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ABSTRACT OF DISSERTATION

EVALUATING ROLE OF INTERACTIVE VISUALIZATION TOOL IN IMPROVING
STUDENTS’ CONCEPTUAL UNDERSTANDING OF CHEMICAL EQUILIBRIUM

The purpose of this study is to examine the role of partnering visualization tool such
as simulation towards development of student’s concrete conceptual understanding of
chemical equilibrium. Students find chemistry concepts abstract, especially at the
microscopic level. Chemical equilibrium is one such topic. While research studies have
explored effectiveness of low tech instructional strategies such as analogies, jigsaw, co-
operative learning, and using modeling blocks, fewer studies have explored the use of
visualization tool such as simulations in the context of dynamic chemical equilibrium.
Research studies have identified key reasons behind misconceptions such as lack of
systematic understanding of foundational chemistry concepts, failure to recognize the
system is dynamic, solving numerical problems on chemical equilibrium in an algorithmic
fashion, erroneous application Le Chatelier’s principle (LCP) etc. Kress et al (2001)
suggested that external representation in the form of visualization is more than a tool for
learning, because it enables learners to make meanings or express their ideas which cannot

be readily done so through a verbal representation alone.



Mixed method study design was used towards data collection. The qualitative
portion of the study is aimed towards understanding the change in student’s mental model
before and after the intervention. A quantitative instrument was developed based on
common areas of misconceptions identified by research studies. A pilot study was
conducted prior to the actual study to obtain feedback from students on the quantitative
instrument and the simulation. Participants for the pilot study were sampled from a single
general chemistry class. Following the pilot study, the research study was conducted with
a total of 27 students (N=15 in experimental group and N=12 in control group). Prior to
participating in the study, students have completed their midterm test on the topic of
chemical equilibrium. Qualitative interviews pre and post revealed students’ mental
model or thought process towards chemical equilibrium. Simulations used in the study
were developed using the SCRATCH software platform. In order to test the effect of
visualization tool on students’ conceptual understanding of chemical equilibrium, an

ANCOVA analysis was conducted.

Results from a one-factor ANCOVA showed posttest scores were significantly
higher for the experimental group (Mpostadj. = 7.27 SDpost = 1.387) relative to the control
group (Mpostadj. = 2.67, SDpost = 1.371) after adjusting for pretest scores, F (1,24) =

71.82,MSE = 1.497,p = 0.03,n; = 0.75,d = 3.33.

Cohen’s d was converted to an attenuated effect size d* using the procedure
outlined in Thompson (2006). The adjusted (for pretest scores) group mean difference
estimate without measure error correction for the posttest scores and the pretest scores

was 4.2 with a Cohen’s d = 3.04.



An alternate approach reported in Cho and Preacher (2015) was used to determine
effect size. The adjusted (for pretest scores) group mean difference estimate with
measurement error correction only for the posttest scores (but not with measurement error
correction for the pretest scores) was 4.99 with a Cohen’s d = 3.61. Finally, the adjusted
(for pretest scores) group mean difference estimate with measurement error correction for
both pretest and posttest scores was 4.23 with a Cohen’s d = 3.07. From a quantitative
perspective, these effect size indicate a strong relationship between the experimental
intervention provided and students’ conceptual understanding of chemical equilibrium
concepts. That is, those students who received the experimental intervention had

exceptionally higher
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Alternate Conceptions, Ontological Shift.
Simulations
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10/20/2016



EVALUATING ROLE OF INTERACTIVE VISUALIZATION TOOL IN IMPROVING
STUDENTS’ CONCEPTUAL UNDERSTANDING OF CHEMICAL EQUILIBRIUM

By

Bharath Sampath Kumar

Dr. Rebecca Krall
Director of Dissertation

Dr. Robert Shapiro
Director of Graduate Studies

October 20, 2016




(DEDICATION)
Dedicated to the memory of my
Father Late Shri, P. Sampath Kumar
1953-2002
And

Beloved mother, friend and mentor, Mrs. Malathy Sampath Kumar



ACKNOWLEDGEMENTS

| would like to express my sincere gratitude and thanks to Dr. Rebecca Krall
(Associate Professor, STEM Education), who is my research advisor and committee
chair. Dr. Krall many thanks to you for your support and guidance. | remember writing an
assignment during the first semester in your class. | did not know back then, the
assignment would turn in to a dissertation, but you were always in the background
pushing me to pursue the area of chemical equilibrium misconceptions. I do not have

sufficient words to thank you enough for your contribution.

I would like to take this opportunity to thank the rest of the committee members,
Dr. Michael Toland, Dr. Brett Criswell and Dr. Stephen Testa. Your time, effort and
continuous support and feedback meant a lot. Without all your support, the dissertation
wouldn’t have been possible. Many thanks to you all for being the awesome committee

members. | could not have asked for a better group of committee members.

I would also like to extend my sincere thanks to Dr. Patric Spence for his

willingness to serve as the outside examiner.

I would also like to give special thanks to general chemistry course instructors Dr.
Lisa Blue, Dr. Kim Woodrum and Dr. Chad Risko. Many thanks to you all for letting me
in to your classroom and offering me precious time during your class, so | can talk to
students about my research. | also wanted to thank you all for taking your time to provide

feedback on the quantitative instrument used in the study.

| would like to extend my sincere gratitude to all participants. Thank you all.

Without your support and feedback, this study would have just remained a dream. Your



support provided life to the research. I could witness your spirit through the qualitative

interviews. Once again, many thanks to all participants.

I would like to thank Dr. Sumit Das (Chair, Department of Physics) and Dr.
Michael Cavagnero (Former Chair, Department of Physics) and Mr. Steve Ellis
(Instructor, Department of Physics) for their financial support through teaching
assistantship during the first two years of my graduate program. | would also like to
extend my sincere thanks to all the office staff in the Department of Physics, in particular

Carol Cottrell.

| would like to thank Dr. Laurie Henry (Associate Dean, College of Education),
Dr. Jennifer Wilhelm (Chair, STEM Education), Dr. Rebecca Krall and Dr. Jessica Hearn
(Director, UKY Evaluation Center) for their financial support during the last two years of
my graduate program. | would like to thank the office staff in STEM Education and
Curriculum and Instruction. In particular, I would like to thank Betty McCann and Tonya

Sleet Brooks.

I would also like to extend special thanks to Roda Ferraro. Thank you Roda for

spending your valuable time offering feedback on the qualitative piece.

| would also like to thank Dr. Neomia Hagans (Regional Coordinator, Robinson
Scholar Program, UKY) for her generous support during the summer session. The
experience | received through the Robinson Scholar program was remarkable. | am glad,
| would be able to work as an instructor for them this summer (2016). | wish the program
and students who would continue to benefit through the program in the future, all the

very best.



I would also like to thank Mrs. Julie Lane Bond for rendering her alluring and
lovely voice that added a whole new dimension to my simulations. Julie, many thanks.
Students consistently suggested in their feedback, the voice was clear and audible. Many

thanks to Steven Bond, Alec Bond, Buddy, Huckleberry and Blueberry.

I would also like to thank the University of Kentucky and the Graduate school for

providing me with a high quality education.

It’s time to thank family members. They have stood beside me during hard times
including financial hardships and have continued to support me to pursue my dreams. |
would like to thank my brother-in-law Mr. Sudarsanan Ranganathan, my loving and

caring sister Mrs. Sunitha Sudarsanan and their awesome kids Saarang and Sashank.

Last but not least, | would like to thank my mom Mrs. Malathy Sampath Kumar.
There’s no one who has stood beside me all these years like her. | have never seen a
woman more strong willed and confident than her. In my view she’s the strongest, honest
person and most beautiful at heart, | have come across in my 36 years of life. Without her
blessings and best wishes, there is no way | would have done what I have done. It is my

fortune, she was my mother. Mom, I cannot thank you enough for being awesome.

I would like to dedicate the doctoral work to Late, Shri P. Sampath Kumar. Dad, |
love you and will miss you forever. It is unfortunate you will not be there to see me as a
Dr. But I know, deep inside you are above me and watching me every step of the way.
You have always been kind and generous to people around you. Those who know you

can speak for that. I will try my best to be like you.



TABLE OF CONTENTS

ACKNOWIBAGEMENTS ...ttt e sreesreeeeenes iii
LISt OF TADIES ..ot ra e te e nneas X
LISE OF FIQUIES ...ttt et et e st e et e e raesaeeteaneenreeneean Xii
Chapter 12 INErOQUCTION.........coiiieiise bbbt 1
THE STUAY .ottt 1
Tripartite Model Of MAEr .........c.ooiiiec e 1
Common Research Methods for Exploring Chemistry Misconceptions ...........cccccccecvvenen. 6
Y00 )Y LT T | o OSSPSR 7
PUIPOSE OF TN STUAY ... 11
RESEAICH QUESTIONS ... eeiiieii ettt e st et sneesteereeeneenee e 12
ASSUMIPTIONS. ...ttt bbbt bbbt bt b et e b et bbbt ebeene e e e e 13
[T g U o TSP 14
Significance 0f the StUAY ........c.coue i e 16
=] g (o] 43 OSSPSR 17
Organization of the Remaining Chapters in the Study ...........ccoccevviineniieniiee 18
Chapter 11: Literature REVIEW ..........ooiiiiiiieieieie ettt 19
Common Conceptual Difficulties on Chemical Equilibrium ...........cccoocoiveiiiiieiiniree 20
Visualization and Microscopic, Macroscopic and Symbolic Representations ................. 24
Relationship between Conceptual Errors and Visual Representations .............ccccevveenen. 29
Multimedia to Support Visualization in Chemistry Learning .........ccccoceveviveivveiiesneeinnn 30
Multimedia Based THEOTIES ........ccciiiiiiiiii e 31

Vi



Sweller’s Cognitive Load Theory (CLT) ...cccovveiiiriiiie e 32

Cognitive Theory of Multimedia Learning ........c.ccocoevvvvreeieneneiene s 35
Schnotz Integrated Model of Text and Picture Comprehension ..............c.ccec...... 39
Advantages of using Visualization while Teaching Chemistry Concepts ..........c.cccceve.ee. 44
Challenges and limiting faCtOrS ..........cccvoveiiieiiiie i e 47
Computer Simulations and Chemical Equilibrium ... 48
Conceptual Change and Chemical EQUIlIDrium ... 52
Conceptual Change thEOTIES .........cciiiiiiieiee s 57
Vosniadou’s MOAEL .....ccieiiiiiiiiiiiiiii i 58
POSNEI’s MOAEL ...ooiiiiiiiiie i 61
Disessa’s P-PrimS MOUEI .......cviiiiiicieiic e 62
Conceptual Framework for the Current STUAY ..........cccooeviiininieice e 63
Chi’s ontological shift MOdEl ............ccoviiiiiiiii 63
Complex SYSTEMS tNEOTY .....cvoiuiiiiieiieieee e 67
Organization of the Remaining Chapters in the Study .........ccccocce v 70
Chapter H1: MethodoIOgY ......cceoviiieiieiecc e 71
PUIPOSE OF the STUAY .....voeiiiiiiee e 71
Mixed MEethOdS DESIGN .....cc.viuiiieieieite ettt 72
RESEAICN QUESTIONS .....oviiiiiiiiiiciet et bbbttt 75
RESEArCh HYPOTNESES ..o 75
RESEAICN DBSION ...ttt ettt e et e st e e eare e teeneene e re e 77
PartiCIPANTS ....ovieeiceiccieee ettt te b e re et e e e sae e reereenes 77
INEEIVENTION .o e 78
SEQUENCE OF ACHIVITIES ..ot e 79
Computer SIMUIALIONS .....c.oiviiiiiieiiee e e 82
Data COIBCTION ..ottt 88
SEUAY INSEIUMENT ... beesrne s 88
INEEIVIEW PIOTOCOI ... s 88

Vii



DAtA ANAIYSIS ..ttt ettt r e e re e e 90

QUANTITALIVE DALA ..o.veiveeiieiee et re e 90
QUANITALIVE DALA .....veeiiviiivieiieectee et sb e s be et e s be e saeesbeesree s 90
Chapter IV: Data, Analysis and RESUILS .........cccccoeiieiiiieiiese e 97
Dissertation StUdY RESUILS ........ccoueiieiiiieiece e 97
BV 1o 11 Y ST 98
FACE VAIIAILY ... 98
Construct Validity — Conditional Probability Analysis ..........ccccocvnniiininnnenn 99
REHADIIITY ...ttt e s et nens 105
FreqUENCY ANAIYSIS......couiiiiiiecieee ettt et et reereenes 106
Pre-Quantitative/Qualitative data analysis .........c.ccccoeeeviveieiieiieie s, 106
Pre-Quantitative/Qualitative data analysis .........ccccccovceviveiiecienieie s, 133

ANCOVA QNAIYSIS ...ttt 159
ANCOVA et 159

ANCOVA aSSUMPLIONS ..ottt 159

RESUILS ..o 162

SIMUIALION NOTES-SEEL ... 164
Chapter V: SUMMary & CONCIUSIONS ........cviiiiiiiieiieiesierieee e 167
SUMMArY OF FININGS.....cuviiieee et 167
DISCUSSION ...ttt bbbkttt n bbbt bbb n e anes 169
Research QUESLION 1 .....c.ocoiiiiiiii e 169

RESEArC QUESLION 2 ..o 172

RESEArch QUESLION 3 ..o e 192

RESEArch QUESLION 4 .......oouiiiiiiieieee e 203

Connections to the Multimedia Framework ... 204
Implications and Ideas for Future ReSearch...........cccccevveiiiiiiiiii e 206



Appendices

APPENDIX A oo 207
APPENDIX B ..o 211
APPENDIX C oo 222
APPENDIX D oo 265
APPENDIX E ..o 270
APPENDDX Fo.o e 276
APPENDIX G ..o 278
REFERENCES ... s 283
[ L TSRO P TP TP URPRPPY 301



LIST OF TABLES

Table 1, Sequence of simulations used in the study (* was not part of the pilot study)....87
Table 2, Major sub-themes identified through the qualitative data in the current study ...95

Table 3, Demographics of participants who were part of the sample in the pilot phase of
the diSSEratioN STUAY .........ciieiiiiee e 99

Table 4, Conditional probability output generated using cross tab analysis of the pre-test
data in SPSS representing the number of students assigned to the control group........... 102

Table 5, Conditional probability output generated using cross tab analysis of the pre-test
data in SPSS representing the number of students assigned to the experimental
010U ] PP PR R PR UPRTRPT 103

Table 6, Conditional probability output generated using cross tab analysis of the post-test
data in SPSS representing the number of students assigned to the control group ......... 104

Table 7, Conditional probability output generated using cross tab analysis of the post-test
data in SPSS representing the number of students assigned to the
EXPEITMENTAL GIOUP ...ttt e bbbttt 104

Table 8, SPSS output of the KR-20 analysis of the pre and post-test data for the control
and eXPerimeNtal GrOUD .......eocuiiieii ettt et e e e ste e re e 105

Table 9, Frequency analysis of common misconceptions held by students in the control
(C) and experimental (E) group on the pre-test data..........ccccccevveerieeneiienieneee e, 108

Table 10, Theoretical thematic analysis of control group’s pre-qualitative data pertaining
0 TEBIM 3 bbbt bbbt 110

Table 11, Theoretical thematic analysis of experimental group’s pre-qualitative data
PErAINING 10 ITEBM 3 ..ot e e sbe e re e e e 111

Table 12, Theoretical thematic analysis of control and experimental group’s pre-
qualitative data pertaining to IEM 5 .......oiiei e 112

Table 13, Theoretical thematic analysis of control and experimental group’s pre-
qualitative data pertaining to IteM 8 ........cceii e 115

Table 14, Theoretical thematic analysis of pre-qualitative data containing common
misconceptions held by control and experimental group towards item 9 ....................... 118

Table 15, Frequency analysis of additional misconceptions held by students in the control
(C) and experimental (E) group on the pre-test data. (NA = not applicable) ................. 120

Table 16, Theoretical thematic analysis of pre-qualitative data containing additional
misconceptions held by control and experimental group towards item 9 ...........ccccco..e. 121



Table 17, Theoretical thematic analysis of pre-qualitative data containing additional
misconceptions held by control and experimental group towards item 11 ..................... 123

Table 18, Frequency analysis of correct responses held by students in the control (C) and
experimental (E) group on the pre-test data ..........cccoovviiiiiiiiiecee e 125

Table 19: Thematic analysis of pre-qualitative data from the control group for item 3

Table 20, Frequency analysis of common misconceptions held by students in the control
(C) and experimental (E) group on the post-test data............c.ccceevvereereiiciiieseee e, 135

Table 21, Thematic analysis of common misconceptions held by students on the post-test
TOWANAS TEEIM 3. sttt r et e bt e te e st e reebeaneenrees 138

Table 22, Frequency analysis of additional misconceptions held by students in the control
(C) and experimental (E) group on the post-test data. (NA = not applicable)................. 145

Table 23, Frequency analysis of correct responses held by students in the control (C) and
experimental (E) group on the post-test data. (NA = not applicable).............ccccevvennen. 150

xi



LIST OF FIGURES

Figure 1, Explanatory sequential intervention based design used with the experimental

group during the diSSertation STUY. ..........cceiriiriiiireie e 73
Figure 2, Explanatory sequential intervention based design used with the control group

during the diSSertation STUAY. ..........cccooiiiiiiiiieie s 74
Figure 3(a), Macroscopic view of a chemical equilibrium system at the start ................. 84
Figure 3(b), Macroscopic view of a system that has attaind equilibrium. The figure also

shows the microscopic view of the system using the lens option...........c.cccovevvieivenene, 84
Figure 4, A representative sample of the assessment tool developed for the study to assess
QUATTEALIVE GALA. ...ttt 94
Figure 5, Aspects of simulation appreciated by Students ............cccoceveiieiieie v, 164
Figure 6, Content aspect learned by students through the simulations ................cccc....... 166

Figure 7, Coding taxonomy developed to explain student’s conceptual shift between
ONEOIOGICAl CAIEGOIIES. ....eiueeuiieiiieite ettt bbbt 174

Figure 8, Coding taxonomy demonstrating mental model held by student’s in the
experimental group during the pre-intervention phase. ...........ccccoecviiierieeie s s, 182

Figure 9, Coding taxonomy demonstrating mental model held by student’s in the
experimental group during the post-intervention phase. .........ccccoccvvvevieriicevceece e, 195

Figure 10, Graphical representation of the percentage of correct conception held by
participants in the control and experimental groups during the pre and post phase ....... 203

Figure 11, Simulation of a system attaining chemical equilibrium ...............ccccoovennee. 230
Figure 12, Simulation of a system attaining chemical equilibrium featuring concentration
VEISUS TIME GrAPN ..ottt e e s teeste e e nae s 231
Figure 13, Simulation of a system attaining chemical equilibrium rate of a reaction in
GrapPhiCal TOMM ..o 232
Figure 14, Pulley eXPeriMENT ........couiiiieiiiiiee ettt 233
Figure 15, Changing equilibrium conditions by addition of NO ...........ccccocevvniiiiiennnn, 234

Figure 16, Changing equilibrium condition by addition of NO, graphical representation of
concentration change as a function of time ... 235

xii



Figure 17, Changing equilibrium condition by addition of NO, graphical representation of
rate of the forward and reverse reaCtion .........ccccoovevieeiie e 236

Figure 18, Changing equilibrium conditions by decreasing volume of the system ........ 237

Figure 19, Changing equilibrium condition by decreasing volume, graphical
representation of concentration change as a function of time...........ccccccoocvvieveneiienenn, 238

Figure 20, Changing equilibrium condition by volume change, graphical representation of
rate of the forward and reverse reaction ..........ccccooevereienenisieeee e 239

Figure 21, Matrix representing the number of students assigned to a condition for each
item based on the pre-test data for the experimental group ..........ccccoceviiiiiienieieieen, 284

Figure 22, Matrix representing the number of students assigned to a condition for each
item based on the post-test data for the experimental group ..........cccceeeveiinenininnienen, 285

Figure 23, Matrix representing the number of students assigned to a condition for each
item based on the pre-test data for the control group .........ccocveeiiiiiiieeee, 286

Figure 24, Matrix representing the number of students assigned to a condition for each
item based on the post-test data for the control group ........cccocceeveiieiciiccicce e 287

Xiii



CHAPTER I. INTRODUCTION

The Study

The mixed methods explanatory sequential study presented in this doctoral work
aimed to explore student misconceptions or alternative conceptions towards chemical
equilibrium concepts. Chemical equilibrium is an advanced topic typically encountered
by students in the introductory second semester college level coursework or Advanced
Placement coursework in high school. Numerous research studies have quantitatively and
qualitatively explored student misconceptions towards this concept for more than three
decades. While numerous research studies have explored student misconceptions toward
chemical equilibrium, a relatively smaller number of those studies have explored the role
of an intervention. The current experimental study aim to explore how students’ mental

model change as a result of intervention through visualization tool such as a simulation.

Tripartite Model of Matter

Learning chemical equilibrium or even for that matter chemistry involves
comprehending chemical phenomena at three levels: a)the macroscopic level of the
system, b) microscopic level refers to the molecular, atomic and kinetic; and c) the
symbolic level include symbols, equations, stoichiometry and mathematics, and making
the coherent connections between the three levels (Johnstone, 1993). Macroscopic level
describes phenomena that can be observed through the various senses. For instance, the

different phases solid, liquid and gases can be observed through a visual cue or in special



cases gases that are colorless can be sensed through smell. Symbolic level refers to the
symbolic representations of atoms, molecules, and compounds used in writing chemical
formulae and equations. As concrete learners, many students can easily observe chemical
reactions occurring at the macroscopic level, but they have more difficulty making the
transitions to microscopic and symbolic representations of chemical reactions, as these
levels are invisible and abstract. While laboratory experiments tend to offer hands on
experience, it does not immediately lend in to the idea of understanding particulate matter
at the microscopic level. One of the primary reasons being experiments at the secondary
or early undergraduate degree levels expect students to confirm results established prior
to the commencement of the actual laboratory experiment. While, solving countless
numerical problems might strengthen students’ symbolic level understanding, it does not
necessarily help them understand chemistry at the microscopic level. Qualitatively
understanding a chemistry concept i.e., learning chemistry without all the mathematical
calculations would be a viable option towards understanding chemistry at the
microscopic level. In other words, performing countless mathematical calculations does

not guarantee conceptual understanding of chemistry concepts.

According to Johnstone (1993), experts in chemistry have the ability to work well
with all three levels and can easily transition between the three levels of representation,
whereas students have difficulty making connections between the levels and may
experience overload in their working memory. Chemistry instruction at the secondary or
post-secondary levels typically focus on two of three levels, predominantly the
macroscopic and the symbolic levels. Instruction at these two levels does not

automatically render comprehension of the microscopic level among students, nor does it



allow students to transition between levels like chemists do (Nurrenbern & Pickering,
1987; Nakhleh 1993). Results of the these studies suggest that students with varying
academic levels perform better on chemistry questions that are algorithmic/mathematical
in nature, even towards questions that involve the sub microscopic level. Nurrenbern and
Pickering (1985) demonstrated through their research study that many students were able
to give correct numerical answers without applying content knowledge in solving
chemistry problems. The study was co-operative effort between researchers at the
University of Missouri, Kansas and University of Wisconsin, Stout. As part of routine
examinations, students were requested to do both a traditional problem set on gas laws
and a multiple choice test that had no mathematical content. Traditional problem set
required students to use algorithmic strategies. Results of the study pointed out that, more
than two thirds of students did not critically understand the behavior of gases, even
though students showed proficiency at solving gas law problems. Gabel (1981), found
that students were able to solve chemistry problems by application of algorithms that was
not dependent on content knowledge requirement. According to Herron (1996),
“algorithms are carefully developed procedures for getting right answers to exercises and
routine tasks within problems with a minimum effort” (p. 64). Anamuah-Mensah (1986)
suggested that instructors and teachers found it easier to teach chemistry problems
through algorithms and formulas, thus ignoring the key aspect of conceptual knowledge.
Through their review of research on chemistry problem solving, Gabel and Bunce (1991)
found that students used what was referred to as a Rolodex approach, whereby they
searched through memorized formulas until finding one where the units in the data

matched the units in the problem. Solving chemistry problems in this manner focuses



students’ attention on symbolic representations rather than developing a conceptual

understanding that integrates symbolic and microscopic representations.

Learning difficulties towards conceptual understanding of chemistry can be partly
attributed to this algorithmic method of learning. Phelps (1998) suggested that problem
solving discontinuity is perpetuated in chemistry and other physical sciences because
educators focus on an algebraic learning of chemistry, rather than supporting perpetual
understanding. According to National Research Council (NRC) (1996), educators must
probe for “students understanding, reasoning and utilization of knowledge” (p.82), so
students learn concepts rather than learning exclusively problem solving. Pushkin (1998)
listed four reasons to describe the disparity between conceptual understanding and
algorithmic approach towards solving chemistry problems. They are a) students enrolled
in general chemistry tend to follow a set of procedures and rules in solving problems, b)
students display dualistic behavior — either act as repositories of knowledge, accepting
information their instructors tell them without questioning it or accept their instructors
perspective only under testing conditions, ¢) novice learners are subject to science
curriculum and pedagogy that discourage critical and conceptual thinking and finally d)
instructors who teach such classes also place more value on algorithmic learning than on
conceptual learning, leaving the learners with the impression that science is “math in
disguise” (p. 809). This aspect of algorithmic application of concepts towards solving

chemical equilibrium problems will be one of the ideas explored in the study.

The concept of chemical equilibrium is a pivotal yet complex concept in
chemistry. It is considered to be one of the most difficult topics in chemistry by students

across classrooms (Treagust, Tyson, & Bucat, 1999, Quilez, 2004). Research studies



examining students’ misconceptions or alternative conceptions about the concept of
chemical equilibrium have been underway since the 1960s (Treagust, Tyson, & Bucat,
1999). Articles continue to be published on the topic of chemical equilibrium
misconceptions among students and teachers even to the current day. The concept of
chemical equilibrium is known to students attending chemistry classes and for which they
have a preconception. The preconception of equilibrium stems from the idea used in
everyday life, where equilibrium means equality of two sides, stability and static in
nature (Schafer, 1984). While systems that reach chemical equilibrium may appear
macroscopically stable and static, microscopically the system is dynamic not only
because of molecular movement but also because the process of bond breakage and
creation goes on. Gussarsky & Gorodetsky (1990) explained applying macroscopic
qualities to the microscopic level leads to misconception towards understanding of

chemical equilibrium.

Garnet & Hackling (1983) and Crosby (1987) pointed out that many students
believe that even though equilibrium reactions are reversible they still go to completion,
while other students think that the forward reaction goes to completion before the reverse
reaction commences. In another instance, Gage (1986) found that students knew they had
to compensate for changes in concentration of one reactant but could not correctly adjust
all species involved in the reaction. Students often acted on the belief that the
concentrations of reactants must equal the concentrations of products at equilibrium. In
addition, these studies identified a general inability of students to distinguish between
mass and concentration. Cheung (2009, 2004) have suggested while Le Chatelier’s

principle (LCP) is deceptively easy to apply to solve chemical equilibrium problems,



LCP is inadequate and can result in incorrect predictions about the effect of changes in
concentration, volume, pressure or temperature on a chemical system at equilibrium.
They concluded LCP is not a pre-requisite towards a deeper conceptual understanding of
chemical equilibrium. Cheung (2009, 2004) suggested while teaching chemical
equilibrium in classrooms teachers must not rely exclusively on LCP and should promote
real learning by leaning towards the use of equilibrium law, concept of reaction quotient,

and the simplified version of Van’t Hoff equations.

Common Research Methods for Exploring Chemistry Misconceptions

Research studies that have been underway to identify students chemical
equilibrium alternative conceptions have employed a variety of methods towards
assessing those misconceptions. The methods include a) conventional multiple choice
tests, b) two tier multiple choice tests, ¢) clinical interviews, d) constrained word
association and e) integrating the information obtained from multiple assessments (mixed
methods — combination of quantitative and qualitative or multiple quantitative
assessments). The conventional multiple choice test has been used in chemical
equilibrium misconceptions research by (Johnstone 1977; Hackling & Garnett, 1985;
Banerjee, 1991; Akkus, 2003; Canpolat et al, 2006, Bilgin et al, 2006; Atasoy, 2009), two
tiered multiple choice tests has been used by (Treagust, 1988; Ozmen, 2008;
Karpudewan, 2015). According to Treagust (1988), a two tiered multiple choice test more
accurately reveals student misconceptions, as it minimizes the possibility students will
receive credit for a correct answer, if they had chosen a wrong reason for a correct

answer. The other more commonly used method towards assessing student misconception
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has been clinical interviews. In the domain of chemistry clinical interview has been
commonly employed to explore concepts of chemical equilibrium (Berquist
andHeikkinen, 1990; Cheung, 2004; Voska, 1998; Williamson, 1992). An advantage to
clinical interviews is that, it allows the researcher to probe for a deeper understanding of
student misconceptions and thought process. A disadvantage with clinical interviews is it
can be time consuming. Gorodetsky and Gussarsky (1986), employed constrained word
associations to follow student learning about chemical equilibrium. Cheung (2009)
employed think-aloud protocol to determine secondary school teachers’ misconception
towards chemical equilibrium. While many of the research studies mentioned above have
identified student misconceptions towards chemical equilibrium, majority of the studies
have focused on using one tier or two tier instruments for data collection. A relatively
smaller fraction of studies have taken a qualitative approach to understand students’

mental conception towards many of the chemical equilibrium concepts listed under (a-f).

Study Design

The doctoral study uses a modified version of the advanced explanatory
sequential design reported by Creswell (2014). The study is composed of two phases.
Phase 1 involves the pilot study and phase 2 involves the research study. While the major
purpose of the pilot study was to evaluate the quantitative instrument and the computer
simulations, it also provided the opportunity to understand if students demonstrated
conceptual gain towards chemical equilibrium concepts through the intervention. A
single group pre (quantitative/qualitative)-intervention-post (quantitative/qualitative)

format was adapted for the pilot study. A semi structured interview protocol was



employed to understand whether there was a change in students’ thought process towards
chemical equilibrium concepts following the use of the sequence of simulations. Analysis
of covariance (ANCOVA) was conducted to answer the hypothesis that whether the post-
test means, adjusted for pre-test scores, differ between the two groups. In addition
students who participated in the pilot study were presented with a simulation notes
worksheet. The purpose of the worksheet, is for students to convey a) what aspects of the
simulation they liked the most and/or b) what aspects of the simulation they found
confusing and/or c¢) what aspects of the simulation they like to be changed for future
versions and/or d) what aspect of the simulation, they found helpful in terms of
understanding the content etc. As a researcher, the worksheet allowed me to determine
what information were students able to extract as they worked through each simulation.
Each student may have a preference on what aspects they were able to extract through the

simulation.

Student feedback during the pilot study was instrumental in making necessary
corrections to the instrument and the simulations used in the research study. Construct
validity was established through conditional probability analysis. Content validity was
established through examination of the instrument by experts who have taught the topic
of chemical equilibrium. The Kuder-Richardson 20 (K-R 20) analysis was performed to
determine the reliability of the instrument. The K-R 20 was specifically used towards
reliability analysis because, K-R 20 is a special form of Cronbach’s alpha that is used
when the quantitative instrument contains dichotomous data (right or wrong responses)
and when the response data does not represent a continuous scale or cannot be ranked in

any particular order.



Research studies that have explored the effect of interventions on students
conceptual understanding of chemical equilibrium have identified several potential
strategies to support conceptual learning, They are a) analogy models (Yildirim, Ayas,
and Kicuk, 2013, Raviolo and Garritz, 2009, Harrison, & De Jong, 2005, Stavy, 1991),
b) mechanical mental models such as blocks, jig-saw (Doymus, 2008, Wilson, 1998,
Cloonan, Nichol, & Hutchinson2011, Russell, 1998), c) co-operative learning (Stavy,
1991). Several researchers (Burke, Greenbowe and Windschitl, 1998, Sanger, Phelps,
and Feinhold, 2000, Sanger and Greenbowe, 1997, Williamson & Abraham, 1995) have
suggested that students who receive instruction that includes computer animations of
chemical processes at the molecular level are better able to answer conceptual questions
about the submicroscopic level. However, only Akaygun and Jones (2009) and Tang
(2009) have conducted research studies examining student mental models about the
dynamic nature of equilibrium change after viewing computer animations or simulations.
While studies (Akaygun and Jones, 2009, Tang, 2009, Chiu, Chou and Liu, 2002 and
Hameed, Hackling and Garnett, 1993) have looked in to understanding students’ mental
model they did not approach the concept of chemical equilibrium from a system’s
perspective, i.e., a change in a component of a system can influence other components
contained in the system. For instance changing the volume of a system at equilibrium,
affects the pressure of the system and how such a change affects the concentration of the

species contained in the system.

The simulations presented in the study, were developed from a system
perspective. The simulations present students with how concurrent changes occur in a

system when an external change is made to the system. Students will be able to relate



changes happening at the particle level of the system to the graphical form containing
information concentration and rate. Simulations were created using the SCRATCH

platform (https://scratch.mit.edu/) developed at Massachusetts Institute of Technology

(MIT). In each of the simulations presented in the study, audio and visual components
were seamlessly merged. The Schnotz (2005) integrated text and picture comprehension
model was used as the multimedia framework to guide the research study. The model
lays its foundation on the philosophy taken by other models, i.e., comprehension is highly
dependent on what kind of information is presented and how it is presented. The model
proposes that only one mental model is constructed that integrates information from
different sources right from the start. Another major contrast between the Schnotz model
and cognitive structure based multimedia learning theories is, the Schnotz model assumes
that pictorial information can not only be sensed through visual modality, but can also be
conveyed by other sensory modalities such as sound images. This was visible during the
post interviews in the pilot and research study. The graphs accompanying each simulation
was unanimously voted as one of the best source of visual information by all participants.
When inquired, does the audio played a significant role towards their change of answer
choices, while some students suggested the graphical form superseded the audio

component, others suggested the audio helped them to under the graphs better.

Rieber, (1990), suggested that effectiveness of animations can only be reaped if a)
content and animation should be properly integrated, i.e., animation/simulation should be
coincident with the content b) students must be provided with clear instruction and
enough cues and c) interactivity and dynamics are two most important feature of

animations. Tversky, Morrison and Betrancourt, (2002), suggested that successful
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animations were found to have major characteristics a) animation must be readily
perceived and comprehended and b) conceptual change to be conveyed must have been
apparent from the animation. Research studies also indicate that effectiveness of visually
enhanced instruction could be increased by using attention gaining tools, additional
practice (Rieber, 1990) and explicit reasoning (Russell and Kozma, 2005). Burke,
Greenbowe and Windschitl (1998), suggested effective instructional
animation/simulation sequence must represent a) accurate chemistry content b) option to
include text or audio narration c) panel with pause, forward and reverse control buttons d)
interactivity, decision making, prediction for active learning e) appropriate assessment
and feedback and f) includes misconception reported in the literature. Except for option e
(appropriate assessment and feedback) all options were integrated in to the simulation
design. The assessment was conducted externally through the chemical equilibrium

misconceptions test (CEMT).

Purpose of the Study

The purpose of this study was to evaluate the effectiveness of visualization tools
such as simulations towards conceptual understanding of chemical equilibrium at the
particulate level (microscopic) by students’ at the post-secondary level. While research
studies have explored effectiveness of low-tech instructional strategies such as analogies,
jigsaw, co-operative learning, and using modeling blocks, few studies have explored the
power of technology tools in learning homogeneous dynamic equilibrium. The study also
sought to understand if students participated in the study held common misconceptions

reported in the literature or in addition have students developed newer misconceptions
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and what thought process guide a student to seek a particular answer choice on the
quantitative instrument. The quantitative instrument used in the study was developed to

reflect common misconceptions reported in the literature, along with a correct answer.

Research Questions

The objective of the study is to investigate the following research questions

a) What are students’ conceptual understandings of chemical equilibrium before

interacting with the simulations?

b) What key characteristics of students’ mental model regarding chemical equilibrium
concepts can be extracted from student writings, drawings and oral explanation
before viewing simulations?

c) What evidence is observed to suggest changes in students’ mental models on

chemical equilibrium after they use the chemical equilibrium simulations?

d) What are students’ conceptions of chemical equilibrium after interacting with the

simulations?
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b)

d)

Assumptions

The following assumptions guided the doctoral study:

The student sample is representative of students who were enrolled in the four
sections of the universities second semester introductory general chemistry
COurses.

The topic of chemical equilibrium presented to students in the classroom through
instruction is representative of the topic found in university general chemistry.
This assumption allows the opportunity for the chemical equilibrium
misconceptions test (CEMT), if established as reliable and valid, to be used in
general chemistry classes at other universities.

The qualitative interviews provides a valid and representative sample of student
thought process about concepts, and transcripts extracted from student interviews
represent authentic beliefs.

The profile constructed from each student interview in the study represent actual

concepts possessed by each student.
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a)

b)

Limitations

The study only explored student misconceptions towards a smaller fraction of
chemical equilibrium concepts. Hence, the output of the study cannot be used to
infer conceptions or misconceptions students may possess about other chemical
equilibrium or chemistry concepts.

Time was a major limiting factor in the study. This includes the time it took to
recruit students to meet the necessary sample size for both the pilot and the
research study, and the time a participant was willing to invest towards the study.
Most participants spent about 90-120 minutes of their time to complete their
portion of the study. If given more time to interact with each participant, greater
detail from interviews might have been collected to richly portray participants’
complex understandings of chemical equilibrium. As it was, the detail collected
from participant interviews provided sufficient evidence to illustrate key scientific
understandings developed through interacting with after students completed the
simulation intervention.

Limitations associated with interpreting qualitative interview include a) how the
questions are cued — was there inadvertent prompting, b) student response may be
altered because of the presence of the researcher, c) concept modification during
the course of the interview, d) the level of student conviction towards their
responses, i.e. the student might have chosen a different reason to support their
answer choice if asked to write their reason, rather than being asked to explain

their reason orally when interviewed.
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d) The simulations were developed by the researcher, and therefore depict the
researcher’s views and perspectives of chemical equilibrium. Student feedback
was obtained during the pilot phase of the study, to make necessary corrections

for clarity, to ensure simulations also depict aspects of a student’s view.
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a)

b)

d)

Significance of the study

The key significance of the current study is based on a system’s approach towards
chemical equilibrium using visual technology. While numerous research studies
reported above have identified common chemical equilibrium misconceptions
among students, none of the studies explored chemical equilibrium from a
system’s perspective.

Currently there are no visualizations such as simulation or animation available
that depicts the macroscopic view of a chemical system approaching equilibrium.
The simulations contained in this study represent a chemical reaction at the
particle level along with graphs that can allow students to relate the information
contained in the graph to the reaction progress. The simulations also allow
students to interact with the system.

The simulations developed contain both audio and visual component to it. This
allows the simulations to cater to students who are either visual or auditory
learners or both.

Another significance of the current study is the use of mixed methods approach to
understand students” mental models. While numerous studies have explored
students’ conceptual difficulties towards chemical equilibrium, majority of those
studies have used a quantitative approach and hence did not account for how

students think while solving chemical equilibrium problems.
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Definitions

The following terms have been used throughout the study.

Computer animation: Computer animation is defined as a multimedia presentation that is

rich in graphics and sound (Oakes & Rengarajan, 2002).

Computer simulation: Simulation as an interactive computer program that re- creates a

specific model to enable learners to understand the phenomena through their interactions
and explorations with the model (Oakes & Rengarajan, 2002).

Dynamic equilibrium: the condition in which a forward and reverse reactions are

occurring simultaneously at equal rates (Atkins & Jones, 1997)

Equilibrium constant: In a reversible reaction, equilibrium constant (K) is the ratio of
concentration of products over the concentration of reactants (Atkins & Jones, 1997)

Instructional technology: Instructional Technology is the theory and practice of design,

development, utilization, management, and evaluation of processes and resources for
learning (Seels & Richey, 1994).

Le Chatelier’s principle: A general principle that helps predict how the composition o f a

reaction mixture at equilibrium will change when the conditions are changed. This
principle may be stated as, when a stress is applied to a system in dynamic equilibrium,
the equilibrium tends to adjust to minimize the effect of the stress (Atkins & Jones,
1997).

Molar concentration: Expressed as a ratio of the number of moles of solute over the total

volume of the solution in liters (Atkins & Jones, 1997)
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Reaction rate: It is the speed at which a chemical reaction. Rate of reversible reaction can
be expressed in terms of products which is formed in a unit of time or in terms or
reactants which is consumed over a period of time (Atkins & Jones, 1997)

Reliability: The extent to which results from a study are consistent over time and depicts
an accurate representation of the population under study. If the results of a particular
study can be reproduced under similar methodology, then the instrument used to obtain

the results is considered reliable (Joppe, 2000).

Organization of the remaining chapters in the study

The dissertation consists of five total chapters. Chapter 1 provided the background of the
problem, context of the study, research questions, significance and limitations of the
study. Chapter 2 provides a literature review on the tripartite model of matter, conceptual
change approach towards chemical equilibrium, visualization and conceptual
understanding, theoretical and multimedia framework used in the current study. Chapter
3 provides information about the research methodology, study design, quantitative
instrument and the nature of data analysis. Chapter 4 provides brief analysis of results
from pilot analysis, followed by analysis of data from the research study. Chapter 5
summarizes the findings from the research study along with implications

recommendations for future research.
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CHAPTER II. LITERATURE REVIEW

Within the domain of chemistry, surveys have revealed that the topics of chemical
equilibrium, the mole, oxidation-reduction and reaction stoichiometry give learners most
difficulty; of these topics chemical equilibrium was rated as the most difficult for
students to comprehend (Finley. 1982). Chemical equilibrium is an important concept
which underlies much of high school and post-secondary level chemistry. In the
paragraphs to follow we will closely examine key research studies that have been
conducted over the last three decades regarding chemical equilibrium misconceptions.
The scope of the literature review section would be to summarize 1) challenges of
translation among the three levels of representation in chemistry, (2) resulting
misconceptions students have in learning chemical equilibrium, (3) making the abstract
concrete for learners through (a) graphics, diagrams in textbooks, (b) technology
applications to create visualizations, and research on the power of these visualizations in
learning; (4) constructing understanding in science, and in using models; (5) theories of
learning through modeling. The proportion of articles exploring and assessing
misconceptions outnumbered articles containing research studying intervention strategies
and how such intervention had an effect on minimizing or eliminating misconceptions.
The scope of this literature review encompasses a survey of students misconceptions on
chemical equilibrium, difficulties navigating the three representations of chemistry in
learning chemical equilibrium, support of technology in the form of animations and
simulations to support learning in science, in general, and ...summarize methodologies

and key findings used in the study and the rationale to engage in the current study to
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understand and evaluate the role of instructional technology towards students’ conceptual

understanding of chemical equilibrium.

Common Conceptual Difficulties on Chemical Equilibrium

The study by Hackling and Garnett (1985) is one of the earliest works on
exploring students’ misconceptions towards chemical equilibrium. They surveyed 12
secondary advanced chemistry students in a secondary school in Western Australia. The
misconceptions were categorized in groups such as a) approach to equilibrium — when a
reaction has begun and the system is approaching equilibrium b) characteristics of
chemical equilibrium c) changing equilibrium conditions d) initial effects on rates of
reaction e) rates of reactions when equilibrium is re-established f) effect on equilibrium
constant and g) effect of catalyst. This study by Hackling and Garnett (1985) opened up
the doors to areas of research focusing on students’ conceptual misunderstanding towards
chemical equilibrium.

In a study immediately preceding the study by Hackling and Garnett (1985),
Gorodetsky and Gussarsky (1986) evaluated student misconception towards equilibrium
using a three phase testing methods. The three phases was comprised of a) knowledge
test b) misconception distractor test and ¢) cognitive structure mapping. The study also
targeted similar areas of misconception studied by Hackling and Garnett (1985). The
cognitive mapping structure consist of a procedure known as free sorting, were students
would group concepts they think go together in groups. The cognitive structure mapping

aims to attempt to reveal the conceptual connections that have evolved during a learning
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process. Participants in the study were 12" grade high school students. Participants
belonged to two groups. Group | was studying chemistry at a level that included topics
such as nature of chemical equilibrium, quantitative aspects, meaning of Keq, factors
affecting chemical equilibrium etc. Group Il was studying topics studied by Group I, but
they also studied chemical equilibrium in acids and bases, solubility and solubility
product. Results of the study pointed out that students’ performance on the misconception
tests as poorer than on school tests. It was also found that low achievements on the
misconception test was reflected in the latent categories of the free sorting of the
appropriate group.

In a study by Berquist and Heikkinen (1990), student ideas regarding chemical
equilibrium was explored from a qualitative perspective. The researchers interviewed
students to find out what major misconceptions they carried regarding chemical
equilibrium. The areas they identified students carried misconceptions are a) confusion
over concentration versus amount b) appearance and disappearance of materials c)
misuse of volume and d) confusion over gas behavior. As part of the instructional
implications, the authors of the study suggested that since most general chemistry
students had little or no conscious interaction with systems at equilibrium, it is hard to
imagine that prior informal experiences could have shaped such misconceptions. They
also added that such misconceptions could also be due to instruction that emphasis
correct concepts without highlighting common conceptual errors experienced by students.
They recommended that it would therefore be important to have a critical look at the

instructional methods and materials in general chemistry courses.
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Another major study concerning chemical equilibrium misconceptions was by
Banerjee (1991). Participants of the study included 162 undergraduate students and 69
school teachers. A 21 item diagnostic test on chemical equilibrium was developed. The
test consisted of seven multiple choice and eight short answer items on conceptual
understanding, three items on problems solving and three items on applications to daily
life. Analysis of the responses reveal widespread misconceptions among both students
and teachers in areas related to the prediction of equilibrium conditions, rate and
equilibrium, applying equilibrium principles to daily life, and to acid-base and ionic
solutions in water. From the comparative study of the responses given by students and
teachers reveals that the extent of misconceptions is equally high among both groups. The
author concluded the possibility is that teachers might have developed these
misconceptions during their days as a student. The misconceptions are retained, despite
professional experience over the years.

Huddle and Pillay (1996) studied student misconceptions towards chemical
equilibrium at the University of Witwatersrand. The study group consisted of students
who were enrolled in a) Chemistry I class for engineering students b) Chemistry I class
for students in medicine, pharmacy, nursing etc, ¢) Chemistry I class for chemistry
majors and d) Chemistry | class for auxiliary students. The total participant count is 642.
Students in all of the categories are presented two questions. The first question tasked
students with making prediction based on the value of the equilibrium constant and
calculate the amount of oxygen present at equilibrium. The chemical reaction can be
found in Huddle and Pillay (1996). The second question expected students to calculate

the concentrations of carbon dioxide, carbon monoxide, numeric value of equilibrium
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constant and make predictions about the value of the equilibrium constant. It’s been well
reported in the literature prior to this study, that students often equate equilibrium to
equal. Researchers of the study noticed, students cannot distinguish between rate and
extent of a reaction.

Tyson and Treagust (1999) studied the complexity of teaching and learning
chemical equilibrium, the researchers used a two tier test. One of the tier is composed of
the actual choices for an answer and tier two consist of the reasoning. Only when both the
multiple-choice answer and the reasoning response in both tiers were correct was the
response, deemed to have answered correctly. The study revealed three issues; a) analysis
of responses in the reason section of the two-tier test indicated that students used multiple
explanations when predicting the effect of changing equilibrium conditions, b) use and
interpretation of language emerged as a critical issue in the teaching and learning the
topic of chemical equilibrium, c) highly sophisticated nature of the content of this topic
was found to have important implication for its teaching.

Osthues (2005) investigated misconceptions among high school students who
were enrolled in an advanced chemistry class around schools in Munster, Germany. All
students who participated in the study were presented with a questionnaire containing
multiple choice problems relating to common chemical equilibrium misconceptions. The
researcher was also interested in finding out whether there was any correlation between
chemical equilibrium misconceptions and mathematics knowledge, because research
studies have revealed students misconceptions about chemical equilibrium have been

related to student’s lack of comprehension in mathematics.
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Visualization and Microscopic, Macroscopic and Symbolic Representations

Learning chemistry involves comprehending chemical phenomena at three levels:
a) macroscopic level of the system, b) microscopic level refers to the molecular, atomic
and kinetic; and c) the symbolic level include symbols, equations, stoichiometry and
mathematics, and making the coherent connections between the three levels (Johnstone,
1993). Macroscopic level describes phenomena that can be observed through the various
senses. For instance, the different phases solid, liquid and gases can be observed through
a visual cue or in special cases gases that are colorless can be sensed through smell.
Symbolic level refers to the symbolic representations of atoms, molecules, and
compounds used in writing chemical formulae and equations (Johnstone, 1993).
According to Nakleh and Krajcik (1994), students construct most of the understanding of
chemistry from a macroscopic perspective and fail to relate the macroscopic
representations to symbolic and microscopic representations. According to Buckley and
Boulter (2000), the purpose of models and modeling in science education is to assist with
understanding scientific content, thinking logically and creatively, constructing
knowledge structures, developing problem solving skills and making evaluations during
the course of scientific learning. If models can be interactive, it can provide a bridge
between science education and technology (Gilbert et al, 2000). According to Kress et al
(2001) visualization is more than a tool for learning, because it enables learners to make
meanings or express their ideas which cannot be readily done so through a verbal
representation alone. Kozma and Russell (2005) suggested, the meaning of a
representation is not embedded in the representation itself, but is assigned to the

representation through its use in practice.
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Bowden (1998) and Kozma and Russell (1997) suggested the concept of
representational competence. According to representational competence, learners must be
able to transform representations in one form to an equivalent representation in another
form. Kozma and Russell (1997) in a study explored expert chemists’ and novice
students’ understanding of various forms of representation and their ability to transform
between one form of representation to another. Study results suggest that experts were
able to switch between representations with much ease compared to novices. According
to deJong et al (1998), representations in science and mathematics can be used as a means
to conceive abstract concepts and be able to solve problems. In sharp contrast to single
representations such as a stand along diagram, multiple representations in the case of
chemistry consisting of formula and diagram can support deeper development, when
learners can combine multiple pieces of information to develop a fruitful insight
(Berthold and Renkl, 2009). While multiple representations add more value compared to
single representations, theories on learning with multiple representations suggests,
learners who are using multiple representations must be able to understand each
representation on its own. Learners must be able to understand which parts of the domain
are represented through the representations (Ainsworth 2006, 2008; Moreno and Duran,

2004; Seufert 2003, Van der Meij, 2007).

In addition to relating one representation to the other, learners must also be able to
interpret the similarities (Ainsworth, 2008 & van der Meij, 2007). In an experimental
study Corradi et al (2012) examined how use of multiple external representations (MER)
lead to increased conceptual understanding among learners with low and high prior

knowledge about the content. Students were assessed for their nominal and functional
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literacy. Nominal literacy is used to assess participants’ recognition of chemical concepts.
Functional literacy is used to assess participants’ ability to describe concepts. Learners
were assigned to four groups each presented with a different form of external
representation. Groupl received only information through textual form, group 2 received
information through a combination of symbolic and textual form, group 3 received
information through a combination of text and image and group 4 received information
through a combination of text, image and symbol. The results of the study concluded that
students with low prior knowledge benefited from using aids and tool to increase their
conceptual understanding, whereas learners with high prior knowledge gained no benefits
from the use of aids or tool. The authors suggested when teaching learners with low prior
knowledge, instruction should contain text and symbolic representation guided by
instructional aids such as prompts or note taking. After learners have reached a certain
level of understanding, microscopic representation can be added to instruction to

optimize learning.

Gobert and Clement (1999) suggested that diagrams have more than illustrative
purpose, as it can also serve the purpose of model construction and reasoning. The visual
impact of diagrams can enhance the development of mental models and leads to more
connectedness in learning. Stylianidou et al (2002) examined students’ interpretation of
diagrams in science textbook exploring the topic of energy. The study concluded a visual
representation of the topics on energy through diagrams was not trivial to students and
teachers should spend time assessing the meaning of the images with students. The study
also revealed that text when combined with diagrams provided learning gains.

Matthewson (1999) suggested, in chemistry because of the significance in visualizing
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molecular structures, much of the focus has been dedicated on how students perceive
three dimensional molecular structures from two dimensional representations.
Matthewson (1999) suggested that while visualization is necessary to perceive three
dimensional structures, it is not the only topic that requires visualization. Conceptual
understanding of topics such as stoichiometry, chemical bonding and particle model each

requires a different kind of visualization.

Harrison and Treagust (1996) studied how students in grade 8-10 viewed the
atomic model and electron arrangement inside an atom. Students were presented with 6
diagrams of the atomic model with varying representation of electron cloud. While
majority of students were able to eliminate model 6 (a ball model), because the model
represented a point mass view. At the same time, many of students opted for model 2
(orbits model), which is also an incorrect version of the atomic model. Students’
reasoning behind their choice for model 2 (orbits model) was it appeared distinct and
concrete. The study results suggested that students’ preference could inform teachers
about students’ prior conception when they start to learn advanced atomic models in
which electrons do not follow specific orbits. The study also brought up the idea on how
students’ perceive the idea of electron cloud. Bar (1989), while investigating students’
knowledge of the water cycle determined, students’ viewed cloud as sponges in which

droplets of water is embedded.

According to Gilbert (2008) students’ difficulties understanding chemistry concepts can
be attributed to the meta-visualization capability to understand and translate between
various modes of representation, i.e., ability to acquire, monitor, integrate and extend

learning that involve both internal and external representations. Internal representation
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(mental models) refers to a real or fictional state of a phenomenon, usually built on the
spot in response to a specific learning situation for which the learner has no available
schemas to fit the phenomenon in order to deeply understand and reason about the
phenomenon (Buciarelli & Cutica, 2012). On the other hand, external representation in
science refer to graphics, diagrams, models, simulations, etc, typically used in learning
(Buciarelli & Cutica, 2012). This idea expands on Johnstone’s (1993) model of the three
levels of representation needed to understand chemistry. According to Gilbert (2005),
meta-visualization involves demonstration of five key capabilities in a wide range of
context. They are a) Understanding the conventions of representation, b) Capacity to
translate between modes and sub modes and between various levels of representation
through which it can be represented, ¢) Ability to construct representation in any mode
and sub-mode for a given purpose, d) Ability to use visualization to construct predictions
of a particular behavior in respect of a given model and e) Ability to solve new problems

by constructing analogies to already used visualizations.

External representations can also be presented through dynamic or multimedia
modes. A dynamic mode usually presents abstract phenomenon in the form of animations
or simulations and a multimedia mode typically contains a combination of external
representations. The authors hence put forth a list of guidelines for teaching and learning
with external representations. They are 1) cognizant of learning theories towards use of
external representations, 2) understand key factors that affect students’ ability to visualize
external representation, 3) conceptual knowledge addressed by the external representation
must be made explicit to students, 4) ensure knowledge of the visual language and

convention used in the external representation, 5) students must be aware of the
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limitations behind an external representation, 6) instructors must foster a multiple
external representation approach, 7) empower students with necessary skills needed to
process external representations, 8) developing students’ metacognitive skills and 9) use

of learner generated external representations.

Relationship between Conceptual Errors and Visual Representations

According to Ben-Zvi et al (1987) and Krajcik (1991), alternate conceptions about
chemical concepts arise from a) representing chemical concepts only at the macroscopic
level rather than in combination with microscopic and symbolic level b) comprehending
chemical concepts at the macroscopic level through surface features and c) interpreting
chemical reactions as a static processes. Ben-Zvi et al (1987) reported that despite
substantial instruction, students in the study viewed formulas were merely abbreviations

for names rather than a composition or a structure.

Keig and Ruba (1993) claimed that translating between representations is an
information processing task and requires the knowledge of an underlying concept.
Possessing conceptual knowledge allows learners to interpret the information contained
in the incoming representation and manipulate it construct the target representation.
According to Wu et al (2001), chemical representations are conceptual constructs that
require a combination of cognitive linkage between the conceptual components that
centers around content knowledge of underlying concepts and visual components that
allows a learner to decode and interpret the symbols and conventions. To justify the claim
proposed by Wu et al (2001), Paivio (1986) proposed that if there is a linkage between

the cognitive and visual component, conceptual understanding can be increased by
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allowing the learners to compare to multiple representation of a single object. Paivio
(1986) through an empirical study observed that students viewed a water molecule (H20)
to contain Hz gas. To justify the above claim Paivio (1986) suggested, presenting students
with multiple representations of water molecule through ball and stick model, structural

formulas, so students can have a better conceptual understanding

Multimedia to Support Visualization in Chemistry Learning

As pointed above, one of the reason behind students’ conceptual errors towards
chemistry is, they hold a static model of chemical reactions, represent chemical reactions
at the macroscopic level through surface features, rather than transitioning to a
microscopic level to illustrate the dynamic nature of reactions. Jones and Berger (1995)
through an empirical study examined student use of a multimedia chemistry instructional
program used in an undergraduate chemistry course. Log files from a class of over 500
undergraduate students were examined to determine time spent on the software and
student use of the software's media components. In addition to examining overall
behavior profiles across the class, they examined variation within individual students,
through use of sequence analysis. Their results point out that, use of videos and
animations in combination were helpful to students experience properties of light, energy

and molecules which would otherwise be difficult.

Schank and Kozma (2002) in an empirical study involving 42 high school
students using the solubility curriculum module. Using ChemSense as a platform and the
solubility module as the content, students created drawing and animations over a three

week period. Students demonstrated greater representational competence and deeper
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understanding of geometrical aspects of chemical phenomena in their animations. Kozma
and Russell (1997) developed “Multimedia and Mental Models” also known as 4M:Chem
a multimedia software to enable chemistry instruction. The model was developed as a
protocol and was never used on a production level. The 4M:Chem model of a chemical
equilibrium process contains a video of the chemical reaction, an equation with symbols
and formulas, an animation representing the molecular motion at the microscopic level
and a graph representing the change in concentration. The idea behind the 4M:Chem

model is for students to develop referential links between the various representations.

In summary, Wu and Shah (2004) suggested the following design principles are
critical towards use of visualization to enhance conceptual understanding. They are a)
providing multiple representations and descriptions, b) linking visual and conceptual
ccomponents, c) presenting chemistry in its dynamic form, d) promoting transformation

between 2D and 3D, and e) reduction in cognitive load.

Multimedia based theories

In this section the various theoretical frameworks that have been used in the
context of multimedia learning will be addressed. The following theories have had the
greatest impact towards multimedia based learning. They are a) Sweller’s cognitive load
theory (CLT) (Sweller, 1994), b) Mayer’s cognitive theory of multimedia learning
(CTML) (Meyer, 2001), c) Integrative model of text and picture comprehension by
Schnotz (Schnotz, 2005) and d) Van Merrienboer and Kester’s four-component

instructional design (Van Merrienboer & Kester, 2005).
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Sweller’s Cognitive Load Theory (CLT)

Cognitive load theory (CLT, Sweller, 1994) sought to understand and integrate
knowledge of human cognitive structures and instructional design principles. The
cognitive load theory examined the working relationship between the working memory,
long-term memory and sensory memory. According to Sweller (2003), learning has
occurred when alteration occurs in long term memory. Long term memory is a cognitive
structure that is a repository for knowledge. A human mind only recognizes information
that is being transferred from the long term memory in to working memory.

If alteration of long term memory has to happen for learning to occurs, how can
such a change happen to long term memory, as material is learned? What constitutes a
schema? According to Sweller (2003), schemas are cognitive constructs that enable
multiple elements of information to be categorized as a single element. According to
Piaget (1928), a schema is both the category of knowledge as well as the process of
acquiring it. When encountering new information or experience, new schemas are
developed or existing schemas are modified. According to Bartlett (1932), schema is a
network of abstract mental structures. As the complexity of a domain increases, the
number of schemas that need be acquired increases. Looking through the multimedia
lens, knowledge is held in a schematic form in long term memory visually (picture) or
verbally (written or spoken). Acquired schema can be processed consciously or
automatically. For instance, a chemist solving a complex chemical equilibrium problem
can process all the necessary schemas associated with the problem automatically. The

reason being, the acquired schema has been practiced over long periods of time. To
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enable a novice to become an expert, it would be important for them to consciously
recognize the schemas necessary to solve a similar chemical equilibrium problem.

The ability to process information consciously or automatically requires
interaction between the working memory and the long term memory mediated by the
sensory memory (ears or eyes). What is a working memory? Similar to long term
memory it is a cognitive structure, where incoming information is processed. While
processing new information, working memory is constrained by two limitations.
According to Miller (1956) working memory can only accommodate a maximum of
seven elements from the new information. While a maximum of seven elements can be
accommodated at a time, only two to four elements can be combined, contrasted or
manipulated. The second limitation being the duration for which the new information is
processed. Peterson and Peterson (1959) reported that without rehearsal, all information
contained in the working memory is lost within about 20 seconds.

According to Baddeley (1992), working memory was not treated as a single
entity, but rather has a three-component system consisting of a central executive, a visuo-
spatial sketchpad and a phonological loop. The purpose of the visuo-spatial sketchpad is
to deal with two and three dimensional objects and the phonological loop’s purpose is to
deal with auditory materials such as speech.

Mayer (2001) suggested that if instruction is designed to make use of multiple
processors, learning can be productive. The limitations of the working memory suggested
above does not apply to information that has already been organized in to schemas in
long-term memory and needs to be processed by the working memory. Hence, the

working memory capacity cannot be a factor that distinguishes an expert from a novice; it
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is how well the information is organized in to schemas in long-term memory. According
to cognitive load theory (CLT), whether information is presented through multimedia,
direct instruction or other forms of instruction, three categories of cognitive load must be
recognized. They area a) extraneous b) intrinsic and c) germane cognitive load.
Extraneous cognitive load occurs primarily when instructional design is inadequate and

does not consider working memory limitations on schema construction and automation.

A number of researchers have developed principles to address the effect of
extraneous cognitive load. For example, a) worked example principle (Cooper & Sweller,
1987) b) modality principle (Tindall et al, 1997) c) split attention principle (Sweller et al,
1990) d) redundancy principle (Chandler & Sweller, 1991) and f) expertise reversal effect
principle (Kalyuga et al, 2003). According the worked example principle, when learners
show increased efficiency with learning when solving problems that provide a solution to
the problem. Reducing or eliminating the heavy demands on working memory and

schema construction through the worked example reduced extraneous cognitive load.

The split attention principle, a student must channel his/her attention towards
multiple sources of visual information, all of which are essential for understanding.
Information coming in from all the sources must be coherently integrated before the
information can be understood. The heavy load placed on working memory during
mental integration leads to extraneous cognitive load. Through physical integration of

multiple sources of information, extraneous load can be reduced

While the modality effect share commonalities with the split attention effect,

extraneous cognitive load can be reduced by not physically integrating information from
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multiple sources, but by presenting verbal information in spoken rather than written form.

This allows for increased working memory capacity.

According to the redundancy effect, while multiple source of information is
presented, one source of information is sufficient to allow understanding and learning and
the rest of the sources reiterate the information from the first source through various
forms. Extraneous cognitive load is reduced by eliminating redundant information rather

than eliminating split attention or modality effect.

The expertise reversal effect occurs when information that is essential for novices
becomes redundant for more expert learners. Intrinsic cognitive load is related to the
complexity of the material being presented. If the material present contain higher degree
of element interactivity, it leads to higher intrinsic cognitive load, because of higher load

is placed on working memory capacity.

Effortful learning results in germane cognitive load. In other words germane
cognitive load is healthy cognitive load that is necessary towards successful learning. In
conclusion, according to the cognitive load theory whether direct instruction or
instruction mediated through multimedia must be designed around working memory

limitations and the role of extraneous and intrinsic cognitive loads.

Cognitive Theory of Multimedia Learning

According to Cognitive Theory of Multimedia Learning (CTML), “individuals
learn more deeply from words and pictures than from words alone” (Mayer, 2001, p.47).
CTML is grounded on three foundational principles a) active processing of information

b) dual channel processing and c) active processing. In addition to the above mentioned
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principles, CTML also defines five major cognitive processes that are essential in a
multimedia learning environment. The cognitive processes occur in the working memory
while processing new incoming information. The five cognitive processes are a) selection
of relevant words b) selection of relevant images c) organizing information in the word
form to create a verbal mental model d) organizing information in the picture forminto a
pictorial mental model and e) integrating the verbal and pictorial model with each other

and with prior knowledge to create a coherent model.

In the dual-channel assumption, the information processing system consists of an
auditory channel processing information received in the verbal form and a visual channel
processing information received in the pictorial form. According to Mayer (2004), the
dual channel information processing system can be conceptualized in two ways. One way
is based on the presentation mode and the other is based on the sensory model. While the
presentation mode dedicates focus towards the nature of stimulus presented (picture, text,
animation, sound etc.), the sensory mode dedicates focus on the stimulus as represented
in the working memory. The CTML relies heavily on the sensory mode of information
processing. While information is always received through one of the channels (verbal or
auditory), learners may also be able to convert the representation for processing in the

other channel.

In the limited capacity assumption, the working memory in the human cognitive
system can only process limited amount of information in each channel under a given
time frame. Through practice, learners can construct techniques for chunking elements

contained in the information in to groups. Chunking allows for increased learning
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efficiency. As pointed out earlier in the cognitive load theory section, instruction must

consider the limitations of working memory capacity.

In the active processing assumption, active cognitive processing is necessary to
develop a coherent mental representation. Active cognitive processes include a) paying
attention b) organizing information c) integrating newer information with existing
information. If the key objective of active learning is construction of coherent mental
models, it is worthwhile to understand ways through which knowledge can be structured.
The knowledge structures include process, comparison, generalization, enumeration and
classification. Process structures consist of explanations on how a particular system
works. Comparison structures as the name implies compares two or more elements
contained a matrix form. Generalization structure consists of a major element and a series
of sub-ordinate elements branching from the major element. Enumeration structures
consist of lists, with each list containing a list of elements. Classification structures
consist of a hierarchy of sets and subsets. Comprehending a multimedia message requires
a learner to construct one or more of the knowledge structures. The assumption that
learner’s develop a knowledge structure while comprehending a multimedia message
leads to two key implications. They are a) presented material must be coherent — if the
incoming material consists of isolated facts, learner’s efforts to build a mental model or
representation will be futile and b) the message should provide sufficient guidance, so the

learner can learn how to build a coherent mental model.

According to CTML, the working memory is partitioned in to two parts. One part
consists of raw material that comes in to the working memory from the sensory memory

through visual and auditory channel. The other part of the working memory consists of
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knowledge structures constructed in the working memory (pictorial and verbal model). In
both parts there is a link between the two channels. The link suggests students may

process verbal information in to pictorial information or vice versa.

While the two assumptions above suggest how information should be presented, the five
cognitive processes mentioned above suggest how the presented information is processed
by a learner. The cognitive processes do not follow a linear order. In other words, a

learner may move from one process to the other in a random fashion.

Cognitive process occurring through selection of words or images depends on the
nature of external representation or input. If the external representation or input is in the
form of spoken words, the output is a mental representation of the words in the learner’s
verbal working memory. The learner must determine what aspect of the information is
most relevant. The need to select only part of the information occurs because of
limitations in the working memory capacity. If information is presented through pictorial
representation, the output is a visual image base, i.e., a mental representation of the
images in the learner’s working memory. The process begins in the visual channel, but a
learner might be able to convert a portion of it in the auditory channel. Similar to
selection of words from incoming information, a learner must be able to assess and select
relevant images that need to be processed in the working memory. Selected words or
images are then converted in to verbal or pictorial model in the working memory. The
key step in multimedia learning involves the construction of linkage between the pictorial
and the verbal model. In light of the cognitive theory of multimedia learning (CTML),
multimedia based instructions that are designed in light of how the human mind functions

are more likely to lead to meaningful learning.
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Schnotz Integrated Model of Text and Picture Comprehension

The Integrated Model of Text and Picture Comprehension (IMTPC, Schnotz, 2)
shares many similarities with the two models already discussed, but offers specialization
of sensory registers in learning through multimedia visualizations. The cognitive
architecture of the model consists of working memory, sensory registers and long term
memory In addition the model’s architecture consists of a cognitive level and a
perceptual level. The cognitive level consists of a verbal and pictorial channel and the
perceptual level consists of multiple sensory channels. The role of the perceptual level is
to transfer information from the stimulus to the working memory through sensory
registers and the role of the cognitive level is to process information in the working
memory and transfer it to the long term memory for later usage. Another major difference
between CTML and the current model is, the former model assumes independent
construction of a verbal mental model and pictorial model which then later have to be
integrated. The current model proposes that only one mental model is constructed that
integrates information from different sources right from the start. Another major contrast
between the current model and CTML is the current model assumes that pictorial
information can not only be sensed through visual modality, but can also be conveyed by
other sensory modalities such as sound images. Based on empirical evidence the

following positive effects have been derived from the use of auditory pictures.

Coherence and Contiguity

Coherence refers to the condition under which words and pictures are
semantically related and contiguity refers to the condition under which words and

pictures are presented closely together in space or time. The coherence and contiguity
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aim to address the limitations of the working memory capacity. Temporal contiguity aims
to reduce the limitations of the working memory capacity by presenting pictorial and
semantically related auditory information simultaneously. Because information is
presented through spoken text rather than written text and is semantically related to the
pictorial information presented, pictorial and the auditory channels become active and
process information simultaneously. This allows for the split attention effect commonly
observed with written text associated with pictures. Spatial contiguity aims to reduce the
visual search processes because pictures and the spoken text are closely related to each
other. By reducing the visual search process, the cognitive load typically placed on the

working memory is reduced.

Modality

There are two outcomes arising from the modality effect. The first being the split
attention effect discussed in the coherence and contiguity section above. Another aspect
of the modality effect is the working memory capacity that is required for active
cognitive processing. Mayer and Moreno (1999) in a study examined the effect of spoken
versus written text in combination with pictures on learning gains. They found that
students who learned through spoken text in tandem with pictures showed better learning
gains. Since working memory has high decay rates, construction of propositions and

mental models requires simultaneous availability of text and pictorial information.
Sequencing
According to a study conducted by (Kulhavy et al , 1994), presenting pictorial

information before text leads to better understanding According to the current model, a

40



text (spoken or written) does not entirely describe with enough detail to fit just one single
picture or mental mode. If mental model construction occurs entirely through text
processing, the model developed will differ to some extent from the picture that
illustrates the subject matter. Hence there is an interference effect if the text is presented

prior to picture presentation.

Reading Ability and Prior Knowledge

In addition to the assumption that text and picture comprehension corresponds to
alternate routes of constructing mental models and propositional representation, the
model associates the role of prior knowledge. The auditory pictorial representation can
assist learners who are poor readers. When learners have poor reading proficiency, the
auditory channel loses its efficiency while the visual channel plays a dominant role. This
prediction has been verified by empirical research findings in the work of Swanson and
Cooney (1987), Levie and Lentz (1982). When learners encounter information towards
which they have weaker prior knowledge, pictorial information can enhance mental
model construction. On the flip side, students with higher level of prior knowledge tend

to gain no additional advantage through pictorial representation.

Redundancy (specific and general)

Specific redundancy effect occurs when pictorial representation is accompanied
by both spoken and written text reinforcing identical information contained in the
pictorial form. Specific redundancy effect is the direct result of multimedia designer’s
frequent attempt to tailor instruction to individual needs. Multimedia designers often

combine spoken and written text along with pictures with the hope that learners have the
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option to choose their preferred sensory modality. The integrated model predicts that
learners do not show any learning gains when they learn pictures associated with both
spoken and written text, rather they only benefit when pictures are associated with spoken
text. Mayer (2001) in a study examining the specific redundancy effect suggested

learners showed lower performance when learning content through both spoken and
written text associated with a picture in comparison to learners who learned similar
material through spoken text and pictures. The difference in learning gains is attributed
to the split attention dedicated between spoken and written text when they are used in

combination with pictures.

General redundancy effect is commonly observed when learners with high prior
knowledge are exposed to material containing both picture and auditory text. Learners
with high prior knowledge do not make use of the additional source of information and
often exhaust their working memory capacity through split attention. To understand the
role of incorporating learner experience into the design of multimedia instruction,
Kalyuga et al (2000) conduced a research study. The research study consisted of two
separate experiments. Sixty trade apprentices from two major Australian manufacturing
companies’ participated experiment 1. In experiment 1, inexperienced trade apprentices
were allotted to one of the four group; a) a diagram with visual text, b) a diagram with
auditory text, c) a diagram with both visual and auditory text and d) diagram only. In
experiment 2, 38 apprentices from experiment 1 were assigned to two groups; a) diagram
only and b) diagram with audio text. In experiment 2, the diagram only group was
compared with the audio-text group after an additional training session. Results from

experiment 1 pointed out that auditory presentation of text proved superior to a visual
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only presentation but not when the text was presented in both auditory and visual forms.
The diagram only format was the least intelligible to the apprentices. The results from
experiment 2 were reverse to those of experiment 1. The diagram only group
outperformed the audio-text group. The authors attributed the reversal in results is due to

the knowledge and experience gained by apprentices between experiment 1 and 2.

Structure Mapping

According to the integrated model, visualizations can only be beneficial if they
are presented to learners in a task appropriate manner. The assumption is supported by
empirical research findings reported by Schnotz and Bannert (2003). In their study
Schnotz and Bannert examined the role of informationally equivalent pictures associated
with text on learners understanding of the material. They found that pictures enhanced

comprehension only if the content was visualized in a task appropriate manner.

Deep versus Superficial Processing.

When pictures and text are presented in a combined form, one form can also
replace the other to a certain extent. If picture is added to a material containing text, and
if identical amount of mental effort is invested by a learner, textual information can
become less insignificant due to concurrent existence of pictorial information. Hence, the
text will be processed less deeply resulting in the use of a lower memory towards text

information than if the text information had been presented without pictures.

Cognitive Economy

When multiple representations about a single topic are processed by the working
memory, the additional benefit for comprehension is outweighed by the additional

43



cognitive costs. Learners choose cognitive economy when the benefits associated with

processing additional information are lower.

In conclusion, similar to the cognitive theory of multimedia learning, the
integrated model rests its assumption on the philosophy that multimedia learning can only
be successful when the design principles are guided by sufficient understanding of human
perceptions and cognitive processing systems. Positive and negative effects presented in
the section must be considered while designing multimedia instruction. The Schnotz

integrated multimedia framework will be guiding the work.

Advantages of Using Visualization While Teaching Chemistry Concepts

Chemistry is often regarded as one of the difficult subjects, a notion that often
repels learners from continuing with studies in chemistry. However, chemistry is one of
the important branches of science that allow learners to understand how and why things
work the way they should. Because chemistry topics are generally related to or based on
the structure of matter, chemistry proves a difficult subject for many students. Chemistry
curricula commonly incorporate many abstract concepts, which are central to further
learning in both chemistry and other sciences (Taber, 2002). Learning of abstract
concepts is essential to understanding advanced concepts and theories. If underpinning
foundational abstract concepts are not understood, it leads to conceptual difficulty
(Zoller, 1990; Nakleh, 1992). Learning chemistry requires students to understand
representations in macroscopic, symbolic, and microscopic levels. However, students

often have difficulty understanding abstract phenomena like behaviors of atoms and
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molecules. This is because subatomic particles cannot be viewed or experienced directly
and hence the concepts are abstract. Meanwhile, many of these students’ intellectual
development is at the concrete operational stage (Herron, 1975; Goodstein & Howe,
1978a, 1978b; Abraham, Williamson, & Westbrook, 1994). As a result, students need
some concrete analogies, which can be felt, touched, or visualized, to aid them in learning
concepts using atoms and molecules. The ability to visualize molecular behavior and
think at the atomic and molecular level is essential for understanding chemistry concepts.
Therefore, helping students visualize particulate phenomena is an important goal of
chemical education.

Effective use of technology not only makes the process of teaching and learning
productive, but also can provide teaches with the tool to bridge the gap between
conventional learning and modern educational requirements for the overall development
of the learner (Gupta et al, 2012). Sanger (2006, 2009) reviewed a series of research
studies on the use of computer animations in chemistry. These studies showed that (a)
students improved their conceptual understanding and performed better in exams after
viewing computer animations, (b) students who viewed computer animations at the
microscopic level had fewer misconceptions than students who only received traditional
instruction, and (c) compared to students who only viewed static pictures, students who
were exposed to computer animations understood conceptions at the microscopic,
macroscopic and symbolic levels more completely.

Yezierski and Birk (2006) investigated the effectiveness of computer animations
in changing students’ misconceptions about the particulate nature of matter, especially

those related to phases and phase changes. The results indicated that animations at the
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atomic and molecular level aided the students in forming better mental models and to
develop conceptual understanding of particle properties and behaviors. Visual technology
also allows chemistry experiments to be performed electronically when i) a school does
not have supply of chemicals or resources ii) when school is located in a low Socio
Economic Status (SES) areas iii) lack of infra-structure to conduct experiments safely iv)
allow students to repeat experiments as many times as they would like without having to
worry about starting over or generating chemical waste v) they can also share their work
through the world wide web with other schools across the world. The process of
conceptual change is an ongoing challenge in science education, particularly among
members of the chemical education community. Computer simulations have
demonstrated the potential to facilitate this process by highlighting students’
misconceptions and presenting plausible scientific conceptions. For instance, using
computerized interactive laboratory simulations, learners can confront their beliefs by
working with real data, experiencing discrepant events preselected by the program, or
forming and testing multiple hypotheses of their own (Gorsky and Finegold 1992; Tao
and Gunstone 1999; Trundle and Bell 2005).

In summary, computer simulations and animations in chemistry help student
connect representations of chemical phenomena in the macroscopic, symbolic, and
microscopic levels. Such visualization also help students build more correct mental

models of chemical concepts and develop conceptual understanding.
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Challenges and Limiting Factors

While there are proponents who support the use of computer
simulations/animations and other dynamic visual media in to instruction, research studies
conducted by other researchers oppose this view. For instance, (Lowe 2003) suggested
that animations can confront learners with additional and qualitatively different
information processing demands than static visuals. Lewalter (2003), suggested that
while transitory nature of animations may reduce the load due to cognitive processing
through support of mental model construction, the transitory nature in itself may cause
higher cognitive load since learners have less control over their cognitive processing.
Mayer and Moreno (1998), suggested based on their research study that when students
observe different types of representation through visualization, it may cause them to
experience difficulties in processing the information because of the split attention effect.
According to Rieber (1991) if animations are not closely related to the contents, or are
poorly designed, they have little or no effect on student understanding of the concept. If
animations are too easy, they are not effective, or the effect cannot be detected when
comparing to the control groups, because of the ceiling effects. If animations are too
complex, and students do not have enough time to explore them, they will feel frustrated
and give up. The following aspects could be challenging or limiting a) whether
simulations or animations specific to a particular topic is already available? b) whether
such visualizations are available for use at free of cost or requires expensive subscription,
c) does the visualization depict accurate content?, d) are there enough such devices
available to accommodate an entire class?, e) do devices (computer or similar electronics)

meet the minimum hardware requirements?, f) many chemistry simulations available in
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the market or through the worldwide web are not compatible with mobile devices or
devices that are not capable of running Java® or Adobe Flash® platforms and g) above

all, how the visualizations are used contributes a lot towards its efficiency.

Computer Simulations and Chemical Equilibrium

Analogy and its derivatives, remains one of the sought out strategy reported in the
literature. While effect of computer visualizations on students understanding of chemistry
at the particle level has been extensively addressed, use of computer simulations and
animations to teach chemical equilibrium remains very limited and far from a few. After
an exhaustive literature search and review, it can be asserted, the study by Hameed,
Hackling and Garnett (1993) till date remains the only study that has examined all
chemical equilibrium misconceptions reported by Hackling and Garnett (1985). The
study was based on the conceptual change model proposed by Posner, Strike, Hewson
and Gertzog (1982). According to the Posner et al (1982), the scientific conception must
also be intelligible, plausible, and fruitful for successful conceptual change to occur.
Intelligible means that the new conception must be clear enough to make sense to the
learner. Plausible means the new conception must be seen as plausibly true. Fruitful
means the new conception must appear potentially productive to the learner for solving
current problems.

The study examined the use of computer assisted instruction (CAIl). The CAI
package was developed using BASIC programming language and were used on
microcomputers. The article does not provide details on what components made up the

program or how the components were organized or even a representative figure of the
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program. The use of CAIl package was guided by five principles a) presentation of
phenomenon b) prediction ¢) simulation d) explanation and feedback and e) application.
Topics studied include a) misconception that at equilibrium concentration of reactants
and products at equilibrium are equal, b) misconception that reaction provides in only one
way, ¢) misconception that hen equilibrium is re-established following an increase in
temperature, the concentration of NOCI will be greater than at the initial equilibrium d)
misconception that when the system at equilibrium is disturbed by increasing the
concentration of NO, the reverse reaction rate will instantaneously decrease e)
misconception that when the system at equilibrium is disturbed by decreasing the
volume, the reverse reaction rate will instantaneously decrease and f) When a catalyst is
added to the system at equilibrium, the concentrations of NO, Cl. and NOCI (i.e. all the
species in the reaction) will change (increase or decrease) depending on the effect of the
catalyst. It would be hard to speculate what could have been the reason for such an
outcome. The authors themselves did not suggest what changes would be considered in
the future study or what effects in the study could have contributed to such an outcome.
While misconceptions such as rate vs extent or effect of catalyst are often reported as
misconceptions associated with chemical equilibrium, the concepts themselves are purely
kinetics in nature. The study did not aim to understand if students have difficulties with
foundational chemistry concepts such as gas laws, kinetic molecular theory,
stoichiometry and a moderately advance topic such as kinetics. However, this study
opened up doors for integrating technology through visualizations to teach chemical

equilibrium.

49



Russell et al (1994) working on a National Science Foundation (NSF) funded
research developed a prototype called 4M CHEM. While not explicitly stated, the study
is based on a theoretical framework developed by Mayer and Sims (1994). Mayer’s
cognitive theory of multimedia learning assumes that students learn better when words
and pictures are presented simultaneously than when one of them is presented alone. As it
was a prototype, the software itself was not studied in real world setting with students.
Search to locate this software yielded no luck. The program screen was split in to four
quadrants each offering a different visual element. Also whether the software capture all
aspects of chemical equilibrium is not clear. The screen capture provided in the article
only addressed the aspect of temperature. The program screen also contained buttons
such as stop and pause. Students have the option to choose between audio, video or
graphics. The video option would provide students with an actual experiment, the graphic
option would provide students with a microscopic view of the reaction and audio option
would provide students with a narrative of what’s happening. It is not clear whether audio
would be provided to support the video or graphics or both. While the study was never
implemented in a real world classroom, till date it remains a unique kind towards use of
computer visualization to teach chemical equilibrium.

Trey et al (2008) examined the effect of a computer simulation incorporating
analogies. The study contained two groups, control and experimental. The control group
received instruction on chemical equilibrium through text and pictures, while the
experimental group received chemical equilibrium instruction through dynamic
simulation containing analogies. The analogy involved the use of a weight balance. The

weight balance was chosen as an analogy because the authors felt students could more
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easily relate to because of their everyday experience. The study was built on a GEM
instructional approach developed by Khan (2007). The GEM instructional approach
involves three steps. Step a) generate an initial mental model b) evaluate the initial
mental model and ¢) modify the mental model. The model presented in the study is
similar to the model presented above by Russell (1994). The difference is video and
audio recordings were taken out and replaced by an assessment. Students were presented
with an assessment question, following their interaction with the simulation. Another
difference is, microscopic particle movement is not present in the study. Particles were
simply added like a weight to either side of the balance. In sharp contrast this study by
Trey et al (2008) did contain graphical plot providing concentration change as a function
of time. Similar to the above two studies, this study is also a unique kind on its own. The
authors concluded, computer based analogies provided significant learning gains towards
learning chemical equilibrium than narrative text and static pictures of the same analogy.
Another commonality between this study and the two other studies mentioned above is
the software is nowhere to be found. I examined the website provided by the authors
which was affiliated to the University of British Columbia, VVancouver. The website is no
longer active and no further details can be obtained about the software. It was also not
very clear from the article what specific concepts of chemical equilibrium were tested
and whether or not such tested concepts would have provided students with adequate
conceptual understanding to answer 10 item test questions offered after the simulation
phase.

In another study Akaygun (2009) as part of a doctoral work studied the effect of

computer visualizations on students’ mental models of dynamic physical equilibrium. It
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must be pointed out here, physical equilibrium is different from chemical equilibrium, in
that there will no change in the chemical composition, rather changes only happen at the
physical states, such as change from gas to liquid or vice versa. For the study PhET
simulations developed at the University of Colorado, Boulder was used. Students who
participated in the solubility equilibrium study were different from students who
participated in the liquid vapor equilibrium study. Mental models of students from both
student groups were compared to mental models of experts. While students in both
groups showed gains in their understanding at the macroscopic level, there was not a
significant change at the microscopic level. Similarly when students in group were asked
to answer an open ended conceptual questionnaire prepared for the other group, students
were applied principles incorrectly in to the new situation. For instance students in the
solid/liquid equilibrium study when asked to complete an open ended conceptual
questionnaire on liquid/vapor equilibrium, a portion of the students mentioned molecules
splitting when the liquid evaporates. This implies students have incorrectly applied their
understanding of solid forming ions in liquid, where a solid splits in to positive and
negative ions. Similarly when conceptual pre and post test scores on solubility

equilibrium is compared it showed no change.

Conceptual Change and Chemical Equilibrium

While there are plenty of studies that have focused on students’ alternative
conceptions about chemistry, very few studies have addressed the role of conceptual
change in the context of chemical equilibrium. Atasoy (2009) examined the effect of

conceptual change approach on understanding of students’ chemical equilibrium
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concepts. The major objective was to compare conceptual change based instruction with
traditional instruction. Conceptual change text developed for this study was based on
Posner et al (1982) model of conceptual change. The key idea behind conceptual change
text is to initiate cognitive conflict and help students to make connections during the
conceptual change process. The course material used in the study was developed after
examining the literature about conceptual change texts, concept maps, analogies and
predict-observe-explain (POE) strategies. The POE strategy was considered because of
its role in determining students’ prior knowledge. The authors found conceptual change
text to be effective based on four reasons a) POE strategies were used to address
condition 1 suggested by Posner et al (1982) which is learners must be dissatisfied with
their existing knowledge b) analogies made concepts more appealing to students which
satisfied Posner et al (1982) condition 2 which is, the new concept must be intelligible, c)
concept maps allowed students see the relation among various concepts which satisfied
the third condition, learner must the new concept plausible and d) solving problem
allowed students to apply the new science concepts to different situations. The authors
also suggested that, alternate conceptions were only made explicit to students in the
experimental group.

Bilgin et al (2006) examined the effect of cooperative learning approach based on
conceptual change condition on students’ understanding of chemical equilibrium
concepts. Similar to the study reported above, this study also involved experimental and
control groups. The study is designed around analogies as the strategy to enable
conceptual change. Research studies have shown that analogies provide students with

means to develop their own ideas and analogy serving as a reference point to check on
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plausibility of their earlier explanations (Brown and Clement, 1989; Harrison and
Treagust, 1994). Analogy was used in the study to specifically for the following reasons
a) concept acquisition, b) increased student attention, c) intelligibility and plausibility.
The use of analogy does offer simplicity to the instructional approach, yet it does come
with some disadvantages while explaining dynamic chemical equilibrium concepts. It is
important for the teacher to know limitations or major difficulties of the analogy prior to
using it. Improper use of an analogy can lead to confusion or to the alternative
conceptions.

Canpolat et al (2006), proposed a study which examined conceptual change
approach towards teaching chemical equilibrium. The study is an extension of an earlier
study conducted by Russell (1988) with a minor change. The change being volume of the
measuring cylinder was changed in the current study in contrast to the earlier study by
Russell (1988). Russell (1988) proposed three models that could be used when teaching
chemical equilibrium. Chiu et al (2002) examined the role of constructing mental models
while teaching chemical equilibrium. This study is based on Chi’s theory of conceptual
change model involving ontological shifts. According to Chi’s conceptual change model,
a concept such as chemical equilibrium contains constraint based features like
randomness, simultaneous, uniform activities. A constraint based interaction provides no
information about its time course, because it has no time course.

The concept of electric current is an example of the constraint based interactions
category. Electric current is produced when charged particles travel through a field.

Hence an electric current is neither a matter nor properties of the matter, but a process
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that is fundamentally constraint-based and has no casual agents. Concepts such as light,
heat and force also belong in the constraint-based interaction category.

The constraint based features might prevent students from deeply understanding
the concept of chemical equilibrium. The study explored students’ mental models
towards chemical equilibrium in the cognitive apprenticeship context.

Ozmen (2007) examined the role of conceptual change texts in remediating high
school students’ alternative conceptions concerning chemical equilibrium. Students were
put in to control and experimental groups. Both groups were administered the alternative
conceptions about chemical equilibrium (ACCET) test before and after. Students in the
experimental group received conceptual change text instruction and students in the
control group received traditional instruction. The texts used in this study were
constructed by a group of chemistry student teachers under the researcher’s supervision.
Five conceptual change texts were prepared by taking into account students’ alternative
conceptions determined with the ACCET literature. In the text, such questions were
presented to students at the top of the texts. The purpose of this question was to activate
students’ alternative conceptions. In each of the texts, the topics were introduced by such
questions and students’ possible answers that are not scientifically accepted were
mentioned directly. In this way, students are expected to be dissatisfied with their present
conceptions. The conceptual areas covered by the conceptual change texts were; the
approach to equilibrium, the application of Le Chatelier’s principle, the constancy of the
equilibrium constant and heterogeneous equilibrium. Each text aims to remediate the
alternative conceptions identified previously and which were related to these conceptual

areas. In each of the texts, students were introduced to questions and their possible
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answers that may include alternative conceptions held by the students. Following the
prediction phase, the students were presented with common alternative conceptions along
with evidence countering these alternative conceptions and then discussed in the texts.
Students were expected to be dissatisfied with their current conception. Finally, the
students were informed of the correct scientific explanations supported by examples.
Authors of the study suggested, conceptual change text can be combined with other
instructional strategies such as animations, simulations, static visuals, analogies to
enhance student understanding towards chemical equilibrium concepts.

Chiu et al. (2002) explored students’ mental models of chemical equilibrium after
experiencing instruction through a cognitive apprentice (CA) model, proposed by Collins,
Brown and Newman (1989). The main features of the CA model include coaching,
modeling, scaffolding, articulation, reflection, and exploration. Further information about
the CA model can be obtained from Collins, Brown and Newman (1989).

The study explored the foundational chemical equilibrium concepts of a) closed
system versus an open system, b) microscopic characteristics, c) reversible reaction, d)
existence of all substances and e) Le Chatelier’s principle (LCP) for homogeneous and
heterogeneous system. A homogeneous system is where reactants and products exist in a
single phase (i.e., they exist in solid, liquid, gas or agueous phase), whereas in a
heterogeneous system, reactants and products can exist in more than one phase (i.e., a
reactant could be in homogeneous phase, whereas another reactant could be in liquid
phase and products could be gas phase).

Conceptual change was categorized by an addition or deletion of a concept from

an ontological tree. In a basic conceptual change participants omitted the idea that
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systems attaining chemical equilibrium are closed and dynamic versus open and static,
then they have exhibited a basic conceptual change. However, if a concept’s meaning has
been completely removed and replaced by a new concept that is ontologically
incomparable to the existing meaning, then the participant was considered to have
exhibited a radical conceptual change. Students exhibited conceptual difficulty over
chemistry concepts because they have difficulty changing from an event ontological
category to a constraint based interactions category.

Thirty 10" grade students participated in the study: 10 in a control group and 20
in an experimental group. Both groups were presented with a series of hands on chemical
experiments. Students in the experimental group were instructed based on the CA model.
Students in the control group received instruction from a tutor without the CA support.
The results from the study revealed that the CA group significantly outperformed the
non-CA group. Students in the experimental group were capable of constructing mental
models of chemical equilibrium including dynamic, random activities of molecules and
interactions between molecules, whereas students in the control group failed to construct

similar mental models of chemical equilibrium

Conceptual Change Theories

Investigating and addressing student misconceptions is a complex phenomenon.
Understanding how students’ learn is not a new issue and it’s an ongoing one. Over
decades, several theories have been put forwards towards how students’ learn. Plethora of
theories have been put forth by researchers to understand conceptual change, ranging

from theories of cognition to theories of socialization (see, e.g., Schnotz 1998, Schnotz et
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al. 1999, Stark 2002). This suggests that there is not a single definition of what
contributes “conceptual change.
Researchers differ in their view of conceptual change. We will look in to the

various perspectives on conceptual change in science.

Vosniadou’s Conceptual Change Model

According to Vosniadou and Brewer (1987), for a student to demonstrate
conceptual change, the learning process must result in significant reorganization of the
knowledge structures rather than enrichment. The question then arises, how a classroom
teacher goes about reorganizing the knowledge structures of a student? It also raises
another question, what is learning? Learning is an effortful and mindful process and
students should be encouraged to construct their own knowledge and skills through active
processing, rather than being passive listeners (Vosniadou, 2001). This can be done by
asking students to participate in projects, to solve complex problems, to design and
execute experiments, to think about their ideas, to listen to the ideas of others, and in
general to assume control of their learning (Vosniadou, 2001).

Voshiadou (2001) proposed a list of steps that should be followed while designing
learning environments that promote conceptual change. The steps are a) reinterpretation
of deeply entrenched presuppositions and beliefs — for example children’s view of earth
as a flat rectangle, a disc or as a hollow sphere, with people living on flat group deep
inside it, suggests children’s interpretation of scientific information are often constrained
by deeply entrenched presuppositions, b) metaconceptual awareness — students are often

not aware of the presuppositions and beliefs that constraint their learning. In other words
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conceptual change not only involves change in specific beliefs and presuppositions, but
also development of metaconceptual awareness, i.e., making students aware of the beliefs
and presuppositions that constrain their learning (Vosniadou, 2001) c) importance of
mental representations — in addition to entrenched presuppositions, the mental
representations students develop or possess to understand new information influence the
knowledge acquisition process (Vosniadou, 2001). The mental model students develop
during cognitive functioning can constrain their knowledge acquisition process
(Vosniadou, 2001). For example students who hold an incorrect view (flat disc or hollow
sphere) about earth will explain day and night cycle by saying the sun goes down behind
the mountains (Vosniadou, 2001) d) sequence of acquisition of the concepts that
comprise a given subject matter area — for example it is not possible for students to
understand the spherical nature of earth, if they do not have a concrete elementary
knowledge about gravity e) taking in consideration of students’ prior knowledge f)
cognitive conflict — teachers must have an informed knowledge about how students see
the physical world and learn to take their viewpoints in to consideration while designing
instruction g) providing external models and representations — models and external
representations can be used to clarify aspects of a scientific explanation that are not
apparent when the explanation is provided in a linguistic or mathematical approach.
While the steps suggested above were intended for a teacher while designing learning
environments, it captures the essence of what a conceptual change process should look
like.

While there are a variety conceptual change frameworks, majority of them have

their foundation in constructivism. The constructivist view of learning assumes that each
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individual constructs his or her knowledge actively from his or her own experiences. This
process is based on and constrained by the already existing knowledge (Widodo & Duit
2004).

Siebert (2003) and Treagust et al (2000) suggested learning does not involve
passive intake of knowledge rather actively constructing it. In other words, a student is
one of who is responsible for his or her learning process. Teachers can only support the
learning process when learning takes place on the basis of prior knowledge. Teachers
need to be informed about how students see the physical world and learn to take their
points of view into consideration when they design instruction. Instructional interventions
need to be designed to make students aware of their implicit representations, as well as of
the beliefs and presuppositions that constrain them. It is important to provide meaningful
experiences that lead students to understand the limitations of their explanations and to
motivate to change them.

Finally, it is necessary to provide cultural support for the reorganization of
existing knowledge, necessary for learning science (Vosniadou, 2001). Once students’
prior knowledge is addressed, the next step would be to address students’ entrenched
presuppositions. The new information presented should be consistent with prior
knowledge and not contrary to prior knowledge. When the new information is consistent
with prior knowledge, it can be incorporated easily into existing conceptual structures.
This type of information is most likely to be understood even if it is presented as a fact
without any further explication. However, when the new information runs contrary to
existing conceptual structures, simply presenting the new information as a fact may not

be adequate. Students can take two course of action if the information presented is
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contrary to existing information a) simply add the new information to existing knowledge
structure and the new information will remain inconsistent with the old information and
b) or distort the new information so it is consistent with the new information. The latter
situation is much worse because it only increases the complexity of an existing

misconception VVosniadou (2001).

Posner et al’s Conceptual Change Model

Posner et al. (1982) embedded their explanation of conceptual change within a
conceptual ecology perspective. According to Posner et al (1982) a learner’s conceptual
ecology consists of their conceptions and ideas rooted in their epistemological beliefs.
The first step towards conceptual change in a conceptual ecology perspective is the
learner must be dissatisfied with an initial conception in order to abandon it and accept a
scientific conception for successful conceptual change. In addition the scientific
conception must also be intelligible, plausible, and fruitful for successful conceptual
change to occur. Intelligible means that the new conception must be clear enough to
make sense to the learner. Plausible means the new conception must be seen as plausibly
true. Fruitful means the new conception must appear potentially productive to the learner
for solving current problems. Posner et al (1982) perspective assumes that these cognitive
conditions should be met during the learning process for a successful conceptual change.
From a conceptual ecology perspective, the constituent ideas, ontological categories, and
epistemological beliefs highly influence a learner’s interactions with new ideas and

problems.
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DiSessa’s P-Prims Model

According to DiSessa (1993), knowledge structure of novices consists primarily
of unstructured collections of many simple elements known as phenomenological
primitives or p-prims. The learner assumes that “something happens because that’s the
way things are” (DiSessa 1993, p. 112). According to DiSessa (1993), p-prims do not
have the status of a theory because they are neither produced nor activated under a highly
organized system like the classical framework proposed by knowledge as theory
researchers. Like many knowledge as theory views, diSessa’s view knowledge is
acquired by students because of everyday experience. DiSessa et al. (1998, 2002) argue
that knowledge cannot be described appropriately by only one type of mental entity as the
supposed concepts. What is usually understood as a scientific concept should rather be
regarded as a complex system consisting of a large number of interacting elements. From
their perspective, conceptual change means modification, reorganization and
recombination of different mental entities in complex ways. Derived from studies within
the field of physics two kinds of mental entities are suggested p-prims (phenomenological
primitives) and coordination classes. P-prims stand for small, simple knowledge
elements. For example, students when asked the reason why it’s hotter in the summer
than in the winter (Sadler, Schneps, & Woll, 1989). Many of the students responded that
it is because the earth is closer to the sun. When students were requested to expand upon
their reasoning, they suggested earth moving closer to the sun, is similar to moving close
to a stove you felt the heat more than when you move away from the stove. Novices are

assumed to have numerous such isolated p-prims deduced from everyday experience.
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In comparison, experts or scientists, are presumed to differ from novices in that
they have integrated p-prims into comprehensive knowledge structures. P-prims change
their function from primitive explanatory elements into parts of a complex system which
IS more appropriate to provide elaborated explanations. P-prims are generated from a
learner’s experiences, observations and abstractions of phenomena. Several p-prims are
connected to form a larger knowledge network. DiSessa (1993) describes cuing priority,
reliability priority and structured priority to propose how such p-prims are recognized and
activated according to context. In other words an identical p-prim activated under one

context may not be activated under another context.

Conceptual Frameworks Used in the Current Study

A combination of conceptual frameworks was used to guide the current study.
The first being Chi’s (1994) ontological shift model and the second being Hammer and

Brown’s (2008) complex systems theory.

Chi’s Ontological Shift towards Conceptual Change

Conceptual change does not occur during all types of learning, but only when
prior knowledge contradicts with new scientific knowledge. In a classroom situation,
students may not have prior knowledge about the concept they are learning (Chi, 2008).
Under such circumstances, learning involves adding new knowledge. If in fact students
have prior knowledge about the concept to be learned, but if that knowledge is

incomplete, then learning can be conceived as gap filling. Conceptual change does not
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occur during knowledge acquisition when there is no existing prior knowledge or during
gap filling.

The third knowledge acquisition condition involves a situation where a student
may have acquired ideas from prior instruction or everyday experience that are in direct
conflict with scientifically established ideas. In contrast to gap filling or adding new
knowledge, under the third circumstance prior misconceived knowledge must be changed
to scientifically accepted knowledge to promote understanding. This third condition

refers to conceptual change.

Conceptual Change at the Level of Belief and Mental Model

The level within the ontological model can categorize the level of conceptual
change from that of a single idea, or at the broader level of the mental model. Students’
prior knowledge can be represented at the grain size of a single idea or belief (Chi, 2008)
If false beliefs and scientifically acceptable information co-exist in a contradictory
fashion, then instruction designed to target false beliefs might succeed in replacing them
with more scientifically accepted norms (Broughton, Sinatra & Reynolds, 2007; Guzetti,
Snyder, Glass & Gamas, 1993). Chi noted that belief revision can only be successful
when misconceived knowledge is in conflict with scientific knowledge.

In contrast to belief revision, where the grain size consisted of a single idea, an
organized collection of beliefs is considered a mental model. A mental model is an
internal representation of a concept or an inter-related system of concepts that

corresponds to an external structure it represents. Similar to belief revision, a mental
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model must be in conflict with scientifically acceptable model to enable conceptual
change (Chi, 2008; Genter & Stevens, 1983). Instruction that might have an effect and
promotes conflict at the mental model level, if conflict is not generated at the belief level,
new information is infused or assimilated into an existing flawed model Chi (2000 &
2008). Hence mental model revision can only be successful when the learner perceives
contradiction at the belief and mental model levels.

Similar to belief and mental model revision, conceptual change requires a shift
across lateral or ontological categories. Conceptual change requires a shift across lateral
or ontological categories. As noted earlier, while matter, process and mental states serve
as ontological categories, branched sub-categories under each ontological category are
referred to as lateral categories. If two lateral categories occur at the same level with in an

ontological tree are considered to be parallel (Chi. 2000).

Assumptions of Conceptual Change

Conceptual change is difficult because it requires learners to recognize their
conceptual misunderstanding, and the need to reassign an idea to a new ontological
category, or to create a new ontological category they currently lack (Chi, 1994). The
theory contains three assumptions. The first assumption is epistemological in nature;
dividing knowledge into three categories: a) matter, b) processes and ¢) mental states.
The category of matters pertains to whether an object under question is classified as
artifacts or natural kinds. In comparison, processes can be categorized as events,

procedures and constraint based interactions. Mental states can be categorized as
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intentional or emotional. Conceptual change occurs when a concept is reassigned from
one ontological category to another.

The second assumption is metaphysical in nature, that is, many scientific concepts
belong to the ontological category known as constrain-based interactions; a subcategory
of processes. Constraint-based interactions are determined by a known or knowable set of
constraints (Chi et al., 1994), but do not consider time as an element.

The concept of electric current is an example of a constraint-based interaction
category. Electric current is produced when charged particles travel through a field.
Hence an electric current is neither considered as a matter nor as properties of the matter.
It is considered as a process that is fundamentally constraint-based and has no casual
agents. Concepts such as light, heat, and force also belong in the constraint-based
interaction category.

The third conceptual change assumption is related to students’ naive conception
that they incorrectly assign many scientific concepts to the category of matter. If students
become aware of their ontological commitments, they can then become aware of how the
scientific theory does not fit with their existing knowledge structure. They would then be
able to assign the concept into a correct category by revising their ontological
commitments, categories and presuppositions.

Researchers supporting Chi’s perspective propose that conceptual change is a
gradual and time consuming process because the student must revise and restructure an
entire network of beliefs and presuppositions. While Chi’s argument focuses specifically

on changing ontological categories, Vosniadou and loannides (1998) present a
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contrasting view of conceptual change, suggesting that ontological change is only one of
the changes required in the process of changing theories.

In later work, Chi (2008) added two additional kinds of lateral categories within
the process tree: direct and emergent. Direct and emergent processes are mutually
exclusive. Direct processes usually involve an identifiable agent that causes an outcome
in a sequential and dependent fashion. In contrast, in emergent processes have neither an
identifiable agent(s) nor a specific sequence or stages. In an emergent process, all agents

have equal status and simultaneously interact to produce a collective outcome.

Complex system theory

Complex system theory (Brown & hammer, 2008) will be considered as the other
theoretical framework guiding the use of simulation towards conceptual change.
Complex systems theory deals with complex dynamical systems, in which there are
interaction among components of that system, i.e., what happens to one part of the system
can affect another part of the system, which in turn can affect the initial part of the system
where the change was induced. Another reason why the complex System theory by
Brown and Hammer (2008) is considered is because of the fact, while students hold
alternate or misconceptions towards chemical equilibrium, they also hold an algorithmic
view of the system. Research studies that were addressed in earlier sections clearly
pointed out that students approach chemical equilibrium which is a complex system from
a mathematical perspective or use a pre-determine algorithm which fits well with in the
existing knowledge structure. For instance, students who tend to use Le Chatelier’s

principle (LCP) as a rule to determine equilibrium shift when volume of the system is
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reduced, tend to conclude the system will shift to the side with least number of moles.
Students who viewed a complex system from an algorithmic perspective, failed to
consider the fact that a system is made of multiple components and making a change to
one component of the system affect other components contained the system. In other
words to develop concrete conceptual understanding of chemical equilibrium concepts
through simulations, a system’s approach is required.

The four components that make up core of the complex systems are a) intrinsic
dynamism, b) non-linearity, ¢) emergent structures and d) embeddedness.
Intrinsic dynamism: According to intrinsic dynamism, elements of a system are in
constant and dynamic interaction. Systems in dynamic equilibrium are “thing like” in that
in many aspects they remain the same, but the mechanisms that produce them are not
“thing alike”, in that they are dynamic. As with a system that attains chemical
equilibrium, the system may appear macroscopically static or not dynamic, but at the
microscopic or molecular level, the system is dynamic and continue to stay dynamic, in
that the forward and reverse reactions continue to occur, reactants formed continue to
make products and vice versa. As David and Brown (2008) point out that in many cases,
it is appropriate to ignore the dynamic aspect of the system and treat the system as having
an enduring identity. However if the goal is toward changing the system, as in conceptual
change, treating a system as unitary is not appropriate. All simulations presented in the
study except for one, were developed to demonstrate the intrinsic dynamism seen in a
chemical reaction exhibiting equilibrium. Except simulation 5, all simulations will
present the chemical reaction in the particle mode, so students can witness how reactions

continue to occur even after a system as attained equilibrium and does not remain static.
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The common alternate students hold is a single direction belief, i.e., reaction commences
continue to occur in one direction and stop occurring once a certain level of products
have been produced. The simulations will demonstrate the foundational idea of chemical
equilibrium, i.e., when a system attains equilibrium, the concentration of reactants and
products do not change and rate of forward and reverse reactions remain equal and
constant.

Non-linearity: In contrast to systems which are linear, such that disturbing the system
lead to proportional results. For example doubling the tension on a rope in a pulley
system, will also double the tension on the rope. Whereas, in a non-linear system, a
perturbation leads to non-proportional results. In contrast to algorithmic approach used by
students to solve chemical equilibrium problems (Pushkin, 1998) were linearity is
assumed, disturbing a component of a system that has attained equilibrium, does not
follow a linear behavior. In other words increasing the concentration of a reactant in a
system that has attained equilibrium, does not increase the concentration of all species by
an equal amount. The simulations were designed to exhibit the property of non-linearity.
Emergence: Since elements of the system are in constant and dynamic interaction,
structures and patterns emerge. The structures emerging cannot be predicted based on the
individual elements and so the structures must be studied at appropriate grain size.
Embeddedness: Complex systems are composed of several smaller systems that are
also complex in nature. A complex system such as chemical equilibrium involves a
network of concepts such as stoichiometry, gas laws, molar concentration, kinetics,
thermodynamics, catalysis etc. While the simulations were not developed to address each

of the networking concepts, networking concepts were infused in to each simulation. In
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account of time constraints, the current study did not address networking concepts

involving thermodynamics and catalysis.

Organization of the remaining chapters in the study

Chapter 2 provided a literature review on the tripartite model of matter, conceptual
change approach towards chemical equilibrium, visualization and conceptual
understanding, theoretical and multimedia framework used in the current study. Chapter
3 provides information about the research methodology, study design, quantitative
instrument and the nature of data analysis. Chapter 4 provides analysis of results and
analysis of quantitative and qualitative data from the dissertation study. Chapter 5
summarizes the findings from the research study along with implication and

recommendations for future research.
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CHAPTER Ill. METHODOLOGY

Purpose of the Study

Research on student misconception on chemical equilibrium has been underway for more
than three decades. As noted earlier in the introduction and literature review sections
many such studies focusing on understanding student misconceptions were quantitative in
nature rather than qualitative in nature. Qualitative and mixed methods studies have the
added potential for rich depositions to characterize student conceptual difficulties and
possibly identify stumbling blocks in student thinking. Moreover, many of the previous
studies have tended to employ quantitative instruments using single-tier (Hackling &
Garnett (1985), Treagust (1988), Banerjee (1991), Hameed et al (1993), and Chueng

(2009)) and two-tier Ozmen (2008) for data collection.

The purpose of the dissertation study was to answer the research questions put
forward and be able to establish statistical significance that the simulations aided towards
conceptual gain among students in the experimental group. Because currently there are
no simulations available on the World Wide Web or from other sources that satisfy the
requirements of the study, simulations were developed by the researcher. Simulations
were developed using SCRATCH software. SCRATCH is a java based software program
developed at the Massachusetts Institute of Technology (MIT). Version 2.0 of the
software was used towards simulation development. The concepts chose to be addressed
by the current study are a) approaching equilibrium, b) characteristics of equilibrium, c)
effect of concentration change on equilibrium and d) effect of volume change on

equilibrium. A total of 11 simulations were used to address the above four concepts. The
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dissertation study and the pilot phase of the study utilized a mixed-methods approach
towards data collection. A component of the dissertation study was the pilot phase. The
purpose of the pilot phase was to obtain feedback from students regarding the simulations
and the quantitative instrument. In addition the pilot phase also provided evidence of

increased student conceptual understanding of chemical equilibrium concepts.

Mixed Methods Design

The study utilizes a mixed-methods approach to data collection. According to the
fundamental principle of mixed methods research design, a researcher should use a
combination of methods (qualitative and quantitative) that have complementary strengths
and weakness. The core assumption behind mixed methods research is when a research
combines statistical methods (quantitative data) with narratives and personal experiences
of a participant; the cumulative strength provides a better understanding of the research
problem than data from either form of data alone (Creswell, 2015). The intent is to
merge the results of both methods for analysis. In an explanatory sequential design, data
collection commences with the quantitative strand and then data is collected from the
qualitative strand to explain the results from the quantitative strand. The purpose of the
exploratory sequential design is to explore a problem through qualitative data collection
and analysis (Creswell, 2015). An explanatory sequential design was chosen for the
current study primarily because prior misconception research has quantified student
misconception towards chemical equilibrium. Quantitative results yield statistical
significance, confidence intervals, and effect sizes and provide the general outcomes of a

study. However, quantitative results alone won’t be sufficient to know how the findings
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occurred. Hence, the next logical step in the sequence would be to collect qualitative data
that would explain the findings from the quantitative strand.

The explanatory sequential design used during the study is an alternate version of
the explanatory sequential intervention based design presented in Creswell (2015, p62).
The explanatory sequential intervention design presented in Creswell (2015, p62), the
consisted of a quantitative phase followed by the qualitative phase. In contrast, the design
used in the study, the qualitative interviews occurred following the pre and post
quantitative phase.

Figure 1 and 2 presents the explanatory sequential design used with the
experimental and control group respectively during the dissertation study. Number of
participants who participated during each of the phase is shown in parenthesis. The
procedure used towards data collection is identical to the procedure described in the
previous paragraph. The only difference being, participants in the experimental group
received intervention through simulations while participants in the control group were

allowed to use their lecture notes (active control) on the topic of chemical equilibrium.

Pre-quantitative
(n=15)

Pre-qualitative
Interview

(@=15)

Simulation based
mtervention
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Figure 1: Explanatory sequential intervention based design used with the experimental
group during the dissertation study.
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Figure 2: Explanatory sequential intervention based design used with the control group
during the dissertation study.

During the pre-quantitative phase, participants completed the chemical
equilibrium misconceptions test (CEMT). More information about CEMT can be found
under the instrument section of the research design. Number of participants who
participated during each of the phase is shown in parenthesis. Following the pre-
quantitative phase, one-on-one interviews were conducted with each of the participant.
Participants in the control group were allowed to use their lecture notes, while
participants in the experimental group received intervention through computer
simulations. More about the sequence of simulations can be found under sequence of
activities section of the research design. Following intervention and a brief recess,
participants completed the post-quantitative phase by re-taking CEMT. Participants then
completed the post-qualitative interview phase by completing a one-on-one interview
with the researcher.

Further information about participant recruitment, chemical equilibrium
simulations developed for the study, sequence of simulation activities, study instrument,

interview protocol can be found under the research design section in the current chapter.
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Research Questions

The objective of the study is to investigate the following research questions

a) What are students’ conceptual understandings of chemical equilibrium before

interacting with the simulations?

b) What key characteristics of students’ mental model regarding chemical equilibrium
concepts can be extracted from student writings, drawings and oral explanation
before and after viewing simulations?

c) What evidence is observed to suggest changes in students’ mental models on

chemical equilibrium after they use the chemical equilibrium simulations?

d) What are students’ conceptions of chemical equilibrium after interacting with the

simulations?

Research Hypotheses

The research hypotheses used quantitative and qualitative methodologies.

Hypothesis 1: Hypotheses tested through the quantitative methodology that mean
difference in post-test will occur between the control and experimental group, after
adjusting for the pre-test scores among both groups (control and experimental) on the

CEMT.

During the pilot phase of the dissertation study, a paired samples t-test was used
to determine statistical significance. The reason a paired samples t-test was used, because

the pilot phase employed a single group pre post-test design. In the dissertation study,
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analysis of covariance (ANCOVA) was conducted to determine whether the post-test
means differed between the two groups (experimental and control) on the CEMT after

adjusting for the pre-test scores.

Hypothesis 2: Hypotheses tested through the qualitative methodology is there is a

change in thought process or mental model among participants in the experimental group.

A mental model is an internal representation of a concept or an inter-related
system of concepts that corresponds to an external structure it represents, (Chi, 2008).
Hence, the initial mental models that students bring to a learning environment are
different from each other and therefore, different learns construct identical meanings
differently (Bodner, 1986). A semi-structured interview was conducted among both
groups after the pre and post-test. Transcribed data was coded to establish themes.
Thematic analysis is a search for themes that emerge as being important to the description
of a phenomenon (Daly, Kellehear,, & Gliksman, 1997). The phenomenon explored in
the current study was conceptual understanding. Themes generated from the qualitative
data would enable the researcher to determine if there is a difference in participant’s

mental model before and after the intervention.
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Research Design

Participants

The pilot phase of the dissertation study began during the earlier part of March
2016. The purpose of the pilot phase was to receive feedback from participants on the
instrument and computer simulations. The feedback received was used to improve the

instrument and computer simulations before implemented during the dissertation study.

Participants in the pilot phase were enrolled in one of the four sections of the
second semester general chemistry course at the University of Kentucky. As the course
work met the pre-requisite, students with wide variety of majors were enrolled in the
class. The class chosen had an enrollment of about 400 students. After obtaining consent
from the course instructor, the researcher met participants during class time and presented
information about the scope of the study. In addition, participants were briefed about the
institutional review board (IRB) protocol. Approved IRB protocol can be found in

Appendix G.

The researcher left a sign-up sheet with the instructor. Participants who expressed
interest in participating in the study provided their name and email address on the sign-up
sheet. A smaller fraction of students who had additional questions about participating in
the study, met with the researcher on a one-on-one basis before committing themselves to
the study. Over a period of two weeks 15 students have signed up (some through the
signup sheet and some through email communication). Once all 15 students confirmed
their agreement to participate have signed up, a common schedule was worked up so they

can participate in the study. Students met over two days to complete the study. On Day
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1, participants completed the pre-test and pre-qualitative interviews. The average time
took by a student to complete the pre-test was around 10 minutes. The pre-qualitative
interview lasted between 10-15 minutes per person. The average time took by a student to
complete the post-test was around 10 minutes. The post-qualitative interview lasted

between 10-15 minutes.

The dissertation study took place around the end of April 2016 and beginning of
May 2016. Similar to the pilot phase, participants in the dissertation study where recruited
from the remaining three sections of the second semester general chemistry course. The
three sections combined had a student population of approximately 1200. The researcher
left a sign-up sheet with the instructor. Participants who expressed interest in
participating in the study provided their name and email address on the sign-up sheet. At
the end of the two week period, a total of 30 students have signed up for the study. The
thirty students were then randomly assigned to the control and experimental group. After
surveying each student about their availability, two common schedules were chosen; one

for the experimental and the other for the control group.

Intervention

Intervention was provided to participants in the form of computer simulations.
Participation with the intervention on an average lasted about 90 minutes during the pilot
phase and about 60 minute during the dissertation study. The reduction in intervention
time was primarily due to improvements made to the simulations from data collected
from students in the pilot phase. The timeline during which the pilot study and the

dissertation study took place is an important factor. During the pilot phase, participants
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were learning the concept of chemical equilibrium in the chemistry lecture courses,
whereas when the dissertation study took place, participants have already completed a
midterm that included questions on the topic of equilibrium. In fact, around the time

when the dissertation study took place, the final examination week was approaching.

Sequence of Activities

In addition to establishing a reliable instrument and a clear working simulation,
an additional objective behind the pilot phase was to establish an average time frame. The
time frame suggested to participants in the pilot phase was a total of three hours. This
included the pre and post testing, pre and post qualitative interview session and the
intervention session. To avoid physical and mental exhaustion, two common sessions

were chosen.

During the first session, participants in the study were given the pre-test.
Participants required approximately 8-12 minutes to complete the pre-test. As students
completed their pre-test, they sat with me one-on-one for the pre-qualitative interview. |
had reserved a space in the corner of the computer lab were the interview took place.
Each student had to wait their turn to complete the interview. The average interview time

lasted around 10-15 minutes.

When students met during the second session, they completed the intervention
followed by a 30 minute break between the intervention and the post quantitative and

qualitative assessment. The intervention lasted approximately 90-110 minutes. On an
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average, the post quantitative and qualitative assessment collectively lasted about 15-25

minutes

Student feedback on the instrument and simulations from the pilot study were

taken in to account to make necessary corrections.

Notable corrections include,

a)

b)

Changing the color of the buttons used in the study. In the pilot study, the
buttons had a red background with a black font. Handful of students suggested
having a flashy font color would make it easier to view the buttons. The
correction was made on the version used in the dissertation study. The newer
buttons had a red background and yellow font

Many students suggested to adding a caption on the screen that told what
button to press to move further in the simulation. For instance, the following
caption was added to simulations. Press tab on your keyboard to continue.
The common complaint students had during the pilot study was, they do not
want to hear the introduction speech about the architecture of the simulation,
when they had to re-do a particular simulation or when they go from one
simulation to the other. Hence, the skip intro option was introduced in to all
simulations except for simulation 1. The primary reason being simulation 1
explains why there is a compartmentalized view, when a system attains
equilibrium, what characteristics can be seen in a system that attains
equilibrium. However, if students want to hear about the architecture of the

simulation when they re-do, they can make use of the intro button option.
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d) All 11 simulations requested students to write down qualitatively what they
observed and learned through a simulation in the simulation notes sheet. They
cannot do it once they finish all 11 simulations. There was a brief pause in the
simulation, during which they can write down their observations. Many
students suggested they need more time to write down their observations. The
version used in the dissertation study provided participants with ample time to
write down their observations.

e) Some students suggested, there was a minor lag between the visual on the
screen and the audio recording. The lag issue was fixed in the simulations
used in the dissertation study.

f) While not everyone, fewer students suggested to add brighter colors to
molecules shown inside the pistons. Particles were shown in brighter colors in
the version used in the dissertation study.

g) Audio was re-corded for all simulations reflecting changes recommended by

students during the pilot study.

The 30 students who volunteered to participate in the dissertation study were
randomly assigned to the experimental and control groups. The control group and the
experimental group met on different days. As the final examinations week was within
two weeks of the date the study was implemented, most students who were willing to
participate in the experimental group noted they would not be able to commit to two
sessions, as the total average time to participate was around 150 minutes. A common day
was scheduled and all participants were notified about the date, time and location. On the

day of the intervention, the experimental group volunteers completed the pre-test and
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qualitative interviews and then sat in front of computers allotted to them. The simulations

were pre-loaded to save time.

Modifications made to the simulations based on data collected from the pilot
study results in shortening student time on the simulation to 75 minutes from the original
average of about 100 minutes. After completing the simulation, participants were asked
to shut down the computers and take a 30 minute break. After a 30 minute recess,

students took the post-test and the qualitative interviews.

Students in the control group met over two sessions, as the total time invested by
them was approximately around 90 minutes. . Students in the control group met on a pre-
set day and time and took the pre-test and completed the pre-qualitative interviews. The
entire session lasted approximately around 20- 30 minutes per student. When they met
the second time, they had the option to review their notes on chemical equilibrium or
review the information in the course textbook. All participants except for one decide to
use their class notes during the start of the session. They were told, they could start the
post-test whenever they were ready. Some students took 10 minutes to review their notes,
while others took about 30 minutes. After a self-paced review session, students

completed their post-test and interviews.
Computer Simulations

Chemical equilibrium simulations used in the study were developed using the
SCRATH® software platform developed by Massaschusetts Institute of Technology
(MIT), Cambridge, MA. The software platform uses Java based programming language.

As pointed out earlier in the literature review section, Schnotz integrated mulitmedia
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framework guided the study. In accordance, audio component was seamlessly blended
with the visual component in all simualtions used in the study. All simulations feature the
following essential buttons; a) start, b) stop, c) reset, d) play, €) pause, f) mute. While the
mute option is available, students were recommended not to use it. Except for simulation
1 and 5, the other nine simulations featured intro and skip intro buttons. The primary
reason being, Simulation 1 presented the visual architecture of a dynamic system
attaining equilibrium. Simulation 5 presented an analogy model, comparing a twin body
pulley experiment to equilibrium constant K. As the time consumed to complete
simulation 5 was less than a minute, skip intro or intro option was not required. All

simulations, except simulation 5 were developed around the chemical reaction

2NO (g) + Cl2 (g)<— 2NOCI (g) Equation (1)

Simulation 1 presented a macroscopic view of the system attaining chemical
equilibrium. Macroscopic level describes phenomena that can be observed through the
various senses. For instance, the different phases solid, liquid and gases can be observed
through a visual cue or in special cases gases that are colorless can be sensed through
smell. In the case of the system considered for the current study, nitric oxide (NO) is a
colorless gas and chlorine (Cl2) is a yellow colored gas. Hence the product nitrosyl
chloride will be a milder yellow colored gas. Participants can witness how the reaction
continue to occur in both directions even after the system has attained equilibrium. The
lens on and off buttons allowed participants to peek through the macroscopic system in to
the particle or microscopic mode. Screen shot of simulation 1 is shown in Figure 3a and
3b. Figure 3a showing macroscopic view of a system attaining equilibrium and Figure 3b

showing the purpose of the lens on option.
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H
INO (g) + Cl: (g) <> 2NOCI + heat

startjstopjpausef playBresetfliens onfglens off

Figure 3(a): Macroscopic view of a chemical equilibrium system at the start

-
mt ~e

2NO (g) + Cl; (g) <> 2NOCI + heat
stop pause i playBresetfliens onfiliens off|

Figure 3(b): Macroscopic view of a system that has attaind equilibrium. The figure also
shows the microscopic view of the system using the lens option.
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The only difference between simulation 1 and 2 being, the former presented the
chemical reaction from a macrosopic view and the latter presented the chemical reaction
from a microscopic view. The purpose of simulation 2 is for students to understand that
while systems that reach chemical equilibrium may appear macroscopically stable and
static, microscopically the system is dynamic not only because of molecular movement

but also because the process of bond breakage and creation goes on.

Simulations 3 and 4, in addition to presenting a particle view of a system attaining
chemical equilibrium, also provided graphical view of concentration as a function of time

and rate of the reaction respectively.

Simulation 5 presented an analogy model. Classic two body pulley experiment on
an inclined ramp was used to address the concept of equilibrium constant. In the post
interviews participants revealed, of all the simulation they particularly liked simulation 5,

as it allowed to easily comprehend the concept of equilibrium constant.

Simulation 6 contained two parts to it. During the initial part of the simulation, a
system attaining chemical equilibrium will be shown in the particle mode. During the
second part of the simulation, participants can disturb a system at equilibrium by
increasing the concentration of nitric oxide (NO) and observe what happens to the system
when it re-establishes equilibrium. Simulation 7 and 8 are similar to simulation 6. The
only difference being simulation 7 presented changed in concentration as a function of
time during both parts of the simulation and simulation 8 presented the change in rate

during both parts of the simulation.
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Simulation 9 contained two parts to it. During the initial part of the simulation, a
system attaining chemical equilibrium will be shown in the particle mode. During the
second part of the simulation, participants can disturb a system at equilibrium by
decreasing the volume of the system and observe what happens to the system when it re-
establishes equilibrium. Simulation 10 and 11 are similar to simulation 9. The only
difference being simulation 10 presented changed in concentration as a function of time
during both parts of the simulation and simulation 11 presented the change in rate during
both parts of the simulation. Table 1 summarizes the sequence of all 11 simulations used

in the study.
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The following table represents the sequence of simulations used in the study

Table 1: Sequence of simulations used in the study (* was not part of the pilot study)

Simulation

Notes

[EEN

The concept of chemical equilibrium

Macroscopic version of the
system

The concept of chemical equilibrium

Microscopic or particle
version of the system

Concentration and Particle mode

Change in concentration at
the particle level with
graphical representation of
concentration as a function
of time

Rate and Particle mode

Change in concentration at
the particle level with
graphical representation of
rate of the reaction

Two body pulley experiment*

Analogy model, relating
the concept of equilibrium
and equilibrium constant K

Effect of concentration on equilibium of a system

Particle representation of
concentration change

Effect of concentration on equilibium of a system

Change in concentration at
the particle level with
graphical representation of
concentration as a function
of time

Effect of concentration on equilibium of a system

Change in concentration at
the particle level with
graphical representation of
rate of the reaction

Effect of volume on equilibium of a system

Particle representation of
concentration change

10

Effect of volume on equilibium of a system

Change in concentration at
the particle level with
graphical representation of
concentration as a function
of time

11

Effect of volume on equilibium of a system

Change in concentration at
the particle level with
graphical representation of
rate of the reaction
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Data Collection

Study Instrument

An 11 item quantitative instrument, chemical equilibrium misconception test
(CEMT) was developed to identify student misconceptions towards chemical equilibrium
concepts. The quantitative instrument was developed using misconceptions reported in

the literature (Hackling and Garnett, 1985; Hameed et al, 1993).

Student feedback was obtained during the pre and post interview process of the
pilot study in order to improve the quality of the instrument. Face validity of the
instrument was also established by having experts (chemistry educators) who teach the
corresponding general chemistry courses review and make suggestions for modifications
of the instrument. Reliability was established by conducting a Kuder-Richardson (KR-
20) analysis on the dichotomous pre and post quantiative test results. K-R 20 is a special
form of Cronbach’s alpha that is used when the quantitative instrument contains
dichotomous data (right or wrong responses) and when the response data does not
represent a continuous scale or cannot be ranked in any particular order. Revised version

of the CEMT used in the dissertation study is shown in Appendix A.

Interview Protocol

Quialitative interviews were conducted with all participants (n=15) in the pilot
phase and (n=27) as well as the dissertation phase of the study. A semi-structured

interview method was employed. According to Patton (1990), a semi-structured interview
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is a process in which the tasks and the set of interview questions are predetermined, but
the presentation sequence is not established prior to the interview.
The following questions served as the template, on to which additional questions

were added as the interview progressed

a) What aspect(s) of the simulation you liked the most?

b) What aspect(s) of the simulation you did not like the most?

¢) What aspect(s) about the simulation could be improved?

d) What aspect(s) about the simulation you found the most helpful

e) Are there any particular question(s) you would found confusing on the quantitative
instrument in terms of readability and clarity?

f) What was the reason behind your answer choice (repeated for items that were
answered incorrectly)

g) On the post-test if there is a change of answer, | questioned them why there is a
change of answer choice?

As pointed out under the limitations section in Chapter I, time remained a major
constraint throughout the study and hence it was not possible to obtain response for all 11
items from all 15 participants. In such circumstances either the questions were the student
has chosen a different choice (correct or incorrect) on the post-test or questions pertaining

to the most common misconceptions reported in the literature were chosen.
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Data Analysis

Quantitative Data

The following statistical analysis were conducted on the data collected from the
dissertation study: a) Kuder-Richardson (KR-20) analysis was conducted on the
quantitative data pre data (control and experimental) and post (control and experimental)
to establish reliability. K-R 20 is a special form of Cronbach’s alpha that is used when the
quantitative instrument contains dichotomous data (right or wrong responses) and when
the response data does not represent a continuous scale or cannot be ranked in any
particular order. b) ANCOVA analysis — research hypothesis 1 states, a mean difference
in posttest scores will occur between the control and experimental group, after adjusting
for the pretest scores. d) conditional probability was performed to determine construct
validity, d) frequency analysis on all 11 items (pre and post) to compare percentage
common misconceptions, additional misconceptions and correct conceptions between the

two groups (control and experimental)

Qualitative Data

A semi-structured interview was conducted among both groups after the pre and
post-test. Transcribed data was coded to establish themes. Thematic analysis is a search
for themes that emerge as being important to the description of a phenomenon (Daly,
Kellehear,, & Gliksman, 1997). The phenomenon explored in the current study was
conceptual understanding. Thematic analysis is a method of identifying, analyzing and
reporting patterns within qualitative data (Boyatzis, 1998). The pattern is what referred to
as theme. Themes or patterns within a qualitative data can be identified in one of two
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common ways; the first being inductive thematic analysis, also known as, bottom up
approach (Frith & Gleeson, 2004) or deductive thematic analysis, also known as top
down approach (Boyatzis, 1998). In an inductive approach, the themes identified are
strongly linked to the data themselves (Patton, 1990). An inductive approach is largely
not driven by the researcher’s theoretical interest in the area or topic (Patton, 1990).
Inductive analysis is therefore a process of coding the data without trying to fit it into a

pre-existing coding frame or the researcher’s analytical perceptions (Patton, 1990).

Theoretical thematic analysis would tend to be driven by the researcher’s
theoretical or analytic interest in the area, hence theoretical thematic analysis is largely
researcher driven. Theoretical thematic analysis does not provide a rich analysis of the

overall data, but provides detailed analysis of some aspects of the data.

The study reported in the dissertation is not the first in the literature to have explored
student misconceptions towards chemical equilibrium, hence a purely inductive approach
was not required. Prior research (Canpolat et al, 2006; Hackling & Garnett, 1985;
Hameed et al, 1993) on student misconception towards the chemical system described in
the instrument have identified larger themes. A theoretical thematic analysis was
conducted to code for existing themes identified in the literature. Distractors used in the
quantitative instrument served as served as sub-themes and hence coding was purposeful

to find words that would justify the sub-themes.

The larger themes identified by prior research (Canpolat et al, 2006; Hackling &
Garnett, 1985; Hameed et al, 1993) were retained in the current study and data coded to
identify already existing themes. The four larger themes used in the study were a)

approaching equilibrium, b) characteristics of equilibrium, c) equilibrium constant and d)
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changing equilibrium conditions. The items created on the chemical equilibrium
misconception test (CEMT) was consciously created to include previously identified
misconceptions as choices. Hence the choices themselves served as sub-themes

(theoretical thematic approach). Items that were grouped under each larger theme were,

Approaching equilibrium

Item 1: As the reaction approaches equilibrium, in terms of rate?

Item 2: As the reaction approaches equilibrium, in terms of concentration?

Characteristics of equilibrium

Item 3: At equilibrium, in terms of concentration?
Item 4: At equilibrium, in terms of rate?
Item 5: At equilibrium, in terms of shift?

Equilibrium constant

Item 6: At equilibrium, in terms of equilibrium constant?
Item 8: After a system at equilibrium is disturbed by increasing the concentration
of NO, and when the system re-establishes equilibrium, equilibrium constant K

1s?

Changing equilibrium conditions

Item 7: A system at equilibrium is disturbed by increasing the concentration of
NO, immediately after addition of NO, in terms of rate?

Item 9: A system at equilibrium is disturbed by decreasing the volume of the
system, immediately after decrease of volume, in terms of rate?

Item 10: Equilibrium is disturbed by decreasing the volume at constant
temperature, when new equilibrium is re-established
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Item 11: Equilibrium is disturbed by decreasing the volume at constant
temperature, when new equilibrium is re-established

A theoretical thematic analysis was helpful in determining the above sub-theme;
concentration of reactants and products at equilibrium are equal because equilibrium
constant K=1. Prior literature (Canpolat et al, 2006; Hackling & Garnett, 1985; Hameed
et al, 1993) on student misconception towards chemical equilibrium has repeatedly
identified that students determine concentration of reactants and products were equal,
because they relate the word equilibrium to being a state of equality. Hence, while coding
for the sub-theme, words describing the process of equality was sought out in student

responses.

The following screen shot (Figure 4) of a qualitative data presents an example of
the theoretical thematic analysis showing the larger theme: characteristics of equilibrium
and sub theme: concentration of reactants and products at equilibrium are equal because
equilibrium constant K=1. Coded words are shown in the column referred to a concepts

(vocabulary). Student quotes are shown as well.

93



Theme 2 — Characteristics of Equilibrium

Question 3: At equilibrium, in terms of concentration? (N=15)

equilibrium constant K=1

means equal, equalize,
same amount, egual
means equal
concentrations,

N Sub Themes Concepts (vocabulary) | Student quotes
Theme 3(a)
6 Concentration of reactants and products 1s equal because | Equal, equilibrium S: “because 1t talks

about their constant
over time and they are
always going to be
same, but sometimes
it’s going to fluctuate,
it’s not going to be
same thing, the entire
time™

S: “Equalize the
reaction. hence
equilibrium”™

S: “Because K =1,
mathematically
concentration of
reactants and products
are equal, 1t’s kind of
the purpose of
equilibrium™

Figure 4: A representative sample of the assessment tool developed for the study to assess

qualitative data.

Table 2 below summarizes all the sub-themes that were identified in the current

dissertation study. A theoretical thematic analysis was used towards identifying the sub-

themes. The sub-themes identified were part of one of the four larger themes identified.

The sub-themes are essentially distractors used in the CEMT instrument.
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Table 2: Major sub-themes identified through the qualitative data in the current study

# Major sub-themes Idenitified through qualitative data

1{As the system approaches equitbriom, Rate of forward reaction increases

[

s the system approaches equbtbrium, Reverse reaction is same as forward reaction rate

As th system approaches equiibrium, concentration of reactants and products are equal

At equilibrivm, concentration of reactants and products are equal

At equilibrim, rates are equal but not constant

At equiibrium, concentration of NO and NOC are equal

At equiibrivm, concentration of reactants and prochucts fuctuate

At equiibrivm K =1 so concentration of reactants and products are equal

o | oo | - o | | e | s

At equibrium K<1, total moles of products ess than totel moles of reactants

—

At equibrum K =1, 50 rates and concentration are equal

After addition of NO, infialy, rate of forward reaction increase and reverse reaction decrease

(=

After additon of NO), nially, rate of reverse reaction increase

[

After addition of NO, when equiibrium i re-established, K will be greater

e

After addiion of NO), when equibeium fs re-established, K will be less

5|When vohme is decreased to a system at equibbrim, tially, rate of forward reaction ficrease and reverse reaction decrease

=

When vohume is decreased to a system at equibrim, itially, rate of reverse reaction ncrease

—

When vohume is decreased to a system at equibbrium, initially, rate of forward reaction increase and reverse reaction decrease, forward rate greater than severse rate

oo

When vohume i decreased to a system at equibbeium, when equiheiim re-established rate of forward and reverse reactions are equal as fital equibriim

-

(=

When vohme i decreased to a system at equibbrivm, when equihemim i re-established, concentration of NO and C12 wil be greater i the new equibriom compared to inial eqpibbemm

[
=1

When vohume i decreased to a system at equibbrium, when equitbeium is re-established, concentration of NO will be greater, CL2 will be less

—

21| When vohie f decreased to a system at equibbrim, when equibeium f re-established, concentration of NO will be less, CL2 wil be areater

Another piece of qualitative data in the data corpus was the simulation notes
provided by the students. The simulation notes allowed the researcher to identify to what
aspect of the simulation students found most useful. In other words, did students find the
audio or visual component more helpful or other components of the simulation. It was
evident from post-interview responses that several participants found the visual aspect of

the simulation more helfpul over the audio aspect of the simulation.

The chapter described the quantitative and qualitative methodology, research

design, research hypotheses, population, sample and instrument to be used in the study.
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In the following chapters (Chapter 4 and 5) data analysis, results and findings will be

presented.
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CHAPTER IV. DATA, ANALYSIS & RESULTS

Dissertation Study Results

The purpose of this study was to evaluate the effectiveness of visualization tools
such as simulations towards conceptual understanding of chemical equilibrium at the
particulate level (microscopic) by students’ at the post-secondary level. The study also to
seek to understand if students participated in the study held common misconceptions
reported in the literature or in addition have students developed newer misconceptions and
what thought process guide a student to seek a particular answer choice on the quantitative
instrument. The quantitative instrument used in the study was developed to reflect common

misconceptions reported in the literature.

To achieve the overall purpose of the study, the following research questions were

put forward. They are

a) What are students’ conceptual understandings of chemical equilibrium before

interacting with the simulations?

b) What key characteristics of students’ mental model regarding chemical equilibrium
concepts can be extracted from student writings, drawings and oral explanation
before and after viewing simulations?

c) What evidence is observed to suggest changes in students’ mental models on

chemical equilibrium after they use the chemical equilibrium simulations?

d) What are students’ conceptions of chemical equilibrium after interacting with the

simulations?
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Results of the quantitative and qualitative analysis from the control group will be
presented first followed by results of the quantitative and qualitative analysis from the
experimental group. A discussion summarizing the findings was presented in the final

chapter (Summary and Conclusions).

Validity

The CEMT instrument used in the dissertation study was designed around four
major themes. The themes are: a) approaching equilibrium (items 1 and 2), b)
characteristics of equilibrium (item 3, 4 and 5), c¢) equilibrium constant (item 6 and 8) and
d) changing equilibrium conditions (item 7, 9, 10 and 11). The major themes were
identified based on prior research on chemical equilibrium misconceptions (Canpolat et

al, 2006; Hackling & Garnett, 1985; Hameed et al, 1993).

Face validity

Face validity was established by consulting faculty who teach the class containing

the students sampled for the study.

Demographics

Students were sampled from three sections of introductory level general chemistry
courses at the University of Kentucky. Demographics of students who participated in the
experimetal and control group are shown in Table 3. A total of 30 students signed up to
participate in the study. Students were randomly assigned to the control and experimental
groups. 15 student made up the experimental group, while only 12 student made up the
control group. Students’ majors were not considered as a variable in the study, hence data

on major were not obtained. However during interviews, students informed their majors.
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Table 3: Demographics of participants who were part of the sample in the experimental
group of the study

Participant Demographics
Number and Percentage of Participants

Group Caucasian | African Hispanic | Asian
American

Control 10 (83.3%) | 0(0%) 0(0%) 2(16.7%)

Experimental | 12 (80%) 1(6.7%) | 1(6.7%) | 1(6.7%)

Construct validity

Conditional probability represents the chance that one event will occur given that
a second event has already occurred (Voska, 1998). Conditional probability allows a
researcher to examine how different treatments (cause) had influenced the outcome
(effect). Conditional probability analysis was used to determine the relatedness of student
reasoning from the semi-structured interview to the answer choice they chose on the
CEMT. If intervention is considered as a condition or the cause, then the effect estimated

is an increase in the number of participants selecting a correct answer choice.

The five major condtions chosen to correlate student reasoning and their answer
choice are as follows a) correct answer provided with correct scientific reasoning
(CACR), b) correct answer provided with incorrect scientific reasoning (CAIR), c)
incorrect answer provided with incorrect scientific reasoning (IAIR), d) incorrect answer
provided with correct scientific reasoning (IACR), and e) correct answer provided with

no recorded response (CANR).

Conditional probabilities were determined for the control and experimental group

(pre and post quantiative/qualitative data) and comparison will be made between the post
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conditional probabilities for the control and the experimental group. Comparison were
made to determine a) if there was a pattern when a student choose an incorrect answer
with an incorrect reasoning for one item also choose an incorrect answer and reasoning
for a second item pre-intervention and b) if there was a pattern towards a student

choosing a correct answer with a correct reasoning post-intervention.

A coding matrix was generated for pre-quantiative/qualitative and post
quantiative/qualitative for both control and experimental groups. The matrices can be
found in Appendix D. Conditional probability was performed using the Crosstabs option
SPSS. The SPSS output for pre- quantitative/qualitative and post-quantitative/qualitative
for control and experimental groups are shown in Table 4, 5, 6 and 7 respectively. The
timeline when the dissertation study took place, members of both control and
experimental groups have already completed their mid-term test on the topic of chemical

equilibrium. Hence, students’ experience learning the topic was a contributing.

In the succeding paragraphs, discussion will be provided comparing conditional
probability results between the control and the experimental group on the pre and

posttest.

In alignment with the literature on common student misconceptions held towards
chemical equilibrium concepts discussed in Canpolat et al, 2006; Hackling & Garnett,
1985; Hameed et al, 1993), it is not suprising that a greater proportion of students in both
groups fell under the IAIR category (Table 4 and 5). As pointed out in the instrument
section (p. 92), items are grouped according under larger themes. Comparing pre
quantiative/qualitaive conditional probability data between the control (Table 4) and

experimental group (Table 5), following observations were made. In the CACR category,
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except for items 2 and 3, the percentage of participants in both groups matched similar in
their abilities towards answering a question correctly with a correct reasoning (CACR).

Item 3 is a critical one, as it reinforces the idea of a system at equilibrium.

Another aspect that was evident from Table 4 and 5 was students who did not
answer items 7 or 9 did not perform well on items 10 and 11 well. Items 7, 9, 10 and 11
assess students understanding of how changing equilibrium conditions affect the reaction

rate and concentration of species involved when equilibrium is re-established.

It is evident from Table 6, higher percentag of students in the control group held
misconception towards items 1, 5, 7,9, 10 & 11. If a student has answered all four items
or a combination of items (7, 9, 10 and 11) incorrectly, then it is anticipated that the
condition (intervention) will allow a student to answer all four items or combination of
items correctly. Answering items (1, 2, 3, 4, 5, 6 and 8) correctly with a correct reasoning
does not automatically render a student to answer items (7, 9, 10 and11) correctly. In other
words, a student must incorporate additional concepts in to their thought process to answer
items (7, 9, 10 and 11) correctly. The assumption is, the intervention is able to provide the

necessary scaffolding visually, that would allow students to answer these items correctly.

Item 10 was another interesting case. A smaller percentage of students in the
experimental group provided correct answer and a concurrent correct reasoning, while
none in the control group answered item 10 correctly. Item 6 remained a special case
throughout the study. The only item towards which participants of both groups showed no
significant difference in their understanding of the concept of equilibrium constant, even
though many participants showed improvement on related items (item 3, 5 and 8). Higher

percentage of participants in both groups felt under th IAIR category for items 3, 5, 8, 10
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and 11. Item 3 demonstrated the classic case, where students demonstrated the
misconception through their reasoning that, at equilibrium concentration of reactant and

products has to be equal.

Table 4: Conditional probability output generated using cross tab analysis of the pre-test
data in SPSS representing the number of students assigned to the control group

Jtem * Students Crosstabulation

%% withn Ttem

Students
CACE.  CAIR TATE. CANE  Total
Ttem  teml 3.3% 75.0% 16.7% 100.0%
item? 16.7% 66.7% 16.7%  100.0%
tem3 3.3% 75.0% 16.7%  100.0%
itemd 50.0% 50.0%  100.0%
ttem3 3.3% 75.0% 16.7%  100.0%
itemi 8.3% 66.7% 250% 100.0%
ttem7 83.3% 16.7%  100.0%
tem® 16.7% 50.0% 333%  100.0%
item9 3.3% 83.3% 8.3% 100.0%
ttem10 100.0% 100.0%
tteml1 3.3% 83.3% 8.3% 100.0%
Total 5.8% 0.8% 73.5% 18.9%  100.0%

102



Table 5: Conditional probability output generated using cross tab analysis of the pre-test
data in SPSS representing the number of students assigned to the experimental group

Item * Students Crosstabulation

%o within Ttem

Students
CACE. CAIR IATE. CANE  Total
Ttem  iteml 6. 7% T33%  20.0% 100.0%
tem? | 40.0% 46.7%  13.3%  100.0%
ttem3 | 40.0% 400%  20.0%  100.0%
iteme 6.7% 46.7%  467%  100.0%
items 20.0% 20.0% 100.0%
ttemé 36.7%  13.3%  100.0%
tem’/ 6.7% 93.3% 100.0%
item8 20.0% 333% 467%  100.0%
item9 6.7% 93 3% 100.0%
ttem10 | 20.0% 20.0% 100.0%
ttem1l | 6.7% 333%  467% 133% 100.0%
Total 158%  3.0% 655%  158%  100.0%

Evaluting Tables 6 it is evident that despite the fact students were allowed to use
their own class notes or textbook on the topic of chemical equilibrium, the percentage of
students in the category CACR and IAIR appear very similar. In otherwords, students
either had a similar reasoning or an incorrect reasoning between the pre and post-test. In
sharp contrast, evaluating Table 7, it is evident that the probability of students falling
holding correct scientific reasoning to answer items 1, 3, 5, 10 and 11 correctly has sharply

increased.
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Table 6: Conditional probability output generated using cross tab analysis of the post-test
data in SPSS representing the number of students assigned to the control group

Item * Students Crosstabulation

% within Ttem

otudents
CACE CAIR IATE. CANE  Total
Ttem  iteml 16.7% 83.3% 100.0%
item? 25.0% 75.0% 100.0%
item3 8.3% 75.0% 16.7% 100.0%
itemd 16.7% 58.3% 25.0% 100.0%
item5 8.3% 91.7% 100.0%
item6b 8.3% 75.0% 16.7% 100.0%
ttem’7 8.3% 66.7% 25.0% 100.0%
tem8 16.7%  8.3% 75.0% 100.0%
tem? 25.0% 75.0% 100.0%
ttem10 100.0% 100.0%
tteml1l | 16.7% 75.0% 8.3% 100.0%
Total 13.6%  0.8% T7.3% 8.3% 100.0%

Table 7: Conditional probability output generated using cross tab analysis of the post-test
data in SPSS representing the number of students assigned to the experimental group

ltem * Students Crosstabulation

% withm Ttem

Students

CACE  IATE CANE. Total

Ttem  tteml 33.3%% 6.7% 60.0%  100.0%
ttem? | 40.0%  333%  267%  100.0%
ttem3 | 40.0%  6.7% 533%  100.0%
items 53.3% 46. 7%  100.0%
ttemd | 40.0%  333%  267%  100.0%

temt | 20.0% 467% 333% 100.0%
tem7 | 33.3% 533% 133% 100.0%
tems | 20.0% 467% 333% 100.0%

tem? | 267%  53.3%  Z0.0%  100.0%
teml10 | 40.0%  133% 467%  100.0%
temll | 40.0%  40.0%  Z0.0%  100.0%
Total 352% 303%  345% 100.0%
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Reliability

Reliability analysis was conducted separately on the pretest and posttest data from
the chemical equilibrium assessment instrument. SPSS output of the KR-20 analysis for
the pre-and post-test data is shown in Table 8. As suggested earlier, in comparison to the
timeline around which the pilot study took place, students had already completed their
mid-term examination on the topic of chemical equilibrium. The value of Cronbach’s
alpha for the pre-test (o< = 0.44) and post-test (< = 0.71) can be seen in Table 8.
According to (Devills, 2003; Nunnally, 1994) acceptable values of alpha ranges between
0.7 to 0.95. If alpha is too high, it suggests that some items are redundant. Comparing the
pre-tesst and the post-test Cronbach’s alpha, there is a sharp increase suggesting that
there is more inter-relatedness between items and perhaps the number of items is

sufficient.

Table 8: SPSS output of the KR-20 analysis of the pre and post-test data for the control
and experimental group

Reliability Statistics
Test Cronbach’s Alpha Number of Items
Pre-test 0.444 11
Post-test 0.710 11
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Frequency Analysis

Pre-Quantative/Qualitative Data Analysis

Frequency analysis of the pre and post quantiative data along with qualitative data
including the theoretical thematic analysis and accompanying student quotes will be
present in this section. The pre-test data from the control and experimental groups will be
grouped in to a) what common alternative conceptions reported in the literature were held
by students in both groups, b) what percentage of students in both groups held additional
alternative conceptions identified in the current study and c) what percentage of students
in both groups held scientifically acceptable conceptions. The post-test data from the
control and experimental groups will be grouped in to a) what percentage of students in
both groups retained common alternate conceptions reported in the literature, b) what
percentage of students in both groups retained alternate conceptions identified in the
current study and c¢) what percentage of students in both groups held correct conceptions .
Additional discussion about the findings will be summarized in the final chapter

(Summary and Conclusions).

Frequency analysis of the pre-test data representing the common misconceptions
held by students in the control and experimental group is shown in Table 9. The
percentages are shown inside paranthesis. The first value represent the members of the
experimental group and the second value represent the members of the control group. For
example, in item 5 (30%, 45%) implies, 30% constitute the percentage of alternative or
correct conception held by students in the experimental group and 45% consitute the

percentag of alternative or correct conception held by students in control group.
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As pointed out earlier in the literature review and the introduction sections, student
misconceptions have been reported widely in the literature (Wheeler & Kass, 1978;
Hackling & Garnett, 1985; Banerjee, 1991; Huddle & Pillay, 1996; Voska & Heikkinen,
2000). While the above research studies have all addressed chemical equilibrium
misconceptions, percentages of misconceptions reported in table 10 were only used from
studies conducted by (Hackling & Garnett, 1985; Hameed et al, 1993; Canpolat et al,
2006), as only these three studies have considered the chemical reaction addressed in the
study. Percentage of common misconceptions reported in the literature are also shown in

the table.

A greater proportion of students held common misconception reported in the
literature towards items 1 (27%, 42%), item 3 (27%, 33%), item 5 (40%, 50%), item 8
(87%, 25%) and item 10 (60%, 25%). The most common of all chemical equilibrium
misconception reported in the literature is the fact, students carry the notion that at
equilibrium, concentration of reactants and products are equal (item 3 and 5). Items 3 and

5 are part of the larger theme, characteristics of chemical equilibrium.

The concept of chemical equilibrium is known to students attending chemistry
classes and for which they have a preconception. The preconception of equilibrium stems
from the idea used in everyday life, where equilibrium means equality of two sides,
stability and static in nature (Schafer, 1984). While systems that reach chemical
equilibrium may appear macroscopically stable and static, microscopically the system is
dynamic not only because of molecular movement but also because the process of bond
breakage and creation goes on. Gussarsky and Gorodetsky (1990) explained applying

macroscopic qualities to the microscopic level leads to misconception towards
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understanding of chemical equilibrium. Hackling and Garnett (1985) reported that

students held a simple arithmetic relationship between the concentration of reactants and

products. Berquist (1989) reported that students often selected multiple choice answer on

an examination dealing with chemical equilibrium without a corresponding level of

understanding for the underlying concepts.

Table 9: Frequency analysis of common misconceptions held by students in the control
(C) and experimental (E) group on the pre-test data

Category

Misconeption
% (C) (N=12)

Misconeption %
(EG) (N=15)

Misconception
% (Lit)

Approaching equilibrium

As the reaction approach equilibrium,
rate of forward reaction is same as
reverse reaction

42

27

17°, 27°¢

Characteristics of equilibrium

At equilibrium, concentration of
reactants and products are equal

33

27

33¢, 578

At equilibrium, concentration of NO and
NOCI are equal

50

40

53¢

At equilibrium concentration of reactants
and products are fluctuating

20

70°

Equilibrium constant

After addition of NO and equilibrium re-
established, K will be greater

40

33

20°,

Changing equilibrium conditions

After addition of NO initially, rate of
forward reaction increase and reverse
reaction decrease

25

87

43° 73¢ 632

When volume is decreased to a system at
equilibrium, initially, rate of forward
reaction increase and reverse reaction
decrease

33

47

63°, 50¢,

When volume is decreased to a system at
equilibrium, when equilibrium re-
established, rate of forward reverse
reaction increase, reverse reaction
decrease

25

60

67¢, 552 27°

a:Canpolat et al, 2006; b: Hackling & Garnett, 1985; c: Hameed et al, 1993
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A group of students also held the misconception that at equilibrium concentration
of reactants and products are equal, based their reasoning around the equilibrium constant
(K). Equilibrium constant (K) is measured as the ratio of concentration of products over
concentration of reactants. Textbooks or classroom instruction typically reinforce the
idea, a system is at equilibrium when K = 1. While K = 1 indicates a system at
equilibrium, it does not mean the ratio of products and reactants concentration are equal.
In other words, K=1 is simply a symbolic representation of a system at equilibrium.
However, students who interpreted K=1 has more than a symbol, took the stance that
K=1 implies numerator and denominator must be equal. Hence, concentration of

reactants and products must be equal at equilibrium.

As noted earlier in the qualitative data section in Chapter 111, a deductive or
theoretical thematic analysis was used to analyze pre and post-qualitative data. Deductive
or theoretical involves coding the data to fit it in to a pre-existing coding frame or the
researcher’s analytical perceptions. The four larger themes are: a) approaching
equilibrium (items 1 and 2), b) characteristics of equilibrium (item 3, 4 and 5), c)
equilibrium constant (item 6 and 8) and d) changing equilibrium conditions (item 7, 9, 10
and 11). The major themes were identified based on prior research on chemical
equilibrium misconceptions (Canpolat et al, 2006; Hackling & Garnett, 1985; Hameed
et al, 1993). Because the CEMT instrument developed for the study was grounded on
prior research, distractors (answer choices) for each item contained in the CEMT served
as sub-themes. Hence, during theoretical thematic analysis coding was purposeful to fit a
code in to a pre-existing codin frame (sub-themes). For example, after analyzing the pre-

qualitative data related to item 3 on CEMT, two set of codes were identified. One set of
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codes reflect the view reported in literature (Type 1), i.e., preconception of equilibrium

stems from the idea used in everyday life, where equilibrium means equality of two sides.

Other set of codes reflect the view reported in the literature (Type 2), i.e., students took a

mathematical view over equilibrium constant K=1. While two types of codes were

extracted from the transcript, both set of codes point towards the sub-theme, i.e.,

concentration of reactants and products are equal because K=1. Table 10 and Table 11

below presents the theme, sub-theme, number of participants, codes and student quotes

pertaining to item 3 by group.

Table 10: Theoretical thematic analysis of control group’s pre-qualitative data

pertaining to item 3

Theme 2 — Characteristics of Equilibrium

Question 3; At equilibrium, in terms of concentration? (N=13)

N | Sub Themes

Concepts
(vocabulary)

Student quotes

Control group

Theme 3(a)

4 | Concentration of reactants and products
1s equal because equilibrivm constant
K=1

Equilibrium
means equal,
equal so
equilibrium, k 1s
equal to
concentration
must be equal

C4: “Well, equilibrium
means K =17

C10: “T choose A because
K =1, its equal_ so
equilibrium™

C11: “I thought of
equilibrium, so K must be
equal to 1, and hence
concentrations must be
equal”
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Table 11: Theoretical thematic analysis of experimental group’s pre-qualitative data
pertaining to item 3

Theme 2 — Characteristics of Equilibrium

Question 3: At equilibrium, in terms of concentration? (N=13)

N | Sub Themes | Codes | Student quotes

Experimental group

Theme 3(a)
4 | Concentration of reactants | Type 1 El: “The concentration of
and products 1s equal reactants and products equal 1f
because equilibrium equilibrium means K=1 that’s what 1t reads, so when
constant K=1 equal, by definition K 15 equal to 1,
when the concentration of
Twvpe 2 products and reactants 1s the
Anthmetic, ratio, same’

E=1
E14: “T have kind of
remembered that K =11s the goal
to reach for equilibrium, it’s like
perfect equilibrium I think™

E13: “T know, when I was
thinking of equilibrium, I was
thinking of equal, yvou know cuz
K=1

50% of students in the control group and 40% of students in the experimental
group who answered item #5, held the misconception that concentration of NO and NOCI
at equilibrium must be equal because they existed in a 2 to 2 stoichiometry. Bilgin (2006)
suggested students learn the taught rule by heart and they try to apply it without
understanding, fixating on the pervasive set of reasoning rule-rote recalling algorithm. In
particular for items 5, the misconception was found to stem out based on consideration of
co-efficients in a chemical reaction. The development of this misconceptions can be
attributed to considerable emphasis placed on reaction stoichiometry in introductory

topics Hackling and Garnett (1985) and Hameed et al (1994). Unlike how different types
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of codes were extracted for item 3, students who held the misconception (concentration
of reactants and products are equal because they exist in a 2:2 stoichiometry) for item 5,
have incorrectly applied the phenomenon of stoichiometry. This finding concurs with the
finding reported by Hackling and Garnett (1985) above. Table 12 presents the thematic

analysis of the pre-qualitative data for both groups.

Table 12: Theoretical thematic analysis of control and experimental group’s pre-
qualitative data pertaining to item 5

| Question 5: At equilibrium, in terms of stoichiometry? (N=13)
Control group
N | Sub Themes Concepts Student quotes
(vocabulary)
Theme 5(a)
6 | Equal amount of NO | Anthmetic, El: "Cuz, NO and NOClexistsina 2 to 2
and NOC1 equal, stoichiometry, there will be equal amount of
stoichiometry NO and NOCI™
E4: “but veah looking at the reaction,_ the
stoichiometry is 2:2, you should say that
under certain conditions, 1t makes sense™
E15: “Whenever [ looked at the equation,
they both 2 in front of them, soit'sa2to 2 or
1 to 1. so will be equal amounts of them™
Experimental group
N Sub Themes Concepts Student quotes
(vocabulary)
Theme 5(a)
6 Equal amount of | 2:2 means C1: “so they do have a 2 to 2 stoichiometry, I
NO and NOCI1 equal knew that at equilibrivm, C wasn’t going to be

concentration right, as it doesn’t shift, I don’t think CI2 is
going to be a limiting reagent, cuz its at
Co-efficients equilibrium, I thought B sounded right, as we did

are equal, so ICE table, I remembered using coefficients™
concentration
1s equal C2: "Since 1t’s a 2 to 2 ratio, 1t makes sense, the

amounts go to be equal. So that’s why [ decide
to go with B®

C5: “both NO and NOCI got coefficients of 2, so
when equilibrium is attained, they should both
be in equal amounts™

C12: “T didn’t know if it°s A or B, because C12
1s less, so 1t could be hmiting, but [ decide to go
with B, it’s the strongest of the two™
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40% of students in the control group and 33% of students in the experimental
group held a mathematical view and erroneously applied Le Chatelier’s and
stoichiometric principles while solving item 8. Item 8 expected students to predict
whether equilibrium constant would stay the same, increase or decrease, when the
concentration of NO is increased at equilibrium. In other words, NO is a reactant, so what
happens to the equilibrium constant of a reaction when reactants are added to a system at
equilibrium. The common view held by participants was, because more NO is added to
the system, the reaction will shift towards the right, because the right side had less moles
and hence concentration of NOCI will increase and that of NO and ClI. will decrease.
Hackling and Garnett (1985) and Hameed et al (1994) reported similar findings in their
study. They suggested students in their study focused on changes in NOCI concentration
and did not consider the changes in the concentrations to the NO and Cl; species. They
further added that student’s lack of approaching the reaction from a system’s perspective
could be due to their lack of understanding of the way in which numbers of moles of
reactants being consumed and products being formed in a chemical reaction are related.
Cheung (2004) described the inadequacy of Le Chatelier’s principle towards solving
chemical equilibrium problems for the gaseous system N2 (g) + Hz (g) «—>2 NH3 (Q).
While the system described in this article is different from the system considered in the
current study, they share few similarities. They are a) both systems attain chemical
equilibrium, b) both systems have gaseous reactant and product species and ¢) both
systems have different reactant to product stoichiometric ratio. If the concentration of N>
(9) is increased in the chemical system shown above, Chueng (2004) suggested

mechanical application of Le Chatelier’s principle (LCP) would suggest the equilibrium
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position would shift to right. However, addition of N2 (g) will increase the total volume
of the system. The addition of N2 (g) also increases the partial pressure of N2 (g), while
the partial pressure of Hz (g) will decrease. Unfortunately LCP cannot give a definite
prediction to determine whether equilibrium shift towards right or left will predominate.
The reasoning suggested by Cheung (2004) supports the view that incorrect application
of LCP can lead to incorrect answers. Cheung (2009) further emphasized that chemistry
teacher educators, textbook writers, school teachers must be educated on the inadequacy
of LCP. The reason being, classroom instruction pertaining chemical equilibrium
involving LCP, often expect students to predict the direction of equilibrium shift.
Majority of textbooks even provide a table listing the direction of equilibrium shift using
LCP, when a system at equilibrium is altered. Instruction does not focus on what happens
to the system when it re-attains equilibrium. Rather the instruction focuses on direction of
equilibrium shift. Providing students with a table that lists equilibrium shifts under
different conditions, incorporates an algorithmic view in the minds of students. Students
in both the control and experimental demonstrated such an algorithmic view about
equilibrium shift. It was evident through pre-qualitative interviews from students in both
groups (experimental n = 5 and control n = 3). The 8 participants held either a
mathematical view or incorrectly applied LCP to solve the problem. The finding concur
with reasons suggested by Cheung (1999 & 2004). Table 13 presents the thematic
analysis of the pre-qualitative data depicting control and experimental group participant’s

response to item 8.
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Table 13: Theoretical thematic analysis of control and experimental group’s pre-
qualitative data pertaining to item 8

| Question 3: After addition of [NO], when new equilibrium i1s re-established? (N=15)

Experimental group

N | Sub Themes | Codes

Student quotes

Theme 8(a)

5 | Equilibrium Arithmetic. ratio,
constant more versus less, co-
greater than 1 | efficients, prior

knowledge

E3: T was still thinking of the 1 to 1 ratio,
since we are adding more, it can now become
alto2orevena3to 3 ratio? It's still the
same, its just a lot greater than before™

E14: “T was thinking, trving to remember
prior knowledge, about what we learned 1n
class, we learned a few tricks, like, more
products added, the K go this way, whatever
and took a guess, if vou add more reactants, 1t
shifts to the products”

E4: “the concentration of NOC1 15 going to be
greater in the newer equilibrium, so your
concentration of the products will be higher,
and reactants will be lower, so that would
create a bigger constant K™

Control group

N | Sub Themes Codes Student quotes
Theme 8(a)
3 Equilibrium constant | More over less, | C8: I choose B, addition of NO will make the
greater than 1 Arthmetic vs constant greater”
ratio

C10: “I decide to go with B, because when vou add
NO, the equilibrium will shift to right, so vou’ll
have more of NOCI, s0 according to the K
expression, K will be greater”

The last item that | would like to address before addressing additional

misconceptions is item 9. 33 % of students in the control group and 47% of students in

the control group held the common misconception, i.e., when a system at equilibrium is

disturbed by a decrease in the volume of the system, rate of the forward reaction

increases and rate of the reverse reaction decreases. Hackling and Garnett (1985)
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suggested a possible reason behind this misconception. The misconception was caused by
students believing that reaction rates adjusted to facilitate the predictions made using
LCP. Similar findings was reported by Cheung (2004). While the participants were
teachers and the chemical system considered was different than the one considered in the
current study, the findings concur with reasoning suggested by Hackling and Garnett
(1985). More than 50% of teachers who participated incorrectly applied LCP to make
predictions about the reaction rate when the volume of a system is decreased. Only 2 out

of the 33 had valid scientific reasoning behind their answer choice.

The follow interview responses concurs with the reasoning suggested by Hackling
and Garnett (1985). The participants have clearly applied LCP to make predictions about
the reaction rate. While the students were able to understand the relationship between
pressure and volume, the understanding was not extended to relate volume to molar
concentration. Following is the conversation between the researcher and the student (R

corresponds to Researcher and P corresponds to Participant.

Experimental group

P: Ummm, [long pause], well I had to think about this one
R: No problem, take your time

P: Well, you decrease volume, so you increase pressure, so it will move to right, so
reaction cannot move to left, so, it’s like, the, the forward should increase and reverse

should decrease
R: You mean the rate?
P: Yeah that’s what I meant

R: Thanks
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Control group

R: Going to #9, what was your reasoning?

P: I know when volume decreases pressure decreases, and there is 3moles on the
reactant side and 2 moles on the product side and its gonna wanna go to the side with
less moles, so | knew that the forward reaction was going to increase and the reverse

reaction was going to decrease, so | picked C

It is evident from the above responses, the students begins by correctly explaining
the relationship between pressure and volume, but failed to extend the relationship
between volume of the system and molar concentration. It is to be noted rate of a reaction
is ratio of the change in molar concentration over change in time. Both participants have
used the concept of moles from a purely mathematical and logical (application of LCP)
perspective without understanding the relationship between moles and volume (molar

concentration).

Theoretical thematic analysis is shown below in Table 14. Members of both
groups who held similar misconception towards item 9, i.e., rate of forward reaction
increases and rate of reverse reaction decreases had similar reasons. It is evident from the
codes column in Table 14, codes were similar among the 11 participants. In other words,
all 11 participants held the common view suggested by Hackling and Garnett (1985), i.e.,
students’ prediction of rates were therefore based on a knowledge of the expected

changes in equilibrium concentrations determined from application of LCP.
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Table 14: Theoretical thematic analysis of pre-qualitative data containing common
misconceptions held by control and experimental group towards item 9

initially? (N=15)

Question 9: Equilibrium 1s disturbed by decreasing the volume at constant temperature,

N | Sub Themes

Concepts

(vocabulary)

Student quotes

Experim

ental group

Theme %a)

7 | Rates of forward

reverse reaction
decrease

reaction mcrease,

More vs less

moles,

Increase pressure

vs decrease
volume,

E7: “Like I said 1if vou decrease or constrain
volume, its going to favor the side with least
moles, so the forward reaction will increase and
the reverse reaction will decrease”™

E9: “Well, vou decrease volume, so you
increase pressure, so it will move to right, so
reaction cannot move to left. so, 1t’s like, the,
the forward should increase and reverse should

decrease

N | Sub Themes

| Codes

| Student quotes

Control group

Theme 9a)

decrease

4 Rates of forward reaction
icrease, reverse reaction

moles

Volume s C1: “T know when volume decreases
pressure, pressure decreases, and there 1s 3moles
more vs less | on the reactant side and 2 moles on the

product side and 1ts gonna wanna go to
the side with less moles, so I knew that
the forward reaction was going to
increase and the reverse reaction was
going to decrease, so I picked C™

Additional misconceptions were distractors that were purposefully included in the

CEMT under each item. The reasons were a) research studies on chemical equilibrium

misconceptions have focused on the rate aspect while a system approaches equilibrium

but did not take in to account the concentration aspect, b) studies that have looked in to

student misconception on chemical equilibrium have suggested, students incorrectly

apply stoichiometric principles, but failed to quantify the misconception and c) research
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studies on chemical equilibrium misconceptions have repeatedly identified that students

hold an algorithmic reasoning towards solving chemical equilibrium problems.

Additional misconceptions held by students in both control and experimental
group is shown in Table 15. In line with the reasons on why additional misconceptions
were identified, the items towards which students had higher percentage of additional
misconceptions include items 6, 9 and 11. 33% of participants in both groups who
answered item 6, held the misconception that equilibrium constant K will be less than 1.
While a total of 9 participants picked this choice on the CEMT, it was only possible to
obtain 2 participants response to this item. The major reason being time constraint.
Thematic analysis of student’s additional misconception towards item 9 is shown in
Table 16. It was evident from the transcribed responses, the codes were very similar and
they point towards the common sub-theme, i.e., equilibrium constant K is less than 1. The
primary reason being students’ answer choice was there are 2moles of NOCI (products)
compared to 3 total moles of NO and Cl (reactants). It is evident from the response, that
students held a weaker understanding of the concept of moles. They have incorrectly

applied stoichiometric co-efficients in place of molar concentration.
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Table 15: Frequency analysis of additional misconceptions held by students in the control
(C) and experimental (E) group on the pre-test data. (NA = not applicable)

Category Misconception | Misconception
% %
(C) (N=12) (E) (N=15)

Approaching equilibrium

Rate of forward reaction decrease at the same rate | 25 20
as the reverse reaction

Rate of forward reaction increase 17 NA
Concentration of reactants and products are equal | 25 20
Concentration of reactants 3 times more than 25 20
concentration of products

Concentration of reactants and products is 33 NA

constant because K<1
Characterisitics of equilibrium

Concentration of products is greater, because K>1 | 17 NA
Because CI2 is a limiting reagent, there will be no | 25 NA
CI2 left

Equilibrium constant

At equilibrium, K is less than 1, because total 33 33
moles of products is less

At equilibrium, K = 1, because concentration of | 8 27

reactants and products are equal
Changing equilibrium conditions
At equilibrium, when concentration of NO is 8 NA
increased, initially, rate of forward reaction will
not change, because volume is kept constant

When volume is decreased to a system at 25 20
equilibrium, initially, rate of reverse reaction

decrease

When volume is decreased to a system at 42 NA

equilibrium, when equilibrium is re-established
rate of reverse reaction increase

When volume is decreased to a system at 42 67
equilibrium, when equilibrium is re-established,
concentration of NO CI2 will be lesser and NOCI
will be greater than the initial equilibrium
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Table 16: Theoretical thematic analysis of pre-qualitative data containing additional
misconceptions held by control and experimental group towards item 9

Theme 3 — Equilibrium Constant
Question 6: At equilibrium_ what is true about equilibrium constant?(N=15)
Experimental group

N Sub Themes Concepts Student quotes
(vocabulary)
Theme 6(a)
3 Equilibrium constant Anthmetic E15: “because there 15 two moles of
(K) 15 less than 1 application, products and 3 moles of reactants, so K
must be less than 17

Control group

N | Sub Themes Codes Student quotes
Theme 6{a)
4 Equilibriom constant Arithmetic C1: “T kinda forgot what K was, a little bit,
(K) 1s less than 1 application, I do remember it was products over
Knowledgeable reactants, and I knew that it would be
guess NOC1 squared over NO squared and C12_ 1

kind guessed it to be less than 1, [ just
wasn't sure there either. I guessed products
will be less than reactants™

25% of students in the control group and 20% of students in the experimental held
the additional misconception towards item 9, i.e., rate of reverse reaction decrease as the
volume of the system is lowered. Unfortunately, participant’s response were not recorded
for this misconception. While this misconception was not reported in prior research on
chemical equilibrium misconception studies, an alternative statement suggested by
Hackling and Garnett (1985) could be used to explain student reasoning behind their
choices. According to Hackling and Garnett (1985), students generally had a qualitative
understanding of the way in which the concentration of reactants and products changed as

the reaction approached equilibrium. The misconception may result from students’ prior
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experience with chemical reactions which do in fact show an increase in rate as the
reaction takes place. For example when a piece of magnesium (Mg) ribbon is placed in
dilute acid, resulting in rapid evolution of hydrogen gas. In these reactions, there are
special factors that govern the increase in rate of a forward reaction. It is likely, students
do not develop complete understanding of these special factors, but instead develop the
misconception that the rate of a chemical reaction increases as the reaction proceed
towards equilibrium. Because students have developed the misconception, rate of a
reaction in the forward reaction increases, they believe the opposite is true, i.e., rate of
reverse reaction decreases. This misconception is further reinforced by misapplication of
Le Chatelier’s principle. Because classroom instruction continue to reinforce the idea,
when the volume of a system is reduced the reaction would shift to the side with least

moles (LCP), students associate the equilibrium shift with rate of a reaction.

Finally item 11 is a classic case of misapplication of Le Chatelier’s principle. 42%
of students in the control group and 67% of students in the experimental group held the
misconception that when volume is decreased to a system at equilibrium, when
equilibrium is re-established, concentration of NO CI2 will be lesser and NOCI will be
greater than the initial equilibrium. The reasoning suggested by Cheung (2004) supports
the view that incorrect application of LCP can lead to incorrect answers. Cheung (2009)
further emphasized that chemistry teacher educators, textbook writers, school teachers
must be educated on the inadequacy of LCP. The reason being, classroom instruction
pertaining chemical equilibrium involving LCP, often expect students to predict the

direction of equilibrium shift. Majority of textbooks even provide a table listing the
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direction of equilibrium shift using LCP, when a system at equilibrium is altered.

Instruction does not focus on what happens to the system when it re-attains equilibrium.

Rather the instruction focuses on direction of equilibrium shift. Providing students
with a table that lists equilibrium shifts under different conditions, incorporates an
algorithmic view in the minds of students. Students in both the control and experimental
demonstrated a combination of algorithmic view and misapplication of LCP while
answering the item. Thematic analysis of student’s misconception over item 11 is shown

in Table 17.

Table 17: Theoretical thematic analysis of pre-qualitative data containing additional
misconceptions held by control and experimental group towards item 11

Question 11: Equilibrium is disturbed by decreasing the volume at constant temperature,
when new equilibrium 1s re-established (concentration) (N=15)
Experimental group
N | Sub Themes Concepts Student quotes
(vocabulary)
Theme 11(a)
10 | Concentration of NO and | Le Chatelier’s El: “So you go to the side with the least
C12 will be less and principle, amount of stress, so we go to right, going to
NOC1 will be greater in algorithmic, (d), we have the concentration of C12 will be
the newer equilibrium guess work, less than first, and the concentration of NOCI
process of would have to increase as in (g)”
elimination
E13: “Umm, there’s less concentration of
some of these, so I choose b & d which 1s less
and then I am not sure with e, I guess it’s
gotta be greater”
Control group

N | Sub Themes Codes Student quotes
Theme 11(a)

5 Concentration of NO | Le Chatelier’'s | Cl: “Decrease volume means increase pressure, 3
and C12 will be less principle, moles on the reactant side and 2 moles on the
and NOCL will be algorithmic, product side, it’s gonna shift to the side with less
greater in the newer | guess work, moles, and I know that the reaction is going to
equilibrium shift to the right, to decrease the pressure, the NO

and C12 would decrease and NOCI would
increase”

C3: “Well if vou decrease the volume, you go
towards the side with less amount of gas, and that
was on the right side. So equilibrium will shift
towards right, and I selected choices that fitted
the logic. That’s how [ ended up with a, d & ™

C4: “T wasn’t entirely sure, I just went off with
the strongest choice possible, [used Le
Chatelier’s principle to make mv decision™
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Comparing the codes obtained from the control and experimental group, it is quite
obvious they appear similar. The reason being students in both groups applied LCP. A
representative transcribed response below describe misapplication of LCP.

R: okay, let’s go with #11, the system is at equilibrium right? And you disturb it by

decreasing volume, equilibrium has to re-establish right? Cuz all reversible reactions

eventually has to get back to equilibrium right? So why you choose a, d and e?

P: okay (a) reads concentration of NO will be less than the first equilibrium. Okay when
we take away volume, we got lot of this NO and CI2, actually you got 2 NO’s and one
Cl2, these take up more space collectively than NOCI would, so if we decrease the
volume, in order to relieve the most amount of stress on the system, we have to take away,
we want to put, we want to have the same amount of products. So you go to the side with
the least amount of stress, so we go to right, going to (d), we have the concentration of

CI2 will be less than first, and the concentration of NOCI would have to increase as in
(e).

While the above student response with respect to item 11 has elements of
scientific reasoning such as decrease in volume will lead to an increase in pressure, the

scientific reasoning becomes weak as soon as the student switched over towards a

mathematical or algorithmic application of LCP towards solving the problem.

The succeeding paragraphs would present analysis of correct responses provided
by students on the pre-test. A correct response does not imply the student had a
corresponding correct reasoning. Table 18 presents correct responses held by participants
in both groups. Items 3, 4, 5 and 8 were answered correctly by higher percentage of
students. It is worthwhile to look at representative student responses during the pre-

qualitative interview phase from both groups.
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For item 3, 42% of students in the control group and 60% of students in the

experimental group had correct responses.

Table 18: Frequency analysis of correct responses held by students in the control (C) and
experimental (E) group on the pre-test data.

Item | Category Correct % | Correct %
(©) (E)
(N=12) (N=15)

Approaching equilibrium

1 Rate of forward reaction decrease as the reaction gets | 25 33
going

2 None of the above 17 53
Characteristics of equilibrium

3 Concentration of reactants and products constant over | 42 60
time

4 Forward and reverse reactions continue to occur, rates | 50 53
of forward and reverse reactions are equal and rates are
constant over time

5 None of the above 67 20
Equilibrium constant

6 Equilibrium constant K =1, rates of forward and 33 13
reverse reactions are equal

8 After addition of NO to a system at equilibrium and 50 67
when equilibrium is re-established, equilibrium
constant K is the same as before
Changing equilibrium conditions

7 After addition of NO initially, rate of forward reaction | 17 7
will instantenously increase

9 When volume is decreased to a system at equilibrium, 0 13
initially, rate of forward and reverse reaction increase

10 When volume is decreased to a system at equilibrium, when | 0 20
equilibrium is re-established, rate of forward and reverse
reactions are equal and greater than initial equilibrium

11 When volume is decreased to a system at equilibrium, when | 17 27
equilibrium is re-established concentration of NO, CI2 and
NOCI will be greater than the initial equilibrium

Due to time constraints, it was not possible to record each participant’s response.

However, a few participants response were recorded. Below is a comparison between two
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student responses. The first response came from a student in the experimental group and

the second response came from a student in the control group.

Experimental group

R: So same with #3, why did you go with (c) why is that?

P: Well, Ummm, concentration of reactants and products is constant over time, Ummm,
equilibrium just means that, both forward and reverse reactions are happening at the
same rate. So, the concentrations don’t change otherwise manipulated, if left alone it will

stay the same at equilibrium
The above response suggests that, the student had a valid scientific reasoning on

why at equilibrium concentrations are constant and remain unchanged.

Control group

R: So why did you decide to go with ¢ for #3?

P: Ummm, this one was quite obvious, | learned in lecture, that equilibrium

concentration is constant, cuz K =1
R: Okay why you think its constant
P: Like I said, cuz K =1 its equilibrium and hence it constant
R: Okay, moving on

In contrast to the earlier response, the student who had the response above did not
had a valid scientific reasoning as to why concentration of reactants and products at
equilibrium remain constant over time. The student response suggest rote memory at best.
Since high score on an examination are generally interpreted by students as an indication
that they understood the material. Questions that require students to synthesize

information and apply concepts are not very common in such examinations. To
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demonstrate mastery of chemical equilibrium concepts, for example, students typically
asked to solve computational problems; correct results are accepted as an indication that
students "understand” equilibrium correctly. Thus, correct responses do not necessarily
reveal whether a student understands chemical equilibrium but only indicate that the
student can compute equilibrium constants or calculate equilibrium concentrations. It is
likely that such students will assimilate any misunderstandings of chemical equilibrium
into their reasoning pattern and thus propagate additional misunderstandings about other
chemistry topics. Berquist (1989) found that students often selected the correct multiple
choice answer on an examination dealing with chemical equilibrium without a
corresponding level of understanding for the underlying concepts. In the above response
it is evident the student was successful in recalling information from the lecture, but
could not explain why rates are equal and concentration remains constant at equilibrium.
Participants in both groups exhibited information recall not just for item 3, but also for

other items. Thematic analysis shown in Table 19 describes information recall.

Table 19: Thematic analysis of pre-qualitative data from the control group for item 3.

Theme 2 — Characteristics of Equilibrium
Question 3: At equilibrium, in terms of concentration? (N=13)

Control group
N | Sub Themes Concepts Student quotes
(vocabulary)
Theme 3(b)
5 | concentrations don’t Remember, C1: “I remember, I remember, while learning,
change over time recall, rates when you had equilibrium, I just remembered
stay the same, | concentration of reactants and products are
process of constant because, the rates were staying the
elimination same”
C9: “I said C because, neither A or B 1s
correct”
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As with other items, relatively a smaller number of provided correct reasoning for
item 5. Process of elimination was one of the preferred choice among participants
throughout the study, especially when they answered an item correctly. The following
student response is an example of the process of elimination. Following is a

representative interview response from both groups

Control group

R: So, why did you go for d with #5?

P: Ummm, [long pause], well, wait, okay, I know, well, A can’t be right, as it’s at
equilibrium, you gotta have some left, 2 to 2 does not mean it had to be equal and it can’t

fluctuate, so D had to be it.
R: Good, you had a good reason behind your elimination
P: Yeah, [laughs]

Experimental group

R: So what was your reasoning behind #57?

P: Well, choice A, I guess I didn'’t feel like I had enough information and C equilibrium

shifting doesn’t make sense, as equilibrium is shifting, since we are at equilibrium.

The above response suggest, the student has made use of a process of elimination,
however the response does suggests a valid scientific reasoning behind the elimination

process.

The following paragraphs would focus on discussion about student response to
item 11. The following transcribed responses compare two situations; correct answer with

correct reasoning and incorrect answer with incorrect reasoning.
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Experimental group

Correct answer with correct reasoning

R: So for #11, you decide to go with b, ¢ and e. why is that?

P: Well, Ummm, the concentrations of the substances in the solution are greater,
concentration is the measure of the amount of the substance over volume, if volume is

lower then concentration must be higher.
R: Very good, very good.

The above response suggest the student had a stronger foundational knowledge.
The student was able to relate how decrease in the volume of a system affects the molar

concentration of all species contained in the system.

Control group

Correct answer with incorrect reasoning

R: For #11, b, ¢ & e. what was your reasoning?

P: 1 think I read it as wrong, so if you give me a chance to change, | would change to a

different one

P: I decided why | came up with this answer. Concentration is moles over liter, so if you

gonna decrease the volume, the denominator has gone down, so concentration is gonna
go up.
While the above student had chosen the correct answer choice, the response does

not justify his/her stance in choosing the answer choice. In fact, the student switched to

an incorrect answer choice on the post-test.

Finally, the following paragraphs provide discussion on student reasoning behind

item 8. 50% of students in the control group and 67% of students in the experimental
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group choose correct choice for item 8, i.e. equilibrium constant K will be the same when
equilibrium is re-established. Following is a comparison between student responses. The
first response is from a student in the experimental group and the second is from a student
in the control group. Since it was not possible to obtain each participant’s reasoning
behind their answer choice, a participant’s response cannot be generalized to explain
other participant’s reasoning who had a similar answer choice. The purpose behind
participant’s response discussion is to establish connectivity between the responses to
findings in the literature. In the responses below it is evident the student was able to
narrow down the correct answer, however the student did not have a valid reasoning. As
pointed out by Berquist () students often selected the correct multiple choice answer on
an examination dealing with chemical equilibrium without a corresponding level of

understanding for the underlying concepts.

Experimental group

Correct answer but invalid reasoning

R: Why did you decide to go with (a) for #8?
P: This is the opposite of what | just said. As far as

P: I know, I mean the initial concentration does not affect K, so that’s why I picked that

one.

R: What do you mean by initial concentration?
P: I mean adding NO

R: Why does it not affect?

P: I guess it just doesn’t
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R: I mean, what I'm getting at is, why you think the initial concentration of NO does not

affect?
P: 1 am not sure.

In the above response, it is evident the student choose the correct answer,
however fell short with the reasoning. The student’s reasoning neither does not
incorporate explanation on how affecting a component of the system affects other
components of the system, i.e., how addition of NO, affects not only the concentration of
NO, but also the concentration of NOCI and Cl». It is to be noted, that equilibrium
constant will be the same, but concentration of each of the species will be different when

equilibrium is re-established.

Control group

Correct answer but invalid reasoning

: So what was your reasoning behind your answer choice for #8?

: | decide to go with A for #8, was, because, addition of NO is offset with the heat,
: what you mean by offset with hear?

: I mean the reaction is exothermic

: Okay, how do you think exothermic reaction is important?

: Well in exo, if you had NO, it will go to right

: You mean exothermic?

- Yeah

: So how does that keep equilibrium constant the same?

U X U X UV XXM U XWX TV XU

: Now that we talk about it, I think I should have gone with B, cuz you will have more
products

In the above response, while the student had chosen the correct answer, he/she did

not provide valid reasoning to support their answer choice. The student clearly has put in
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a collection of un-related ideas to answer the question. The question clearly suggested,
the temperature of the system is constant. Only if the temperature of a system is altered, it
will have an effect on the enthalpy change (heat) of a reaction and the overall equilibrium

shift and the equilibrium constant.

In the above paragraphs the pre-quantitative and qualitative data was analyzed.
Common misconceptions, additional misconceptions and correct conceptions held by
participants in both groups was discussed. In the succeeding section discussion will be

based on the post-quantitative and qualitative data analysis.
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Post-Quantative/Qualitative Data Analysis

This section presents the findings from the CEMT posttest results and the analysis
of the post-interview responses for experimental and control groups. Participants in the
control group were allowed to use their lecture notes prior to commencing the post
CEMT assessment. Common misconceptions held by participants in both groups are

shown in Table 20.

For item 1 42% of participants in the control group and 7% of the participants in
the experimental group held the common misconception, i.e., rate of the forward and
reverse reaction remains the same as the system approaches equilibrium. While the
percentage of participants in the control group has not changed, the percentage of
participants holding the misconception in the control group has gone down from 27% to
7%. Following transcribed response is the reasoning provided by a student in the

experimental group post intervention.

R: so between the first test and the post-test, your answer choice for #1, stayed the same,
what was the reason?

P: I remembered my professor saying, at equilibrium the reaction rates are equal
R: This ones approaching remember
P: That’s what was confusing.

P: As it approaches equilibrium, | would say, then, [long pause], | would say that, [long
pause], well the forward reaction would increase, cuz you are making products
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While the student was able to notice the reaction is approaching equilibrium and
was aware of it. Yet the student was incorrectly applying ideas in the wrong context. The
primary reason behind such a confusion is partly because, the concept of a system
approaching equilibrium is rarely addressed in lectures. Another issue with the student’s
response is, according to the student rate of the forward reaction would increase.
However, rate of the forward reaction should decrease. The student is associating
direction of a reaction with what is being made, i.e., the student associate more products
formed in the forward reaction to a concurrent increase in rate. Gussarsky and
Gorodetsky (1990) explained applying macroscopic qualities to the microscopic level
leads to misconception towards understanding of chemical equilibrium. The student is
associating matter (ontological category) which was product formed to a process
(ontological category) which is rate of a reaction. More discussion about ontological shift

will be presented in the discussion section (chapter 5).

For item 3 33% of students in the control group and 7% of students in the
experimental group retained the common misconception reported in the literature, i.e., at
equilibrium, concentration of reactants and products are equal. While comparing the pre-
test and post-test data for the common misconception held by participants for item 3, it is
evident 33% of students in the control group held the misconception and 27% of students
in the experimental group held the common misconception. While there is no difference
in the percentage of participants holding this misconception in the control group, only
one student (7%) in the experimental group was holding this misconception. It would be
worthwhile to look in to participant reasoning from the control and experimental group

for item 3.
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Table 20: Frequency analysis of common misconceptions held by students in the control
(C) and experimental (E) group on the post-test data

Category

Misconeptio
n % (C)
(N=12)

Misconeption
% (E)
(N=15)

Misconception
%
(Literature)

Approaching equilibrium

As the reaction approach equilibrium,
rate of forward reaction is same as
reverse reaction

42

7

17°, 27¢

Characteristics of equilibrium

At equilibrium, concentration of
reactants and products are equal

33

33¢, 578

At equilibrium, concentration of NO
and NOCI are equal

75

20

53¢

At equilibrium concentration of
reactants and products are fluctuating

NA

70¢

Equilibrium constant

After addition of NO and equilibrium
re-established, K will be greater

42

40

20°,

Changing equilibrium conditions

After addition of NO initially, rate of
forward reaction increase and reverse
reaction decrease

25

27

43" 73¢ 632

When volume is decreased to a system
at equilibrium, initially, rate of forward
reaction increase and reverse reaction
decrease

42

27

63°, 50°,

When volume is decreased to a system
at equilibrium, when equilibrium re-
established, rate of forward reverse
reaction increase, reverse reaction
decrease

67¢, 552 27°

a:Canpolat et al, 2006; b: Hackling & Garnett, 1985; c¢: Hameed et al,

Experimental group

Incorrect answer with incorrect reasoning

R: With #3, no change, why is that
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P: # 3 is one thing, | was not really sure about, | was thinking was, like the equilibrium
constant does not necessarily mean, it does not have to do with concentration, its like in

relation to each other,
R: So you couldn’t find any convincing answer from the simulation to answer this one?
P: yeah, right

It is evident from the response above that the student was unable to extract
information from the simulations regarding the characteristic of chemical equilibrium.
Every simulation except for simulation #5 emphasized the idea of a chemical

equilibrium. Comparative responses from the control group students follow.

Control group

Incorrect answer with incorrect reasoning

Response 1

P: Well, equilibrium means K =1
R: So that was basically it?

P: Yeah it was the definition, well K = Q that’s went you reach equilibrium

Response 2

R: So what was your reasoning behind #37?

P: On the first test, | choose B, | choose, A because, because of, at equilibrium, they have

to be equal, as from the notes, I got the idea K is equal to 1
R: so is that you got it from the notes?
P: Yeah the notes said a system is at equilibrium when equilibrium equal 1

R: So K =1, means concentration is equal
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P: Yesitis
Response 3

R: so why did you change your answer on the post-test? You had d last time, this time

you got a

P: on the pre-test | had none of the above, although | was not sure, so | kinda decide to

go with d but this time around I put a little more logic in it, I just went with a .
R: What logic are you referring to?
P: Umm, | mean, the lecture notes suggested, K=1 implies equilibrium
R: So, the lecture notes helped you make that decision?
P: yeah that’s right

In Response 1 above, the student had the correct symbolic definition of a system
at equilibrium. Q is typically the term used to refer to an intermittent equilibrium
constant, when Q becomes equal to the value of K (original equilibrium constant), the
system is defined to have achieved equilibrium. While the symbolic relationship Q = K,
characterizes a system at equilibrium, it does not specify concentrations have to be equal.
The student must have obtained the information about a system at equilibrium where Q =
K from the lecture notes. While the student had a good beginning to his/her reasoning,
he/she did not fully understand the concept of chemical equilibrium and its

characteristics.

In the above responses (Response 2 and 3), both student had the correct symbolic
definition of a system at equilibrium, i.e, K = 1. While the symbolic definition is right,
the reasoning was incorrect. K = 1 does not imply equal concentration, rather it means

equal rates. There are two reasons why students confuse K =1 to equal concentrations.
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The first being, the preconception of equilibrium stems from the idea used in everyday
life, where equilibrium means equality of two sides, stability and static in nature (Schafer,
1984). The second being, equilibrium constant is defined as the ratio of concentration of
products to reactants. Hackling and Garnett (1985) reported that students held a simple
arithmetic relationship between the concentration of reactants and products. The simple
arithmetic relationship here is K = 1, i.e., the numerator and denominator has to be equal.

Hence, concentration has to be equal.

Since only one student in the control group retained the common misconception
on the post-test, only thematic analysis of student’s common misconception towards item
3 is shown. The thematic analysis can be found it Table 21. Examining the codes listed in
Table 21, it is evident that they either fell either held an arithmetical approach (i.e., K =1,
K=Q, equilibrium means equal) or they were recalling information from the lecture notes

without processing it.

Table 21: Thematic analysis of common misconceptions held by students on the post-test
towards item 3.

| Theme 2 — Characteristics of Equilibrium
Control group
Question 3: At equilibrium, 1n terms of concentration? (N=15)

N | Sub Themes Codes Student quotes
Theme 3(a)

4 Concentration of K =0Q hence | C4: “I choose, A because, because of, at
reactants and equal, K=1 | equlibrium, they have to be equal, as from
products 1s equal hence the notes, I got the 1dea K 15 equal to 17
because equilibrium | concentration
constant K=1 equal, C10: “T just went with A_ Yeah the notes said

Equilibrium | a system is at equilibrium when equilibrium
means equal. | equal 17

Definition —
information | C8: “T forgot what exactly my logic was. I
recall choose A this time, I mean_ the lecture notes

suggested, K=1 implies equilibrium™

C5: “Yeah it was the definition, well K =Q
that’s went you reach equilibrium ™
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For item 5 75% of students in the control group and 20% of students in the
experimental group retained the common misconception reported in the literature, i.e.,
concentration of NO and NOCI are equal. While comparing the pre-test and post-test data
for the common misconception held by participants for item 5, it is evident 50% of
students in the control group held the misconception and 40% of students in the
experimental group held the common misconception. While the percentage of students
holding the common misconception for item 5 in the experimental group went down, the
percentage of students holding a similar misconception in the control group went up. It is

worthwhile to examine the transcribed response from students in both groups.

In the first scenario, the student’s pre and post-test response from the
experimental group will be compared. The purpose for including the pre-interview
responses is the post- interview response does not contain the actual analogical model
conceived by the student. While the student has given the analogical model, the student

misinterpreted the meaning behind the simulation.

Experimental group

Incorrect answer with incorrect reasoning

Pre-test

R: So for #5, you are saying equilibrium shifts to right? why did you pick (c)?

P: I kinda think of the mole mole ratio again, | could be entirely wrong, I cannot, | was
think if you had 2 NO, I mean if you got 3 on the left side and 2 on the right side + heat,
you kinda got this big slope, it just wants to bounce it out, its basically spilling all on the
right side, that’s why I told myself it should shift to the right. Okay so if its at equilibrium,

it kinda wants to shift to the right, so they can be both the same.

139



Item 5 was conceived as an alternative to item 3. In other words, item 3 and 5
represent the same meaning. If a student had a conceptual understanding of item 3, then
ideally they should be able to decide the correct answer choice for item 5. In the above
response, it is evident the student had conceived an incorrect analogical model. The
student’s model of a slope suggest the reaction is viewed as happening in one direction.
Hence, the student suggest there will be more products when the reaction goes to

completion. The post-test response illustrates

Experimental group

Incorrect answer with incorrect reasoning

Post-test

In the post-qualitative interview response below, while the student has given the
incorrect analogical model of a slope, the student did not demonstrate conceptual
understanding. The reason being the student had chosen the correct answer for item 3 but
an incorrect answer or item 5. As pointed out in the previous paragraph, items 3 and 5
carry the same meaning. The student started to develop doubts whether he/she answered
item 3 correctly. In the end, the student decided to go in favor of the reasoning for item 5
over item 3.

R: For #5, you still decide to stay with C, sometimes staying with the answer is a good
thing, why did you decide to stay with C?

P: I have been questioning A and B also, and | know, its like, since, NO and NOCI do
exist in 2 to 2 ratio, | think they are trying to be equal, but they never will be, its like

close but not there, I could have chosen B, but couldn’t have chosen it.
P: 1 think C because [long pause]
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R: The reason | ask is, for # 3 you choose concentration of reactants and products
constant over time, but for #5, you suggest they fluctuate why is that? Wouldn't that be

contradicting?
P: I'm gonna say now, No, Yeah it definitely is contradicting.

R: Why did you change your opinion between # 3 and #5? Why you thought differently?

You agree with 3 or 5 more? Which statement agree with the most?
P: It’s probably going to be #3?

P: I was thinking the numbers themselves are different in the new equilibrium, so |
thought K has to be higher, since NOCI has gone up, | thought it would shift towards
right.

P: I think that’s what I was thinking

The following transcribed responses were obtained from paticipants in the control
group. Three responses are shown below. As pointed out earlier in the previous
paragraph, the percentage of students holding the common misconception, i.e.,
concentration of NO and NOCI will be equal because they exist in a 2:2 to stoichiometry

has increased between the pre and post-qualitative phase.

Control group

Incorrect answer with incorrect reasoning

R: So what was your reasoning behind your choice for #5? | mean what made you pick
the particular choice?

Responsel

P: I picked choice B for #5 because, both NO and NOCI got coefficients of 2, so when
equilibrium is attained, they should both be in equal amounts.

Response 2

P: It says equilibrium, and when [ saw 2 to 2, since its equal amounts, I figured that’s
sufficient information, so I decide to go with B
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Response 3

P: 1 choose B, honestly I was kinda not sure on this one, but I remember from the ICE
table, you do -2x and +2x, so | kind felt that made sense.

In all three resposnes shown above it is evident that either a mathematical or
algorithmic approach was seen. In particular response 3. The concept of ICE table is
familiar among students who have learned the concept of chemical equilibrium. ICE
stands for initial concentration, change in concentration and equilibrium concentration.
The student has taken the right approach by setting up an ICE table. But the issue bein,
the problem is qualitative in nature, hence it would not be possible to determine
numerical value of equilibrium concentrations. I noticed a discountinity between
applying the knowledge acqurired from a quanitative situation in to a qualitative
situation. Another aspect that has been visible throughout the study has been incorrect

application of the principle of stoichioimetry (Response 1 and 2).

Finally, the item that will be discussed under the common misconceptions
category will be item 8. 42% of students in the control group and 40% of students in the
experimental group held the common misconception, i.e., equilibrium constant K will be
greater when equilibrium re-established following a decrease in the volume of the
system. In contrast, 40% of students in the control group and 33% of students in the
experimental group held this misconception. It would be worthwhile to discuss

participant reasoning behind item 8.

The simulation on the two body connected to a pulley was developed to help
students understand the concept of equilibrium constant better. Many students hold the

common misconception that when reactant is added to a system at equilibrium,
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equilibrium will shift to the right and make products. In other words, they tend to have a
unidirectional view of a system that is occuring in both directions. The reasoning
suggested by Cheung (2004) supports the view that incorrect application of LCP can lead
to incorrect answers. Cheung (2009) further emphasized that chemistry teacher educators,
textbook writers, school teachers must be educated on the inadequacy of LCP. The reason
being, classroom instruction pertaining chemical equilibrium involving LCP, often expect
students to predict the direction of equilibrium shift. Majority of textbooks even provide a
table listing the direction of equilibrium shift using LCP, when a system at equilibrium is
altered. Instruction does not focus on what happens to the system when it re-attains
equilibrium. Rather the instruction focuses on direction of equilibrium shift. Providing
students with a table that lists equilibrium shifts under different conditions, incorporates

an algorithmic view in the minds of students.

Experimental group

Incorrect answer with incorrect reasoning

Response 1

R: So, you went (a) to b for #8.

P: the pre-test | totally guessed, let me be honest. When you add NO, you gonna end with

more products
R: Was the pulley experiment helpful at all
P: So it should be (a) then, dang

P: I got it wrong did 1?

143



Response 2

R: Okay, #8, what was your reasoning behind #8?

P: For #8, | was thinking, trying to remember prior knowledge, about what we learned in
class, we learned a few tricks, like, more products added, the K go this way, whatever

and took a guess, if you add more reactants, it shifts to the products

The discussion in the succeeding paragraphs discussion will describe
misconceptions not reflected in the research literature (Canpolat et al, 2006; Hackling &
Garnett, 1985; Hameed et al, 1993) but held participants in the control and experimental
group (Table 22). In particular discussion will be about item 11 and 6. Item 6 is a special
case because it showed the least performance gain among participants in the experimental
group. 42% of students in the control group and 47% of students in the experimental
group held the additional misconception, i.e., at equilibrium, K is less than 1, because
total moles of products is less. Iltem 6 conveys the same meaning as item 4 but at a more
foundational level. In other words, if a system as attained chemical equilibrium, rate of
the forward and reverse reactions will be equal. It was quite surprising that how higher
percentage of students answered item 4 correctly post intervention with the simulation
could not answer item 6 correctly. One aspect that was evident from student response
was, they used the simulation to answer item 4, whereas for item 6, they focused
exclusively on the chemical equation and did not consider the purpose of the simulation.
Another aspect that was evident from the simulation was, if they considered the
simulation then they literally counted the number of molecules on the screen and failed to

consider the graphical information presented.
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Table 22: Frequency analysis of additional misconceptions held by students in the control

(C) and experimental (E) group on the post-test data. (NA = not applicable)

equilibrium, when equilibrium is re-established,
concentration of NO CI2 will be lesser and NOCI
will be greater than the initial equilibrium

Category Misconception | Misconception
%(C) %(C)
(N=12) (N=12)

Approaching equilibrium

Forward and reverse reaction increase at the same | 33 0

rate

Concentration of reactants and products are equal | 17 0

Concentration of reactants 3 times more than 17 20

concentration of products

Concentration of reactants and products is 33 7

constant because K<1

Characterisitics of equilibrium

Concentration of products is greater, because 17 0

K>1

Because CI2 is a limiting reagent, there will be no | 17 0

Cl2 left

Equilibrium constant

At equilibrium, K is less than 1, because total 42 47

moles of products is less

At equilibrium, K = 1, because concentration of | 25 7

reactants and products are equal

Changing equilibrium conditions

At equilibrium, when concentration of NO is 17 20

increased, initially, rate of forward reaction will

not change, because volume is kept constant

When volume is decreased to a system at 8 20

equilibrium, initially, rate of reverse reaction

decrease

When volume is decreased to a system at 58 7

equilibrium, when equilibrium is re-established

rate of reverse reaction increase

When volume is decreased to a system at 83 13

It is evident from the response below while the student had thought of choosing

option d, decide to opt out against it because equilbrium constant cannot equal to rates.
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This assumption is partly because students who learn equilibrium learn equilibrium
constant has a function of concentration. Ideally, equilibrium constant should be

expressed as a function of rate of a reaction

Experimental group

Incorrect answer with incorrect reasoning

R: So, its very interesting, on #6, you decide to go with a, and then but this time you

decide to go with none of the above

P: I thought of the lab we just did, | remember like finding the equilibrium constant, and
then | realized, each reaction has its own K, its not necessarily equal to K, so any of these

can be right.

R: The reason | picked 6 is, because for 3 you choose C, now if you had chosen a for 6,

wouldn’t that be contradicting? Cuz constant does not mean equal to one.

P: I thought about d, its rate of the reaction, I wasn 't sure if it was rate of formation, 1

thought K had its own specific value.

R: Well you have a good point, cuz students are not really told, what K =1 really implies
As pointed out above the reason why students carry the misconception with

respect to equilibriumc constant, i.e., equilibrium constant is expressed as a function of

concentrations. In the response shown below from a student in the control group it is

evident that the student was able to recall information pertaining to equilibriu constant,

yet guessed to determine the answer choice.

Control group

Incorrect answer with incorrect reasoning

R: Okay moving on to #6, so what was your reasoning behind #6?
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P: I kinda forgot what K was, a little bit, I do remember it was products over reactants,
and | knew that it would be NOCI squared over NO squared and CI2. | kind guessed it to
be less than 1, I just wasn’t sure there either. I guessed products will be less than

reactants.
R: Very good, very good

For item 11, 83% of students in the control group and 13% students in the
experimental group held the misconception, i.e., when volume is decreased to a system at
equilibrium, when equilibrium is re-established, concentration of NO CI2 will be lesser
and NOCI will be greater than the initial equilibrium. Hackling and Garnett (1984)
suggested, students who held this misconception do not fully understand the relationship
between consumption of reactants and formation of products in a chemical reaction. The
reasoning suggested by Cheung (2004) supports the view that incorrect application of
LCP can lead to incorrect answers. Berquist (1989) reported that students often selected
multiple choice answer on an examination dealing with chemical equilibrium without a
corresponding level of understanding for the underlying concepts. Transcribed responses
from students in control and experimental group towards item 11 is shown below. The
first set of responses were from participants in the experimental group and the second of

responses were from participants in the control group.

It is evident from the responses that students generally decide to use the
algorithmic approach in solving the problem. It is a common practice in a chemistry
coursework for students to use Le Chatelier’s principle (LCP) to solve this problem.
Students are usually taught how to predict the equilibrium shift when a specific change is
made to a system at equilibrium. The prediction process is usually a shortcut method that

allow students to solve problems pertaining to LCP on a test. The prediction process
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usually taught in a coursework does not actually allow students to conceptually
understand what happens to each species in a reaction attaining chemical equilibrium at
the system level. For instance, while a decrease in volume increase the partial pressure of
the system, a decrease in volume also increase the concentration of all species involved in
the system instantaneously. The reason being molar concentration is number of moles
over the total volume of the system. However none of the three responses shown below

incorporates the idea of volume in the context of molar concentration.

Experimental group

Incorrect answer with incorrect reasoning

R: So #11, you decide to go with F, why you did go witha, d & e

P: 1 know there is this rule, which says decreasing volume means increase in pressure,
favors the side with more or less moles, [ don’t know which one, I guessed the low moles

sides, so NO and CI will be less and NOCI will be greater.

Control group

Incorrect answer with incorrect reasoning

Response 1

R: so for #11, you decide to go with F than G. why is that?

P: Well again, | made that mistake of reading it as NO, so this time around | went with
decreasing volume, so if you decrease volume, reaction will move to the side with less

moles, so there will be less NO, CI2 and more NOCI. F made the most sense

Response 2

R: So what was your reasoning behind #11?
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P: Well if you decrease the volume, you go towards the side with less amount of gas, and
that was on the right side. So equilibrium will shift towards right, and | selected choices

that fitted the logic. That’s how I ended up with a, d & e

In the succeding paragraphs discussion will be presented about correct responses
held by participants in both groups. The responses will be compared for selected items to
establish the effectiveness of the intervention and reasoning variation between
participants in both groups. Frequency analysis of student holding correct response on the

post-test is shown in Table 23.

For item 1, 93% of participants in the experimental group and 17% of participants
held correct resposne for item 1, i.e., rate of the forward reaction decrease as the reaction
gets going. In contrast, for item 1 33% of participants in the experimental group and 25%
of participants in the control grou held correct responses. It is evident from the
percentage comparison between the pre and post-test, percentage of students who held
correct responses has gone up signficicantly. Transcribed responses shown below
compare reasoning between participants in both groups for item 1. Only representative
student responses are shown. Responses (1 and 2) from participants in the experimental
group suggest not only they chose the correct answer but also held a valid scientific
reasoning. It is be to noted, the responses came from students who had incorrect resposne
and incorrect reasoning for item 1. In contrast while the paricipant in the control group
had correct answer, the reasoning was incorrect. The participant suggested, rate of the
forward reaction decreased because you have less products. While there is less products
to start with decrease in forward rate equates to a decrase in reactant concentration. The
second paricipant who’s response is not shown here also chose a correct answer but could
not provide a valid scientific reasoning.
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Table 23: Frequency analysis of correct responses held by students in the control (C) and
experimental (E) group on the post-test data. (NA = not applicable)

Item | Category Correct | Correct
% %
(©) (E)
(N=12) | (N=15)
Approaching equilibrium
1 Rate of forward reaction decrease as the reaction gets going | 17 93
2 None of the above 25 67
Characteristics of equilibrium
3 Concentration of reactants and products constant over time 50 93
4 Forward and reverse reactions continue to occur, rates of 42 100
forward and reverse reactions are equal and rates are
constant over time
5 None of the above 8 67
Equilibrium constant
6 Equilibrium constant K =1, rates of forward and reverse 25 20
reactions are equal
8 After addition of NO to a system at equilibrium and when 33 53
equilibrium is re-established, equilibrium constant K is the
same as before
Changing equilibrium conditions
7 After addition of NO initially, rate of forward reaction will 33 47
instantenously increase
9 When volume is decreased to a system at equilibrium, initially, 0 13
rate of forward and reverse reaction increase
10 When volume is decreased to a system at equilibrium, when 0 87
equilibrium is re-established, rate of forward and reverse reactions
are equal and greater than initial equilibrium
11 When volume is decreased to a system at equilibrium, when 17 60
equilibrium is re-established concentration of NO, CI2 and NOCI
will be greater than the initial equilibrium

Experimental group

Correct answer and correct reasoning

Response 1

R: Okay for #1, on your pre-test you decide to go with (e), and on your post-test you

decide to go with (c), why is that?
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P: Cuz, when | looked the simulations in the program, it showed, like, the forward
reaction cuz, there is a lot, and there is none on the reverse, which makes sense,
because, the reactants there’s something compared to products, so there’s going to be a
lot of forward reaction, and over time it will slowly decrease as the products increase, it

makes sense,
R: So when we say the rate of the forward reaction decreases what are we referring to?

P: We are referring to reactants, that is giving it away, meaning eaten up, to make

products

Response 2

R: Okay, we’ll start with #1, on the pre you had e, this time around you have ¢, why did

you pick c this time around?

P: Well, cuz, on the program it showed, the rate of the forward reaction decreases as it

gets going.

R: So when we say, rate of the forward reaction decreases, what are we really referring

to? You can explain it to me in terms of reactants and products
P: I guess how many the molarity or the concentration over time.
R: What happens to the concentration of reactants and products?
P: Ummm, it’s going down right?

Control group

Correct answer and incorrect reasoning

R: Okay, on your pre-test for #1, you had d, but this you have c, why is that?

P: Due to the fact, its approaching and not at equilibrium, that’s why I decide to change
my answer

R: so rate is decreasing?

P: Yes
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R: what we mean by decrease in rate?

P: cuz you have less products, so rate decreases

For item 3, 93% participants in the experimental group and 50% of participants in
the control group held correct response. In contrast on the pre-test, for item 3 60% of
participants in the experimental group and 42% of participants in the control group held
correct responses. While there is a marginal increase in the percentage of participants
with correct response in the control group, percentage of students in the experimental
group who held correct responses has gone up signficicantly. Only representative student
responses that were comprehensive (i.e., there was enough conversation between the

researcher and the participant over the item) are shown below.

While participants from both group held correct response, participants from the
experimental group not only had a correct response, but a valid scientific reasoning such
as system attains equilibrium when the rate of forward and reverse reaction is equal. A
higher percentage of students in the experimental group on the pre-test held the opinion, a
system is at equilibrium when concentration of reactants and products are equal. The
student also further add how the simulation allowed to visualize the process through

which a system attains equilibrium.

Experimental group

Correct answer with correct reasoning

R: Okay for #3, you may have changed your answer, that does not mean it’s right or

wrong? For # 3 you choose (a), on your post-test you decide to go with (c), why is that?

P: I kinda realize, after seeing the graph, the reactants aren’t going to be the same at

equilibrium, so K very might well equal 1, not because products, | mean concentration of
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products and reactants may not be the same, its just K expression is equal to 1, because
its
R: So why do we say K equals 1. I mean, I really understood your logic, If in algebra we

say, the ratio equals 1, what do we assume?

P: Well, if you assume, your ratio is 1, you have the same amount on one side and the

same on the opposite side.

R: So if we say its constant as in (c), right, but we say equilibrium means K equals 1,
what are we really refer to, these two cannot be equal, than how can K be equal to 1?

P: I would say the ratio of going from one end to the other is the same

R: so what is that ratio called? it’s called by a different name.

P: May be rate?

Control group

Correct answer and incorrect reasoning

R: So now what was your reason behind choice for #3?

P: So, | remember, | remember, while learning, when you had equilibrium, I just
remembered concentration of reactants and products are constant because, the rates

were staying the same, so that’s why I picked it

R: Very good, very good

For item 5, 93% participants in the experimental group and 50% of participants in
the control group held correct response. In contrast, for item 3 60% of participants in the
experimental group and 42% of participants in the control group held correct responses.
There is a significant change in the percentage of students holding correct response in

both groups. The percent went up in the experimenta group and went down in the control
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group. It is to be noted, participants in the control group were allowed to use their lecture
notes on chemical equilibrium prior to the post-test. Only representative student
responses that were comprehensive are shown below. Comparing both responses it is
evident, participant in the experimental group used a system’s view to solve the question,
while participant in the control group employed process of elimination to arrive at the
answer. Closely examing the participant response from the experimental group, the
student hold’s a dynamic view of the system, i.e., making a change to one component of
the system will affect other components of the system. A similar reasoning was not seen
in the response from the participant in the control group. The participant in the
experimental group also suggest how the visualization was helpful in understanding the

dynamic nature of equilibrium.

Experimental group

Correct answer with correct reasoning

R: Okay #5, you indicated a (b) on your pre-test, this time you decide to go with (d) why

is that?

P: Again, because NO and NOCI exists in a 2 to 2 stoichiometry, there won't be equal
amounts of NO and NOCI. | think the visual part of the thing, it was, it is, it really helped
me to understand what the concentrations would be. Concentrations of NO, CI2 and
NOCI did not go to one thing, it were, it was, you know, NO was its one thing, CI2 was its

one thing

R: Okay, will it ever be the same? Under any circumstances would it ever be the same?

Can we say that? Ifit’s not equal, what makes it that way?

P: Because equilibrium is dynamic, when you change one thing, in this case if you

change NO, you change two others, so I think that’s probably why

154



Control group

Correct answer with incorrect reasoning

R: Alright, so what was your choice behind #5?

P: Ummm, so they do have a 2 to 2 stoichiometry, I knew that at equilibrium, C wasn’t
going to be right, as it doesn 't shift, I don’t think CI2 is going to be a limiting reagent,
cuz its at equilibrium, I thought B sounded right, as we did ICE table, but couldn’t get an

answer cuz no numbers were given, so went with D.

For item 10, 87% participants in the experimental group and 0% of participants in
the control group held correct response. In contrast, for item 10 20% of participants in the
experimental group and 0% of participants in the control group held correct responses.
There is a significant change in the percentage of students holding correct response in the
experimental group, while there is no change in the contol group. Only representative
student responses that were comprehensive are shown below. Comparing both responses
it is evident, participant in the experimental group used a system’s view to solve the
question, while participant in the control group employed process of elimination to arrive
at the answer. Only representative student responses that were comprehensive are shown
below. Comparing both responses it is evident, participant in the experimental group used
a system’s view to solve the question, while the participant in the control group employed
LCP to arrive at the answer. The response shown in the experimental group came from
the same participant. The participant was able to move away from the idea of
concentrations being equal to rates being equal post intervention. In addition, the

participant was able to meaningfully integrate the effect of volume towards an increase in
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the concentration of all species. In fact, it is the increase in concentration of all species
leads to an increase in rate in the second equilibrium. Response from the participant in
the control group concurs with the algorithmic view reported by Hackling and Garnett
(1985) and Cheung (2009). Hackling and Garnett (1985) reported that students held a
simple arithmetic relationship between the concentration of reactants and products.
Cheung (2009) stated, instruction does not focus on what happens to the system when it
re-attains equilibrium. Rather the instruction focuses on direction of equilibrium shift.
Providing students with a table that lists equilibrium shifts under different conditions,

incorporates an algorithmic view in the minds of students.

Experimental group

Correct answer with correct reasoning

R: For #10, you indicated (c) as your choice, this time you decide to go with (f), what

was your reasoning behind the change?

P: Okay when new equilibrium is re-established after decreasing the volume, which
means you increase the pressure, rates of forward and reverse reaction will be greater

than before, so,

R: Why do you think its greater?

P: Rate = k*times.

P: Idon’t think that’s right,

R: No go ahead and complete it, this is one way of writing it
R: So how did we define rate earlier in our interview?

P: We said concentration over time

R: Why do you think rate is greater, what made rate greater?
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P: more stress on reactants and products, to compensate, subsequent increase in NOCI,

there is also going on in the reverse direction,
R: So what is increased in the ratio?
P: The concentration of the products and the reactants?

R: Very good, good

Control group

Incorrect answer with correct reasoning

R: So what was your reasoning behind #107?

P: Okay, even though you decrease volume, some of the stuff will moves to the right, but
when equilibrium is established forward and reverse rates will be equal. | knew it right

away. That’s why I decide to go with choice f

For item 11, 60% participants in the experimental group and 0% of participants in
the control group held correct response. In contrast, for item 11 27% of participants in the
experimental group and 0% of participants in the control group held correct responses.
There is a significant change in the percentage of students holding correct response in the
experimental group, while there is no change in the contol group. Only representative
student responses that were comprehensive are shown below. Comparing participant
responses from the experimental group to the participant response in the control group it
is evident, participants in the experimental group used a system’s view to solve the
question, while the participant in the control group employed LCP to arrive at the answer.
The responses shown in the experimental group came from the identical participants.
Both participants were meaningfully able to integrate the change in volume to change in

molar concentration.
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Experimental group

Correct answer with correct reasoning

Response 1

R: Alright for #11, you clearly had a change of answer, what was your reasoning behind

your change of answer?

P: Well the simulation explained concentration well, well concentration is moles over
liters, so if smaller volume, concentrations going to be higher for all, I mean reactants

and products

Response 2

R: Okay, another question where you clearly changed your opinion is #11. Why is that, |

mean what was your reasoning behind your change? You had (f) now you have (g)

P: The concentration graph when you decrease the volume was helpful. When you
decrease the volume, you are increasing the concentration, of all of em, because its moles

over volume,

Control group

Incorrect answer with correct reasoning

R: so for #11, you decide to go with F than G. why is that?

P: Well again, | made that mistake of reading it as NO, so this time around | went with
decreasing volume, so if you decrease volume, reaction will move to the side with less

moles, so there will be less NO, CI2 and more NOCI. F made the most sense
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ANCOVA ANALYSIS

An ANCOVA analysis was conducted to the answer the overall research question

and research hypothesis 1 of this study,

Research question: Is there is a statistically significant difference in the means between

the control and the experimental group at posttest, after adjusting for pretest scores?

Research hypothesis 1: A mean difference in posttest scores will occur between the

control and experimental group, after adjusting for the pretest scores.

ANCOVA

A one-way analysis of covariance (ANCOVA) evaluates whether population
means on the dependent variable are the same across levels of a factor, the independent
variable, adjusting for differences on a covariate (i.e., whether the adjusted group means
differ significantly from each other). The independent variable divides individuals into
two or more groups, while the covariate and the dependent variable differentiate
individuals on gquantitative dimensions (Green & Salkind, 2003). The purpose behind
conducting an ANCOVA is to compare the two group’s (control and experimental)
posttest scores after removing the effects of subject heterogeneity, or naturally occurring

individual differences during the pretest.

ANCOVA Assumptions

The following ANCOVA assumptions were tested and found tenable, before the

ANCOVA was performed on the data obtained from the dissertation study.
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Assumption 1: The dependent variable and the covariate variable should be measured on
a continuous scale. The assumption was met, because the dependent variable (post-test

scores) and the covariate (pre-test scores) were measured on a continuous scale.

Assumption 2: Independent variable should consist of at least two categorical groups.
The independent variable consisted of control and experimental group (categorical). The

experimental group received the intervention in the form of computer simulations.

Assumption 3: Independence of observations. There was no relationship between the
observations within each group or across groups because participants in the control and
experimental group met on separate occasions and participants could not share or discuss

the material being learned during the experiment.

Assumption 4: The dependent variable is approximately normally distributed within
each category of the independent variable. Shapiro-Wilk test of normality was performed
and the p value was greater that .05 (experimental group = 0.232 and control group =
.065) suggests, the data is approximately normally distributed within each condition. In
addition, skewness and kurtosis data was used to establish normality. As reported in
George and Mallery (2010), values for skewness and kurtosis between -2 and +2 are
considered acceptable in order to suggest data represent an approximately normal
univariate distribution. Skewness for experimental and control groups are respectively (-
0.37 and 0.47) and kurtosis for experimental and control group respectively (1.73 and -
0.33) fell under the skewness and kurtosis range for normality suggested in George and

Mallery (2010).
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Assumption 5: Homogeneity of regression slopes ( i.e., there is no interaction between
the covariate and the independent variable). Interaction effect between the dependent

categorical variable (group) and the covariate (pre-test scores) to establish homogeneity
of regression slopes. Homogeneity of regression was tenable. F(3,16) = 3.01, MSE =

65.21,p = .06,n2 = .36.

Assumption 6: Test of homogeneity of variance, the spread of scores within each
condition (treatment and control) should be approximately similar. A Levene’s test of
equality of error variances was conducted to establish homogeneity of variance between
the two conditions. If the Levene's test result is statistically significant , it means that the
data do not show homogeneity of variance. If the Levene's test is not significant, then the
assumption of homogeneity of variance is tenable. The p value was found to be .948.
which, suggests that there is little evidence that the group variances are not equal and the

condition of homogeneity of variance is tenable.

Assumption 7: The covariate is related to the dependent variable (post-test scores) at
each level of the independent variable (group — control/experimental). The assumption
was tested by creating a grouped scatter plot between the covariate, the dependent and the
independent variable. The slopes for each group are plotted in the scatter plot of the data
points with the covariate (pre-test scores) on the x axis and the dependent variable (post-
test scores) on the y axis. The scattered plot indicated that the variability in the groups
around the regression slopes is much reduced as compared to the variability around the
mean, as indicated by two lines that run almost parallel to each other. The results from
the grouped scatter plot suggest, the assumption that the covariate is related to the

dependent variable at each level of the independent variable is reasonable.
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Results

Results from a one-factor ANCOVA showed posttest scores were significantly
higher for the experimental group (Mpostadj. = 7.27 SDpost = 1.387) relative to the control
group (Mpostadj. = 2.67, SDpost = 1.371) after adjusting for pretest scores, F (1,24) =

71.82, MSE = 1.497,p = 0.03,n; = 0.75,d = 3.33.

Cohen’s d was converted to an attenuated effect size d* using the procedure
outlined in Thompson (2006). The adjusted (for pretest scores) group mean difference
estimate without measure error correction for the posttest scores and the pretest scores

was 4.2 with a Cohen’s d = 3.04.

An alternate approach reported in Cho and Preacher (2015) was used to determine
effect size. The adjusted (for pretest scores) group mean difference estimate with
measurement error correction only for the posttest scores (but not with measurement error
correction for the pretest scores) was 4.99 with a Cohen’s d = 3.61. Finally, the adjusted
(for pretest scores) group mean difference estimate with measurement error correction for
both pretest and posttest scores was 4.23 with a Cohen’s d =3.07. From a quantitative
perspective, these effect size indicate a strong relationship between the experimental
intervention provided and students’ conceptual understanding of chemical equilibrium
concepts. That is, those students who received the experimental intervention had

exceptionally higher
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In summary, the above section on the post quantiative/qualitative analysis provides
evidence that participants in the experimental group were able to apply system principle
while solving a question. In the next section (Chapter 5) summary of the findings from

the research study along with implications recommendations for future research will be

provided.
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Simulation Notes-Sheet

The major purpose for incorporating the simulation notes into the study was to
identify information students extracted from their interaction with the simulations. An
assumption made in this case is that it is important, as it allows the researcher to determine
whether students were able to transcribe the audio in their notes or is it more the visual
component that they find beneficial or a combination of both. Representative snap shot of
students writing is shown below. Student feedback obtained through the simulation notes
sheet will be used to update future versions. In addition student feedback will be used in

the context research questions discussion in the final chapter (Summary & Conclusions).

Figure 5 shows aspects of simulations that was appreciated by participants. The one
aspect that was unanimously appreciated by all participants was the existence of graphical

displays in the simulations.
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Figure 5: Aspects of simulation appreciated by students
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It is evident from Figure 6, the visual aspect of the simulation is dominating. Even
examining writings displayed in the figure and even in ones that are not displayed in the
collage, students unanimously agreed that they found the graphs helpful. In particular,
simulation notes from participants suggest, they particularly understood the concept of rate
more clearly through the three stages: a) when the system was approaching equilibrium, b)
when the system has attained equilibrium and c) when a change has been made to a system
that was at equilibrium. It is apparent from Table 32, percentage of students who answered
items 1, 2, 4,5, 7,10 and 11 correctly between the pre and post-test increased. Items 1, 4,
7, 9 and 10 tested participants understanding of the concept of rate under three stages: a)
when the system was approaching equilibrium, b) when the system has attained equilibrium
and c¢) when a change has been made to a system that was at equilibrium. While not shown
in Figure 6, participants demonstrated conceptual understanding of the concept of
concentration. Participants who answered items pertaining to concentration change (item
2, 3and 11) also had detailed notes and thorough description of their understanding behind
the graphs relating concentration change as a function of time. All 15 students admitted
during the post-qualitative interview that the graphs were very helpful towards
understanding the various concepts. When inquired, if they did not find the particle view
helpful? Most students did suggest, they did find it helpful, however the combination of

audio cues and the graphs were very helpful.
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CHAPTER V. SUMMARY & CONCLUSIONS
Summary of Findings

The purpose of this study was to evaluate the effectiveness of simulations in
supporting post-secondary level students’ conceptual understanding of chemical
equilibrium at the particle level (microscopic). The conditional probability analysis
indicated a recurring pattern i.e., a participant who correctly responded to an item (item
1) with in a category (for example, approaching equilibrium), had a higher probability of

answering another item (item 2) correctly with in the category.

Results from a one-factor ANCOVA showed posttest scores were significantly
higher for the experimental group (Mpostadj. = 7.27 SDpost = 1.387) relative to the control
group (Mpostadj. = 2.67, SDpost = 1.371) after adjusting for pretest scores, F (1,24) =
71.82, MSE = 1.497,p = 0.03,7112, = 0.75,d = 3.33. Cohen’s d was converted to an
attenuated effect size d* using the procedure outlined in Thompson (2006). The adjusted
(for pretest scores) group mean difference estimate without measure error correction for
the posttest scores and the pretest scores was 4.2 with a Cohen’s d =3.04.. Froma
quantitative perspective, the larger effect sizes indicate a strong relationship between the
experimental intervention provided and students’ conceptual understanding of chemical
equilibrium concepts. That is, those students who received the experimental intervention
demonstrated significantly higher conceptual gains in understanding chemical
equilibrium than students in the control group who were permitted to review their notes,
but that did not have any additional intervention. It is important to note that several weeks

before the study was conducted chemical equilibrium had been presented and tested on
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the mid-term exam of the general chemistry course in which both groups were enrolled. ,
Therefore, the understanding both groups held about chemical equilibrium was found to

be similar based on the results of the pre-test.

The Kuder-Richardson 20 (K-R 20) analysis was performed to determine the
reliability of the instrument. The K-R 20 was specifically used in reliability analysis
because, K-R 20 is a special form of Cronbach’s alpha that is used when the quantitative
instrument contains dichotomous data (right or wrong responses) and when the response
data does not represent a continuous scale or cannot be ranked in any particular order.
The value of Cronbach’s alpha for the post-test was acceptable (e« = 0.71) falling with
the range of acceptable values ranging between 0.7 to 0.95 ( Devills, 2003; Nunnally,
1994). Comparing the pre and the post-test Cronbach’s alpha, there is a sharp increase
suggesting that there is more inter-relatedness between the items, and suggesting that

perhaps the number of items is sufficient.

Instruments that have been used by researchers (i.e., Canpolat et al, 2006;
Hackling & Garnett, 1985; Hameed et al, 1993) to identify student misconception
towards chemical equilibrium for the reaction shown in Equation 1 has involved
obtaining a true or false response or the test containing a limited number of choices —
typically only three (i.e., increase, decrease or none). Such assessments provide a chance
of 50% and 33 % , respectively, that a student could guess the correct answer choice
without understanding the content.. Ozmen’s (2008) two-tier instrument focuses on
multiple chemical reactions. While a two tier instrument (Ozmen, 2008) might be helpful
towards understanding student misconceptions towards multiple chemical reactions, for

an intevention based study, an instrument focusing on a single reaction, yet addressing
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multiple facets of chemical equilibrium is essential. It is to be noted, due to time
constraints, chemical equilibrium misconceptions on topics centred around effect of
catalyst, temperature and inert gas on a system at equilibrium was not addressed in the
current study. Hence the instrument did not seek to understand students understanding

towards those concepts.

Discussion

This section presents a discussion on the major findings that emerged from this
study. The discussion is framed around the four research questions that guided the study.
Percentages of responses from the experimental group and control group are presented in
parentheses, where the first number correlates to the percentage of experimental group’s
responses, and the second number correlates to the percentages of control group’s

responses.

Research Question 1: What are students’ conceptual understandings of chemical
equilibrium before interacting with the simulations?

Table 14 summarizes the frequency analysis of common misconceptions held by
students in the experimental and control group. Common misconceptions refers to
conceptual misunderstandings that have been identified by prior research (Wheeler &
Kass, 1978; Hackling & Garnett, 1985; Banerjee, 1991; Huddle & Pillay, 1996; Voska &
Heikkinen, 2000) on the topic of chemical equilibrium. While numerous studies have
identified chemical equilibrium misconceptions held by students over the last 2 decades,
specific studies that focused on student misconceptions towards the chemical reaction

shown in Equation 1 listed in Table 14. Common misconceptions held by a higher

169



percentage of students in the control and experimental groups respectively, included: a)
concentration of reactants and products at equilibrium are equal (item 3a, 33%, 27%) b)
equilibrium constant K is greater for the specific chemical reaction when equilibrium is
disturbed and re-established (8b, 40%, 33%), c) at equilibrium concentration NO and
NOCI will be equal because they exist in a 2 to 2 stoichiometric ratio (5b, 50%, 40%), d)
after addition of NO, rate of forward reaction increase and reverse reaction decrease (7e,
25%, 87%) and e) when volume of the system is decreased and equilibrium is re-
established, rate of forward and reverse reactions will be same as that of the initial

equilibrium (10d, 25%, 60%).

A major difference between the current study and the studies identified in Table ()
(Canpolat et al, 2006; Hackling & Garnett, 1985; Hameed et al, 1993) is, the current
study employed a quantitative instrument with multiple distractors for each item.
Additional misconceptions held by students in both groups during the pre-phase shown in
in Table 15. Additional misconceptions are not merely wrong choices, but distractors
carefully chosen from various research studies. For instance, the answer choice, “while a
system is approaching equilibrium” only the rate of the reactions were explored in prior
studies, the aspect of concentration while a system approaching equilibrium was omitted.
Similarly, while research studies have identified student’s misunderstanding and
misapplication of Le Chatelier’s principle, instruments have not quantified students’
misconceptions, at least towards the chemical system shown in equation 1. For instance, a
higher percentage of students in both groups held an algorithmic view towards solving
item 11. Research studies (Cheung 2004, 2009; Hackling & Garnett, 1985; Hameed,

Hackling & Garnett, 1994) have identified that students tend to apply Le Chatelier’s
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principle in a formulaic method, for this reason, the algorithmic view was created as a
distractor in item 11. As expected, student responses confirmed the formulaic view
reported in the literature. A higher percentage of students in both groups did not have a
system’s view and applied Le Chatelier’s principle in a logical manner (Shafer, 1984;

Berquist, 1989).

Representative interview responses shown below for item 11 illustrate how
students in the experimental and control groups demonstrated a formulaic view reported
in the research literature. More specifically, they held the view that equilibrium within a
system occurs in one direction, rather than in both directions (Hackling & Garnett, 1985;

Hameed, Hackling & Garnett, 1994).

In the representative responses shown below it is evident that students not only
hold an incorrect view about stoichiometry, but also failed to integrate the effect of
volume. If the volume of a system is deceased, then molar concentration (moles over
volume) should increase for all species within the system. Such an explanation was not
found in student responses. Instead, student’s response reflect a see saw model view, i.e.,
when two people of equal weight sat on a see saw and when additional weight is added to

one side, then the side with more weight goes down and the side with less weight goes
up.

Experimental group

Student: “So you go to the side with the least amount of stress, so we go to right, going to
(d), we have the concentration of CI2 will be less than first, and the concentration of
NOCI would have to increase as in (e)”

Control group
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Student: “Decrease volume means increase pressure, 3 moles on the reactant side and 2
moles on the product side, it’s gonna shift to the side with less moles, and I know that the
reaction is going to shift to the right, to decrease the pressure, the NO and CI2 would
decrease and NOCI would increase”

Research Question 2: What key characteristics of students’ mental model regarding
chemical equilibrium concepts can be extracted from the qualitative data before
viewing simulations?

According to Greca and Moreira (2000), mental model is defined as personal,
internal representations used by learners to explain and make predictions about the world
surrounding them. Alternatively Coll and Treagust (2003) assert that mental
representations that include mental models are the personal representations of a concept
or entity that resides in the mind of the knower. They presented the view that it is not
easy to understand mental models, as students often describe ideas they may not have
understood properly.

According to Bodner (1986), individuals learn as a result of an active process in
which individuals construct their own knowledge through interaction of the physical
environment with their existing experiences. Thus, the initial mental models that students
bring to a learning environment are different from each other and therefore, different
learners construct identical meanings differently.

In addition, Chi (1994) notes that conceptual change occurs when a concept is
reassigned from one category to another. She asserts that all entities belong to one of the
three ontological categories; a) entities, b) process and c¢) mental States. According to
Chi’s conceptual change model, a concept such as chemical equilibrium contains

constraint based features like randomness, simultaneous, uniform activities. A constraint
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based interaction (CBI) provides no information about its time course, because it has no
time element.

The constraint based features might prevent students from deeply understanding
the concept of chemical equilibrium. Concepts associated with chemical equilibrium
such as rate of a reaction, molar concentration, equilibrium constant are also part of the
CBI category. CBI and events are sub-categories of the event ontological category.
Examples of events include; a reaction is dynamic or static, a reaction is happening in one
direction, a reaction is happening in both direction. If a student add or delete concepts
with in an event or CBI category, a basic conceptual change is achieved. If a student’s
thought process switches from an event sub tree to a CBI sub tree or a switch from a
matter to process category then a radical conceptual change is achieved.

A coding taxonomy was developed to explain how student’s conceptual model

shifts between ontological categories. The taxonomy is shown in Figure 7.
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Figure 7: Coding taxonomy developed to explain student’s conceptual shift between
ontological categories.

As chemical equilibrium is a complex system, the term system was chosen as the
foundational component of the hierarchical tree. Ontological categories (matter,
processes and mental states) proposed by Chi et al (1994) were chosen as the three sub
branches of the system component. Sources of alternate misconceptions identified in the
literature were grouped under a specific ontological category or under a sub branch of an

ontological category.

For example, Gussarsky and Gorodetsky (1990) reported that applying
macroscopic qualities to the microscopic level leads to alternate conceptions in
understanding of chemical equilibrium. The use of models (analogic models), which are
known to possess limitations, is one way of differentiating scientists and experts from

students and novices. Experts have a greater level of experience with phenomena and
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models, as well as the culture and norms of chemistry. Experts have greater ability to
visualize abstract concepts, whereas “novices usually have incomplete or inaccurate
models, whereas those held by experts includes macroscopic data from the physical
world and formal abstract constructs of the phenomena” (Williamson & Abraham, 1995,
p. 522). Grosslight, Unger, Jay and Smith (1991) claim that novices tend to think of
models in concrete terms, meaning that novices think of models as scale models of reality
— the ball or sphere used in teaching really is exactly like an atom — apart from its size.
Research indicates that experts recognize the purpose of models, that is, that models are
intended to serve the user and frequently require modification as new experimental data
are revealed. Students fail to understand that models, no matter how successful and

realistic appearing, are not copies of reality.

Similarly Nakleh and Krajcik (1994) suggested that students construct most of the
understanding of chemistry from a macroscopic perspective and fail to relate the
macroscopic representations to symbolic and microscopic representations. Sudents’
qualitative reasoning in both control and experimental groups, exhibited matter level
understanding, i.e., either they had developed incorrect analogical model or have applied

analogical models, then the reasoning would be grouped under the matter category.

Chemistry instruction at the secondary or post-secondary levels typically focus
on two of three levels, predominantly the macroscopic and the symbolic levels.
Instruction at these two levels does not automatically render comprehension of the
microscopic level among students, nor does it allow students to transition between levels
like chemists do (Nurrenbern & Pickering, 1987; Nakhleh 1993). Results of the these

studies suggest that students with varying academic levels perform better on chemistry
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questions that are algorithmic/mathematical in nature, even towards questions that
involve the sub microscopic level. Nurrenbern and Pickering (1985) demonstrated
through their research study that many students were able to give correct numerical
answers without applying content knowledge in solving chemistry problems. Gabel
(1981), found that students were able to solve chemistry problems by application of
algorithms that was not dependent on content knowledge requirement. According to
Herron (1996), “algorithms are carefully developed procedures for getting right answers
to exercises and routine tasks within problems with a minimum effort” (p. 64). Anamuah-
Mensah (1986) suggested that instructors and teachers found it easier to teach chemistry
problems through algorithms and formulas, thus ignoring the key aspect of conceptual

knowledge.

In their review of research on chemistry problem solving, Gabel and Bunce
(1991) found that students used what was referred to as a Rolodex approach, whereby
they searched through memorized formulas until finding one where the units in the data
matched the units in the problem. Solving chemistry problems in this manner focuses
students’ attention on symbolic representations rather than developing a conceptual

understanding that integrates symbolic and microscopic representations.

Pushkin (1998) listed four reasons to describe the disparity between conceptual
understanding and algorithmic approach towards solving chemistry problems. They are a)
students enrolled in general chemistry tend to follow a set of procedures and rules in
solving problems, b) students display dualistic behavior — either act as repositories of
knowledge, accepting information their instructors tell them without questioning it or

accept their instructors perspective only under testing conditions, c¢) novice learners are
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subject to science curriculum and pedagogy that discourage critical and conceptual
thinking and finally d) instructors who teach such classes also place more value on
algorithmic learning than on conceptual learning, leaving the learners with the impression
that science is “math in disguise” (p. 809). This aspect of algorithmic application of
concepts towards solving chemical equilibrium problems will be one of the ideas
explored in the study. Cheung (2009, 2004) have suggested while Le Chatelier’s
principle (LCP) is deceptively easy to apply to solve chemical equilibrium problems,
LCP is inadequate and can result in incorrect predictions about the effect of changes in
concentration, volume, pressure or temperature on a chemical system at equilibrium.
They concluded LCP is not a pre-requisite towards a deeper conceptual understanding of
chemical equilibrium. Cheung (2009, 2004) suggested while teaching chemical
equilibrium in classrooms teachers must not rely exclusively on LCP and should promote
real learning by leaning towards the use of equilibrium law, concept of reaction quotient,

and the simplified version of Van’t Hoff equations.

Hence, the four common sources of alternate conceptions (information recall,
algorithmic application, incorrect application of LCP and formulaic application of logic)
were chosen to be part of the procedural ontological category. Qualitative interview
during the pre-test for the experimental group were analyzed to determine if students held
the above common sources of alternate conceptions. If a student had answered an item
correctly but had used any of the four sources, then the number of students who held the
incorrect model will appear in bold in the coding taxonomy shown in Figure 8, while the
student had answered an item incorrectly and used any of the four sources, then the

number of students will appear in italics in the coding taxonomy shown in Figure 8.
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The preconception of equilibrium stems from the idea used in everyday life,
where equilibrium means equality of two sides, stability and static in nature (Schafer,
1984). While systems that reach chemical equilibrium may appear macroscopically stable
and static, microscopically the system is dynamic not only because of molecular
movement but also because the process of bond breakage and creation goes on.
Equilibrium constant is defined as the ratio of concentration of products to reactants.
Hackling and Garnett (1985) reported that students held a simple arithmetic relationship
between the concentration of reactants and products. The simple arithmetic relationship
here is K =1, i.e., the numerator and denominator has to be equal. Hence, concentration

has to be equal.

According to Ben-Zvi et al (1987) and Krajcik (1991), alternate conceptions about
chemical concepts arise from a) representing chemical concepts only at the macroscopic
level rather than in combination with microscopic and symbolic level b) comprehending
chemical concepts at the macroscopic level through surface features and c) interpreting
chemical reactions as a static processes. Ben-Zvi et al (1987) reported that despite
substantial instruction, students in the study viewed formulas were merely abbreviations
for names rather than a composition or a structure. Hence, dynamic and static views
about chemical equilibrium were included under the event ontological category. Whether
students hold a static or dynamic view was examined through analysis of the pre-

qualitative interview.

Concepts associated with chemical equilibrium such as rate of a reaction, molar
concentration, equilibrium constant are also part of the CBI category. CBI and events are

sub-categories of the event ontological category.
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Molar concentration refers to the ratio of total moles of solute to the total volume
of the system. If for instance a student had a correct answer choice on an item pertaining
to concentration, but the reasoning did not contain a scientific explanation of molar
concentration involving terms such as moles of solute or volume of a system, it would be
deemed that the student do not have a conceptual understanding of the CBI category
molar concentration. Students who fell under this view of correct answer but insufficient
or incorrect explanation indicated by dotted arrow in the coding taxonomy shown in
Figure 8. # of students who held this model will be shown in parenthesis along the arrow.
In contrast, if a student held a correct answer a correct scientific reasoning on items
pertaining to concentration, then such a mental model indicated by a bold arrow in the
coding taxonomy shown in Figure 8. # of students who held this model will be shown in
parenthesis along the arrow. Items that represent concentration aspect of chemical

equilibrium will also be shown.

According to Hackling and Garnett (1985), students generally had a qualitative
understanding of the way in which the concentration of reactants and products changed as
the reaction approached equilibrium. The misconception may result from students’ prior
experience with chemical reactions which do in fact show an increase in rate as the
reaction takes place. For example when a piece of magnesium (Mg) ribbon is placed in
dilute acid, rapid evolution of hydrogen gas results. In these reactions, there are special
factors that govern the increase in rate of a forward reaction. It is likely, students do not
develop complete understanding of these special factors, but instead develop the
misconception that the rate of a chemical reaction increases as the reaction proceed

towards equilibrium. Because students have developed the misconception, rate of a
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reaction in the forward reaction increases, they believe the opposite is true, i.e., rate of
reverse reaction decreases. This misconception is further reinforced by misapplication of
Le Chatelier’s principle. Because classroom instruction continue to reinforce the idea,
when the volume of a system is reduced the reaction would shift to the side with least

moles (LCP), students associate the equilibrium shift with rate of a reaction.

Students who held such a mental model reported by Hackling and Garnett (1985)
indicated by a dotted arrow in the coding taxonomy shown in Figure 8. # of students who
held this model will be shown in parenthesis along the arrow. Alternatively, if students
held scientifically acceptable conception for rate related concept. Student mental models
will be indicated by a bold arrow as shown in Figure 8. # of students who held either the
alternate or correct conception will be shown in parenthesis along with the items towards

which they had a specific conception.

Bilgin (2006) suggested students memorize the rules they learn and then try to
apply it without understanding, fixating on the pervasive set of reasoning rule-rote
recalling algorithm. The development of this algorithmic misconception can be attributed
to considerable emphasis placed on reaction stoichiometry in introductory topics
Hackling and Garnett (1985); Hameed et al (1994). Hackling and Garnett and Hameed et
al reported that students’ lack of approaching the reaction from a system’s perspective
could be due to their lack of understanding of the way in which numbers of moles of
reactants being consumed and products being formed in a chemical reaction are related.
Cheung (2009) emphasized that instruction does not focus on what happens to the system

when it re-attains equilibrium. Rather the instruction focuses on direction of equilibrium
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shift. Providing students with a table that lists equilibrium shifts under different

conditions, reinforces students applying an algorithmic view.

A combination of incorrect understanding of stoichiometry and algorithmic
approach contribute towards students’ alternate conception with the concept of
equilibrium constant. Students who held alternate conception towards equilibrium
constant indicated by a dotted arrow in the coding taxonomy shown in Figure 8. # of
students who held this model will be shown in parenthesis along the arrow. Students who
held scientifically acceptable conception for rate related concept. Student mental models
will be indicated by a bold arrow as shown in Figure 8. # of students who held correct
conception will be shown in parenthesis along with the items towards which they had a

specific conception.

Conceptual understanding of chemical equilibrium require students to have a
dynamic view of the system and be able to integrate constraint based interaction such as
molar concentration, rate of the reaction and equilibrium constant in a coherent fashion.
Such an interaction can be seen in coding taxonomy shown in Figure 8. Arrows from
dynamic system, constrain based interactions (molar concentration, rate of the reaction

and equilibrium constant) lead to the concept of chemical equilibrium.

Mental states were not the focus of the study and hence was not studied.
Therefore a discussion on defining and applying the mental states ontological category is

beyond the scope of the current study.
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Figure 8: Coding taxonomy demonstrating mental model held by student’s in the
experimental group during the pre-intervention phase.

It is important to note that time was a major limiting factor in the study. This

includes the time it took to recruit students to meet the necessary sample size for both the

pilot and the research study, and the time a participant was willing to invest towards the

study. Most participants spent about 90-120 minutes of their time to complete their

portion of the study. If given more time to interact with each participant, greater detail

from interviews might have been collected to richly portray participants’ complex

understandings of chemical equilibrium, and characterize potential changes in the

experimental group’s mental models after interacting with the simulation intervention. As

it was, the detail collected from participant interviews provided sufficient evidence to

illustrate key scientific understandings developed through interacting with after students

completed the simulation intervention.
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The most common of all chemical equilibrium misconception reported in the
literature is the fact, students carry the notion that at equilibrium, concentration of
reactants and products are equal (item 3 and 5). Items 3 and 5 are part of the larger theme,
characteristics of chemical equilibrium. The preconception of equilibrium stems from the
idea used in everyday life, where equilibrium means equality of two sides, stability and
static in nature (Schafer, 1984). While systems that reach chemical equilibrium may
appear macroscopically stable and static, microscopically the system is dynamic not only
because of molecular movement but also because the process of bond breakage and
creation goes on. Gussarsky and Gorodetsky (1990) explained applying macroscopic
qualities to the microscopic level leads to misconception towards understanding of
chemical equilibrium. Hackling and Garnett (1985) reported that students held a simple
arithmetic relationship between the concentration of reactants and products. Berquist
(1989) reported that students often selected multiple choice answer on an examination
dealing with chemical equilibrium without a corresponding level of understanding for the

underlying concepts.

To illustrate the functionality of the coding taxonomy only representative item
and item responses are discussed. Key words are underlined to illustrate why a student’s

mental model fell under a specific ontological category.

Examining Figure 8 for item 3, it is evident that only 1 out of the 15 students in
the experimental group held a scientifically acceptable view of chemical equilibrium. The
transcribed interview response shown below demonstrates how the student held a
scientifically acceptable view of chemical equilibrium. The student offers multiple view

points while answering the question. The underlined words in the response below suggest
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that the student justified why concentrations are constant over time at equilibrium, i.e.,
rate of the forward and reverse reactions are equal. The student was able to relate two

CBI categories while answering the question.

R: So same with #3, why did you go with (c) why is that?

P: Well, ummm, concentration of reactants and products is constant over time, Ummm,
equilibrium just means that, both forward and reverse reactions are happening at the
same rate. So, the concentrations don’t change otherwise manipulated, if left alone it will
stay the same at equilibrium

In contrast, while two more students answered item 3 correctly, the responses do
not have the same characteristics held by the student above. The underlined words
suggest the student was merely recalling the definition of chemical equilibrium.
Transcribed student response is shown below. The response also illustrates, the student
was unable to explain the reasoning why concentration of reactants and products are

constant at equilibrium.

R: So why did you decide to go with c for #3?

P: Ummm, this one was quite obvious, | learned in lecture, that equilibrium
concentration is constant, cuz K =1

R: Okay why you think its constant

P: Like I said, cuz K =1 its equilibrium and hence it constant

Moderately higher percentage of students held an algorithmic view (procedural
category) while solving item 3. Underlined words in student responses below illustrates

the algorithmic view held by students.

Student 1
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R: Okay for #3, This is the reaction has its shown here, you choice (a) right? Why, why
did you choose choice (a)?

P: The concentration of reactants and products equal if K=1 that’s what it reads, so
when by definition K is equal to 1, when the concentration of products and reactants is
the same, well, it’s the same, yeah, it’s the same, cuz it’s products over reactants and so
when you divide the top by the bottom, you get 1, so K equals to products over reactants

Student 2

R: okay for #3, you choose (a). why did you choose that?

P: Okay, Umm, you know, | know, when | was thinking of equilibrium, I was thinking of
equal, you know cuz K =1.

R: Yeah so that’s why you choose to go with (a)?

P: Yeanh, it kinda makes sense

66% of students in the experimental group who answered item #5, held an
algorithmic view, a common alternate conception, i.e., concentration of NO and NOCI at
equilibrium must be equal because they existed in a 2 to 2 stoichiometry. Bilgin (2006)
suggested students appeared to have memorized the taught rule and then tried to apply it
without understanding the processes, fixating on the pervasive set of reasoning rule-rote
recalling algorithm. In particular for items 5, the misconception was found to stem out
based on consideration of co-efficients in a chemical reaction. The development of this
misconceptions can be attributed to considerable emphasis placed on reaction
stoichiometry in introductory topics Hackling and Garnett (1985) and Hameed et al

(1994).
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Representative transcribed student responses are shown below. The underlined
words suggest the students were merely applying an algorithmic approach while solving

the question.

In the first response shown below, while the student had the correct reasoning
(i.e., equilibrium will not shift towards either left or right, unless an external agent is
introduced) to eliminate choice c, the student incorrectly applied stoichiometric principles

in an algorithmic fashion to arrive at the final answer.

Student 1

R: Okay for #5, you choose (b) right, so what there a particular reason why decide to go
with (b)?

P: Cuz, NO and NOCI exists in a 2 to 2 stoichiometry, there will be equal amount of NO
and NOCI, stoichiometrically we say that for every amount of NO, we have at a same
constant ratio the amount that’s on the right which is NOCI

R: So why can’t it be (c)?

P: (c) reads equilibrium shifts to the right, hence more NOCI will be present, well at
equilibrium, and there is no shifting, because you are not adding or subtracting anything,
which is why

The follow student responses illustrate the algorithmic approach taken to solve the

question. The underlined words illustrate the algorithmic approach.

Student 1

R: So what was your choice behind (b) for #5?

P: [laughs], I thought about it, equal amounts, I just assumed it means moles, cuz the 2 to
2 stoichiometry, and | just choose that, it kinda made sense to me.

Student 2

R: #5, you choose B,
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P: Whenever | looked at the equation, they both 2 in front of them, so it’sa 2 to 2 or 1 to
1, so will be equal amounts of them.

Two of 15 student held correct reasoning on why they choose choice d for item 5.
Representative transcribed student responses is shown below. The underlined words
illustrate students’ thought process while solving the question. Both responses suggest
that the students were able to demonstrate the dynamic aspect of chemical equilibrium
(indicated by a bold arrow) in Figure 8. It is evident from the response shown below that,
the student took a systematic approach while solving the item. The student took each item

choice evaluated it before moving to a difference item choice.

R: And, okay, lets go to #5. What was your reasoning behind your answer choice for #5?

P: Well, then based on that assumption, you can’t really determine, if Cl2 is the limiting
reagent based on the information given, Well even if they are in 2 to 2 ratio, you still
can't, I mean like I said for (a) you cannot really determine without initial concentration,
so you really cant say that, at equilibrium NO is going to decrease or get lost. See, if its
at equilibrium, it is going to stay at equilibrium, there is nothing here to influence it to
shift either way. So Le Chatelier’s principle does not apply here, so that’s why I choose
(d) none of the above.

For item 6, 6 out of 15 students held an algorithmic view (procedure ontological
category) and 5 out of 15 students held a formulaic view (procedure ontological
category), i.e., attempting to fit a scientific concept in to an incorrect formula. The
algorithmic or formulaic view held by students concur with the view reported by Bilgin
(2006). Bilgin (2006) suggested students learn the taught rule by heart and they try to
apply it without understanding, fixating on the pervasive set of reasoning rule-rote

recalling algorithm.
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Representative transcribed student responses are shown below. The underlined
words suggest the students were merely applying an algorithmic or formulaic approach

while solving the question.

In the following responses, the student held a formulaic view, i.e., incorporating

the stoichiometry of reactants and products in to an equilibrium expression.

Formulaic view

Student 1

R: So, let’s go with #6, you choose (a)

P: well, I couldn’t remember, if it was like the rates equal or if it was the concentration. |
thought of the equilibrium expression, concentration of products over reactants, so |
know its concentration not rates

Student 2

R: So for #6, at equilibrium you choose B.

P: This is going to back to what | was saying for #3, where K =1, because there is two
moles of products and 3 moles of reactants, so K must be less than 1. So | guess | got
three wrong. | am thinking now, it must be none of the above for #3.

In the representative response below, the student demonstrates holding an
algorithmic view, i.e, applying the symbolic meaning of an equilibrium constant (K = 1)

to solve the item.

Algorithmic view

Student 1

R: What was your reasoning behind #6?
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P: Ummm, I guess, I wasn’t exactly sure about the question, if concentration of reactants
and products are equal, then K’s gotta be 1

For item 9, 93% of students in the control group held the common misconception,
i.e., when a system at equilibrium is disturbed by a decrease in the volume of the system,
rate of the forward reaction increases and rate of the reverse reaction decreases. The
alternate conception is indicated by dotted arrow between the CBI (Reaction rate) and
chemical equilibrium in Figure 8. Hackling and Garnett (1985) suggested this
misconception was caused by students believing that reaction rates adjusted to facilitate
the predictions made using LCP. Similar findings were reported by Cheung (2004).
While the participants were teachers and the chemical system considered was different
from the one considered in the current study, the findings concur with reasoning
suggested by Hackling and Garnett (1985). More than 50% of teachers who participated
incorrectly applied LCP to make predictions about the reaction rate when the volume of a
system is decreased. Only 2 out of the 33 had valid scientific reasoning behind their

answer choice.

The following representative interview responses reflect reasoning suggested by
Hackling and Garnett (1985). The participants have made use of Le Chatelier’s principle
to make predictions about the reaction rate. While the students were able to understand
the relationship between pressure and volume, the understanding was not extended to

relate volume to molar concentration.

Student 1

P: Ummm, [long pause], well I had to think about this one
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R: No problem, take your time

P: Well, you decrease volume, so you increase pressure, so it will move to right, so
reaction cannot move to left, so, it’s like, the, the forward should increase and reverse
should decrease

R: You mean the rate?
P: Yeah that’s what I meant
Student 2

R: What was your reasoning behind #9? Initially, means right at the moment, when you
make a change?

P: Let’s see, {long pause], at that moment, yeah, when you constrain the volume, the
forward reaction is going to go much faster, as it wants to re-establish equilibrium. Like |
said if you decrease or constrain volume, its going to favor the side with least moles, so
the forward reaction will increase and the reverse reaction will decrease.

Lastly, for items 11, 10 out of 15 students held a procedural view, i.e., incorrect
application of Le Chatelier’s principle while solving the item. Cheung (2009) emphasized
that instruction does not focus on what happens to the system when it re-attains
equilibrium. Rather the instruction focuses on direction of equilibrium shift. Providing
students with a table that lists equilibrium shifts under different conditions, incorporates

an algorithmic view in the minds of students.

Representative transcribed student responses are shown below. The underlined
words suggest the students held a procedural view while solving the item. It is evident in
all three responses, students applied Le Chatelier’s principle to determine equilibriums
shift, even though the question specifically request them to determine concentration of

reactants and products when equilibrium re-establishes.
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Student 1

R: #11, what was your reasoning?

P: Whenever volume is decreased, the reaction will go towards the side with least moles,
so, the left side has 3 moles, and the right side has 2 moles, and so after equilibrium has
re-established, the left side which was NO and CI2, the concentrations would be less, and
NOCI would be greater, cuz there only 2 moles of it.

Student 2

R: Lets go to #11, what was your reasoning, as to why you decide to go with (f) for #11?

P: Okay, Ummm, [long pause], so, when you decrease the volume, I think it goes back
the products are favored, so to re-establish equilibrium, it has to go in the reverse order,
so it’s going to use the NO and CI2, so that’s why they are less and the NOCI is greater.

R: Is there a principle did you use while answering the question?

P: Yeah | used the Le Chatelier’s principle to determine the answer to this question

Student 3

R: so what was your reason behind F for #11
P: Its kind of a process of elimination. But you know you could eliminate g and h.
R: You did decide to go with F.

P: 1 guess if you assume if it shifts to the right, less of the reactants and more of products.
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Research Question 3: What evidence is observed to suggest changes in students’
mental models on chemical equilibrium after they use the chemical equilibrium
simulations?

According to Chi (1994), conceptual change occurs when a concept is reassigned
from one category to another. She asserts that all entities belong to one of the three
ontological categories; a) entities, b) process and ¢) mental States. According to Chi’s
conceptual change model, a concept such as chemical equilibrium contains constraint
based features like randomness, simultaneous, uniform activities. A constraint based
interaction (CBI) provides no information about its time course, because it has no time
course. The constraint based features might prevent students from deeply understanding
the concept of chemical equilibrium. Concepts associated with chemical equilibrium
such as rate of a reaction, molar concentration, equilibrium constant are also part of the
CBI category. CBI and events are sub-categories of the event ontological category.
Examples of events include; a reaction is dynamic or static, a reaction is happening in one
direction, a reaction is happening in both direction. If a student add or delete concepts
with in an event or CBI category, a basic conceptual change is achieved. If a student’s
thought process switches from an event sub tree to a CBI sub tree or switches from a

matter to process category then a radical conceptual change is achieved.

For item 3, 14 of the 15 participants in the experimental group held a system view
of chemical equilibrium post intervention. A higher percentage of students held a
procedural view (information recall, algorithmic or formulaic view) of chemical
equilibrium. Representative transcribed student responses is shown below. The

underlined words suggest the students” mental model has changed for item post
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intervention. Item 3 describes how the rate of a reaction occurs in a system at
equilibrium. Hence, the concept of dynamic nature is important while understanding the
concept of rate. Post intervention, not only did students had a stronger conceptual
understanding of the rate concept, but also held a dynamic view. The change in
ontological category from (procedural such as information recall) to CBI ontological
category (Reaction rate) indicated by a blue arrow (Figure 9) running through the event
ontological category (dynamic). Based on the Chi’s (1994) ontological model, for item 3

a radical conceptual change has been achieved among students in the experimental group.

It is evident in the responses shown below, the students held a different model. In
contrast during the pre-test, students held the belief that equilibrium refers to equal
concentration, because K =1 refers to a system attaining chemical equilibrium. This
condition was described by Schafer (1984). The preconception of equilibrium stems from
the idea used in everyday life, where equilibrium means equality of two sides, stability
and static in nature (Schafer, 1984). While systems that reach chemical equilibrium may
appear macroscopically stable and static, microscopically the system is dynamic not only
because of molecular movement but also because the process of bond breakage and
creation goes on. Equilibrium constant is defined as the ratio of concentration of products

to reactants.
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Student 1

R: Okay for #3, you may have changed your answer, that does not mean it’s right or
wrong? For # 3 you choose (a), on your post-test you decide to go with (c), why is that?

P: 1 kinda realize, after seeing the graph, the reactants aren’t going to be the same at
equilibrium, so K very might well equal 1, not because products, | mean concentration of
products and reactants may not be the same, its just K expression is equal to 1, because
its

R: So why do we say K equals 1. I mean, I really understood your logic, If in algebra we
say, the ratio equals 1, what do we assume?

P: Well, if you assume, your ratio is 1, you have the same amount on one side and the
same on the opposite side.

R: So if we say its constant as in (c), right, but we say equilibrium means K equals 1,
what are we really refer to, these two cannot be equal, than how can K be equal to 1?

P: 1 would say the ratio of going from one end to the other is the same

R: so what is that ratio called?it’s called by a different name.

P: May be rate?

Student 2

R: So there’s shift on #3, you had (a) on the pre-test and on the post you have C, what
was the reasoning behind your shift?

P: Well, again, the program clearly showed, like the pulley system, it showed, how if you
add the weight, the ratio is constant, it’s a constant thing, whenever it reaches

equilibrium
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Figure 9: Coding taxonomy demonstrating mental model held by student’s in the
experimental group during the post-intervention phase.

For #4, none of the 15 participants in the experimental group held an algorithmic
or formulaic or information recall (procedural ontological category) post intervention.
Representative transcribed student responses is shown below. The underlined words
suggest the students’ mental model has changed for item post intervention. Item 4
describes how the rate of a reaction occurs in a system at equilibrium. Hence, the concept
of dynamic nature is important while understanding the concept of rate. Post intervention,
not only did students had a stronger conceptual understanding of the rate concept, but
also held a dynamic view. The change in ontological category from (procedural such as
information recall) to CBI ontological category (Reaction rate) indicated by a green
arrow (Figure 9) running through the event ontological category (dynamic). Based on the

Chi’s (1994) ontological model, for item a radical conceptual change has been achieved.
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Student 1

R: Okay for #4, you went with (b) on your pre-test and this time around you decide to go
with (f), what was your reasoning?

P: Cuz, once its done
R: You mean it attained equilibrium
P: Yeah, that’s what I mean

P: I mean, once its done, its basically gonna be levelled out, that’s what, I get it now,
when it meant by constant over time, that’s why I decide to with (c), this time around.

P: 1 can also see, the reaction continue to occur, so (f) makes the most sense

R: Very good, good

Student 2

R: #4, you initially had g, this time you decide to with f, why is that?

P: Umm, I didn’t really understand the concept of rate, I mean equilibrium rate at first, |
kinda thought, I actually mixed up concentration and rate. Now | understand now, at
equilibrium, in order for it to be at equilibrium, the rates must be equal and then

R: You also have chosen (C), does rates have to be constant or not necessarily?

P: 1 think it has to be both constant and equal

P: | think the simulation made that concept much clearer

Student 3

R: You also had change of answer for #4. Why did you change your previous answer
choice on the pre-test?

P:[laughs], yeah, its kinda the same thing, like, the constant over time part, well I didn’t
really catch that the first time when | took the pre-test, but then when I did the program,
it made me realize what the right answer was

R: Well now you know something about the rate and concentration at equilibrium

P: [laughs], yeah
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For #5, 10 of the 15 participants in the experimental group held a system view of
chemical equilibrium post intervention. 40% of students in the experimental group held a
procedural view (information recall, algorithmic or formulaic view) of chemical
equilibrium. Representative transcribed student responses is shown below. The
underlined words suggest the students’ mental model has changed for item post
intervention. In addition to stoichiometry and concentration, Item 5 describes how the
rate of a reaction occurs in a system at equilibrium. Hence, the concept of dynamic nature
is important while understanding the concept of rate. Post intervention, not only did
students had a stronger conceptual understanding of the rate concept, but also held a
dynamic view. The change in ontological category from (procedural such as information
recall) to CBI ontological category (concentration, reaction rate and equilibrium constant)
indicated by a red arrow (Figure 9) running through the event ontological category
(dynamic). Based on the Chi’s (1994) ontological model, for item a radical conceptual

change has been achieved.

In the response below it is evident that the student not only was able to move

away from an algorithmic perspective, but also held a dynamic view of the system

Student 1

R: Okay #5, you indicated a (b) on your pre-test, this time you decide to go with (d) why
is that?

P: Again, because NO and NOCI exists in a 2 to 2 stoichiometry, there won't be equal
amounts of NO and NOCI. I think the visual part of the thing, it was, it is, it really helped
me to understand what the concentrations would be. Concentrations of NO, CI2 and
NOCI did not go to one thing, it were, it was, you know, NO was its one thing, CI2 was its

one thing
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R: Okay, will it ever be the same? Under any circumstances would it ever be the same?
Can we say that? If it’s not equal, what makes it that way?

P: Because equilibrium is dynamic, when you change one thing, in this case if you
change NO, you change two others, so | think that’s probably why

In the response below it is evident, the student has moved away from the

algorithmic approach to a system view of chemical equilibrium.

Student 2

R: Okay for #5, you had (c) for your pre-test, and you decide to go with (d) for the post-
test. What was the reason behind that?

P: Well the first time around, I didn’t even pay attention to C, I only read the equilibrium
shift to right. Well from the graphs I can tell NO and NOCI were not equal, so that’s why
| eliminated B, A its obvious, as the simulation showed CI2 was left in the container.

P: Well | also that you underlying words was helpful. It just made me think a little better.

For item 10, 13 out of 15 students in the experimental group held correct
conception about rate of a reaction when a system at equilibrium is disturbed by a
decrease in the volume of the system. Before the intervention, a higher percentage of
students held the misconception, rate of the forward reaction increases and rate of the
reverse reaction decreases. Hackling and Garnett (1985) suggested a possible reason
behind this misconception. The misconception was caused by students believing that
reaction rates adjusted to facilitate the predictions made using LCP. The alternate
conception is indicated by dotted light blue between the CBI (Reaction rate) and
chemical equilibrium in Figure 9. The correct conception post intervention is indicated by
the solid light blue arrow between the CBI (Reaction rate) and chemical equilibrium in
Figure 9. Because students only added a new concept and deleted an existing concept
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with in ontological tree, the resulting conceptual change is a basic conceptual change.
Representative transcribed student responses is shown below. The underlined words

suggest the students’ mental model has changed for item post intervention.

In both responses shown below it is evident, the students have moved away from the
reasoning suggested by Hackling and Garnett (1985). The underlined words suggest that
the students hold a system’s view, i.e., if you decrease volume of the system,
concentration of all species would go up because molar concentration is the ratio of

moles of solute over total volume of the system.

Student 1

R: For #10, you indicated (c) as your choice, this time you decide to go with (f), what
was your reasoning behind the change?

P: Okay when new equilibrium is re-established after decreasing the volume, which
means you increase the pressure, rates of forward and reverse reaction will be greater
than before, so,

R: Why do you think its greater?

: Rate = k*times.

: I don’t think that’s right,

: No go ahead and complete it, this is one way of writing it
: So how did we define rate earlier in our interview?

: We said concentration over time

A U XU XU UV T

: Why do you think rate is greater, what made rate greater?

P: more stress on reactants and products, to compensate, subsequent increase in NOCI,
there is also going on in the reverse direction,

R: So what is increased in the ratio?

P: The concentration of the products and the reactants?
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Student 2

R: Okay for #10 you had (C) and for your post-test you have (f), why is that?

P: Whenever the volume is decreased, it’s gonna be higher concentration, so, both the
rates are going to increase, in order for equilibrium to form again.

Lastly, for item 11, 9 out of 15 students did not hold a procedural view, i.e.,
incorrect application of Le Chatelier’s principle while solving the item. The primary
reason behind this alternate conception was described by Cheung (2009). Cheung (2009)
emphasized that instruction does not focus on what happens to the system when it re-
attains equilibrium. Rather the instruction focuses on direction of equilibrium shift.
Providing students with a table that lists equilibrium shifts under different conditions,
incorporates an algorithmic view in the minds of students. Representative transcribed
student responses is shown below. The underlined words suggest the students how
students have moved away from a procedural view to a system view by including the
effect of volume towards an increase in molar concentration of all species contained in
the system. The shift from a procedural to a CBI category is indicated by a brown solid
arrow shown in Figure 9. The arrow runs through both the dynamic event category and

the molar concentration (CBI) category.

The question towards which participants showed least improvement has been item
#6. Similar results were seen during the pilot study. The researcher was able to identify
three potential reasons from participant responses during the pre and post-qualitative
interview responses. The first being a) student responses showed ambiguity over the

understanding of an equilibrium constant. Students who choose insufficient information
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has the option held this view. Following transcribed student response demonstrates a
participant’s view towards choosing insufficient information

R: So, its very interesting, on #6, you decide to go with a, and then but this time you
decide to go with none of the above

P: I thought of the lab we just did, | remember like finding the equilibrium constant, and
then | realized, each reaction has its own K, its not necessarily equal to K, so any of these
can be right.

R: The reason | picked 6 is, because for 3 you choose C, now if you had chosen a for 6,
wouldn’t that be contradicting? Cuz constant does not mean equal to one.

P: I thought about d, its rate of the reaction, I wasn’t sure if it was rate of formation, 1
thought K had its own specific value.

R: Well you have a good point, cuz students are not really told, what K =1 really implies

b) the second being, the fact, participants who answered item #3 and #4 correctly
on the post-test, still held the view, K=1 implies concentration of reactants and products
are equal. This is in direct contradiction to an answer choice for #3, concentration of
reactants and products remain constant and answer choice for #4, rates of the forward and
reverse reactions are equal at equilibrium. Following transcribed student responses
demonstrates a participant’s view towards choosing the choice, K=1 because concentration

of reactants and products are equal

Student 1

R: So, let’s go with #6, you choose (a)

P: well, I couldn’t remember, if it was like the rates equal or if it was the concentration. 1
thought of the equilibrium expression, concentration of products over reactants, so |
know its concentration not rates

R: What was your reasoning behind #6?

P: Ummm, I guess, I wasn’t exactly sure about the question, if concentration of reactants
and products are equal, then K’s gotta be 1
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Student 2

R: What was your reasoning behind #67?

P: Ummm, I guess, I wasn’t exactly sure about the question, if concentration of reactants
and products are equal, then K’s gotta be 1

c) third being, students lacked a conceptual understanding about the meaning of K.
As discussed above, it is quite interesting that students were able to secure correct response
and corresponding correct reasoning for item #3 and #4, they were not able to extend the

knowledge to item #6. Partly the issue is due to overemphasis of mathematical calculations

involving equilibrium constant (K) during instruction.
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Research Question 4: What are students’ conceptions of chemical equilibrium after
interacting with the simulations?

Following graphical representation Figure 10 compares the percentage of
misconceptions held by participants in both groups during the pre-phase and what

percentage of those misconceptions have been corrected during the post-phase.

Percentage of students holding correct conception in the experimental (Exp) and control group during the pre and post-test phase

| hmm

Item 1 Item 2 Item 3 Item 4 Item 5 Item 6 Item 7 Item 8 Item 9 Item 10 Item 11
tem

Percentage (%)

mPre Exp (%) ®Post BExp (%) mPre_Control (%) Post_Comntrol (%)

Figure 10: Graphical representation of the percentage of correct conception held by
participants in the control and experimental groups during the pre and post phase
Results of the study provided positive outcomes and justified the purpose of the
study in the first place. The following items recorded the higher percentage (shown in
parenthesis as pre %, post %) of correct response from students in the experimental
group. Item 1 (33%, 93%), Item 3 (60%, 93%), Item 4 (53%, 100%), Item 5 (20%, 67%),
Item 7 (7%, 47%), Item 10 (20%, 87%), Item 11 (27%, 60%). Participants registered

marginal gains with items 6, 8 and 9. Visualization through simulation provides a
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promising approach to the widespread problem of misconceptions and the need for
challenging instruction to be specific and definitive for each particular misconception.
That is, those students who received the experimental intervention had exceptionally

higher conceptual understanding of chemical equilibrium concepts.

Connections to the Multimedia Framework

The Schnotz integrated framework was chosen as the multimedia framework for
the current study. The cognitive architecture of the model consists of working memory,
sensory registers and long term memory In addition the model’s architecture consists of a
cognitive level and a perceptual level. A major difference between the model presented
under the cognitive theory of multimedia learning and the current model is the former
model assumes independent construction of a verbal mental model and pictorial model
which then later have to be integrated. The current model proposes that only one mental
model is constructed that integrates information from different sources right from the
start. Most, if not all students, found the visual image more helpful over the audio
component. They constructed a single mental model based on the pictorial information
alone. It was very much evident from response, especially among participants who failed
to choose a correct answer choice for #1, #2 and #3. In addition to the visual component,

the audio component reinforced the concept.

Participants attributed the visual component was predominantly helpful towards

developing conceptual understanding over the audio component. While all participants
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found the audio helpful as it assisted them with their conceptual understanding, they

admitted it was the visual aspect of the graphs that immediately grabbed their attention.

Implications and Ideas for Future Research

Results of the study provided positive outcomes and justified the purpose of the
study to explore the effectiveness of a simulation to support students’ conceptual
understanding of chemical equilibrium. Statistical significance from the independent
samples t-test suggests that the intervention has played a key role in students’ conceptual
understanding of chemical equilibrium concepts presented in the study. A reliability of
alpha = 0.71 for the quantitative CEMT instrument supports the reliability of the
instrument used. This instrument was constructed in order to assess change in
participants’ conceptual understanding of chemical equilibrium. The two-tier instruments
(Ozmen, 2008 & Treagust, 2015) described in Chapter 2 focused on a wide variety of
chemical reactions. Whereas, the instrument developed for the current study maintained a
narrow focus to address chemical equilibrium as it was presented in the simulations. Prior
instruments developed by Hackling and Garnett consisted of true or false items, hence the
current instrument offered more detail to identify students’ misconceptions of chemical
equilibrium concepts. The instrument could be used by science education or chemical
education researchers exploring the domain of chemical equilibrium misconceptions. The
simulations developed and used in the research study will not be available to members of
the research and public domain as corrections suggested by students in the experimental

group had to be made.
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The study also did not focus on other areas of chemical equilibrium
misconceptions such as effect of temperature, catalyst or addition of inert gas. While
simulations were created to address these misconceptions, due to time constraints they
were left out from the study. The simulations were designed to explore these ideas, but
again due to time constraints, they were not pursed. Research studies have explored
student misconceptions in areas of chemistry such as gas laws, stoichiometry and
chemical kinetics. One of the primary reasons behind students’ lack of conceptual
understanding towards chemistry concepts in general is, that they learn concepts in a
segregated manner. In other words, students learn concepts such as stoichiometry, gas
laws during the first semester and learn advanced concepts such as chemical kinetics,

thermodynamics and equilibrium in the second semester.

Segregation of instruction leads to a compartmental view of chemistry concepts
among students. It was very much evident from participant responses in current research
study that participants fragmented understanding of the concepts of rate (Kinetics); moles
(stoichiometry); and the relationship between moles, volume and concentration (gas laws
and stoichiometry). The study provided a snapshot into the effect of visualization tool
such as simulation towards student’s conceptual understanding of chemical equilibrium
concepts. Future studies are needed to explore how simulations similar to the set used in
the current study can be used to support student learning of gas laws, stoichiometry, and
kinetics before presenting simulations related to chemical equilibrium. Such studies
might uncover conceptual difficulties students experience in learning these concepts, and
how a series of simulation modules could be used to deepen students’ understanding of

the foundational concepts and of chemical equilibrium.
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Appendices

APPENDIX A

CHEMICAL EQUILIBRIUM MISCONCEPTIONS TEST (CEMT)
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CEMT Instrument

Name

Questions 1-11 are based on the following reaction.

2NO (g) + Cl () == 2NOCI (g) + heat

1.
a)
b)
c)
d)
e)

f)

2.
a)
b)
c)
d)
e)

3.
a)
b)
c)
d)

4.
a)
b)
c)
d)

€)
f)
9)

As the reaction approaches equilibrium,

The rate of forward and reverse reactions increase at the same rate

The rate of forward reaction increases as the reaction gets going

The rate of the forward reaction decreases as the reaction gets going

Reverse reaction rate is same as the forward rate as the reaction gets going

The rate of forward and reverse reactions decrease at the same rate as the reaction
gets going

None of the above

As the reaction approaches equilibrium,

Concentration of reactants and products is equal because K=1
Concentration of reactants is 3 times more than concentration of products
Concentration of reactants is 3 times less than concentration of products
Concentration of reactants and products is constant because K<1

None of the above

At equilibrium,

Concentration of reactants and products is equal because K=1
Concentration of products is greater because K>1
Concentration of reactants and products is constant over time
None of the above

At equilibrium,

Forward and reverse reaction continue to occur

Forward and reverse rates are equal

Forward and reverse reaction rates are constant over time

Reverse rate is greater than forward rate, because reactants are lost and products
are formed

a&d

ab&c

a&c
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a)
b)

c)
d)

At equilibrium,

Because Cl; is limiting reagent, there will no Cl; left

Because NO and NOCI exist in 2:2 stoichiometry, there will be equal amounts of
NO and NOCI>

Equilibrium shifts toward right, hence more NOCI will be present

None of the above

At equilibrium,

Equilibrium constant K = 1 because concentration of products and reactants are
equal

Equilibrium constant K < 1 because the total moles of products is less than total
moles of reactants

Equilibrium constant K>1 because reactants are consumed and more products are
formed

Equilibrium constant K =1 because rate of product and reactants formation is
equal and constant over time

None of the above

At equilibrium concentration of [NO] is instantaneously increased at constant
volume,

a) Rate of reverse reaction will decrease because equilibrium shift towards right
b) Rate of forward reaction will increase,

c) Rate of reverse reaction will increase because more NOCI is formed

d) Rate of forward reaction will not change, because volume is constant

e) a &b

f) c&d

After addition of [NO], when new equilibrium is re-established,

a) The equilibrium constant K will be the same

b) The equilibrium constant K will be greater because [NOCI] is increased
c) The equilibrium constant K will be less because NO and Cl; are lost

d) Insufficient information provided

e) None of the above

209



9. Equilibrium is disturbed by decreasing the volume at constant temperature,
initially
a) Rate of forward reaction increases
b) Rate of reverse reaction decreases
c) a&hb
d) Rate of reverse reaction increase
e) Forward reaction rate will be greater than reverse reaction rate
f) a&d

10. Equilibrium is disturbed by decreasing the volume at constant temperature, when
new equilibrium is re-established
a) Rate of forward reaction increases
b) Rate of reverse reaction decreases
c) a&b
d) Rates of forward and reverse reaction will be equal
e) Rates of forward and reverse reaction will be greater than the initial
equilibrium
f) d&e

11. Equilibrium is disturbed by decreasing the volume at constant temperature, when

new equilibrium is re-established

a) Concentration of NO will be less in the new equilibrium compared to first
equilibrium

b) Concentration of NO will be greater in the new equilibrium compared to first
equilibrium

c) Concentration of Cl> will be greater in the new equilibrium compared to first
equilibrium

d) Concentration of Cl> will be less in the new equilibrium compared to first
equilibrium

e) Concentration of NOCI will be greater in the new equilibrium compared to
first equilibrium

f) a,d&e

g) bc&e

h) b,d&e
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CHEMICAL EQUILIBRIUM SIMULATIONS
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Simulation 2: The concept of chemical equilibrium — Microscopic view

At start

- ~ e

At equilibrium
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Figure 11: Simulation of a system attaining chemical equilibrium
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Simulation 3: The concept of chemical equilibrium — Concentration versus time
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Figure 12: Simulation of a system attaining chemical equilibrium featuring concentration
versus time graph
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Simulation 4: The concept of chemical equilibrium — Rate of a reaction
At start
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Figure 13: Simulation of a system attaining chemical equilibrium rate of a reaction in
graphical form
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Simulation 5: Pulley experiment — Analogy model

At start

In the end

Figure 14: Pulley experiment
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Simulation 6: Changing equilibrium conditions — Effect of concentration change

At start

L
dmt ~e

Figure 15: Changing equilibrium conditions by addition of NO
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Simulation 7: Changing equilibrium conditions — Effect of concentration change
(graphical)
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Figure 16: Changing equilibrium condition by addition of NO, graphical representation
of concentration change as a function of time
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Simulation 8: Changing equilibrium conditions — Effect of concentration change

(graphical)
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Figure 17: Changing equilibrium condition by addition of NO, graphical representation
of rate of the forward and reverse reaction
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Simulation 9: Changing equilibrium conditions — Effect of volume change
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Figure 18: Changing equilibrium conditions by decreasing volume of the system
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Simulation 10: Changing equilibrium conditions — Effect of volume change (graphical)
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Figure 19: Changing equilibrium condition by decreasing volume, graphical
representation of concentration change as a function of time
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Simulation 11: Changing equilibrium conditions — Effect of volume change (graphical)
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Figure 20: Changing equilibrium condition by volume change, graphical representation
of rate of the forward and reverse reaction
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Dissertation Study Experimental group_ PRE-TEST

Larger theme — Conceptual Understanding

*Participants who answered none of the above or insufficient information provided are
not included for analysis in the table, as they do not constitute a theme. In some cases
none of the above or insufficient information is the correct answer*

Themel — Approachin

g Equilibrium

Question 1: As the reaction approaches equilibrium, in terms of rate? (N=15)

N | Sub Themes

Concepts
(vocabulary)

Student quotes

Theme 1(a)

1 | Rate of forward and reverse rates increase at
the same rate

Theme 1(b)

3 | Rate of forward and reverse rate decreases at
the same rate

E5: “Ummm, so,
my thought process
was that, | am
thinking they had to
have, not
necessarily the
same rate on both
sides, but the rate
changing at the
same right?”

Theme 1(c)

5 | The rate of the forward reaction decreases

Rate, equal,
decreases, less
reactants, more
products

E4: “as the reaction
starts, its going to
produce more and
more products, but
as it gets closer and
closer to
equilibrium, its
going to produce
less and less
products”

Theme 1 (d)
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Reverse and forward rates are equal

E3: “Ummm, what
equilibrium, the
forward reaction
would go up and
reverse reaction
would go down,
that what
equilibrium is, if
rate goes up, at
least one of em has
to go down”

Theme 1 (e)

Rate of forward reaction increases

ES8: “because it
says it increases
and | also saw
release of heat, and
whenever | put heat
in to it, a reaction
that’s slower and
the heat speeds it

2

up

Question 2: As the reaction approaches equilibri

um, in terms of conce

ntration? (N=15)

Sub Themes

Concepts
(vocabulary)

Student quotes

Theme 2(a)

Concentration of reactants is 3 times less than
concentration of products

Theme 2(b)

Concentration of reactants and products is
equal

E3: “Most of these
have like different
ratio. It’s like K is
less than 1, it wants
to be equal, so
that’s why I decide
to go with (a)”

Theme 2(c)

Concentration of reactants is 3 times more than
concentration of products

Arithmetic, ratio

E8: “The reaction,
the number of
moles in the,
forward reaction so,
2NO plus 1CI2
goes in to 2NOCI,
There are 3 total
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so, that’s why”

Theme 2 — Characteristics of Equilibrium

Question 3: At equilibrium, in terms of concentration? (N=15)

Sub Themes

Concepts
(vocabulary)

Student quotes

Theme 3(a)

Concentration of reactants and products is
equal because equilibrium constant K=1

Arithmetic, ratio,
equilibrium means
equal,

El: “The
concentration of
reactants and
products equal if
K=1 that’s what it
reads, so when by
definition K is
equal to 1, when
the concentration
of products and
reactants is the
same”

E14: “I have kind
of remembered
that K =1is the
goal to reach for
equilibrium, it’s
like perfect
equilibrium 1
think”

E13: “I know,
when | was
thinking of
equilibrium, 1 was
thinking of equal,
you know cuz K =
1>

Theme 3(b)
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concentrations don’t change over time

E2: “Ummm,
equilibrium just
means that, both
forward and
reverse reactions
are happening at
the same rate. So,
the concentrations
don’t change
otherwise”

Theme 3(c)

Concentration of reactants and products is
greater, because K>1

Confused, unsure,

E9: “I didn’t know
anything about K
for this reaction
and | was honestly
confused about
that, so | started
thinking, what if K
is small or big, and
I know when K is
big, you are
favoring the
products”

Question 4: At equilibrium, in terms of rate? (N=15)

Sub Themes

Concepts
(vocabulary)

Student quotes

Theme 4(a)

Forward and reverse reaction continue to
occur

Theme 4(b)

Forward and reverse rates are equal

E3: “I kinda
wanted to choose
(b), but I didn’t see
a choice withb &
¢, so | decide to go
with just b”

Theme 4(c)

Forward and reverse reaction continue to
occur, rates are equal and constant over time

Theme 4(d)

Forward and reverse rates equal and continue
to occur

Theme 4(e)
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Forward and reverse reaction continue to
occur and constant over time

Prior knowledge

E14: “So for (a)
forward and
reverse reactions
continue to occur, |
know at
equilibrium, its
going back and
forth, For C, | saw
constant in the
questions, and |
was thinking
constant over time,
that’s why I choose
c>

Question 5: At equilibrium, in terms of stoichiometry? (N=15)

Sub Themes

Concepts
(vocabulary)

Student quotes

Theme 5(a)

Equal amount of NO and NOCI

Arithmetic, equal,
stoichiometry

El: “Cuz, NO and
NOCI exists ina 2
to 2 stoichiometry,
there will be equal
amount of NO and
NOCI”

E4: “but yeah
,looking at the
reaction, the
stoichiometry is
2:2, you should say
that under certain
conditions, it
makes sense”

E15: “Whenever |
looked at the
equation, they both
2 in front of them,
soit’sa2to2orl
to 1, so will be
equal amounts of
them”

Theme 5(b)
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Equilibrium shifts toward right, hence more
NOCI will be present

Analogy,
additional
components,
arithmetic,

E3: “I was think if
you had 2 NO, |
mean if you got 3
on the left side and
2 on the right side
+ heat, you kinda
got this big slope,
it just wants to
bounce it out, its
basically spilling
all on the right
side”

E14: “I think it’s
the amount of
products and
reactants and it
would shift to the
side with the
smallest number of
stuff”

Theme 3 — Equilibrium Constant

Question 6: At equilibrium, what is true about equilibrium constant?(N=15)

N | Sub Themes

Concepts
(vocabulary)

Student quotes

Theme 6(a)

5 | Equilibrium constant (K) is less than 1

E15: “because
there is two moles
of products and 3
moles of reactants,
so K must be less
than 17

Theme 6(b)

2 | Equilibrium constant (K) is greater than 1

Theme 6(c)
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Equilibrium constant (K) is equal to 1,
concentration of reactants and products are
equal

E12: “if it was like
the rates equal or
if it was the
concentration. |
thought of the
equilibrium
expression,
concentration of
products over
reactants, so |
know its
concentration not
rates”

E1l: “I wasn’t
exactly sure about
the question, if
concentration of
reactants and
products are equal,
then K’s gotta be
17

Theme 6(d)

Equilibrium constant K =1, because forward
and reverse rates are equal

Question 8: After addition of [NO], when new

equilibrium is re-established? (N=15)

Sub Themes

Concepts
(vocabulary)

Student quotes

Theme 8(a)

Equilibrium constant greater than 1

Arithmetic, ratio,
more versus less,
co-efficients,

prior knowledge

E3: “I was still
thinking of the 1 to
1 ratio, since we
are adding more, it
can now become a
2to2orevena3
to 3 ratio? It’s still
the same, its just a
lot greater than
before”

E14: “I was
thinking, trying to
remember prior
knowledge, about
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what we learned in
class, we learned a
few tricks, like,
more products
added, the K go
this way, whatever
and took a guess,
if you add more
reactants, it shifts
to the products”

E4: “the
concentration of
NOCI is going to
be greater in the
newer equilibrium,
SO your
concentration of
the products will
be higher, and
reactants will be
lower, so that
would create a
bigger constant K”

Theme 8(b)

10

Equilibrium constant is the same

E9: “I mean the
initial
concentration does
not affect K, so
that’s why 1
picked that one”
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Theme 4 — Changing equilibrium conditions

Question 7: At equilibrium concentration of [NO] is instantaneously increased at constant

volume (N=15)

Sub Themes

Concepts
(vocabulary)

Student quotes

Theme 7(a)

Rate of forward reaction will instantaneously
increase

Theme 7(b)

Rate of reverse reaction will gradually increase

Theme 7(c)

13

Rate of reverse reaction will decrease and
forward rate will instantaneously increase

E2: “NO is on the
left side of the
equation, when you
disturb the
equilibrium, it will
try to go back to
equilibrium, it tries
to reach that ratio
again, since it now
has a greater
amount on the left
side, will try to
convert that to
substance on the
right side, because
of that (a) rate of
the reverse reaction
will decrease,
because equilibrium
shifts to right. and
(b) makes sense has
forward reaction
rate will be
increase”

ES: “my thought
was, rate of the
reverse reaction
will increase,
because we add
more NO, you will
go this way, so that
was the reason”

Theme 7(d)
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Rate of reverse reaction will increase, because
more NOCI is formed

E3: “If you put NO,
it should shift
towards right, kinda
sounds like (a), the
only thing |
probably should
have thought about
is, what it meant by
rate of reverse
reaction going up”

Question 9: Equilibrium is disturbed by decreasing the volume at constant temperature,

initially? (N=15)

Sub Themes Concepts Student quotes
(vocabulary)

Theme 9(a)

Rates of forward reaction increase, reverse
reaction decrease

E7: “Like I said if
you decrease or
constrain volume,
its going to favor
the side with least
moles, so the
forward reaction
will increase and
the reverse reaction
will decrease”

Well, you decrease
volume, so you
increase pressure,
so it will move to
right, so reaction
cannot move to left,
so, it’s like, the, the
forward should
increase and reverse
should decrease

Theme 9(b)

Rate of forward reaction increase

Theme 9(c)

Rate of reverse reaction decrease

Theme 9(d)

Forward reaction rate will be greater than
reverse reaction rate

Theme 9(e)
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Rate of forward reaction increases, reverse rate
decreases and forward rate greater than reverse
rate

Question 10: Equilibrium is disturbed by decreasing the volume at con

when new equilibrium is re-established (rate) (N=15)

stant temperature,

Sub Themes

Concepts
(vocabulary)

Student quotes

Theme 10(a)

Rate of forward reaction increase and
Rate of reverse reaction decreases

Theme 10(b)

Rate of forward and reverse reaction are equal
and greater than the first equilibrium

Theme 10(d)

Rate of forward and reverse reaction will be
greater in the newer equilibrium

Theme 10(e)

Rate of reverse reaction increases

Theme 10 (f)

Rate of Forward and Reverse reactions are
equal

E9: “I think it
should be F, cuz if
the volume is
decreased, there is
going to be more
particle movement,
so the rate of the
reaction will be
faster. But then it
will also be equal.
There is increased
pressure”

Question 11: Equilibrium is disturbed by decreasing the volume at constant temperature,

when new equilibrium is re-established (concentr

ation) (N=15)

Sub Themes

Concepts
(vocabulary)

Student quotes

Theme 11(a)
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10

Concentration of NO and CI2 will be less and
NOCI will be greater in the newer equilibrium

Le Chatelier’s
principle,
algorithmic, guess
work, process of
elimination

E1: “So you go to
the side with the
least amount of
stress, so we go to
right, going to (d),
we have the
concentration of
CI2 will be less
than first, and the
concentration of
NOCI would have
to increase as in

(e)”

E13: “Umm,
there’s less
concentration of
some of these, so |
choose b & d which
is less and then | am
not sure with e, |
guess it’s gotta be
greater”

Theme 11(b)

Concentration of NO, CI2 and NOCI will be
greater in the newer equilibrium

E2: “Ummm, the
concentrations of
the substances in
the solution are
greater,
concentration is the
measure of the
amount of the
substance over
volume, if volume
is lower then
concentration must
be higher”

Theme 11(c)

Concentration of NO, NOCI will be greater and
CI2 will be less in the newer equilibrium
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Dissertation Study Experimental group_POST-TEST

Larger theme — Conceptual Understanding

*Participants who answered none of the above or insufficient information provided are
not included for analysis in the table, as they do not constitute a theme. In some cases
none of the above or insufficient information is the correct answer*

Themel — Approaching Equilibrium
Question 1: As the reaction approaches equilibrium, in terms of rate? (N=15)
N | Sub Themes Concepts Student quotes
(vocabulary)
Theme 1 (a)

14 | The rate of the forward reaction decreases E13: “Well, cuz,
on the program it
showed, the rate of
the forward
reaction decreases
as it gets going”
Ell: “Ummm, I
guess, | saw on the
simulation, its
kind of obvious,
the rate of the
forward reaction
decreased as the
reaction starts
happening”

Theme 1 (b)

1 | Reverse and forward rates are equal E12: “I
remembered my
professor saying,
at equilibrium the
reaction rates are
equal”

Question 2: As the reaction approaches equilibrium, in terms of concentration?
(N=15)
N | Sub Themes Concepts Student quotes
(vocabulary)
Theme 2(a)
1 | Concentration of reactants and products is
equal, K=1
Theme 2(b)
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Concentration of reactants is 3 times more
than concentration of products

ES5: “I thought
about it, but it

looks right”
Them 2(c)
Concentration of reactants and products is E4: “So, when I
constant, because K < 1 thought of the
question, |
immediately
thought of the

visual, it was not
constant and when
it got to
equilibrium, it
remained constant,
like the entire
time, so |
automatically
thought of that
when | answered
the question”
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Theme 2 — Characteristics of Equilibrium

Question 3: At equilibrium, in terms of concentration? (N=15)

Sub Themes

Concepts
(vocabulary)

Student quotes

Theme 3(a)

14

concentrations don’t change over time

El: “I kinda
realize, after
seeing the graph,
the reactants aren’t
going to be the
same at
equilibrium, so K
very might well
equal 1, not
because products, |
mean
concentration of
products and
reactants may not
be the same, it’s
just K expression
isequal to 17

E14: “I remember
it talking about the
concentration
staying constant
when it reaches
equilibrium

No I think that’s
constant, not
equal”

E13: “Well, again,
the program
clearly showed,
like the pulley
system, it showed,
how if you add the
weight, the ratio is
constant, it’s a
constant thing,
whenever it
reaches
equilibrium”

Question 4: At equilibrium, in terms of rate? (N=15)

Sub Themes

Concepts
(vocabulary)

Student quotes

Theme 4(a)
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15

Forward and reverse reaction continue to
occur, rates are equal and constant over time

E3: “I mean, once
its done, its
basically gonna be
levelled out, that’s
what, | get it now,
when it meant by
constant over time,
that’s why I decide
to with (c), this
time around”

E8: “Umm, I
didn’t really
understand the
concept of rate, |
mean equilibrium
rate at first, | kinda
thought, I actually
mixed up
concentration and
rate. Now |
understand now, at
equilibrium, in
order for it to be at
equilibrium, the
rates must be equal
and then”

E14: “because, the
forward and
reverse reactions
according to the
graph, it showed it
equaled out over
time”

E13: “I
remembered
through the
program that
forward and
reverse reactions
continue to occur
even after
equilibrium is
reached and
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forward and
reverse rates are
equal. Is that right,
I don’t know if it’s
right. Forward and
reverse rate are
constant over time,
cuz the bars did
not change. That’s
why”

Question 5: At equilibrium, in terms of stoichiometry? (N=15)

Sub Themes

Concepts
(vocabulary)

Student quotes

Theme 5(a)

Equal amount of NO and NOCI

E10: “Choice (b),
it made the most
sense”

Theme 5(b)
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Equilibrium shifts toward right, hence more
NOCI will be present

E3: “I have been
questioning A and
B also, and |
know, its like,
since, NO and
NOCI do exist in 2
to 2 ratio, | think
they are trying to
be equal, but they
never will be, its
like close but not
there, | could have
chosen B, but
couldn’t have
chosen it”
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Theme 3 — Equilibrium Constant

Question 6: At equilibrium, what is true about equilibrium constant?(N=15)

Sub Themes

Concepts
(vocabulary)

Student quotes

Theme 6(a)

Equilibrium constant (K) is less than 1

Theme 6(b)

Equilibrium constant (K) is equal to 1,
concentration of reactants and products are
equal

Theme 6(c)

Equilibrium constant K =1, because forward
and reverse rates are equal

Question 8: After addition of [NO], when new equilibrium is re-established? (N=15)

Sub Themes

Concepts
(vocabulary)

Student quotes

Theme 8(a)

Equilibrium constant greater than 1

Le Chatelier’s
principle,
arithmetic and
algorithmic,

E3: “After addition
of NO, when
equilibrium is
established,
constant will
continue to
increase”

ES: “the pre-test |
totally guessed, let
me be honest.
When you add NO,
you gonna end
with more
products”

E15: “If NO is
added, it’s going to
shift to the right,
both products and
reactants will
increase, so greater
concentration of
everything, and a
greater K”

Theme 8(b)

Equilibrium constant is the same
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Theme 4 — Changing equilibrium conditions

Question 7: At equilibrium concentration of [NO] is instantaneously increased at
constant volume (N=15)

Sub Themes Concepts Student quotes
(vocabulary)

Theme 7(a)
Rate of forward reaction will instantaneously El:
increase “Concentration

of NO is
instantaneously
increased, the
reverse
reaction will in
fact increase,
when you
suddenly
increase the
amount of NO,
there is going
to be a huge
surge of NOCI
being created,
and to
compensate for
that increase”

E2: “I said rate
of forward
reaction will
increase, that’s
because rate of
the reverse
reaction is
dependent on
the amount of
product you
have, the
moment you
had NO to this,
the, the system,
rate of forward
reaction will
increase, rate
of reverse
reaction wont
be affected
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during the
change”

E10: “I guess
like when you
add the
reactant,
concentration
of NOCI goes
higher, goes
up, so that’s
why | decide to
go with (b)”

E11: “I guess,
whenever you
initially make
the change,
only the
forward
reaction rate is
changing,
that’s why”

Theme 7(b)

Rate of reverse reaction will decrease and
forward rate will instantaneously increase

Theme 7(c)

Rate of reverse reaction will increase, because
more NOCI is formed

E15: “Once
they add the
extra NO, the
rate of the
forward
reaction
increased
immediately,
and then
became
decreasing, so
I was just sure
if it meant like
continue to
increase, that’s
why”

Question 9: Equilibrium is disturbed by decreasing the volume at constant

temperature, initially? (N=15)
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Sub Themes

Concepts
(vocabulary)

Student quotes

Theme 9(a)

Rates of forward reaction increase, reverse
reaction decrease

E9: “Okay,
Ummm, |
might not have
done that in
that sense, but
if that’s not the

case, | would
stay with (d)”
Theme 9(b)
Rate of forward reaction increase E2: “As soon

as the volume
is decreased,
rate of forward
reaction will
increase,
Ummm,
basically when
chemical
reactions is
happening,
when there is
less volume,
there is less
space for them
to run around,
so, they
interact with
each other,
Ummm, so,
rate of forward
reaction
increasing, that
wouldn’t cause
the rate of the
reverse
reaction to
decrease”

E12: “1
thought about
it, I thought,
one of them

245




should increase
and one of
them should
decrease, but |
didn’t know
which one to
choose, so |
just went with

2

a

Theme 9(c)
1 | Rate of reverse reaction increase
Theme 9(d)

1 | Forward reaction rate will be greater than

reverse reaction rate
Theme 9(e)

2 | Rate of forward and reverse reaction increase El: “So we
look at the rate
of the forward
reaction is
going to
increase,
because you
decrease
volume, the
rate of the
reverse
reaction will
also increase,
so overall the
reaction rate is
going to
increase”

Question 10: Equilibrium is disturbed by decreasing the volume at constant
temperature, when new equilibrium is re-established (rate) (N=15)

N | Sub Themes Concepts Student quotes

(vocabulary)
Theme 10(a)
13 | Rate of forward and reverse reaction are equal El: “Okay
and greater than the first equilibrium when new
equilibrium is

re-established
after
decreasing the
volume, which
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means you
increase the
pressure, rates
of forward and
reverse
reaction will be
greater than
before, so,”

E7: “I realized
that rates of
forward and
reverse rates
should be
equal, but then
also when you
constrain the
volume, the
rates gonna be
higher”

ES8:
“Whenever the
volume is
decreased, it’s
gonna be
higher
concentration,
s0, both the
rates are going
to increase, in
order for
equilibrium to
form again”

El4: “Again,
just comparing
it to the visual
and as volume
went down,
both rates were
equal, but also
greater than
before”

Theme 10(b)
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Rate of forward and reverse reaction will be
greater in the newer equilibrium

E3: “Well now
that I look at it,
itis equal, |
must have
missed it. |
guess I didn’t
interpret the
graphs right or
fully interpret
it”

Theme 10(c)

Rate of reverse reaction increases

Question 11: Equilibrium is disturbed by decreasing the volume at constant
temperature, when new equilibrium is re-established (concentration) (N=15)

Sub Themes

Concepts
(vocabulary)

Student quotes

Theme 11(a)

Concentration of NO and CI2 will be less and
NOCI will be greater in the newer equilibrium

Theme 11(b)

Concentration of NO, Cl2 and NOCI will be
greater in the newer equilibrium

E2: “Ummm,
there is, the,
the, since its at
equilibrium,
ratio of
products and
reactants is
going to be the
same. Now
that the volume
is lower,
Ummm, you
know,
concentration
is measured in
moles per liter,
so more moles
less volume,
means
concentration
will be higher
than the first
equilibrium”

E8: “Well the
simulation
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explained
concentration
well, well
concentration
is moles over
liters, so if
smaller
volume,
concentrations
going to be
higher for all, |
mean reactants
and products”

E9: “The
concentration
graph when
you decrease
the volume
was helpful.
When you
decrease the
volume, you
are increasing
the
concentration,
of all of em,
because its
moles over
volume”

E14: “I
remembered,
cuz moles over
volume,
volume
decrease
concentration
went up”

Theme 11(c)

Concentration of NO, NOCI will be greater
and CI2 will be less in the newer equilibrium

E11: “I am just
trying to
remember
what the
graphs looked
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like. NO
increased the
most, ClI
increased the
second most,
and then the
NOCI the last”
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Dissertation Study control group PRE-TEST

Larger theme — Conceptual Understanding

*Participants who answered none of the above or insufficient information provided are
not included for analysis in the table, as they do not constitute a theme. In some cases
none of the above or insufficient information is the correct answer*

Themel — Approaching Equilibrium

Question 1: As the reaction approaches equilibrium, in terms of rate? (N=15)

N | Sub Themes

Concepts
(vocabulary)

Student quotes

Theme 1(a)

1 | Rate of forward and reverse rate decreases at
the same rate

Theme 1(b)

3 | The rate of the forward reaction decreases

Theme 1 (¢)

5 | Reverse and forward rates are equal

C3: “you know,
at equilibrium,
rates of forward
and reverse are
equal, so | decide
to go with E”

C4: “I mean
when it’s getting
close to
equilibrium, they
are starting to
become, the rate
at which the
forward and
reverse reactions
become equal”

Theme 1 (d)

2 | Rate of forward reaction increases

Question 2: As the reaction approaches equilibrium, in terms of concentration? (N=15)

N | Sub Themes

Concepts
(vocabulary)

Student quotes

Theme 2(a)

4 | Concentration of reactants and products is
constant, because K <1

Theme 2(b)

3 | Concentration of reactants and products is
equal

C2: “Oh the
reaction when
it’s at
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equilibrium, the
reactants and
products
concentration are
equal”

Theme 2(c)

Concentration of reactants is 3 times more than
concentration of products

Theme 2 — Characteristics of Equilibrium

Question 3: At equilibrium, in terms of concentration? (N=15)

Sub Themes Concepts Student quotes
(vocabulary)

Theme 3(a)

Concentration of reactants and products is C4: “Well, equilibrium
equal because equilibrium constant K=1 means K =17

C10: “I choose A because
K =1, its equal, so
equilibrium”

C11: “I thought of
equilibrium, so K must be
equal to 1, and hence
concentrations must be
equal”

Theme 3(b)

concentrations don’t change over time C1: “I remember, I
remember, while learning,
when you had equilibrium,
| just remembered
concentration of reactants
and products are constant
because, the rates were
staying the same”

C9: “I said C because,
neither A or B is correct”

Theme 3(c)
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Concentration of reactants and products is
greater, because K>1

C6: “there is less moles of
products and more moles of
reactants, so | decide to go
with K less than 1, which is
B”

C5: “because there is more
moles of products, so if |
put it in the equilibrium
expression, K must be less
than 17

Question 4: At equilibrium, in terms of rate? (N=15)

Sub Themes

Concepts
(vocabulary)

Student quotes

Theme 4(a)

Forward and reverse reaction continue to
occur

Theme 4(b)

Forward and reverse rates are equal

Theme 4(c)

Forward and reverse reaction continue to
occur, rates are equal and constant over
time

Question 5: At equilibrium, in terms of sto

ichiometry? (N=15)

Sub Themes

Concepts
(vocabulary)

Student quotes

Theme 5(a)

253




Equal amount of NO and NOCI

C1: “so they do have a 2 to
2 stoichiometry, | knew that
at equilibrium, C wasn’t
going to be right, as it
doesn’t shift, I don’t think
Cl2 is going to be a limiting
reagent, cuz its at
equilibrium, I thought B
sounded right, as we did
ICE table, | remembered
using coefficients”

C2: “Sinceit’sa2to 2
ratio, it makes sense, the
amounts go to be equal. So
that’s why I decide to go
with B”

C5: “both NO and NOCI
got coefficients of 2, so
when equilibrium is
attained, they should both
be in equal amounts”

C12: “I didn’t know ifit’s
A or B, because CI2 is less,
so it could be limiting, but |
decide to go with B, it’s the
strongest of the two”

Theme 5(b)

Equilibrium shifts toward right, hence
more NOCI will be present

Theme 5(c)

ClI2 is the limiting reagent, no CI2 will be

left

C9: “because, in the
equilibrium equation given,
CI2 was the limiting
reagent”
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Theme 3 — Equilibrium Constant

Question 6: At equilibrium, what is true about equilibrium constant?(N=15)

Sub Themes

Concepts (vocabulary)

Student quotes

Theme 6(a)

Equilibrium constant (K) is less than 1

C1: “Ikinda
forgot what K
was, a little bit,
I do remember
it was products
over reactants,
and | knew that
it would be
NOCI squared
over NO
squared and
Cl2. I kind
guessed it to be
less than 1, I
just wasn’t sure
there either. |

guessed
products will
be less than
reactants”

Theme 6(b)

Equilibrium constant (K) is greater than 1

Theme 6(c)

Equilibrium constant (K) is equal to 1, C2: “AsTam

concentration of reactants and products are equal not sure about
the K thing.
But reading
everything D

made the most
sense”

Theme 6(d)

Equilibrium constant K =1, because forward and
reverse rates are equal

C4:K=1is
right, so |
decide to go
with D.

Question 8: After addition of [NO], when new equilibrium is re-established? (N=15)

Sub Themes

| Concepts (vocabulary) | Student quotes
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Theme 8(a)

Equilibrium constant greater than 1

C8: “I choose
B, addition of
NO will make
the constant
greater”

C10: “I decide
to go with B,
because when
you add NO,
the equilibrium
will shift to
right, so you’ll
have more of
NOCI, so
according to
the K
expression, K
will be greater”

Theme 8(b)

Equilibrium constant is the same

C5: “I decide
to go with A
for #8, was,
because,
addition of NO
is offset with
the heat”
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Theme 4 — Changing equilibrium conditions

Question 7: At equilibrium concentration of [NO] is instantaneously increased at constant
volume (N=15)

Sub Themes Concepts Student quotes
(vocabulary)

Theme 7(a)

Rate of forward reaction will
instantaneously increase

Theme 7(b)

Rate of forward reaction will
not change, as volume is kept
constant

Theme 7(c)

Rate of forward reaction
increase, reverse reaction
decrease

Theme 7(d)

Rate of reverse reaction will
increase, because more NOCI is
formed

Theme 7(e)

Rate of forward reaction and
reverse reaction will increase

Question 9: Equilibrium is disturbed by decreasing the volume at constant temperature,
initially? (N=15)

Sub Themes Concepts Student quotes
(vocabulary)

Theme 9(a)

Rates of forward reaction C1: “I know when volume decreases

increase, reverse reaction pressure decreases, and there is 3moles

decrease on the reactant side and 2 moles on the
product side and its gonna wanna go to
the side with less moles, so | knew that
the forward reaction was going to
increase and the reverse reaction was
going to decrease, so I picked C”

Theme 9(b)

Rate of forward reaction

increase

Theme 9(c)

Rate of reverse reaction

decrease

Theme 9(d)
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Forward reaction rate will be
greater than reverse reaction
rate

Theme 9(e)

Rate of reverse reaction increase

Question 10: Equilibrium is disturbed by decreasing the volume at constant temperature,
when new equilibrium is re-established (rate) (N=15)

Sub Themes

Concepts
(vocabulary)

Student quotes

Theme 10(a)

Rate of forward reaction
increase and

Rate of reverse reaction
decreases

Theme 10(b)

Rate of forward reaction
increase

Theme 10(c)

Rate of reverse reaction increase

Theme 10(d)

Rate of reverse reaction
decreases

C10: “I put B, because the volume is
decreased, the equilibrium should shift
right, and so reverse reaction would
slow down, so I went with B”

C7: “decreasing the volume and the rate
of the reaction would decrease”

Question 11: Equilibrium is disturbed by decreasing the volume at constant temperature,
when new equilibrium is re-established (concentration) (N=15)

Sub Themes

Concepts
(vocabulary)

Student quotes

Theme 11(a)

Concentration of NO and CI2
will be less and NOCI will be
greater in the newer equilibrium

C1: “Decrease volume means increase
pressure, 3 moles on the reactant side
and 2 moles on the product side, it’s
gonna shift to the side with less moles,
and | know that the reaction is going to
shift to the right, to decrease the
pressure, the NO and CI2 would
decrease and NOCI would increase”

C3: “Well if you decrease the volume,
you go towards the side with less
amount of gas, and that was on the right
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side. So equilibrium will shift towards
right, and | selected choices that fitted
the logic. That’s how I ended up with a,
d&e”

C4: “I wasn’t entirely sure, I just went
off with the strongest choice possible, |
used Le Chatelier’s principle to make
my decision”

Theme 11(b)

Concentration of NO, CI2 and
NOCI will be greater in the
newer equilibrium

Theme 11(c)

Concentration of NO will be
less

C5: “because volume was decreased, so
that would lower the products”

Theme 11(d)

Concentration of NO will be
greater

C6: “I went with increased pattern for
the whole test”

Theme 11(e)

Concentration of CI2 will be
less

C10: “I picked D, because when I read
decreasing volume, | went with a choice
that was decreasing”

Theme 11(1)

Concentration of NOCI will be
greater

C7: “I picked E, because, with the
reaction, there is not enough of it to
keep the reaction going, so
concentration of NOCI will be greater”

C12: “It was a process of elimination,
since A and B did not appear to be true,
I eliminated choices containing A and
B, and the since we decrease volume,
there will be more products, so | decide
to go with E”

259




Dissertation Study control group_POST-TEST
Larger theme — Conceptual Understanding

*Participants who answered none of the above or insufficient information provided are
not included for analysis in the table, as they do not constitute a theme. In some cases
none of the above or insufficient information is the correct answer*

Themel — Approaching Equilibrium

Question 1: As the reaction approaches equilibrium, in terms of rate? (N=15)

N | Sub Themes Concepts (vocabulary) | Student
quotes
Theme 1(a)
4 | Rate of forward and reverse rate increase at C4: “Due to
the same rate the fact, its
approaching
and not at
equilibrium,
that’s why |
decide to
change my
answer”
Theme 1(b)
2 | The rate of the forward reaction decreases
Theme 1 (c)

5 | Reverse and forward rates are equal

Question 2: As the reaction approaches equilibrium, in terms of concentration? (N=15)

N | Sub Themes Concepts (vocabulary) | Student
quotes

Theme 2(a)

5 | Concentration of reactants and products is
constant, because K <1

Theme 2(b)

2 | Concentration of reactants and products is
equal

Theme 2(c)

2 | Concentration of reactants is 3 times more
than concentration of products
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Theme 2 — Characteristics of Equilibrium

Question 3: At equilibrium, in terms of concentration? (N=15)

Sub Themes

Concepts (vocabulary)

Student quotes

Theme 3(a)

Concentration of reactants and
products is equal because
equilibrium constant K=1

C4: “I choose, A because,
because of, at equilibrium,
they have to be equal, as
from the notes, I got the
idea K is equal to 1”

C10: “but this time
around | put a little more
logic in it, I just went with
A”

C8: “I forgot what exactly
my logic was. | choose A
this time”

Theme 3(b)

concentrations don’t change over
time

Theme 3(c)

Concentration of reactants and
products is greater, because K>1

Question 4: At equilibrium, in terms of rate? (N=15)

Sub Themes

Concepts (vocabulary)

Student quotes

Theme 4(a)

Forward and reverse reaction
continue to occur

Theme 4(b)

Forward and reverse rates are
equal

Theme 4(c)

Forward and reverse reaction
rates are equal and constant over
time

Theme 4(d)

Reverse rate is greater than
forward rate

Theme 4(e)

Forward and reverse reactions
continue to occur, rates are equal
and constant
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Theme 4(f)

Reactions continue to occur and
rate is constant over time

Question 5: At equilibrium, in terms of stoichiometry? (N=15)

Sub Themes Concepts (vocabulary) | Student quotes

Theme 5(a)

Equal amount of NO and NOCI

Theme 5(b)

ClI2 is the limiting reagent, no
Cl2 will be left

Theme 3 — Equilibrium Constant

Question 6: At equilibrium, what is true about equilibrium constant?(N=15)

Sub Themes Concepts Student quotes
(vocabulary)

Theme 6(a)

Equilibrium constant (K) is less
than 1

Theme 6(b)

Equilibrium constant (K) is equal
to 1, concentration of reactants and
products are equal

Theme 6(c)

Equilibrium constant K =1,
because forward and reverse rates
are equal

Question 8: After addition of [NO], when new equilibrium is re-established?
(N=15)

Sub Themes Concepts Student quotes
(vocabulary)

Theme 8(a)

Equilibrium constant greater than
1

Theme 8(b)

Equilibrium constant is the same
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Theme 4 — Changing equilibrium conditions

Question 7: At equilibrium concentration of [NO] is instantaneously increased

at constant volume (N=15)

Sub Themes

Concepts
(vocabulary)

Student quotes

Theme 7(a)

Rate of forward reaction will
instantaneously increase

Theme 7(b)

Rate of forward reaction will not
change, as volume is kept constant

Theme 7(c)

Rate of forward reaction increase,
reverse reaction decrease

Theme 7(d)

Rate of reverse reaction will
increase, because more NOCI is
formed

Theme 7(e)

Rate of reverse reaction will
decrease

Question 9: Equilibrium is disturbed by decreasing the volume at constant

temperature, initially? (N=15)

Sub Themes

Concepts
(vocabulary)

Student quotes

Theme 9(a)

Rates of forward reaction increase,
reverse reaction decrease

Theme 9(b)

Rate of forward reaction increase

Theme 9(c)

Rate of reverse reaction decrease

Theme 9(d)

Forward reaction rate will be
greater than reverse reaction rate

Theme 9(e)

Rate of reverse reaction increase

Question 10: Equilibrium is disturbed by decreasing the volume at constant
temperature, when new equilibrium is re-established (rate) (N=15)

Sub Themes

Concepts
(vocabulary)

Student quotes

Theme 10(a)

Rate of forward reaction increase
and
Rate of reverse reaction decreases

Theme 10(b)

Rate of forward and reverse
reaction greater in the newer
equilibrium
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Theme 10(c)

Rate of reverse reaction increase

Theme 10(d)

Rate of reverse reaction decreases

Question 11: Equilibrium is disturbed by decreasing the volume at constant
temperature, when new equilibrium is re-established (concentration) (N=15)

Sub Themes

Concepts
(vocabulary)

Student quotes

Theme 11(a)

10

Concentration of NO and CI2 will
be less and NOCI will be greater in
the newer equilibrium

Theme 11(b)

Concentration of NO and NOCI
will be greater and CI2 will be less
in the newer equilibrium
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APPENDIX D

CODING FOR CONDITIONAL PROBABILITY ANALYSIS
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aCA-CR |ltem Reasoning [# of students [Item Reasoning |# of students |ltem Reasoning |# of students
b CA-IR 1a 2 53 3 9|%a 1
c IA-IR 1b 5h 9b
dIA-CR 1c 10 5cC 12 9c 14
e CA-NR 1d 5d 9d

le 3 Se 9e

2a ] Ba 10]10a 3

2b 6b 10b

2t 7 6ec 13 10c 12

2d ad 10d

2e Ge 10e

3a 7a 11{11a

3b 7b 11b

ic 6 7c 14 1i1c 11

3d 7d 11d

Je 3 7e 1le 2

43 1 8a 3

4b 8b

4c 7 ac 5

4d &d

4e 7 de 7

Figure 21: Matrix representing the number of students assigned to a condition for each
item based on the pre-test data for the experimental group
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aCA-CR [ltem Reasoning |# of students |Iltem Reasoning |# of students |ltem Reasoning |# of students
b CA-IR 1a 5 5a ] 9|9a 4
c IA-IR 1b 5h 9b
d IA-CR 1c 1 5c 5 ¢ 8
e CA-NR 1d 5d 9d
le 9 e 4 9e 3
2a ] ba 2 10{10a ]
2b i3] 10b
2c 5 b 12 10c 2
2d ad 10d
2e 4 be 1 10e 7
Ja ] 7a 5 11|11a ]
3b 7h 11b
ac 1 7 8 1ic 6
3d 7d 11d
Je 8 Je 2 1le 3
4a 8 Ba 3
4b 8b
Ac 0 8c 7
4d 8d
4e 7 8e 3

Figure 22: Matrix representing the number of students assigned to a condition for each
item based on the post-test data for the experimental group
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aCA-CR |ltem Reasoning |# of students |Item Reasoning |# of students [ltem Reasoning |# of students
b CA-IR 1a 1 5a 1 9|9a 1
c A-IR 1b Sh 9b
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Figure 23: Matrix representing the number of students assigned to a condition for each
item based on the pre-test data for the control group
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aCA-CR |ltem Reasoning |# of students (ltem Reasoning |# of students (ltem Reasoning |# of students
b CA-IR 1a 2 53 1 9(9a 3
¢ lA-IR 1b 5b 5h
d IA-CR 1c 10 5C 11 9c 3
e CA-NR 1d 5d 5d

le Se e

2a 3 Bba 1 10{10a 0

2b 3] 10b

2c 3 ile 3 10c 12

d 6d 10d

2e ] 2 10e

3a 1 7a 1 11{11a 2

3b 7h 11b

ic 3 7c 8 1ic 10

id 7d 1id

Je 2 Te 3 11e

43 2 da 2

4b gb 1

Ac 7 ac 8

4d 8d

de 3 de 1

Figure 24: Matrix representing the number of students assigned to a condition for each
item based on the post-test data for the control group
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R: Researcher

P: Participant

1D2C (PRE)

R: Okay for #3, This is the reaction has its shown here, you choice (a) right? Why, why
did you choose choice (a)?

P: The concentration of reactants and products equal if K=1 that’s what it reads, so when
by definition K is equal to 1, when the concentration of products and reactants is the
same, well, it’s the same, yeah, it’s the same, cuz it’s products over reactants and so when
you divide the top by the bottom, you get 1, so K equals to products over reactants

R: very good, good

R: For #2, you choose none of the above right, so what was your reasoning behind why
you chose (e)?

P: When you look through a through d, first one reads concentration of reactants and
products is equal because K is equal to 1, this is, we are not at equilibrium, so K can’t be
equal to 1, so for (b) concentration of reactants is 3 times more than products. If you have
3 times more reactants, K must be less than 1. Concentration of reactants is 3 times less
than products, well, Uhh, you would have, K is equal to 3 times whatever it was.
Concentration of reactants and products isn’t constant cuz we are approaching
equilibrium.

R: Okay for #5, you choose (b) right, so what there a particular reason why decide to go
with (b)?

P: Cuz, NO and NOCI exists in a 2 to 2 stoichiometry, there will be equal amount of NO
and NOCI, stoichiometrically we say that for every amount of NO, we have at a same
constant ratio the amount that’s on the right which is NOCl

R: So why can’t it be (¢)?

P: (c) reads equilibrium shifts to the right, hence more NOCI will be present, well at
equilibrium, and there is no shifting, because you are not adding or subtracting anything,
which is why

R: For #7, it reads the system is already at equilibrium and you disturb it by adding more
NO, right? and you decide to go with choice (e) what was your reasoning behind why
you choose (e)?

P: Well, when you add, by le Chatelier’s principle, you have to shift to the side that
relieves the stress, | said the rate of the reverse reaction will decrease because,
equilibrium shifts towards the right, so that’s pretty explanatory, the rate of the forward
reaction will increase
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R: Can you draw or show mathematically, like, tell me how you feel, how you see rate of
forward reaction is increasing? How do you see that? The process?

P: I see, when | think of, Okay, you got few molecules here and when you try to infuse it
with more and more molecules, you have a constant rate right here, but when you
pitching more and more, you got even higher rate.

R: So when it says increases, | mean, how do we define rate? | mean what is rate?

P: Rate is the amount of, the products that’s being reduced in a certain amount of time.
R: Okay, amount of products being or reactants being reduced?

P: Yeah, products being reduced

R: is it for the forward reaction?

P: Yeah, it is for the forward reaction

R: Okay for #9, you decide to go with choice c, which is a & b, why is that?

P: Ummm, [long pause], well I had to think about this one

R: No problem, take your time

P: Well, you decrease volume, so you increase pressure, so it will move to right, so
reaction cannot move to left, so, it’s like, the, the forward should increase and reverse
should decrease

R: You mean the rate?
P: Yeah that’s what [ meant
R: Thanks

R: okay, let’s go with #11, the system is at equilibrium right? And you disturb it by
decreasing volume, equilibrium has to re-establish right? Cuz all reversible reactions
eventually has to get back to equilibrium right? So why you choose a, d and e?

P: okay (a) reads concentration of NO will be less than the first equilibrium. Okay when
we take away volume, we got lot of this NO and Cl2, actually you got 2 NO’s and one
Cl2, these take up more space collectively than NOCI would, so if we decrease the
volume, in order to relieve the most amount of stress on the system, we have to take
away, we want to put, we want to have the same amount of products. So you go to the
side with the least amount of stress, so we go to right, going to (d), we have the
concentration of CI2 will be less than first, and the concentration of NOCI would have to
increase as in (e).

1D2C (POST)
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R: Okay for #3, you may have changed your answer, that does not mean it’s right or
wrong? For # 3 you choose (a), on your post-test you decide to go with (c), why is that?

P: I kinda realize, after seeing the graph, the reactants aren’t going to be the same at
equilibrium, so K very might well equal 1, not because products, | mean concentration of
products and reactants may not be the same, its just K expression is equal to 1, because
its

R: So why do we say K equals 1. | mean, | really understood your logic, If in algebra we
say, the ratio equals 1, what do we assume?

P: Well, if you assume, your ratio is 1, you have the same amount on one side and the
same on the opposite side.

R: So if we say its constant as in (c), right, but we say equilibrium means K equals 1,
what are we really refer to, these two cannot be equal, than how can K be equal to 1?

P: I would say the ratio of going from one end to the other is the same
R: so what is that ratio called?it’s called by a different name.
P: May be rate?

R: Okay #5, you indicated a (b) on your pre-test, this time you decide to go with (d) why
is that?

P: Again, because NO and NOCI exists in a 2 to 2 stoichiometry, there won’t be equal
amounts of NO and NOCI. | think the visual part of the thing, it was, it is, it really helped
me to understand what the concentrations would be. Concentrations of NO, CI2 and
NOCI did not go to one thing, it were, it was, you know, NO was its one thing, CI2 was
its one thing

R: Okay, will it ever be the same? Under any circumstances would it ever be the same?
Can we say that? If it’s not equal, what makes it that way?

P: Because equilibrium is dynamic, when you change one thing, in this case if you
change NO, you change two others, so I think that’s probably why

R: For your pre-test for #7, you decide to go with a, this time you decide to go with (b),
why is that?

P: Concentration of NO is instantaneously increased, the reverse reaction will in fact
increase, when you suddenly increase the amount of NO, there is going to be a huge
surge of NOCI being created, and to compensate for that increase

R: so you said a surge of NOCI being created, and so what do we mean by the rate of the
forward reaction increased? What are we really referring to? What is increasing in terms
of the rate?
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P: As you increase the amount of NO, suddenly, you are going to have a certain amount
of increase in NOCI, to compensate for the increase in NO,

R: Okay, let me ask you this, what does rate refers to?
P: It’s referring to change in the amount, I mean the molarity with change of time

R: Okay, in this context when you say rate of forward reaction will increase, what are we
referring to?

P: We are referring to, the total amount of NOCI created over time,

R: Okay for #9, | think on your pre-test, you indicated choice (c), for your post-test you
indicated a & d what was the reasoning?

P: So we look at the rate of the forward reaction is going to increase, because you
decrease volume, the rate of the reverse reaction will also increase, so overall the reaction
rate is going to increase

R: so did you read the question says initially, right when a change is made
P: [laughs], no I didn’t

R: For #10, you indicated (c) as your choice, this time you decide to go with (f), what
was your reasoning behind the change?

P: Okay when new equilibrium is re-established after decreasing the volume, which
means you increase the pressure, rates of forward and reverse reaction will be greater
than before, so,

R: Why do you think its greater?

P: Rate = k*times.

P: I don’t think that’s right,

R: No go ahead and complete it, this is one way of writing it
R: So how did we define rate earlier in our interview?

P: We said concentration over time

R: Why do you think rate is greater, what made rate greater?

P: more stress on reactants and products, to compensate, subsequent increase in NOCI,
there is also going on in the reverse direction,

R: So what is increased in the ratio?
P: The concentration of the products and the reactants?

R: Very good, good
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R: Last time for #11 a, d and e, this time you have b, d and e, why was that?

P: so we see, when new equilibrium is re-established, Concentration of NO will be
greater in the new equilibrium

R: Why is that?
P: Concentration is a measure of number of moles per volume

P: When you decrease volume, you decrease the denominator, that’s why increase in
concentration, Concentration of NOCI will be greater, there will be more products
according to Le Chatelier’s principle.

R: Well thanks for your support, | sincerely appreciate it

P: You’re welcome, good luck with the study
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Evaluating the role of instriectional technolagy tonvards students' conceptual understonding of chemical equilibrium

Approval is effective from December 7, 2015 until December 5, 2016 and extends to any consent/assent form, cover letter, andfor
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IR8 Approval

|4-0847
THIS FORM VALID

1245 - 1251

Consent to Participate in a Research Study

EVALUATING THE ROLE OF INSTRUCTIONAL TECHNOLOGY TOWARDS STUDENTS’
CONCEPTUAL UNDERSTANDING OF CHMICAL EQUILIBRIUM

WHY ARE YOU BEING INVITED TO TAKE PART IN THIS RESEARCH?

You are being invited to take part in a research study about understanding the efficiency of instructional
technology towards conceptual understanding of chemical equilibrium phenomena. You are being invited to take
part in this research study because the study requires students have received instruction on chemical equilibrium
and related concepts. Prior knowledge of principles associated with chemical equilibrium is vital towards the study

WHO IS DOING THE STUDY?

Education at the University of Kentucky. He is being guided in this research by Dr. Rebecca Krall. There may be

The person in charge of this study is Bharath Sampath Kumar, doctoral student in the Department of STEM
| other people on the research team assisting at different times during the study.

WHAT IS THE PURPOSE OF THIS STUDY?

By doing this study, we hope to learn how “instructional technology through simulations can efficiently help
students' conceptually understand chemical equilibrium”. The study would also open doors do conduct more
study exploring the possibility of using instructional technology towards other chemistry and science concepts.

ARE THERE REASONS WHY YOU SHOULD NOT TAKE PART IN THIS STUDY?
If you are a minor, meaning below 18 years of age, you cannot participate in this study.
WHERE IS THE STUDY GOING TO TAKE PLACE AND HOW LONG WILL IT LAST?

The study will occur on University of Kentucky Main campus in Lexington, KY. As the activities contain computer
simulations, the research study will take place in a computer lab. A computer lab will be reserved for the purpose
of the research study. The aim is to complete the research study before the end of Fall 2016 semester.

WHAT WILL YOU BE ASKED TO DO?

Participants in the experimental and control groups will complete the quantitative and the qualitative portion of the
study. Quantitative method involve students answering multiple choice content questions contained in a survey.
The results from the quantitative method would allow us to determine participants who will be chosen for the
qualitative portion of the study. For instance if 6 out of 30 students in the control group and 6 out of 30 students in
the experimental group will be selected for the qualitative study. Out of the 6students, 2 students will be randomly
selected from the lower end of the performance continuum, 2 students will be randomly selected from the middle
end of the performance continuum and 2 students will be randomly selected from the higher end of the
performance continuum on the quantitative test. Similar selection will be made among the 6 students in the

University of Kentucky 1 F2.0150
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experimental group. The chosen 6 students will be interviewed using the guiding questions listed under researc
procedure on Form B, Each student will be interviewed using all guiding questions for all 6 content questions in
the qualitative assessment. The qualitative portion would involve audio recording of participants thought process

and how they went about answering the questions, how did they arrive at such a thought or what prior knowledge

had led them to such a thought etc. Students would also be asked to write or draw their thoughts. As a researcher
this would allow me to ook in to their thought processes.

As the first step in the research study you will be asked to read and sign a copy of the consent form. After
students have signed the consent form, an electronic survey will be sent to those students to gather background
information such as gender, name, email address and list of available times etc. Once available times have been
received students will be contacted to schedule a time to participate in the study. Assignment of students to
control or experimental groups is purely random.

Participants in the control group would only meet once during the research study. The purpose of the control
group is to provide evidence if in fact only the intervention provided to the experimental group has resulted in a
change. As a participant in the control group, you will first complete a quantitative survey containing a list of
multiple choice questions. You will then participate in the qualitative portion where you will sit one on one with the
researcher and complete an interview process. During the interview process, the researcher will be audio
recording your thought process and also will have you write or sketch your thought processes on paper. The
quantitative instrument should take approximately 30-60 minutes per person to complete. The qualitative
method would last approximately 3 hours per person.

Participanls in the experimental group would meet on seven different oceasions. During the first meeting, they
would complete the quantitative pre-test portion of the study. During the second meeting, they would sit with me
for a one on one interview and complete the qualitative pre-test portion of the study. The quantitative method
would |ast approximately 30-60 minutes per person to complete. The gualitative method would last
approximately 3 hours per person. During the third, fourth and fifth time they would complete the intervention.
During the sixth and seventh time, they will complete the post quantitative and qualitative portion of the study
respectively. The total intervention time for all three occasions should last no more than 3 hours (i.e., 1 hour per
session) The quantitative method would last approximately 30-60 minutes per person to complete. The
qualitative method would ast approximately 3 hours per person.

WHAT ARE THE POSSIBLE RISKS AND DISCOMFORTS?

There are no known risks are discomforts associated with the study.

WILL YOU BENEFIT FROM TAKING PART IN THIS STUDY?

There is no guarantee you will receive any benefit from participation in this research study.
DO YOU HAVE TO TAKE PART IN THE STUDY?

If you decide to take part in the study, it should be because you really want to volunteer. You will not lose any
benefits or rights you would normally have if you choose not to volunieer. You can stop at any time during the
study and still keep the benefits and rights you had before volunteering. As e student, if you decide not to take
partin this study, your choice will have no effect on your academic status or grade in the class.

IF YOU DON’T WANT TO TAKE PART IN THE STUDY, ARE THERE OTHER CHOICES?

If you do not want to be in the study, there are no other choices except not to take part in the study.

WHAT WILL IT COST YOU TO PARTICIPATE?

There are no costs associated with taking part in the study.

WILL YOU RECEIVE ANY REWARDS FOR TAKING PART IN THIS STUDY?
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You will receive no rewards for taking part in this study
WHO WILL SEE THE INFORMATION THAT YOU GIVE?
We will make every effort to keep confidential all research records that identify you to the extent allowed by law.

Your information will be combined with information from other people taking part in the study. When we write
about the study to share it with other researchers, we will write about the combined information we have gathered.
You will not be personally identified in these written materials. We may publish the results of this study; however,
we will keep your name and other identifying information private.

Student ID, Link blue credential, telephone numbers and social security numbers will not be collected from any
participants. The above mentioned items have no relevance to the purpose of the study and hence will not be
obtained from participants.

We will make every effort to prevent anyone who is not on the research team from knowing that you gave us
information, or what that information is. All records will be kept confidential in secured office drawers designated
for this purpose. The drawer would be locked and only designated personnel on this study would have access to
the study. The designated personnel's on this study would be self (principal investigator) and research advisor
{Dr. Rebecca Krall). Anybody else would have no direct access to the records. Dissertation committee members
would only have access to processed statistical data and would have no personal contact with participants before,
during or after the study.

Only researchers will have access to all research records. However, we may be required to show information
which identifies you to people who need to be sure we have done the research correctly; these would be people
from such organizations as the University of Kentucky.

Please be aware, while we make every effort to safeguard your data once received from the online survey/data
gathering company, given the nature of anline surveys, as with anything involving the Internet, we can never
guarantee the confidentiality of the data while still on the survey/data gathering company’s servers, or while en
route to either them or us. It is also possible the raw data collected for research purposes may be used for
marketing or reporting purposes by the survey/data gathering company after the research is concluded,
depending on the company's Terms of Service and Privacy policies.

CAN YOUR TAKING PART IN THE STUDY END EARLY?

If you decide to take part in the study you still have the right to decide at any time that you no longer want to
continue. You will not be treated differently if you decide to stop taking part in the study.

The individuals conducting the study may need to withdraw you from the study. This may occur if you are not
able to follow the directions they give you, if they find that your being in the study is more risk than benefit to you

WHAT ELSE DO YOU NEED TO KNOW?

There is a possibility that the data collected from you may be shared with other investigators in the future. If that
is the case the data will not contain information that can identify you unless you give your consent or the UK
Institutional Review Board (IRB) approves the research. The IRB is a committee that reviews ethical issues,
according to federal, state and local regulations on research with human subjects, to make sure the study
complies with these before approval of a research study is issued.

Contacting Research Subjects for Future Studies

Do you give your permission to be contacted in the future by Bharath Sampath Kumar regarding your willingness
to participate in future research studies

O Yes O No Initials
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WHAT IF YOU HAVE QUESTIONS, SUGGESTIONS, CONCERNS, OR COMPLAINTS?

Before you decide whether to accept this invitation to take part in the study, please ask any questions that might
come to mind now. Later, if you have questions, suggestions, concerns, or complaints about the study, you can
contact the investigator, Bharath Sampath Kumar at 859-705-5250. If you have any questions about your rights
as a volunteer in this research, contact the staff in the Office of Research Integrity at the University of Kentucky
between the business hours of 8am and 5pm EST, Mon-Fri. at 859-257-9428 or toll free at 1-866-400-9428. We
will give you a signed copy of this consent form to take with you.

Signature of person agreeing to take part in the study Date

Printed name of person agreeing to take part in the study

Name of (authorized) person obtaining informed consent Date
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