this approach and the issue
addressed for the development of mobile applications based on
educational games.

The main objective of this study is to present and analyze the
effectiveness of IBL on material degradation with high school
students, exploring their explanatory models related to material
degradation, the potential of this experience to elicit green
chemistry principles, and its impact on the students' percep-
tions of their learning experience, collaborative work, and
emotional responses.

At the research level, the following research questions (RQ)
are posed:

RQ1. How do Spanish secondary school students design and
implement an inquiry on the degradation of various everyday
materials in the environment?

RQ2. What explanatory models do students use to under-
stand the degradation process and its environmental effects?

RQ3. Which principles of green chemistry underlie the
inquiry conducted by the students?

RQ4. What are students' perceptions of the inquiry, their
learning experience, collaborative group work, and the
emotions they felt?

At the educational level, the objectives of the experience were
as follows: (a) to apply the IBL approach to a real-world problem

RSC Sustainability, 2025, 3, 3997-4019 | 4001
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related to chemistry and the environment, specifically, the
degradation process of different materials, where students
formulate a problem, propose hypotheses, design experiments,
observe, collect and analyze data, interpret findings, and draw
conclusions; (b) to analyze the degradation of various everyday
materials, such as paper, cardboard, plastic, and metal, after
100 days of exposure to environmental conditions; and (c) to
understand the degradation process from a chemical perspec-
tive to explain its environmental impact, fostering environ-
mental awareness and promoting sustainability.

Research method
Participants

The sample for this study consisted of 25 ninth-grade Spanish
students enrolled in the mandatory chemistry course at a public
secondary school in Malaga, Spain. Their ages ranged from 14
to 15 years old.

Regarding their prior knowledge, the participants completed
various modules on atoms, chemical bonding, chemical
elements and compounds, and chemical reactions. However,
they had no previous exposure to the concept of green chemistry,
its principles, or the different types of material degradation. The
IBL was carried out over a full quarter as a cross-cutting activity.
Throughout its development, students supplemented their
learning with chemistry concepts related to physical and chem-
ical changes, atoms and molecules, and types of chemical
bonding. These students were accustomed to a lecture-based
approach combined with structured activities. They had
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previously conducted some laboratory experiments following
a predefined protocol but never previously engaged in IBL.

Ethics statement

We obtained ethical approval for this study at the second
author's institution (Reference Number 126-2023-H). The
formal procedures followed included obtaining informed
consent from the students, with the option to decline or with-
draw participation.

Data collection instruments

The instruments used for data collection are as follows:

e A written inquiry report completed by each student at the
end of the experience, documenting their findings across the
different stages of the inquiry. This report included information
on the formulated research problems, theoretical background,
hypotheses, experimental design (including data collection
instruments, selection of samples and variables), collected
results and data, visual documentation (e.g., photographs), and
the interpretation of results together with the conclusions drawn.

e The teacher's (first author's) observation diary, which
tracked students’ decisions at each stage and included excerpts
from classroom discussions and voting results from whole-
group deliberations.

e An inquiry evaluation questionnaire administered at the
end of the process, featuring both open-ended and closed-
ended questions adapted from validated questionnaires, as
follows: (a) rate the activity from 0 to 10 points; (b) through this

Table 2 Principles of green chemistry and expected student inquiry outcomes

Green chemistry principle

Expected outcomes in student inquiry and reports

1 Waste prevention

e Formulate questions related to waste accumulation

e Identify environmental problems in their surroundings
e Propose strategies to prevent or reduce waste in experimental design or conclusions
e Quantify or estimate waste generated during the inquiry

2 Atom economy
3 Less hazardous chemical syntheses

Not expected

e Discuss the impact of certain materials on human health or the environment

o Evaluate whether the materials used or released pose low toxicity risks

4 Designing safer chemicals
toxicity

e Recognize that some materials contain chemical additives that may be released and cause

e Propose the design of materials free from toxic additives

5. Safer solvents and auxiliaries
6 Design for energy efficiency

Not expected

o Reflect on the energy consumption in the production processes of materials

e Consider energy use in plastic recycling processes
e Propose energy reduction as a sustainability goal

7 Use of renewable feedstocks

e Recognize and justify the use of biodegradable or renewable materials instead of synthetic ones

e Compare the origin of materials (biological vs. petrochemical) and assess their environmental

impact
Not expected
Not expected

8 Reduce derivatives
9 Catalysis
10 Design for degradation

e Analyze and document evidence of material degradation (physical, chemical, or biological)

o Relate material properties to their persistence or degradability
e Propose how a material can be redesigned for improved degradability

11 Real-time analysis for pollution prevention

e Record data at multiple time points to observe gradual changes

e Interpret how environmental factors influence degradation over time
¢ Adjust methodologies based on real-time observations

12 Inherently safer chemistry for accident
prevention

Not expected
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inquiry, I have learned...; (c) evaluate your knowledge before
and after the inquiry on a scale from 0 to 10;”” (d) Overall, how
involved were you in the inquiry? (responses on a four-point
Likert scale: not involved, slightly involved, fairly involved,
highly involved);” (e) Would you like the subject to always be
taught through collaborative inquiries such as the one we
conducted? (f) Identify your emotional state based on the
following pairs (calm-anxious, relaxed-stressed, unconcerned-
worried, secure-insecure, comfortable-uncomfortable, confi-
dent-unconfident, happy-unhappy, enthusiastic-bored, satis-
fied-dissatisfied, interested-uninterested), rating each on
a seven-point Likert scale of very (+), quite (+), somewhat (+),
indifferent, somewhat (—), quite (—), very (—).”®

Data analysis

To analyze the students' reports, the researchers carefully read
each document, identifying the results and discussions that
best reflected the findings. They reviewed sections where
students explained their observations, interpreted data, and
assessed the coherence of their arguments. Additionally, they
examined supporting evidence such as photographs and data
tables. The researchers also evaluated the students’ ability to
relate their findings to chemical concepts discussed in class
and their capacity to formulate well-supported conclusions.
Finally, all reports were compared to identify common
patterns and assess the overall level of understanding achieved
by the group.

The teacher's observation diary was analyzed to extract the
most relevant notes regarding the inquiry process. The
researchers analyzed the green chemistry principles underlying
the design and implementation of the inquiry. For the analysis,
the authors established specific learning standards for each
principle that they expected to identify (Table 2) based on
previous studies.”

The responses from the evaluation questionnaire were
analyzed according to their nature. Open-ended questions on
learning (question “b”) and collaborative methodology (ques-
tion “e”) were categorized independently by the two researchers,
who established meaning units. Their analyses were then
compared, and any disagreements were resolved through
consensus. The frequency of each category was then calculated.
In the case of the closed-ended questions on activity assessment
(question “a”) and knowledge evaluation (question “c”),
responses were quantified, and both the arithmetic mean and
variance were calculated. The Likert-scale responses on
students’ level of engagement in the inquiry (question “d”) and
emotions (question “f”) were analyzed by calculating frequen-
cies and percentages for each scale point. A given emotion was
considered predominant if the “very” and “quite” levels
together accounted for 50% or more of the participants.

Design of the inquiry by students

The inquiry on material degradation was structured into three
phases, as follows: (1) planning and design, (2) implementation,
and (3) interpretation of results and conclusion drawing.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Phase 1. Inquiry planning and designing

Students worked as a whole group in the classroom over five
one-hour sessions to collaboratively plan and design the
inquiry. This phase included problem formulation (half
a session); theoretical background (two sessions); hypothesis
(half a session); selection of variables, experiment design,
development of data collection instruments (one session); and
data analysis (one session). Throughout this process, the
teacher acted as a guide and facilitator.

Firstly, students collaborated to define the research problem
by observing and gathering evidence showing that the degra-
dation of everyday materials was an environmental issue in
their neighborhood. To support this inquiry, they individually
searched for information, and then worked together to
construct a theoretical background, integrating their prior
chemistry knowledge with newly gathered data. The students
reached a consensus on the theoretical background, including
only information that was collectively accepted. This process
helped them establish connections between chemistry concepts
and their inquiry. The teacher reviewed students' contributions
to ensure the use of reliable sources and to correct any
misconceptions. If an unreliable source was identified, the
teacher informed the students, who then replaced it with
a higher-quality reference.

To generate the hypothesis, the teacher prompted students
with questions about the materials found in local waste and the
potential consequences of leaving them uncollected. Through
a whole-group discussion, students proposed and debated
hypotheses until they reached a consensus.

Next, they collaboratively selected the study samples and the
most suitable variables for designing the experiments, resolving
disagreements through voting. It was agreed that each student
would carry out the inquiry individually using similar materials.

For data collection, students decided to record environ-
mental conditions and observed changes in the samples using
an observation table, which they had to complete daily. They
conducted visual inspections, examining both sides of each
sample without touching or removing the material from its
exposure site. The evaluation of properties was carried out
qualitatively, given that they decided not to record quantitative
data to prevent contact with the material from affecting the
results.

Additionally, they agreed to first analyze the data for each
material individually before discussing it as a group, giving each
student the opportunity to present their observations.

Phase 2. Inquiry implementation

Each student carried out the inquiry at home, beginning
simultaneously on the designated date. Throughout the
process, they recorded daily observations following the obser-
vation protocol. Students collected data on material degrada-
tion by documenting their observations and attempting to
connect them to the background. For meteorological data,
averages were calculated, and tables and figures were created.

Each week, the teacher allocated 10 minutes of a session for
students to share their observations and progress in
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a collaborative setting, fostering idea exchange. This approach
not only encouraged communication among students but also
provided a space for constructive feedback and mutual enrich-
ment of their individual inquiry experiences. Additionally, the
teacher monitored the inquiry process, interacting with each
student to track their progress and ensure optimal develop-
ment. This personalized attention helped address any difficul-
ties encountered and supported effective learning.

Phase 3. Interpretation of results and conclusion drawing

The interpretation of results was first approached individually,
with each student analyzing their observations and compiling
a written report. Then, over two one-hour group sessions,
students engaged in discussions to develop a coherent chemical
explanation. This analytical and discussion process ensured the
consistency and reliability of the inquiry results.

The group discussion was structured by reviewing daily
findings and noting them on the blackboard. During each
contribution, students explained the observed changes and
potential influencing factors. Partial interpretations and
conclusions were debated, encouraging comparison between
the students’ results to verify consistency in their observations
and enrich the inquiry. The teacher documented in their diary
the discussions that led to the consensus.

Given that each student conducted experimental replica-
tions, notable variability emerged when sharing individual
results. Although they followed the same procedure, differences
in findings sparked discussions on possible causes of these
variations. After calculating the frequency of each characteristic
for each material on specific dates, the group agreed to repre-
sent the results in time ranges, discarding extreme values to
focus the analysis on representative trends. All this information
was organized into tables and graphs to facilitate comparison
and visualization of the findings.

This exchange of ideas enabled the whole group to establish
both general conclusions about the problem and material-
specific insights, deepening their understanding of the under-
lying chemical phenomena and enriching the collaborative
learning experience.

Results and discussion

This section is organized into two parts. Firstly, the results and
discussion of the inquiry conducted by the students across the
three phases are presented, and secondly their evaluation of the
experience.

Inquiry results and discussion

Phase 1. Inquiry planning and design (RQ1). The following
describes the group decisions made during this phase.

Problem formulation. Students identified a major issue in
their community, i.e., the alarming accumulation of waste in
urban areas, particularly around their high school. This situa-
tion concerned them not only because it affected the aesthetics
of their surroundings but also due to its environmental and
public health implications for the neighborhood. The research
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Fig. 1 Deterioration of different materials in their environment.

problem was formulated in terms of what happens over time to
the materials found in street litter in our neighborhood? To
support their research problem, students included photographs
in their reports illustrating the presence and degradation of
materials in their area (Fig. 1). They agreed to study the most
common materials found in waste, ie., paper, cardboard,
plastic, and metal.

Students’ theoretical background. Students aimed to gain
a deeper understanding of the problem by investigating two key
aspects, the chemical composition and properties of various
materials, and the different types of degradation that can affect
them. Table 3 illustrates the students' insights regarding the
internal structure of materials, while Table 4 summarizes the
types of degradation, their potential effects, and the corre-
sponding chemical explanations at the submicroscopic level. As
observed, the students primarily relied on books and articles in
Spanish, given that they were more accessible than specialized
international sources restricted to certain databases.

Hypotheses. To address the research question, the teacher
asked the whole group to propose hypotheses, establishing key
aspects of the problem, including the natural degradation
capacity of each material, the estimated time for its decompo-
sition, and its potential environmental impact. Here, an excerpt
from the teacher's diary is presented, illustrating how students
reached a consensus on the first hypothesis, formulated as: “It
is likely that the 100-day period set for this inquiry may be
insufficient for many of the materials studied to fully decom-
pose. However, we believe this time frame will provide insight
into the main changes occurring during their degradation”
(H1):

e Student 1: we need to consider how much time is required
to observe changes in the trash discarded on the street.

e Student 2: But what exactly do we mean by “observing
changes”?

e Student 1: I think 100 days is enough to notice something,
right?

e Student 2: some materials are more resistant. Maybe 100
days won't be enough to see changes in everything.

e Student 3: You're right, plastic can take a really long time to
break down. But what about materials like paper or cardboard?
I think in 100 days we could see them deteriorate.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Information collected by students on the chemical composition of each material

Material Chemical composition

Paper®” Composed of plant fibers made up of cellulose, a natural polymer consisting of numerous glucose molecules
linked by covalent bonds between hydroxyl groups. These chains are linear and arranged in parallel. The hydroxyl
groups in cellulose give it an affinity for water

Cardboard® Similar in composition to paper, though processed differently to provide greater rigidity. Its manufacturing
involves folds, creases, and multiple layers

Plastic®"> Made of synthetic polymers, with composition varying depending on the type of plastic
Shopping bags are composed of low-density polyethylene (LDPE), a plastic formed by covalently bonded ethylene
units, creating long, branched chains that make it flexible
Notebook covers are made of polypropylene (PP), consisting of long, linear chains without branching, giving it
strength and rigidity. They are composed of repeating propylene units linked via covalent bonds
Plastics may contain additives such as colorants and stabilizers to enhance their properties. Plastics do not
contain chemical groups with an affinity for water

Metal®"#? Composed of metal atoms forming a metallic crystalline lattice. Bonding occurs through metallic bonds, where

atoms share their valence electrons, creating an electron cloud
The inner lining of milk cartons and soda cans is made of aluminum alloys

Paints and coatings®>

Table 4

Highly diverse in composition, including natural pigments, additives, resins, solvents, and more

Information collected by students on types of degradation, potential effects, and chemical explanation

Type of degradation Description

Potential effects

Submicroscopic chemical explanation

Physical degradation®*®?

Degradation that alters the
structure but not the
composition of the
material
Photode-gradation® Degradation caused by
prolonged exposure to
solar radiation

Thermal degradation®’ Degradation caused by

temperature changes

Hydrolytic degradation®’ Degradation caused by
contact with water or

humidity variations

Biodegradation®’ Natural degradation of the
material due to the action
of various biological agents
(microorganisms, fungi,
bacteria, etc.)

Destructive attack on

a metal due to chemical or
electrochemical reactions
with the environment

Chemical degradation
(corrosion)®*83

e Student 1: So, should we state that 100 days is a period in
which some materials will show changes, but others won't?

e Student 2: sounds good to me. That timeframe might not
be enough for the complete decomposition of more durable
materials, but it should be sufficient to observe the beginning of

the process.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Wear, creases, deformations,
wrinkles, loss of elasticity and
cohesion, or increased brittleness

Changes in the material's physical
properties, color fading, texture
alterations, loss of gloss,
fragmentation, and deterioration
of mechanical properties

Color changes, dimensional
alterations, crack formation, etc.

Loss of color, changes in
mechanical properties, swelling,
particle detachment, decreased
cohesion, and mold growth due to
the material's hygroscopic nature
Changes in appearance, presence
of microorganisms, formation of
degradation compounds, color
changes, odor development, etc.

Formation of corrosion products
with different colors depending
on the metal, thickness loss,
formation of crusts and layers,
pitting, changes in mechanical
properties, etc.

Mechanical forces from environmental
conditions can impact the material's
integrity and physical properties. The
loss of internal cohesion may cause the
material to fragment or become brittle
High-energy solar radiation, such as
ultraviolet rays, can trigger chemical
reactions that break covalent bonds,
leading to material decomposition

Thermal energy can break covalent
bonds, leading to material
decomposition, reduced elastic recovery,
and increased fragility

Water molecules can interact with other
molecules, breaking materials down into
fibers. Excessive water absorption can
alter the structure of the material,
reducing its stability

Microorganisms can use certain
materials as a source of food and energy,
secreting substances that break down
complex molecules into simpler ones

Oxidation reaction in which atoms lose
electrons, affecting metallic bonds and
the material's structure, making it less
resistant

e Student 4: the hypothesis would then be: “It is likely that
the 100-day period set for this inquiry may be insufficient for
many of the materials studied to fully decompose”.

e Student 2: we could add: “However, we believe this time
frame will provide insight into the main changes occurring
during their degradation”.
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The following are the rest of the formulated hypotheses:

H2: paper will decompose the fastest due to its low cohesion
and resistance, breaking down into smaller pieces.

H3: cardboard will decompose easily, aided by rain and
humidity, which will soften it and cause it to separate into
layers.

H4: Tetra Pak cardboard will be more difficult to break down
than regular cardboard due to the aluminum layer inside.

H5: plastic bags will be the material that takes the longest to
decompose.

Hé6: the metal from a soda can will begin to rust quickly due
to moisture and rain, but the process will be slow.

Selection of samples and study variables. The students collec-
tively selected 16 samples (Table 5) to ensure a comprehensive
representation of the studied materials. Some decisions, such
as the choice of plastic bags, sparked debate. Some students
believed that including a thin white bag and a thicker one was
sufficient, while others argued for adding a colored bag as well.
The first group maintained that the difference in thickness
already provided enough variability, whereas the second group
contended that incorporating a colored bag would not only be
easy to obtain but would also enrich the inquiry. Ultimately,
with 15 votes in favor, the decision was made to include the
colored bag. All participants agreed to reuse materials from
their homes as samples. Likewise, they expressed the need to
dispose of them in the appropriate recycling bins once the
inquiry was completed.

As observed in Table 5, the independent variables consid-
ered include the type of material (paper, cardboard, plastic, and
metal), differences in thickness (thin or thick), and the presence
or absence of printing or color.

Additionally, the students agreed on the controlled variables
for the inquiry including material dimensions, duration of the
study, exposure location, and number of replicates. Each
student conducted the inquiry individually in Malaga city

Table 5 Description of the samples selected for the inquiry

Independent variables

Printing or

Sample Material Thickness  color
Toilet paper Paper Thin No
80-gram sheet of paper Thin No
Graph-paper notebook Thin Yes
sheet

Advertisement paper Thick Yes
Shopping bag Thick No
Packaging cardboard Cardboard  Thin Yes
Notebook cover Thick No
Storage cardboard Thick No
Tetra Pak (exterior) Thick Yes
White shopping bag (thin) Plastic Thin No
White shopping bag (thick) Thick Yes
Colored shopping bag Thin Yes
Notebook cover Thick No
Tetra Pak (interior) Metal Thin No
Soda can (exterior) Thick Yes
Soda can (interior) Thick No
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(Spain), using samples measuring 15 x 10 cm. The study lasted
100 days, spanning the autumn and winter seasons (from
October to February), a period expected to present adverse
weather conditions. The exposure location was each student's
outdoor clothesline, where samples were hung vertically
through a small hole made at the top of each material. Each
student exposed three replicates of each sample to ensure
reproducibility and kept a fourth unexposed replicate as
a control sample for comparison.

The dependent variables selected include the different
properties assessed daily for each sample (Table 6). It is
important to highlight the recording of environmental condi-
tions (weather: sunny, cloudy, rainy, windy, or snowy, maximum
and minimum temperatures, and precipitation), given that they
fluctuate daily and cannot be controlled but significantly
influence material degradation.

Collected data. Table 6 provides an example of a student's
daily observation record. The records include environmental
conditions obtained from mobile applications or specialized
agency websites, as well as characteristics of the types of
degradation studied in the background. Observations focused
on the condition of the materials, documenting changes such
as wrinkles, folds, moisture from rain, stains, color changes,
separation of parts or fibers, odor development, swelling, and
detachment. Additionally, each material was photographed to
visually document its evolution.

The results obtained show a significant positive impact on
the students’ ability to design and plan an inquiry, as supported
by other studies such as Gooddey and Talgar®® and Wang et al."”

Phase 2. Inquiry implementation (RQ1). The inquiry was
conducted under environmental conditions characterized by an
average maximum temperature fluctuating between 14.0 °C and
22.5 °C, an average minimum temperature ranging from 5.0 °C
to 11.5 °C, and a total accumulated precipitation of 164 mm
over the study period. Table 7 provides a breakdown of this
information by biweekly intervals.

The prevailing weather conditions included 31% cloudy,
28% sunny, 22% windy, and 19% rainy days. Thus, temperature
fluctuations contributed to thermal degradation, while the
presence of sunny and rainy days facilitated photochemical and
hydrolytic degradation, respectively. Table 8 presents the
average time ranges in which changes were observed in the
samples.

All paper samples exhibited three main changes, the
appearance of wrinkles, creases, and water absorption. The first
two changes were caused by ambient humidity and wind, while
the third was primarily due to rain. As a result of the latter,
stains appeared in some cases, and pieces of paper might
detach or completely disintegrate.*®

As the paper thickness decreased, the changes became more
pronounced and occurred within a shorter time (Table 9). Toilet
paper, being the thinnest material, was affected by all three
changes more frequently than the other paper samples. The
shopping bag is particularly noteworthy, given that its behavior
was more similar to that of cardboard than paper due to its
thickness and composition, consisting of a blue and a white
paper layer, which gradually separated over time. As seen in the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 7 Average meteorological data by biweekly intervals over the 100 days

Average maximum
temperature (°C)

Average minimum
temperature (°C)

Average accumulated
precipitation (mm)

Period Average weather

Oct 25-Oct 31 Sunny 22.5
Nov 1-Nov 15 Sunny/rainy and windy 20.4
Nov 16-Nov 30 Cloudy 17.9
Dec 1-Dec 15 Sunny 15.7
Dec 16-Dec 31 Rainy and windy 15.0
Jan 1-Jan 15 Rainy and windy 14.0
Jan 16-Feb 1 Windy 16.6

Total precipitation

11.5 0
10.0 107
8.1 21
6.5 13
5.5 1

5.0
5.0 21
164

Table 8 Days or periods in which students observed changes in each material on average

A piece
Gets wet  Stains/dirt Color Separates into Odor detaches/

Material Wrinkles Bends from rain appears changes parts or fibers develops Swells disintegrates
Paper Toilet paper 2 3-9 11 29-35 6-16 20-80

80-gram sheet of paper 6-11 6-11 11 6-11 35-80

Graph-paper notebook  6-11 6-11 11 6-11

sheet

Advertisement paper 6-11 6-11 11 6-11 7-11 60-90

Shopping bag 4-9 10-15 11 35-42 30-42
Cardboard Packaging cardboard 15-29 27-32 11 33-36 30-35 30-90

Notebook cover 18-23 38-40 11 60-67 32-36 30-35 32-89

Storage cardboard 8-35 19-67 11 82-87 16-57

Tetra Pak (exterior) 55-60 11 21-35 20-59
Plastic White shopping bag 2 11-15 31-35 38-42

(thin)

White shopping bag 2 9-12 6-9 85-89

(thick)

Colored shopping bag 2 9-11 67-71

Notebook cover 35-47
Metal Tetra Pak (interior) 29-31 21-35

Soda can (exterior) 18-24 32-42

Soda can (interior) 18-24 32-42

images (Table 9), except for the thick shopping bag, the paper
samples degraded significantly before reaching 100 days.

The behavior of the cardboard samples was similar to that of
paper (Table 10), given that both are biomaterials.*® Wrinkles
and creases appeared, water was absorbed, and some stains
formed. The main difference observed compared to paper was
the separation of the cardboard into layers (two in some
samples and three in others). In the case of the Tetra Pak, the
initial separation of the cardboard from the metallic layer was
noted. Layer separation was also observed in the printed
samples, together with color loss. Unlike paper, all the studied
cardboard samples withstood the weather conditions for the
full 100 days.

The plastic samples developed wrinkles and creases
(Table 11). Given that plastic is an impermeable material,® it
was not affected by rain when wet, preventing it from softening
and eventually breaking, as happened with paper and card-
board. It was also observed that thin plastic exhibited more
wrinkles and creases than paper or cardboard. However, thicker
plastic, such as that from notebook covers, only developed

4008 | RSC Sustainability, 2025, 3, 3997-4019

minor wrinkles and did not bend. Another change detected in
some plastics was the appearance of small black spots, likely
caused by mold formation, which may have been facilitated by
rain or material damage. Plastics with printing only experienced
a slight loss of information. Table 11 presents the initial and
final state of each plastic sample, showing that 100 days were
insufficient for either full or even partial degradation.

The metallic materials exhibited minimal changes
(Table 12). Some folds and a slight separation of the metal from
the attached cardboard were observed in the aluminum lining
of the Tetra Pak, but no color changes were detected. However,
a few white spots appeared inside the soda can, likely caused by
aluminum corrosion as a form of chemical degradation.>***

Once the inquiry was completed, the students placed the
following samples in the blue recycling bin: toilet paper, 80-
gram sheet of paper, graph-paper notebook sheet, advertise-
ment paper, shopping bag, packaging cardboard, notebook
cover, and storage cardboard. In the yellow recycling bin, they
placed white shopping bag, colored shopping bag, notebook
cover, and soda can. The exterior of the Tetra Pak raised some

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 9 Changes observed in paper samples after 100 days of exposure

Paper sample

At the beginning of the inquiry

At the end of the inquiry

Toilet paper

80-gram sheet of paper

Graph-paper notebook sheet

Advertisement paper

Shopping bag

Day 1

doubts because although it is made of cardboard, it is part of
a composite package. Therefore, they ultimately decided to
place it in the yellow recycling bin also.

Phase 3. Interpretation of results and conclusion drawing
(RQ2)

Students’ interpretation of results. This section presents the
consensus reached by the group to understand the molecular-
level processes responsible for the macroscopic changes observed.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Day 100

Paper and cardboard underwent physical degradation and
photodegradation, leading to wrinkles, folds, material
breakage, separation into parts or fibers, and fragment
detachment.*>®* Hydrolytic degradation also contributed to this
process,*® dissolving cellulose polymers and causing material
swelling. The observed color changes could be attributed to the
decomposition effects of microorganisms from the soil or air.*
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Table 10 Changes observed in cardboard samples after 100 days of exposure

Cardboard sample

At the beginning of the inquiry (Day 1)

At the end of the inquiry (Day 100)

Packaging cardboard

Notebook cover

Storage cardboard

Tetra Pak (exterior)

Plastics experienced physical degradation,® which explains
the formation of wrinkles. Folds and breakages were only
observed in thinner plastics. Thermal degradation and photo-
degradation might have also contributed to these breakages,*
as well as the appearance of stains and color changes. However,
plastics did not undergo hydrolytic degradation given that
plastic polymers do not form interactions with water mole-
cules.*® Additionally, plastics are not biodegradable by
microorganisms, given that they are synthetic polymers.

Metal degradation was limited to chemical degradation
(corrosion), which led to the appearance of mild rust stains.>**'
Physical degradation also played a role in the formation of
wrinkles in thin metal sheets.*” Given that metals lack covalent
bonds, they are barely affected by thermal degradation or
photodegradation.®

Paints and color coatings experienced photodegradation and
thermal degradation,® causing discoloration and cracking.
They may have also undergone hydrolytic degradation due to
water absorption. Additionally, physical degradation contrib-
uted to flaking.*>**

Students’ conclusions. Based on the results obtained, the
students formulated the following general conclusions:

(1) A period of 100 days is insufficient for the complete
degradation of any material. The studied materials, except for
paper and cardboard, remained practically unchanged during

4010 | RSC Sustainability, 2025, 3, 3997-4019

this time and would require a much longer period to undergo
significant changes (hypothesis H1 is rejected).

(2) The main properties responsible for the changes in
material decomposition are elasticity, hygroscopicity, the
degradation of certain components, cohesion, and fragility.*

(3) The environmental conditions during the inquiry facili-
tated the photodegradation (solar radiation), thermal degrada-
tion (temperature fluctuations between day and night),
hydrolytic degradation (variations in humidity, especially on
rainy days), biodegradation (fungal growth), and chemical
degradation or corrosion (metal deterioration). Among them,
hydrolytic degradation caused the most significant changes in
some materials.*>*

(4) Given the long degradation time of materials and the
environmental consequences of improper disposal, raising
social awareness is essential to promoting sustainable prac-
tices. Encouraging recycling and ensuring proper waste
disposal are key to minimizing environmental impact.

Additionally, students formulated the following specific
conclusions for each material type:

Paper and cardboard

(1) Paper decomposes the fastest due to its low cohesion and
fragility, breaking into smaller pieces. Thickness is a key factor
that slows down its decomposition (hypotheses H2 and H3
accepted).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 11 Changes observed in plastic samples after 100 days of exposure

Plastic sample At the beginning of the inquiry (Day 1) At the end of the inquiry (Day 100)

White shopping bag (thin)

White shopping bag (thick)

Colored shopping bag

Notebook cover

Table 12 Changes observed in metallic samples after 100 days of exposure

Plastic simple At the beginning of the inquiry (Day 1) At the end of the inquiry (Day 100)

Tetra Pak (interior)

Soda can (exterior)

Soda can (interior)

(2) Rain accelerates the degradation of paper and cardboard (3) Tetra Pak, composed of both cardboard and aluminum,
by softening the material and causing it to separate into layers degrades much more slowly than regular cardboard (H4
(H2 and H3 accepted). accepted).
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Plastics and metals

(1) The slow decomposition of plastic and metal materials
results in their long persistence in the environment (H1
accepted).

(2) No signs of degradation were observed in plastics (H5
rejected).

(3) The initial stages of corrosion were observed in metals
(H6 accepted).

Green chemistry principles in the inquiry (RQ3). Table 13
presents the evidence gathered during the inquiry process that
allows the identification of the green chemistry principles®
underlying the students’ inquiry. In total, five principles were
identified including waste prevention (principle 1), less
hazardous chemical syntheses (principle 3), use of renewable
feedstocks (principle 7), design for degradation (principle 10),
and real-time pollution prevention (principle 11). Moreover, all
stages of the inquiry contributed to the application of green
chemistry principles, particularly the conclusion stage, where
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all five principles were observed, and the inquiry planning
stages, which notably reflected principle 10.

The IBL carried out can be considered successful in its
indirect contributions to green chemistry principles, supported
by the findings of Duangpummet et al.,*® which indicate that
IBL is effective for learning green chemistry principles if it
addresses at least four of them. Similarly, it encourages
students to explore their knowledge and discover for themselves
how to apply green chemistry principles in real-life situations.’
These findings are consistent with previous research, including
the study by Lee,”” who argued that students’ reports indicate
they are considering green chemistry principles even in exper-
iments where they are not explicitly asked to address them.

Student evaluations of the experience (RQ4)

Overall, the experience was well received by students (x = 8.08/
10, ¢ = 2.15) (question “a” from the survey). Regarding their

perception of acquired learning (question “b”), students

Table 13 Green chemistry principles underlying the inquiry designed and implemented by students

Inquiry phases

Related green chemistry
principle

Evidence

Phase 1. Inquiry planning and designing

Problem formulation

Students' theoretical
background
Hypotheses

Selection of samples and
study variables

Phase 2. Inquiry implementation

Implementation and
collected data

Principle 1. Waste
prevention

Principle 10. Design for
degradation

Principle 10. Design for
degradation
Principle 10. Design for
degradation
Principle 10. Design for
degradation

Principle 11. Real-time
analysis for pollution
prevention

Phase 3. Interpretation of results and conclusion drawing

Students' interpretation of
results
Students' conclusions

Principle 10. Design for
degradation

Principle 1. Waste
prevention

Principle 3. Less hazardous
chemical syntheses

Principle 7. Use of
renewable feedstocks

Principle 10. Design for
degradation

Principle 11. Real-time
analysis for pollution
prevention

4012 | RSC Sustainability, 2025, 3, 3997-4019

Students identify a real-world problem—the accumulation of waste in their
environment—and decide to investigate what happens to materials over time,
reflecting the need to prevent waste generation

Students investigate what happens to materials exposed to the environment for
extended periods and whether they degrade naturally or persist. This prompts
reflection on the design and composition of materials

Students search for information about the properties of materials and their
relationship with degradation

Students formulate hypotheses about the degradation of materials based on
their chemical composition and properties

Students select materials and the most suitable variables to study degradation
over time. This encourages reflection on whether the final design persists in the
environment or degrades into harmless products

Students propose observing and recording different degradation mechanisms
over a 100-day period. During this time, they track when the material breaks
down or disappears and observe changes in color, shape, or texture, allowing
them to reflect on how environmental factors affect material properties

Students interpret the results by relating external factors to the properties of
materials, reflecting on material design

Students identify that promoting recycling and ensuring proper waste disposal
are key to minimizing environmental impact

Students understand that materials with long degradation periods have greater
environmental impact and should be designed to produce substances with little
or no toxicity

The promotion of recycling and proper waste disposal suggests an interest in
reducing dependence on non-renewable resources, aligning with the use of
more sustainable materials

The students' conclusion that 100 days is not enough for complete degradation
highlights the need to design products that can break down into non-harmful
substances

Observing various degradation mechanisms (photodegradation,
biodegradation, corrosion, etc.) helps students understand how materials break
down in the environment

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 14 Categorization of responses to the question “I have learned...”

Percentage (%)

Example

Category Description

Material characteristics Knowledge about materials 40.0
and their degradation

Degradation Changes in materials over 32.0
time

Environmental impact Consequences of material 20.0
degradation on the
environment

Other Skepticism and unclear 8.0
answers

highlighted their increased knowledge of materials, degrada-
tion processes, and environmental implications (Table 14).
Additionally, participants reported a perceived improvement in
their knowledge before and after the inquiry (before: 5.36/10, o*
= 4.79; after: 7.64/10, ¢> = 3.03) (question “c”).

Students observed how the degradation of different mate-
rials impacts the environment, fostering a critical under-
standing of sustainability. Learning chemistry in environmental
contexts through scientific inquiry provides students with
a unique opportunity to use their research findings to under-
stand real-world environmental issues, enhancing their envi-
ronmental sensitivity in alignment with the principles of green
chemistry.*”*® Advancing the transition toward a greener world
requires integrating education with supportive policies for
ecological transition. Eco-innovation projects such as this
represent valuable educational strategies to promote this
shift.”*

Student engagement in the inquiry (question “d”) was
notably high, with 72% reporting significant involvement, 24%
very high involvement, and only 4% indicating no engagement.
These findings align with Davis et al.,** who also observed
a significant increase in student participation in IBL.

Table 15 presents the response categories regarding the
collaborative learning methodology used in the inquiry (ques-
tion “e”).

As observed (Table 15), 44.8% of students viewed inquiry as an
innovative methodology that fosters collaborative group work.

I have learned that each material has very different
characteristics and compositions, which make some take
much longer to degrade

Not all materials degrade in the same way due to their
chemical composition and structure

Plastics in nature may undergo slight changes due to weather
conditions. Their condition over time is predictable since they
undergo minimal change

Plastics take the longest to degrade, which is why they remain
in streets and oceans for much longer

I already knew all the information I learned

This dimension encompasses both a positive attitude toward
teamwork and the ability to critically reflect on the results ob-
tained, while respecting and valuing peers' ideas and making
decisions collectively.”” Group collaboration was key to the
success of the inquiry, enabling students to actively participate in
its different stages, an aspect recognized by 10.5% of participants.
Through hypothesis formulation, experimental design, data
collection, and analysis, students developed cooperation and
communication skills, allowing them to compare results and gain
a more comprehensive understanding of degradation processes.
Regarding the proposed designs, 15.8% of students highlighted
that inquiry enhanced their motivation and creativity. Addition-
ally, 28.9% of students perceived that group collaboration also
contributed to meaningful learning acquisition.

This social construction of learning is also influenced by the
emotions that emerge during inquiry. Fig. 2 presents the
emotions reported in response to question “f”.

It can be stated that positive emotions predominated during
the inquiry, given that more than half of the students reported
feeling “very” or “quite” in several emotional categories.
Specifically, students felt enthusiastic (72%), comfortable
(72%), calm (64%), happy (64%), secure (60%), and confident
(56%). These results suggest that inquiry not only enhances
knowledge acquisition but also involves a broad range of
emotions essential for learning.”®”*-73

However, 36% of students reported feeling quite (20%) or very
dissatisfied (16%) with the inquiry process. This dissatisfaction

Table15 Categorization of responses to the question “Would you like the subject to always be taught through collaborative inquiries like the one

we conducted?”

Yes, because it's a different way of learning, not the usual approach
I'd like to keep working this way because if you study for an exam, you forget it in a week, but with

Yes. Inquiry captures our attention more because it's a fun and creative way to work where we

have to think carefully about the steps we take

Category Percentage (%) Examples
Inquiry as an innovative 44.8
methodology
Meaningful learning 28.9
inquiry, you learn more
Motivation and creativity 15.8
Active learning 10.5

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Emotions experienced during inquiry.

could stem from several factors, such as the lack of familiarity
with this approach, challenges in collaborating with peers, or
misaligned expectations, whether they anticipated a more
guided approach or expected more immediate, visible findings.

Conclusions

This study has presented the results of IBL on material degra-
dation, conducted -collaboratively with secondary school
students in a real-world context during 100 days.

Regarding RQ1, the design and implementation of the
inquiry carried out by the students is considered adequate and
effective in achieving the proposed objectives. Students selected
various discarded materials from their surroundings including
paper, cardboard, plastic, and metal, each exhibiting different
degrees of deterioration. This selection allowed them to observe
real-life examples of degradation, facilitating the formulation of
hypotheses on the environmental factors that may have
contributed to the observed deterioration. Their hypotheses
focused on the effects of environmental variables such as sun
exposure, rain or humidity, and temperature fluctuations.
Additionally, they established a systematic data collection
protocol, regularly recording both environmental conditions
and the degree of degradation of each material. The prolonged
observation of degradation processes over the course of
a trimester provided a deeper learning experience, allowing
students to analyze changes in the materials in a progressive
and evidence-based manner. A key aspect of the process was the
collaborative work involved in designing and making decisions
across the different stages of the inquiry. This collaboration was
particularly crucial in data interpretation, enabling students to
connect empirical observations to environmental factors,

4014 | RSC Sustainability, 2025, 3, 3997-4019

identify degradation patterns, and propose evidence-based
explanations.®®®® Furthermore, this process encouraged reflec-
tion on the need to adopt sustainable practices” to mitigate the
environmental impact of waste, fostering awareness of reduc-
tion, reuse, and recycling as fundamental strategies to mini-
mize pollution.

Regarding RQ2, the explanatory models used by students to
understand material degradation and its environmental effects
integrated multiple key factors. These included solar radiation,
which accelerates the degradation of certain plastics by
breaking down their polymers; temperature, which influences
how quickly the chemical bonds of materials deteriorate;
humidity, which can facilitate hydrolysis processes and increase
the susceptibility of materials to wear; and microorganisms,
which contribute to the biodegradation of certain materials by
breaking them down into simpler compounds.

Students also linked these degradation processes to negative
environmental impacts, such as the accumulation of materials
(especially plastics) in the ecosystem, the release of toxic
substances, and ecosystem disruption. Integrating these
models not only allowed students to understand material
degradation scientifically, but also analyze its environmental
implications, extending the learning experience beyond the
classroom context. In this regard, the inquiry encouraged
reflection on the importance of responsible consumption
habits and the need to transition toward more sustainable
production models that minimize waste and promote the
circular economy, reinforcing the relevance of green chemistry
in everyday life.

In relation to RQ3, the IBL approach indirectly revealed five
underlying principles of green chemistry, as following:> waste
prevention (principle 1), less hazardous chemical synthesis

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(principle 3), use of renewable feedstocks (principle 7), design
for degradation (principle 10), and real-time analysis for
pollution prevention (principle 11), particularly during the
planning and conclusion phases of the inquiry, consistent
with the findings of Duangpummet et al.®® However, other
principles, such as atom economy (principle 2), designing
safer chemicals (principle 4), safer solvents and auxiliaries
(principle 5), design for energy efficiency (principle 6), reduction
of derivatives (principle 8), catalysis (principle 9), and safer
chemistry for accident prevention (principle 12), were not
addressed. This highlights the need to promote educational
proposals that bring green chemistry principles, typically asso-
ciated with industrial contexts, closer to students’ realities.®”®
This study underscores that bringing green chemistry into the
classroom offers unique opportunities for students to not only
learn responsible scientific concepts and practices but also
develop critical awareness of their role in planetary sustain-
ability.”*'*** Green chemistry can promote health and safety by
reducing waste and fostering students' sense of ownership and
belonging.®

Regarding RQ4, students' perceptions suggest that IBL is
a well-received approach, with high student engagement,
fostering learning about key chemistry topics such as material
properties, degradation processes, and environmental impact.
Although students often struggle to integrate scientific knowl-
edge into their daily lives,* this study demonstrates that scien-
tific inquiry is an effective strategy to promote this integration.*®
Ultimately, the experience not only deepened students' under-
standing of material degradation but also raised awareness of
the importance of addressing environmental issues caused by
improperly discarded waste. The implementation of long-term
collaborative proposals within IBL represents a rare methodo-
logical innovation in chemistry education, where investigations
are typically short-term and individually conducted. This study
shows that this key aspect is well received by students,” given
that it enhances motivation and creativity. When situated in
a collaborative context, it fosters meaningful learning, encour-
ages active student engagement, and promotes positive
emotions, helping to overcome common challenges in inquiry-
based processes.”” Moreover, this study advances previous
research by integrating the analysis of students’ emotions
throughout the inquiry process, providing a more holistic
perspective on learning and demonstrating the predominance of
positive emotions during the innovative proposal, which in turn
boosts motivation and creativity.

Educational implications, limitations,
and future directions

The first educational implication highlights the importance of
an extended duration of at least 100 days for the proposed
inquiry. This period is essential for students to identify and
understand the initial stages of material degradation, as well as
to recognize the difficulty of plastic and metal decomposition in
the environment. For a more comprehensive assessment, an
even longer period would be recommended.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Another educational implication stems from the outdoor
nature of this inquiry, where samples may be affected by various
environmental factors, despite each student using three repli-
cates per experiment. Ultimately, at the individual level, iden-
tical reproducibility across experiments is not guaranteed, even
for the same student. This requires students to collaborate,
share, and compare data, leading to a joint analysis that helps
identify general trends. This process fosters teamwork, scien-
tific communication, and collective data analysis.

As a limitation of this study, it is important to note that while
each student selected samples that met the agreed-upon
criteria, slight variations may have existed in thickness or
printed design among samples from different students. Addi-
tionally, small differences in the exposure location of the
materials were possible, although all students placed their
samples outdoors. However, these minor discrepancies do not
affect the validity of the experiment or compromise the reli-
ability of the results.

In addition, although the evidence shows that aspects related
to five of the green chemistry principles were addressed during
the stages of the IBL, a limitation is that the experience does not
allow for the exploration of all twelve principles. Consequently,
a final session is proposed as a closing IBL, in which all the
principles of green chemistry can be explicitly addressed.

Regarding future research directions, these preliminary find-
ings will be integrated into educational game-based mobile
applications currently being developed as part of a research project
on ecological and digital transition to enhance science education.
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