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Abstract. This study presents a comprehensive bibliometric analysis of research
on learning environments in chemistry education, examining global trends and
patterns from a corpus of 988 publications indexed in the Scopus database as of
July 2025. The research employed bibliometric techniques using VOSviewer to anal-
yse publication trends, collaboration networks, and thematic evolution in the field.
The analysis revealed a significant increase in research output since 2014, with
notable acceleration following the COVID-19 pandemic. Three major research clus-
ters emerged from keyword co-occurrence analysis: technology-enhanced learning
environments, inquiry-based pedagogical approaches, and assessment methodolo-
gies. The United States (287 publications, 29%), China (156 publications, 16%),
and Germany (98 publications, 10%) lead in publication output, while emerging
research centres in Turkey and developing countries show increasing contributions.
The findings indicate a paradigm shift from traditional laboratory-based instruction
to digital and hybrid learning environments, with artificial intelligence and virtual
reality emerging as transformative technologies.
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1. Introduction
1.1. Background and context

The landscape of chemistry education has undergone profound transformations over
the past decade, driven by technological innovations, pedagogical reforms, and global
events that have reshaped educational paradigms [6, 37]. Learning environments in
chemistry education have evolved from traditional classroom and laboratory settings
to encompass digital platforms, virtual laboratories, and hybrid instructional models
that integrate multiple modalities of engagement. This evolution reflects broader
trends in educational technology adoption and the increasing recognition that effective
chemistry learning requires environments that support inquiry, collaboration, and
authentic scientific practices [33].

Contemporary chemistry education faces unique challenges that distinguish it from
other scientific disciplines. The abstract nature of chemical concepts, the necessity for
three-dimensional molecular visualisation, and the critical role of laboratory experi-
ences create specific demands for learning environment design [16]. These challenges
have prompted researchers to investigate how different environmental configurations
support or hinder student learning, leading to a rich body of literature that spans
traditional face-to-face instruction, technology-mediated learning, and innovative hy-
brid approaches. The integration of digital tools has particularly accelerated in recent
years, with virtual reality, augmented reality, and artificial intelligence emerging as
transformative technologies in chemistry education [8, 19].

The COVID-19 pandemic served as an unprecedented catalyst for change in chem-
istry education, forcing rapid adoption of remote and hybrid learning models worldwide
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[13]. This global disruption not only accelerated existing trends toward digitalisation
but also prompted fundamental questions about the nature of effective chemistry
learning environments. Educators and researchers were compelled to reimagine labo-
ratory experiences, develop new assessment strategies, and create engaging online
environments that could replicate the collaborative and hands-on aspects of traditional
chemistry instruction. The pandemic’s impact extended beyond temporary adapta-
tions, leading to permanent changes in how chemistry education is conceptualised
and delivered [40].

Understanding the evolution and current state of research on chemistry learning
environments requires systematically analysing the scholarly literature. Bibliometric
analysis provides a powerful lens to examine research trends, identify influential works
and authors, map collaboration networks, and detect emerging themes [18]. Such
analysis is particularly valuable in rapidly evolving fields like chemistry education,
where technological innovations and pedagogical approaches continuously reshape
the research landscape. By mapping the intellectual structure of the field, bibliometric
studies can help educators make evidence-based decisions about learning environment
design.

1.2. Research gap and justification
While numerous studies have examined specific aspects of chemistry learning envi-

ronments, comprehensive bibliometric analyses of this field remain scarce. Previous
bibliometric studies in chemistry education have typically focused on narrow topics
such as laboratory instruction, assessment methods, or specific technologies, without
providing a holistic view of how learning environment research has evolved. This
fragmentation limits our understanding of the field’s intellectual structure, the rela-
tionships between different research streams, and the emergence of new paradigms
in chemistry education. A comprehensive bibliometric analysis can address these
limitations by systematically mapping the research landscape.

The rapid pace of technological change in education creates an urgent need for up-
dated analyses that capture recent developments in chemistry learning environments.
Since 2020, the field has witnessed unprecedented changes, including the mainstream
adoption of artificial intelligence tools, the development of sophisticated virtual labo-
ratories, and new approaches to hybrid instruction [2, 44]. These innovations have
generated substantial research output that has not been systematically analysed.
Understanding how these recent developments fit within the broader trajectory of
chemistry education research is essential for identifying productive research directions
and avoiding redundant efforts.

Furthermore, the global nature of chemistry education research necessitates analy-
ses that capture international perspectives and collaboration patterns [26, 46]. Differ-
ent regions face unique challenges in chemistry education, from resource constraints
in developing countries to integrating cutting-edge technologies in well-funded institu-
tions. A bibliometric analysis can reveal how these diverse contexts shape research
priorities, identify opportunities for international collaboration, and highlight success-
ful innovations that could be adapted across different educational systems. Such
insights are particularly valuable as chemistry education becomes increasingly glob-
alised through online learning platforms and international research partnerships
[9].

The practical implications of understanding research trends in chemistry learn-
ing environments extend to multiple stakeholders. Educators need evidence-based
guidance on effective learning environment design, policymakers require insights
into productive investment areas, and researchers benefit from identifying gaps and
emerging opportunities in the field [7]. A comprehensive bibliometric analysis can
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serve these diverse needs by providing a data-driven foundation for decision-making.
This analysis contributes to more informed and strategic approaches to chemistry
education improvement by mapping the current state of knowledge and identifying
trajectories of change.

1.3. Research objectives
This study aims to provide a comprehensive bibliometric analysis of research on

learning environments in chemistry education, mapping the field’s evolution, current
state, and emerging trends. The primary objective is to identify and analyse patterns in
research output, collaboration networks, and thematic development that characterise
this domain of educational research.

Specifically, this research addresses four key research questions that collectively
provide a multifaceted field view. First, what are the temporal patterns in publication
output on chemistry learning environments, and how have technological advances
and global events influenced these patterns? Second, which countries, institutions,
and authors have made the most significant contributions to this field, and what
collaboration networks exist among them? Third, what are the major thematic clusters
in chemistry learning environment research, and how have these themes evolved?
Fourth, what emerging trends and future research directions can be identified based
on recent publication patterns and keyword analysis? These questions guide the
bibliometric analysis and structure the presentation of findings.

2. Literature review
2.1. Evolution of learning environments in chemistry

The conceptualisation of learning environments in chemistry education has evolved
significantly from behaviourist approaches emphasising knowledge transmission to
constructivist frameworks that prioritise active knowledge construction [4]. Early
research in chemistry learning environments focused on optimising traditional class-
room and laboratory settings, emphasising physical infrastructure, safety protocols,
and efficient instructional delivery. From the 1960s through the 1980s, this period
established foundational principles for chemistry education but operated within rela-
tively constrained notions of what constituted a learning environment. Researchers
during this era primarily investigated teacher-centred instructional methods and stan-
dardised laboratory procedures that could be reliably implemented across different
educational contexts.

The emergence of personal computers in educational settings during the 1990s
marked a pivotal transition in chemistry learning environment research. Initial appli-
cations focused on computer-assisted instruction, molecular visualisation software,
and simulation programs that could supplement traditional teaching methods [25].
McRobbie and Tobin [25] documented how these early technological interventions
began to challenge existing pedagogical assumptions, as educators grappled with inte-
grating digital tools into established instructional frameworks. This period witnessed
tensions between technology enthusiasts who envisioned radical transformations
and traditionalists who viewed digital tools as supplementary to proven instructional
methods. The research literature from this era reflects these tensions, with studies
alternately celebrating technological possibilities and cautioning against abandoning
effective traditional practices.

The 2000s brought increasingly sophisticated digital technologies and corresponding
shifts in learning environment conceptualisation. Web-based learning platforms, vir-
tual laboratories, and collaborative online tools expanded the boundaries of chemistry
learning beyond physical classrooms and scheduled laboratory sessions [21, 29]. Re-
search during this period increasingly adopted sociocultural perspectives, recognising
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learning environments as complex systems involving not just physical or digital spaces
but also social interactions, cultural contexts, and distributed cognitive resources.
Studies began examining how online discussion forums, virtual study groups, and
digital collaboration tools could create new chemistry learning communities that
transcended geographical boundaries [30].

Recent years have witnessed an acceleration in learning environment innovation,
driven by advances in immersive technologies, artificial intelligence, and mobile
computing [6]. Contemporary chemistry learning environments increasingly blur
distinctions between physical and digital spaces, formal and informal learning contexts,
and individual and collaborative activities. The integration of augmented reality for
molecular visualisation, AI-powered tutoring systems for personalised instruction, and
cloud-based platforms for collaborative experimentation represents a fundamental
reimagining of how chemistry education can be structured [19, 35]. This evolution
reflects broader trends in educational technology while addressing specific challenges
unique to chemistry as a discipline requiring both abstract conceptual understanding
and practical laboratory skills.

2.2. Previous bibliometric studies in chemistry education
Bibliometric analyses have become increasingly important tools for understanding

the development and structure of academic fields, yet their application to chemistry
education research has been limited and fragmented [15]. Early bibliometric studies in
science education broadly examined publication patterns across multiple disciplines
without providing detailed insights specific to chemistry education. These pioneering
efforts established methodological frameworks for analysing citation networks, iden-
tifying influential publications, and mapping collaboration patterns, but lacked the
granularity needed to understand discipline-specific trends. The absence of focused
bibliometric analyses limited the field’s ability to assess its development and identify
strategic research priorities systematically.

The few existing bibliometric studies specifically addressing chemistry education
have typically focused on narrow subtopics rather than comprehensive analyses
of learning environments. Irwanto, Afrizal and Lukman [18] conducted a broad
bibliometric review of chemistry education research from 1895-2022, revealing that
the United States, Turkey, and Germany lead in publication numbers, with I. Eilks,
V. Talanquer, and M. M. Cooper as the most productive authors. However, this analysis
did not specifically focus on learning environments. Other studies have examined
research trends in chemistry laboratory education, green chemistry education, or
technology integration, but these analyses operated in isolation from each other
[42]. This fragmentation has prevented researchers from understanding how different
aspects of chemistry learning environments relate to and influence each other.

Recent advances in bibliometric tools and techniques have created new possibilities
for comprehensive analyses of chemistry education research. Software platforms
like VOSviewer, CiteSpace, and Bibliometrix now enable sophisticated visualisations
of citation networks, co-authorship patterns, and keyword relationships that were
previously impossible to generate [27]. These tools have been successfully applied in
other educational disciplines to reveal hidden patterns, identify emerging research
fronts, and predict future trends. However, chemistry education has slowly adopted
these advanced bibliometric approaches, missing opportunities to leverage data-driven
insights for strategic research planning and resource allocation.

The limited bibliometric work in chemistry education has yielded valuable insights
that inform the current study. Previous analyses have revealed the dominance of
Western institutions in chemistry education research, the increasing importance
of interdisciplinary collaborations, and the growing influence of technology-focused
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studies [10]. Hassan, Khalid and Shah [15] demonstrated significant disparities
in publication patterns between developed and developing countries, with Pakistan
showing remarkable growth rates despite low overall output. These findings provide a
foundation for more comprehensive analyses while highlighting the need for updated
studies that capture recent developments. The exponential growth in chemistry
education publications, particularly following the COVID-19 pandemic, has urgently
needed a systematic bibliometric analysis to make sense of this expanding literature
and guide future research efforts.

2.3. Theoretical framework
This bibliometric analysis is grounded in science mapping methodology, which

combines quantitative analysis of publication data with qualitative interpretation
of emerging patterns [37]. Science mapping provides a theoretical framework for
understanding how scientific fields develop through the accumulation and integration
of knowledge claims, the formation of research communities, and the evolution of
conceptual structures. This framework examines how different research traditions
have emerged, competed, and synthesised in chemistry learning environments over
time. The approach recognises scientific development as a complex social process
involving multiple actors, institutions, and cultural contexts that shape research
priorities and outcomes.

The study also draws on innovation diffusion theory to understand how new concepts
and technologies spread through the chemistry education research community [31].
This theoretical lens is particularly relevant for analysing how digital technologies,
pedagogical innovations, and assessment methods have been adopted and adapted
across different educational contexts. Innovation diffusion theory helps explain why
specific learning environment innovations gain widespread adoption while others
remain confined to specific contexts or fade from prominence. This analysis can
identify how innovations spread and the factors that facilitate or hinder their adoption
by tracking keyword emergence and evolution, co-citation patterns, and collaboration
networks.

Knowledge domain visualisation theory provides another crucial component of the
theoretical framework, offering principles for representing complex information struc-
tures in accessible visual formats [27]. This theory guides decisions about displaying
bibliometric data in ways that reveal meaningful patterns while avoiding information
overload. The challenge in chemistry education bibliometrics is to create visualisations
that capture the field’s multidimensional nature, including technological, pedagogical,
and disciplinary aspects while remaining interpretable to diverse audiences. Effective
visualisation requires balancing completeness with clarity, detail with overview, and
technical accuracy with accessibility.

Finally, the analysis incorporates perspectives from the sociology of scientific knowl-
edge to interpret collaboration patterns and citation networks [1]. This theoretical
approach recognises that scientific knowledge production is inherently social, shaped
by institutional contexts, funding structures, and professional networks. In chemistry
education, these social factors influence how learning environment innovations are de-
veloped, tested, and disseminated. Understanding the social dynamics of the research
community, including power relations, gatekeeping mechanisms, and collaboration
incentives, is essential for interpreting bibliometric patterns and their implications for
future research directions.
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3. Methodology
3.1. Search strategy

The bibliometric analysis began with a comprehensive search strategy designed to
capture the breadth of research on learning environments in chemistry education.
The Scopus database was selected as the primary data source due to its extensive
coverage of peer-reviewed literature, robust indexing of educational research, and
sophisticated search capabilities that enable precise query formulation. The search
was conducted on July 15, 2025, ensuring capture of the most recent publications
while providing a substantial temporal span for trend analysis. The search query
was iteratively refined through pilot searches to balance comprehensiveness with
precision, ultimately employing a combination of terms that captured both traditional
and emerging conceptualisations of chemistry learning environments.

The final search string combined key concepts using Boolean operators ("chemistry"
AND "learning environment"). To ensure consistency in analysis, the search was
limited to English-language publications, though this limitation is acknowledged as
potentially excluding valuable research published in other languages.

A sample of retrieved publications was manually examined to validate the search
strategy, assess relevance, and identify potential gaps. This validation process revealed
that the initial search captured core chemistry education literature while including
interdisciplinary works that addressed chemistry within broader science education
contexts.

The temporal scope of the search encompassed all publications indexed in Scopus
through July 2025, allowing for analysis of long-term trends while capturing very
recent developments. This comprehensive temporal coverage enables identification of
paradigm shifts, the impact of technological innovations, and the influence of global
events such as the COVID-19 pandemic on research patterns. The absence of a
starting date restriction also permits historical analysis of the field’s origins and early
development, providing context for understanding contemporary trends. The resulting
dataset of 988 publications provides a robust foundation for bibliometric analysis
while remaining manageable for detailed examination.

3.2. Data collection
The data collection followed systematic procedures to ensure accuracy, completeness,

and compatibility with bibliometric analysis tools. Initial search results were exported
from Scopus in multiple formats to accommodate different analytical needs: CSV
format for basic statistical analysis, BibTeX format for citation management and
network analysis, and full record format including abstracts for content analysis.
The export process preserved all bibliographic fields, including author information,
affiliations, keywords, references, and citation counts, creating a comprehensive
dataset for multifaceted analysis.

The final curated dataset comprised 988 unique publications spanning from 1986 to
2024, representing diverse publication types including journal articles (78%), confer-
ence papers (15%), book chapters (5%), and reviews (2%). This distribution reflects the
field’s preference for journal publication while acknowledging the important role of con-
ferences in disseminating innovative practices and emerging research. The dataset’s
temporal distribution showed exponential growth in recent years, with over 60% of
publications appearing after 2015, indicating the field’s rapid expansion. Geographic
representation encompassed 67 countries, with particularly strong representation
from the United States, China, Germany, and the United Kingdom, though emerging
research centres in Turkey, Brazil, and India showed increasing contributions in
recent years.
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3.3. Analysis tools and techniques
VOSviewer version 1.6.20 served as the primary analytical tool for bibliometric

mapping and visualisation, selected for its powerful capabilities in creating network vi-
sualisations of large bibliographic datasets [24]. The software’s strength in generating
co-occurrence networks, co-authorship maps, and citation networks made it particu-
larly suitable for analysing the multifaceted nature of chemistry learning environment
research. VOSviewer’s clustering algorithms identified thematic groups within the
literature, while its overlay visualisation capabilities allowed for temporal analysis
of keyword evolution. Parameter settings were carefully optimised through iterative
testing, with minimum occurrence thresholds set to balance inclusivity with visual
clarity: keywords appearing in at least 5 publications were included in co-occurrence
analysis, while authors with at least 3 publications were included in co-authorship
networks.

Text mining techniques were applied to abstracts and keywords to identify emerg-
ing themes and trace conceptual evolution. Natural language processing algorithms
were used to extract frequently occurring phrases and identify semantic relation-
ships between concepts. The combination of bibliometric mapping, network analysis,
and text mining created a comprehensive analytical framework that captured the
research domain’s structural and conceptual dimensions. These diverse analytical
approaches enabled robust findings that account for the complexity of chemistry
learning environment research.

4. Results
4.1. Descriptive analysis

The bibliometric analysis of chemistry learning environment research reveals sub-
stantial growth in scholarly output over the analysed period, with particularly dramatic
acceleration in recent years. The temporal distribution of the 988 publications shows
modest research activity from 1986 through the early 2000s, with annual publica-
tion counts rarely exceeding 10 articles. A notable inflexion point occurred around
2008, coinciding with the widespread adoption of Web 2.0 technologies in educational
contexts, after which publication rates steadily increased. The most dramatic growth
occurred post-2018, with annual publications more than tripling between 2018 and
2023. This exponential growth trajectory reflects both increasing research interest in
chemistry learning environments and the catalytic effect of the COVID-19 pandemic
on educational technology research (figure 1).

Document type analysis reveals that peer-reviewed journal articles constitute the
predominant publication format (78%), followed by conference papers (15%), which
play a crucial role in disseminating innovative practices and emerging technologies.
Book chapters (5%) typically provide comprehensive overviews of established topics,
while review articles (2%) offer critical syntheses of research subdomains. The domi-
nance of journal articles indicates the field’s maturity and the research community’s
preference for rigorous peer review processes. However, many conference papers
highlight the importance of practitioner-oriented venues for sharing pedagogical in-
novations and preliminary research findings that may later develop into full journal
publications.

The analysis of publication venues reveals concentration in specialised chemistry
education journals alongside representation in broader science education and educa-
tional technology outlets (table 1). The Journal of Chemical Education emerges as the
leading publication venue, hosting 18% of all analysed publications, followed by Chem-
istry Education Research and Practice (12%) and Journal of Science Education and
Technology (8%). This distribution indicates that while chemistry education maintains
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Figure 1: Annual publication trends in chemistry learning environment research (1986-2023).

strong disciplinary journals, researchers also engage with interdisciplinary audiences
through science education and educational technology publications. The presence of
chemistry learning environment research in high-impact interdisciplinary journals
such as Computers & Education and Internet and Higher Education demonstrates
the field’s relevance beyond disciplinary boundaries.

Table 1
Top 10 most productive journals in chemistry learning environment research.

Journal Articles % of total

Journal of Chemical Education 178 18.0%
Chemistry Education Research and Practice 119 12.0%
Journal of Science Education and Technology 79 8.0%
International Journal of Science Education 65 6.6%
Computers & Education 52 5.3%
Research in Science Education 45 4.6%
Educational Technology Research and Development 38 3.8%
Journal of Research in Science Teaching 35 3.5%
Science Education 32 3.2%
Internet and Higher Education 28 2.8%

Geographic distribution analysis reveals both established centres of chemistry ed-
ucation research and emerging contributors to the field (table 2). The United States
leads in absolute publication numbers with 287 publications (29%), followed by China
with 156 (16%), Germany with 98 (10%), and the United Kingdom with 76 (8%). How-
ever, when normalised by population or research investment, smaller countries show
remarkable productivity. Despite its small size, Singapore demonstrates exceptional
per-capita research output in chemistry learning environments. Emerging research
centres in Turkey, Brazil, and Malaysia show steep growth trajectories in recent
years, often focusing on context-specific challenges such as large class sizes, limited
laboratory resources, and multilingual learning environments [15].

4.2. Co-occurrence analysis of keywords
Keyword co-occurrence analysis reveals the conceptual structure of chemistry learn-

ing environment research, identifying distinct thematic clusters representing major
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Table 2
Top 10 most productive countries in chemistry learning environment research.

Country Publications % of total Citations Average citations

United States 287 29.0% 4562 15.9
China 156 15.8% 1843 11.8
Germany 98 9.9% 1765 18.0
United Kingdom 76 7.7% 1432 18.8
Turkey 65 6.6% 542 8.3
Australia 54 5.5% 987 18.3
Canada 48 4.9% 765 15.9
Spain 42 4.3% 432 10.3
Brazil 38 3.8% 287 7.6
India 35 3.5% 243 6.9

research streams. The analysis included 2847 unique author keywords and index
terms, with 156 keywords meeting the minimum occurrence threshold of 5 publica-
tions. These frequently occurring keywords were subjected to co-occurrence analysis,
revealing clear clustering patterns that reflect the field’s intellectual organisation.
The network visualisation displays four major clusters, each representing a coher-
ent research theme with internal connections and bridge concepts linking to other
clusters (figure 2). Node size represents keyword frequency, edge thickness indicates
co-occurrence strength, and colours denote cluster membership.

Figure 2: Keyword co-occurrence network visualisation.

The first major cluster, shown in red and containing the most keywords, focuses on
technology-enhanced and innovative learning approaches. Central concepts include
“chemistry” (58 occurrences), “chemistry education” (54 occurrences), “augmented
reality” (33 occurrences), “virtual reality” (28 occurrences), “science education” (21 oc-
currences), “education” (19 occurrences), and “learning environment” (19 occurrences).
This cluster represents the technological transformation of chemistry education, with
particularly strong representation of immersive technologies and online learning
modalities. The cluster exhibits interesting temporal patterns, with keywords like
“augmented reality” and “virtual reality” showing an average publication year of 2019,
indicating their recent emergence as significant research areas.

The second largest cluster (green in the visualisation) centres on course levels
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and instructional approaches. Core keywords in this cluster include “second-year
undergraduate” (55 occurrences), “organic chemistry” (42 occurrences), “collabora-
tive/cooperative learning” (39 occurrences), and “internet/web-based learning” (27
occurrences). This cluster represents the structural organisation of chemistry edu-
cation across different academic levels, with a strong emphasis on student-centred
pedagogical approaches.

A third distinct cluster in blue addresses educational research and assessment
methodologies. Key terms include “chemical education research” (40 occurrences),
“assessment” (11 occurrences), “cooperative learning” (9 occurrences), and “analytical
chemistry” (19 occurrences). This cluster’s structure reveals the research-oriented
dimension of chemistry education, emphasising evidence-based practices and sys-
tematic evaluation of learning outcomes. The cluster shows strong internal cohesion
through high total link strength values, particularly for “chemical education research”
(140 total link strength), indicating its central role in connecting various assessment
and research methodologies.

The fourth cluster, rendered in yellow, focuses on broader educational contexts and
public engagement. Notable keywords include “curriculum” (35 occurrences), “inquiry-
based/discovery learning” (23 occurrences), “hands-on learning/manipulatives” (21
occurrences), and “interdisciplinary/multidisciplinary” (11 occurrences). This cluster
represents chemistry education’s outreach dimension, bridging formal educational
settings with public understanding of science. The relatively high average normalised
citations for keywords in this cluster (ranging from 0.8912 to 1.4472) suggest that
public engagement and collaborative learning research generates significant scholarly
impact.

Overlay visualisation showing temporal evolution of research themes (figure 4).
Colours indicate average publication year of keywords, with blue representing earlier
topics and yellow/red indicating recent emergence.

Density visualisation highlighting research hotspots in chemistry learning environ-
ments (figure 5). Warmer colours indicate areas of concentrated research activity.

4.3. Co-authorship analysis
Co-authorship network analysis reveals the collaborative structure of chemistry

learning environment research, identifying key research groups, institutional part-
nerships, and international collaboration patterns. The analysis encompassed 3247
unique authors, with 342 meeting the minimum threshold of 3 publications for in-
clusion in network visualisation. The resulting co-authorship network displays a
combination of tightly connected research groups and bridge authors who facilitate
connections between otherwise disconnected communities. This structure suggests
a field characterised by specialised research teams working on specific aspects of
chemistry learning environments and integrative researchers synthesising findings
across different approaches.

The most productive authors in the field demonstrate diverse research foci and col-
laboration patterns. Leading researchers include those focusing on virtual laboratory
development, with extensive publication records and central positions in collaboration
networks. Irwanto, Afrizal and Lukman [18] identified I. Eilks, V. Talanquer, and
M. M. Cooper as the most productive authors, a finding confirmed by our analysis.
These highly productive authors typically lead research groups that include doc-
toral students and postdoctoral researchers, creating dense local networks within
the larger collaboration structure. Analysis of these productive authors’ publication
patterns reveals strategic choices in research focus, with some maintaining consistent
themes throughout their careers while others show adaptive evolution in response to
technological and pedagogical innovations.
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Figure 3: Top 10 most frequent keywords in chemistry learning environment research based
on keyword co-occurrence analysis.

International collaboration patterns reveal both the global nature of chemistry
education challenges and the formation of strategic research partnerships. The
analysis identifies several prominent international collaboration axes, including strong
connections between United States and Chinese researchers, European Union research
networks facilitated by funding programs, and emerging South-South collaborations
among researchers in developing countries [9]. These collaboration patterns often
reflect shared challenges, such as large class sizes in Asian contexts or multilingual
education in European settings. The network analysis also reveals that international
collaborations tend to produce higher-impact publications, as measured by citation
counts, suggesting the value of diverse perspectives in addressing chemistry learning
environment challenges (figure 6).

Institutional collaboration networks show concentration around major research uni-
versities with established chemistry education programs, but also reveal the important
role of teaching-focused institutions in practice-based research [43]. The network
includes strong connections between research universities and community colleges,
particularly in the United States, reflecting recognition that learning environment in-
novations must be tested across diverse institutional contexts. Corporate partnerships
appear in the network through connections with educational technology companies
and scientific instrument manufacturers, though these remain relatively peripheral
compared to academic collaborations. The institutional network’s evolution over time
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Figure 4: Temporal overlay of keyword evolution.

Figure 5: Research density visualisation.

shows increasing diversity, with emerging research centres in Asia, Latin America,
and Africa establishing connections with established programs.

4.4. Thematic evolution
The temporal analysis of keyword evolution reveals dramatic shifts in research

focus over the analysed period, reflecting both technological advances and changing
pedagogical paradigms. Early publications (1986-2000) concentrated on physical
classroom environments, laboratory safety, and teacher-centred instruction, with
keywords such as “classroom management”, “laboratory design”, and “demonstration
experiments” dominating the literature. This period established foundational concerns
that persist in contemporary research but have been transformed by new technologies
and pedagogical approaches. The keyword landscape during this early period was
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Table 3
Most cited papers in chemistry learning environment research (2019-2024).

Title Authors Year Citations

Shift From a Traditional to a Dis-
tance Learning Environment during the
COVID-19 Pandemic: University Stu-
dents’ Engagement and Interactions

Salta et al. [36] 2022 127

Haptic virtual reality and immersive
learning for enhanced organic chem-
istry instruction

Edwards et al. [12] 2019 110

Students’ responses to emergency re-
mote online teaching reveal critical fac-
tors for all teaching

Jeffery and Bauer [20] 2020 101

Computational Chemistry Activities
with Avogadro and ORCA

Snyder and Kucukkal [41] 2021 97

Belonging in general chemistry predicts
first-year undergraduates’ performance
and attrition

Fink, Frey and Solomon [14] 2020 82

Empowering ChatGPT with guidance
mechanism in blended learning: ef-
fect of self-regulated learning, higher-
order thinking skills, and knowledge
construction

Lee et al. [23] 2024 66

Doing science through translanguaging:
a study of translanguaging practices in
secondary English as a medium of in-
struction science laboratory sessions

Pun and Tai [32] 2021 61

A Framework for Learning in the Chem-
istry Laboratory

Seery, Agustian and Zhang [39] 2019 58

Exploring Differences in Student Learn-
ing and Behavior Between Real-life and
Virtual Reality Chemistry Laboratories

Hu-Au and Okita [17] 2021 57

Exploration of learner-content interac-
tions and learning approaches: The role
of guided inquiry in the self-directed on-
line environments

Al Mamun, Lawrie and Wright [3] 2022 56

relatively stable, with the slow introduction of new concepts and the gradual refinement
of existing ones.

The period from 2001-2010 witnessed the introduction of digital technologies into
chemistry learning environments, marked by the emergence of keywords such as
“computer-assisted instruction”, “molecular visualization”, and “web-based learning”.
This transitional period shows fascinating patterns of keyword co-evolution, as tradi-
tional concepts were modified to incorporate technological dimensions. For instance,
“laboratory instruction” evolved to include “virtual laboratories”, while “assessment”
expanded to encompass “computer-based assessment”. The keyword network during
this period shows increasing density and interconnection, suggesting a field grappling
with the integration of diverse influences. This period also saw the introduction of
pedagogical innovations from general education into chemistry-specific contexts [11].

The 2011-2019 period represents a consolidation phase where technology-enhanced
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Table 4
Most productive authors in chemistry learning environment research.

Author Publications Citations h-index

A. Hofstein 16 534 13
I. Eilks 13 217 9
Y. J. Dori 9 443 9
S. Sandi-Urena 9 278 7
V. Talanquer 8 66 4
M. M. Cooper 7 449 7
J. Barbera 7 115 7
R. L. Stowe 7 115 6
M. Aksela 7 99 4
Y. Rahmawati 7 90 4
J. Huwer 7 51 4

USA

China

Germany

UK

Turkey

Brazil

AustraliaCanada

Figure 6: International collaboration network in chemistry learning environment research.

and pedagogy-driven approaches began to merge into integrated frameworks for chem-
istry learning environment design. Keywords from this period reflect sophisticated
integration of multiple dimensions, such as “technology-enhanced inquiry learning”,
“collaborative virtual laboratories”, and “adaptive learning systems”. The emergence of
mobile learning and cloud-based platforms during this period created new possibilities
for seamless integration of formal and informal learning environments [28]. This period
also witnessed increasing attention to learning analytics and data-driven approaches
to understanding student engagement and performance in different environments.

The most recent period (2020-2024) shows explosive diversification in research
themes, driven partly by the COVID-19 pandemic’s disruption of traditional edu-
cational models. New keywords entering the literature include “emergency remote
teaching”, “hybrid laboratories”, “AI-powered tutoring”, and “immersive virtual real-
ity”. However, beyond pandemic-driven adaptations, this period shows fundamental
reconceptualisation of chemistry learning environments as complex sociotechnical
systems. Keywords related to equity, accessibility, and inclusive design have gained
prominence, reflecting recognition that effective learning environments must accom-
modate diverse learner needs [34]. The rapid pace of keyword emergence in this recent
period suggests a field in dynamic flux, with researchers exploring multiple innovative
directions simultaneously.

159

https://doi.org/10.55056/seq.1071


Science Education Quarterly, 2025, Vol. 2, Iss. 3, pp. 146–169 https://doi.org/10.55056/seq.1071

1,985 1,990 1,995 2,000 2,005 2,010 2,015 2,020 2,025
0

20

40

60

80

100

120

140

160

180

200

Year

C
u

m
u

la
ti

ve
k
ey

w
or

d
s

Technology-related
Pedagogy-related

Assessment-related

Figure 7: Evolution of keyword themes in chemistry learning environment research.

5. Discussion
5.1. Main research themes

The bibliometric analysis reveals three dominant research themes that have shaped
the evolution of chemistry learning environment research over the past four decades.
The first theme centres on technological transformation of chemistry education, encom-
passing not merely the adoption of digital tools but fundamental reconceptualisation
of how chemistry knowledge can be represented, manipulated, and constructed in
technology-mediated environments. This theme’s evolution from simple computer-
assisted instruction to sophisticated immersive environments reflects broader tech-
nological advances while addressing chemistry-specific challenges such as three-
dimensional molecular visualisation and virtual experimentation [21]. The research
within this theme increasingly emphasises affordances unique to digital environments
rather than merely replicating traditional instructional approaches in digital formats.

The second central theme focuses on pedagogical innovation, particularly the shift
from transmission-oriented to construction-oriented learning environments. This
theme’s prominence reflects influence from general educational research while ad-
dressing chemistry-specific pedagogical challenges [38]. Integrating inquiry-based
learning, collaborative knowledge construction, and authentic scientific practices into
chemistry learning environments represents more than methodological change; it
reflects a fundamental reconceptualisation of chemistry knowledge as dynamic and
socially constructed rather than static and transmitted. Research within this theme
increasingly examines how different environment configurations support or constrain
particular pedagogical approaches, recognising that technology and pedagogy must be
aligned for effective learning outcomes.

The third theme addresses assessment and evidence of learning in diverse chem-
istry environments, reflecting growing demands for accountability and evidence-based
educational practice. This theme’s evolution from traditional testing toward com-
prehensive learning analytics demonstrates the field’s maturation and increasing
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sophistication in understanding learning processes [35]. Contemporary research
within this theme examines learning outcomes and processes, utilising digital trace
data to understand how students navigate and learn within different environments.
Integrating formative assessment tools, real-time feedback mechanisms, and predictive
analytics represents a shift from assessment of learning to assessment for learning,
fundamentally changing how chemistry educators understand and support student
progress.

These three themes do not exist in isolation but show increasing integration over
time, particularly in publications that examine technology-enhanced inquiry learning
with embedded assessment mechanisms [45]. The convergence of themes reflects
recognition that effective chemistry learning environments must simultaneously ad-
dress content representation, pedagogical approach, and evidence of learning. This
integration challenges researchers to move beyond single-factor studies toward compre-
hensive examinations of learning environment ecosystems. The bibliometric evidence
suggests that future research will likely continue this integrative trend, with success-
ful innovations arising at theme intersections rather than within isolated research
streams.

5.2. Geographic distribution and collaboration
The geographic analysis of chemistry learning environment research reveals complex

knowledge production and exchange patterns that reflect historical academic hier-
archies and emerging innovation centres. Traditional academic powers, particularly
the United States, the United Kingdom, and Germany, maintain dominant positions
in absolute publication numbers and citation impact [10]. However, this dominance
is increasingly challenged by rapid growth in Asian countries, particularly China,
Singapore, and South Korea, which combine substantial research investment with
pressing educational challenges that drive innovation. The geographic distribution
patterns suggest a multipolar research landscape where different regions contribute
distinct perspectives and innovations based on their specific educational contexts and
challenges [46].

Collaboration network analysis reveals that international partnerships in chemistry
learning environment research often emerge from complementary expertise rather
than hierarchical relationships. For instance, collaborations between Western insti-
tutions with strong theoretical frameworks and Asian institutions facing large-scale
implementation challenges produce research that combines rigorous conceptual devel-
opment with practical scalability considerations. These collaborations increasingly
recognise that effective learning environment solutions must be culturally responsive
and contextually appropriate rather than universally applicable. The bibliometric
evidence shows that publications resulting from international collaborations receive
higher citation rates, suggesting that diverse perspectives enhance research quality
and impact.

Emerging research centres in Latin America, Africa, and Southeast Asia demon-
strate unique approaches to chemistry learning environment challenges, often driven
by resource constraints that necessitate innovative solutions [26]. These regions
increasingly contribute research on low-cost experimental materials, mobile learning
solutions for distributed populations, and culturally responsive pedagogies that chal-
lenge Western-centric assumptions about effective chemistry education. The growing
visibility of these contributions in international publications suggests a democrati-
sation of knowledge production in the field. However, bibliometric indicators also
reveal persistent inequalities in research capacity and international visibility, with
researchers from developing countries facing barriers to publication in high-impact
journals and participation in international collaborations [1].
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The evolution of collaboration patterns over time shows increasing South-South
cooperation, as researchers in developing countries recognise shared challenges and
opportunities for mutual learning. These collaborations often focus on practical inno-
vations that address typical constraints such as large class sizes, limited laboratory
infrastructure, and multilingual student populations. The bibliometric analysis reveals
that while these collaborations may produce fewer publications than North-South
partnerships, they often generate innovations with high practical impact and trans-
ferability across similar contexts. Future research will likely see continued growth
in these horizontal collaboration networks, potentially reshaping the geography of
chemistry education innovation.

5.3. Evolution and future directions
The temporal analysis of chemistry learning environment research reveals an ac-

celerating pace of change that shows no signs of slowing. Early evolutionary periods
measured in decades have given way to rapid cycles of innovation and adaptation mea-
sured in years or even months. This acceleration reflects technological advancement,
increasing connectivity within the global research community, and growing urgency
around educational improvement. The COVID-19 pandemic was a discontinuous
shock that compressed years of anticipated change into months. However, bibliomet-
ric indicators suggest innovation will remain elevated even as pandemic pressures
recede [13]. This rapid evolution challenges researchers to balance innovation with rig-
orous evaluation, ensuring that enthusiasm for new approaches does not overshadow
careful assessment of their effectiveness.

Current bibliometric indicators point toward several emerging research directions
that will likely dominate the next phase of chemistry learning environment research.
Artificial intelligence and machine learning applications show explosive growth in
recent publications, moving beyond simple chatbots toward sophisticated systems
that can provide personalised instruction, generate novel problems, and assess com-
plex reasoning processes [5, 44]. Extended reality technologies (encompassing virtual,
augmented, and mixed reality) evolve from proof-of-concept demonstrations to scalable
implementations that could fundamentally transform laboratory instruction. These
technological innovations are accompanied by growing attention to ethical considera-
tions, including data privacy, algorithmic bias, and the digital divide that may exclude
some learners from advanced learning environments.

The bibliometric analysis also reveals emerging attention to sustainability and envi-
ronmental considerations in chemistry learning environment design. Keywords related
to green chemistry, sustainable laboratory practices, and environmental education
show rapid growth, suggesting recognition that chemistry education must model
the environmental responsibility it seeks to instil [22]. This trend extends beyond
curriculum content to encompass the environmental footprint of learning environ-
ments themselves, from energy-intensive virtual reality systems to waste generation in
teaching laboratories. Future research will likely examine how to balance educational
effectiveness with environmental sustainability, potentially leading to innovations that
achieve both goals simultaneously.

Perhaps most significantly, the analysis reveals growing recognition that chemistry
learning environments must address equity and inclusion more systematically than
in the past. Recent publications increasingly examine how different environment
configurations may advantage or disadvantage learners based on socioeconomic
status, cultural background, disability status, and other factors [34]. This attention
to equity extends from access to technology through culturally responsive pedagogy
to universal design principles that accommodate diverse learners. The bibliometric
indicators suggest that future research will increasingly centre equity considerations
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rather than treating them as peripheral concerns, potentially leading to learning
environment innovations that reduce rather than amplify educational inequalities.

6. Conclusions and recommendations
6.1. Summary of Key Findings

This comprehensive bibliometric analysis of 988 publications on chemistry learning
environments reveals a field experiencing rapid growth and fundamental transfor-
mation. The exponential increase in publication volume, particularly since 2018,
indicates growing recognition of learning environment design as crucial to chem-
istry education effectiveness. The analysis identifies three major thematic clusters –
technology-enhanced learning, pedagogical innovation, and assessment approaches –
that increasingly intersect and integrate in recent research. Geographic analysis
reveals a transitioning landscape where traditional academic centres maintain in-
fluence while emerging research hubs contribute innovative approaches driven by
local challenges and constraints. These findings collectively depict a dynamic field
responding to technological possibilities, pedagogical advances, and diverse global
contexts.

The evolution of research themes from isolated technological or pedagogical interven-
tions toward integrated learning environment ecosystems represents a fundamental
shift in how researchers conceptualise chemistry education. Early research focusing
on optimising individual components has given way to systems thinking, recognis-
ing complex interactions between technology, pedagogy, assessment, and context.
This evolution reflects theoretical sophistication and practical recognition that effec-
tive learning environments must simultaneously address multiple dimensions. The
bibliometric evidence strongly suggests that future advances will emerge from inter-
disciplinary research that draws on learning sciences, computer science, chemistry,
and educational psychology to create environments that support deep learning of
chemistry concepts and practices.

Collaboration patterns revealed through co-authorship analysis demonstrate that
chemistry learning environment research increasingly operates as a global enterprise
with knowledge flowing multidirectionally rather than from centre to periphery. The
formation of international research networks, particularly those linking complemen-
tary expertise across different contexts, produces innovations that no single research
group could achieve independently. However, the analysis also reveals persistent
inequalities in research capacity and visibility that limit contributions from many
regions. Addressing these inequalities represents both an ethical imperative and a
practical necessity for developing learning environments that serve diverse global
populations effectively.

While disruptive, the dramatic changes catalysed by the COVID-19 pandemic appear
to have accelerated existing trends rather than fundamentally redirecting the field’s
trajectory. The rapid adoption of digital technologies, renewed focus on flexible
learning environments, and attention to equity issues emerged before 2020 but have
now become central concerns. The bibliometric indicators suggest that post-pandemic
chemistry education will not simply return to previous models but integrate lessons
learned about resilience, flexibility, and accessibility into new hybrid approaches.
This transformation creates unprecedented opportunities for innovation while also
demanding careful attention to quality, equity, and sustainability.

6.2. Theoretical contributions
This bibliometric analysis contributes to the theoretical understanding of how scien-

tific fields evolve by documenting the complex interplay between technological innova-
tion, pedagogical theory, and educational practice in chemistry learning environments.
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The findings support a punctuated equilibrium model of field development, where peri-
ods of gradual evolution are interrupted by transformative shifts that fundamentally
reorganise research priorities and approaches. The COVID-19 pandemic represents
one such punctuation, but the analysis reveals earlier disruptions associated with
internet adoption, mobile technology, and pedagogical paradigm shifts. Understanding
these patterns helps predict future trajectories and prepare for inevitable disruptions
reshaping chemistry education.

The study also contributes to science mapping methodology by demonstrating how
bibliometric techniques can reveal subtle patterns in interdisciplinary fields where
traditional disciplinary boundaries blur. Integrating multiple analytical approaches –
keyword co-occurrence, co-authorship networks, and temporal evolution analysis –
provides a multifaceted view that single methods cannot achieve. The findings suggest
that chemistry education research operates simultaneously within multiple intellectual
spaces: as a subdiscipline of chemistry, as part of science education, and as a domain
of educational technology. This multipositional character creates unique opportunities
for knowledge synthesis and challenges for maintaining coherent research programs.

Furthermore, the analysis provides empirical support for theories of knowledge
democratisation in academic research, showing how digital technologies and global
connectivity enable contributions from previously peripheral regions. However, the
findings also reveal that democratisation remains incomplete, with structural barriers
limiting full participation from many contexts. This tension between democratizing
forces and persistent inequalities provides important data for science policy discus-
sions about research capacity building and international collaboration. The bibliomet-
ric evidence suggests that addressing these inequalities requires more than individual
collaborations; it demands systematic efforts to build research infrastructure and
capacity globally.

The theoretical implications extend to understanding how educational innovations
diffuse through academic communities and into practice. The analysis reveals that
successful innovations in chemistry learning environments typically undergo extensive
adaptation as they move between contexts rather than simple adoption. This finding
challenges linear models of research-to-practice transfer and suggests the need for
more nuanced theories that account for local adaptation and reinvention. Future
theoretical work should examine how innovations’ characteristics, communication
channels, and contextual factors interact to influence diffusion patterns in educational
settings.

6.3. Practical implications
For chemistry educators, this analysis provides evidence-based guidance for learn-

ing environment design decisions in rapidly changing educational landscapes. The
convergence of technological and pedagogical innovations suggests that effective mod-
ern chemistry learning environments must move beyond simple technology adoption
toward thoughtful integration that aligns tools with learning goals. Educators should
prioritise approaches combining inquiry-based pedagogy with appropriate technologi-
cal support while focusing on conceptual understanding of chemistry and practical
skills. The bibliometric evidence indicates that successful innovations typically emerge
from iterative refinement based on classroom evidence rather than wholesale adoption
of external solutions.

Educational administrators and policymakers can use these findings to inform strate-
gic investments in chemistry education infrastructure and professional development.
The analysis reveals that effective learning environments require more than technology
procurement; they demand sustained support for educator professional development,
curriculum redesign, and assessment reform [7]. The global patterns identified suggest
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value in international partnerships and knowledge exchange, but also the importance
of local adaptation rather than uncritical adoption of innovations from other contexts.
Policy support should emphasise building capacity for evidence-based innovation
while maintaining flexibility for local adaptation and experimentation.

For researchers, the bibliometric mapping identifies both well-explored territories
and promising frontiers for future investigation. While technology integration has
received substantial attention, critical gaps remain in understanding how different
learner populations experience and benefit from various environmental configurations.
Future research should prioritise equity considerations, examining how learning
environment designs can reduce rather than amplify educational inequalities. The
emerging integration of artificial intelligence and immersive technologies offers exciting
possibilities but requires careful research to understand benefits, limitations, and
potential unintended consequences for chemistry learning.

The analysis also highlights the importance of research collaboration and knowledge
synthesis in advancing the field. Researchers should seek partnerships that combine
complementary expertise, particularly collaborations that bridge technological inno-
vation with pedagogical expertise and implementation experience. The bibliometric
evidence suggests that impactful research increasingly emerges from interdisciplinary
teams that can address multiple dimensions of learning environment design simulta-
neously. Building such collaborative capacity requires institutional support, funding
mechanisms encouraging partnership, and publication venues valuing integrative
research. The future of chemistry learning environment research lies not in isolated
innovations but in systematic efforts to create, evaluate, and refine environments that
support all learners in developing a deep understanding of chemistry.

6.4. Future research directions
Based on the bibliometric analysis, several critical research directions warrant

sustained investigation in the coming years. First, integrating artificial intelligence in
chemistry learning environments requires moving beyond current applications toward
more sophisticated systems that can support personalised learning pathways [24].
Future research should examine how AI can adapt to individual learner needs while
maintaining pedagogical integrity and avoiding algorithmic bias. This research must
address both technical challenges of developing robust AI systems and educational
challenges of integrating them effectively into chemistry curricula. The bibliometric
indicators suggest successful AI integration will require unprecedented collaboration
between computer scientists, learning scientists, and chemistry educators.

Second, the growing emphasis on equity and inclusion in chemistry learning en-
vironments demands systematic research on how different designs impact diverse
learner populations. Future studies should examine the intersectional effects of so-
cioeconomic status, cultural background, language, disability, and other factors on
learning environment effectiveness. This research must move beyond simple access
questions to examine how different learners experience and benefit from various
environmental configurations. The bibliometric evidence indicates that equity-focused
research remains underrepresented relative to its importance. It suggests significant
opportunities for impactful contributions that could reshape the field’s understanding
of effective learning environment design.

Third, the environmental sustainability of chemistry learning environments emerges
as a critical but underexplored research area. Future research should examine trade-
offs between educational effectiveness and environmental impact, seeking innovations
that achieve both goals. This includes research on green chemistry education, sustain-
able laboratory practices, and the carbon footprint of digital learning technologies. The
bibliometric analysis reveals that sustainability considerations are beginning to enter

165

https://doi.org/10.55056/seq.1071


Science Education Quarterly, 2025, Vol. 2, Iss. 3, pp. 146–169 https://doi.org/10.55056/seq.1071

mainstream chemistry education research but remain peripheral to most learning
environment studies. Integrating sustainability as a core design principle rather than
an add-on consideration could drive innovations that prepare students for chemistry
practice in an environmentally constrained world.

Finally, the rapid pace of change documented in this analysis suggests the need for
research on adaptation and resilience in chemistry learning environments. Future
studies should examine how educational systems can maintain stability and quality
while remaining flexible enough to incorporate beneficial innovations and respond to
disruptions. This includes research on teacher professional development models that
support continuous adaptation, institutional change processes that enable innovation,
and assessment approaches that remain valid across diverse environmental config-
urations. The bibliometric evidence indicates that the pace of change will continue
accelerating, making adaptability a core competency for educators, institutions, and
educational systems. Research that helps build this adaptive capacity will prove
essential for continued evolution and improvement in chemistry education.
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