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Abstract: This paper examines the impact of supervised laboratory instruction (SLI) on grade
12 students’ understanding of acid–base and solution chemistry topics in the context of Ethiopian
secondary schools. A mixed-methods research design was employed, with a purposive sampling
of 160 secondary students from six schools in Northwest Ethiopia. The students were divided into
two groups: an experimental group (n = 76) and a control group (n = 84). The experimental group
attended sessions that were designed based on self-regulated learning (SRL) strategies with SLI, and
the control group attended regular instruction designed by the course teacher. Both quantitative and
qualitative data were collected to explore the impacts of the experimental and control lessons on
improving students’ conceptual understanding and motivation. Descriptive and inferential statistics
(for the quantitative data)and reflexive thematic analysis(for the qualitative data)were employed
to analyse the data. The findings showed that the SLI-SRL teaching approach for the experimental
group resulted in a significantly higher conceptual understanding of the selected chemistry topics
than the regular instruction for the control group. In addition, participants from the experimental
group indicated that the SLI approach enhanced their motivation towards chemistry. These findings
suggest that improving high-school students’ motivation and their conceptual understanding of
chemistry requires paying attention to the lesson design.

Keywords: chemistry education; supervised laboratory instruction; acid–basechemistry; solution
chemistry; conceptual understanding; Ethiopia

1. Introduction

Recent high-school science teaching practices in low-income countries, such as Ethiopia,
show that there is a lack of effective instructional strategies that actively engage students
in meaningful scientific learning activities and acquire sufficient opportunities to collabo-
rate with their peers [1]. Ethiopian chemistry teachers’ laboratory teaching practices, for
example, are largely restricted by the lack of laboratory spaces and facilities, large class
sizes, overloaded curricula, insufficient experimental practices, students’ lack of interest
and motivation in learning chemistry and the absence of qualified lab assistants [1,2].

Within the Ethiopian education sector, grade 12, in which this study takes place, is
the final year of senior high-school education. At the end of this school year, students
sit for the national higher education entrance certificate examination to join a university
program. Therefore, equipping students with sound knowledge and practical skills in
chemistry is helpful for their university transition in particular, and for future scientific
endeavours in general. In the present study, we examine the effects of a carefully designed
supervised laboratory instruction (SLI) program based on Zimmerman’s [3] three-phase
cyclical learning model—forethought, performance and self-reflection (see below)—aimed
at improving grade 12 students’ conceptual understanding of the topics of acids–bases
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and solutions. In this study context, SLI refers to learner-centred laboratory instructional
pedagogy that emphasizes learning via social interaction in groups, for which sufficient
scaffolding to actively engage learners in hands-on and minds-on activities and promote
learning is considered pivotal. SLI can also be described as an enquiry-inspired teaching
method in which teachers play the role of facilitators and assist students in processing
information and coaching their actions [4].

To this end, two selected experiments were used to embed the learning of a chemical
concept into a meaningful context for the students and served as an avenue to improve
their conceptual understanding. Following the recommendations by Asheim et al. [5]
and to make SLI more feasible and motivating for the students, small-scale, low-cost and
easy-to-make equipment and materials from students’ everyday lives were used. Teaching
chemistry through the SLI model has previously been attempted on Ethiopian in-service
teachers [6]. The SLI approach was found to be a rich method for facilitating meaningful
laboratory learning among high-school teachers. Teachers who participated in the SLI
professional development (PD) training workshop reported that the method helped them
enrich their scientific knowledge, as well as self-reflect and evaluate their own and their
peers’ learning and develop collaborative teaching–learning practices.

In this study, we look at whether and how the implementation of SLI in grade
12 chemistry improved students’ conceptual understanding and motivation in acid–base
and solution chemistry. The topics of acid–base and solution chemistry were purposely
selected for this study because (1) most students are familiar with these topics, although
with limited conceptual understanding [7]; (2) some acid-base and solution chemistry
is necessary to understand the phenomena encountered in daily-life practices [8]; and
(3) a deep understanding of acid–base and solution chemistry is more likely to support the
learning of advanced chemistry topics, such as chemical kinetics, chemical equilibrium,
acid–base equilibrium and electrochemistry [9,10].

In this study, the implementation of SLI-SRL laboratory activities (with small-scale,
low-cost, and homemade equipment and materials) was considered important for many
reasons. First, it serves as a platform for conducting laboratory activities in teaching lab-
oratories with underprivileged laboratory teaching–learning contexts. Second, SLI-SRL
might provide opportunities for an active and reflective laboratory learning environment.
Conducting group discussions, participating in hands-on laboratory activities, encouraging
students to make connections between science and their day-to-day life experiences, and
helping students’ development of self-evaluating abilities during their own learning pro-
cesses are helpful to encourage students to become agents in the laboratory instructional
process. Third, this study might offer science teachers the opportunity to effectively de-
sign laboratory lessons that guide and support students’ meaningful learning by carefully
embedding explicit SRL strategies into SLI.

The main purpose of this study is to examine the effectiveness of SLI on grade
12 students’ conceptual understanding of acid–base and solution chemistry and on their
motivation to learn chemistry. Additionally, students’ experiences with SLI and challenges
related to their learning from SLI are examined. This research is guided by the following
research questions:

(1) What is the effect of an SLI teaching approach in improving grade 12 students’ con-
ceptual understandingofacid–base and solution chemistry topics?

(2) What aspects of SLI do the students find motivating and useful for their chemistry
learning and which aspects do they find challenging?

2. Theoretical Background and Framework
2.1. Theoretical Background

Students studying chemistry (and teachers alike) face considerable difficulties in
understanding chemical concepts properly. Learning difficulties related to acid–base and
solution chemistry are prevalent in the extant literature. Barke et al. [11] summarised
commonly held alternative conceptions among students, which included the idea that acids
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are “aggressive”, that only acids (not bases) can be defined by the Brønsted definition,
that “pH values are different for acids and acidic solutions” (p. 177), and they reported
that students have been reported to confuse acid–base neutrality for electrical neutrality.
Likewise, Hoe and Ramanathan [12] found that Singaporean grade 9 students failed to
build a firm understanding of the properties of acids and bases, strengths of acids and bases,
pH, neutralization, indicators and sub-microscopic view of acids and bases. Sheppard [13]
also indicated that acid–base concepts applied tounderstanding titration processes posed
many challenges to 16 American grade 10–11 high-school students. The author reported,
for example, that only one student was able to explain the differences between pH 3 and 5,
representing a hundred-folddifference in the H+ ion concentration.

Ebenezer and Erickson [14] examined high-school students’ understanding of the sol-
ubility concept. Students found it difficult to distinguish between the terms dissolving and
melting. The problems related to explaining solution chemistry concepts at the macroscopic
and submicroscopic levels were also found. By examining junior and senior high-school stu-
dents’ conceptual understanding of, for example, the “conductivity of solutions”, Çalik [15]
concluded that students have difficulties in comprehending the investigated concepts. Pı-
narbasi and Canpolat [16] also showed that Turkish undergraduate students had problems
grasping chemistry concepts, and a large proportion of the students did not apply their
chemical knowledge to real-life settings. Özden [17] reported that pre-service teachers
failed to clearly articulate the relationship between solubility and temperature and how the
boiling point of a solution is affected by the presence of dissolved substances.

An instructional remedy, which has been widely discussed since the 1970s, is to
apply well-designed instructions that could make learners dissatisfied with their prior
conceptsand acquirenew concepts, therebypromoting conceptual change [18]. Good results
have been reported in subjects, including chemistry [19,20], but conceptual change as an
instructional strategy has also been criticised for only considering individual cognitive
processes and ignoring other individual processes (e.g., motivation and epistemological
beliefs) and social factors, including the role of peers in learning processes [21]. Indeed,
in order for conceptual change to occur via social interactions, “carefully thought-out
scaffolding of scientific discourse” is reckoned to be important [18] (p. 67). Overall,
students’ misconceptions seem to be largely resistant to change, persistent and difficult to
remove even when using innovative instructional interventions [22,23].

Practical work, or laboratory instruction, is generally considered an important part of
science teaching and might be referred to as a canon of science teaching, often taken for granted
as an efficient and motivational way of teaching science concepts. However, both its learning
effects and impact on students’ motivation for science have been challenged [24–26]. Indeed,
Abrahams and Reiss [26] concluded that practical work was not effective in promoting science
concept learning per se. They recommended carefully planned and explicit practical lessons in
which hands-on activities were combined with a minds-on approach. Likewise, Agustian and
Seery [27] contended that the use of well-designed chemistry pre-laboratory tasks could bring
about a robust conceptual understanding and increased efficiency in performing laboratory
activities. The use of higher-order thinking skills, minds-on laboratory activities [28] and
enquiry-type laboratory work [29] have also been shown to provide high-school students with
an enhanced understanding of acid–base concepts and develop positive attitudes towards
chemistry learning in comparison to teacher-centred instruction. Priyambodo et al. [30]
highlighted the role of collaborative learning in improving the motivation for learning acid-
base chemistry among senior high-school students. Consequently, our SLI teaching was
designed with pre-laboratory activities, minds-on laboratory activities and group reflections.
Furthermore, our SLI was guided by the theory of self-regulated learning (SRL).

2.2. Theoretical Framework and the Design of SLI Teaching

This study employs self-regulated learning (SRL) as a foundational theoretical frame-
work. Zimmerman [3] (p. 65) describes SRL as “the self-directive process by which learners
transform their mental abilities into academic skills”. SRL has also been referred to as an
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active learning process in which learners proactively perform tasks to optimize their learn-
ing goals [31] and involves key self-regulatory process skills, such as goal setting, flexible
use of learning strategies, self-monitoring, planning, efficient use of time, self-evaluation,
self-motivation, appropriate help-seeking and attention control [3,32]. In school contexts,
such skills have been found to enhance success in problem solving, academic achievement,
intrinsic motivation and task interest [33,34]. For example, Labuhn et al. [35] examined the
connection between self-regulatory learning interventions and the acquisition of a concep-
tual understanding of the “nutrition” content among 199 grade 7 German students. Their
results showed that students’ knowledge of subsequent instructional units was enhanced by
the preceding intervention. Cleary et al. [36], who investigated the effect of a self-regulation
empowerment program (SREP) on the conceptual understanding of U.S. biology 9th-grade
urban high-school students, also reported that students who were taught through the SREP
intervention improved their conceptual understanding and showed greater use of adaptive
self-regulation strategies (i.e., environmental structuring and seeking help). SRL has also
been considered suitable for effective teaching in science (laboratory) classrooms [37].

We designed an SLI program aimed at guiding learners towards cognitive and motiva-
tional engagement in learning tasks, inspired by Zimmerman’s [3] SRL model. Zimmer-
man’s [3] model involves three cyclical learning phases—forethought, performance and
self-reflection—which can enhance students’ self-generated thoughts and actions before,
during and after engaging in learning tasks. In the developed SLI-based laboratory activi-
ties, learners were provided with sufficient opportunities to proactively monitor, regulate
and control their thoughts to enable them to navigate their learning experiences and to
help them promote their acquisition of knowledge and practical skills [3]. The forethought
phase in Zimmerman’s model involves goal setting (for example, defining the expected and
attainable outcomes of laboratory learning) and strategic planning of tasks (e.g., selecting
appropriate learning methods that suit the intended tasks and environmental contexts),
as well as outcome expectations (beliefs about the ultimate products of the work) and
learning goal orientation (identifying the purpose of the learning activity) to prepare for
the work ahead [3,32,38]. The performance phase refers to the learning processes that occur
during the implementation of, in this case, a laboratory session and involves self-control
mechanisms, such as attention focusing and task strategies, along with self-observation
and self-experimentation. In the third phase of Zimmerman’s model, the self-reflection
phase, learners not only engage in self-evaluation (one form of self-judgment) of their
laboratory experiences pertinent to SLI-based laboratory activities but also engage in self-
reaction in a way that reflects on their feelings of self-satisfaction and positively affects their
performance in science laboratory learning. Self-reflection refers to thetime taken to stop,
think and evaluate oneself and to systematically communicate with one’s own learning
experiences [3,39].

Zimmerman’s [3] model appeared to be dependent on the learners’ use of cyclical
forethought, performance and self-reflection phases, thereby developing their self-initiative,
perseverance and adaptive skills [40]. For example, Zimmerman and Moylan [38] indicated
that students’ goal-setting during the performance phase may affect the standard that they
will employ to self-evaluate during the self-reflection phase. Zimmerman and Moylan [38]
also claimed that students who acquired strong learning goal orientations had a greater
chance of enacting strategic planning in the forethought phase and displaying superior
self-reflection processes. It isworth noting that both forms of students’ self-reactions are
dependent on their self-judgments during the self-reflection phase, which influences the
forethought phase’s processes in cyclical learning while embarking on further efforts to
acquire proficiency [38]. The striking feature of the self-reflection phase lies in the use of
students’ reflections to help them adapt their planning, strategy, time management and
self-monitoring to plan for the next tasks [3]. According to Zimmerman and Moylan [38],
“one of the purposes of the three-phase model of self-regulation was to identify specific
metacognitive processes and motivational sources and to explain their cyclical interrelation
during ongoing efforts to learn in real contexts (p. 13)”.
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Gericke et al. [41] argued that designing laboratory activities that focus on students’
abilities to pose questions and plan investigations, along with offering sufficient teachers’
guidance throughout the teaching—learning process, would make a worthwhile contri-
bution to improving students’ (self-regulated) learning. These ideas also align well with
Abraham and Reiss’s [26] recommendation of carefully planned and explicit practical
lessons to increase the learning outcome of practical activities. In SLI-SRL, as part of the
forethought phase, great attention was paid to establishing a plan for laboratory tasks and
pre-laboratory discussions to support students’ acquisition of sound conceptual knowledge
and independent learning skills, as well as to increase their interest in learning chem-
istry [27,42]. Questions such as “Do the laboratory tasks build on a task you have done
before?” and “How much time do you think the tasks will take?” were part of the labora-
tory planning. The examples of pre-laboratory discussion questions in SLI were “What
is the function of radiation in the determination of unknown concentration using Lego
colorimeter?” and “How does hardness of water occur?”. Teachers’ follow-up questions
included the following: “What do you think the roles of chemical weathering of rocks in
increasing the hardness of nearby water sources?” and “How do the chemical reactions
occur during the chemical weathering of rocks?” Pre-laboratory activities are included in
SLI because they are (1) beneficial to students’ learning in the laboratory, (2) they can be
embedded into the overall laboratory learning process, (3) they focus on the whole task,
drawing learners’ attention to overall strategy and approaches, (4) they focus on supportive
information and (5) they address the affective domain [27]. The pre-laboratory activities
were meant to ensure that the students were prepared for the intellectual confidence neces-
sary for their laboratory experiences [27]. Task strategies in the performance phase include
asking students the following questions: “Why should the complexometric titration be
adjusted at a pH of 6–8?” and “What observation techniques and tests do you think are
helpful to identify the different water samples (i.e., distilled, bottled and tap water)?” Also,
allowing students sufficient time to conduct laboratory activities isconsidered important to
provide them with authentic laboratory experiences, thus adding to their practical skills
and understanding of scientific work [43,44].

Tosum up, the following three central factors characterize the SLI-SRL pedagogy:
pre-laboratory activities to allow learners to prepare well, teachers’ scaffolding during and
after laboratory activities, and reflective group discussions with peers to enhance learning
(during and after laboratory activities).

Based on these findings, we have introduced an SLI instruction that makes use of SRL
strategies as a tool to enhance students’ motivation and their conceptual understanding of
acids and bases, as well as solution chemistry.

3. Method
3.1. Research Design

A mixed-method research design was employed in this study. The quantitative method
involved a quasi-experimental design with a pre-test–post-test non-equivalent control
group. The pre- and post-tests were aimed at understanding whether or how laboratory
instructional approaches (either the SLI or regular teaching methods) improved grade
12 students’ conceptual understanding of acid–base and solution chemistry topics, which
serves to answer the first research question of this study. The qualitative method involved
utilizing semi-structured focus group (FG) interviews and classroom observation notes to
answer the secondresearch question. In this way, we captured students’ experiences with
SLI and the features of SLI that they found to be useful and challenging.

3.1.1. Participants and Setting

This study took place in six public senior high schools in Northwest Ethiopia. Grade
12 students had comparable academic backgrounds, with similar environmental surround-
ings at school and in the local community. Six schools were selected purposely using the
following criteria: schools that were located around a 50 miles radius from the first author’s
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base, weekly course schedules that were suitable for the research work, and schools where
permission was granted to conduct the study. From the six selected schools, four were
randomly assigned to the experimental schools. The remaining two schools were assigned
as controls. An invitation to participate in the study was first sent out to all the students
in the experimental and control schools. From the experimental schools, we randomly
selected 76 students (girls = 34; boys = 42) among the students who agreed to participate.
We selected a proportional number of students per school: school 1 = 20; school 2 = 23;
school 3 = 14; school 4 = 19. A total of 76 students were assigned tothe experimental group
(EG). From the two control schools, we randomly selected 84 students (girls = 37; boys = 47)
among the students who provided consent, and they were assigned to the control group
(CG). We selected 42 students from each control school because the overall grade 12 student
population was the same in each school. The grade 12 chemistry teachers in both the
experimental and control schools were comparable: similar years of teaching experience
and equivalent qualifications (master’s degree in chemistry). One teacher was selected from
each experimental school and control school to implement the lessons. The participants for
the focus group interviews were recruited (and selected) following a purposive sampling
approach: (1) students who agreed to participate in the FG interview, (2) students who were
able to provide “information-rich” discussions throughout the intervention, assuming that
they would have the potential to maximize comprehension of the laboratory experiences
regarding SLI, and (3) students who had sufficient time to participate in the interview. A
total of 41 students (16 girls and 25 boys) who volunteered were selected.

3.1.2. Experimental Group Teachers’ Training

The four teachers who taught the EG participated in a previous SLI professional
development workshop as part of this project. The teachers who taught the control group
did not receive SLI-based training as part of this project. Teachers who taught the EG were
also provided with SLI-adapted laboratory manuals.

In the workshop training, the teachers conducted five potentially low-cost and rele-
vant chemistry experiments as a means of learning from and practicing a new pedagogical
intervention for its effective implementation in their own classrooms. Two experiments—
unknown concentration determination using a homemade Lego colorimeter and the hard-
ness of water—were selected for this study. The experiments created an avenue for shared
responsibility among teachers, similar to that of a professional community of learners.
Furthermore, the workshop included training on active teaching–learning skills related to
how pre-laboratory activities, teachers’ scaffolding, and reflective group discussions could
be applied in high-school science teaching laboratories.

3.2. Interventions

The interventions of the two SLI-adapted experiments for the EG and teaching the
same topics for CG through a regular instructional approach were implemented for nearly
four weeks: one week for collecting informed consent and administering the pre-test,
two weeks for implementation and one week for conducting the post-test. The content
for the lessons in both the experimental and control sessions was based on the same
national chemistry curriculum developed by the Ethiopian Ministry of Education, which
aimed at teaching acid–base equilibrium and solution topics from the grade 12 syllabus.
For the purpose of this study, concepts such as types of solutions, ways of expressing
concentrations of solutions and solution preparations, pH, acid–base, complexometric
titrations and acid–base indicators were selected.

3.2.1. Intervention for the EGs

As noted, the interventions of SLI involved SRL processes, as identified by Zimmer-
man [3]. For this purpose, two SLI-adapted laboratory activities, namely the hardness
of water test adapted from Kakisako et al. [45] (to teach acid–base chemistry topics) and
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unknown concentration determination of Cu (NO3)2 solution (from Asheim et al. [5]) to
teach solution chemistry topics were used in the EG as active learning materials.

The experimental sessions were carried out with 14 to23 students in each EG classroom.
The students worked in groups of three to five students. A typical laboratory session for
the EG lasted for two and a half hours, which involved student discussion of pre-laboratory
questions for 30 min, conduction of the actual experiment for 80 min and evaluation
and self-reflection on their own and peers’ laboratory activities and discussion of post-
laboratory exercises for about 40 min. The EG teachers led the discussions by providing
support to students’ learning throughout the teaching–learning process.

Students were supported in setting their goals and planning strategies by helping
them increase their abilities to ask themselves questions such as “How will I structure
the given laboratory tasks?”, “What immediate checkpoints and sub-goals do I have to
better understand the given tasks?”, “Will I need to search for additional resources from the
library and seek out support from my peers and teachers?” and “Given my learning needs,
when should I get started on the given tasks?” Teachers who taught the experimental group
(EG) students also helped them set expectations for the outcomes and mapped out effective
learning strategies that suited their set goals. For example, students were asked guiding
questions, including “Given the amount of time you have available and your strengths and
weaknesses, and your current attitudes towards SLI, what kind of outcomes would you
wish to attain?”

3.2.2. Intervention for the CGs

The CG students attended lessons on the same topics and for the same duration as
the EG students, but the lessons were designed by a regular chemistry teacher. A typical
CG session lasted for nearly two and a half hours and involved the teacher defining
and elaborating on the solution and acid–base concepts verbally, sometimes by writing
on the blackboard with the help of their notes and sometimes dictating short notes to
the students. Few, if any, practical activities were conducted. Each teacher solved some
multiple-choice questions related to acid–base and solution chemistry concepts in the
classroom that they thought could prepare students for the coming nationwide university
entrance examination. While the students solved problems, the teacher walked around the
classroom with limited one-to-one support. The teacher sometimes provided the students
with take-home assignments.

In general, the instruction in the CG was largely based on direct instruction where
the teacher dictated the facts and concepts of solutions and acids–bases in chemistry. A
summary of the contents of the CG and EG interventions is shown in Table 1.

3.3. Hardness of Water Experiment

The hardness of water test experiment was conducted during the first week. The
purpose of the hardness of the water test was to develop students’ comprehension of the
fundamental principles of complexometric titration. Students’ frequent contact and usage
of water on a daily basis made an important resource for introducing the relevance of
chemistry learning to their daily lives, such as understanding environmental issues [46].

Before coming to the actual lab sessions, students were required to draw a flow chart
that represented the whole laboratory task approach so that they could set their learning
goals and devise strategies to accomplish the laboratory activities. In the forethought
phase, students were required to gain a sound understanding of the hard water concept
and the basics of acids–bases and properties and chemical reactions of aqueous solutions
through pre-laboratory activities and group discussions performed prior to starting the
actual experiment. These activities included the use of three models that help to define
acids–bases: (1) the Arrhenius model (a substance that produces H+/OH− ions in aqueous
solution), (2) the Brønsted–Lowry model (proton [H+] donor/acceptor) and (3) the Lewis
model (the transfer of electron pair [s]). The Lewis model has some more advantages in
understanding the main characteristics of the molecules and ions that exhibit acidicand
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basic behaviours. For example, to guide students towards a better understanding of the
chemical and physical properties of hard water, cations that act as Lewis acids, such as
Al3+, were discussed to further broaden the range of substances that can be considered
acids, such as Ca2+ and Mg2+ ions, since cations have empty orbitals that allow them to act
as Lewis acids.

Table 1. Summary of the control and experimental group interventions.

Types of Instruction (Groups) Main Features of the
Intervention

Supplementary Features of the
Intervention Teaching—Learning Strategies

Regular teaching method (CG)

Lectures • Targeting nation-wide
multiple-choice exams

• Defining and elaborating
abstract chemical concepts

Asking and answering questions • Little, if any,
demonstration activities

• Dictating notes/copying
notes from the blackboard

Take-home assignments • Limited one-to-one support
during the lecture • Asking oral questions

SLI (EG)

Pre-laboratory activities • Small-scale, low-cost, and
homemade materials
and equipment

• Forethought phase

Teachers’ scaffolding

• Introduction of relevance
into chemistry
experimentation with the
inclusion of daily
life experiences

• Performance phase

Reflective group discussions
• Interactive lab activities

adapted from published
articles as active
learning materials

• Self-reflection phase

In the performance phase, students performed the experiment in small groups on
the established water quality analysis tests, namely the dissolution of Ca2+ and Mg2+ ions
and the pH of water samples collected from three different water sample sources (i.e.,
bottled, tap and distilled water). The teachers led the reflective small-group discussions
and provided guidance and support to help the students develop firm knowledge about
acid–base concepts and to enrich their skills about how an acid–base type complexometric
titration could be applied to quantify the hardness of water.

The hardness of the water was determined using a small-scale Total Hardness Test
Kit (HC874663, Darmstadt, Germany), which uses a titration method. The teacher demon-
strated core concepts such as titration, equivalence point, the acid–base characterization of
metal ions and EDTA and metal indicator, Eriochrome Black T (BT), along with a demon-
stration of the titrimetric determination process with titration pipette using a test kit for
modeling students’ learning. This was aimed at enabling students to acquire the basic
experimental principles of acid–base type complexometric titration at large.

In the self-reflection phase, students were provided with invaluable insights into con-
ducting multidirectional conversations that involved back-and-forth movement between
the acid–base chemistry concepts and solution chemistry and contextual issues to make the
experiment relevant to students’ real lives. For example, in the discussion forum, reflective
group discussions dealt with concepts such as the physicochemical properties of soaps and
how mild heartburn can be relieved when someone swallows his/her saliva repeatedly.
After the students debated about these chemical phenomena, the teacher, for example,
provided a hint that an acid–base neutralization reaction was responsible for the decrease
in heartburn since saliva contains the bicarbonate ion (HCO3

−), which acts as a base and,
when swallowed, neutralizes some of the acids in the oesophagus.

Students discussed the quality of water and the methods used to soften water through
exhaustive discussions based on their synthesis of the collected data. Briefly, students were
assigned to reflect on their laboratory experiences and conduct post-laboratory activities
that focused on navigating the acceptable concentrations of Ca2+ and Mg2+ ions and pH
values for the suitable use of water for drinking based on reference values reported by the
World Health Organization [47]. In addition, the teachers led reflective group discussions
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with respect to the impacts of hard water–whether the effectiveness of soaps and detergents
was reduced by causing decreased lathering–and the effects related to residue and build-
up formed in water pipelines and washing machines. These activities were considered
important for enhancing students’ ecological knowledge of the effects of an increased
concentration of metal ions in water on the healthy lifestyle of a community.

3.4. Unknown Concentration Determination of Cu (II) Solution Experiment

In the second week of the second experiment, the unknown concentration determina-
tion of copper nitrate solutions was implemented in four sessions (i.e., one session in each
experimental school using similar assignments and procedures to the hardness of the water
experiment). We aimed to equip students with a deep-level understanding of the types of
solutions and preparations of solutions, characterizing solutions by considering their capac-
ity to dissolve in a solute and the effects of ion-dipole interactions in the solution formation
process. As a means of providing an opportunity to deeply understand the concept of the
solution–formation process, which is affected by energy and entropy, teachers brought up
a “Card game analogy” to make the entropy concept even more understandable to the
students: a deck of new playing cards becomes mixed up after it has been shuffled a few
times in the same way as solute and solvent molecules mix to form a solution, thereby
increasing randomness or disorder.

The students also studied molarity and ways of preparing solutions to prepare them for
quantitative enquiry. To emphasize the usefulness of chemical analysis and quantification
in everyday life, students were allowed to determine unknown concentrations of a Cu (II)
solution with the help of the teacher’s guidance and support. In doing so, students also
learned about the fundamental concepts related to Beer–Lambert’s law using a low-cost,
small-scale and homemade Lego colorimeter with light-emitting diodes as the light source
and detector (light-voltage sensor). The Lego bricks provided an accurate and robust
alignment of the light source and detector while still being flexible. In the performance
phase, the colorimeter presented an opportunity for students to explore basic concepts, such
as transmittance, absorbance and determination of unknown concentration after making a
calibration curve. During the enquiry process, the teachers assisted students by providing
directive questions that scaffolded their learning, such as “How is a green laser pointer
similar in function and working principles to a radiation source”?

Although the laboratory activities of the second experiment were mainly concerned
with the unknown concentration determination of the Cu (NO3)2 solution, in the self-
reflection phase, students were also allowed to undergo reflective group discussionsthat-
would enable them to acquire knowledge about thedetermination of the concentration
of salicylic acid in shampoos that are used for washing face [48]. The determination of
caffeine concentration in coffee beans was also brought up as a strategy to identify the
origin of coffee samples in Ethiopia [49] as a ‘need-to-take-action’ activity. In this case,
students were provided with supporting materials before they came to the laboratory
session. In addition, students were given opportunities to explore the working principles
of the colorimeter in the identification of unknown concentrations intuitively utilizing
simplified laboratory activities. Since the topic was somehow advanced, great care was
taken to keep the experiment within the level of the students’ comprehension.

In summary, the acid–base concepts learned in the hardness of the water experiment
were inseparably connected to the solution concepts studied in the unknown concentration
determination of the Cu (II) experiment.

3.5. Data Collection

The data were collected between January and March 2020. In order to answer the
research questions, rich data were collected using a three-tier multiple-choice Chemistry
Concept Test (CCT), semi-structured FG interviews and classroom observations. While
both the EG and CG students completed pre- and post-tests of the CCT, additional data
were collected from the EG using FG discussions and classroom observation notes to



Educ. Sci. 2023, 13, 798 10 of 27

document the students’ experiences with SLI as a method. Classroom observation data
were also obtained from the CG students’ teaching–learning processes to understand the
classroom practices in relation to the questions the teacher asked, the collaboration between
the students on various classroom assignments, the feedback the teacher provided to the
students, and the overall student–student and teacher–student interactions.

3.5.1. Chemistry Concept Test (CCT)

The CCT consisted of twelve items, with three-tier multiple-choice questions andfour
alternative options, whichwere adapted from previously prepared tests in the literature and
further developed by the authors. In the development of the test, the authors employed a
modified version of the method applied for three-tier test preparation aimed at diagnosing
primary teachers’ understanding of the ecological footprint by Liampa et al. [50] (see also
Cetin-Dindar&Geban [51] for three-tier acid–base test development). The purpose of the
CCT was to measure the CG and EG students’ understanding of the concepts of acids and
bases and solutions in chemistry and to identify their misconceptions (see Appendix A for
the CCT questions). The test aimed to cover an acid–base equilibria unit, during which the
concepts of pH (item #1), titrations (item #2), acids and bases (item #5) and indicators (item
#8) are investigated, and a solution chemistry unit that considered concepts of properties,
preparations and formation processes of solutions (items#3, #6 and #7), concentration (item
#4) and as the application of knowledge of acid–base and solution chemistry to articulate
real-life issues (item #9). The CCT employed in this study comprised nine questions in total
after the item analysis was completed.

In the first phase of the development process, the conceptual definitions of acid–base
and solution chemistry concepts were investigated in the literature, and then the response or
content tier questions were developed. In the second phase, the students’ ability to explain
was judged by developing the reason or explanation tier, and their overall performance
was assessed using the confidence tier for correctly answering the two tiers. In the first-
and second-tier questions, one correct answer and three distractors were developed by
considering students’ misconceptions about the acid–base and solution chemistry concepts
in the literature and based on the authors’ own teaching experience in high schools. In
the third phase, the prepared CCT was checked for its format and content validity by
two experienced university chemistry instructors and one science educator. Furthermore,
two EG teachers and two CG teachers reviewed the instrument to check whether it was
applicable to the lesson of interest. The content validity of the three-tier test was checked in
such a way that experienced teachers and science educators evaluated the test in terms of
appropriateness to grade 12 students’ conceptual understanding, misconceptions, and the
list of objectives to be achieved after lab sessions and regular instruction. Based on their
analysis, constructive feedback, such as revisiting the depth of students’ understanding
and eliminating ambiguous statements to enhance the clarity of language was obtained
and the test was improved. Finally, the test was piloted with 25 grade 12 students from
other high schools who did not participate in the study, and some modifications were made
to the test items after the pilot test.

Students who correctly answered the response tier and reason tier and showed their
confidence by choosing “Yes” for correctly answering the response and reason tiers were
assigned a score of “1”; otherwise, combinations were assigned “0”. The total test scores
consisted of 12 points. The students took the pre- and post-tests face-to-face, which lasted
about 45 min. Test items were kept at a minimum to avoid cognitive fatigue and lack of
response to the test items.

To check the difficulty level of the test and determine how well it discriminated
between high achievers and low achievers, an item analysis was conducted. The item
difficulty index that was obtained after excluding three items that were not found to be
within the acceptable range in terms of item difficulty and item discrimination indices
was between 23% and 72%. This result indicated that the test items were neither too
easy nor too difficult. In addition to the item difficulty levels, the item discrimination
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indicesrangedfrom 0.41 to 0.54, which was within the acceptable range, as indicated by
Khairani and Shamsuddin [52]. The KR-20 (Kuder–Richardson Formula 20) reliability
coefficients of the pre-CCT and post-CCT were 0.87 and 0.79, respectively. The reliability
coefficients across the items ranged from 0.62 to 0.93. This shows that both the administered
test scores were internally consistent. The CCT test is provided in Appendix A.

3.5.2. Semi-Structured Focus Group Interviews

The aim of the semi-structured FG interviews was to explore in depth the students’
experiences with SLI, the features that motivated them the most and the challenges related
to this instructional approach. It was decided to use focus group (FG) interviews because
they can create a more natural setting for participants to sufficiently discuss the topics under
investigation in groups and, therefore, can offer inevitable opportunities for researchers to
gather rich data that might not otherwise be accessible [53]. In addition, FG interviews are
cost-efficient, as opposed to individual interviews. Eleven FG interviews, which consisted
of three to four participants in each group, were carried out for a total of 41 students
(16 girls and 25 boys). FG interviewees who knew each other very well were assigned to
their respective groups to allow them to provide “shared experiences and enjoy a comfort
and familiarity which facilitates discussion or [even increase in their] ability to challenge
each other comfortably” [54] (p. 293).

The FG interviews were conducted face-to-face by the first author in a quiet laboratory
classroom of each experimental school within three days after completing the intervention
and lasted between 25 and 45 min (the majority lasted 35 min), depending on the size
of the participants involved in the FGs and the schedule of the schools. The first author
conducted the interviews using active mediation/facilitation of the discussion groups in
an open-minded, flexible and non-judgmental way, during which a balance between firm
steering and interactive open discussions was maintained aimed at soliciting in-depth data
from the participants’ views. The first author also reflected on the remarks made by the
interviewees to further elicit the relevant phenomena under investigation. The first author
prioritized a more flexible and fluid approach to FG interviewing, which facilitated the
interaction and co-construction of meaning between the author and the interviewees. To
this end, the first author employed semi-structured FG interview questions and probing
follow-up questions, such as “Can you tell me a bit more about the benefits of the SLI
approach?”, to elicit sufficient information. The semi-structured interview questions are
given in Appendix B.

The Intervention and interviews were originally conducted in the Amharic language,
and the audio-recorded interview data were transcribed verbatim. The transcribed tran-
scripts were first translated into English by the first author, and then an Amharic-English
bilingual professor checked the appropriateness of the translation. In order for the re-
searcher to capture rich data from the students’ views and to make participants comfortable,
the interviews and interventions were conducted using the participants’ mother tongue
instead of English, which is used as a common language in teaching and learning at high
schools. The interview recordings were kept confidential so that no one other than the
authors could access them and were deleted after the recordings were fully transcribed.
Pseudonyms were used for the transcripts and further analysis.

3.5.3. Classroom Observations

Classroom observation notes were maintained throughout the intervention period for
both groups. The first author observed the sessions and took observation notes on students’
classroom activities (questions from the teacher, note-taking by students, questions and
discussions in groups of peers and teacher–student or student–student interactions). Specif-
ically, notes were taken on the potential challenges related to learning from the method that
came to mind while observing.
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3.6. Data Analysis

Descriptive and inferential statistics were used for the quantitative data. Visual
inspection of histograms for the pre-test and post-test CCT scores showed that there were
no potential outliers (see Figure 1). Tests of assumptions for normality were also conducted
by examining the standardized CCT scores for the pretest and posttest. Shapiro–Wilk’s test
indicated that the CCT scores were normally distributed for both the pre-test (p = 0.38) and
post-test (p = 0.60).
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The interview transcripts were analysed using a reflexive thematic analysis (RTA)
framework [55–57]. We utilized Braun et al.’s [55] multiphase RTA approach: (1) Data were
familiarized with, and familiarization notes were written through reading and rereading
the transcripts thoroughly in relation to the research questions. (2) The generation of initial
codes, which involved focusing attention on systematically and rigorously making sense of
meaning through an inductive coding approach working bottom-up from the data, was
carried out. (3) Initial themes were generated, during which the back-and-forth analytical
work of the earlier phases was performed to gain patterns of shared meaning. The first
author performed the initial coding, which was reviewed, discussed and refined by the
second author.

During this process, some codes were changed and some were moved between the
code groups and themes. For example, the code “SLI is a motivating method to learn with”
was moved from theme 2 to theme 1, and the code “SLI facilitates the development of
laboratory skills” replaced the code “SLI allows to do hands-on laboratory activities” in
theme 2 to better capture the essence of the informants’ statements. The themes were then
repeatedly checked until coherent themes that could offer an insightful story about the
data in relation to the research questions were produced and agreed upon. (4) A review
of potential themes was carried out to ensure that each candidate theme functioned as a
fruitful interpretation of the data and offered opportunities for the provision of information
that addressed the study’s research questions. Finally, (5) defining and naming themes was
performed by openly examining the themes and codes to make further revisions to the
themes’ names, content and structure, as well as to check whether the analytic narrative
clearly utilized meaningful data extracts. A key approach to this phase includes a thorough
and reiterative discussion among authors with the aim of checking (and double-checking)
the themes against the whole dataset and noticing the apparent changes in the order
in which the themes are placed, which would help establish a meaningful flow for the
qualitative findings. During this process, for example, we refined theme 1 from “SLI
enhances students’ enjoyment in and learning of chemistry” to “SLI increases students’
motivation for learning chemistry” and defined it as theme 1 instead of 2 in the original
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suggestion. The final codes and themes identified and developed from the qualitative
analyses are presented in Table 2.

Table 2. Themes and codes for students’ views on SLI.

Themes Codes Sample Excerpt

SLI increases students’
motivation for

learning chemistry

SLI is a motivating method to learn with
SLI is an essential and motivational instruction,
which could redress the problems of the lecture

method (Abdi, FG6).

SLI encourages chemistry learning
SLI has helped me develop a sense of

responsibility for what I should learn about
chemistry in the laboratory (Lucas, FG4).

SLI is an enjoyable teaching method I found it [SLI] enjoyable to learn with
(Husnia, FG7).

SLI inspired me to study
chemistry further

SLI further increased my motivation towards the
pursuit of heading to chemistry-related careers

(Linda, FG1).

SLI is a multifaceted
learner-centred

laboratory instruction

SLI makes chemistry more relevant

. . .it [SLI] has helped me identify what really exists
in the daily-life practices and to find myself

immersed in the process of systematic
investigations (Brian, FG9).

SLI facilitates the development of
laboratory skills

I have learned how to practically prepare solutions,
which is quite different from solution on paper

(Habib, FG6).
SLI encourages collaborative learning
through reflective group discussions

SLI allows me to ask questions, reflect on lab tasks,
and to discuss with my peers (Tore, FG1).

SLI is a learner-centred
laboratory instruction

I participated in lab activities that provide
opportunities for collecting data while actively

experimenting and to understand
behind-the-scenes of the experiments (Nasir, FG2).

Laboratory learning through SLI
is a demanding process

SLI is difficult without technical staff and
sufficient laboratory equipment and

consumables
SLI takes much time

It is difficult to comprehend the SLI
teaching–learning materials

A shortage of laboratory materials and lack of
laboratory technicians who could relentlessly

guide students’ chemistry learning. . .was seriously
a real concern (Selam, FG8)

The students may get bored with spending much
time in the laboratory until they ensure the lab

activities they are assigned to perform are
thoroughly examined (Abi, FG3)

We failed to understand the nature of SLI
teaching–learning materials, and hence we were
terrified and anxious about the delicacy of the

apparatus and the equipment (Habib, FG6)

3.7. Ethical Issues

Permission to carry out the data collection and research was sought through formal
letters to the school administrators. The way the collected data would be stored and the
protection of subjects’ sensitive and identifying information were reviewed and approved
by the Norwegian Centre for Research Data. All the participating students, teachers and
school directors signed a letter of consent. Students and teachers were informed about
the processing of data and that no person-identifying information would be retained.
Furthermore, they were given the opportunity to opt out of the study at any time.

4. Results
4.1. Quantitative Results of the Three-Tier CCT
Pre-Test–Post-Test Improvement on Conceptual Understanding

Our first research question focused on the effect of SLI on students’ understanding of
acid–base and solution chemistry topics. We hypothesized that students in the experimen-
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tal group who attended lessons designed based on the SLI approach would significantly
outperform those in the control group on conceptual understanding of acid–base and
solution chemistry. The pre-test and post-test mean scores for the experimental and control
groups are shown in Table 3. An independent sample t test was conducted to compare the
pre-test CCT scores of the control and experimental groups. The mean score difference
(0.11) was not statistically significant: t(158) = 0.78, p = 0.78. However, we found a signifi-
cant difference in the post-test CCT scores between the control and experimental groups:
t(158) = 10.01, p < 0.001). On average, students in the experimental group scored two more
points in the post-test CCT items than those in the control group. We furtherexamined the
specific CCT items that students answered correctly in both the pre-testand post-test.

Table 3. Descriptive statistics for pre- and post-test CCT scores, by gender and school.

Group Mean (SD) Differences in Mean
(Post-Test–Pre-Test) T-StatisticsPre-Test Post-Test

Control (n = 84) 2.01 (0.91) 3.55 (1.17) 1.54 *** 9.51
Girls (n = 37) 2.00 (0.88) 3.57 (1.19) 1.57 *** 6.43
Boys (n = 47) 2.02 (0.94) 3.53 (1.16) 1.51 *** 6.93

School C1 (n = 42) 2.07 (1.02) 3.79 (1.00) 1.72 *** 7.77
School C2 (n = 42) 1.95 (0.79) 3.31 (1.29) 1.36 *** 5.84

Experimental (n = 76) 2.12 (0.80) 5.50 (1.30) 3.38 *** 19.30
Girls (n = 34) 2.12 (0.81) 5.38 (1.44) 3.26 *** 11.56
Boys (n = 42) 2.12 (0.80) 5.60 (1.19) 3.48 *** 15.69

School E1 (n = 20) 2.55 (0.62) 5.45 (1.05) 2.90 *** 8.95
School E2 (n = 23) 2.26 (0.62) 5.39 (1.03) 3.13 *** 12.47
School E3 (n = 14) 1.71 (0.61) 5.43 (1.74) 3.72 *** 7.53
School E4 (n = 19) 1.79 (0.63) 5.74 (1.52) 3.95 *** 10.45

Mean differences: mean
(experimental)—mean (control) 0.11 1.95 ***

Note. t test scores for differences in mean are significant at *** p < 0.001; SD = standard deviation; maximum
expected score for either the pre- or post-testwas 9 points.

On average, there was a significant improvement in CCT scores between the pre-test
and post-test for students in both the control and experimental groups. As shown in Table 3,
we also found that both female and male students in the control and experimental groups
showed significant pre-test and post-test improvements in their CCT scores. The gain in
CCT scoresover time was also statistically significant across all six schools. However, the
magnitude of the gain in the CCT average score at the post-test by students in the experi-
mental group (3.38) was larger than those students in the control group (1.54). With regard
togender, we found no significant difference in post-test CCT scores between boys and girls
(p = 0.48). This suggested that boys and girls benefited equally from the intervention.

To examine whether the statistically significant differences in the post-test CCT scores
could be maintained after accounting for the pre-test CCT score, we conducted an analysis
of covariance (ANCOVA). We found that the mean CCT post-test score for the experimental
group was significantly higher than that of the control group: F(1157) = 99.5, p < 0.001,
adjusted R-squared = 0.41. The findings suggested that after controlling for pre-test CCT
scores, the SLI teaching approach accounted for approximately 41 percent of the variance
in post-test CCT scores between the experimental and control group students. It should
also be noted that students’ pre-test CCT scores significantly predicted the post-test CCT
scores: F(1157) = 4.84, p < 0.05.

4.2. Qualitative Results

After the intervention, the students’ experiences with SLI were investigated using semi-
structured FG interviews. In addition, classroom observations were used for corroborating
the interviewdata and answer the research questions of the study. The qualitative analysis
involving inductive coding and thematic analysis resulted in three main themes: (1) SLI in-
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creases students’ motivation for learning chemistry; (2) SLI is a multifaceted learner-centred
laboratory instruction; and (3) laboratory learning through SLI is a demanding process.

4.2.1. SLI Increases Students’ Motivation for Learning Chemistry

Almost all student respondents reiterated that SLI was a motivating and enjoyable
learning method. For example, Smith (FG1) stated: “I have become motivated and inter-
ested in doing hands-on practical experiments [after SLI]”. Ahmad (FG8), too, echoed his
positive sentiment: “SLI has encouraged me to take self-initiative and responsibility for
understanding chemical concepts, which increased my motivation and curiosity to study
chemistry in-depth”. Classroom observations supported the above interview results.

“. . .studentsrecollected what they had previously learnt in their biology lessons about the
function of epithelial cells on the stomach wall in producing the bicarbonate-rich mucus,
which, as they pointed out, was responsible to neutralize the gastric acid. The students
seemed to be motivated in the lesson”. (Author 1, notes [20 March 2020])

Jonas (FG3) further elaborated this as follows: “I found SLI motivational; it is particu-
larly inspirational for science subjects to translate theory into practice, to solve problems,
so this type of instruction needs to be bolstered to improve the chemistry pedagogy”.
Teaser (FG9) elegantly described what SLI is all about using an Amharic proverb: “Yemi-
adegtijakegemeduyastawukal”, which literally means ‘a calf who would grow well is easily
identified by its effort to escape from a tied rope in a cage’, meaning that SLI can serve as
an effective student-centred instruction method that might lead to the abandoning of the
taken-for-granted regular teaching approach.

Many student respondents further thought that SLI was critical for their own encour-
agement in learning chemistry. For example, Siraj (FG5) said, “SLI had invigorated me to
learn chemistry in the laboratory learning environment”.

Some participants also pointed to the effect of SLI in encouraging in-depth chemistry
learning. Kim (FG10), for example, stated that she found a way to better grasp abstract
chemical concepts after conducting SLI experiments: “It has helped me contemplate and
recollect what I was taught through SLI-based lab activities. This notion is similar to image
created from watching films and is better than reading books”. Likewise, Latifa (FG7)
was of the opinion that SLI had enhanced her understanding of the chemical concepts:
“Evaluating my previous little experience, I am now regrettably disappointed, but now I
have learned chemical concepts in a better way, so SLI was inspirational”.

Some students expressed that SLI was an interesting and enjoyable method for learning
chemistry. For example, Jonas (FG3) described it as “enjoyable and the lessons I got from
it [SLI] will be easy to understand as I learned by doing, so I am happy with it”. Pre-
laboratory activities sparked an interest in learning chemistry, according to some of the
students. For example, Johannes (FG11) stated: “I loved pre-laboratory quizzes since they
are important to pave the way to step forward and minimize the time needed to do the
experiments”. Author 1 also noted an enjoyable atmosphere in the classroom when the
students worked on pre-laboratory activities.

Furthermore, some students expressed that the SLI method made them enthusiastic
about pursuing chemistry and related Science, Technology, Engineering, and Mathematics
(STEM) careers in the future. For example, Habib (FG6) commented, “It [SLI] has made
me anticipate about my future career, such as forensic science examinations”. Kim (FG10)
mentioned: “As chemistry is applicable in our daily lives, I realized that we need to like
chemistry like our bread. We are longing for another topic to come and do practical
laboratory work as [SLI] helped us to be researchers”.

In summary, students found that SLI-based laboratory activities offered them the
opportunity to comprehend and transfer their chemistry knowledge and skills in new
contexts. The statements from the students also suggest that the SLI laboratory teaching–
learning method activated them in the laboratory work in an enjoyable manner, which in
turn increased their intrinsic and extrinsic motivation towards chemistry and STEM career
investigations.
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4.2.2. SLI Is a Multifaceted Learner-Centred Laboratory Instruction

Many respondents expressed that they thought that SLI-based experiments made
chemistry more relevant, for example, by bringing theory from the classrooms to real-life
contexts. Brian (FG9) said that “. . .it [SLI] has helped me identify what really exists in the
daily life practices”. Mina (FG2) noted, “It also helps us apply what we have been taught
theoretically to different circumstances that we encountered in our environment”. Author 1
noted the excitement that followed when one student came to realize the chemistry behind
a well-known flavor:

“Students had reflected on a nice smelling musk that is produced by an African civet
in the discussion forum and one student asked an interesting question: ‘You guys, do
you think that after doing the unknown concentration of Cu (II) experiment we can
manage to determine the concentration of the chemical components in the musk of a civet,
I mean in the near future? It is awesome! I appreciate the role that chemistry can play in
understanding the natural world’”. (Author 1, [19 March 2020])

Liyu (FG5) extended her comment pertinent to the very essence of chemistry by stating,
“I have also learned that chemistry is everything, everywhere, and is for everyone”. This
might suggest that the relevance of chemistry to their lives was undercommunicated in
their earlier education and that they found the application of theory through the use of
relevant and SLI-based experiments enlightening.

The opportunity to develop laboratory skills was also appreciated by students. For
example, Brian (FG9) expressed that SLI can “spark curiosity and laboratory skills”. Habib
(FG6) also described that he had “learnt how to practically prepare solutions, which is quite
different from solution on paper” and Johannes (FG11) expressed, “I also developed my
skills to measure chemicals, manipulate equipment and properly handle them”. Classroom
observations highlighted that the EG students became good at manipulating the volumetric
flask for preparing standard solutions.

Another important feature of SLI that some students emphasised was the extensive
use of reflective group discussions, which they felt were encouraged by collaborative
learning. For example, Tore (FG1) stated: “. . .SLI allowed me to ask questions, freely
reflect on lab tasks, and discuss with my peers”. Indeed, the first author observed that the
students in the EG asked relevant questions and engaged in interactive and reflective group
discussions with their peers and teachers. For example, one student asked the teacher
“whether the bottled water and tap water pass in different water treatment processes
or not”. These findings suggest that students had increased their ability to ask relevant
scientific questions; for example in this case, they were curious about if the physicochemical
treatment processes used to maintain the quality of tap and bottled water were the same to
gain an understanding about which type of water is safer to drink compared to the other.

TheSLI is a learner-centred laboratory instruction that was useful for actively involving
the students in the laboratory teaching–learning process, which was highlighted by many
students. They expressed that SLI would be helpful in improving their chemical knowledge
and performance in practical-related process skills. For example, Nasir (FG2) indicated
that SLI provided him with opportunities to participate in “lab activities that provide
opportunities for collecting data while actively experimenting, and to understand behind-
the-scenes of the experiments”. Seifu (FG5), too, reiterated that “[l] earning science by doing
makes the lesson meaningful and easy to remember”. Several students also reiterated the
potential positive impact of SLI on implementing student-centred laboratory instruction,
as Siraj’s (FG5) response, for example, echoed: “SLI makes chemistry learning always
memorable because we practically learnt by doing, showing, mixing or testing”.

In summary, students stressed that SLI was a student-centred laboratory instruc-
tional approach that was considered to be beneficial by some students for improving
individual and social laboratory learning skills, creating enhanced motivation for experi-
mental learning and incorporating typical real-life examples as a means of developing their
scientific knowledge.
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4.2.3. Laboratory Learning through SLI Is a Demanding Process

Despite the good experiences with the SLI method, some students found it challenging
as well, thereby making it difficult to adopt it in their laboratory learning contexts. Some
respondents reiterated that there was a lack of skilled manpower and laboratory facilities
in their schools, which would impede their learning. For example, Brian (FG9) revealed
that the “lack of capacity of schools in furnishing materials that are necessary for labora-
tory experiments was a big challenge”. Selam (FG8) mentioned that she had previously
encountered “a shortage of laboratory materials and lack of laboratory technicians who
could relentlessly guide students’ chemistry learning”. Students’ reflections imply that
practical teaching and learning would be more feasible when there isa sufficient supply of
laboratory facilities and skilled manpower.

Many respondents expressed that SLI takes a lot of time. For example, Abi (FG3)
stated: “The students may get bored with spending much time in the laboratory until they
ensure the lab activities they are assigned to perform are thoroughly examined”. However,
a few participants also showed the need for additional time to better practice SLI. An
exemplary quote obtained from the reflection of Hiwot (FG3) can serve as an example: “We
need to save our regular classes and I suggest the [SLI] training should be held in extended
time to yield the training beyond rhetoric”. As was apparent in the classroom observations,
“students were also happy to take much time to discuss with the teachers and their peers
alike, but time limited them to go further”.

Some respondents felt that it was difficult to comprehend the SLI teaching–learning
materials. For example, Amanda (FG2) noted that she was “unable to comprehend the
teaching and learning materials introduced during SLI properly, and it was difficult to
imagine that I didn’t know all the apparatus and equipment employed in SLI”. Likewise,
some students found that the introduction of pre-laboratory activities was a completely
new experience and was, therefore, challenging. For example, Hagera (FG10) said, “We
were terrified due to the lack of experience when we struggled to answer the challenging
pre-laboratory questions as we have never had the same experience [before]”.

Habib (FG6) also felt that he was “terrified and anxious” due to his new experience
with SLI: “We failed to know the nature of materials, and hence we were terrified and anx-
ious about the delicacy of the apparatus and the equipment”. Ikhlas (FG1) said, “. . .failure
to measure volume accurately due to lack of experience may make us lose hope”. This is in
clear contrast to the results noted before in classroom observations by the first author, in
which several participants felt confident in manipulating volumetric flasks to prepare stan-
dard solutions. This contradiction may be explained by her relatively decreased self-efficacy
beliefs in performing practical tasks successfully.

In summary, students expressed that SLI is a difficult laboratory learning method that
takes time. In addition, the obstacles in terms of fulfilling skilled manpower and laboratory
facilities were highlighted by the students as important indicators of the impediments to
learning chemistry effectively from this method.

5. Discussion
5.1. The Effect of SLI on Students’ Conceptual Understanding of Chemistry (RQ1)

Both the t test and ANCOVA results indicated that the students who attended the SLI
sessions acquired a better understanding of acid–base and solution chemistry concepts than
the students who attended the regular chemistry instruction. This finding is consistent with
the results of previous studies by Demircioğlu et al. [22] and Damanhuri et al. [58] onhigh-
school students;Karslı-Baydere et al. [59] on pre-service science teachers; and Baydere [60] on
primary school students. It is likely that the instructional activities in the SLI sessions resulted
in significant pre-test–post-test improvement in students’ conceptual understanding of acid–
base and solution chemistry. The EG students were offered different learning approaches and
strategies (where great attention was given to pre-laboratory activities, teachers’ scaffolding
and reflective group discussions) in an active learning environment, such as the Prepare, Do,
Review model suggested by Spagnoli et al. [61]. Based on our observations of the actual
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lessons, we noticed that the students in the CG were minimally engaged in the instructional
activities. This may have led to a shallow understanding of the chemical concepts discussed
in the demonstration of regular laboratory sessions. The opportunities provided for the EG
students to actively engage in purposely designed instructional activities may have facilitated
an in-depth understanding of chemical concepts. Observations from the classrooms suggest
that EG students exhibited a solid understanding of (1) the correct sequence and the use of
volumetric flasks for preparing a standard solution and (2) the awareness of how to write
the chemical equation for the reaction between an acid and a base. Many similar studies
have emphasized that bringing forth various pedagogical approaches together and creating
an optimal laboratory learning environment for students is necessary for the development
of students’ improved scientific understanding [59,60]. It should be noted that students in
the control group showed a statistically significant pretest-posttest improvement in their
conceptual understanding of acid–base and solution chemistry in the post-test. This may
be because of the question–answer sessions in the regular instruction that has helped them
to better learn the investigated concepts. Aflalov and Raviv [62] contended that enhancing
classroom discourse using questions and answers might promote better science learning in
a “traditional frontal teaching in an ordinary classroom (p. 182)”. Our classroom observa-
tions of the control classrooms revealed that the control teachers constrained the classroom
discourse by providing the answers themselves, which forfeited opportunities to conduct
effective discussions. We noticed that while the control teachers asked questions and rarely
involved students to reflect on the questions, many of the questions were answered by the
teachers themselves. A possible reason for such a positive effect of SLI on students’ learning
as compared to regular instruction may be that the SLI learning approach took students’
misconceptions into account during the design process. This result appears to be in line
with similar studies (e.g., Karslı-Baydere et al. [59] and Çetin et al. [63]) that investigated
gas concepts.

5.2. Aspects of SLI That Students Find Motivating and Useful for Their Chemistry Learning, as
Well as Challenging Aspects(RQ2)

The analysis of interview transcripts revealed that students found that SLI supports
their deep-level learning, persistence and enjoyment, which is their intrinsic motivation.
Students also felt that SLI promoted their understanding related to personal value, relevance
and importance of science to attain future performance goals or ego goals, such as aspiring
to be a forensic scientist, that is, their extrinsic motivation.

Students’ motivation to learn science, particularly chemistry, as elicited in this manuscript,
is consistent with the findings of previous studies by Kusurkar et al. [64] and Vaino et al. [65].
In these studies, the increase in students’ motivation to learn chemistry was due to the use of
reflective, small-group and leading discussions, which encouraged their active participation in
the learning process. Collaborative learning that facilitates socially shared regulation among
students is thought to be crucial for creating a conducive classroom environment in which
students influence and motivate each other [66].

Another possible explanation for the positive influence of SRL–SLI on students’ mo-
tivation may be the utilization of explicit teaching by applying challenging tasks and
incorporating a variety of active teaching–learning approaches (reflective group discus-
sions, teachers’ scaffolding and pre-laboratory activities) that might have encouraged
students to think more about the laboratory teaching–learning process and make use of
different learning strategies, as stated in previous studies [27,35,36,67].

The qualitative analysis underscored that SLI and the experiments used (1) make
chemistry more relevant to their lives, (2) develop individual and social learning abilities
and (3) promote students’ autonomy in scientific investigations, thereby enhancing their
practical laboratory skills and active involvement in the learning activities. Consistent with
this finding, Mandler et al. [46] and Araújo et al. [68] found that teaching chemistry through
relevant laboratory activities helps students make connections between chemical concepts
and real-world phenomena. Science educators assert that the meaningful application of
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chemical concepts and ideas in relevant contexts yields productive settings for effective
science learning, especially when students address real-life problems through participation
in communities of practice [69].

Participants reiterated that collaborative learning with “[reflective] group discussions
and questioning as part of SLI activities were beneficial for understanding chemical con-
cepts”, as indicated by Ucan and Webb [70]. In addition, it is argued that “group discussion
gives affordances for making students’ thinking visible leading to correction, modification,
and knowledge–building through collaboration” [71] (p. 169). Thus, maximizing students’
abilities to enact higher-order thinking skills through coached and supervised group discus-
sion activities may enhance their collaborative learning, thereby enhancing their knowledge
construction. This result echoes NRC’s [72] report thatstudents’ enhancement of mastery
of science content knowledge and development of scientific reasoning abilities can be
achieved when the laboratory experiences are designed with clear integration of learning of
science content and process and incorporation of ongoing student reflection and discussion.
As such, group discussions in which students proactively engage in thought-provoking
tasks can create favourable educational experiences that are challenging to them, albeit
inevitably encouraging higher levels of engagement in scientific work [73].

As noted in the qualitative results, the SLI project equipped students with procedural
knowledge and practical skills that contributed to their development of learning skills,
predominantly through the use of practical laboratory activities. Students’ responses
indicated that SLI is an appropriate method to develop their laboratory-learning techniques,
materials and knowledge of laboratory rules.

Our results align well with Araújo et al. [68], in which middle school students who par-
ticipated in a ‘water quality citizen science project’ showed the development of laboratory
skills and performed practical activities with a high degree of autonomy using an enlight-
ened laboratory workgroup environment. In the present study, students mentioned that
they were actively involved in the learning process and that SLI-based lab activities were
pivotal to delving into the scientific investigations autonomously, as they were offered mul-
tiphase cyclical and collaborative learning opportunities through self-regulated learning.

As for challenges with SLI, the respondents listed a lack of laboratory facilities, skilled
manpower (qualified teachers and lab technicians), and time, as well as problems coping
with the laboratory teaching–learning materials. Similar challenges have been identified in
other studies, such as that by Yalcin-Celik et al. [74], Nivalainen et al. [75], and Cossa and
Uamusse [76], who reported that a lack of laboratory facilities still hampers their laboratory
learning–teaching processes in high schools in Africa and elsewhere.

Some students mentioned the shortage of trained manpower as an important challenge
for laboratory learning in the Ethiopian context. Indeed, studies have indicated that
a lack of qualified teachers and technicians is likely to threaten students’ perceptions
oftheir future achievements [77]. The participants expressed concern that the teachers’
lack of competence in implementing SLI will affect their SRL. Peeters et al. [78] found
that it is possible to promote learners’ SRL by training teachers so that they can acquire
the necessary knowledge, skills and self-efficacy to support, guide and scaffold their
students’ learning. Likewise, Akani [79] pointed out that qualified chemistry teachers can
rejuvenate students’ learning in laboratory settings. Students also felt that it was difficult
to comprehend the SLI-based teaching–learning materials. Previously, since SLI students
were commonly taught using a teacher-centred approach, their anxiety in the SLI learning
process was not surprising. Since the development of students’ learning is a long-term
process, the participants’ inability to easily comprehend the teaching–learning materials
is understandable when the complexities and factors that influence the self-regulatory
processes are considered [80].

5.3. Limitations of the Study

This study on SLI was conducted for more than four weeks in a “one-shot” fashion,
which made it difficult to comprehensively examine the effects of SLI in improving concep-
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tual change. One of the limitations of this study was that the SLI’s were only performed
for two broad learning objective categories (acid–base and solution chemistry). Adopting
these types of SLI interventions for abroader set of learning objectives commonly included
in high-school chemistry curricula would provide evidence for the broader applicability
of this instructional approach. Moreover, in the SLI, students were administered a pre-
and post-test exams only; however, using retention post-tests along with pre- and post-test
exams would have been decisive in documenting the effect of the method in understand-
ing whether the students held a firm conceptual understanding of scientific concepts in
general and chemical concepts in particular, which aligns with the conception held by the
scientific community.

Since we selected those students who showed an interest in being taught using SLI
and the regular instruction method, there might be a possibility of confirmation bias.

Finally, because it was the first author to conduct FG discussions, it is possible that the
students provided socially desirable responses.

6. Implications for Practice and Research

The current study sheds light on and provides further empirical support for previous
studies in science education, showing the effectiveness of the SLI learning model (and
related instructional approaches) over regular instruction (e.g., see Refs. [35,36,59,60,67]).

Students’ laboratory experiences with SLI revealed that learning science by performing
in a complex laboratory learning environment is a demanding process, as argued by
Agustian and Seery [27]. High-school teachers could potentially design and implement
SLI in a way that the reflective group discussion sessions are conducted, at the very least,
within a week’s gap after completing the SLI-based laboratory activities and experiments
to provide students with sufficient time and opportunity to interact, reflect, explain and
modify their conceptions, as expressed by Hofstein and Hugerat [81]. How are senior high-
school students prepared in their teaching laboratories? In the present context, participants
were less likely to have encountered SLI prior to this study, which in turn may have
created some sort of confusion in adopting the teaching–learning materials within a short
time period. To acquaint students with the SLI model, we recommend that effective
scientific enquiry practices be started in earlier grades by realizing teachers’ professional
competencies and allocating sufficient funds to furnish laboratories. In addition, we suggest
that pre-service and in-service chemistry teachers should regularly spend sufficient time
learning from and practicing in chemistry laboratories, if effective laboratory instruction
is to be conducted in schools. Similarly, recent studies have pointed out that pre-service
middle-school mathematics educators should receive PD training to develop competence
in supporting students in making links between mathematical concepts and real-world life
contexts [82]. Thus, we highlight the need for professional development programs that
focus on laboratory training.

For future studies, collecting data through audio-recorded group discussions of stu-
dents and written surveys during teachers’ enactment of SLI practices could be useful
to obtain richer data. Further research could also be carried out by following up on the
students’ learning progression in a longitudinal study with a larger student population. In
addition, researchers can investigate the impact of SLI on developing students’ transferable
skills (such as critical thinking, decision-making and adaptability skills).
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Appendix A. Three-Tier Multiple-Choice Chemistry Concept Test (CCT)

1. Which statement is correct about pH?

(A) A solution that has a pH of 3 has hundred-fold times greater H+ ions than a solution
with a pH of 5

(B) pH is a measure of ‘strength’ and ‘powerfulness’ of a solution
(C) As the number of hydrogen atoms increases in the formula of an acid, its pH

values decrease
(D) If the pH = 0, the substance is neither an acid nor a base

1.1. What is your reason or explanation for your response above?

(A) Because pH measures the degree to which an acid or base reacts
(B) Because the more hydrogen atoms in the formula of an acid means that there are

higher H+ ions in the solution
(C) Because the pH of a solution is the negative logarithm of H+ ion concentration, a

solution with a pH of 3 has 100 times greater H+ ions than that of pH 5
(D) Because a substance with pH = 0 contains no H+ and OH- ion concentrations

1.2. Are you confident/sure that the responses given above are correct?

(A) Yes
(B) No

2. Which statement is correct about titration?

(A) In acid-base titration, before the end point of the titration there will be no change
in pH

(B) In neutralization titration, at the equivalence point of titration, a single drop increase
in acidic solution leads to a large decrease in pH

(C) In acid-base titration, acids and bases physically mix together to form a solution
(D) The end point of complexometric titration occurs at acidic pH

2.1. What is your reason or explanation for your response above?

(A) Because the dissolution of an acid with the base to give a neutral solution predomi-
nantly occurs instead of chemical reactions

(B) Because the metal-EDTA complex will be highly stable at a lower pH and the analyte
and titrant are essentially completely reacted at the end point of titration

(C) Because at the equivalence point when approximately all OH- ions are consumed, a
small increase in acid leaves the solution with an excess H+ ions

(D) Because it is only at the equivalence point that reaction will start taking place

2.2. Are you confident/sure that the responses given above are correct?

(A) Yes
(B) No

3. Which statement is correct about the properties of the solutions?

(A) Sugar dissolved in water conducts electricity
(B) Sugar molecules are mostly present at the top of the sugared water mixture
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(C) Electrical conductivity of solutions depends on the availability of only negatively
charged ions

(D) Sodium chloride is much more soluble in water than in benzene

3.1. What is your reason or explanation for your response above?

(A) Because all solutions conduct electricity and conductivity doesn’t depend on the type
of solution

(B) Because the benzene molecules lack a dipole moment, they cannot effectively solvate
Na+ and Cl− ions

(C) Because negatively charged ions have a more active role than positively charged ions
in supporting electrical conduction

(D) Because the sugar molecules are regularly arranged at the top of the sugared water mixture

3.2. Are you confident/sure that the responses given above are correct?

(A) Yes
(B) No

4. Which statement is correct about the concentration of a solution?

(A) The concentration of a solution helps to determine the strengths of acids and bases
(B) If the volume of aqueous ethanol solution in beaker A is twice the volume in beaker B,

there should be more particles in beaker B than in A with equal concentration
(C) Adding a saturated solution of a bit more of its solid increases ion concentration
(D) Concentration has a non-linear relationship with absorbance

4.1. What is your reason or explanation for your response above?

(A) Because absorbance has an inversely proportional relationship to concentration
(B) Because the concentration of acids and bases affects the degree to which acids and

bases dissociate in solutions
(C) Because there should be more particles in a smaller volume than in the more diluted

solution with equal concentration
(D) Because the same solute can be dissolved in a saturated solution regardless of the

amount of its solute dissolved in the solution

4.2. Are you confident/sure that the responses given above are correct?

(A) Yes
(B) No

5. Which statement is correct about the physical and chemical properties of acids
and bases?

(A) A neutralization reaction does contain H3O+ and OH- ions
(B) When an acidic solution is ultra-diluted, it will become a basic solution
(C) A strong acid doesn’t dissociate in water solution, because its intra-molecular bonds

are very strong
(D) Acid-base reactions result in a solution that does not possess any acidic or

basic properties

5.1. What is your reason or explanation for your response above?

(A) Because ultra-diluted acidic solutions will have higher pH values that make it a
basic solution

(B) Because the neutralization process can contain either acids or bases that are left
unreacted in the resulting solution

(C) Because the neutralization process indicates that acids have consumed all bases, and
the resulting solution is neutral

(D) Because the strong intramolecular bond in HCl that is hydrogen bond prevents
separating its molecules into hydrated anions and cations in solution

5.2. Are you confident/sure that the responses given above are correct?
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(A) Yes
(B) No

6. Which statement best describes the formation of aqueous solutions?

(A) Dissolving sugar molecules in water is a chemical process
(B) Powdered detergent soap dissolves in water and forms bubbles on top, so it’s an

exothermic reaction
(C) In completely dissolved aqueous solutions, there are molecules of ionic compounds
(D) Sodium chloride that is completely dissolved in water will have no undissociated

NaCl units in solution

6.1. What is your reason or explanation for your response above?

(A) Because once ionic compounds are dissolved in water, hydration destabilizes ions in
solution and helps to recombine anions with cations

(B) Because the sodium chloride that enters the aqueous solution is disintegrated into
Na+ and Cl− ions

(C) Because reaction between sugar and water molecules can result in a new substance-
sweet water

(D) Because the formation of bubbles shows the dissolution of detergent soap in water by
releasing energy and is thus an exothermic reaction

6.2. Are you confident/sure that the responses given above are correct?

(A) Yes
(B) No

7. Which statement best describes the right practical laboratory knowledge/practices about
the preparation of solid–liquid solutions?

(A) During carrying out the given task of preparing solid-liquid solution, female students
need not to use a hair clip to tie their hair back

(B) Reading the top of the meniscus instead of the bottom gives precise volume measurement
(C) When precise measurement of liquid is needed using graduated cylinder is the right

equipment instead of volumetric flask
(D) To prepare 1 M NaCl solution, we should not combine 1 mole of NaCl with 1 L

of water

7.1. What is your reason or explanation for your response above?

(A) Because the probability of having an accident on the hair is very low and it is not
considered necessary to act up on it

(B) Because the top of the meniscus provides a more precise volume measurement than
the bottom

(C) Because a graduated cylinder is easy to measure out volume, and it is the right
equipment to get precise measurement of volume

(D) Because the resulting solution would have a total volume exceeding 1 L and therefore
a molarity of less than 1 M

7.2. Are you confident/sure that the responses given above are correct?

(A) Yes
(B) No

8. Which statement is correct about the indicators?

(A) Indicators are used to measure the strength of acids and bases
(B) Indicators neutralize acids and change colour
(C) All indicators change colour at the same pH value and this is invariably at pH 7
(D) Indicators provide a clear indication by a colour change in the presence of neutral,

acidic or basic solution

8.1. What is your reason or explanation for your response above?
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(A) Because indicators can define the degree to which acids and bases react to each other
(B) Because indicators are basic organic compounds that can react with acids to show the

end point of the neutralization reaction
(C) Because the role of indicators is to show the colour change of neutralization reaction,

which always results in neutral solution
(D) Because indicators are acidic or basic organic compounds that indicate whether the

titration process ends up with neutral, acidic or neutral solution

8.2. Are you confident/sure that the responses given above are correct?

(A) Yes
(B) No

9. Temporary hardness of tap water occurs when Ca2+ ions come from chlorite compound,
Ca(OCl)2, but not from the hardness of ground water. This can be removed when tap water
is heated.
9.1. Which statement is correct about the chemical phenomena that occur when tap water
is heated?

(A) The CaCO3 will precipitate after tap water is heated and the water evaporates
(B) Coagulation of CaCO3 will occur after tap water is heated
(C) The density of crystals of CaCO3 is greater than the solution of tap water, and then

they precipitate
(D) The CaCO3 will precipitate after ionization of chlorite compound and dissolution of

CO2 gas

9.2. What is your reason or explanation for your response above?

(A) Because when tap water is heated, it will evaporate and CaCO3will be precipitated at
the bottom of the container

(B) Because heating of tap water triggers the coagulation process and CaCO3will be
removed through filtration

(C) Because heating tap water increases the precipitation of CaCO3since it has a higher
density than tap water

(D) Because CaCO3will be formed through the chemical process that occurs between the
chlorite compound found in tap water and the CO2 gas in the environment

9.3. Are you confident/sure that the responses given above are correct?

(A) Yes
(B) No

Appendix B. Interview Questions Employed in the Semi-Structured
Focus-Group Interviews

Semi-structured interview questions

• How do you evaluate the way you were taught the topics ofacids–bases and solution
chemistry through SLI?

• What do you think are the benefits of SLI approach compared to the approaches you were
familiar with?

• Which components of the SLI do you think are relevant for conducting an experiment at
high school level?

• What types of support do you think is important for SLI to be effective for your
laboratory learning?

• What factors, if any, may hamper your learning from the SLI approach?
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