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Integrating Environmental Sustainability Goals into Green Chemistry Education: A Critical Narrative Review of Curricula, Pedagogies, Learning Outcomes and Research Gaps
Abstract
Chemistry is implicated in many of the environmental pressures that global sustainability agendas seek to reverse, and chemistry education is expected to prepare learners to design, evaluate and govern chemical practice accordingly. Green chemistry education has expanded considerably since the formulation of the Twelve Principles of Green Chemistry, yet the extent to which explicit environmental sustainability goals, such as the Sustainable Development Goals, planetary boundaries and education for sustainable development competencies, are translated into curricula, teaching practices and assessed learning remains uncertain. This critical narrative review examines how such goals have been integrated into green chemistry education at secondary, tertiary and teacher-education levels, and appraises the strength of the evidence on learning outcomes. Literature published between 1998 and 2026 was identified through structured searching of education-specific and multidisciplinary scholarly indexes, supplemented by citation tracking and institutional sources, and was appraised qualitatively for conceptual alignment, design strength, measurement quality and transparency. The synthesis indicates that curricular integration has progressed mainly through laboratory greening, elective courses and thematic redesign of introductory chemistry, whereas programme-level alignment with sustainability competencies, textbooks and high-stakes assessment remains limited. Pedagogical innovation is extensive and includes metrics-based decision-making, problem-based and case-based learning, socio-scientific inquiry, systems thinking tools and culturally responsive approaches. Reported outcomes are predominantly positive for knowledge of green chemistry principles, attitudes and motivation, but most studies rely on single-site designs, short interventions, self-reported change and instruments of uncertain validity, and some report effect sizes that are difficult to reconcile with the designs used. Evidence for durable behavioural change, transfer to professional decision-making and contributions to sustainability outcomes is scarce. Conceptual tensions also persist between a technically framed, environmentally focused green chemistry and broader, socially inclusive conceptions of sustainability. Progress now depends less on producing further isolated teaching innovations than on aligning goals, curricula, pedagogy and assessment, developing validated measures of sustainability-relevant competencies, and conducting comparative, longitudinal and geographically diverse research. The available evidence supports cautious optimism about short-term learning gains but does not yet demonstrate that green chemistry education reliably produces the transformative competencies that sustainability goals require.
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1. Introduction
Chemical production and use are entangled with several of the most serious environmental pressures of the present era. The planetary boundaries framework identifies the release of novel entities, including synthetic chemicals and plastics, as one of the Earth-system processes that define a safe operating space for humanity (Steffen et al., 2015), and subsequent assessments have concluded that this boundary has been transgressed (Persson et al., 2022) and that six of the nine boundaries are now outside their safe limits (Richardson et al., 2023). At the same time, the 2030 Agenda for Sustainable Development established seventeen Sustainable Development Goals (SDGs) that call for responsible consumption and production, clean water, climate action and the protection of ecosystems, among other aims (United Nations, 2015). Many of these goals have a direct molecular dimension, and sustainable chemistry has been argued to contribute to most of them (Anastas & Zimmerman, 2018). Education occupies a distinctive place in this agenda because it is both a goal in its own right and a means through which the other goals are expected to be pursued, a role that the United Nations Educational, Scientific and Cultural Organization (UNESCO, 2017) has elaborated through learning objectives and cross-cutting competencies for education for sustainable development (ESD).
Green chemistry is conventionally defined as the design of chemical products and processes that reduce or eliminate the use and generation of hazardous substances, an aspiration operationalised in the Twelve Principles of Green Chemistry (Anastas & Eghbali, 2010; Anastas & Warner, 1998). Over three decades the field has matured from a set of design heuristics into a broad research programme encompassing safer solvents, catalysis, renewable feedstocks, metrics and molecular design for reduced hazard (Erythropel et al., 2018; Zimmerman et al., 2020). Sustainable chemistry is a broader and more contested concept that extends attention from the reaction and the process to resource flows, product life cycles, circularity and the economic and social conditions of chemical production (Kümmerer, 2017; Kümmerer et al., 2020). The distinction is not merely terminological. As Zuin et al. (2021) argued, the historical roots, overlaps and differences between green and sustainable chemistry carry direct implications for curricula, because a curriculum built on the Twelve Principles alone may teach learners to optimise individual transformations without equipping them to judge whether a product, process or system is sustainable in a wider sense.
Educational engagement with green chemistry began early. Collins (1995) proposed introducing green chemistry into teaching and research, and Hjeresen et al. (2000) described early efforts to bring green chemistry into classrooms and laboratories. Infusion of real-world examples, web modules and atom economy into organic chemistry courses followed (Cann & Dickneider, 2004). Haack and Hutchison (2016) characterised the subsequent quarter-century as one of substantial progress in teaching materials, laboratory experiments and networks, while also noting that green chemistry had not yet become an integral component of the chemistry curriculum. Professional bodies have since sought to accelerate integration: the American Chemical Society (ACS) adopted a supplement on green chemistry in the undergraduate curriculum (Aubrecht et al., 2019), and the ACS Green Chemistry Institute (GCI) convened stakeholders to develop core competencies and a road map for mainstreaming green and sustainable chemistry (GSC), explicitly because the principles had yet to become systemically infused after more than twenty years (MacKellar et al., 2020). In parallel, the International Union of Pure and Applied Chemistry (IUPAC) launched the Systems Thinking in Chemistry Education (STICE) project to reorient chemistry education towards the complex Earth and societal systems in which chemistry operates (Flynn et al., 2019; Mahaffy et al., 2018). A recent cross-course laboratory pilot also showed the feasibility of connecting green chemistry teaching across introductory courses, although its assessment evidence concerned students’ recognition of green chemistry concepts (Drake & Rooney, 2026).
A second, partly independent tradition has approached the same problem from the perspective of ESD. Burmeister et al. (2012) distinguished several models through which ESD can enter chemistry education, ranging from the adoption of green chemistry principles in laboratory work to socio-scientific issue (SSI) based teaching and whole-school sustainability. Subsequent work proposed models for secondary chemistry teaching that place ESD competences and lived sustainability alongside chemical content (Jegstad & Sinnes, 2015), examined the justifications, models and challenges of ESD in science and chemistry education (Eilks, 2015; Juntunen & Aksela, 2014a), and called for chemistry education to move from simple contextualisation towards a multidimensional problematisation of the relationships among chemistry, society and the environment (Sjöström & Talanquer, 2014). From this vantage point, Sjöström et al. (2016) criticised the tendency to equate green chemistry education with sustainability education and argued for an eco-reflexive orientation that examines the values, interests and limits embedded in technoscientific solutions. In chemistry teacher education, a design-based pedagogical model has been proposed to connect sustainable chemistry contexts with systems thinking activities and their assessment (Vuorio et al., 2025).
These two traditions converge on the claim that chemistry education should contribute to environmental sustainability goals, but they do not necessarily agree on what that contribution should consist of, how it should be organised in curricula or how it should be evaluated. The published teaching literature suggests that the link between green chemistry and explicit sustainability goals is often asserted rather than designed. In an analysis of 286 proposals and reports of green chemistry teaching published in a leading chemistry education journal up to 2019, Marques et al. (2020) found that 127 papers associated green chemistry with sustainability only in general terms and that a systemic vision of the connection appeared explicitly in just 39. A related analysis concluded that, despite good intentions, most teaching experiences and intervention proposals remained occasional and poorly evaluated events (Marcelino et al., 2023). Organic chemistry textbooks devote less than 1% of their pages to green chemistry where they mention it at all (Johnson et al., 2020), and the social dimension of sustainability has been largely absent from the discourses, practices and evaluations of green chemistry (Asveld, 2019; Marcelino et al., 2019). A systems-thinking framework has also been proposed to guide the planning, implementation and assessment of chemistry instruction in relation to sustainability challenges (Talanquer & Szozda, 2024).
Several reviews have mapped parts of this field. Andraos and Dicks (2012) reviewed effective practices in green chemistry teaching in higher education. M. Chen et al. (2020) analysed 45 articles describing teaching methods for green chemistry education (GCE) against the revised Bloom's taxonomy and reported that collaborative, interdisciplinary and problem-based approaches were the most frequent. Ferk Savec and Mlinarec (2021) systematically reviewed experimental work from green chemistry perspectives across educational levels, Koulougliotis et al. (2024) mapped 70 publications on green chemistry teaching in secondary education, and Aydin Gunbatar et al. (2025) analysed 49 tertiary training studies through the lens of pedagogical content knowledge (PCK), concluding that the learner component was inadequately addressed and that few studies reported students' misconceptions and difficulties. Ferk Savec and Mlinarec (2026) have since examined GCE through the lens of sustainability transformations. These reviews have been valuable in cataloguing methods, principles and levels, but they have largely described what has been done rather than evaluated whether the outcomes claimed are supported by adequate designs and measures. Some recent syntheses have concluded that GCE is an effective strategy for improving critical thinking, academic performance and sustainable action without systematically appraising the strength of the underlying studies (Sunday et al., 2026). What remains insufficiently examined is the alignment between the sustainability goals invoked to justify GCE, the curricular structures through which it is delivered, the pedagogies used and the learning outcomes that are actually assessed, together with the quality of the evidence that links these elements. In a large first-year chemistry course, a contextualised group activity elicited several dimensions of systems thinking, although student work provided limited evidence of attention to the dynamic nature of systems (Reynders et al., 2025).
1.1 Scope, Research Gap and Objectives
This review addresses formal chemistry education at secondary and tertiary levels, including the preparation and professional development of chemistry and science teachers, where green or sustainable chemistry is used explicitly or implicitly to pursue environmental sustainability goals. Environmental sustainability goals are understood here to include the environmentally oriented SDGs and their targets, the planetary boundaries framework, sustainability competencies articulated for ESD and related goals such as hazard reduction, resource efficiency and circularity. The review is organised around four analytical lenses: the curricular models through which such goals are integrated; the pedagogies through which they are enacted; the learning outcomes that are claimed and the instruments used to measure them; and the research gaps that limit confident conclusions.
Informal outreach, industrial training without an educational research component and laboratory method papers without an educational purpose fall outside the core scope, although some are discussed where they illuminate curricular trends.
The specific knowledge gap is the absence of a critical synthesis that evaluates the coherence between stated sustainability goals, curriculum design, pedagogy and assessment in GCE, and that judges the strength of the evidence for learning outcomes rather than cataloguing interventions. Existing reviews have mapped principles, methods and levels of implementation, but they have given limited attention to how sustainability goals are operationalised as assessable outcomes, to the validity of the instruments used, to the plausibility of reported effects and to the persistent tension between environmentally framed technical improvement and socially inclusive conceptions of sustainability.
The objectives are fivefold: to clarify the conceptual frameworks that connect GCE with environmental sustainability goals; to compare curricular integration models and the institutional conditions that enable or constrain them; to evaluate the pedagogical approaches used and the mechanisms through which they are assumed to address sustainability goals; to appraise the evidence on learning outcomes and the quality of its measurement; and to identify and prioritise research needs. The intended contribution is an integrated, evidence-calibrated account that distinguishes well-supported conclusions from promising but preliminary claims, together with a conceptual framework for goal–curriculum–pedagogy–assessment alignment that can guide future research and practice.
2. Methods for Literature Selection
2.1 Review Design and Rationale
A critical narrative review design was adopted because the review question is interpretive and integrative rather than estimative. The literature on GCE combines conceptual and position papers, curriculum descriptions, laboratory innovations with embedded evaluations, quasi-experimental studies, qualitative case studies and instrument-development work. Outcomes are defined and measured in heterogeneous ways, interventions differ greatly in duration and intensity, and many publications report no comparison condition. Under these conditions a meta-analysis would be inappropriate, and a systematic review restricted to a narrow set of comparable designs would exclude much of the evidence required to evaluate how sustainability goals are conceptualised and translated into curricula. Narrative reviews can nevertheless be conducted with rigour and transparency when the search, selection and interpretive procedures are made explicit (Greenhalgh et al., 2018; Sukhera, 2022). The conduct and reporting of this review were therefore guided by the criteria of the Scale for the Assessment of Narrative Review Articles (SANRA), which emphasises explicit justification, a described search strategy, appropriate referencing, scientific reasoning and the presentation of relevant data (Baethge et al., 2019). The narrative design does not remove the need for transparency or critical appraisal, and both were applied throughout.
2.2 Information Sources
The Education Resources Information Center (ERIC) served as the principal disciplinary index because of its comprehensive coverage of chemistry and science education journals. It was complemented by OpenAIRE, Crossref, the Directory of Open Access Journals (DOAJ), Semantic Scholar and Google Scholar, which together extended coverage to multidisciplinary sustainability, green chemistry and regional education journals. Authoritative institutional sources from the United Nations and UNESCO were consulted for policy frameworks on the SDGs and ESD. Database searching was supplemented by backward citation searching of reference lists in recent reviews and key empirical studies, forward citation searching of influential conceptual papers, related-article searching and examination of thematic journal collections on systems thinking and green and sustainable chemistry education. Bibliographic metadata, digital object identifiers and publication status, including any corrections or retractions, were checked against Crossref records and publisher landing pages.
2.3 Search Strategy and Search Period
The search strategy was built from five conceptual blocks: green and sustainable chemistry; educational setting and population; sustainability goal frameworks; pedagogical approaches; and learning outcomes and assessment. Two further blocks addressed curriculum and implementation conditions and critical or social perspectives. Terms within blocks were combined with the Boolean operator OR, and blocks were combined with AND, with truncation used where supported. The representative core string was ("green chemistry" OR "sustainable chemistry" OR "green and sustainable chemistry") AND (education OR teaching OR learning OR curriculum OR students OR "teacher education") AND (sustainab* OR "sustainable development" OR "Sustainable Development Goals" OR "education for sustainable development" OR "planetary boundaries" OR "systems thinking").
For reproducibility, the core ERIC syntax was title:"green chemistry" AND (education OR teaching OR curriculum OR students OR learning), supplemented by full-record searches of the forms "green chemistry" AND (sustainability OR "sustainable development"), "chemistry education" AND "education for sustainable development", "chemistry" AND "systems thinking" AND sustainability, and "green chemistry" AND (attitude OR awareness OR scale OR instrument OR questionnaire). Equivalent field adaptations were applied in the other platforms. In DOAJ, the phrase "green chemistry" was restricted to the title field and combined with education-related title terms; in OpenAIRE and Semantic Scholar, keyword queries combining the green chemistry, education and sustainability blocks were used because these platforms do not support identical field tags; in Crossref, bibliographic queries were used mainly to retrieve and verify specific records; and in Google Scholar, phrase searches were combined with education and sustainability terms and screened by relevance.
The search period extended from 1 January 1998 to 6 September 2026. The starting year corresponds to the publication of the Twelve Principles of Green Chemistry, which provided the first widely adopted framework for teaching green chemistry; a small number of foundational earlier and conceptual sources were included where necessary to explain historical development. The search end date and the last search date were the same, 6 September 2026. Minor literature refinements were made during the review and revision stage. Eligibility was determined by the date of first public journal publication, using the online-first or version-of-record date where available, rather than a later issue-assignment date.
Each retained source was appraised with a qualitative rubric comprising four criteria: conceptual alignment, meaning the explicitness with which sustainability goals were articulated and linked to learning aims; design strength, meaning the presence of comparison conditions, pre–post measurement, triangulation or sustained qualitative inquiry; measurement quality, meaning the use of instruments with reported validity and reliability evidence and the extent of reliance on self-report; and transparency and transferability, meaning the adequacy with which context, participants, intervention and analysis were described. These criteria were used to weigh evidence as carrying higher, moderate or limited evidential weight for particular claims, not to compute numerical quality scores.
Table 1 records the query blocks used for evidence discovery and the principal evidence domains that each block was intended to interrogate. It documents the architecture of the search rather than database-specific yields, and it shows how the core blocks on green chemistry, educational setting and sustainability goals were extended by blocks targeting pedagogy, learning outcomes, implementation conditions and critical perspectives, so that evidence relevant to each objective of the review could be retrieved.
Table 1
Query Blocks Used for Evidence Discovery and the Principal Evidence Domains Each Block Was Intended to Interrogate
	Query block
	Representative terms (combined with OR within blocks)
	Principal evidence domains interrogated
	Typical combination

	A. Green and sustainable chemistry
	"green chemistry"; "sustainable chemistry"; "green and sustainable chemistry"; "twelve principles"; "green metrics"; "life cycle"
	Conceptual scope of green chemistry; principles and metrics taught; relationship with sustainable chemistry
	Core block; always combined with B

	B. Educational setting and population
	education; teaching; learning; curriculum; students; "secondary school"; undergraduate; "pre-service"; "teacher education"; "professional development"
	Educational levels; learners and teachers; formal curricula and courses
	A AND B (core string)

	C. Sustainability goal frameworks
	sustainab*; "sustainable development"; "Sustainable Development Goals"; SDG*; "education for sustainable development"; "planetary boundaries"; "circular economy"
	How environmental sustainability goals are articulated and linked to green chemistry teaching
	A AND B AND C

	D. Pedagogical approaches
	"problem-based"; "case-based"; "project-based"; inquiry; "socio-scientific"; argumentation; "systems thinking"; laboratory; game*; "context-based"; ethnoscience
	Teaching strategies and mechanisms; laboratory redesign; systems thinking tools
	A AND B AND D; ST AND chemistry AND C

	E. Learning outcomes and assessment
	outcome*; achievement; understanding; attitude*; awareness; motivation; "environmental literacy"; instrument; scale; questionnaire; assessment; rubric
	Outcome constructs, instruments, validity and reported effects
	A AND (B OR D) AND E

	F. Curriculum and implementation conditions
	textbook*; standards; "content map"; competenc*; barrier*; faculty; "curricular change"; policy
	Curricular models, textbooks, assessment systems, institutional barriers and enablers
	A AND B AND F

	G. Critical and social perspectives
	"social sustainability"; justice; "eco-reflexive"; problematization; ethics
	Conceptual critiques; social dimension of sustainability; political economy of integration
	(A OR C) AND G AND chemistry education


Note. The table records the architecture of the search rather than database-specific hit counts. Blocks were adapted to the field syntax of each platform as described in Section 2.3. ST = systems thinking; SDG = Sustainable Development Goal.
2.4 Eligibility Criteria
Publications were eligible if they were peer-reviewed journal articles, or authoritative institutional documents, that addressed green or sustainable chemistry in formal education at secondary or tertiary level or in teacher education, and that contributed conceptual analysis, curriculum design, pedagogical description with evaluation, empirical evidence on learning outcomes, instrument development or analysis of implementation conditions. Studies were also eligible when they addressed ESD or systems thinking in chemistry education in ways that bore directly on environmental sustainability goals. Reviews and bibliometric analyses were included to establish the state of the field and the gap. Foundational conceptual sources in green chemistry, sustainability science and educational design were included where needed to define concepts. Publications in English were included; the multidisciplinary indexes also retrieved English-language articles from journals published in Latin America, Asia, Africa and Europe, which helped to reduce, although not eliminate, geographical bias.
Excluded were laboratory procedures reported without any educational purpose or evaluation, unless used illustratively to characterise curricular trends; informal outreach without an educational research component; conference abstracts, theses, preprints and trade or promotional material; publications whose bibliographic identity could not be verified; and articles first published after the search end date. No restriction was placed on research design, because one of the purposes of the review was to appraise the distribution of designs across the field.
2.5 Screening, Duplicate Handling and Study Selection
Records retrieved from each source were screened first by title and then by abstract against the eligibility criteria, and potentially relevant records were examined in full text where accessible. Duplicates arising from overlapping coverage among indexes were identified by comparing digital object identifiers, titles, author lists and publication years, and only one record of each publication was retained. Where an article was available in several versions, the version of record was used. Sources whose full text or bibliographic details could not be verified were not cited. Studies were selected for their relevance to the review objectives, methodological adequacy and contribution to the conceptual or empirical argument, and conflicting or negative findings were deliberately sought rather than excluded. As a narrative rather than a systematic review, this work does not require the procedural elements specific to systematic reviews, such as reporting screening counts and deduplication counts, independent dual-reviewer screening or a flow diagram, and no such counts are reported.
2.6 Critical Appraisal and Evidence Synthesis
Evidence was synthesised thematically. Initial themes were derived from the review objectives and refined iteratively as recurring concepts, controversies and methodological patterns emerged across the literature. For each theme, the strongest available evidence was identified, convergent and divergent findings were compared, and the likely sources of disagreement, including differences in educational level, intervention intensity, outcome definition, measurement approach and context, were examined. Studies with comparison groups and validated instruments were given greater weight for claims about effectiveness, whereas descriptive and qualitative studies were valued principally for what they revealed about mechanisms, implementation and learners' reasoning. Reported effect sizes and statistical results were checked for plausibility against the designs from which they were derived. Conceptual and position papers were treated as sources of frameworks and arguments rather than as evidence of effectiveness. Confidence in each conclusion was judged according to the consistency, independence and methodological quality of the supporting evidence, and the synthesis was used to derive a conceptual framework that distinguishes relationships with reasonable empirical support from those that remain hypothesised.
3. From Principles to Goals: Conceptual Frameworks Linking Green Chemistry Education and Environmental Sustainability
3.1 Green Chemistry, Sustainable Chemistry and the Problem of Scope
The Twelve Principles of Green Chemistry were formulated as design guidance for chemists, emphasising waste prevention, atom economy, less hazardous syntheses, safer solvents and auxiliaries, energy efficiency, renewable feedstocks, catalysis, design for degradation and real-time pollution prevention (Anastas & Eghbali, 2010; Anastas & Warner, 1998). Their pedagogical attractiveness lies in their concreteness: each principle can be attached to a reaction, an experiment or a calculation, and the set as a whole offers a recognisable vocabulary that can be introduced at almost any level. Their maturation into a broad research field (Erythropel et al., 2018) and their reframing as a design philosophy for molecules, materials and processes (Zimmerman et al., 2020) have strengthened the case for teaching them as part of mainstream chemistry rather than as a specialised topic.
The same concreteness creates an educational risk. Because the principles are additive and largely process-centred, they can be taught as a checklist of local improvements without reference to the systems in which chemicals are produced, used and disposed of. Marcelino et al. (2019) argued that this additive character does not by itself support systems thinking and that green chemistry has largely ignored the social dimension of sustainability, producing a reductionist interpretation of sustainability in its discourses, practices and evaluations. The way principles are emphasised in teaching reinforces this concern. In a systematic review of tertiary training research, Aydin Gunbatar et al. (2025) found that the use of renewable feedstocks was the most frequently emphasised principle, whereas reducing derivatives and real-time pollution prevention received least attention, suggesting that curricula privilege principles with an obvious sustainability narrative over those that require deeper chemical reasoning.
Green chemistry metrics illustrate the same tension. Mass-based metrics such as atom economy, reaction mass efficiency and the environmental factor are easy to compute and well suited to introductory teaching, but they do not measure hazard or environmental impact directly (Sheldon, 2018). Duarte et al. (2017) showed that mass metrics could not register the safety advantages of microscale over macroscale synthesis and proposed a separate risk index, while de Verteuil et al. (2024) argued that mass-based metrics fail to assess environmental harm and that full life cycle assessment (LCA) is too complex to insert into existing curricula without displacing substantial content. Holistic graphical metrics designed for teaching laboratories, such as the Green Star (Ribeiro et al., 2010), and semi-quantitative tools such as the EcoScale (Dicks et al., 2018) were developed partly to address these limitations. The choice of metric therefore carries an implicit definition of what counts as "green", and learners who encounter only mass metrics may acquire a narrow, efficiency-centred conception of sustainability.
Sustainable chemistry broadens the scope from the reaction to the life cycle, the product and the resource system. Kümmerer (2017) presented sustainable chemistry as a future guiding principle for the discipline as a whole, broader in scope than green chemistry, and Kümmerer et al. (2020) argued that chemistry must be rethought for a circular economy in which design for recycling, reuse and benign degradation is integral. Constable (2021) similarly made the case for a systems-based, interdisciplinary approach to green and sustainable chemistry. For education, these broader conceptions imply learning goals that extend beyond chemical content to include value judgements, trade-offs and the interaction of chemistry with economic and social systems (Zuin et al., 2021). The literature does not yet show a consensus on whether GCE should remain principle-centred and progressively widen its scope, or whether it should be reconceived from the outset around sustainability problems in which the principles are one of several tools.
3.2 Sustainability Goal Frameworks: The Sustainable Development Goals, Planetary Boundaries and the Molecular Basis of Sustainability
Two global frameworks are invoked most often to justify the integration of sustainability goals into chemistry education. The SDGs provide a normative, policy-oriented agenda whose goals are described as integrated and indivisible across economic, social and environmental dimensions (United Nations, 2015). Anastas and Zimmerman (2018) argued that sustainable chemistry can contribute to the SDGs through the design of safer and more efficient products and processes, and this argument is now routinely cited in curriculum proposals. The planetary boundaries framework provides a complementary, biophysical account of the Earth-system processes that human activity must not destabilise (Steffen et al., 2015). Its updated assessments (Richardson et al., 2023) and the conclusion that the boundary for novel entities has been exceeded (Persson et al., 2022) give chemistry a particularly direct link to Earth-system science.
Mahaffy, Matlin, Holme, and MacKellar (2019) proposed that chemistry education should address the molecular basis of sustainability, that is, the flows of materials and energy through society and the chemical processes that regulate Earth systems, and argued that systems thinking is the means through which learners can connect molecular-level knowledge to these global agendas. Mahaffy and Elgersma (2022) later presented systems thinking, the molecular basis of sustainability and the planetary boundaries framework as complementary core competencies for chemistry education, and MacDonald et al. (2022) developed an interactive learning tool that links substances, reactions and control variables to the individual planetary boundaries. Earlier, Matlin et al. (2016) had called for a "one-world" chemistry that recognises chemistry's responsibilities within interconnected global systems.
The educational translation of these frameworks remains uneven. The SDGs are policy goals with targets and indicators designed for national monitoring rather than learning outcomes, and their use in curricula often takes the form of thematic framing. Petillion et al. (2019) used the SDGs as a thematic framework for a first-year chemistry curriculum, and Eaton et al. (2019) asked secondary students to judge whether aspects of chemical processes had positive, negative or neutral effects on each SDG. These examples show that SDG framing can make relevance visible, but they also reveal a risk of labelling, in which chemical content is mapped onto goals without the trade-offs among goals being examined. Mitarlis et al. (2023), for instance, mapped green chemistry-oriented basic chemistry learning to SDG 12 and SDG 13 on the basis of exploratory observation and literature analysis, an approach that identifies alignment opportunities but does not demonstrate that learners acquire capacities relevant to those goals. The integrated and indivisible character of the SDGs implies that environmental gains in one area may entail social or economic costs in another, yet this dimension is seldom made explicit in GCE.
3.3 Sustainability Competencies and Education for Sustainable Development
A third framework shifts attention from what learners should know to what they should be able to do. Wiek et al. (2011) proposed a reference framework of key competencies in sustainability, comprising systems thinking, anticipatory, normative, strategic and interpersonal competencies, and Brundiers et al. (2021) refined this framework through an expert consensus process that added implementation and intrapersonal competencies and emphasised integrated problem-solving. UNESCO (2017) adopted a closely related set of cross-cutting key competencies for achieving the SDGs and specified cognitive, socio-emotional and behavioural learning objectives for each goal. Within chemistry education, Burmeister et al. (2012) mapped the ways in which ESD can be implemented, Jegstad and Sinnes (2015) proposed a five-category model for secondary chemistry that places chemical content knowledge, chemistry in context, the distinctive methodological character of chemistry, ESD competences and lived ESD in a hierarchy, and Juntunen and Aksela (2014a) developed pedagogical models for ESD in chemistry built on SSI-based teaching, sustainability science, green chemistry and environmental education.
At undergraduate level, the core competencies developed through the ACS GCI road-map process represent the most explicit attempt to define what chemistry graduates should be able to do in relation to green and sustainable chemistry (MacKellar et al., 2020). The relationship between such discipline-specific competencies and the generic sustainability competencies of Wiek et al. (2011) and Brundiers et al. (2021) has not been worked out in detail. As later sections show, the outcomes most commonly measured in GCE research are knowledge of green chemistry principles, attitudes and motivation, whereas anticipatory, normative, strategic and implementation competencies are rarely assessed. The competency frameworks therefore expose a gap between the aspirations used to justify GCE and the outcomes that are actually evaluated.
3.4 Systems Thinking as a Bridging Framework
Systems thinking has become the most prominent conceptual bridge between green chemistry and sustainability goals. Mahaffy et al. (2018) argued that chemistry education should be reoriented through systems thinking so that learners understand chemical phenomena as parts of dynamic, interconnected systems. The IUPAC STICE project articulated characteristics of systems thinking for chemistry education (Orgill et al., 2019), produced design tools such as the ChEMIST table for planning or modifying instruction (York & Orgill, 2020) and set out future directions that explicitly included the integration of green and sustainable chemistry concepts (Flynn et al., 2019). Hurst (2020) reviewed systems thinking approaches for international GCE and highlighted their potential to connect green chemistry with global challenges.
Systems thinking is attractive because it promises to address the reductionism criticised in Section 3.1: rather than evaluating a reaction in isolation, learners consider feedstocks, energy, by-products, use, end of life, human health and social consequences. The construct is nevertheless defined in several ways across the literature, ranging from cognitive skills such as identifying components and feedback loops to broader dispositions towards complexity, and different definitions imply different instructional designs and assessments. The extent to which systems thinking activities in chemistry actually produce systems-level reasoning, as distinct from more elaborate lists of connections, is examined in Section 6.
3.5 Critical and Socio-Political Perspectives
A distinct body of work questions whether green chemistry, as commonly taught, is adequate to the goals that justify it. Sjöström et al. (2016) argued for an eco-reflexive science education that critically examines the educational implications of green chemistry, including its tendency to present technological innovation as the primary response to environmental problems. Sjöström and Talanquer (2014) advocated moving from simple contextualisation towards a multidimensional problematisation of chemistry's societal relationships. Asveld (2019) and Marcelino et al. (2019) highlighted the neglect of social sustainability in green and sustainable chemistry, and teaching proposals have sought to connect green chemistry with social and environmental justice (Lasker et al., 2017) or to infuse justice themes into organic chemistry through the history and social impact of key compounds (Ali et al., 2020). Mammino (2025) has argued for closer cross-bridging between GCE and environmental chemistry education, which has traditionally focused on pollutants and their effects rather than on design.
Institutional and political economy also shapes the meaning of GCE. In a grounded theory study of green chemistry in higher education in Saudi Arabia, Alhazmi and Almashhour (2026) found that market-driven policies prioritised immediate economic returns over long-term sustainability goals and that securing funding and aligning green chemistry with traditional curricula were key challenges. Such findings suggest that the sustainability goals expressed in curricula are mediated by institutional priorities that may favour narrowly technical or employability-oriented interpretations.
Taken together, the frameworks reviewed in this section describe a continuum from technical optimisation, in which learners apply green chemistry principles and metrics to improve reactions and processes, to transformative and eco-reflexive orientations, in which learners interrogate needs, values, trade-offs and power relations in chemical systems. The two ends are not mutually exclusive, but they imply different curricula, pedagogies and outcome measures. The literature indicates that most GCE practice remains closer to the technical end, whereas the sustainability goals invoked to justify it are closer to the transformative end. Table 2 summarises the principal frameworks, their implications for curriculum and their main limitations as foundations for GCE. The comparison shows that no single framework is sufficient: principle-based frameworks supply chemical specificity but limited systemic scope, global goal frameworks supply relevance but not learning outcomes, competency frameworks supply outcome categories but little chemical content, and critical frameworks supply reflexivity but few operational tools.
Table 2
Conceptual Frameworks Connecting Green Chemistry Education With Environmental Sustainability Goals
	Framework
	Core idea
	Implication for curriculum
	Principal limitation as a foundation for GCE
	Supporting references

	Twelve Principles of Green Chemistry
	Design of products and processes that reduce or eliminate hazardous substances and waste
	Principles attached to reactions, experiments and calculations at any level
	Additive, process-centred; little attention to systems, social dimension or trade-offs
	Anastas & Eghbali, 2010; Anastas & Warner, 1998; Erythropel et al., 2018; Marcelino et al., 2019

	Green metrics
	Quantification of greenness through mass, hazard or impact indicators
	Comparative evaluation of routes in laboratories and problem sets
	Mass metrics ignore hazard and impact; full LCA too complex for most courses
	de Verteuil et al., 2024; Duarte et al., 2017; Ribeiro et al., 2010; Sheldon, 2018

	Sustainable chemistry and circular economy
	Chemistry judged by life cycles, resource flows, circularity and societal function
	Extension from reactions to products, resources and value chains
	Broad and contested; requires interdisciplinary content and value judgements
	Constable, 2021; Kümmerer, 2017; Kümmerer et al., 2020; Zuin et al., 2021

	Sustainable Development Goals
	Integrated and indivisible global goals spanning environmental, social and economic dimensions
	Thematic framing of courses and activities; relevance to global challenges
	Policy goals rather than learning outcomes; risk of labelling without trade-off analysis
	Anastas & Zimmerman, 2018; Mitarlis et al., 2023; Petillion et al., 2019; United Nations, 2015

	Planetary boundaries and the molecular basis of sustainability
	Biophysical limits of Earth systems; chemistry regulates and perturbs these systems
	Linking substances and reactions to Earth-system processes, including novel entities
	Demands Earth-system knowledge; few validated learning sequences
	MacDonald et al., 2022; Mahaffy, Matlin, Holme, & MacKellar, 2019; Persson et al., 2022; Steffen et al., 2015

	Sustainability competencies and ESD
	Capabilities such as systems thinking, anticipatory, normative, strategic, interpersonal and implementation competencies
	Specification of what learners should be able to do, not only know
	Generic; weakly linked to chemical content; rarely assessed in GCE
	Brundiers et al., 2021; Burmeister et al., 2012; Jegstad & Sinnes, 2015; UNESCO, 2017; Wiek et al., 2011

	Systems thinking in chemistry education
	Chemical phenomena understood as parts of dynamic, interconnected systems
	Tools for instructional design; system maps; context-rich courses
	Plural definitions; assessment immature; causal and molecular reasoning hard to develop
	Flynn et al., 2019; Mahaffy et al., 2018; Orgill et al., 2019; York & Orgill, 2020

	Eco-reflexive and socio-critical perspectives
	Critical examination of values, interests and limits of technoscientific solutions
	SSI, justice-oriented and problematising approaches
	Few operational tools; rarely evaluated empirically
	Asveld, 2019; Lasker et al., 2017; Sjöström et al., 2016; Sjöström & Talanquer, 2014


Note. ESD = education for sustainable development; GCE = green chemistry education; LCA = life cycle assessment; SSI = socio-scientific issues.
4. Curricular Integration: Models, Levels and Institutional Conditions
4.1 Higher Education: Elective Courses, Infusion and Thematic Redesign
Curricular integration in higher education has followed three main models. The first is the stand-alone course, typically an elective or honours offering. Gross (2013) described a green chemistry and sustainability course for science and non-science majors built around literature presentations and group research proposals, Prescott (2013) used green chemistry as the organising context for a general chemistry course for non-majors, and Kennedy (2016) designed a course in which students applied the principles through case studies and journal article activities and created their own green chemistry educational materials. Courses have also been designed for audiences beyond chemistry, including business students interested in the development of environmentally benign consumer products (Bouldin & Folchman-Wagner, 2019), and interdisciplinary graduate courses in which teams from chemistry, environmental health and engineering work with partner organisations to identify safer alternatives to chemicals of concern (Schwarzman & Buckley, 2019). Stand-alone courses allow depth and interdisciplinarity, but they reach a self-selected minority and can signal that green chemistry is optional rather than integral.
The second model is infusion, in which green chemistry content is integrated into existing courses, especially laboratory courses. Timmer et al. (2018) described the gradual "greenification" of an organic chemistry course between 2013 and 2017, including a laboratory project in which students critically evaluated variants of the same condensation reaction against the Twelve Principles; course evaluations indicated that students felt more comfortable with green chemistry and sustainability and regarded them as more important for their careers. At larger scale, Armstrong et al. (2019) redesigned a high-enrolment general chemistry laboratory course at a public research university, developing more than 30 new experiments while maintaining canonical learning goals, in a course completed by more than 2000 students each year. Aubrecht et al. (2019) illustrated how green chemistry and systems thinking can connect structure and reactivity to environmental and health impacts in general and organic chemistry, including in safety instruction. Wu et al. (2019) showed that a student-designed green chemistry module could be run within a large-enrolment introductory organic laboratory. Infusion reaches far more students than electives, but it may dilute sustainability goals into minor modifications of experiments unless learning outcomes are made explicit and assessed.
The third model is thematic redesign, in which sustainability goals provide the organising frame for a course. Petillion et al. (2019) used the SDGs as the thematic framework for first-year chemistry, Mahaffy et al. (2017) used climate change as a rich context for general chemistry, and Mahaffy, Matlin, Whalen, and Holme (2019) showed how coverage of the Haber–Bosch process could be extended through systems thinking to consider the complex interplay of this industrial process with scientific, societal and environmental systems. Michalopoulou et al. (2019) proposed repositioning chemistry in higher education through systems thinking and the SDGs as overarching frameworks. Day et al. (2024) reframed GSC as a decision-making activity and proposed four design principles: underlying chemical phenomena should be central to the sustainability issues studied, complexity should be scaffolded over time, students should use engineering practices to support decision-making, and cognitive load should be managed through deliberate use of analytic tools. Thematic redesign aligns most closely with sustainability goals, but published examples are concentrated in introductory courses at a small number of institutions, and evidence of their effects beyond student perceptions is limited.
Beyond individual courses, a smaller literature addresses programme- and department-level integration. Hutchison (2019) analysed curricular change itself as a complex system and identified leverage points, including expanding system boundaries to garner support and building faculty capacity. Hurst (2026) described the sustained commitment of one United Kingdom chemistry department to GCE over several decades, and Summerton et al. (2019) reported industry-informed workshops designed to develop graduate skills for the circular economy using systems thinking. Vidal et al. (2026) synthesised the experiences of Latin American participants in an international green chemistry commitment programme, illustrating how regional contexts shape the adoption of shared frameworks. At the level of the discipline, the ACS GCI road map and core competencies (MacKellar et al., 2020) and the revision of the anchoring concepts content map used by ACS examinations to incorporate green chemistry within organic chemistry (Holme et al., 2020) represent attempts to embed green chemistry in the structures that define and assess the curriculum. The latter is particularly significant because high-stakes assessment strongly influences what is taught.
4.2 Laboratory Curricula and the Role of Metrics
The laboratory remains the principal site of GCE. A systematic review of experimental work from green chemistry perspectives identified 263 eligible papers published between 1995 and 2020, spanning primary to tertiary education (Ferk Savec & Mlinarec, 2021), and 31 of the 49 tertiary training studies analysed by Aydin Gunbatar et al. (2025) included laboratory work. Surveys of environmentally friendly organic experiments (Mohan & Mejia, 2020) document a large repertoire of greener procedures. The laboratory offers authentic opportunities for learners to experience solvent choice, waste generation, energy use and hazard directly, and to connect these with the principles.
The educational value of greener experiments depends on whether students are asked to reason about greenness or simply perform a greener procedure. Studies that require learners to compare routes using metrics, to justify choices and to recognise trade-offs offer a stronger link to sustainability goals than those in which the greener procedure is presented as given. Toolkits combining green chemistry metrics with LCA for comparative assessment (Mooney et al., 2020), the use of freely available greenness-scoring software alongside LCA indicators connected to the SDGs (Reyes et al., 2023) and simplified impact-based metrics designed to fit existing calculation exercises (de Verteuil et al., 2024) all move in this direction. Qualitative evaluation tools such as the Formative Dimensions for Green and Sustainable Chemical Education instrument (Andrade & Zuin, 2023) shift attention from the greenness of the procedure to the formative value of the experiment. Laboratory curricula that combine local sustainability problems with guided inquiry, such as a citrus biorefinery experiment addressing waste from a regional processing industry, which was accompanied by a proposed set of principles for designing and assessing sustainability-oriented experiments (Zuin et al., 2019), illustrate how laboratory work can connect chemical practice with circular economy goals.
4.3 Secondary School Curricula, Standards and Textbooks
At secondary level, integration depends heavily on national curricula, standards and textbooks. Chiu et al. (2019) analysed school chemistry standards in Israel, the Netherlands, Taiwan and the United States and found an international trend towards emphasising interconnections and relevance, but with varying emphasis on systems thinking components linked to sustainability. A content analysis of 15 secondary chemistry textbooks in two German federal states assessed the presence of each green chemistry principle and the instructional methods used, and concluded that green chemistry content should be standardised across textbooks and connected more closely to practical applications aligned with ESD goals (Man et al., 2026). The review by Koulougliotis et al. (2024) of 70 secondary-level publications found that all twelve principles had been addressed somewhere in the literature, with prevention and renewable feedstocks most frequent, that hazardous waste, alternative energy and recycling were the most common environmental issues, and that most publications showed only a medium degree of connection between chemical concepts and environmental issues.
Curriculum-development research has begun to address what green chemistry content is appropriate for school learners. Using the model of educational reconstruction, González-García et al. (2023) elicited the links that 20 in-service teachers and 20 science education researchers in Chile established between green chemistry and the school curriculum and proposed a three-dimensional model of curricular content. Nahlik et al. (2023) analysed the language and understanding of teachers participating in a lead-teacher programme in the United States and Canada and proposed a classroom-based definition of green chemistry suited to secondary and pre-secondary levels, noting that the industrial origins of the principles require substantial translation for younger learners. Lesson plans grounded in participatory action research, such as one contrasting conventional and green pesticides (Zowada et al., 2020), and SSI-based units on plastics (Burmeister & Eilks, 2012) show how sustainability controversies can provide entry points. Diagnostic evidence nonetheless indicates that secondary students' understanding of green chemistry concepts can be low; a two-tier instrument administered to Chinese students from Grades 9 to 12 found low understanding of the term and of related concepts, although older students performed better (Ma & Hu, 2020).
4.4 Teacher Education and Professional Development
Teachers mediate every curricular model, and their knowledge, beliefs and PCK constrain what reaches learners. Surveys suggest that teachers are generally supportive of sustainability goals but uncertain about green chemistry. In an interview study with 16 experienced German chemistry teachers, Burmeister et al. (2013) found positive attitudes towards implementing sustainability and ESD but only vague knowledge of the underlying theory. Among 271 pre-service and in-service science teachers in Israel, awareness of green chemistry and sustainability was generally low, despite mostly positive views of environmental education, and in-service teachers, particularly those with more than ten years of experience, were more knowledgeable than pre-service teachers (Basheer et al., 2023). A study of eight pre-university chemistry educators in Malaysia found that their knowledge, attitudes and behaviour concerning sustainable development focused on environmental dimensions rather than on other dimensions of sustainability (Kanapathy et al., 2019).
Interventions in teacher education report encouraging short-term changes. A plastics and bioplastics intervention with pre-service teachers was followed by large increases in self-reported green chemistry and sustainability awareness (Basheer et al., 2025), a semester course on green chemistry and alternative energy was associated with improved sustainability attitudes and interest in chemistry among preservice teachers (Basheer, 2026) and focus groups with 22 Chilean preservice chemistry teachers who completed a problem-based, technology-enhanced module on herbicide sorption kinetics indicated contextualised chemical learning and the development of digital and pedagogical knowledge (Cáceres-Jensen et al., 2021). Professional development for in-service teachers has been documented in New York State, where workshops reached 224 teachers between 2011 and 2016 and a follow-up survey in 2021 indicated continued self-reported use of skills and dissemination to colleagues (Cannon et al., 2023), and in Singapore, where an experiential programme combining a workshop and a landfill site visit supported pre-university teachers in using case-based learning (Widyantoro et al., 2025). Aydin Gunbatar et al. (2025) concluded, however, that tertiary training studies rarely addressed the learner and assessment components of PCK, suggesting that teacher education has concentrated on content and activities rather than on how students learn green chemistry and how that learning can be assessed.
4.5 Institutional and Systemic Conditions
Barriers to integration operate at several levels. Interviews with Canadian organic chemistry faculty identified themes of content, course structure, resources, management and individual beliefs, and showed that green and sustainable chemistry remained largely absent from lecture courses (Parker et al., 2023). Instructors at a United Kingdom department expressed positive views of systems thinking, and all supported its integration into the undergraduate curriculum to some extent, citing benefits for learning, interdisciplinarity, employability and society (Jackson & Hurst, 2021), but positive attitudes do not necessarily translate into curricular change. Textbook coverage of green chemistry in organic chemistry was minimal and confined mainly to extraneous textboxes, with very few end-of-chapter problems (Johnson et al., 2020), which limits the assessment opportunities available to instructors who rely on textbook resources. In a disadvantaged educational context, Mammino (2019) identified poor language mastery as the paramount obstacle to students' systems thinking about green chemistry, a reminder that the prerequisites for sustainability-oriented reasoning are not evenly distributed. Market-driven policy environments can further marginalise long-term sustainability goals (Alhazmi & Almashhour, 2026).
The curricular models compared in Table 3 differ in reach, depth and alignment with sustainability goals. Stand-alone courses achieve depth but limited reach; infusion achieves reach but risks superficiality; thematic redesign achieves the closest alignment with sustainability goals but has been evaluated mainly through perceptions; and programme-level approaches, which could align goals, content and assessment, are the least studied. The common limitation across models is the weak coupling between declared sustainability goals and assessed learning outcomes, which is examined further in Sections 6 and 7.
Table 3
Curricular Integration Models in Green Chemistry Education: Reach, Evidence and Limitations
	Integration model
	Typical level and form
	Representative implementations
	Nature of reported evidence
	Principal limitations
	Supporting references

	Stand-alone course
	Tertiary elective, honours, non-majors, business or graduate courses
	Literature-based and case-based courses; interdisciplinary safer-alternatives course with partners
	Course descriptions; student feedback and self-reported gains
	Self-selected minority; signals optionality; little comparative evaluation
	Bouldin & Folchman-Wagner, 2019; Gross, 2013; Kennedy, 2016; Prescott, 2013; Schwarzman & Buckley, 2019

	Infusion into existing courses
	Mainly general and organic chemistry laboratories
	Greenified organic course; redesigned high-enrolment general chemistry laboratory; student-designed modules
	Course evaluations; large-scale fixed- and free-response assessment at one institution
	Risk of superficial modification; outcomes often implicit; single-institution evidence
	Armstrong et al., 2019, 2024; Aubrecht et al., 2019; Timmer et al., 2018; Wu et al., 2019

	Thematic redesign
	Introductory tertiary courses; secondary depth studies
	SDG-framed first-year course; climate change contexts; systems thinking extension of industrial processes; decision-making framework
	Student perceptions, interviews, design rationales
	Few institutions; outcomes beyond perceptions rarely measured
	Day et al., 2024; Mahaffy et al., 2017; Mahaffy, Matlin, Whalen, & Holme, 2019; Petillion et al., 2019

	Programme and system level
	Departments, accreditation, examinations, international networks
	Core competencies and road map; examination content map; departmental commitment; regional programmes
	Policy and programme reports; implementation analyses
	Least studied; little evidence of effects on graduate competence
	Holme et al., 2020; Hurst, 2026; Hutchison, 2019; MacKellar et al., 2020; Vidal et al., 2026

	Secondary curricula, standards and textbooks
	National standards, textbooks and lesson plans
	Standards analysis in four countries; textbook content analysis; educational reconstruction; SSI lesson plans
	Document analyses; teacher and researcher elicitation; diagnostic testing
	Uneven coverage; low student understanding; translation of industrial principles for young learners
	Chiu et al., 2019; González-García et al., 2023; Koulougliotis et al., 2024; Ma & Hu, 2020; Man et al., 2026

	Teacher education and professional development
	Pre-service courses and in-service workshops
	Plastics intervention; green chemistry and energy course; state-wide workshops; experiential case-based programme
	Pre–post surveys; follow-up self-report; interviews
	Single-group designs; self-report; PCK learner and assessment components neglected
	Aydin Gunbatar et al., 2025; Basheer, 2026; Basheer et al., 2023, 2025; Cannon et al., 2023; Widyantoro et al., 2025


Note. PCK = pedagogical content knowledge; SDG = Sustainable Development Goal; SSI = socio-scientific issues.
5. Pedagogical Approaches and the Mechanisms Through Which They Address Sustainability Goals
5.1 Laboratory Decision-Making, Inquiry and Research-Based Learning
The most common pedagogical move in GCE has been to convert the laboratory from a site of procedure following into a site of decision-making. In student-designed projects, learners propose environmentally preferable modifications to a reaction, locate and reproduce a literature procedure and compare it with their own greener variant (Graham et al., 2014), plan an independent synthesis incorporating green chemistry principles with minimal guidance (Edgar et al., 2014) or design and optimise a greener reaction over several weeks within a large-enrolment course (Wu et al., 2019). The mechanism assumed in these designs is that sustainability goals become meaningful when learners must weigh yield, hazard, waste, energy and cost against one another. Evaluations generally report increased understanding of green chemistry concepts and greater confidence in modifying reactions (Wu et al., 2019), improved ability to discuss and critically evaluate green chemistry parameters in project reports (Timmer et al., 2018) or very positive student feedback (Edgar et al., 2014).
Course-based undergraduate research experiences (CUREs) extend the same logic. In a second-semester general chemistry laboratory, a research-based module built around a green synthetic method was followed by positive perceptions of scientific research and green chemistry; only 8.0% of students reported prior research experience, and a gap in research self-efficacy between female and male students observed before the module was no longer evident afterwards (Liu, 2022). The study design did not include a comparison group, so the attribution of these changes to the green chemistry content, rather than to the research experience itself, remains uncertain. More generally, laboratory-based studies seldom separate the contribution of green chemistry from that of inquiry, autonomy or novelty, which limits what can be inferred about green chemistry as such.
5.2 Problem-Based, Case-Based and Project-Based Learning
Problem-based learning (PBL) and case-based learning are the approaches most frequently reported in the GCE literature. M. Chen et al. (2020) found PBL in 35 of the 45 articles they analysed, second only to collaborative and interdisciplinary learning, and active learning has been advocated as a natural partner for green chemistry because both emphasise authentic problems and student agency (Summerton et al., 2018). Among the stronger designs, Günter et al. (2017) randomly allocated 63 Turkish pre-service science teachers in an analytical chemistry laboratory to PBL scenarios drawn from daily life or to closed-ended experiments and reported a significant post-test advantage for the PBL group on a green chemistry and sustainability test, supported by interview data indicating heightened interest and environmental awareness. Vogelzang et al. (2020) compared 198 Grade 11 students in eight classes who completed the same context-based green chemistry module with or without Scrum, a project-management methodology; the Scrum condition outperformed the comparison condition on conceptual understanding, and the quality of students' written advice on the greenest synthesis of adipic acid, rated with the Structure of the Observed Learning Outcome (SOLO) taxonomy, was higher.
Case-based approaches have been used both with students and with teachers. A case-based outreach module introduced high school students from minority groups to selected principles through solvent selection, the building of ball-and-stick models of organic molecules and the preparation of a greener paint, and was followed by gains in green chemistry knowledge and attitude towards chemistry (Ballard & Mooring, 2021). Case-based learning was also the core strategy in professional learning for pre-university teachers in Singapore (Widyantoro et al., 2025). These studies support the plausibility of problem- and case-based learning as vehicles for GCE, but their comparisons are typically between an enriched intervention and conventional instruction, which confounds the green chemistry content with the pedagogical change and with differences in engagement.
5.3 Socio-Scientific Issues, Argumentation and Life-Cycle Thinking
SSI-based approaches bring the evaluative and controversial dimensions of sustainability into the chemistry classroom. Burmeister and Eilks (2012) developed and evaluated a lesson plan in which secondary students learned about plastics and their evaluation as a contribution to ESD, and Zowada et al. (2020) used participatory action research to develop a lesson plan contrasting conventional pesticides with green alternatives while keeping the focus on learning chemistry. Juntunen and Aksela (2014b) combined product life-cycle analysis with inquiry-based learning and found, in a small case study with eight students, that scientific and ecological argumentation improved during the project, whereas socio-economic and ethical argumentation was affected to a lesser extent. Koulougliotis et al. (2021) analysed Greek secondary students' written reports from context-based projects on climate change and materials recycling and found that four principles infused in the projects appeared in students' argumentation, but with variable frequency. In Malaysia, a green chemistry curriculum combining experiments with environmentally friendly everyday substances and student discussion was associated with improved understanding of acid–base concepts and higher levels of argumentation than in two comparison classes (Karpudewan et al., 2016).
These studies converge on an important observation: when learners are asked to argue about sustainability, they draw more readily on scientific and ecological considerations than on social, economic or ethical ones. This pattern is consistent with the critique that GCE tends to frame sustainability primarily in environmental and technical terms (Marcelino et al., 2019) and suggests that SSI-based designs need explicit scaffolding of the non-environmental dimensions if they are to address the full scope of sustainability goals.
5.4 Systems Thinking Pedagogies and Tools
Systems thinking has generated a distinctive set of pedagogical tools. The ChEMIST table supports instructors in designing or modifying instruction for a systems thinking approach (York & Orgill, 2020), the interactive planetary boundaries tool links chemistry concepts with Earth-system processes (MacDonald et al., 2022) and a mobile game in which players manage a chemical factory introduces biorefining and green chemistry principles through a systems thinking lens (Lees et al., 2020). System maps and systems-oriented concept map extensions (SOCMEs) have been used both as learning activities and as assessment artefacts (Reynders et al., 2023; Szozda et al., 2023). At secondary level, a teacher action research project embedded systems maps and the SDGs in a 15-hour depth study for final-year chemistry students (Eaton et al., 2019), and in higher education, authentic learning activities featuring green chemistry and sustainability have been used to introduce first-year students to systems thinking (A. Z. Chen et al., 2025). Combining LCA indicators with systems thinking to connect organic syntheses to the SDGs represents a further attempt to integrate quantitative and systemic reasoning (Reyes et al., 2023).
The evidence on whether these tools produce systems-level reasoning is more cautious than the advocacy literature suggests. When 18 undergraduate students constructed system maps on a climate change topic, they demonstrated most of the targeted skills, but their maps lacked submicroscopic concepts and connections, contained few circular loops and causal connections and lacked causal reasoning (Szozda et al., 2023). In a follow-up study, students valued the collaborative and perspective-sharing aspects of systems thinking activities but reported difficulties with time, knowledge and technology when constructing maps (Szozda et al., 2024). A. Z. Chen et al. (2025) found that participants could demonstrate systems thinking skills in several sustainability contexts, yet quantitative survey responses showed variable levels of motivation and attitudes, with more positive accounts emerging from interviews. Mammino (2019) showed that, in a disadvantaged context, inadequate language mastery impeded the development of systems thinking about green chemistry. These findings indicate that systems thinking is learnable within chemistry but that its molecular and causal core, which is precisely what distinguishes chemical systems thinking from general environmental awareness, is the most difficult component to develop.
5.5 Context-Based, Culturally Responsive and Ethnoscience Approaches
Another strand of work grounds GCE in local contexts and knowledge systems. Zidny and Eilks (2022) used the traditional botanical pesticide derived from Citrus grandis by the Baduy community of western Java as a starting point for learning about green and sustainable chemistry, introducing a low-cost microwave extraction of limonene and asking students to evaluate its greenness relative to Soxhlet extraction and steam distillation. Zuin et al. (2019) used citrus processing waste in São Paulo State as a "glocal" topic connecting global sustainability challenges with local impacts in a first-year laboratory. Context-based projects on climate change and recycling (Koulougliotis et al., 2021) and experiments with everyday substances (Karpudewan et al., 2016) similarly locate green chemistry in learners' experience.
Such approaches have strong theoretical support from the ESD and humanising chemistry literature (Sjöström & Talanquer, 2014) and may be especially important outside the regions where green chemistry curricula originated. The empirical base is nevertheless thin. Many reports rely on student feedback collected during a single implementation, and the contribution of cultural framing to learning has not been separated from that of practical work or novelty. Ethical questions about the use of indigenous knowledge in curricula, including representation and benefit, are rarely discussed in the green chemistry literature.
5.6 Digital, Game-Based and Student-Generated Resources
Digital and game-based resources have been promoted for their reach and for their capacity to support systems thinking. A review of e-learning platforms, social media, virtual reality and machinima in GCE argued that the pursuit of sustainability goals in chemistry education requires extended thinking about instructional design and about asymmetries in technology use (Gawlik-Kobylińska et al., 2020). Games have been developed to teach safer chemical design to high school and undergraduate students (Mellor et al., 2018) and biorefining principles to undergraduates (Lees et al., 2020), with the latter reporting engagement and learning gains among 33 students on pre- and post-test questions. Student-generated artefacts provide another route: a scaffolded infographic project in an organic chemistry laboratory produced positive learning gains on green chemistry knowledge and skills as measured by the Student Assessment of Learning Gains and pre- and post-tests (Grieger & Leontyev, 2021), and a non-majors course used blogs, a wiki and a public symposium (Prescott, 2013). These resources are scalable and adaptable, but evaluations are typically based on small samples, short exposure and self-assessment, and the concern raised by Gawlik-Kobylińska et al. (2020) about unequal access to technology has not been examined empirically in GCE.
5.7 Interdisciplinary and Industry-Linked Approaches
A smaller group of pedagogies places green chemistry in interdisciplinary and professional settings. Graduate students from chemistry, environmental health and engineering working with partner organisations to develop safer alternatives to chemicals of concern engage in hazard and exposure assessment, technical performance analysis and feasibility evaluation (Schwarzman & Buckley, 2019). Industry-informed workshops designed in consultation with companies aim to develop graduate skills for the circular economy (Summerton et al., 2019), and a course for business students addresses the "pull to the market" needed for greener products (Bouldin & Folchman-Wagner, 2019). These approaches align closely with the strategic and implementation competencies emphasised in sustainability frameworks (Brundiers et al., 2021; Wiek et al., 2011), but they have been described mainly as programme reports, and their effects on graduates' subsequent professional practice remain unexamined.
Table 4 compares the main pedagogical approaches, the mechanisms through which each is assumed to address sustainability goals, the contexts in which they have been studied and the critical issues affecting the evidence. Three features stand out. First, most approaches are supported by plausible mechanisms and by positive short-term evaluations, but very few studies isolate the contribution of green chemistry content from that of the pedagogical format. Second, the approaches that most directly target sustainability competencies, such as SSI-based teaching, systems thinking and interdisciplinary projects, are also those with the weakest outcome measurement. Third, the evidence is concentrated in laboratory and introductory contexts, and little is known about how pedagogies combine across a programme.
Table 4
Pedagogical Approaches in Green Chemistry Education and the Mechanisms Through Which They Are Assumed to Address Sustainability Goals
	Approach
	Assumed mechanism
	Contexts studied
	Typical designs and findings
	Critical issues
	Supporting references

	Laboratory decision-making and student-designed experiments
	Weighing yield, hazard, waste and energy makes sustainability trade-offs concrete
	Tertiary organic and general chemistry
	Pre–post surveys, report analysis; gains in understanding and confidence
	Green content confounded with inquiry and autonomy; no comparison groups
	Edgar et al., 2014; Graham et al., 2014; Timmer et al., 2018; Wu et al., 2019

	Course-based research experiences
	Authentic research with green methods builds identity and understanding
	Tertiary general chemistry
	Single-group pre–post; positive perceptions; self-efficacy gains
	Attribution to green chemistry uncertain
	Liu, 2022

	Problem-, case- and project-based learning
	Real-world problems connect principles with environmental issues
	Secondary, tertiary and teacher education
	Quasi-experiments with post-test advantages; outreach gains
	Comparisons against conventional instruction; teacher confounding
	Ballard & Mooring, 2021; M. Chen et al., 2020; Günter et al., 2017; Vogelzang et al., 2020

	SSI, argumentation and life-cycle thinking
	Controversy and evaluation develop reasoning about sustainability
	Mainly secondary
	Lesson development, small case studies, analysis of written arguments
	Socio-economic and ethical reasoning develops less than ecological reasoning
	Burmeister & Eilks, 2012; Juntunen & Aksela, 2014b; Karpudewan et al., 2016; Koulougliotis et al., 2021; Zowada et al., 2020

	Systems thinking tools and activities
	Connecting molecular processes with Earth and societal systems
	Tertiary first-year; secondary depth study
	System maps, SOCMEs, mixed methods; skills shown but causal and submicroscopic reasoning weak
	Rater inconsistency at higher levels; small samples
	A. Z. Chen et al., 2025; MacDonald et al., 2022; Reynders et al., 2023; Szozda et al., 2023, 2024; York & Orgill, 2020

	Context-based, culturally responsive and ethnoscience approaches
	Local knowledge and problems increase relevance and agency
	Secondary and tertiary, Global South contexts
	Feedback from single implementations; local laboratory problems
	Effects not separated from practical work; ethics of indigenous knowledge rarely addressed
	Sjöström & Talanquer, 2014; Zidny & Eilks, 2022; Zuin et al., 2019

	Digital, game-based and student-generated resources
	Engagement, scalability and simulation of complex systems
	Tertiary and secondary
	Small samples; pre–post questions; self-assessed learning gains
	Short exposure; unequal technology access unexamined
	Gawlik-Kobylińska et al., 2020; Grieger & Leontyev, 2021; Lees et al., 2020; Mellor et al., 2018

	Interdisciplinary and industry-linked learning
	Professional problems develop strategic and implementation competencies
	Graduate and advanced undergraduate
	Programme descriptions
	Effects on professional practice unexamined
	Bouldin & Folchman-Wagner, 2019; Schwarzman & Buckley, 2019; Summerton et al., 2019


Note. SOCME = systems-oriented concept map extension; SSI = socio-scientific issues.
6. Learning Outcomes: What Is Claimed, What Is Measured and What Is Known
6.1 Knowledge of Green Chemistry Principles and Chemistry Content
The outcome most frequently measured in GCE is knowledge of green chemistry principles. The most systematic evidence comes from the iterative redesign of a general chemistry laboratory course at the University of California, Berkeley, where combinations of fixed-response and free-response items administered to thousands of students indicated that students learned green chemistry concepts and recognised connections between chemistry and their future courses and professions (Armstrong et al., 2019). The same group also described approaches for teaching students the complexity of green chemistry and for assessing growth in their attitudes and understanding (Armstrong et al., 2018). Later work with purpose-built items showed that, on average, students' understanding of green chemistry increased after the course, that they incorporated more normative principles in their answers and that they began to show awareness of complex interconnected systems; prior "green" knowledge also influenced how new principles were learned (Armstrong et al., 2024). The strength of this programme lies in its scale, its iterative development of assessment items and its focus on knowledge rather than self-assessment, although it remains a single-institution evaluation without an external comparison.
Instrument development has improved the measurement of principle knowledge. The Assessment of Student Knowledge of Green Chemistry Principles (ASK-GCP), a 24-item true–false instrument administered to 448 students, distinguished groups with different levels of green chemistry exposure and detected gains between pre- and post-conditions, and psychometric analysis indicated that item difficulty matched the range of student ability (Grieger et al., 2022). At secondary level, a two-tier diagnostic instrument developed through interviews and piloting revealed low understanding among Chinese students in Grades 9 to 12 (Ma & Hu, 2020). These instruments represent genuine progress, but true–false and multiple-choice formats primarily assess recognition of principles rather than the ability to apply them to unfamiliar systems or to weigh them against other sustainability considerations.
Studies that compare green chemistry curricula with conventional instruction on chemistry content knowledge mostly report advantages for the green chemistry condition. Examples include better learning outcomes on chemical equilibrium shifts after green chemistry practicums than after traditional practicums in a comparison of two classes of 40 students each (Redhana & Suardana, 2021), improved understanding of acid–base concepts in Malaysia (Karpudewan et al., 2016) and better conceptual understanding under Scrum-supported green chemistry modules (Vogelzang et al., 2020). The magnitude of some reported effects warrants caution. In a quasi-experimental study with two classes of Malaysian secondary students, Karpudewan et al. (2015) reported post-test means of 23.40 and 12.78, with standard deviations of 1.39 and 1.71, and an effect size of d = 18.7. Even taken at face value, these means and standard deviations correspond to a standardised mean difference of approximately 7, which differs markedly from the reported value and would itself imply almost no overlap between the experimental and control distributions. With intact classes as the unit of allocation, effects of this kind cannot be separated from teacher, class and implementation differences. Such results illustrate why reported effects in this literature should be weighed against the design that produced them rather than accepted as estimates of what green chemistry curricula generally achieve.
6.2 Attitudes, Values, Motivation and Environmental Literacy
Affective outcomes are the second major category. A programme of quasi-experimental studies with Malaysian pre-service teachers reported that a green chemistry curriculum was associated with more ecocentric and less homocentric and egocentric value orientations among 110 participants (Karpudewan et al., 2012a), with higher intrinsic and identified forms of environmental motivation compared with a control group, although not with differences in external regulation or amotivation (Karpudewan et al., 2012c), and with changes in environmental attitudes measured by the New Ecological Paradigm (NEP) scale and in eight self-reported environmental behaviours among 263 participants (Karpudewan et al., 2012d). Among pre-university students, science writing heuristics embedded in a green chemistry curriculum were associated with higher scores on all four constructs of an environmental literacy model, namely attitudes, beliefs, knowledge and behaviour, than a green chemistry curriculum alone (Shamuganathan & Karpudewan, 2017). In Israel, a plastics and bioplastics intervention with 29 pre-service teachers was followed by increases in mean green chemistry awareness from 2.17 to 4.20 and in sustainability awareness from 1.92 to 4.36 (Basheer et al., 2025), and a 26-hour course with 53 preservice teachers was followed by significant improvements in social, economic and environmental sustainability attitudes and in interest in chemistry (Basheer, 2026).
In higher education, students in a redesigned organic chemistry course reported feeling more comfortable with green chemistry and sustainability and regarded them as more important for their careers (Timmer et al., 2018), students in an SDG-framed first-year course appreciated the relevance of course concepts to global challenges (Petillion et al., 2019) and research-based laboratory modules were followed by positive perceptions of green chemistry (Liu, 2022). Among 84 Grade 12 students in a science, technology, engineering and mathematics strand, perceived performance in chemistry learning competencies correlated modestly with their perceived relevance to sustainable development (r = .317) (Ramirez & Paderna, 2025).
The consistency of positive affective findings is striking, but its evidential value is limited by the dominance of self-report, the short interval between intervention and measurement and the absence of follow-up. Large pre–post changes on awareness scales in single-group designs, such as those reported by Basheer et al. (2025), may reflect genuine learning but also familiarisation with the terminology used in the questionnaire, demand characteristics and regression effects. Instrument development for affective outcomes has progressed, for example through a 29-item green chemistry awareness instrument developed and validated with Malaysian secondary students (Che Ahmad et al., 2022), but awareness constructs frequently combine knowledge, attitudes and values in ways that make interpretation difficult. Aydin Gunbatar et al. (2025) noted that very few tertiary training studies measured skills or affective variables at all and recommended alternative assessment tools such as rubrics and concept maps.
6.3 Systems Thinking, Decision-Making and Higher-Order Competencies
Outcomes that correspond most closely to sustainability competencies, including systems thinking, decision-making, argumentation and critical scientific literacy, are measured less often and with less mature instruments. Reynders et al. (2023) designed a SOLO-based rubric for assessing systems thinking in SOCMEs produced by first-year students and found that grading by three independent raters was inconsistent at the higher SOLO levels, the levels that correspond most closely to integrated systems reasoning. Szozda et al. (2023) derived an adaptable rubric from their analysis of student system maps, but the maps themselves revealed weaknesses in causal and submicroscopic reasoning. Armstrong et al. (2024) used free-response items requiring students to make green chemistry decisions in a case study, and Vogelzang et al. (2020) used SOLO ratings of students' written advice as an indicator of critical scientific literacy. Argumentation has been analysed in small samples (Juntunen & Aksela, 2014b) and through student reports (Koulougliotis et al., 2021).
The common finding across these studies is that learners can display elements of systems thinking and evidence-based decision-making after targeted instruction, but that the most demanding components, namely causal reasoning across scales, the integration of social and ethical considerations and the explicit handling of trade-offs, are weakly developed and difficult to assess reliably. Anticipatory, normative and strategic competencies in the sense of Wiek et al. (2011) and Brundiers et al. (2021) have not been operationalised for chemistry in any validated instrument identified in this review.
6.4 Behaviour, Transfer and Durability
The sustainability goals invoked to justify GCE imply effects that extend beyond the classroom: changes in personal and professional behaviour, the transfer of green chemistry reasoning to new problems and contributions to more sustainable chemical practice. Evidence on these outcomes is scarce. Behavioural outcomes have been measured almost exclusively through self-report, for example as reported environmental behaviours after a pre-service teacher curriculum (Karpudewan et al., 2012d) or self-reported environmental behaviour after a semester course (Basheer, 2026). The longest follow-up identified concerns teachers rather than students: participants in professional development workshops held between 2011 and 2016 reported in 2021 that they continued to use the skills acquired and had shared green chemistry with peers, parents and administrators (Cannon et al., 2023), although the follow-up relied on self-reported survey responses. No study identified in this review followed students into subsequent courses, research laboratories or employment to examine whether green chemistry learning influenced their decisions as practitioners.
6.5 Measurement Quality and the Validity Problem
Across outcome domains, the measurement base is fragmented. Instruments include true–false and two-tier knowledge tests (Grieger et al., 2022; Ma & Hu, 2020), study-specific achievement tests (Günter et al., 2017; Redhana & Suardana, 2021), adapted general environmental scales such as the NEP (Karpudewan et al., 2012d), awareness questionnaires (Basheer et al., 2023; Che Ahmad et al., 2022), learning-gains self-assessments (Grieger & Leontyev, 2021), SOLO-based rubrics (Reynders et al., 2023; Vogelzang et al., 2020), system map rubrics (Szozda et al., 2023) and qualitative tools for evaluating the formative quality of experiments (Andrade & Zuin, 2023). Few instruments have been used beyond the context in which they were developed, measurement invariance across languages and cultures has not been examined and inter-rater reliability is reported inconsistently. The validity problem is not simply technical. Because instruments operationalise particular conceptions of green chemistry and sustainability, the predominance of knowledge and attitude measures reinforces the technically framed, environmentally focused conception criticised in Section 3, while the competencies that sustainability frameworks emphasise remain largely unmeasured.
Table 5 summarises the principal outcome domains, the instruments used, illustrative findings and the qualitative strength of the evidence. Confidence is moderate for short-term gains in knowledge of green chemistry principles, particularly where purpose-built instruments and large samples are available; limited to moderate for affective outcomes because of reliance on self-report; limited for systems thinking and decision-making because of small samples and reliability concerns; and very limited for behaviour, transfer and durability, for which there is little direct evidence.
Table 5
Learning Outcome Domains in Green Chemistry Education: Instruments, Illustrative Findings and Qualitative Strength of Evidence
	Outcome domain
	Typical instruments
	Illustrative findings
	Qualitative strength of evidence
	Measurement limitations
	Supporting references

	Knowledge of green chemistry principles
	True–false test (ASK-GCP); two-tier diagnostic; fixed- and free-response items
	Gains after redesigned laboratory courses; known-groups sensitivity; low baseline understanding in secondary students
	Moderate for short-term gains
	Recognition-oriented formats; single-institution validation
	Armstrong et al., 2019, 2024; Grieger et al., 2022; Ma & Hu, 2020

	Chemistry content knowledge
	Study-specific achievement tests
	Advantages over conventional instruction in quasi-experiments
	Limited to moderate
	Intact classes; teacher confounding; implausible effect estimates in some reports
	Günter et al., 2017; Karpudewan et al., 2015, 2016; Redhana & Suardana, 2021; Vogelzang et al., 2020

	Attitudes, values, motivation and awareness
	NEP scale; motivation and value scales; awareness questionnaires
	More ecocentric values; higher intrinsic motivation; large pre–post awareness increases
	Limited to moderate
	Self-report; single-group designs; constructs conflated; no follow-up
	Basheer, 2026; Basheer et al., 2025; Che Ahmad et al., 2022; Karpudewan et al., 2012a, 2012c, 2012d

	Environmental literacy and perceived relevance
	Literacy model scales; course surveys; interviews
	Higher literacy with writing heuristics; appreciation of relevance in SDG-framed courses
	Limited
	Self-report; perceptions rather than performance
	Petillion et al., 2019; Ramirez & Paderna, 2025; Shamuganathan & Karpudewan, 2017; Timmer et al., 2018

	Systems thinking and decision-making
	System maps; SOCMEs with SOLO rubrics; case-based decision items
	Skills demonstrated but weak causal, cyclic and submicroscopic reasoning
	Limited
	Small samples; inter-rater inconsistency at higher levels
	Armstrong et al., 2024; A. Z. Chen et al., 2025; Reynders et al., 2023; Szozda et al., 2023

	Argumentation and critical scientific literacy
	Content analysis of arguments and reports; SOLO ratings
	Scientific and ecological arguments improve more than socio-economic and ethical ones
	Limited
	Very small samples; coding reliability seldom reported
	Juntunen & Aksela, 2014b; Karpudewan et al., 2016; Koulougliotis et al., 2021; Vogelzang et al., 2020

	Behaviour, transfer and durability
	Self-reported behaviour scales; follow-up surveys
	Self-reported pro-environmental behaviour; teachers report continued use years later
	Very limited
	No objective behavioural measures; no follow-up of students into practice
	Basheer, 2026; Cannon et al., 2023; Karpudewan et al., 2012d


Note. ASK-GCP = Assessment of Student Knowledge of Green Chemistry Principles; NEP = New Ecological Paradigm; SDG = Sustainable Development Goal; SOCME = systems-oriented concept map extension; SOLO = Structure of the Observed Learning Outcome. Strength-of-evidence judgements are qualitative and reflect the appraisal rubric described in Section 2.3; no formal scoring was applied.
7. Critical Appraisal of the Evidence Base and a Framework for Alignment
7.1 Design Patterns and the Limits of Causal Inference
The dominant genre in the GCE literature is the practice report with an embedded evaluation. Course descriptions, new experiments and activity designs are accompanied by course evaluations, student feedback or brief pre–post questionnaires, as in many of the higher education examples reviewed in Sections 4 and 5 (Edgar et al., 2014; Gross, 2013; Kennedy, 2016; Petillion et al., 2019; Prescott, 2013; Timmer et al., 2018). These reports are valuable for disseminating ideas and documenting feasibility, but they cannot establish whether learning gains are attributable to green chemistry content, to pedagogical novelty, to instructor enthusiasm or to the selection of motivated students. Analyses of the largest single body of GCE publications concluded that most proposals and reports remained occasional and poorly evaluated (Marcelino et al., 2023) and that they tended to reproduce traditional chemistry teaching with little evidence of what is distinctive about teaching green chemistry (Marques et al., 2020).
Quasi-experimental studies provide stronger evidence, but their designs share recurrent weaknesses. Allocation is usually by intact class, with one or a few classes per condition, so that teacher, school and class effects are confounded with the intervention. In one study, three classes from two schools were taught by two teachers (Karpudewan et al., 2016), and in another the experimental and comparison conditions involved two and three teachers, respectively (Vogelzang et al., 2020). Comparison conditions usually consist of conventional instruction, which means that studies test an enriched package against business as usual rather than isolating the contribution of green chemistry. Some foundational work was presented as best practice on the basis of large differences between experimental and control groups (Karpudewan et al., 2012b), and later syntheses have drawn on such studies to conclude that GCE is effective (M. Chen et al., 2020; Sunday et al., 2026). Such conclusions inherit the limitations of the primary studies. The implausibly large effect reported in one quasi-experiment (Karpudewan et al., 2015), discussed in Section 6.1, shows that statistical reporting itself requires scrutiny.
The literature is not uniformly positive in tone. Studies of systems thinking have documented weaknesses in students' causal and submicroscopic reasoning (Szozda et al., 2023) and difficulties in reliably assessing higher-order responses (Reynders et al., 2023), mixed-methods evaluations have reported variable motivation alongside favourable interview data (A. Z. Chen et al., 2025) and argumentation studies have found limited development of socio-economic and ethical reasoning (Juntunen & Aksela, 2014b). These findings concern the difficulty of particular outcomes rather than the ineffectiveness of GCE as a whole, however, and studies reporting null or negative effects of green chemistry interventions are rare. Whether this reflects genuine effectiveness, selective publication or the predominance of designs that are unlikely to yield null results cannot be determined from the available evidence.
7.2 Concentration of Evidence by Journal, Level, Subdiscipline and Region
The evidence base is concentrated in several respects. Marques et al. (2020) noted that almost half of the green chemistry education literature indexed in a major citation database had been published in a single chemistry education journal, with the next most frequent journal accounting for about 5%. Laboratory work dominates (Aydin Gunbatar et al., 2025; Ferk Savec & Mlinarec, 2021), and organic chemistry is the most frequently represented subdiscipline in tertiary training studies (Aydin Gunbatar et al., 2025). At secondary level, most reported activities show only a medium degree of connection between chemistry concepts and environmental issues, and the outcomes explored are mainly cognitive and affective (Koulougliotis et al., 2024). A broad review of undergraduate chemistry teaching between 2019 and 2023 found that students valued authentic examples and big-picture contexts such as climate change and systems thinking (Loughlin & Cresswell, 2025), which suggests receptiveness to sustainability-oriented teaching but does not in itself demonstrate learning.
Geographically, the field has diversified. Substantial programmes of work now come from Malaysia (Karpudewan et al., 2012a, 2015; Shamuganathan & Karpudewan, 2017), Indonesia (Mitarlis et al., 2023; Zidny & Eilks, 2022), Brazil and Chile (Andrade & Zuin, 2023; Cáceres-Jensen et al., 2021; González-García et al., 2023; Zuin et al., 2019), Israel (Basheer et al., 2023, 2025), China (Ma & Hu, 2020), Saudi Arabia (Alhazmi & Almashhour, 2026) and broader Latin American networks (Vidal et al., 2026), alongside the earlier concentration in North America and Europe. An international survey of high school chemistry teachers conducted in more than 35 languages across more than 60 countries has been designed to establish a baseline of practical activities and their relationship to sustainability (Delaney et al., 2024). Nevertheless, cross-national comparative studies of GCE outcomes are absent, and the influence of language, resources and policy context on what GCE can achieve has been examined only in isolated studies (Alhazmi & Almashhour, 2026; Mammino, 2019). The transferability of findings from well-resourced, English-medium institutions to other settings therefore remains uncertain.
7.3 Conceptual Drift and the Social Dimension of Sustainability
A third limitation is conceptual rather than methodological. Although GCE is justified by reference to sustainability goals that are explicitly social, economic and environmental, its practice and evaluation remain predominantly environmental and technical. Pre-university educators' conceptions of sustainable development focused on environmental dimensions (Kanapathy et al., 2019), students' sustainability argumentation drew more on scientific and ecological than on socio-economic and ethical considerations (Juntunen & Aksela, 2014b; Koulougliotis et al., 2021) and green chemistry discourse has largely neglected social sustainability (Asveld, 2019; Marcelino et al., 2019). Teaching approaches that explicitly connect green chemistry with social and environmental justice (Ali et al., 2020; Lasker et al., 2017) or that adopt an eco-reflexive stance (Sjöström et al., 2016) remain few and are rarely evaluated.
This drift matters because a technically framed GCE may encourage the belief that sustainability problems are primarily problems of better molecular design, to be solved by substitution and efficiency, while leaving questions of consumption, distribution, access and governance unexamined. It may also make GCE vulnerable to institutional pressures that favour immediately marketable skills (Alhazmi & Almashhour, 2026). The appropriate response is not to abandon the technical core, which provides the chemical specificity that distinguishes GCE from generic sustainability education, but to connect it explicitly to the trade-offs and value judgements that sustainability goals entail.
7.4 Towards Goal–Curriculum–Pedagogy–Assessment Alignment
The preceding analysis suggests that the central problem of the field is one of alignment. In the theory of constructive alignment, intended learning outcomes, teaching and learning activities and assessment tasks are designed together so that learners are engaged in the activities most likely to achieve the outcomes and are assessed on those outcomes (Biggs, 1996). In GCE, the sustainability goals used to justify integration are seldom translated into intended learning outcomes; pedagogies are designed around activities, typically greener experiments or contextualised projects; and assessment focuses on recognition of principles and on attitudes. Some recent developments move towards alignment. Day et al. (2024) derived design principles that link chemical phenomena, decision-making and the management of cognitive load, the ACS GCI core competencies specify graduate capabilities (MacKellar et al., 2020) and the incorporation of green chemistry into the anchoring concepts content map that underpins standardised examinations creates a route to assessment alignment (Holme et al., 2020). The iterative redesign of curriculum and assessment items at Berkeley also illustrates how assessment evidence can feed back into curriculum revision (Armstrong et al., 2019, 2024).
Figure 1 presents a conceptual framework, developed from the present synthesis rather than adapted from prior work, that organises GCE as a sequence running from sustainability goal frameworks through intended learning outcomes, curricular integration models and pedagogical mechanisms to outcome domains, together with the moderating conditions identified in Sections 4 to 7. Relationships drawn with solid arrows are those for which the reviewed literature provides reasonably consistent, although methodologically limited, evidence, principally short-term gains in knowledge of green chemistry principles and in self-reported attitudes and motivation. Relationships drawn with dashed arrows are hypothesised or only weakly supported, including the development of systems thinking and decision-making competence, durable behavioural change, transfer to professional practice and contributions to sustainability outcomes. The framework highlights two points at which the chain is most fragile: the translation of goals into assessable intended outcomes, and the link between classroom outcomes and the real-world outcomes that sustainability goals ultimately concern.
Figure 1
Goal–Curriculum–Pedagogy–Assessment Alignment Framework for Sustainability-Oriented Green Chemistry Education
[image: ]
Note. Framework developed from the present synthesis; it is not adapted from prior work. Solid arrows indicate relationships supported by reasonably consistent but methodologically limited evidence; dashed arrows indicate hypothesised or weakly supported relationships; grey dotted arrows indicate moderating influences; the green dotted line indicates feedback from assessment evidence into curriculum design. ESD = education for sustainable development; PCK = pedagogical content knowledge; SDGs = Sustainable Development Goals; SSI = socio-scientific issues.
8. Future Directions
The research priorities that follow are ordered by the extent to which progress on each would strengthen the evidence on which the others depend. The first three are immediate priorities that can be addressed with existing methods and resources; the remaining four require longer-term investment and collaboration.
The most immediate priority is to operationalise sustainability goals as assessable learning outcomes and to develop validated instruments for the competencies that matter most. Current instruments measure recognition of principles (Grieger et al., 2022) or awareness and attitudes (Che Ahmad et al., 2022), while systems thinking rubrics remain unreliable at higher levels of performance (Reynders et al., 2023) and anticipatory, normative and strategic competencies have not been operationalised for chemistry. Instrument development should combine cognitive interviews, expert review against established competency frameworks (Brundiers et al., 2021; Wiek et al., 2011) and modern psychometric methods, including item response modelling, inter-rater reliability with trained raters and tests of measurement invariance across languages and educational levels. Performance-based tasks that require learners to compare chemical options using hazard, mass and life-cycle information and to justify trade-offs would assess the decision-making competence that green chemistry is meant to develop. Such instruments would allow future studies to measure the outcomes that justify GCE rather than proxies for them.
A second immediate priority is to design comparative studies that isolate the active ingredients of GCE. Most existing comparisons pit an enriched intervention against conventional instruction, which confounds content, pedagogy and engagement. Multi-site studies with several classes and teachers per condition, cluster randomisation where feasible and multilevel analysis would address the unit-of-analysis problems evident in current quasi-experiments (Karpudewan et al., 2015, 2016; Vogelzang et al., 2020). Active comparison conditions should distinguish, for example, performing a greener procedure from making a green chemistry decision, mass metrics from impact-based metrics (de Verteuil et al., 2024) and SDG-framed courses from courses with equivalent active learning but no sustainability framing. Preregistration and the reporting of effect sizes with confidence intervals would improve the credibility of the field and allow eventual quantitative synthesis.
The third immediate priority is to integrate and evaluate the social, economic and ethical dimensions of sustainability within GCE. Evidence that learners' argumentation remains predominantly scientific and ecological (Juntunen & Aksela, 2014b; Koulougliotis et al., 2021) indicates that these dimensions require explicit scaffolding. Design-based research that develops and iteratively refines units combining green chemistry decision-making with SSI-based, justice-oriented or eco-reflexive components (Lasker et al., 2017; Sjöström et al., 2016), evaluated with validated measures of socio-economic and ethical reasoning, would test whether broader conceptions of sustainability can be taught without displacing chemical understanding.
Among longer-term priorities, longitudinal and transfer studies are essential. No study identified in this review followed students beyond the course in which they encountered green chemistry. Cohort studies that track learners across a degree programme and into research laboratories, teaching or employment, using indicators such as solvent and reagent choices, the use of hazard and life-cycle information in research planning and the incorporation of green chemistry in teachers' own lessons, would address whether short-term gains persist and transfer. Teacher professional development provides a tractable starting point, because programmes already maintain contact with participants over several years (Cannon et al., 2023).
A further longer-term priority is research on programme-level and systemic alignment. Curriculum mapping against core competencies (MacKellar et al., 2020), analysis of the effects of assessment reform (Holme et al., 2020) and textbook revision (Johnson et al., 2020; Man et al., 2026) and implementation research on how departments adopt and sustain GCE (Hutchison, 2019; Parker et al., 2023) would shift attention from individual innovations to the conditions under which integration becomes durable. Outcome measures should include the proportion of compulsory courses with assessed green and sustainable chemistry outcomes, alignment between stated and assessed outcomes and graduate competence measured at programme exit.
Teacher knowledge deserves sustained attention. Tertiary training studies have rarely addressed learners' difficulties or assessment (Aydin Gunbatar et al., 2025), and teachers' awareness of green chemistry is often low (Basheer et al., 2023). Research linking teachers' PCK for green chemistry (Nahlik et al., 2023) to their classroom practice and to their students' learning would clarify which components of professional development make a difference, and longitudinal designs could test whether short workshops produce durable change.
Finally, geographically diverse and context-sensitive research is needed to establish the generalisability of current findings. Language mastery (Mammino, 2019), market-driven policies (Alhazmi & Almashhour, 2026) and regional networks (Vidal et al., 2026) all shape what GCE can achieve, and international teacher surveys (Delaney et al., 2024) provide a basis for comparative work. Cross-national studies using common, invariance-tested instruments, together with research published in languages other than English, would reduce the dependence of the field on a narrow set of institutional contexts and would allow culturally grounded approaches (Zidny & Eilks, 2022) to be evaluated rigorously.
Table 6 summarises these priorities, the reasons why current evidence is inadequate, the designs and outcome measures recommended and their indicative timescale. Taken together, they imply a shift in the research agenda from producing further isolated teaching innovations towards building the measurement, comparative and longitudinal infrastructure needed to determine what GCE actually achieves.
Table 6
Prioritised Research Agenda for Sustainability-Oriented Green Chemistry Education
	Priority
	Why current evidence is inadequate
	Recommended design
	Key outcome measures
	Timescale
	Supporting references

	1. Assessable outcomes and validated competency instruments
	Instruments measure recognition and attitudes; higher-order rubrics unreliable; key competencies unmeasured
	Instrument development with cognitive interviews, expert review, item response modelling and invariance testing
	Validity and reliability evidence; performance on trade-off and decision tasks
	Immediate
	Brundiers et al., 2021; Grieger et al., 2022; Reynders et al., 2023; Wiek et al., 2011

	2. Isolating active ingredients
	Enriched interventions compared with conventional teaching; intact-class allocation
	Multi-site, multilevel, cluster-randomised or matched designs with active comparisons; preregistration
	Effect sizes with confidence intervals for knowledge and competence
	Immediate
	de Verteuil et al., 2024; Karpudewan et al., 2015; Vogelzang et al., 2020

	3. Social, economic and ethical dimensions
	Argumentation and practice remain ecological and technical
	Design-based research on SSI, justice-oriented and eco-reflexive units
	Quality of socio-economic and ethical reasoning alongside chemical understanding
	Immediate
	Juntunen & Aksela, 2014b; Lasker et al., 2017; Marcelino et al., 2019; Sjöström et al., 2016

	4. Longitudinal and transfer studies
	No follow-up of students beyond the course
	Cohort studies across programmes into research, teaching and employment
	Persistence of learning; green choices in research planning and teaching
	Longer term
	Armstrong et al., 2024; Cannon et al., 2023

	5. Programme-level and systemic alignment
	Focus on isolated courses; textbooks and examinations lag
	Curriculum mapping; evaluation of assessment and textbook reform; implementation research
	Alignment between stated and assessed outcomes; graduate competence
	Longer term
	Holme et al., 2020; Hutchison, 2019; Johnson et al., 2020; MacKellar et al., 2020; Parker et al., 2023

	6. Teacher knowledge and professional learning
	PCK learner and assessment components neglected; low teacher awareness
	Studies linking teacher PCK, classroom practice and student learning
	Teacher PCK; enacted practice; student outcomes
	Longer term
	Aydin Gunbatar et al., 2025; Basheer et al., 2023; Nahlik et al., 2023

	7. Geographically diverse and context-sensitive research
	Evidence concentrated in few journals and well-resourced settings
	Cross-national studies with invariance-tested instruments; multilingual research
	Comparability of outcomes; role of language, resources and policy
	Longer term
	Alhazmi & Almashhour, 2026; Delaney et al., 2024; Mammino, 2019; Vidal et al., 2026


Note. PCK = pedagogical content knowledge; SSI = socio-scientific issues.
9. Conclusions
This review set out to examine how environmental sustainability goals have been integrated into green chemistry education and to judge the strength of the evidence on the resulting learning. The most defensible conclusion is that integration has advanced substantially at the level of teaching materials and activities but much less at the level of aligned curricula and assessment. Greener laboratory experiments, elective and infused courses, thematic redesigns framed by the Sustainable Development Goals or climate change, and a wide repertoire of active, problem-based, socio-scientific and systems thinking pedagogies are now available across secondary, tertiary and teacher education. Their spread beyond North America and Europe is a notable development.
The conceptual foundations of the field remain divided. The Twelve Principles provide chemical specificity and a teachable vocabulary, but on their own they support a process-centred and largely environmental conception of sustainability. Global goal frameworks and planetary boundaries supply relevance, competency frameworks supply outcome categories, systems thinking supplies a bridge between molecular and global scales, and critical perspectives supply reflexivity, yet these frameworks have not been integrated into a shared account of what green chemistry education should achieve. The persistent gap between the social breadth of the goals invoked and the technical and environmental focus of practice is the clearest conceptual weakness identified.
The evidence is strongest for short-term gains in knowledge of green chemistry principles, particularly where purpose-built instruments and large cohorts have been used, and it is consistently positive, though largely self-reported, for attitudes, motivation and perceived relevance. The evidence is weak for systems thinking and decision-making competence, for which assessment remains unreliable, and it is very limited for behavioural change, transfer to professional practice and durable effects. Design limitations, including intact-class allocation, teacher confounding, conventional-instruction comparisons, short interventions and occasional implausible effect estimates, mean that the overall picture should be read as promising rather than established.
The broader significance of this synthesis lies in its implication for priorities. Further isolated teaching innovations are unlikely to resolve the field's central uncertainties. What is required is alignment between the goals that justify green chemistry education, the intended outcomes that express those goals, the curricular structures and pedagogies that enact them and the assessments that capture them, together with comparative, longitudinal and geographically diverse research using validated measures. Until such evidence exists, claims that green chemistry education produces the transformative competencies demanded by sustainability goals should be regarded as a reasonable hypothesis supported by encouraging short-term findings, not as a demonstrated outcome.
10. Limitations
The first limitation is intrinsic to the narrative review design. Although the search strategy, eligibility criteria and appraisal approach were made explicit, the selection and interpretation of studies involved judgement, and the possibility of selection and interpretive bias cannot be excluded. A narrative review does not require the procedural elements of a systematic review, such as screening and deduplication counts, independent dual-reviewer screening or formal risk-of-bias scoring, and none was undertaken; the conclusions should therefore be read as a reasoned synthesis rather than as the output of a reproducible systematic selection.
The searches relied on openly accessible scholarly indexes and an education-specific database, and subscription-based citation indexes were not searched directly. Relevant studies indexed only in such databases may therefore have been missed, although citation tracking and the examination of recent reviews were used to reduce this risk. The review was restricted to publications in English, which is likely to have under-represented research published in other languages, including the substantial bodies of work on green chemistry teaching in Portuguese, Spanish, Chinese and Indonesian. Where full texts were not accessible, appraisal relied on abstracts and other publicly available descriptions of methods and results, which may omit important methodological detail.
The included studies were highly heterogeneous in level, context, intervention, duration, outcome definition and measurement, which precluded quantitative synthesis and limited direct comparison. Much of the evidence derives from single-site studies, self-reported outcomes and short follow-up periods, and the literature appears to favour the publication of positive findings, so the synthesis may overstate the consistency of benefits. The geographical distribution of studies, although broadening, remains uneven. Finally, the field is developing rapidly, and studies published after the search end date may alter some of the conclusions, particularly those concerning recently introduced instruments and systems thinking approaches.
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