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ABSTRACT KEYWORDS

The aim of this article is to examine research on inquiry-based Inquiry-based; chemistry
chemistry education in primary and secondary schools to discuss education; scientific
how it is addressed in the research literature. A systematic review domains; primary schools;
was conducted, including 102 articles published between 2000 and secondary schools;
2020. Through inductive analyses, the articles were categorised into systematic review
four groups: (1) articles testing specific teaching approaches or

models, (2) articles testing specific learning environments, (3) arti-

cles reporting on teachers and (4) additional relevant studies.

Within each group, the articles were further categorised into five

scientific domains (i.e. conceptual, epistemic, social, procedural and

affective) and two categories: classroom practice and other. The

experimental studies were also given a typology according to the

quality of the methods applied. Overall, the research has been

conducted with varied foci and it generally reports positive learning

outcomes. However, the main emphasis is on the conceptual and

affective domains, with fewer studies focusing on the epistemic

domain. Finally, when it comes to methodology, the reviewed

articles included many quantitative studies, often with few respon-

dents and of varied quality. Thus, there is a need for more studies

with larger numbers of participants, longer durations, more purpo-

seful sampling and with focus on the epistemic and social domains.

Introduction

During the past few decades, there has been a global shift in science education from an
emphasis on science for future scientists to the education of future citizens. The rapidly
changing field of science and technology calls for an increased understanding of the
criteria needed to evaluate knowledge (Duschl, 2008). Osborne (2010) therefore argues
that science for citizenship needs to emphasise how science works and that students
should be given opportunities to study science-in-the-making and be allowed to interpret
data and examine arguments that involve uncertainties.

There has also been greater emphasis on student-active teaching and learning prac-
tices, such as inquiry-based learning (IBL). Inquiry is not a new idea and was emphasised
by Dewey, who argued that science education had suffered due to ‘so much ready-made
knowledge, so much subject-matter of fact and law, rather than as the effective method of
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inquiry into any subject matter’ (Dewey, 1910, p. 124). He argued that students must have
their own experiences, and he emphasised active learning and reflective thinking as the
main purposes of teaching (Barrow, 2006). After Dewey, IBL was emphasised in major
science educational reforms and is now one of the few overarching themes in science
curricula worldwide (Abd-El-Khalick et al., 2004; Crawford, 2014; Crawford & Capps, 2018;
Gericke et al., 2022).

Several meta-studies have revealed a positive effect of IBL on students’ learning
(e.g. Furtak et al., 2012; Minner et al.,, 2010; Savelsbergh et al., 2016). Despite the
massive endeavour to implement IBL, this approach has also been criticised for not
working because of minimal guidance from the teachers (Kirschner et al., 2006).
However, others have spoken out against this critique, arguing that it is founded
on a misinterpretation of IBL as minimally guided instruction in line with discovery
learning (Hmelo-Silver et al., 2007).

Some newer studies have used the results from international tests to investigate the
effect of IBL on students’ learning. Teig et al. (2018) used results from the TIMSS (Trends in
International Mathematics and Science Study) 2015 test in Norway and found a curvilinear
relationship between the prevalence of IBL in school science and students’ results.
Students who had experienced a moderate amount of IBL scored better than their
peers who had experienced IBL as either very prevalent or rarely used, where the former
could be explained by IBL taking the place of other useful teaching activities (Teig et al.,
2018). Aditomo and Klieme (2020) studied the relationship between inquiry-based
instruction and learning outcomes among the 10 highest- and 10 lowest-performing
regions in PISA (Programme for International Student Assessment) 2015. They found
that guided inquiry was positively associated with learning outcomes, while independent
inquiry was negatively associated. This is in line with the meta-analysis conducted by
Furtak et al. (2012), who found that teacher-led IBL had a larger effect on learning than
student-led IBL, and they therefore emphasised the importance of teacher guidance in
the activities.

Science education is composed of different disciplines with different teaching tradi-
tions. In a study of secondary school science teachers’ conceptions, goals and enactment
for inquiry-based teaching and learning, Breslyn and McGinnis (2012) found that the
teachers were more affected by which scientific discipline they taught than by the
curriculum and other contextual factors. Teachers in biology and earth science empha-
sised teaching about the process of scientific investigations, physics teachers focused on
modelling and generating mathematical expressions to describe physical phenomena
and chemistry teachers mostly focused on content knowledge. Based on these results,
they suggested offering discipline-specific examples of inquiry to teachers (Breslyn &
McGinnis, 2012). Similar trends could be assumed to be the case for the research on IBL,
and the aim of this study is therefore to specifically examine research on inquiry-based
chemistry education (IBCE) in primary and secondary schools in order to discuss how it is
addressed in the research literature.

While several reviews have been conducted related to inquiry-based science education
(e.g. Furtak et al., 2012; Herranen & Aksela, 2019; Pedaste et al., 2015; Ronnebeck et al.,
2016), little attention has been given to IBCE. Prior reviews in chemistry education have
centred on general research trends (Cooper & Stowe, 2018; Teo et al., 2014), research on
learning within specific chemistry topics (e.g. Bain & Towns, 2016; Graulich, 2015), context-
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based education (King, 2012) and laboratory work more generally (Agustian & Seery, 2017;
Domin, 1999) — and not on IBCE. Furthermore, several of these reviews have tended to
focus on tertiary education rather than on primary and secondary education (e.g.
Agustian & Seery, 2017; Cooper & Stowe, 2018; Graulich, 2015). Therefore, a systematic
literature review of peer-reviewed journal articles published in English between the years
2000 and 2020 was conducted in order to answer the following research questions (RQs):

(1) What characterises the research literature on IBCE in primary and secondary
schools regarding publication rate, geographical origin and the methods applied?

(2) What are the foci in the research literature on IBCE in primary and secondary
schools?

(3) What are the most prominent findings reported in the research on IBCE in primary
and secondary schools?

Theoretical background

Despite the long tradition of IBL in school science, it has been defined in different ways,
which in turn has resulted in uneven implementation across classrooms (Crawford, 2014;
Furtak et al., 2012). Research has revealed that, for many teachers, IBL has become
synonymous with hands-on activities or laboratory work (Crawford & Capps, 2018;
Osborne, 2014a, 2014b): ‘At its worst, the product is cookbook laboratory exercises
where students simply follow a series of instructions to replicate the phenomenon’
(Osborne, 2014b, p. 178).

This review relies on definitions of IBL from Crawford (2014) and Furtak et al. (2012).
Crawford (2014) defines inquiry as follows:

Inquiry involves engaging students in using critical thinking skills, which includes asking
questions, designing and carrying out investigations, interpreting data as evidence, creating
arguments, building models, and communicating findings in the pursuit of deepening their
understanding by using logic and evidence about the natural world. (p. 515)

This definition is related to teaching science as inquiry (Crawford, 2014), which includes
both the pedagogy used when learners are active in the learning process, designing and
carrying out practical or theoretical investigations, and the learning outcomes, such as
scientific knowledge and the nature of science (NOS). It is also in line with the concept of
scientific practices (National Research Council, 2012), which, in recent years, has largely
replaced inquiry in the literature to focus on the methods used in authentic science
(Gericke et al., 2022).

Furtak et al. (2012) define IBL in two dimensions: the guidance provided by the
teacher and the cognitive and social activities the learners are engaged in. With
respect to teacher guidance, Furtak et al. (2012) emphasise the importance of
students being active during knowledge construction, and they describe it as
a continuum from traditional instruction, which is teacher-led, to discovery learn-
ing, which is student-led. This is in line with Schwab (1960), who identified three
types of inquiry that differ in the levels of guidance in the laboratory: structured
inquiry, where the teacher provides both the question and the method; guided
inquiry, where the teacher gives the question but not the method; and open
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inquiry, where the learner may choose both the question and the method. Several
researchers have defined categories along this continuum (e.g. Banchi & Bell, 2008;
Gyllenpalm et al., 2010).

The cognitive and social activities described by Furtak et al. (2012) are founded on
the work of Duschl (2003, 2008), who argued that the conditions for science learning
are improved if students engage in active learning environments where the cognitive,
epistemic and social domains are integrated. The conceptual domain includes facts,
theories and scientific principles, and concerns constructing scientific understanding
and reasoning. In chemistry education, scientific reasoning is related to the three levels
of chemistry (Johnstone, 1991): macro, which are phenomena that can be observed;
sub-micro, which involves the use of theoretical models at a particulate level that are
developed to make sense of the observations; and symbolic, which is formulas,
equations etc. A concern within chemistry teaching is that it tends to focus on the
sub-micro and symbolic levels, without helping students to build connections between
these three levels (Talanquer, 2011). The epistemic domain is related to how knowl-
edge is created and evaluated, and includes understanding NOS and the fact that
scientific knowledge is tentative in its character and could change in the face of new
evidence (Lederman & Lederman, 2012). Students should gain experience in drawing
conclusions based on evidence (Furtak et al., 2012), but NOS still needs to be
addressed explicitly (Bell et al., 1998). Finally, the social domain includes an awareness
of the social process of knowledge creation and the role of communication and
argumentation in this process (Duschl, 2008). The scientific domains are intertwined,
and learners need to develop knowledge within the conceptual and epistemic
domains in order to engage in the social domain through scientific argumentation
and to develop and evaluate claims (Duschl, 2008). Furthermore, Duschl (2008) stresses
that science education needs to shift from a dominant focus on conceptual learning to
include epistemic and social learning goals as well in order to achieve a more
balanced learning focus.

Other researchers have used these domains as analytical frameworks and have added
more domains. In their meta-analysis of inquiry-based teaching, Furtak et al. (2012) added
the procedural domain as a fourth domain, which is linked to scientific methods, and this
includes asking questions and designing and conducting scientific experiments. In
a recently conducted literature review about inquiry-based science teacher education,
Strat et al. (2023) included the affective domain as the fifth domain in the analysis. The
affective domain is used by others as well (e.g. Rodriguez et al., 2020) and includes
identity, attitudes, beliefs and self-efficacy related to IBL and science in general. These
five domains constitute the starting point of the analytical framework used in this article,
which will be explained in the following sections.

Methods

This review is inspired by a systematic review approach (cf. Grant & Booth, 2009; Sutton
et al,, 2019). The search was conducted on 7 July 2020 and was restricted to journal
articles published between 2000 and 2020. It was further restricted to articles written in
English to investigate research that is available to the wider research community.
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Search procedure

The library databases ERIC and the Web of Science were searched to provide an initial list
of articles. ERIC was included as a disciplinary database publishing education-related
resources, and Web of Science was included as a multidisciplinary database. In addition,
a manual search for relevant articles published before 7 July 2020 was conducted in the
following eight journals: International Journal of Science Education (1JSE), Science Education
(SE), Research in Science Education (RSE), Journal of Research in Science Teaching (JRST),
International Journal of Science and Mathematics Education (IJSME), Research in Science &
Technological Education, Journal of Chemical Education (JCE) and Chemistry Education
Research and Practice (CERP). These journals were chosen because they have the highest
impact factor among the science and chemistry education journals with the relevant
scope and, hence, they represent trend-setting journals in the field. Several of these
journals are also the ones included in manual searches in other review articles (e.g. Teo
et al., 2014).

The interest of this study lies in all articles related to IBCE and not only in articles that
the authors have labelled as IBCE. The search terms enquiry and problem-based were
therefore included, in addition to inquiry, to ensure that relevant studies for the concept
were targeted. Enquiry is sometimes used as a synonym for inquiry, especially in British
English (Barrow, 2006) and was therefore chosen. Furthermore, problem-based learning
was included, since it can be seen as an approach to IBCE that focuses on teaching and
learning based on concrete problems (Dobber et al., 2017).

The queries used to find the appropriate articles are shown in Table 1 below. The
search terms were used for the fields ‘title’, ‘abstract’ and 'keywords’ in the data-
bases. To broaden the search, but at the same time keep it narrow enough,
a proximity operator was used in the first search (ST and S5) to include articles
that had relevant terms (i.e. teaching, learning, based, activity or oriented) in
a proximity of five words from inquiry or enquiry. The search terms used in the
two databases were similar, except for the term related to education (S6) that was
used in the Web of Science but was not needed in ERIC, since ERIC is already
targeted only towards journals in education.

Table 1. Inquiry-based chemistry education: searches in ERIC and the Web of Science.

Number of
Search Search Term(s) in ERIC (title, abstract and SU descriptors) results
S1 (inquir* or enquir*) N5 (teaching or learning or based or activit* or oriented) 17 153
S2 ‘problem based’ 4851
S3 S1 OR S2 21599
S4 chemi* 26 580
S3 AND S4 1096

Number of
Search Search Term(s) in the Web of Science (title, abstract and keywords) results
S5 ((inquir* or enquir*) NEAR/5 (teaching or learning or based or activit* or 20 711

oriented)) or (‘problem based’)

S6 educat* or school* or classroom* or pedagog* 1290 844
S7 chemi* 2 279 407

S5 AND S6 AND S7 810
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The search in The search in
ERIC Web of Science
(N =1096) (N =810)

N =1906 Remove articles that are

- Duplicates

- Published before year 2000
- Not peer-reviewed

- Not written in English

N =725

v

I<7I<_

N=1181
‘ Remove articles that do not fit the inclusion
A » | criteria after reading title, abstract and
l keywords (N = 1006)
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‘ _ | Remove articles that do not fit the inclusion
B l 7| criteria after reading full text (N = 80)
N =95
Include articles from
manual search in C
——»
CERP, IJSE, IJSME and
RSE (N =7)

Included studies
(N=102)

Figure 1. The selection process.

The search resulted in 1906 articles, which, after narrowing the search down in terms of
years and publication type, and by removing duplicates, resulted in 1181 articles. The
further selection of studies was conducted in three steps (steps A, B and C), as illustrated
in Figure 1 and explained below.

Selection of studies

The selection of studies was guided by the inclusion and exclusion criteria listed in Table 2
below. The criteria were based on the RQs and were conscious choices that had to be
made during the selection process. Some judgements had to be made during the
selection process, since some of the inclusion and exclusion criteria exist on a spectrum
and are not dichotomous; these judgements are commented on in relation to Table 2.
During the selection process, all articles were first examined with respect to titles,



STUDIES IN SCIENCE EDUCATION e 7

Table 2. Inclusion and exclusion criteria developed based on the research questions.

Criterium Inclusion Exclusion
1 Studies focusing on IBL Studies with IBL as a context, not focus
2 Studies focusing on chemistry topics Studies in biology, physics or other subjects without an
(including interdisciplinary foci) emphasis on chemistry
3 Studies focusing on primary or secondary  Studies focusing on preschool or higher education,
schools or their teachers’ teaching including teacher education
practices’
4 Studies focusing on educational research  Studies presenting teaching tools or materials without an
education research context?
5 Studies related to formal teaching Studies presenting document analysis (e.g. textbooks or
situations (including fieldtrips) curricula) or informal settings such as apprenticeship
programmes

abstracts and keywords (step A in Figure 1). Secondly, the full texts were examined (step
B). Thirdly, the manual search in the eight journals mentioned above was conducted (step
Q). Applying these three steps led to a final pool of 102 articles, including seven articles
from the manual search (1 from RSE, 1 from IJSE, 2 from IJSME and 3 from CERP).
A complete list of the 102 articles can be found in Appendix A.

Analysis and methodological reflections

To answer the RQs, the final pool of articles was read and analysed with respect to the
following: year of publication, geographic origin of the study, type of method, number of
participants, target group (students or teachers) and school level. These categories gave
an overview of the research in the field and this is presented in the first part of the results
section. The articles were further analysed inductively in three phases. The first analysis of
the articles revealed that many of them tested specific teaching approaches, applied
specific learning environments or were articles where teachers reported on their imple-
mentation of IBCE. Thus, during the first phase of the analysis, the articles were cate-
gorised into four groups, as listed in Table 3. These groups constitute the headings of
the second part of the results section. Within each group, the articles were further
categorised into relevant sub-groups, such as a sub-group describing a specific teaching
model in Group 1 or the specific learning environment in Group 2. The sub-groups
constitute the sub-headings of each section in the results section.

The four groups with corresponding sub-groups were considered mutually exclusive,
meaning that an article was placed in one group only. There was one article that used

Table 3. An overview of the groups and sub-groups of the analysis.

Group Sub-groups
Group 1: Articles testing specific teaching Problem-based learning (PBL), argument-driven inquiry (ADI), process-
approaches (N =30) oriented guided inquiry learning (POGIL), the 5E-model with variations,
other types of models
Group 2: Articles applying specific Technology-based learning environments, authentic experiences, games
learning environments (N = 24) and comics

Group 3: Teachers’ use of IBCE (N=20)  Teachers’ practices, teachers’ views
Group 4: Additional relevant studies
(N=28)
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a specific teaching model combined with virtual or real media (Sugiharti & Habeahan,
2018), and therefore could have been placed in both Group 1 and Group 2. This article was
placed in Group 2, since the main focus was on the type of media, not on the teaching
model itself. Furthermore, there were two articles exploring teachers’ implementation of
technology-based learning environments (Donnelly et al., 2013; Tolentino et al., 2009) that
were placed in Group 3 instead of Group 2, since the main emphasis was on the teachers.
Otherwise, there were no issues in categorising the articles with respect to the groups.

In the second phase of analysis, the articles were categorised according to the five
domains presented earlier (i.e. conceptual, epistemic, social, procedural and affective) and
two other categories that were found inductively. First, a category named classroom
practice was included to categorise articles focused on describing how IBCE was imple-
mented in the classroom. The articles included in this category either had an explicit aim
of describing the implementation of an activity or described a teacher’s practice (typical of
several of the articles in Group 3). Secondly, a category named other was included to
capture aspects that were not included in the other domains, such as creative thinking,
drawing and metacognition. When referred to jointly, the five domains and two cate-
gories are hereafter referred to as the seven domains.

Since the articles reviewed in this study typically had more than one focus area, the
same article could be categorised into more than one domain. The main challenge
relating to this categorisation was that some studies investigated other or more things
than they, in their aims or RQs, argued that they would investigate. Typically, they said
they were investigating one or two issues but had results covering more - or other -
things. In cases where they said they had investigated one issue but investigated another,
the articles were categorised with respect to what they actually did. In cases where they
investigated two things but also had superficial results from other things, they were
categorised according to what they said they did, which often coincided with what they
discussed. There were also some overlaps between the domains. For instance, working
with practical experiments may improve the students’ procedural knowledge, but also
their epistemic knowledge. Furthermore, since the three scientific domains from Duschl
(2003, 2008) are intertwined, there are some topics that could be placed in more than one
domain, such as argumentation which is placed in the social domain in this article, since it
concerns communicating scientific ideas. There were also some articles that focused on
students’ problem-solving competence, which in some articles was related to problem-
solving in the laboratory, while in other articles, the focus was on problem-solving in
general. Thus, the latter articles were placed in the category ‘other’, whereas those
connected to laboratory work were categorised in the procedural domain.

In the third and final phase of analysis, articles reporting from experimental studies
(both quantitative and mixed methods studies) were categorised according to the quality
of the methods applied. 40 of the 43 quantitative articles and 26 of the 32 mixed method
articles were experimental studies, while the remaining articles either were related to tests
or surveys (e.g. Cheung, 2011; Vhurumuku, 2011) — or mixed method studies mostly
applying qualitative methods (e.g. Juntunen & Aksela, 2013b; Smith, 2012).
Experimental studies are often used to test the effect of teaching innovations, but they
need to be well described for authors to evaluate their implications (Taber, 2019). Thus,
Taber (2019) argues that it is good practice to report the units of analysis, sampling and
detailed descriptions of the different treatments, as well as effect size.
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The articles reporting from experimental studies were given a typology as shown in
Table 4. First, the articles were categorised according to whether there was a control or
comparison group or not, and if there was such a group, the type of comparison
conditions were identified, following a classification from Taber (2019), where level 1
implies no treatment for the control/comparison group, level 2 implies standard treat-
ment for the control/comparison group (i.e. ‘traditional teaching’) and in level 3, the
control/comparison group is treated with teaching that is acknowledged as good prac-
tice. Secondly, the articles with a control or comparison group were categorised according
to whether the teaching for this group was described or not. Finally, the articles were
categorised according to whether the effect size was reported or not.

The categorisation into typologies was mutually exclusive. If there were combinations
of treatments, for example both level 2 and level 3 comparison conditions, the articles
were always lifted to the ‘higher’ typology (e.g. A rather than B). Thus, the article from
Apedoe et al. (2008) reporting from both a study without a control group and a study with
a level 1 control group, was assigned C;. When it comes to the description of the
treatment for the control or comparison group, the articles labelled ‘described’ had to
describe the specific treatment in some detail, rather than just stating that they used
traditional methods with lectures and students answering questions from the textbook.

The analysis of the mixed method studies revealed that the articles had three
approaches to mixed methods: (1) some articles were mostly quantitative in character
and used qualitative methods to provide results related to another research question
(often related to the affective domain); (2) some articles were mostly quantitative in
character and used qualitative methods to gain a deeper understanding of the results
of the quantitative analyses (i.e. the explanatory design, according to Creswell (2014)); and
(3) some articles used both quantitative and qualitative methods to answer the question
at hand (i.e. the convergent design, according to Creswell (2014)). Thus, the typology in
the mixed methods studies must be seen in relation to the qualitative methods, especially
in the third approach.

In line with suggestions from Egger et al. (2003), two steps were taken to increase the
validity of this research: (1) all relevant studies were included in the review and (2)
methodological quality was ensured due to the transparent documentation from the
review process. First, a systematic review features a comprehensive search, including both

Table 4. Categorisation of experimental studies according to the quality of the methods applied.
Type of control or comparison group Description of comparison or control conditions  Effect size  Typology

Level 3: Best practice treatment Described Reported A,
Not reported A,

Not described Reported As

Not reported A4

Level 2: Standard treatment Described Reported B,
Not reported B,

Not described Reported B3

Not reported B4

Level 1: No treatment Not relevant Reported G
Not reported (&}

No control or comparison group Not relevant Reported D,

Not reported D,
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searches in bibliographic databases and supplementary search methods (Sutton et al.,
2019). The search in this review was conducted using two databases, one subject-specific
(i.e. Web of Science) and one for articles published in education (i.e. ERIC). In addition, an
extensive manual search was conducted. The manual search in seven of the eight journals
resulted in only four additional articles, indicating that the database search was quite
successful. The search in CERP resulted in a total of three articles. These articles were all
published in 2020, indicating that they had not yet been registered in the databases at the
time of the search. Nevertheless, the inclusion of an extended manual search contributed
to the validity of this research.

The second step to achieving validity in systematic reviews is transparency, allowing
others to replicate the process (Grant & Booth, 2009; Sutton et al., 2019). The search
procedure and the selection and analysis of articles have therefore been described
thoroughly in both the methods and results sections, and the categorisation of the articles
according to the three types of analyses are listed in Appendix A. In addition, thorough-
ness was aimed for in all phases of the research. Thus, too many rather than too few
articles were included, and if there was any doubt about whether an article should have
been excluded or not, the article was kept back for another round. The analytical process
was also thoroughly undertaken, and the articles were revisited several times, if needed,
during the analysis and writing phases. Finally, the frameworks and articles were dis-
cussed with colleagues who also read both drafts and the final text. However, since the
inclusion and exclusion criteria exist on a spectrum, other scholars might have included
other articles. Furthermore, due to the overlapping domains, others might have cate-
gorised the articles differently as well.

Results

In this section, the findings from the review are presented according to the RQs. First,
a general overview of the analysed studies is given relating to the publication rate,
geographical origin and methods (RQ 1). This section also includes an overview of the
included studies relating to the four groups and seven domains (RQ 2). Thereafter, the
distribution of articles according to groups and domains is explored in depth in relation to
the findings (RQ 3).

A general overview of the analysed studies

Figure 2 provides an overview of the year of publication of the 102 articles included in the
study. There were no studies on IBCE between 2000 and 2003. In 2004 and 2005, there
were three studies, while there has been a rather constant number of publications on IBCE
since 2008; in the time period from 2008 to 2019, there has been an average of eight
studies published per year.

When it comes to the origin of the studies, research on IBCE seems to be of interest
worldwide, as illustrated in Figure 3 The research included in this study was conducted in
27 different countries, including one study that collected data from Brazil and from three
European countries (van Rens et al., 2004). Looking at the different continents, Asia (N =
48) stands out, with a high number of publications, followed by North America (N = 26)
and Europe (N = 21), while the number of publications in South America (N = 2) and Africa
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(N=5) is rather low. When it comes to Australia, no publications were included in this
review.

The publications on IBCE studies in Europe and Asia were from a large range of
countries. In addition to the countries listed in Figure 3, there were European publications
from Ireland (N=2), Hungary (N=2), Poland, Sweden, Slovakia, Spain and the United
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Figure 3. Number of publications per country. There is one study with respondents from both Europe
and South America that is placed in South America.
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Kingdom (all N=1). In Asia, the category other countries includes Malaysia (N = 2), Bhutan,
the Philippines, Qatar and Singapore (all N=1).

Table 5 provides an overview of the distribution of articles according to groups relating
to methods, the number of participants, typology, school year, country and domains. As
can be seen from the table, there are many quantitative studies or mixed-method studies,
and half of the studies contained more than 50 participants. Overall, the studies included
in the article were typically quasi-experimental with complete classes assigned to differ-
ent conditions. There were some studies where individuals were assigned across classes,
but students in the same class are not considered as independent learners as they
influence each other (Dorman, 2012), and these studies were not considered to be ‘true
experiments’ (Taber, 2019). When it comes to the typology of the experimental studies,
the majority of studies belongs to level 2 control conditions (i.e. standard treatment of
control group) (N =27), followed by studies with level 3 control conditions (N =20) and
without control group (N = 17). The studies categorised with level 3 control or comparison
group were of two different types: they either compared different experimental groups,
sometimes also with an additional control group (e.g. Sola & Ojo, 2007), or they assigned
the same treatment to different types of students, studying for instance the effect of
different learning styles on learning outcomes (Sudria et al., 2018).

When it comes to the age of the students, there is an overweighting of studies with
students in grades 9 to 12. Furthermore, 25% of the studies were completed in the United
States, followed by Turkey (16%) and Israel (11%). Regarding domains, most articles were
in the conceptual domain, followed by the affective domain. These numbers will be
further commented on in the following sections, along with details from the included
studies in the respective groups.

Group 1: articles testing specific teaching approaches or models

Thirty of the included articles tested a specific teaching approach or teaching model with
respect to the development of different aspects of content knowledge or skills. Some
articles studied the effect of the actual model on students’ learning or development, while
in other articles, the model was more of a context. Table 6 gives an overview of the articles
according to methods and domains; the articles covering the different teaching
approaches are explored in the following sections.

Problem-based learning (PBL)

Ten of the articles in Group 1 focused on problem-based learning (PBL). PBL is a specific
approach to IBL that was developed in higher education, originally within the context of
medical education (Dobber et al., 2017), and it has been widely used in chemistry in
higher education. PBL is a sub-set of context-based learning, where learning takes place in
a meaningful context by starting with an open-ended problem/scenario (Overton et al.,
2009). The problem is introduced to the learners before they have the in-depth knowl-
edge for solving it, with the aim of motivating them to learn (Drake & Long, 2009).

Five of the included PBL studies were conducted in Turkey and investigated the
effectiveness of PBL for a specific topic of chemistry in the conceptual domain - in
addition to a more educational topic, typically in the affective domain. Baran (2016)
investigated the effects of PBL on 9th-grade students’ academic achievement when
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Table 5. Frequency of studies according to groups.
Group 1 Group 2 Group 3 Group 4 Sum

Total number of papers 30 24 20 28 102
Methods

Qualitative 3 5 13 6 27
Quantitative 14 14 1 13 44
Mixed 13 5 6 9 33
Number of participants excluding control group*

0-20 4 1 18 5 27
21-35 9 4 1 4 18
36-50 5 2 - 2 9
51-100 7 6 - 6 19
101+ 5 1 1 1 29
Quality of experimental studies

Al - 4 - 3 7
A2 - 3 - 4 7
A3 1 1 - - 2
A4 - 2 - 2 4
B1 7 2 - 2 1
B2 5 - - 2 7
B3 4 - - 1 5
B4 3 1 - - 4
@ - 1 - - 1
(@] - 1 - 1
D1 3 3 3 10
D2 5 1 1 7
School year**

4-7 1 2 4 2 9
8 1 2 - 3 6
9 7 2 - 5 14
10 6 4 - 4 14
1 1 9 - 9 30
12 2 5 - 8 16
13 1 - - - 1
Secondary (not specified) 2 3 18 2 25

Country (more than two articles, decreasing order)

The United States 3 8 10 4 25
Turkey 14 - - 2 16
Israel - 4 1 6 1
Thailand 3 1 - 2 6
Germany - 2 1 2 5
Nigeria 3 - - 1 4
The Netherlands - 3 - 1 4
China - 1 2 - 3
Finland - 1 2 3
Hong Kong - 1 2 - 3
Indonesia 1 1 - 1 3
Domains**

Conceptual 18 15 1 12 46
Epistemic 1 4 1 2 8
Social 4 3 2 5 14
Procedural 3 6 - 12 21
Affective 14 9 6 8 37
Classroom practice 1 5 1" 4 21
Other 4 3 6 20

*) number in Group 3 shows participating teachers.
**) multiple coding was allowed.

learning about gases, in addition to their attitudes towards and motivation for learning
chemistry. She found significant changes in achievement level, but no significant change
in motivation and attitudes. The remaining four studies were conducted by Tarhan and
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colleagues. Ayyildiz and Tarhan (2018) investigated the effect of PBL on 11th-grade
students’ learning of enthalpy changes and their opinions about PBL as an instructional
technique. They found that the experimental group learned significantly more and had
fewer misconceptions than the control group. The students also reported several benefits,
including increased motivation and self-efficacy, and a desire to learn chemistry. Similar
results were reported from another study, where Tarhan and Acar (2007) studied the
effectiveness of PBL on 11th-grade students’ understanding of the effect of temperature,
concentration and pressure on cell potential and their social skills. Tarhan and colleagues
also examined 9th-grade students’ understanding of intermolecular forces (Tarhan et al.,
2008) and 11th-grade students’ understanding of topics related to acids and bases
(Tarhan & Acar-Sesen, 2013). In these two studies, they found that the experimental
group increased their learning achievement and had fewer alternate conceptions, and
the students saw several benefits to PBL. However, both studies also revealed some
challenges related to the increased responsibility involved in PBL and that a minority of
the students were ‘not ready for PBL’ (Tarhan et al., 2008, p. 297).

In a study in the United Kingdom by Smith (2012), she described the development and
implementation of practical activities within a problem-based laboratory approach to
develop learners’ understanding of practical techniques relevant for university studies,
placing it in the procedural domain. Ten practical activities were developed, and the
problems were set in a real-life context. The problems included pre-lab work, group work
and a form of assessment, and they were tested with 106 students aged between 16 and
18 years old in eight different schools; each group of students tested one problem-based
activity. The students argued that the problem-based activities were more interesting
than typical instruction and ‘better for making them think’ (Smith, 2012, p. 497). The
students were also positive towards the approach in relation to several skills (e.g. colla-
boration, communication and research skills).

The remaining studies investigated the effect of PBL on affective aspects, such as
attitudes towards science and the learning environment (Ferreira & Trudel, 2012), and
different kinds of skills, such as practical skills in chemistry (Osokoya & Nwazota, 2018),
problem-solving skills (Abubakar & Arshad, 2015; Ferreira & Trudel, 2012; Valdez &
Bungihan, 2019) and self-regulated learning (Abubakar & Arshad, 2015). Osokoya and
Nwazota (2018) found that those exposed to PBL were better at practical chemistry than
the control group and that students from single-sex schools performed better than those
from co-ed schools. Other studies also reported favourable outcomes (Abubakar &
Arshad, 2015; Ferreira & Trudel, 2012; Valdez & Bungihan, 2019). However, Ferreira and
Trudel (2012) found that the students had some difficulties related to problem-solving,
especially with listing preliminary facts, suggesting the best solution and contributing
with new facts and solutions.

Argument-driven inquiry (ADI)

The second most applied model was argument-driven inquiry (ADI) (N = 6), which is an
instructional model developed by Sampson et al. (2009). The model intends to ‘serve as
template or a guide that instructors can use to create school science laboratory experi-
ments that are more authentic and educative for students’ (Sampson et al., 2013, pp. 644-
645). The model is composed of eight stages. In the first stage, the topic is introduced and
the learners receive a guiding question that is supposed to capture their attention and
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interest. In the second stage, groups of students design and implement a method to
address the question, while in stage three, they analyse their data and develop a tentative
argument that is supported by evidence. These arguments are shared with peers in small
groups in step four. After step four, the students may return to stage three and collect
more data. In step five, the students create individual written investigation reports that
include three sections: the goal of the investigation, the method used and the argument.
These reports are submitted to the teachers as three-four copies that are randomly
distributed to groups of students along with a peer-review sheet for a double-blind
group peer review. In the seventh stage, the students rewrite their reports based on the
reviewers' comments and the final report is handed in to the teacher. After the report has
been handed in, there is an explicit and reflective class discussion in stage eight about
what they learned about the content, the nature of scientific inquiry and the NOS. They
also discuss what could have been done better (Sampson et al., 2013).

In the included study from Sampson et al. (2011), they conducted an 18-week inter-
vention in grade 10 to explore how the ADI model influenced students’ participation in
argumentation and crafting written arguments. This was therefore an example of the
social domain. They conducted the same performance test before and after the interven-
tion, in which groups of students were supposed to explain a scientific phenomenon and
write a scientific argument. The authors found that more students participated in the
discussion after the intervention and that the groups had a higher proportion of discus-
sion and oppositional comments, indicating increased engagement and a stronger will-
ingness to engage in argumentation. Furthermore, their explanations were more
accurate, indicating increased understanding. However, the students did not use scientific
theories or laws in their explanations and the model did not seem to have an impact on
this aspect of argumentation. When it comes to their written arguments, the analyses
showed that the students wrote better arguments (especially with respect to the quality
of the evidence and the sufficiency of the reasoning), but the explanations were often
‘conceptually inaccurate’ (Sampson et al., 2011, p. 244). Overall, the students developed
a more nuanced understanding of the components of a scientific argument during the
study, which is considered important both for students to be able to provide evidence
and reasoning for their claims and to be able to assess other people’s reasoning and
claims.

Two other studies applying ADI also focused on different facets of argumentation and
were categorised in the social domain. In a study in grade 9, Cetin and Eymur (2017) found
that the students improved their writing skills and that their ability to communicate
scientifically via posters also increased after participating in five lab activities based on
ADL. In the affective domain, they found that the students found peer reviewing their
fellow students’ reports and revising the reports after peer revision to be the most helpful
aspects of the ADI model. In a similar study with 30 students who experienced the ADI
model and 30 students in a control group, Cetin et al. (2018) found that only the
experimental group increased their scientific writing skills and that the girls increased
their skills more than the boys. Furthermore, the experimental group scored significantly
higher than the comparison group on content knowledge (i.e. the conceptual domain).
When reflecting on the method in the affective domain, the students found the argument
sessions useful, and even though some students found the writing sessions to be
repetitive, they had positive perceptions. The teacher was most enthusiastic about the
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stages where the methods and arguments were created but also pointed to the problem
that the students’ written argumentation, to a large extent, focused on what they had
done rather than on discussing their findings.

In the epistemic domain, Eymur (2019) investigated how explicit NOS instruction
embedded in ADI activities affected grade 11 students’ conceptions of NOS. The author
found that the students’ views of NOS developed significantly among the 24 students
who followed explicit instruction, whereas the views of NOS among the students in the
control group (N =21), who were taught with an implicit focus on NOS and who followed
the structured inquiry model, did not change. The two remaining studies were placed in
the affective domain and ‘other’, respectively, and they investigated 10th-grade students’
self-efficacy and perceptions about IBCE and chemistry (Eymur, 2018) and creative think-
ing (Kumdang et al., 2018) after participating in lab activities following the ADI approach.
Both articles reported improvements in the aspect under study.

Process-oriented guided inquiry learning (POGIL)

Process-oriented guided inquiry learning (POGIL) was another commonly used model (N
= 6) that in five of the reviewed articles was applied with students in grades 10-11, while
in the latter with students from grade 6. POGIL is a collaborative, learner-centred, inquiry-
based instruction strategy that is built upon social constructivism and follows a three-
phase learning cycle (Eberlein et al., 2008). The learning cycle follows a series of questions
and starts with an exploration phase where the learners examine a model (i.e.
a combination of pictures, graphs, equations etc.); the questions guide the learner to
test hypotheses or explain relationships that can be found in the model. Secondly, in the
concept intervention phase, a specific concept or term is introduced, and learners discover
connections and patterns in the data. Finally, there is an application phase in which the
learners apply concepts to new situations (Eberlein et al., 2008; Hanson, 2006).
Throughout the learning cycle, the learners work in teams, and designated roles, such
as a manager, spokesperson, recorder or strategy analyst, can be given to promote
interdependence and involvement (Hanson, 2006).

Four of the included articles studied the effect of POGIL on learning a specific
chemistry topic and were, hence, categorised in the conceptual domain. Barthlow
and Watson (2014) studied the effect of POGIL on reducing alternative conceptions
related to the particulate nature of matter among students in the 10th and 11th
grades. In their study, which included pre- and post-tests, they found fewer
alternative conceptions among the students in the treatment group compared to
students who experienced a traditional lecture pedagogy. They found no signifi-
cant differences related to gender or race. Similarly, Sen et al. (2016) investigated
the effect of POGIL on 11th-grade students’ understanding of electrochemistry and
found that the students learning through POGIL performed better and had fewer
misconceptions than the students in the control group. De Gale and Boisselle
(2015), on the other hand, who investigated high-school students’ academic per-
formance and confidence after participating in a unit in organic chemistry, found
varied academic performance among the participants, arguing that the learners’
inexperience with POGIL may have affected the results. However, they also found
that POGIL improved the learners’ academic confidence (i.e. the affective domain).
Finally, in a study conducted in middle school, Ozkanbas and Kirik (2020) found
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that POGIL had a positive effect on 6th-graders’ understanding of the nature of
matter.

Within the category ‘other’, Sen et al. (2015) found that POGIL was better than
traditional pedagogy at developing 11th-grade students’ skills in self-regulated learning.
They also found improvements in the learners’ motivation and learning strategies. Finally,
Treagust et al. (2020) adapted POGIL, which is based on Western cultural and educational
contexts, to the Qatari context and studied the students’ perceived relevance and
perceptions of learning before and after POGIL instruction. They found that the use of
roles to facilitate communication was positive and that POGIL improved the learners’
perceptions of chemistry learning and academic performance.

5E model with variations

Four articles applied different variants of the 5E model and focused on the conceptual
domain. The 5E model is an instructional model to support inquiry-based teaching that
involves students in five phases: engage, explore, explain, elaborate and evaluate (Bybee
et al,, 2006). First, the learners are engaged in the task and links are made to prior
experiences. Thereafter, the learners explore the ideas, often through data collection,
before the ideas are explained. Finally, the students elaborate on the ideas and apply
them in new contexts to increase their understanding. Throughout the process, the
students’ understanding is evaluated by the teacher and by themselves (Bybee et al.,
2006).

Supasorn (2015) developed small-scale experiments following the 5E model that were
implemented in conjunction with a galvanic cell model kit featuring macroscopic, sub-
microscopic and symbolic levels in order to investigate grade 12 students’ conceptual
understanding and mental models for understanding galvanic cells at all three levels (i.e.
macro, sub-micro and symbolic). Supasorn and Promarak (2015) also conducted a similar
study on reaction rate, investigating grade 11 students’ conceptual understanding after
participating in IBCE based on the 5E model with analogies incorporated. Both studies
found positive effects on conceptual understanding. Sotakova et al. (2020) developed
inquiry activities based on the 5E model and investigated the effect on students’ under-
standing of changes in chemical reactions. They found that the experimental group
performed significantly better in terms of conceptual understanding - and that the
students in the experimental group with lower academic grades had the biggest change
from the pre- to the post-test.

Adesoji and Idika (2015) conducted a study in which they compared students’ achieve-
ment in and attitudes towards chemistry after participating in different types of teaching.
Two hundred and eight students participated in the study and 114 of them were taught
through something called the 7E model, which is similar to the 5E model but puts more
explicit emphasis on prior knowledge (elicit) and applying the knowledge to new contexts
(extend). Furthermore, 50 of them participated in case-based learning, which is similar to
PBL, and the remaining 44 students were taught through conventional methods. The
authors found that teaching through the 7E model and case-based learning were more
effective both with respect to achievement in and attitudes towards chemistry, and that
case-based learning was most effective for both aspects.
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Other models

Four of the included articles used one of three types of models other than those men-
tioned earlier: the science writing heuristic (SWH), explanation-driven inquiry (EDI) and
the designed student-centred instruction (DSCI). Kingir et al. (2012) and Kingir et al. (2013)
investigated the effects of SWH on Turkish grade 9 students’ academic achievement in the
topics of chemical change and mixtures. SWH is an argument-based inquiry approach
building on a writing-to-learn framework that guides teachers and learners in negotiating
meaning from experiments. It includes a teacher framework with a series of suggested
activities for the teacher to guide the students in writing, reading and discussions, and
a student framework that includes questions that prompt students to build knowledge
and construct scientific arguments (Keys et al., 1999). In Kingir et al. (2012), the authors
found through a quantitative study that the students following SWH performed signifi-
cantly better than the control group. They also found that the low- and middle-achieving
students performed particularly well and the achievement gap between low- and high-
achieving students based on prior results disappeared. In Kingir et al. (2013), they con-
ducted both quantitative studies and in-depth interviews to examine the students’
conceptual understanding. They found that the students in the SWH group performed
significantly better than the comparison group, but that students in both groups still held
misconceptions after the teaching element. The results from the interviews were consis-
tent with those observed in the test. The authors attributed the good results of the
students’ learning through SWH to social interactions, both between the students them-
selves and between the students and the teacher (Kingir et al., 2013). Lu et al. (2018)
studied the effect of EDI, ‘which frames students’ inquiry as an effort to explain phenom-
ena’ (p. 1857) and found significant effects on students’ conceptual understanding of
redox reactions and that misconceptions were less frequent, especially related to the
movement of electrons and spectator ions. Finally, Rahayu et al. (2011) studied the effect
of DSCI, a teaching programme that combines a constructivist approach and a hands-on
inquiry approach with context-based learning through a focus on students’ everyday
experiences and environmental issues. The authors found that the experimental group
performed significantly better than the comparison group on acid-base concepts and
displayed increased interest in learning science.

Summary of the articles in group 1

To sum up the categorisation of the articles testing different teaching models, they were
mostly conducted with students in grades 9 to 11 and half of them took place in Turkey (N
=14). When it comes to the categorisation, the articles were mostly categorised in the
conceptual domain (N = 18), investigating students’ achievements and/or misconceptions
after participating in a teaching activity following the specific model. This is often in
connection with the affective domain (N = 14), investigating students’ perspectives on the
specific teaching model — or how their affection towards or motivation for chemistry
changed as a result of their participation in the activity. Only one article was categorised in
the epistemic domain, investigating the effect of explicit NOS teaching on students’
conceptions of NOS, whereas three articles were categorised in the procedural domain.
Four articles were categorised in the social domain and three of these were, not surpris-
ingly, connected to the ADI model, investigating students’ argumentation skills. Thus, the
articles exploring the ADI model differed from the remaining articles with their focus on
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domains other than the conceptual domain (only one article was categorised in the
conceptual domain). The seven Group 1 articles categorised as ‘other’ focused on different
types of skills (study skills, creative thinking and problem-solving), self-regulated learning
and the learning environment.

When it comes to the methods applied, they were mostly quantitative (N=14) or
mixed methods (N =13), often with a strong quantitative component. In some of the
mixed-method studies, the qualitative part was in the affective domain, investigating the
students’ perceptions of the model. Only three studies were qualitative, and two of them
were related to students’ argumentation. Even though many of the studies in this group
were quantitative, they were of varied quality, as can be seen based on the typology. Six
of the studies did not have a control or comparison group, and five of these did not report
effect size (i.e. D). Furthermore, there were eight studies which failed to describe the
comparison conditions (i.e. Az, Bz and B,). There were also studies having a superficial
character, focusing on several aspects in a small study — or having relatively few respon-
dents (between 30 and 50). However, there were also several examples of thorough and
well-conducted studies (i.e. B,).

Group 2: articles testing specific learning environments

Twenty-four articles were categorised in Group 2, focusing on specific learning environ-
ments. These learning environments included technology-based learning environments,
authentic science experiences, and games and comics. The results of the analysis are
given in Table 7.

Technology-based learning environments

Thirteen articles in this review used technology-based learning environments as the
starting points for their studies. Most of these studies used specific learning environments
or programmes to explore students’ learning. Thus, similar to the articles in Group 1, most
of these articles were categorised in the conceptual domain.

Many articles using technology-based learning environments explored different types
of virtual experiments. In the conceptual domain, Davenport et al. (2018) investigated
how ChemVLab+ (i.e. ‘online activities that enable students to learn core concepts while
carrying out investigations in real-world contexts’ (p. 1250)) affected high-school stu-
dents’ learning of stoichiometry, equilibrium and thermodynamics. They found significant
improvements from the pre- to post-test stages and found that students who completed
more activities scored better. The activities contained paired tasks and the authors further
found that the students applied understanding gained from the first task when solving
the second. They also found that the students benefited most from working indepen-
dently on the tasks (Davenport et al., 2018). Pyatt and Sims (2012) investigated the value
of physical and virtual experiments for students in first-year chemistry in high school and
found that they were similar in terms of student performance in the conceptual and
procedural domains, but that, in some cases, the students performed better after con-
ducting virtual experiments because the quality of the data was better, yielding a more
accurate model of the phenomena under study. The students valued both physical and
virtual experiments but appreciated that virtual experiments gave them more time to
focus on the content and interpretations rather than on conducting the experiments;
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hence, they had positive attitudes towards the use of computers in the lab (Pyatt & Sims,
2012). Still in the conceptual domain, Sugiharti and Habeahan (2018) explored students’
learning outcomes on thermochemical materials according to their numerical ability after
participating in PBL combined with either real labs or virtual labs. They found that the
class taught using a virtual lab had higher average results. They also found that students
with high numerical ability had higher learning outcomes than those with low numerical
ability.

With the main emphasis on the procedural domain, Dori and Sasson (2008) explored
how a case-based computerised laboratory (i.e. ‘a chemistry learning environment that
integrates computerised experiments with emphasis on scientific inquiry and compre-
hension of case studies’ (p. 219)) affected 12th-grade students’ chemical understanding
and graphing skills. They found that the students using the computerised laboratory
improved their graphical skills but not their chemical understanding.

Finally, there were some articles exploring virtual labs in the ‘other’ category.
Kaberman and Dori (2009a) examined how metacognitive strategies included through
a case-based computerised laboratory learning unit affected students’ skills at posing
questions and analysing these questions according to a given taxonomy.
Questionnaires showed that the students improved their question-posing skills signifi-
cantly and the number and complexity of the questions were significantly higher. There
was a significant difference in the experimental group compared to the comparison
group. Furthermore, interviews with some of the students revealed that the students
were able to analyse the questions and they were able to improve the questions during
the interview. In another study, Kaberman and Dori (2009b) investigated the effect of
a case-based computerised laboratory combined with computerised molecular modelling on
question posing, inquiry and modelling. They found a significant effect among the
experimental group from the pre- to the post-test. The students asked more questions
and more complex questions. When it comes to modelling skills, the learners improved
significantly in transferring from 3D models to structural formulas, but half of the students
struggled with the opposite transition. Still in the context of a virtual chemistry lab,
Donnelly et al. (2014) investigated how power relations either stifled or facilitated IBCE.
They found that the traditional roles of the teacher and student were maintained: The
teacher monitored completing rather than understanding the task, hence emphasising
the product over the process, and there was a lack of student engagement in scientific
ideas. Thus, the authors concluded that there was an ‘apparent presence of inquiry, but
under the surface, traditional expectations, beliefs and values steer the lesson towards
clearly defined directions. This study highlights the difficulty of enacting true inquiry
within the complex power dynamics of the classroom’ (Donnelly et al., 2014, 2048).

Another topic explored by four articles was the use of visualisation tools. Stieff (2011)
discussed the design of a computer-based visualisation tool called the Connected
Chemistry Curriculum and its impact on students’ learning and use of chemical represen-
tations within the topic of matter. He found that the students following the Connected
Chemistry Curriculum showed small to moderate improvements in their achievements
and significant improvements in their use of representations, especially in relation to the
use of sub-micro representations. Stieff (2019) also investigated the efficacy of the long-
term impact of visualisation-supported inquiry activities from the Connected Chemistry
Curriculum. The activities were implemented in three topics (i.e. the particular nature of



STUDIES IN SCIENCE EDUCATION e 23

matter, chemical reactivity and chemical equilibrium) and the students showed large
improvements from the pre- to the post-tests. They also scored better on these topics in
the end-of-year achievement assessment compared to topics in which they followed the
district curriculum. In another study on visualisation tools, Zhang and Linn (2011)
explored 8th-grade students’ understanding of chemical reactions after working with
visualisations using the Web-based Inquiry Science Environment, WISE. Eighty-one stu-
dents generated drawings, visualising a chemical reaction before, right after the reaction
started, some time after the initiation of the reaction and after completion, while the other
52 did not generate these drawings, and instead spent more time on the visualisations.
The authors found that all students improved their understanding of chemical reactions,
but that the students who generated the drawings had a more complex understanding,
probably owing to them having to articulate and represent their ideas. Especially those
with partially correct ideas improved their understanding (Zhang & Linn, 2011). Finally,
Ryoo et al. (2018) explored how visualisations could foster 8th-grade English-language
learners’ (ELLs) understanding of properties of matter and chemical reactions at the
molecular level - and compared it to non-ELLs. The students showed significantly
improved understanding of both topics, and molecular visualisation seemed to be espe-
cially effective in learning chemical reactions and in the conservation of mass. There was
no significant difference between the ELLs and the others, which suggests that visualisa-
tion can be useful for both groups.

The two remaining articles on technology-based learning environments explored data-
logging activities and collective knowledge building, respectively. Deng et al. (2011)
investigated whether constructivist-oriented data-logging activities affected students’
conceptual understanding and metacognition. They found significant effects in both
areas and that students with better metacognition showed better conceptual under-
standing. Finally, Chan et al. (2012) investigated the role of collective knowledge building
in promoting scientific understanding among high-school chemistry students in
Hong Kong using a knowledge-building community. They found that the students who
had used the knowledge forum performed better than the comparison group, both on
the post-test and on the public examination one year later. They also saw that the
students used several discursive moves, such as posing wonderment questions and
working in an inquiry-based manner to write and revise explanations - moves that the
authors argue are not common in traditional Hong Kong classrooms (Chan et al., 2012).

Authentic experiences

Eight articles in Group 2 involved students in authentic inquiry experiences. Five of these
were placed in the affective domain, often in addition to another domain. Apedoe et al.
(2008) described a teaching unit (i.e. classroom practice) that combined engineering with
scientific inquiry, where high-school students designed a heating or cooling system that
relied on chemical energy and met a personal need. The students significantly increased
their understanding of the relevant topics in chemistry in the conceptual domain — and
also increased their interest in engineering careers in the affective domain.

Still in the affective domain, Itzek-Greulich and Vollmer (2017) compared a control
group with three experimental groups taught through guided-inquiry lab work: one
taught at school, one taught in a Science Centre Outreach Lab visit and one taught in
a combination of the two. They found that the students in the experimental groups
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displayed more favourable emotions during the activity than those in the control group.
Among the experimental groups, different conditions favoured different parts of the lab
work. The school group favoured higher enjoyment of the theoretical part, while the
combined setting favoured higher situational competence in the practical part (ltzek-
Greulich & Vollmer, 2017). In the affective and conceptual domains, Duffin et al. (2016)
explored how a three-week intervention in the form of an authentic, inquiry-based
chemistry project where students connected chemistry to real-world consumer products
affected the students’ performance, utility value, interest and intentions to study chem-
istry in the future. They found that the students improved their content knowledge, found
it relevant and indicated greater intentions to study chemistry in the future. However,
there was no significant increase in interest in chemistry.

In the procedural domain, Blonder et al. (2008) explored the levels of the inquiry
questions students asked when working with an open inquiry related to gas chromato-
graphy in a science laboratory centre. They divided the students’ questions into three
levels: questions about subject matter (level 1), questions related to scientific equipment
or methods (level 2) and questions related to real life (level 3), and found that 80% of the
inquiry questions were at level 1 and 6% were at level 3. Furthermore, they compared the
questions to the students’ level of achievement and found a correlation between their
level of achievement and their level of inquiry questions. The average and below-average
students only asked level 1 questions, whereas the excellent students asked higher-level
questions (Blonder et al., 2008).

The remaining four studies were conducted by van Rens and colleagues, who, in
several studies, developed design principles for authentic chemistry experiences related
to the category of classroom practice. In van Rens et al. (2013), they proposed six design
principles to bridge the gap between inquiry practices in secondary school and scientific
research practice:

(1) serious partnership in the process of knowledge development, (2) knowledge develop-
ment occurs by doing scientific research, (3) key questions in the respective science domain
are central, (4) acquaintance with collaboration and communication in a research community,
(5) critical judgement by reflection, and (6) access to scientific resources and apparatus.
(p. 1015)

They found that all of the design principles were necessary to bridge the gap, but some of
them were difficult to achieve. They further investigated what changes occurred with
content knowledge, the understanding of NOS and interest in scientific research after
participating in the authentic experience, and found increases in all three domains (i.e.
conceptual, epistemic and affective).

In van Rens et al. (2014), they investigated the level of understanding of quality in
inquiry for secondary students when they conducted peer reviews, and the study was
therefore placed in the epistemic domain. They found that the understanding was good
relating to the presentation of the results, discussion and conclusion, but that it was
poorer on inquiry questions and the reliability of the results. van Rens et al. (2004)
developed an authentic research task for students on ‘Diffusion of ions in distilled
water’, with a focus on the concepts of evidence. The students conducted a guided
experiment, analysed a research article, conducted their own experiment, wrote
a report and had a peer discussion focusing on the concepts of evidence before rewriting
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their reports. The authors conclude the article by arguing, ‘The authentic research
problem, followed by the need-to-know principle, as integrated in the design (...) has
stimulated students to carry out deeper and more complete learning activities than we
have seen in previous studies’ (van Rens et al., 2004, p. 506). Finally, van Rens et al. (2010)
constructed a framework for teaching scientific inquiry in upper secondary education. The
framework is based on two design principles: 1) ‘guiding students to conduct a cyclic and
iterative inquiry process’ and 2) ‘creating an inquiry community’ (p. 789). After regular
discussions with five teachers over three years and testing with 80 students, they con-
cluded the framework. Based on the first design principle, they concluded that the
framework should support willingness (an authentic problem and freedom, but scaffold-
ing when planning), knowing (relevant subject knowledge and knowledge about the
equipment, accuracy, reliability and validity) and ability (practicing the different parts of
scientific inquiry, such as formulating questions, handling equipment and data, etc.).
Based on the second principle, they concluded that an inquiry community contains four
components: an inquiry problem (an authentic problem that is common for the class and
unknown to the learners and teacher); letting the learners produce inquiry results; orga-
nising a critical discourse; and stimulating them so that the learners develop new knowl-
edge and ask further questions.

Games and comics

The final three articles in this group used games and comics as an approach to IBCE. Two
of these articles described the development of computer games for learning chemistry
(Chee & Tan, 2012; Srisawasdi & Panjaburee, 2019), while the latter investigated the use of
comic-based lab instructions in a non-formal inquiry-based laboratory learning environ-
ment (Affeldt et al., 2018). Srisawasdi and Panjaburee (2019) developed a computer game
called the Factory Game and compared 11th-grade students’ learning about the proper-
ties of liquids through the game to students who were taught by regular IBCE. They found
that both groups had a significantly increased conceptual understanding (although there
was less than a 50% score in both groups), but the game group scored significantly higher
than the regular group. The game group also showed higher motivation in terms of
intrinsic motivation, self-determination and self-efficacy. Similarly, Chee and Tan (2012)
designed and developed the educational game Legends of Alkhimia to foster chemistry
learning through inquiry. The game allows the students to engage in problem solving and
a virtual lab and hence use chemistry in realistic contexts. They found that the game
fostered an inquiry culture in the classroom of 13-year-olds and noted significant shifts in
the students’ epistemological beliefs, separation effectiveness and conceptual under-
standing. Finally, in the affective domain, Affeldt et al. (2018) found that comics had the
potential to increase both learning motivation and personal engagement among stu-
dents in the 6th grade.

Summary of the articles in group 2

To sum up, the articles testing specific learning environments were quite varied in terms
of domains. There were still many articles in the conceptual domain (N=15), but the
remaining domains were also strongly represented (affective domain=9, procedural
domain =6, classroom practice =5, other =4, epistemic domain =4 and social domain
= 3). The four Group 2 articles in the category ‘other’ were studies from the technology-
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based learning environment focusing on metacognition, drawing and power relations.
The articles in the epistemic domain were related to authentic experiences (N=3) and
games (N=1).

When it comes to methodology, there was an excess of quantitative studies (N=15)
and they were mainly conducted in the United States (N = 8), Western Europe (N = 6) and
Asia (N =5). Another feature to bring forward from this group is that the studies typically
had many respondents: 15 of the articles had 80 respondents or more, and 6 of the articles
had more than 500 respondents. Both the quantitative and qualitative studies had quite
a good number of respondents. Furthermore, the quality of the experimental studies was
better than those in Group 1; half of the studies with a level 3 control group (i.e. A;-A4) was
placed in Group 2 and the majority of the studies described comparison conditions when
relevant and reported effect size.

Group 3: articles reporting on teachers

Group 3 included articles that reported on teachers’ use of IBCE. The articles were grouped
into two sub-categories with respect to whether the studies addressed teachers’ practices
or views. The results of the analysis are given in Table 8.

Teachers’ practices

Fifteen of the included articles were studies investigating the inquiry practices of teachers,
and several of these (N =9) were thus categorised as ‘classroom practice’. Three of these
articles focused on teachers’ classroom practices after participating in professional devel-
opment initiatives. These articles typically introduced the teachers to specific teaching
models that they later applied with their students. In the United States, Yezierski and
Herrington (2011) and Herrington et al. (2011) explored how participation in
a professional development programme known as Target Inquiry (TI) influenced chem-
istry teachers’ practices. The teachers were part of a 2.5-year programme where they first
worked with educational research for a time period of six weeks before teaching the
following school year. Thereafter, they used their research experience and literature to
modify existing material that they revised after piloting the activities in the classroom.
Yezierski and Herrington (2011) found that it took two years of Tl for observable gains to
be detected among the 18 participating teachers. This is in line with Herrington et al.
(2011), who found that changes in practice did not occur for all eight teachers in their
study before they had worked to adapt the material themselves. Herrington et al. (2011)
also investigated how changes in practice corresponded to changes in knowledge and
beliefs about IBCE in the affective domain, and they found that both the teachers’
practices and their beliefs changed, but that two teachers were actually ‘less able to
distinguish between inquiry and non-inquiry activities’ (p. 82).

In Finland, Juntunen and Aksela (2013a) worked with 20 teachers over two years in
order to improve the quality of sustainability education by combining life-cycle analysis
(LCA) with IBCE. Through the course, they developed a framework for LCA project work
consisting of four steps: 1) familiarising the students with the topic; 2) allowing the
students to work in groups following an inquiry pattern (choose a product, make up
questions, search for information, collect answers, opponent another group, improve
their own work, make a presentation and prepare questions for their opponent
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group); 3) giving presentations with opponent groups; and 4) engaging in a summary
discussion or debate. The study revealed that LCA could be used at all school levels, but
that students’ learning outcomes needed to be further investigated.

Still in the category of classroom practice, Li and Arshad (2015) investigated inquiry
practices of Malaysian chemistry teachers using a video study. They found that the
teachers mostly asked closed questions and typically followed the students’ answers
with the correct answer and explanation. The group activities were mostly cookbook
experiments related to verbal interaction. Overall, this indicated that inquiry teaching had
not been implemented, and the authors suggested the inclusion of an inquiry model
based on verbal interaction consisting of the triangle of multiple representations of
chemistry teaching (i.e. sub-micro, macro and symbolic), the five features of inquiry
teaching (i.e. students asking questions, giving priority to questions, formulating explana-
tions, connecting explanations to knowledge and communicating knowledge) and
inquiry-based verbal interactions (i.e. open-ended questions, sequences of verbal inter-
actions after the questions and students’ responses, and a student-centred teaching
pattern with the teacher as a facilitator). In China, Wang et al. (2014) examined two
teachers’ enactments of scientific inquiry and what factors influenced their enactments.
The first teacher taught the topic air (composition, oxygen, carbon dioxide and combus-
tion) in grade 4 and engaged the students in all phases of the inquiry (i.e. asking
questions, making hypotheses, making plans, collecting evidence and drawing conclu-
sions) in an explicit way to show students how to do and experience inquiry. The second
teacher taught the topic acids and bases in grade 9 and placed more emphasis on IBCE
than on learning inquiry. The teaching focused on solving problems in an authentic
context and emphasised ways of making plans when solving authentic problems. The
authors found that the enactment was influenced by teachers’ understanding of inquiry,
textbooks, students, assessment and resources.

The last four studies, categorised as classroom practice, were conducted in the United
States. Tolentino et al. (2009) explored two teachers’ implementation of SMALLab (i.e.
Situated Multimedia Arts Learning Laboratory) in an acid - base titration with their grade
10 students. They found that the teachers were more successful in framing learner-
centred environments in SMALLab than during regular teaching and argued that this
could be due to the active collaboration between the teachers and the scaffolding in
SMALLab that framed student — teacher relationships and student discussions. The
students also showed significant learning gains. Patchen and Smithenry (2014) followed
a chemistry teacher in her day-to-day work throughout a year, teaching chemistry in
a total of three classes (grades 10-11). The authors used cultural historical activity theory
to analyse how the teacher used traditional teaching methods to scaffold IBCE in order to
explore the practical integration of more student-directed inquiry. In another article,
Smithenry (2010) presented a year-long case study of a high-school chemistry teacher’s
implementation of guided inquiry. The author concluded that the integration of guided
inquiry goes beyond the actual inquiry activity, and also includes the introduction to and
the departure from the activity, and warned that extra time spent on inquiry could be at
the expense of other parts of teaching. Finally, Criswell and Rushton (2014) identified
patterns related to classroom practice by analysing 14 inquiry-based lessons in the class-
rooms of five high-school chemistry teachers. They found that there were two general
patterns across the lessons. The expansive pattern displayed by two of the teachers was
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characterised by an exploration of students’ ideas in small groups, no clear links between
ideas generated by the students, discussing the validity of these ideas before testing them
and that the solution was seldom connected to the students’ proposals. The open pattern,
on the other hand, had the majority of explanations in the whole-class mode, where the
teacher challenged the students to elaborate on their ideas before testing them (i.e. ties
between the empirical and logical analyses) and the solution was connected to both the
correct and alternative proposals.

Three of the remaining articles were categorised into epistemic or social domains. In
the epistemic domain, Strippel and Sommer (2015) interviewed 14 German secondary
school teachers to explore how they incorporated learning about scientific inquiry into
laboratory work in chemistry. They found that the nature of scientific inquiry was not
a primary focus of the teachers but that some aspects were reconcilable with the
laboratory work in chemistry. Furthermore, they found that the teachers holding PhDs
made regular links between the topic and their own research experience, but at the same
time, they struggled to include it in their teaching. In the social domain, McNeill (2009)
and McNeill and Krajcik (2008) focused on how middle school teachers facilitated stu-
dents’ argumentation in chemistry. McNeill and Krajcik (2008) explored 13 teachers’
instructional practices when introducing scientific explanations. The instructional prac-
tices involved defining scientific explanations, making the rationale of scientific explana-
tions explicit, modelling scientific explanations and connecting scientific explanations to
everyday explanations. The authors found that the teachers varied in their practices when
it came to both types of practice and quality of use. They also found that these practices
influenced students’ ability to construct scientific explanations (McNeill & Krajcik, 2008). In
the other study, McNeill (2009) investigated instructional practices more in depth by
exploring the support that six teachers gave to their students when writing scientific
arguments. She found that the teachers’ definitions of scientific argumentation differed
and that their definitions affected their classroom practice, which in turn affected the
learning gain (McNeill, 2009).

The final three articles were categorised as ‘other’ and two of these focused on
assessment. Bernard et al. (2019) conducted a case study to explore how experienced
chemistry teachers with a positive attitude towards IBCE integrated inquiry-based teach-
ing with formative assessment. They found that the inquiry integration was done satis-
factorily by the two teachers involved, but that the integration of assessments was
challenging, especially when attempting to do so in a formative way. This was linked to
the lack of experience of the teachers and to contextual issues related to formative
assessment being undermined in the country of study (i.e. Poland). Harshman and
Yezierski (2015) interviewed 19 chemistry teachers to identify how they used assessment
and classroom data to inform their teaching. They found limitations in the teachers’
practices when they examined them through a process called data-driven enquiry: the
learning goals were not specific and conducive to informing instruction; the teachers
based their evaluation solely on test scores, presuming that a correct answer equalled
understanding; the conclusions were mainly focused on students and their learning,
rather than on the teacher’s instructions; and few teachers specified concrete actions
based on the analysed data. In the final article, Gao and Wang (2014) examined whether
the establishment of centralised curriculum standards and school-based teacher learning
communities influenced two teachers’ inquiry-based teaching. They found that the



30 K. M. JEGSTAD

curriculum standard and relevant material did not assist the teachers’ practice change due
to limited experience and knowledge, limited time and a discrepancy between the new
curriculum and the assessment system. District support was not found useful by any of
the teachers, either. However, during the two years, the participants developed differently
in both understanding and practice. One of the teachers embraced the inquiry method
and engaged the students in asking questions and developing experiments. She argued
that IBCE was a better method to teach the content and perceived the goal of the
teaching to be both learning chemistry and understanding the process. This teacher
was also closely supported in her school chemistry teaching research group, where they
collaboratively developed teaching lessons and benefited from observing and discussing
other teachers’ lessons. The other teacher, on the other hand, did not fully understand
IBCE and found it to be less effective than traditional teaching. Her school chemistry
teaching research group allowed her to teach as she used to and the group spent more
time complaining about problems they encountered (Gao & Wang, 2014).

Teachers’ views
Five articles focused on teachers’ views and beliefs and were hence placed in the affective
domain. In Israel, Peleg et al. (2017) investigated chemistry teachers’ views on using
storytelling in connection with mysteries in the science classroom and the factors pro-
moting and hindering implementation. They found that even though it could enrich
inquiry learning, there was a reluctance among some of the teachers to use fictitious
stories. This was both related to their image and to the telling of stories that were not
entirely true. In Hong Kong, Cheung (2008) investigated seven chemistry teachers’ major
concerns about implementing inquiry-based laboratory work in their schools and strate-
gies that could be used to reduce these concerns. The three most common concerns were
a lack of time, a lack of inquiry learning material and large class sizes. The author
suggested several strategies to assuage each of these concerns, such as specific material
and designing shorter inquiry activities. In a later article, Cheung (2011) developed
a guided-inquiry scale to measure teachers’ beliefs about implementing guided-inquiry
labs in secondary schools and how their beliefs differed. The scale had three dimensions:
the value of the guided-inquiry labs, limitations of regular labs (i.e. cookbook style) and
issues with implementing guided-inquiry labs. The items were first tested with 50 teachers
and, thereafter, 150 teachers. The second sample consisted of both users of guided
inquiry (N=111) and non-users (N =39). The items provided valid and reliable data.
Two of the articles were categorised within classroom practice as well. Roehrig and Luft
(2004) explored factors influencing the classroom practices of 10 beginning secondary
chemistry teachers in the United States. Only five of the teachers were observed imple-
menting inquiry activities, and only one of the teachers used it frequently. The authors
found a connection between teaching beliefs and classroom practice; teachers with more
constructivistic teaching beliefs included more IBCE. When it comes to content knowl-
edge in chemistry, there was an opposite effect. The three teachers with the highest
degrees in chemistry had the most traditional teaching, and the authors argued that this
was due to them teaching as they themselves had been taught. The final factor was the
presence of teaching and learning resources, which was especially needed by the science
teachers without a background in chemistry. Donnelly et al. (2013) conducted case
studies investigating four teachers’ perceptions of their implementation of inquiry-
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based approaches and their reasoning underpinning this when using virtual chemistry
laboratories in guided inquiry. They found that the use of virtual laboratories could
overcome many of the ‘typical’ challenges teachers face, such as time, safety and resource
demands, allowing the teachers to focus instead on analysing the findings and on
students’ learning. Furthermore, it allowed for a shift in focus from procedures to more
problem-solving — and a more authentic picture of science. However, the teachers also
pointed out some challenges related to classroom management, such as distracted
students and students giving up on tasks, emphasising the need to address the culture
of the classroom (Donnelly et al., 2013).

Summary of the articles in group 3

Many of the studies in this group were from the United States (N =10) and, as with the
prior groups, they were mainly conducted at secondary level (N = 18). The articles in this
group differed from those in the other groups in several ways, since the focus was on
teachers rather than on students. They differed in terms of the methodology applied, as
most of the articles followed a limited number of teachers in qualitative studies.
Moreover, in the case of the mixed studies, they were more qualitative in character, and
only three of them were experimental studies, all without a control group, but reporting
effect size (i.e. D,). When it comes to categorisation into domains, many studies were, in
line with the other groups, categorised in the affective domain. However, one difference
was that many studies were categorised as classroom practice, describing how IBCE was
implemented in the classroom. The category ‘other’ included three articles focusing on
assessment (N = 2) and teachers’ experiences (N=1).

Group 4: additional relevant studies

Group 4 consists of the 28 remaining studies that were not covered by Groups 1-3, but
that were still relevant for this review article. The group is presented with a focus on
domains; articles that were categorised into more than one domain are presented in the
domain where the emphasis of the article is placed. The results of the analysis are given in
Table 9.

Conceptual domain

As with the prior studies focusing on students (i.e. Groups 1 and 2), many studies in Group
4 investigated the effect of IBCE on students’ understanding and were therefore placed in
the conceptual domain (N = 12). Two articles were placed in the conceptual domain only.
Doucerain and Schwartz (2010) investigated the effect of guided inquiry and argumenta-
tion on 8th-grade students’ conceptual understanding of the conservation of matter. They
found that guided inquiry led to a significant gain in students’ understanding but was less
effective than argumentation sessions. The second article was from Sola and Ojo (2007),
who compared the effectiveness of three methods called the project method, the lecture-
demonstration method and the inquiry method for teaching experimental aspects of
chemistry with the ‘separation of mixtures’ topic in chemistry. Most studies in this review
reported positive conceptual outcomes from IBCE, but a couple of articles, including this
one, differed by reporting on studies where IBCE had poor outcomes. They found that
students taught with the inquiry method performed poorer than those taught with either



32 K. M. JEGSTAD

paxXIW 6

uenb ¢
9 ¥ 8 Cl S [4 4] 8¢ ‘lenb g wng
paxiw |
quenb |
(8107) "[e 1 BLPNS ‘(8007) UIRISOH pue siudiy {(Z107) e 12 pPp1da € - l - - - L € ‘lenb | 13410
921oeud
(0L07) "8 3° wousboH - L l - - - - 1 ‘lenb | wooissed
(e€1L07) eesAY pue usumunr | - l - - - - L paxiw | SAIIYY
(0207) "|e 32 9poIapalg UeA {(6107) '|e 39 9duIo] {(0Z07) [e 32
Aelezs {(9107) Y101 pue Aejezs {(5L0T) ‘|e 32 BuLyaN {(8007) uoluy pue paxiw €
13G3N (8007) [IIPNOW pue BnH {(5007) '[e 12 UIISJOH ‘(L L0T) ‘|B 32 XapINa ‘uenb 9
‘(£107) 21puexia|y-zaugwir pue zaiad-se1alni) {(GL0g) ‘|e 32 Japuolg ¢ L [4 Ll C - 14 L ‘lenb g |einpacoid
paxiw |
(6007) ‘uenb |
sde) pue uosdwes (€107) ‘|8 19 YdIAsydIeY (F107) B9y pue uaununf - - - - € - - € ‘lenb | |eos
paxiw |
(LLOZ) NynwnINyA (8L07) ‘e @ seq - - - - - 4 - 4 ‘juenb | JIwaisid]y
(£107) zewiA pue anbzq (£007) of0
pue e|0S (£ 107) UeYle| pue uasas :(910T) PSIDIZaA pue ullaquily (010T) paxiw ¢
ZJeMUIS pue ulesadnoq (S107) ‘|8 19 wedley) {(ZL0Z) MSI91ZaA pue d|pug - 4 € l - - / [ ‘juenb § Jenidasuo)
S3pd13e papnpu| 19yl dmoeud  BAIDIYY [RINPIDOI4  [eD0S dlwdlsid] [enydaduo) N SPOYIBN  (SSIPNIS JUBAI|DI
wooisse|) Jeuonippe)
¥ dnoip

‘uonjesiobaled pue spoyisw 03 buipiodde  dnolb ul pasiobaled ssd1le Y} JO MIIAIBAQ 6 dlqel



STUDIES IN SCIENCE EDUCATION e 33

the project- or lecture-demonstration methods. However, an interesting question here
was what type of inquiry the students conducted, as in their introduction section, the
authors concluded with the following description of the inquiry method: ‘inquiry is the
way people learn when they're left alone’ (Sola & Ojo, 2007, p. 125). Furthermore, the four
treatment groups (i.e. lecture-demonstration method, project method, survey method
and control group) were from four different schools (one group in each school), which
makes it more difficult to control variables and rule out the influence of the school/
teacher. The authors also mentioned limitations related to the inquiry group, such as
a lack of experience and equipment.

The remaining studies were categorised in another domain as well, but five of them are
presented here, since the articles emphasised conceptual learning. In three of the articles,
the conceptual domain was combined with the affective domain. Sesen and Tarhan
(2013) investigated the effects of inquiry-based laboratory activities on students’ under-
standing of electrochemistry and attitudes towards chemistry and laboratory work and
found a significant increase in both areas compared to the control group. Ozgiir and
Yilmaz (2017) examined the effect of guided IBL on gifted grade 8 students and found
a significant difference both with respect to their understanding of acids and bases and
their motivation towards science. Chairam et al. (2015) included IBCE in order to include
more student-centred learning in Thailand and investigated the effect on students’
understanding of kinetics and science process skills and their attitudes towards IBL
activities (i.e. conceptual, procedural and affective domains). They found that the students
enjoyed IBCE and that they made learning progress in some areas, but not all.

Finally, in some of the articles, the development of specific teaching sessions was
described, and these were placed in classroom practice in addition to the conceptual
domain. Kimberlin and Yezierski (2016) designed two inquiry-based lessons to facilitate
students’ conceptual understanding of stoichiometry; the lessons resulted in
a significantly increased understanding when students from both grades 11 and 12
were tested. Bridle and Yezierski (2012) described the implementation of inquiry-based,
particulate modelling experiences and investigated their effectiveness at improving
students’ conceptual understanding of chemistry. The study was a pilot study without
a control group, but showed positive effects within this population.

Epistemic domain

Two articles were placed in the epistemic domain. In Bhutan, Das et al. (2018) investigated
how an explicit focus on NOS influenced students’ views on the topic. They found that the
students’ views changed from naive to more informed when considering NOS. In
Zimbabwe, Vhurumuku (2011) investigated the relationship between students’ scientific
epistemologies and their perceptions of the nature of laboratory inquiry. They found that
most students had quite traditional views of NOS and perceived the level of inquiry to
be low.

Social domain

Five articles were categorised in the social domain. Three of these focused on argumenta-
tion and are described here, whereas the remaining two focused on the presentation of
data in relation to the procedural domain and are described in the next section.
Katchevich et al. (2013) explored how high-school chemistry students’ argumentation
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skills differed in confirmatory and open-ended experiments. They found that the students
developed fewer arguments in the confirmatory experiments and that the arguments
were also of lower quality. The authors further explored the students’ argumentation
across experiments by comparing the hypothesis stage with the analysis and conclusion
stages and found that the arguments were better in the analysis and conclusion stages.
Sampson and Clark (2009) examined the value of collaboration when producing scientific
argumentation and found, much to their surprise, that arguments produced by groups of
students in terms of quality were equal to the arguments from the middle-performing
individuals. However, the students working in groups learned 'both from and about
scientific argumentation’ (Sampson & Clark, 2009, p. 473) when they engaged in a task
that required them to evaluate alternative explanations and create an argument that
justified the explanation. Finally, Juntunen and Aksela (2014) investigated how students
used scientific, ecological, socio-economical and ethical argumentation connected to
a project where they conducted LCAs of products. They found that the students used
socio-economical argumentation to a similar extent both before and after the project, but
that the use of scientific and ecological arguments increased during the project. When it
comes to ethical argumentation, it was low both before and after the project.

Procedural domain
The articles categorised in the procedural domain (N = 12) focused on different phases of
the inquiry process. Some were connected to the first phases of inquiry, such as three
articles from Israel that focused on the learners’ ability to ask researchable questions.
Hofstein et al. (2005) investigated students’ ability to ask questions both during experi-
ments and after reading scientific articles. They found that the students in the experi-
mental inquiry group asked higher-level-type questions about the experiment and also
asked more questions in general after reading the articles. Furthermore, they found that
the students in the inquiry group displayed a different attitude towards the tasks and
devoted more time and attention to the questionnaires. Dkeidek et al. (2011) studied the
effect of different cultures of student - teacher interaction on students’ questions. The
study was conducted with 12th-grade students in the Arab and Jewish sectors of Israel.
They found that the students from the Jewish sector tended to work independently with
the teacher as a guide, whereas the students from the Arab sector were highly dependent
on their teachers in formulating research questions. Thus, the authors concluded that
‘cultures, traditions, norms, social structure, modes of living, and related factors play
a significant role’ (Dkeidek et al., 2011, p. 1326) and such factors must be taken into
consideration. Similarly, Blonder et al. (2015) investigated how an inquiry-based chemistry
laboratory programme affected the questions of students from different sectors in Israel
(i.e. Arabic and Jewish, both religious and secular) — and whether there was gender-
differences. As opposed to earlier studies, they found the differences to be minor and
inconsistent. When it comes to the gender differences, girls were found to ask more
questions, but otherwise, there were no significant differences (Blonder et al., 2015).
Still in the planning phase and based on a claim that this phase is typically
neglected, Neber and Anton (2008) investigated the cognitive and motivational effects
of explicitly focusing on and supporting cognitive activities in this phase (i.e. observa-
tion, accessing prior knowledge, raising questions, anticipating answers and planning
for evidence). In their study conducted in Germany, they found that the experimental
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group had stronger preferences for open experiments, more intense reflections and
were better at formulating questions. In Spain, Crujeiras-Pérez and Jiménez-Aleixandre
(2017) investigated what actions students included when designing their experiments
and the patterns in the students’ experimental design over two consecutive school
years (grades 9 and 10). The actions included in the design by groups of students were
selecting materials and equipment, deciding on the measurement criteria, proposing
a procedure, and considering fair testing and reproducibility. Even though all of the
actions were not considered by all groups of students, they showed progress through-
out the two years. In Hungary, Szalay and Téth (2016) proposed a model for IBCE in
which, in the introduction to a topic, students first performed a step-by-step experi-
ment and thereafter designed an experiment by modifying the first experiment in
order to answer a given question (e.g. the effect of different factors on the rate of
reaction). This model was tested by implementing three lesson plans based on the
model in 12 schools in order to explore 9th-grade students’ ability to design experi-
ments and their development of content knowledge of the topic. The authors found
changes in their ability to design experiments that were higher in the experimental
group compared to the control group. However, when it came to content knowledge,
there was no significant difference, and some students in both groups even had
poorer results on the post-test compared to the pre-test. As a follow-up, Szalay et al.
(2020) tested the model with younger students (grade 7), but with poor results. They
found a weak positive effect on content knowledge in one of the groups, and no
effect in terms of designing experiments and attitudes towards chemistry.

The remaining four studies presented in this section focused on experiments and the
process of drawing conclusions from the data. Three of these studies covered other domains
in addition to the procedural domain, such as the two articles mentioned earlier, which
focused on different aspects of how students discussed or presented their data, and these
were placed in the social domain in addition to the procedural domain. van Brederode et al.
(2020) investigated the effect of the pre-laboratory activities of an inquiry assignment on
students’ critical thinking. The students were supposed to distinguish between different
reaction mechanisms for a substitution reaction and were divided into two groups: the
students in Group 1 answered pre-laboratory questions and were provided with laboratory
instructions, while the students in Group 2 designed an experimental plan and got a hint on
starting combinations for the experiment. Otherwise, the experiments were equal. The
students’ critical thinking was measured in their reports, focusing on a comparison between
the data and models, representing the extent to which the students had considered the
meaning of their experiments and had understood what had been observed. The results
showed that, to a larger extent, the students given the critical thinking pre-laboratory
activity tried to understand unexpected observations and thought ‘more deeply about
the meaning of their measurements’ (van Brederode et al., 2020, p. 1173). In the other
study related to the social domain, Hug and McNeill (2008) compared the quality of class-
room conversations when students analysed data that they had collected themselves (i.e.
first-hand data) compared to their analysis of second-hand data. They found that the two
types of data had both benefits and limitations and could be used for different purposes.
First-hand data offered opportunities to discuss how data should be collected and orga-
nised and to discuss data limitations, whereas the students more frequently discussed
patterns and drew conclusions based on the second-hand data. Thus, the authors argued
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that both types of data are important when developing skills in scientific inquiry and what
data to use depends on the learning goal.

The two final studies focused on inquiry skills. Nehring et al. (2015) investigated what
the cognitive, motivational and socio-demographic characteristics of students were that
contributed to their scientific inquiry skills. They included a total of 12 covariates and
found that, to a large extent, the characteristics predicted their inquiry skills. In particular,
their cognitive variables predicted their inquiry skills, but the motivational variables were
also important. Finally, Tornee et al. (2019) examined the effectiveness of traditional
versus guided inquiry on students’ problem-solving competence and chemistry learning.
They found that the guided-inquiry group increased their skills more than the other group
did, and argued that the increase could be due to the design, as the teachers were more
flexible in their supervision and the students engaged more with the problems and
collaborated more.

Affective domain

Eight articles were categorised in the affective domain, but seven of these focused on
other domains and are presented elsewhere. The only Group 4 article emphasising the
affective domain is an article where Juntunen and Aksela (2013b) investigated how an
inquiry-based LCA project affected grade 9 students’ attitudes towards chemistry and
their environmental literacy. The authors found that the students’ attitudes towards
chemistry increased and their impressions about chemistry changed from the subject
being non-useful to arguing that they learned beneficial things. When it comes to
environmental literacy, the students’ awareness increased, but half of them also
expressed that it would not change their behaviour.

Classroom practice

Four articles were placed in the category of classroom practice, and one of them focused
mainly on the teaching activity, which is described here. In Sweden, Hogstrom et al. (2010)
studied the teacher’s objectives for lab work and how these affected the learning
experiences of the students. They found that teacher — student interactions, both through
what the teacher said and how she acted, were particularly important, as this guided the
students in what they were supposed to learn from the lab work. The authors concluded
the article by suggesting the following:

a laboratory exercise for secondary school students should not include too many aspects.
Some aspects, like procedural skills and skills to interpret observations, ought to be dealt with
often. Other learning experiences for students, e.g. to plan experiments, should be provided
in laboratory exercises designed for such purposes. (Hogstrom et al., 2010, p. 520)

Other

Of the 28 studies in Group 4, six of them were placed in the category ‘other’. Three of
these have already been mentioned in prior categories and they focused on students’
environmental literacy (Juntunen & Aksela, 2013b) and the effect of different cultures of
student - teacher interaction on students’ questions (Blonder et al., 2015; Dkeidek et al.,
2011). Dkeidek and colleagues explored the differences between Arab and Jewish stu-
dents in another study as well (Dkeidek et al., 2012). They explored the students’
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perceptions of the laboratory classroom learning environment in an inquiry-oriented
chemistry laboratory and found that the student — teacher relationship and the pre-
inquiry phase differed.

The two final studies focused on students’ metacognitive skills and learning styles,
respectively. Kipnis and Hofstein (2008) investigated the potential of a lab programme
that involved all inquiry phases on Israeli grade 12 students’ metacognitive skills. They
used two different models for analysing the data, one that focused on cognition that
differed between their knowledge of cognition (declarative, procedural and conditional)
and their regulation of cognition (planning, monitoring and evaluating) that was relevant
for the inquiry activity — and another with components that can be expressed in con-
versations (Kipnis & Hofstein, 2008). The authors found that the students practiced
different parts of metacognition during the inquiry process, both in the specific activities,
such as asking and choosing questions, performing experiments and drawing conclu-
sions — and throughout the activities. Sudria et al. (2018) identified students’ learning
styles when working with inductive guided-inquiry learning and compared these to their
achievement. They found that guided-inquiry learning was fruitful for all types of learners,
but that the learning styles significantly affected their achievement.

Summary of the articles in group 4

The articles in Group 4 were quite similar to the studies in Groups 1 and 2. The studies
were mostly quantitative or mixed with a quantitative character, and in line with Group 1,
some studies had firm conclusions based on a few respondents. However, there were also
several studies with more than 100 respondents (N=11) and the quality of the studies
was in general better than those in Group 1, as can be seen from the typology. There were
only four studies without a control group, and three of these reported effect size (i.e. D;).
There were also seven studies with level 3 control group, and only three studies that did
not described the control conditions (A, and Bs).

The studies in Group 4 differed from the other groups in terms of geographical
distribution and, to some extent, also age and their categorisation into domains. When
it comes to the origin of the studies, there were six studies from Israel and four from the
United States, but otherwise, the studies were conducted in diverse countries. Regarding
age, in total, there were five studies from grades 7 and 8, which was half of the studies
from grades 6-8. Finally, when it comes to the domains, the conceptual and procedural
domains were strongly addressed (both with N=12). There were also several articles
categorised in the affective domain (N = 8), the social domain (N =5), classroom practice
(N=4) and ‘other’ (N=6). The articles in the ‘other’ category addressed cultural issues,
learning styles, metacognitive skills and environmental literacy.

Discussion

The aim of this study was to examine research on IBCE in primary and secondary schools
and to discuss how it is addressed in the research literature. The analyses revealed
a relatively constant publication rate since 2008. These studies were conducted with
varied foci, represented by the categorisation into groups and domains. In line with the
RQs, this section will include a discussion of the most prominent findings reported in the
reviewed articles. The findings will be discussed related to the distribution of the included
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articles according to domain, the learning outcomes from the studies across domains and
some overall characteristics of the reviewed articles.

Distribution of articles according to domain

Looking at the distribution of the articles according to domain, almost half of the included
articles (N = 46) were categorised in the conceptual domain. This is in line with the study
by Breslyn and McGinnis (2012), who found that chemistry teachers tended to focus on
content knowledge when enacting inquiry-based education. Moreover, even though the
topics addressed varied, traditional topics, such as electrochemistry, acids and bases, the
particulate nature of matter and stoichiometry were frequently addressed. Thus, the focus
seemed to be on ready-made science, and the students were, to a minor extent, allowed
to study science-in-the-making (Osborne, 2010), allowing them to understand the uncer-
tainty of knowledge and why scientists occasionally disagree. The only exceptions to the
traditional topics were studies focusing on chemistry in real-world consumer products
(Duffin et al., 2016), including LCA (Juntunen & Aksela, 2013a, 2013b, 2014). Furthermore,
most studies, except the articles related to PBL and real-world consumer products,
seemed to focus mostly on the sub-micro level of chemistry. Students often struggle to
make connections between the sub-micro and macro levels, which is important for
learning chemistry (Talanquer, 2011). As a response, Saritas et al. (2021) suggest to also
include observations at the macro level before modelling and drawing preliminary con-
clusions at the submicro level, in order to articulate the relationship and help the students
move across the levels.

There were also many studies in the affective (N = 37) and procedural (N =21) domains.
Studies in the affective domain were almost as frequent as studies in the conceptual
domain and were often addressed in combination with this domain. These studies
typically focused on students’ perspectives on the teaching activity or how their views
on or motivation for chemistry changed as a result of participating in the activity, mostly
with positive results. In the procedural domain, several studies focused on the quality of
students’ inquiry questions, finding that participation in inquiry led to better questions
(e.g. Hofstein et al., 2005; Neber & Anton, 2008), but that the achievement level of the
students (Blonder et al., 2008) and their culture (Dkeidek et al., 2011) affected their ability
to pose questions. There were also studies focusing on students’ ability to plan experi-
ments after participating in IBCE and the development of students’ practical skills,
including graphical skills and modelling skills, which showed positive results (e.g. Dori &
Sasson, 2008; Kaberman & Dori, 2009b; Smith, 2012; Szalay & Téth, 2016).

The epistemic and social domains were less frequently addressed in research on IBCE.
These results are similar to the results of a recently conducted literature review on inquiry-
based science education in teacher education (Strat et al.,, 2023), indicating a trend in
science education in general. The epistemic domain was addressed in eight articles,
including three articles focusing on authentic science experiences to give students
experiences in the epistemic domain (van Rens et al., 2004, 2013, 2014), and two articles
finding that an explicit focus on NOS was beneficial for students’ conceptions of NOS (Das
et al, 2018; Eymur, 2019). The social domain was addressed in 14 articles, including
articles focusing on students’ argumentation related to scientific quality (Sampson &
Clark, 2009; Sampson et al., 2011), chemical representations (Stieff, 2011) and the content
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of their arguments (Juntunen & Aksela, 2014), students’ writing skills (Cetin & Eymur, 2017;
Cetin et al., 2018) and discussions and the presentation of data (Hug & McNeill, 2008; van
Brederode et al., 2020).

A limited focus on the epistemic and social domains can be perceived as problematic,
given that science education needs to shift from its dominant focus on conceptual learning
to a more balanced focus on learning, where epistemic and social learning goals are
included as well (Duschl, 2008). Furthermore, according to Duschl (2008), the scientific
domains are intertwined, and knowledge developed in one domain is necessary in order
to engage in the other domains. Thus, a limited emphasis on the epistemic and social
domains may in turn affect the conceptual domain and science knowledge overall.
Furthermore, the limited focus on the epistemic domain, combined with an emphasis on
traditional knowledge in the conceptual domain, may give the students a limited picture of
chemistry. This, in turn, can restrain the students and make them ‘only able to justify their
beliefs by reference to the teacher or textbook as an authority’ (Osborne et al., 2001, p. 10).

Learning outcomes from IBCE

In line with previous studies on IBL (e.g. Furtak et al., 2012; Minner et al., 2010; Savelsbergh
et al, 2016), the articles included in this review mainly reported favourable learning
outcomes from IBCE. The authors point to the benefits of students being actively engaged
in constructing explanations through IBCE (e.g. Chairam et al., 2015) and the social
interactions both between the students, and the students and the teacher (e.g. Kingir
et al,, 2013). However, the positive results can also indicate a bias, where the experimental
group is given favourable conditions compared to the control group - an issue returned
to in the next section.

Different perspectives are emphasised to increase learning from IBCE. Hogstrom et al.
(2010) emphasised focusing on some aspects of the inquiry process at a time, and that
some aspects, such as procedural skills and interpretations of observations, should be
included more often than other aspects. An explicit focus on specific elements also seems
to be beneficial for learning. In line with the literature arguing that NOS needs to be
addressed explicitly (Bell et al., 1998), the included studies reported that explicit NOS was
beneficial for students’ conceptions regarding NOS (Das et al., 2018; Eymur, 2019). Based
on the positive learning outcomes in the studies, it can also be concluded that the explicit
focus on modelling skills or graphing skills or the specific parts of the inquiry process that
the various teaching models provide affect the learning outcomes beneficially.

There were also studies emphasising the role of digital learning environments in stu-
dents’ learning, as could be seen in Group 2. Some of these studies discussed virtual
laboratories as alternatives to physical laboratories (e.g. Pyatt & Sims, 2012), providing
student-centred learning environments. The highlighted benefits of virtual laboratories
included more time to focus on the content, reduced challenges, such as safety and
resource demands, and higher-quality data for the students to discuss and learn from
(Donnelly et al, 2013; Pyatt & Sims, 2012; Tolentino et al., 2009). As part of the digital
learning environment, visualisation tools were also found to be beneficial, especially when it
came to the use of sub-micro representations (Stieff, 2011) and students’ understanding of
chemical reactions, particularly when combined with drawings (Zhang & Linn, 2011).
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Although most articles in this review concluded with positive learning outcomes from
IBCE, there were also articles pointing to challenges related to the approach. In some
studies, they found that the students were not used to or ‘ready for’ the method (e.g.
Donnelly et al, 2013; Tarhan & Acar-Sesen, 2013; Tarhan et al., 2008), whereas other
studies pointed to a lack of familiarity among the teachers, and that their implementation
was affected by their pedagogical beliefs and their understanding of inquiry and the
related concepts (Gao & Wang, 2014; Li & Arshad, 2015; McNeill, 2009; Roehrig & Luft,
2004; Wang et al., 2014). There were also studies focusing on how power relations in the
classroom affected the implementation of IBCE and that both culture (Dkeidek et al., 2011,
2012) and the traditional expectations of the teacher - student relationship (Donnelly
et al,, 2014) could stifle IBCE. Finally, among the challenges, Smithenry (2010) warned, in
line with Teig et al. (2018), that IBCE was a time-consuming method that may be included
at the expense of other useful learning activities. However, this indicates an emphasis on
conceptual learning instead of other types of learning, such as the learning of 21st-
century skills and other learning aspects that are important and related to IBL. This
coincides with the results of this review, with limited focus being placed on creativity,
collaboration, critical thinking and other 21st-century skills.

Some characteristics of the reviewed articles

The studies included in this review were mainly conducted in the United States, Turkey
and Israel, with a total of 52 of the 102 included articles, followed by Thailand and
Germany with 6 and 5 articles, respectively. The limited geographical distribution may
be a result of two methodological choices: search terms and language. Inspired by
Dobber et al. (2017), PBL was used as a search term in addition to IBL, since PBL is often
used as a synonym for IBL and the aim was to include all articles related to IBCE, and not
only articles that the authors had labelled as IBCE. The term enquiry was also included
since it is widely used in the British language. However, the lack of articles from Australia
and also the few articles from Western Europe may indicate that there were some studies
that were not caught by the search terms and that used other terms (c.f., Crawford, 2014).
Further, the choice of limiting the review to articles written in English may be an
explanation for the relatively few articles from countries that work extensively with
chemistry education (e.g. Germany and countries in South America and Asia). However,
this was a deliberate choice as the aim was to review the research available for the wider
research community. There might also be relevant articles that were not labelled with
‘inquiry’, which therefore have not been captured by the search.

Most studies in this review were targeted towards older students (grades 9 to 12). This
can also be explained by the search terms, since ‘chemi’ had to be present in either the
title, abstract or keywords. Thus, studies in chemistry embedded in science education
might have been lost if they did not explicitly talk about chemistry, especially in the
younger years. However, this also indicates that research is mostly conducted with older
students. This is not surprising, given that prior reviews of research trends have shown
that chemistry education research is primarily conducted in higher education. Teo et al.
(2014) found that 54.3% of the articles published between 2004 and 2013 had research
participants from higher education, whereas participants from the primary (grades 1-6),
lower secondary (grades 7-9) and upper secondary (grades 10-12/13) levels appeared in
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4%, 14% and 25% of research articles, respectively. Similarly, Sozbilir et al. (2016) found
that less than 5% of the articles published between 1997 and 2013 related to primary
schools, while 15-20% related to secondary schools.

From a methodological perspective, there is a large variation in the quality of the
studies included in this review. Some of the studies were thorough and were published in
highly reputable journals. However, several of the quantitative studies in particular were
quite superficial, lacked crucial information (e.g. about how randomisation was achieved
and control group conditions) and the number of respondents was typically low.
Furthermore, there was an issue related to the design of the studies, as many studies
were designed as what Taber (2019) labels ‘rhetorical experiments’ (p. 107). In these
studies, a teaching approach with a well-established effect is compared with ‘traditional
teaching’. This is problematic, both from a methodological perspective and an ethical
perspective. First, it is problematic because the teaching approach is tested against
conditions that are known as being ineffective for learning, facilitating favourable condi-
tions and the before-mentioned bias. Secondly, it is problematic because the students in
the control group are expected to learn less than those in the experimental group, and
perhaps less than usual, if the teacher limits his or her teaching (Taber, 2019).

There were also studies that did not have a control group (i.e. all studies labelled D,/D5)
or had issues with the control group. These issues could be comparing two relatively small
groups taught by different teachers or failing to describe the control groups’ teaching (i.e.
the articles labelled As/A, or Bs/B,) or favouring the experimental group in the post-test
compared to the control group. With regard to the latter, there were some examples
where the experimental group was assessed in a similar way in the post-test throughout
the year, while the control group was not — or where the control group did not have any
lessons on the topic under study. Finally, different interpretations of inquiry may also have
consequences for the validity of the studies (Briggs, 2008; Furtak et al., 2012), since some
authors may have had a limited understanding of IBCE. This might for instance be the case
in the study from Sola and Ojo (2007), referring to inquiry being ‘the way people learn
when they're left alone’ (p. 125). Some articles lacked information about the teaching
activities, thus making any cases of limited understanding difficult to uncover during the
review process.

Since interventions should go on for some time and include many teachers to
reduce ‘the teacher effect’ (Cheung & Slavin, 2013), there seems to be a need for larger
studies on the topic. However, it can be questioned whether experimental studies are
the best way to explore conceptual understanding. Most of the included studies
reported higher learning outcomes from IBCE than from traditional education, but as
mentioned earlier, the value of comparing new teaching methods with active students
and perhaps more engaged teachers with teaching employing traditional methods is
guestionable. Some authors (e.g. Tornee et al., 2019) take this into account, arguing
that such positive results could also be due to teachers who are more flexible in their
supervision and students who collaborate and engage more deeply in the problems.
Taber (2019) argues that such studies have a value if they are conducted in a specific
and new context, but rather suggests conducting studies with level 3 control condi-
tions. In this review, level 3 control conditions were conducted in 20 of the 66
experimental studies, and mostly related to group 2 about technology, where for
instance one group used virtual labs, while the control group used physical labs.
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A study to highlight in this respect is the one from Pyatt and Sims (2012), that both
applied level 3 control conditions, and a cross-over design, where both groups
experienced both treatments, another design move advocated in the literature
(Taber, 2019).

Conclusions and suggestions for future research and practice

This article examined 102 empirical studies on IBCE in primary and secondary schools and
discussed how it is addressed in the research literature. The analyses revealed that
research on IBCE was conducted in a range of ways, with varied foci. Approximately half
of the studies tested different teaching approaches, teaching models or learning environ-
ments, which resulted in the creation of Groups 1 and 2. The remaining studies were
either articles in which teachers reported on their implementation of IBCE (Group 3) or
other relevant studies focusing on IBCE that were not included in the first three groups
(Group 4). Based on the results of this review, some suggestions for future research and
practice will be given.

The review included many quantitative studies with older students (grades 9 to
12), often with few respondents and varied quality due to limited durations, random
sampling and little attention being given to the teacher effect. Thus, in terms of
empirical research, there is a need for more qualitative studies involving students -
and not only teachers. There is also a need for carefully designed and thoroughly
described quantitative studies with larger numbers of participants including at least
two teachers in each group, to separate the treatment effect from the teacher effect
(c.f., Cheung & Slavin, 2013). These studies should have level 3 control conditions,
preferably with a cross-over design. Quantitative studies with a qualitative compo-
nent are also suggested so as to achieve a better understanding of the concept
under study (Creswell, 2014). Furthermore, more research into IBCE with younger
students is needed, as it is important to study the initial learning of chemistry, as
well as the more advanced learning. As a part of this, it could be interesting to
conduct a similar review in primary education, including science as a search term, in
order to capture studies in chemistry from primary schools that are labelled as
‘science’ rather than ‘chemistry’. Finally, as described above, there is a need to
focus more on IBCE related to the epistemic and social domains, since the main
emphasis in the research was on the conceptual and affective domains.

When it comes to suggestions for chemistry teaching, the varied teaching models
and approaches available for IBCE illustrate several ways that IBCE could be included
in schools; both the described models and approaches and the articles categorised as
‘classroom practice’ are suitable starting points for the development of teaching.
However, since both the research discussed in this review and the actual activities
largely focus on the conceptual domain, there seems to be a lack of emphasis on
other domains, also in teaching. The students may have worked with several
domains, while focusing on others - for instance, the epistemic domain while
focusing on the procedural domain - but as discussed earlier and related to NOS,
the implementation needs to be done explicitly in order for the students to see the
connections (Bell et al,, 1998).
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Notes

1. The age limit was set in accordance with the country’s school system. This means that the age
of the oldest participants differs slightly since some countries have secondary levels up to the
age of 18 (e.g. UK and USA), while others have students up to the age of 19 (e.g. Germany and
the Nordic countries). There are differences in when children start their schooling as well, but
this was not relevant to this article since no included studies were conducted with children of
that age. Studies focusing on teachers were included if the focus was on the teachers’
reported practice in schools and not if the focus was on teachers themselves.

2. Several of the articles in the query presented teaching activities with some kind of reported
results (from questionnaires or informal conversations). In these articles, the methods and
results chapters were assessed in order to judge whether they could be categorised as
research or just as evaluations.
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