Res Sci Educ (2020) 50:1575-1601 @ CrossMark
https://doi.org/10.1007/s11165-018-9744-5

The Effect of Multiple Representations of Physical
and Chemical Changes on the Development of Primary
Pre-service Teachers Cognitive Structures

Aysegiil Derman' - Jazlin Ebenezer*

Published online: 25 June 2018
© Springer Nature B.V. 2018

Abstract The purpose of this study was to describe the effect of multiple knowledge
representations of physical and chemical changes on the development of primary pre-service
teachers’ cognitive structures. The study took place in an introductory general chemistry
laboratory course in a four-year teacher education program. Multiple knowledge representa-
tions in chemistry refer to the macroscopic (visible), sub-microscopic (invisible), and symbolic
(formulas and equations). The study adopted one group pretest-posttest design supported by
qualitative data. Forty primary pre-service teachers participated in this study. The results
revealed that enabling the primary pre-service teachers to learn multiple representations of
physical and chemical changes was effective in developing both groups of pre-service
teachers’ cognitive structures, low and high-level understanding of particulate nature of matter,
the latter benefitting the most. This finding was instructive because it emphasizes the difficulty
that some primary pre-service teachers had on the particulate and symbolic representations of
physical and chemical changes. The improvement in primary pre-service teachers’ cognitive
structures of physical and chemical change by the use of multiple representations.

Keywords Cognitive structure - Multiple representations - Particulate nature of matter - Physical
change - Chemical change - Word association
Introduction

The particle theory of matter is at the heart of chemistry and chemistry curricula (Adadan
2014a, b; Adbo and Taber 2009; Ayas and Ozmen 2002; Taber and Franco 2010). Particulate
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nature of matter forms the basis for the understanding of the macroscopic observations of
elements, mixtures and compounds, chemical reactions, chemical equilibrium, and acids and
bases (Ayas et al. 2010; Taber and Coll 2002). Many science education researchers assert that
the transition among knowledge-types—the macroscopic, sub-microscopic, and symbolic and
the corresponding representations with ease are critical to chemistry learning, but poses
difficulty to learners at various levels from school to university (e.g., Ayas et al. 2010; Author
and Co-author).

There are two principal reasons for studying primary pre-service teachers’ (PSTs’)
cognitive structures of physical and chemical change through their understanding of the
particulate nature of matter. The first is the inclusion of particulate nature of matter in the
primary science curriculum (Cokelez 2009; Griffiths and Preston 1992; Ozmen 2011;
Stavy 1990; Taber and Franco 2010; Talanquer 2009). The second is the particulate nature
of matter underpins student understanding of many chemistry concepts. They are the
structure of matter and phase change (Cékelez 2009; Griffiths and Preston 1992; Ozmen
2011), diffusion, the dissolution process, solution chemistry (Adadan 2014a), chemical
reactions, and the effect of pressure, volume, and temperature on gases (Nakhleh 1992).
These two reasons, related to their future students’ learning (Jarvis et al. 2003), have wider
appeal and application for primary PSTs’ learning of the particulate nature of matter in
chemical science (Adadan 2014a; Ozmen et al. 2002). Thus, the study at hand focuses on
the primary PSTs’ learning of the multiple knowledge representations in an introductory
general chemistry laboratory course. We group the PSTs to the low and high-level
understanding of the particulate nature of matter based on the scores they obtained in
the pre-test of Particulate Nature of Matter Diagnosis Questions scale. We classified those
PSTs who scored 2.5 and below as the low-level understanding group and those who
scored more than the specified mean value as the high-level understanding group because,
as we mentioned above, the particulate nature of matter underpins student understanding
of many chemistry concepts. The reason for classifying the PSTs low and high levels is to
help both groups to become aware of their sub-microscopic ideas and the level of
understanding. This grouping gives us an opportunity to monitor both groups’ improve-
ment so that no one is left behind in his or her learning of the sub-microscopic, which is
necessary for understanding chemical topics such as physical and chemical changes. Only
if we and the PSTs are aware of the PSTs’ level of understanding of the sub-microscopic,
we will be able to design activities and strategies that are equitable so that both groups of
PSTs will excel in this area.

The Literature Review

The literature review focuses on the PSTs’ understanding of the particulate nature of matter
and the relationship of their understanding to students’ learning. Findings of previous studies
on particulate nature of matter (PNM) range from primary to university although our focus is
on understanding the primary teachers’ knowledge development in science. Instead of
reviewing an exhausting number of studies on the PNM, we will argue our case with a few
relevant studies.

Ozmen (2011) claimed that the grades four, five, and six students’ understanding of the sub-
microscopic properties of matter is low. This study pointed out that elementary students have
little knowledge or alternative conceptions about the sub-microscopic properties of the
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particles such as the order of the particles, spaces between particles, the number of particles in
different phases, the size of particles, and the movement of the particles. Working with 163
Turkish middle school students (grades six, seven, and eight), Cokelez (2009) found out from
his qualitative study that the learners had difficulties about the space between particles, the
number of particles, the size of particles, and the movement of the particles. For example,
learners thought that the size of the particles increased from solid to gas, and the volume of
matter increased as the matter changed from solid to gas. These findings reveal the middle
school students often transfer macroscopic observation to the sub-microscopic explanation. We
cannot expect primary students to visualize the behavior of the particle in the three states of
matter to develop a deeper understanding. However, the teachers cannot afford to neglect
teaching the three states of matter and discuss the relationship between the visible and the
invisible. Otherwise, the problem compounds as students move from one grade to the other.

Stavy (1990) noted that students’ definition of “gas” depends on their grade level. Seventh
graders, for instance, primarily used a particle model. However, Griffiths and Preston (1992)
found even the 12th-grade students visualize matter as continuous, not particulate. High school
students often conceive the solid particles static, and the liquid and gas particles movable
(Adbo and Taber 2009; Boz 2006; Pozo and Gomez-Crespo 2005). 16-year-old Swedish
science students view solid particles in contact with each other as well as the liquid particles
one particle, and the gas particles three-four particles apart (Adbo and Taber 2009). A
considerable number of high school and university students lack the conceptual understanding
of electrostatic forces between the particles of matter (Adadan et al. 2009; Boz 2006), and the
intermolecular interactions cause physical and chemical changes (Talanquer 2009). The
findings of K-12 students’ understanding of chemical science concerning the PNM is of
relevance because some of these very same students aspire to become future teachers and
are teaching now. Concerning the phenomenon of chemical and physical change, which is the
focus of our study, many eighth -grade students used the terms interchangeably, thus showing
that they cannot differentiate between the two (Boujaoude 1991). Nieswandt (2001} noticed a
little progress when assisting ninth grade students with the understanding of chemical change
of substances. Eleven to fourteen years old learners are not able to identify chemical change
(Johnson 2000). According to Othman et al. (2008), Ninth and 10th grade Singapore students
revealed limited understanding how the PNM influences chemical bonding.

While the school students” PNM studies are numerous, the focus on pre-service teachers is
relatively few. However, the studies on the school students’ understanding of the PNM have
implications for the future teachers of science. For example, studies on the primary (Ozmen
2011) and middle (Cokelez 2009) school students’ ideas found for the same phenomena
mentioned above corroborate with the study of Banda et al. (2011). These authors probed
thirty Zambian junior high school pre-service science teachers’ understanding of the PNM on
the effect of phase change on speed, spaces and number of particles in a substance. They found
that although their macroscopic understanding of the phase change is usually correct, many of
them have a poor understanding of the effect of phase change, cooling and heating on the size
of the particles in substances. Most of the Zambian pre-service science teachers erroneously
believed that when a substance is cooled it constricts because the sizes of its particles decrease,
and when a substance is heated (melting), the size of its particles increases.

The pre-service teachers are, in fact, like the school students seem to translate their
macroscopic senses of the phase change to the sub-microscopic explanation. Similarly, many
of the 40 prospective chemistry teachers understand the concept of particles; however, they
have inaccurate knowledge about the pattern and distance of particles in solid, liquid, and
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gases (Adadan 2014b). They believed that “it is the collective behavior of the particles making
up the matter that determines the physical properties of the matter” (p. 395). Also, these future
teachers had problems with the concepts of electrostatic attraction force and the presence of
PNM in a vacuum. These claims parallel the studies about the K-12 school students (Adadan
et al. 2009; Adbo and Taber 2009; Boz 2006; Cokelez 2009; Franco and Taber 2009;
Talanquer 2009). The inference from these studies is K-12 students, and pre-service teachers,
both primary and chemistry encounter difficulty in explaining various chemical phenomena
using the particle model (Ayas et al. 2010; Liu and Lesniak 2005; Ozmen 2011). Their
explanations reflect a similar understanding of the PNM (Ayas et al. 2010).

Jarvis et al. (2003) researched with 70 primary teachers in 31 schools over a period of two
years that monitored teacher change in understanding the topics of electricity; melting,
evaporation and dissolving; and friction. Their in-service programme consisted of a ten-day-
core module on Developing and Assessing Investigations. This module comprises of strategies
to develop investigations to enable the teachers to understand the relationship between
conceptual knowledge and inquiry. The researchers used a constructivist approach, starting
with teachers becoming aware of their conceptions in a targeted area and then providing
experiences to accept the scientific view through collaborative learning. Concerning the
physical and chemical changes, their study observed the teacher lack understanding of
dissolving because of their confusion with the concept of melting. Also, these authors revealed
that many of the primary teachers did not have a particulate model, and some of them, even
before in-service education had confusions about the particles or molecules. Hence, Jarvis
et al. assert how a teacher provides children inappropriate experiences to develop an under-
standing of the science concepts unless he or she knows the learning outcomes.

Focusing on the primary PSTs’ levels of understandings of the PNM is significant because
the topic of Matter is a fundamental part of the Turkish science curriculum (e.g., Adadan
2014b; Ayas et al. 2010; MEB-TTKB 2013). In fact, the worldwide primary curricula (Trends
in International Mathematics and Science Study—TIMSS 2015) refer to physical and chemical
changes even if there is no mention about the PNM. The English science curriculum includes
‘States of Matter’ in year four and ‘Properties and Changes of Materials’ in year five. The
Israel Science and Technology curriculum at the primary level includes Matter and Energy, for
example, topics such as properties and uses, and physical changes. Fourth-grade science
students across Canada develop knowledge and skills in units on Matter and Energy—
properties of matter; physical changes; and energy transformation. Eighth-grade science
students study three units on Matter and Energy—properties of materials; mass, volume and
temperature; and physical/chemical change. Primary students’ understanding of the PNM is a
global thrust. Thus, the priority of the current study is to enhance primary PSTs’cognitive
structures of the PNM, using a unit on physical and chemical changes that offer multiple
representations. Primary school students do not need to understand the PNM, though that is
not to say that their teachers should not have a sense of it. There is a need to appreciate its
fundamentals of particle theory because the upper primary curricula in some countries include
it. For example, the USA curriculum discusses the PNM regarding the visible and the invisible
(National Research Council 2013). For quality learning to occur, primary teachers need a PNM
background to assist in developing students’ ideas. The previous assertion lies in the question:
How do teachers use the knowledge of the PNM and support student learning across the
primary years so that they move towards developing a complete understanding?

The study at hand is similar to the case study of Derman and Eilks (2016), which identified
157, 11th-grade students’ cognitive structures based on the topic of ‘Dissolution’ via a Word
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Association Test (WAT) analysis. These authors utilized a non-experimental descriptive design
and a response frequency mapping method to identify the students’ cognitive structures.
Overall, Derman and Eilks’ study revealed a very diverse picture of students’ cognitive
structures, including many poorly developed concepts. Furthermore, the study showed that
students’ cognitive structures on the topic of ‘Dissolution’ are static, non-interactive, and
limited regarding the external connectedness. It seemed to Derman and Eilks that the students
did not meaningfully integrate any potential foreknowledge (i.e., the particulate nature of
matter) that underpins solution chemistry.

Although we use Derman and Eilks’ (2016) response frequency mapping method with
minor revisions to create a cognitive map, the present study has a different design, domain,
study participants, and the context. The current study aimed to assure a further insight into
the effect of multiple representations on the Primary PSTs’ cognitive structure of physical
and chemical changes using the elaborate version of the WAT to develop a qualitative map.
The probing methods have a practical value because science education teachers and
researchers will be able to use with the PSTs. Going through this experience will enable
the PSTs to use the assessment tools in the primary classroom. Thus, the study aimed to
ask the following questions:

1. What is primary PSTs’ level of understanding of the particulate nature of matter?

2. How does the use of multiple representations in general chemistry laboratory teaching
effect primary PSTs’ cognitive structures of the physical and chemical changes in both
low and high understanding level groups of particulate nature of matter?

Answering these questions is expected to improve the PSTs’ PNM knowledge and cogni-
tive structure of physical and chemical changes. In turn, the PSTs will be able to teach their
students science with more in-depth understanding.

Conceptual Frameworks
Constructivist Theory of Learning and the Cognitive Structures

Constructivist learning theory espouses that the construction of knowledge depends on the
interaction between the learner’s mental processes and the environment (NRC 2000). This
experiential connection develops conceptual structures that represent networks of concepts in
long-term memory of an individual (Shavelson 1974). Piaget (1978) and Vygotsky (1978) in
their theories of learning, emphasize that pre-existing knowledge be fundamental to the
process of knowing for cognitive development and conceptual change. The assumption is that
learners’ prior knowledge influences how they organize and interpret or make sense of the
incoming information from their environment. According to the National Research Council
(2000), the learner’s development of science concepts involves the construction of organized
knowledge structure and the development of abilities and strategies for understanding, rea-
soning, reflecting, remembering, and solving problems. In other words, the science of learning
advocates that construction of new knowledge and understandings rests on what learners
already know and believe, epistemology, and ability levels (Tyson et al. 1997). Because prior
knowledge affects learning, Ausubel (1968) admonishes that meaningful learning involves
eliciting learners’ prior knowledge and teaching them accordingly.
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A Constructivist View of Learning Advocates an Alternative Teaching Approach

A constructivist view of learning calls for educators to understand what cognitive structures are
and how they function, as well as use the principles to explore and assess learners’ cognitive
structures. Educational studies continue to use different techniques such as word association
testing (Derman and Eilks 2016; Nakipoglu 2008), concept mappings (Edmondson 2000; Kilic
2003), and individual interviews (e.g., Ebenezer and Fraser 2001; Harrison and Treagust
1996). After eliciting the cognitive structures, teachers help learners to make sense of the
new information. In this perspective of teaching, teachers respect and value learners’ prior
knowledge of natural phenomena and integrate them into curriculum frameworks and mean-
ingful lesson activities to help students clarify, elaborate, or reject their theories and models
through various tests (Ebenezer et al. 2010). Metaphorically speaking, just like early scientists
went through conceptual changes, the learners move through their developing, developed, and
matured ideas over time (Thagard 1992 as cited in Ebenezer et al. 2010).

In the interest of the study at hand, we focused on chemistry education studies that have
successfully explored and developed students’ conceptions of solubility through conceptual
change inquiry (Ebenezer and Gaskell 1995). If we do not explore and expose learners’ ideas
and subject to public scrutiny and appraisal from the nature of science perspective (Ebenezer
et al. 2010; McComas 2000; NRC 2007), the teachers will go through the motion of covering
the standards, rather than uncovering them (NRC 2007, 2013). Any wonder (Abd-El-Khalick
and Lederman 2000; Lederman and Abd-El-Khalick 1998; Lederman et al. 1998), interna-
tional studies on the students understanding of the nature of science and how they approach
learning based on their existing ideas or cognitive structures convey discouraging results.

Striving to dispel students’ prior knowledge that we interpret them as misconceptions and
tenacious (Duit and Treagust 2003) is fruitless. Instead, students should be taught to distin-
guish between contexts of learning so that their conceptions of physical and life phenomena fit
their everyday experiences and language as well as the scientific context and culture (Ebenezer
and Erickson 1996; Linder and Erickson 1989). The teachers should not wait for students to
construct theoretical ideas that took even the early scientists more than a thousand year. Rather
they should listen to students’ interpretations and forge the link between the experiential and
the theoretical knowledge. The next step in this process helps the learners to translate their
understandings to shape socio-scientific inquiry such as dissolved salts in water (Ebenezer and
Haggerty 1999). However, the teachers should cherish the romantic period of students
exploring their ideas and follow through with teaching them scientific precisions and gener-
alizations (Whitehead 1929; Ebenezer et al. 2010). Students’ conception and conceptual
change science education literature reveal ample evidence that teachers taking the time to
explore students’ conceptions and using these as starting points for construction and negoti-
ation of explanatory models, and monitoring students’ conceptual development and change as
teaching improves learning (Ebenezer et al. 2010; Ayas et al. 2010). Teaching through lectures
without students becoming aware of the ideas and explicitly and consciously incorporating
their prior knowledge into curriculum frameworks and inquiry is not a constructivist view of
learning.

Multiple Representations in Chemistry Education

In the last four decades, chemistry educational studies have facilitated the student generation
and validation of knowledge on the relationship between the three different levels:
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macroscopic, sub-microscopic, and symbolic (Eilks 2013; Talanquer 2011). Johnstone (1982)
first validated the triadic relationship, and since then many researchers, curriculum developers,
and textbook writers have used it as a framework (Gilbert and Treagust 2009).

While expert chemists view the study of chemistry as a combination of macroscopic,
sub-microscopic, and symbolic, novice learners seem to remain at the sensual level
because they are unable to associate with the other levels that require explanatory models
(Talanquer 2011). A goal of chemistry education is to support students in developing an
understanding of the concepts related to the particulate nature of matter so that they
appropriately translate what they learn to novel situations. However, students frequently
have difficulties solving socio-chemistry problems because of the lack of a thorough
conceptual understanding (e.g., Nakhleh 1992; Taber 2001) of the macroscopic, sub-
microscopic, and symbolic relationship (Johnstone 1991, 2000). The educational research
has shown that students must learn to transition from one representation to another
(Adadan 2014a; Chittleborough and Treagust 2008; Talanquer 2011).

The secondary chemistry teachers often move from the symbolic to submicroscopic.
Instead, chemistry teaching should first establish the relationship between a chemical phe-
nomenon and sub-microscopic entities such as molecules, atoms, and electrons (Adadan
2014a; Chittleborough and Treagust 2008; Cook et al. 2008; Talanquer 2011). In the words
of Ngai et al. (2014): Meaningful learning about chemical identity and related core chemistry
concepts might be better facilitated by fostering sophisticated reasoning at the macroscopic
and submicroscopic levels in a parallel and coordinated manner (p. 2456).

The most sophisticated representation of knowledge is symbolic, the basis for the phenom-
enology of science. While developing the sophistication of the symbolic chemical represen-
tations is essential, school science beginning a unit of study with the symbolic knowledge is
counterproductive. Thus, Ngai et al. (2014) reasoned the importance of promoting the higher
level of reasoning at the macroscopic and submicroscopic levels concurrently in the first place.

Method
Design

The current study uses pre-experimental one group pretest-posttest design (Campbell and
Stanley 1971) supported by qualitative data and content analysis procedures (Berg and Lune
2015). This configuration facilitates the comparison of primary PSTs’ cognitive structures of
chemical and physical change, who had low or high-level understanding of the particulate
nature of matter, before and after multiple representations in the introductory general chemistry
laboratory teaching course.

Educational Context

The Primary Teacher Education Department is an arm of the Turkish higher education. The
duration of the primary teacher, non-major science program, is four years, which consists of
eight semesters. Science laboratory learning is part of primary teacher education, which
stresses the importance of learning the three knowledge-types (macroscopic, submicroscopic,
and symbolic). This emphasis is because an examination of elementary science Turkish
textbooks shows the depictions of entities such as molecules and atoms even in the primary
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grades, although the age level at which students are learning the particulate nature of matter
varies. While the fourth and fifth-grade Turkish science textbooks refer to the particulate nature
of matter implicitly, sixth to eighth grades resources mention explicitly. The knowledge-types
are integral to learning secondary science.

Multiple Representations in Laboratory Teaching Context

Following Talanquer (2011), the study at hand integrated the conceptual and contextual
approaches in the ‘Science Laboratory Practices I’ course for the PSTs. The content of this
course was the Multiple Representations in Laboratory Teaching (MRsLT). The goal of the
course was to enable the primary PSTs to relate and translate experiences, models, and
visualizations as they made sense of the of the composition/structure of substances and
processes physical and chemical changes over time at the macroscopic, sub-microscopic and
symbolic levels. The primary PSTs answered the Particulate Nature of Matter Diagnosis
Questions and The Word Association Test (WAT) to elicit their preexisting knowledge. These
tests were administered based on two assumptions: (1) Learners’ existing ideas have conse-
quences for the learning of science; and (2) teaching science is more effective when we explore
the learner’s existing ideas and integrate them into the curriculum (Ebenezer et al. 2010; Taber
2008). To elicit their preexisting ideas of physical change and chemical change, the primary
PSTs’ conducted the tasks represented in Table 1.

There were eight groups in the class. Each group comprised of five primary PSTs. ‘Science
Laboratory Practices I’ course consisted of eight different experiments. Each group conducted
a different experiment each week throughout the semester. Thus, the experimental task
represented in Table 1 was carried out each week by one group throughout the semester. By
the end of the semester, all groups completed the experiment.

As a group, the PSTs predicted whether or not the given task is a chemical or physical
change. An example of physical change is leaving ice cubes in a beaker at room temperature.
The PSTs observed the ice cubes at room temperature based on criteria such as change of state,
color change, odor, and gas release. Then, each small group compared its records and
discussed the results with the class. The primary PSTs viewed the online simulation of the
state of matter (https:/phet.colorado.edu/en/simulation/states-of-matter), which explained the
macroscopically observed phenomenon of melting ice sub-microscopically. Then the
instructor drew attention to the symbolic representation as shown: H>O(, » H,O() » H2Oy),
and emphasized the changes concerning the distance and the movements of the particles. The
primary PSTs were required to make the strongest and the weakest arguments within and
between groups. They compared their new and prior knowledge in writing. Thus, through a
process of metacognitive awareness, they were asked to rearrange and reconstruct their
cognitive structure.

The instructor adopted a mentor role with the primary PSTs through the knowledge
construction period. For each task, she incorporated the preexisting knowledge into a concep-
tual statement, asked formative questions, pointed out the observational criteria, showed
simulations, evaluated journal writings, gave them feedback, and answered questions.

Participants

The 40 undergraduate primary PSTs (28 = 70% female and 12 = 30% male; age range 20-21)
enrolled in the third semester of the primary teacher education program participated in the
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Table 1 The context of the multiple representations in laboratory teaching- MRsLT

Targeted concept

Nature of activities

Learning tasks

The nature of physical
property /change

The nature of physical
property/change

The nature of chemical
property/change

a. Observing tearing paper into
small pieces and burning them
b. Observing the candle
while melting
c. Observing the behavior of ice
cubes in a glass beaker
at room temperature
d. Observing the sublimation
of naphthalene

a. Adding an amount of pure
water into different solids
(sugar, starch, a piece of zinc,
Na,COs3, CuSOy, CaCl,,
Ba(NOs), and observing the
dissolution behavior of these
solids at room temperature

b. Adding HCI, H,SO, and HNO;
separately into sugar, starch, a
piece of zinc, Na,COs, CuSOy,
CaCl,, Ba(NOs), and
observing the interactions
between them

a.

C.

c.

Discussing conceptually with the group about
the phenomena to be observed before

the activities. Estimating for physical-
chemical change.

. As observing the chemical and physical

changes using criteria such as form change,
color change, odor, gas release, and change of
state. Determining the chemical-physical
change in observed activities. Keeping
observation report.

Viewing online simulation of state of matter,
dissolving of sugar, melting of a solid
(https://phet.colorado.
edu/en/simulations/category/chemistry).
Explaining the macroscopically observed
phenomena, sub-microscopically (at the
particle level) and symbolically: (H,O(s)
H,O(1) — H,0(g)). Determining the strongest
and the weakest arguments in groups and
between groups.

Comparing the estimations and observations.
Sharing and discussing ideas in small groups.

f. Comparing observation reports between

groups; and, if possible, graphically
representing data; Journal writing.

a. Discussing conceptually with the group about

C.

c.

the phenomena to be observed before the
activities. Estimating for physical-
chemical change.

. While observing the phenomena, taking into

consideration criteria such as form and color
change, gas and odor release, temperature
change, dissolution, precipitation.
Determining the chemical-physical change
in observed activities. Keeping

observation report.

Viewing the video of reaction of sodium in
water (https://www.youtube.com/watch?v=
B34227Kk5tj4).

Explaining the macroscopically observed
phenomenon at the sub-microscopic and
symbolic (Zn(s) + HCI(I) — ZnCl,(s) +
H,(g)) levels. Determining the strongest

and the weakest arguments in groups and
between groups.

Comparing the estimations and observations.
Sharing and discussing ideas in small groups.

f. Comparing observation reports between

groups; and, if possible, graphically
representing data; Journal writing.

present study. At the time of the study, the primary PSTs were pursuing the “Science
Laboratory Practices I” course and had already completed the Introductory General Chemistry
course with five credit in European Credit Transfer System in the second semester.
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Data Collection

All participants were informed about the nature and methods of the study. All 40 primary PSTs
voluntarily agreed to participate in the study. The pre-tests consisted of Particulate Nature of
Matter Diagnosis Questions (PNM-DQ) scale and The Word Association Test (WAT) that
included two stimulus words “physical change” and “chemical change.” These pre-tests were
administered two weeks before the commencement of the ‘Science Laboratory Practices I’
course. After all the PSTs in the class completed the physical and chemical change learning
tasks by the end of the semester, they took only the same WAT as post-test.

PNM-DQ Scale

The PNM-DQ scale comprises of open-ended questions that provide information with better
insight than multiple choice questions. For determining learners’ conceptions, researchers use
scales like the PNM-DQ (Abraham et al. 1994; Costu 2008; Ozmen 2011; Ozmen et al. 2002).

Students are familiar with the phenomena represented in the PNM-DQ. Thus, this scale was
used to identify participants’ conceptual understanding of the PNM of physical and chemical
changes. The PNM-DQ (see Table 2) depicted the effect of heat on the gas particles; and the
concepts of condensation, evaporation, and dispersion of liquids. The PNM-DQ were adapted
from the pioneer studies (e.g., Ayas et al. 2010; Costu 2008; Ozmen 2011; Ozmen et al. 2002)
with minor revisions such as changing the sentence structure or rewording. Three experts, who

Table 2 The questions and the context of the questions in the PNM-DQ Scale

Questions

The context of the questions

Ql. A glass filled with water was left in front of the
window. A few days later it was observed that
there was no water left in the glass. How do
you explain this change using your knowledge
of matter?

Q2.0n a hot day, a soccer ball was completely filled
with air until hard. The same ball left in the
balcony at night was observed to be softer in the
early hours of the day when it was cooler.
Assuming that the ball had no air leak, how do
you explain this change occured between day
and night using the idea that matter is composed
of particles?

Q3. A drop of colored liquid (e.g., ink) in a glass of
distilled water was observed. The color spread
all over the water. How do you explain
this phenomenon?

Q4. A tightly closed glass jar containing ice was
dried and left on a table. After a while it was
observed that the surface of the jar had moisture.
Where did this water on the glass surface come
from? How do you explain this situation?

Q5. Ilustrate the particulate nature of the three
states of matter (solid, liquid and gas).

This question is related to the concept of
“vaporization”. Primary PSTs are expected to
name the concept and explain it in terms of
“particulate nature of matter” and “temperature”.

This question determines the primary PSTs’ level of
explanation in terms of the “particulate nature of
matter” to account for the change in pressure
with temperature change in a closed system.

This question is related to the chemical concept of
“diffusion” or “permeation”. Primary PSTs are
expected to explain this phenomenon using the
“particulate nature of matter” and “distance
between particles.”

This question aims to assess whether or not primary
PSTs apply the concept of “condensation” or
“phase transition” using the “particulate
nature of matter”

This question aims to determine whether or not
primary PSTs conceptualize how the particulate
nature of matter is represented by the three
states of matter.
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previously taught General Chemistry and Science Laboratory Practices I and I in the primary
education department, evaluated the appropriateness of the scale for the study at hand, and
accordingly, the PNM instrument changed.

Word Association Test

Johnson (1967, 1969 as cited in Gunstone 1980) suggested the Word Association Tests (WATs)
for exploring students’ ideas. In recent years, the WATs has become common in science
education research to identify and map student understanding of science concepts, and the
relationship between cognitive structures and disciplinary content knowledge (Nakipoglu 2008;
Schizas et al. 2013). Word associations also allow insights into the structure and work of the
human memory (Petrey 1977; Thomson and Tulving 1970). Many related studies have also
shown that using WAT is a robust method since it reveals the types and numbers of concepts in
the learners’ developmental cognitive structures (Bahar and Hansell 2000; Nakipoglu 2008).
Most recent examples of chemistry education are the atomic structure (Nakipoglu 2008),
decomposition (Schizas et al. 2013), and dissolution (Derman and Eilks 2016).

Physical and Chemical Change WAT Activity

The current study included two field expert-approved stimulus words from a unit on Matter,
namely, physical and chemical change. On each side of the A4 paper, a stimulus word appeared
ten times with sufficient space for students to write their thoughts. This format was to prevent a
chain-reaction effect in case the superfluous information distracts someone. The participants
took the WAT test with the time limit of one minute. The pre-test WAT was applied before
MRSLT learning task by the researcher. Data analysis was carried out after all data collection to
prevent any possible influence of the researcher-instructor role since the first researcher of the
present study was the instructor/teacher of the “Science Laboratory Practices I” course.

Data Analysis
Analysis of the PNM-DQ Data

The primary PSTs’ written answers to the PNM-DQ were carefully read and subjected to
content analysis to construct the categories (Berg and Lune 2015). The primary PSTs’ written
answers to each of the first four questions in the PNM-DQ scale were evaluated by the
following categories based on the related studies. For determining learners’ comprehension/
understanding levels in detail with a qualitative perspective, researchers (e.g., Adbo and Taber
2009; Ayas et al. 2010; Costu 2008; Ozmen 2011) use such categories: understanding,
misunderstanding, not understanding, and no-response. The responses to the fifth question
were evaluated by the following categories: particulate, continuous, particulate but false, no
response. The answers in the “understanding and particulate” category, considered scientific,
were coded “1”, and the responses in the category of “misunderstanding, not understanding,
continuous, particulate but false, no response” were coded “0”. Each response of a student was
entered as 0 or 1 into the data table. Each question in the PNM-DQ scale consists of only one
essential item, and the loading value for each question is 1. Therefore, the minimum score that
the primary PSTs could get from the PNM-DQ scale is 0, and the maximum score is 5. Table 3
presents the findings obtained from the descriptive statistics (Table 4).
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Table 3 PNM-DQ descriptive

results N 40
Mean 2.5000
Std. Deviation 1.13228
Minimum .00
Maximum 5.00

The “Low-Level Understanding” group composed of PSTs that obtained a score of 2.5
and below. The “High-Level Understanding” group consisted of those who scored more
than the specified mean value. The results indicate excerpts from primary PSTs. Their
expressions are in quotes and abbreviations are used as follows: (H, primary PST14),
(High Level; primary pre-service teacher 14); (L, primary PST35), (Low Level; primary
pre-service teacher 35). To establish the inter-rater reliability, a science education expert
and the first author independently analyzed the PNM-DQ data. In the decoding of the
preceding categories, the consensus between the expert and the first author was above 90%
according to Miles and Huberman’s (1994) reliability formula, namely: (Number of
agreements/Number of agreements + disagreements) x 100.

Analysis of the WAT Data

Counting different responses for each stimulus word is a method, which can be used to
summarize the data gathered through WAT (Bahar et al. 1999; Shavelson 1974). The data
were also analyzed independently by a second science education expert to provide the inter-
judgmental reliability. The criterion of counting the total number of different response words
was employed to compare the analyses. For example, in pre-test WAT for LPNMU, the
primary PSTs responded to the “Physical Change” stimulus word. We compared the total
number of different response words defined by the first author of the current study and a
second expert. The inter-judgmental reliability of the consensus and consistency estimates the
raters achieved reflect the agreement range as Miles and Huberman suggest (1994). Based on
this, we used Excel to evaluate the whole data. Table 5 represents the agreement of the total
number of different response words.

We classified the pre-post-test WATs for each primary PST as “Low Level” and “High
Level” by analyzing the PNM-DQ data. For the data analysis of the WATS, the study adopted
the Nakipoglu’s (2008) response frequencies’ map method, which is an integration of relat-
edness coefficient method (Gussarsky and Gorodetsky 1988) and the response frequencies’
map method (Bahar et al. 1999). According to Nakipoglu (2008), this method is useful for
displaying the power of students’ knowledge structure and the direction of the associations
between concepts in a specific domain. In this case, we constructed a frequency table including
stimulus and response words and the corresponding cognitive map according to the frequency
values. Frequency tables determine the direction and strength of the associations shown on the
cognitive maps. In the current study, we conducted content analysis to identify the sort of the
concepts (number of different response words that associated with stimulus words), the
direction of the concepts (from stimulus words to the response words), and also the strength
of'the concepts (how many times a stimulus word associated with a response word for example
how many times the “physical change” stimulus word associated with “freezing” response
word) before the construction of the cognitive map. We transferred students’ response words,
which were meaningful and valid (e.g., freezing, melting, breaking, tearing, electrolysis,
oxidation) in the context of physical and chemical changes topics to an Excel sheet for the
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Table 5 The percentages of interjudge reliability for pre and post test WAT

Stimulus word LPNMU (%) HPNMU (%)

Pre-test Post-test Pre-test Post-test
Physical change 95 96 96 97
Chemical change 94 95 95 97

LPNMU low-level particulate nature of matter understanding, HPNMU high-level particulate nature of matter
understanding

evaluation of data (e.g., to determine the frequency value of the response words). After
selecting and screening the data, we developed a frequency table by counting the response
words for physical change and chemical change stimulus words.

Table 6 provides only a partial list of response words that helps to understand how we
developed Figs. 4 and 5 to represent the frequency or cognitive maps. Table 6 lists the stimulus
words in the third row. The first column contains the response words obtained from the pre-post-
test WAT. We then constructed a frequency map to represent the data in Figs. 4 and 5. We
determined the frequency ranges and vertical directions for weak or strong correlations in the map
according to the association frequency scores, between stimulus and response words. A frame
encloses the stimulus word in each frequency range. The tip of the arrow that outstretches from the
frame contains the response word. The frequency score of an association between a stimulus word
and its response words regulates the lengths and thickness of the arrows. The length and thickness

Table 6 A sample frequency table from the pre-test and post-test WAT

Response words ~ Pre-test WAT Post- test WAT

LPNMU HPNMU LPNMU HPNMU

Physical Chemical Physical Chemical Physical Chemical Physical Chemical
change  change change  change change  change change  change

External structure 23 - - - 8 - 6 -
Freezing 11 3 6 - 15 - 9 -
Melting 15 - 11 - 18 - 18 -
Change of state 7 4 7 5 9 - 8 -
Breaking 18 — 12 - 19 - 17 -
Tearing 15 - 13 - 16 - 16 -
Acidity - 14 - 6 - 15 - -
Electrolyse - 5 - - - 7 - -
Change in internal — — 15 - 15 - 19 - 21
structure
Become moldy 5 11 2 6 1 8 - 5
Oxidation 3 15 - 9 - 17 - 9
Burning 3 15 2 19 - 19 - 23
Matter 6 - 6 - - - -
Decomposition - 7 - 8 - - - -
Fermentation 3 9 - 7 - 4 - 4
Change in external — - 18 - - - 19 -

structure

LPNMU low-level particulate nature of matter understanding, HPNMU high-level particulate nature of matter
understanding
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of the arrows also show the power of associations. The arrows, which have the same length and
thickness represent the same frequency value. The longest and widest arrows show the highest
frequency scores, and they are put in the first cell. The direction of the arrows is in parallel with the
direction of the relationships in Figs. 4 and 5. Bidirectional arrows labeled “strong” to “weak” are
also used to represent the variation of the power of associations through the frequency ranges
regarding cognitive organization in Figs. 4 and 5.

The earlier case study (Derman and Eilks 2016) also constructed a cognitive map based
on the Nakipoglu’s (2008) response frequencies’ map method that provides a comprehen-
sive record of high school students’ cognitive structure of the chemical concept of
“dissolution.” To describe the students’ cognitive structure in detail and more compre-
hensively, several sorts of arrows were used (e.g., a dotted bi-directional arrow represents
a reverse relation between concepts; square dotted arrow to show a concept that can be
interpreted as misconception). The arrows in the cognitive maps of the earlier study are
different from the current study. The present study uses vertical arrows to represent any
relationship in the cognitive maps (see Figs. 4 and 5). These cognitive maps provide us a
deeper view into the effect of multiple representations on the primary PSTs’ cognitive
structures of physical and chemical changes regarding the sorts of associations, the
direction of relationships, and the strength of the associations.

Results
Results for the PNM-DQ

The primary PSTs’ responses to the first question have a percentage of 92 at code 1 with
mostly macroscopic knowledge. Table 4 presents an excerpt that supports the results.

The primary PSTs’ responses to the second question scored 77.5% at code 0. The primary
PSTs were unable to explain the change in pressure with temperature using the particulate
nature of matter. Furthermore, they incorrectly applied the principle of thermal expansion to
the relationship between pressure and temperature. Table 4 represents an excerpt that supports
the preceding claim. Table 4 also indicates the student’s response that reflects the best
understanding of the phenomena asked in the second question. The responses of the primary
PSTs to the third question carries a score of 37.5% at code 1 and 62.5% at code 0. Table 4
presents two responses at code 0 and code 1. Franco and Taber (2009) consider the latter as a
well-developed particle model. The responses of primary PSTs to the fourth question scored
87.5% at code 0. Table 4 shows excerpts that reflect meaningful conceptualization of the
phenomenon of condensation and a very sound understanding of the subject matter. The
response of primary PSTs to the fifth question scored 85% at code 1 (particulate representa-
tion) and 15% at 0 code (continuous representation). Figure 1 represents examples of
responses given at code 1 (H, primary PST19; H, primary PST9). Figure 1 shows the primary
PSTs’ visualization of the states of matter.

Primary PSTs’ representations show their understandings of the particulate nature of matter.
However, the conceptual understanding of the primary PSTs on the distance between solid,
liquid and gas particles contradict the scientifically accepted 1:1:10 distance ratio (Adadan
2014b). The representations of primary PSTs’ understanding of PNM that depict “continuous”
rates code 0. As observed in Fig. 2, there is no representation of particle model for the states of
matter. Figure 2 provides examples (L, primary PST28; L, primary PST30), which is not
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Fig. 1 Two examples of primary PSTs’ particulate representations

surprisingly much different (Adbo and Taber 2009; Costu 2008; Franco and Taber 2009;
Harrison and Treagust 2002; Ozmen 2011; Ozmen et al. 2002).

The hybrid mental models consisting of both particulate and continuous representations rate
at code 0. As seen in Fig. 3, there is a particulate depiction for solid and gas states of matter,
and also a continuous representation for solid state. We might interpret these depictions as a
hybrid mental model. Figure 3 shows an illustrative example (L, primary PST39). Previous
research studies support the preceding hybrid mental models (Adbo and Taber 2009; Johnson
1998; Ozmen 2011; Talanquer 2009).

Results for the WAT

As represented in Fig. 4, the frequency score of associations between the stimulus words
and response words correspond to the two frequency range (21 <f<30 and 11 <f<20).
We did not take into consideration any frequency score of association for ten and above
30. We excluded the frequency score of associations below ten from the cognitive maps in
Figs. 4 and 5.

In addition to the graphical representations shown above, we garnered some qualitative
results. The findings support the assumption that learners construct meaning through their
already held concepts while acquiring new knowledge. The WAT suggests that each response
word relates to any stimulus word representing such a concept (Bahar et al. 1999; Nakipoglu
2008). For example, in pre-test WAT, the LPNMU and the HPNMU primary PSTs used 20 and
26 response words, respectively to construct the meaning of “Physical Change. Table 7
presents the number of different response words for each stimulus word.

As represented in Table 7, the LPNMU primary PSTs associated the “Physical Change”
stimulus word with 20 response words in the pre-test and 29 response words in the post-test.
On the other hand, the same primary PSTs associated the “Chemical Change” stimulus word
with 22 response words in the pre-test and 30 response words in the post-test. The HPNMU
primary PSTs associated the “Physical Change” stimulus word with 26 response words in the
pre-test and 35 response words in the post-test. Furthermore, these primary PSTs associated the
“Chemical Change” stimulus word with 28 response words in the pre-test, and 33 response
words in the post-test. According to Schaefer (1979 as cited in Bahar et al. 1999), a word

Fig. 2 Two examples of primary PSTs’ continuous representations
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Fig. 3 An example of primary PSTs’ hybrid mental model

without any associations in a cognitive structure does not have a meaning, and the meaning of
that word is extended when more associations are formed. The more association a stimulus
has, richer the meaning.

Strong

Y

Weak

Frequency Map
Range Phyzical Change Chemical Change
Low High Low High
Physical Change

1.21=f <30

Change in External

Structure
2.11=£<20

Physical Change Physical Change (Chemical Change Chenucal
| J T
Freezing Meltingl 3
Breaking 1.
4
Acidi
Tearing Meltng Chanzein Cl n
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Fig. 4 Primary PSTs’ cognitive structures related to chemical change and physical change before MRSLT
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Fig. 5 Primary PSTs’cognitive structures related to chemical change and physical change after MRsLT

Discussion

The first research question focused on examining the primary PSTs’ comprehension of the
PNM. The study showed that primary PSTs had difficulty in connecting the “temperature-
pressure” relationship in a closed system, and explaining phenomena of “diffusion, dispersion,
and condensation in the context of the PNM (see Table 4). The findings of this study are

Table 7 Total number of different response words in pre-test and post-test WAT

Stimulus word Pre-test WAT Post-test WAT

LPNMU HPNMU LPNMU HPNMU
Physical change 20 26 29 35
Chemical change 22 28 30 33
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consistent with previous studies on school students’ understanding of the PNM (Ayas and
Ozmen 2002; Franco and Taber 2009; Liu and Lesniak 2005, 2006).

Figure 1 reveals that primary PSTs represent the solid particles in contact with each other, the
liquid particles to be one or two particles apart, and the gas particles three to four particles apart.
However, the emptiness between solid, liquid and gas particles depicted in these representations
is inconsistent with the scientific 1:1:10 distance ratio as Adadan (2014b), Adbo and Taber
(2009), and Harrison and Treagust (2002) revealed in their studies with younger science
students. Harrison and Treagust (2002) also argued that it is normal for younger students to
have difficulty in establishing the reality of emptiness between particles. Students commonly
think that matter is continuous and attribute macroscopic properties to particles. Perhaps, the
distorted illustrations in science/chemistry course books and teachers’ use of book illustrations
in their lessons iterate the emptiness between the particles (Adadan 2014a; Cokelez 2009).

The second research question aimed to determine the effect of multiple representations in
general chemistry laboratory teaching on primary PSTs’ cognitive structures of the physical and
chemical changes in both low and high understanding level groups of particulate nature of matter.
Although the post-test WAT results showed a few different concepts, they were mostly similar to
the ones in the pre-test WAT and were found to be located in the cognitive structures of the
LPNMU primary PSTs (see Figs. 4 and 5). However, it is evident that after the MRsLT, there was
an increase in the frequency score of the concepts (response words) that were found to be similar
to the cognitive structures of the LPNMU primary PSTs in the pre-test WAT (see Table 6).

Although the post-test WAT revealed a few different concepts, mostly were similar to the
ones in the pre-test WAT, located in the cognitive structures of the HPNMU primary PSTs
(Figs. 4 and 5). However, the post-test WAT indicated that there was a rise in the frequency
score of the concepts (response words) that were found to be similar to the cognitive structures
of the HPNMU primary PSTs in the pre-test WAT (see Table 6).

In the post-test WAT, the primary PSTs in both groups, LPNMU and HPNMU connected
the different and an expansive list of response words in comparison to what they did in pre-test
WAT (see Table 7). The above findings might be interpreted about the second research
question as the concepts of physical change, and chemical change became stronger and more
meaningful in the primary PSTs’ cognitive structures. As Schaefer (1979) has argued, if
learners do not make the connections in the cognitive structure, then words (concepts) do
not have any meaning. An expansive list of response words makes the words more meaningful
(Schaefer 1979 as cited in Bahar et al. 1999).

When we compared the two groups concerning the number of different response words, the
primary PSTs in the HPNMU group generated more response words in the post-test than the
primary PSTs in the LPNMU (For example the LPNMU group associated the “Physical
Change” stimulus word with 29 response words; the HPNMU group associated the “Physical
Change” stimulus word with 35 response words in the post-test WAT-See Table 7). Although
the response words, “change in the internal structure and burning” were observed in the
cognitive structures of primary PSTs in both groups after the MRsLT, the frequency scores of
these words were higher in the HPNMU group (see Figs. 4 and 5).

As Ayas et al. (2010) note, the concepts of science are building blocks for further learning.
It is likely that the comprehension of the PNM positively affected the cognitive development
of the HPNMU primary PSTs and allowed them to develop a comprehensive cognitive
structure throughout the MRSLT. In contrast, a lack of PNM comprehension might have
impeded the LPNMU primary PSTs’ cognitive structure development during the MRSLT.
Adadan (2014a), Franco and Taber (2009), and Liu and Lesniak (2005) point out the difference
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between the conceptual development of the HPNMU and LPMNU groups. Perhaps, the
LPNMU primary PSTs missed out on translating their understanding of the PNM to the
physical and chemical change in the MRsLT process.

This empirical study on developing the primary PSTs’ cognitive structures of physical and
chemical changes by probing students’ prior knowledge using a research-based assessment
instrument and connecting it to chemists’ explanatory or theoretical models through specially
designed learning tasks reflect a constructivist teaching style. The undergraduate laboratory
learning of physical and chemical change as portrayed in this article was effective in developing
both groups’ cognitive structures. We think that the learning opportunities provided by MRsLT
learning environment (see Table 1-Learning Tasks; viewing online simulations, discussing in
small-group and between groups, journal writing) enabled all the participants to develop a better
cognitive structure of the concepts of physical and chemical changes.

Although there was an attempt to teach the primary PSTs from a constructivist view, some
steps were missing in the instructional design. The laboratory course instructor/teacher had a
practical understanding of how to probe the primary PSTs’ cognitive structure of chemical
phenomena through the application of WAT. However, she had only a theoretical knowledge of
how to integrate conceptual and contextual approaches (Talanquer 2011) into the MRSLT. She
aimed to assist the primary PSTs to relate and translate experiences, models, and visualizations
at different knowledge levels (macroscopic, sub-microscopic and symbolic). She attempted to
frame her laboratory course with two constructivist assumptions: Learners’ existing ideas have
consequences for the learning of science; and teaching science is more effective when a teacher
explicitly integrates the learner’s existing ideas into the curriculum (Taber 2008).

While the teacher of this laboratory course was able to probe into primary PSTs’ cognitive
structures using WAT, she was not well-versed in how to incorporate their ideas into her
laboratory learning curriculum. Consider her teaching approach: (1) The primary PSTs read the
teacher-scripted notes on the theoretical ideas of the laboratory learning tasks before taking the
pre-test and conducting the tasks. (2) The course instructor gathered primary PSTs’ existing
ideas. For example, to reveal the primary PSTs’ existing ideas about the behavior of ice cubes
in a glass beaker at room temperature, they were asked to discuss the phenomenon in their
group (See Table 1-Learning tasks). Then, the primary PSTs placed the ice cubes in a beaker
and observed the macroscopic changes at room temperature. The primary PSTs determined
whether or not the given phenomenon is chemical or physical change using the criteria, such as
form change, color change, odor, gas release, and change of state. (3) Immediately after, the
teacher had the primary PSTs view the online simulation of the state of matter to explain the
macroscopically observed phenomenon. (4) Then she asked the primary PSTs to determine the
strongest and the weakest arguments in groups and between groups. (5) Considering the phase
change as represented by the H20 formula, the course instructor emphasized the changes in
the distance and the movements of the particles and drew attention to the symbolic represen-
tation as shown below:

H>03)—=H:00)—H20

Noting the teacher’s willingness to take the steps to transform her laboratory teaching is
worthwhile. The teacher did not analyze the primary PSTs preexisting cognitive structures (the
pre-test WAT DATA) to understand them before teaching. The teacher introduced the theoret-
ical ideas prematurely. The primary PSTs did not have an opportunity to represent their prior
ideas at the submicroscopic level visually. The primary PSTs did not frame the arguments
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visually on paper in small groups using a research-based approach. The primary PSTs did not
place their worksheets in their evidence portfolio for further study and reflection.

The following findings were instructive because it emphasizes the difficulty that primary PSTs
have on the particulate and symbolic representations of physical and chemical changes. After the
MRSLT, the majority of the HPNMU and LPNMU primary PSTs generated response words that
coincided with the subatomic and molecular (or sub-microscopic) dimensions of chemistry knowl-
edge. These response words were “atom, electron, bond structure,” and had a frequency score range
of 1-5. We did not present these response words in the sample frequency pattern in Table 6 because
of their low-frequency value. None of the primary PSTs was able to represent matter symbolically
based on their MRsLT experience (e.g., the formula of compounds or symbols of some elements
and equations of chemical reactions). Also, before and after the MRSLT, the majority of the concepts
that appeared in the primary PSTs’ cognitive structures associated with physical change and
chemical change reflected the macroscopic attributes such as the change in external structures,
breaking, tearing, melting and burning. We can interpret these findings that the cognitive structure of
the primary PSTs related to physical and chemical changes mainly constructed with macroscopic
concepts. Although the macroscopic level is one of the building blocks in chemistry knowledge
scale, proficient chemical thinking requires the submicroscopic and symbolic knowledge represen-
tations. Perhaps, these findings need to be connected with the missing steps of the instructional
design so that both the low and the high-level groups could have achieved even more.

Implication

The probing and becoming aware of primary PSTs’ prior knowledge in the context of a teacher
education degree contributes to the preparation of primary PSTs in the chemical content and
pedagogy, particularly making links between the macroscopic, submicroscopic, and symbolic.
When the primary PSTs go through the constructivist learning process with laboratory tasks,
they will acquire insights to practice the same in their classroom. Primary PSTs will be able to
design activities that explore prior knowledge for the construction of desired knowledge. For
this purpose, chemistry educators in a teacher education degree should use an assessment
method such as WAT before a laboratory course or an instructional unit of study. This step will
help identify pre-service teachers’ pre-existing knowledge for the development of comprehen-
sive cognitive structures. Chemistry educators should also use the WAT after classroom
teaching to evaluate the quantity and quality of cognitive structures of pre-service teachers.
This step will enable them to understand the knowledge taught, in inquiry, and problem-
solving. WAT is a convenient assessment tool as it can be prepared and applied to numerous
students in a short time as mentioned by Bahar et al. (1999) and Nakipoglu (2008).

From all the outcomes discussed in the current study, chemistry educators in a teacher
education degree program should teach the particulate nature of matter, physical change, and
chemical change, as well as physical and chemical properties in a manner that would reach the
different learners. To develop chemical knowledge, Talanquer (2011) suggests that chemistry
teacher educators provide primary PSTs with effective teaching and learning models, mate-
rials, and resources. Examples are animations, simulations, visualizations; scales (subatomic,
molecular, etc.); dimensions (composition, structure, energy, and time); and approaches
(linguistics, mathematical, conceptual, contextual, and historical). These pedagogical elements
are research-based (Eilks 2013) and are in line with NRC (2007) and (2013). However, the
primary PSTs’ teachers will make more meaning of these teaching and learning approaches
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when teacher educators use these in light of their prior knowledge. Furthermore, in science and
technology teaching courses, primary PSTs should read research articles that report PNM
learning difficulties. With such reading materials, it is possible to increase primary PSTs’
awareness of the learning difficulties that students and they encounter. Substantial subject
knowledge is also essential to enable pre-service teachers to develop useful pedagogical skills
from a constructivist view.

Limitations

Considering a few methodological limitations is necessary to evaluate the results of the present
study. We investigated the primary PSTs’ cognitive structures in groups instead of observing
individual cognitive structures before and after the MRSLT. The argument for using a group
approach is to develop a model to elicit the primary PSTs’ composite cognitive structures. The
disadvantage is that the current study was not able to find each learner’s cognitive structures.
Although WAT tests lead studies to the limited modeling of each learner’s cognitive structures,
the design depicts commonalities in thoughts (Nakipoglu 2008). The method used in this study
is useful regarding the determination of the overall direction and strengths of the associations
and presenting them on a map. However, some limitations like the associations presented in
the maps in Figs. 4 and five also exist, and similar studies need to be supported or combined
with other techniques such as concept mapping or free writing to eliminate this limitation.

Conclusion

As we pointed out in the Method section, word association allows insights into the structure
and work of the human memory. Besides, it reveals the types and numbers of concepts and the
relationships between them in the learners’ cognitive structures in specific domains.

The findings of the current study indicate that the learning opportunities provided by
MRSLT learning environment (for example, viewing online simulations, group and classroom
discussions, report writing) enabled all the participants to develop a better cognitive structures
of the concepts of physical and chemical changes despite their pre-existing knowledge of the
PNM was a different level. The participants were provided with two opportunities in the
MRSLT learning environment to construct the verbal and visual, which they actively processed
in two different channels (verbal: ear; visual: eye) functioning through multiple representations
(macroscopic, sub-microscopic, and symbolic) in their working memory and integrated into
their pre-existing knowledge. First, the participants through shared understandings in small
groups and classroom discussions were able to draw comparisons between their own and
others. Second, the participants had the opportunity to revise their knowledge through report
writing by comparing their new knowledge with the past knowledge, which may have
contributed to their metacognitive awareness. The pre-service teachers were encouraged to
be aware of their prior knowledge, to carry out frequent discussions, and to compare their new
and prior knowledge through journal writing. These pedagogical features could be beneficial
in promoting primary pre-service teachers’ cognitive structures. Thus, the multiple knowledge
representations in teaching physical and chemical changes with teaching methods described in
this study will help to develop the cognitive structure of the primary pre-service teachers, who
often have a minimal understanding of chemical concepts. The teacher educators and
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researchers, as part of their pedagogy and research, respectively, may replicate data collection
and analytical methods leading to a collective and coherent representation of cognitive
structures. Functioning through multiple representations, macroscopic, submicroscopic, and
symbolic, enhances chemistry learning.
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