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ABSTRACT
Michelle Jones Barthlow. THE EFFECTIVENESS OF PROCESS ORIENTED
GUIDED INQUIRY LEARNING TO REDUCE ALTERNATE CONCEPTIOSI IN
SECONDARY CHEMISTRY. (Under the direction of Dr. Scott Watson) School of
Education, Liberty University, July, 2011.
A nonequivalent, control group, pretest-posttest design was used to investigate st
achievement in secondary chemistry. This study investigated tloe @ffrocess
oriented guided inquiry learning (POGIL) in high school chemistry to redteraae
conceptions related to the particulate nature of matter versus tradiéionaé pedagogy.
Data were collected from chemistry students in four large high schoolsalyded
using ANCOVA. The results show that POGIL pedagogy, as opposed to traditional
lecture pedagogy, resulted in fewer alternate conceptions relatezlgarticulate nature
of matter. Male and female students in the POGIL group posted better positest sc
than their traditional group peers. African-American and Hispanic studentsROBE
group exhibited achievement gains consistent with Caucasian and Asian students.
Further studies are needed to determine the value of POGIL to address achigagme

concerns in chemistry.

Descriptors:active student-centered pedagogy, alternate conceptions, chemistry
education, conceptual change, cooperative learning, dynamic skill theory, quadegt,i

information processing model, POGIL, particulate nature of matter
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CHAPTER ONE: INTRODUCTION

This study investigated concept mastery of secondary chemistry studentsvonder
types of chemistry pedagogy, one of which is designed to confront student alternat
conceptions (AC). Student AC, also called misconceptions, have been studied for
decades, but the problem of chemistry students constructing inappropriate needed
of abstract chemistry phenomena persists (Calyk, Ayas, & Ebenezer, 2005;
Chandrasegaran, Treagust, & Mocerino, 2007; Chittleborough, Treagust, Mamiala, &
Mocerio, 2005; Harrison & Treagust, 2002). This study was conducted to determine if
process oriented guided inquiry learning (POGIL) (Farrell, Moog, & Speh889)
would reduce AC held by secondary chemistry students and therefore enhanae stude
achievement by reducing the abstract nature of chemistry and fostrdent
engagement in learning.
Background

Chemistry classes are among the most challenging courses studenteencoigt
school and college (Johnstone, 2000; Marais & Combrinck, 2009; Passmore, Stewart, &
Cartier, 2009; Taber, 2001). Students interested in high-income, high-statrs tanad
in medicine, engineering and technology find that introductory science coursdiegec
act as “gatekeepers” that either deny or grant access to these fieldai(@cSadler, &
Tai, 2008). Students who are successful in other academic courses often find ghemistr
courses more difficult to pass (DuBetz, Barreto, Deiros, Kakareka, BrownasdEw
2008; Johnstone, 2000; Nakhleh, 1992). Chemistry instructors are aware that students

often struggle with the abstract concepts they are teaching, and yet, gpeahagust



chemistry classrooms does not address the students’ needs to develop appreptate m
models of abstract chemistry concepts (Chittleborough et al, 2005; Colburn, 2009; Tali,
Sadler, & Mintzes, 2006; Uce, 2009). In addition, the focus of chemistry courses is on the
memorization of outcomes in chemistry referred to as “declarative knowI@eigiiran
& Duschl, 2004, p. 106), rather than on developing a true understanding of the science
processes and concepts which requires a correct mental framework oftghemis
phenomena.

Investigations into the reasons why bright students would struggle to master
chemistry concepts have revealed several areas that cause troublenistrglstudents
rooted in the rigorous mental requirements of the subject matter (Bodner 1991;
Johnstone, 2000; Taber, 2000). Success in studying chemistry requires sound reasoning
skills, a large fundamental scientific knowledge base, the ability to wankalvstract
concepts, and excellent problem solving skills (Johnstone, 2000; Marais & Combrinck,
20009).

An issue involving the abstract nature of the study of chemistry is theeraguir
that students must be able to use and comprehend three levels of representation:
macroscopic, submicroscopic, and symbolic representaffdhandrasegaran &
Treagust, 2009; Johnstone, 2000). Macroscopic refers to what can be observed using the
human senses of sight, smell, touch, and hearing. Submicroscopic refers to evietsci
believe is actually taking place at the particulate level (atoms, aoidsmolecules) in a
chemical reaction. Human eyes cannot observe the actual breaking and forming of
chemical bonds or the spreading of water molecules as they enter the gtsteous s

Humans can only observe the macroscopic evidence that chemical and pihgsicmls



are occurring at the submicroscopic level. It is these changes that ptteaiparticulate
level that students have difficulty comprehending and relating to theiostapic
observations (Calyk, Ayas, Ebenezer, 2005; Chandrasegaran, Treagust, &bloceri
2007; Chittleborough et al., 2005; Ya-Wen & Hsiao-Ching, 2009). Students tend to
extend macroscopic properties of a substance to submicroscopic partiebguSEkr
Chandrasegaran, Crowley, Yung, Cheong, & Othman, 2010).

Symbolic representation refers to the chemical symbols found on the periodic tabl
and other symbols used in writing chemical formulae and equations. Since students do
not fully understand chemical occurrences at the submicroscopic level, thelsynd
formulas in chemical equations lack sufficient meaning (Johnstone 2000).

In addition to struggling to comprehend the three levels of representation in
chemistry, studies have reported that high school students hold AC in chemisty tela
chemical changes in matter specific to particle theory of matter (Bobio@1;
Chandrasegaran & Treagust, 2009; Chandrasegaran, Treagust & Mocerino, 2007,
Othman, Treagust, & Chandrasegaran, 2008; Qian, 2009; Treagust et al., 2010). These
AC are deeply rooted and are resistant to correction, even when students are cbnfronte
with the errors in their concept (Schwartz, Sadler, & Tai, 2008; Treagust, et al., 2010)

In an attempt to bring abstract chemistry topics into a concrete and undabdéa
form, chemistry instructors use a variety of models to explain complex sdigics.

Taber (2001) does not exaggerate when he states that “the theoretical content of
chemistry is best seen as a set of models” (p. 125). Models are used ektémsiNe
science disciplines but “they seem to present a particularly problematic nature to the

learner of chemistry” (p. 125).



Investigations into the use of models in teaching chemistry have found that most
traditional science classrooms do not encourage or adequately support student use of
models in chemistry instruction. Teachers assume, incorrectly, thastingents
comprehend how the models relate to the topic studied (Chittleborough & Treagust,
2007; Chittleborough et al., 2005). Studies also show that chemistry teachersseften
verbal explanations (lecture) and textbook pictures to explain abstract topess eit
omitting models altogether or failing to properly explain the link betweerctaece
concept and the explanatory model (Chittleborough et al., 2005; Erduran & Duschl, 2004,
Treagust et al., 2010).

Research into best practices for assisting students to learn scesmoé AC has
shown that guided inquiry learning holds great promise (AAAS, 1993; Combine Process
Skills, 2009; Hansen, 2006; NRC, 1996; Nadelson, 2009). Guided inquiry assists students
as they connect their understandings of macroscopic and submicroscopicathemic
phenomena to their symbolic representations (Hansen, 2006). Students holding AC that
hinder their understanding of chemistry confront and expose their AC and replace them
with a proper understanding of scientific phenomena when engaged in guided inquiry
lessons.

POGIL, which was developed for use in undergraduate chemistry classes, has prove
to increase student achievement for college students (Farrell, Moog, & SA€8Ser
Hinde & Kovac, 2001; Spencer, 1999; Hanson 2006) and has expanded to include
secondary chemistry materials. This study seeks to determine theveffess of POGIL

in teaching secondary chemistry.



Problem Statement

Current chemistry pedagogy is not producing desirable results. The reseblemp
for this study is: How can chemistry instruction be improved so that students learn
chemistry free of alternate conceptions? Studies involving conceptugechethods
show that AC are difficult to change and that current teaching practicadlassglting
in AC (Taber, 2001; Talanquer, 2006;stamn, Yalcinkaya, & Boz, 2008). A method for
teaching chemistry is needed that presents the content and processes @irscenay
that student achievement will not be hindered by AC. This study proposes togateesti
such a method, POGIL.

Inquiry science lessons have been proposed as a best practice for teachagg scie
and for assisting students to confront their AC (AAAS, 1993; Nadelson, 2009; NRC,
1996; Combine Process Skills, 2009). Inquiry lessons require that students think and
behave like scientists to develop and test their own hypotheses based on the evidence and
data they generate. According to The National Science Education Sta(idR(Cls
1996), scientific inquiry involves the diverse ways scientists propose, explore, and tes
explanations for phenomena based on evidence produced by their work. Inquiry can
simply be defined as a way of studying the world.

While it seems reasonable that science teaching should include methods that
challenge students to think and behave like scientists, the results of inquiigdear
however, have not been what educators hoped. Students express frustration when
involved in inquiry lessons. Nadelson wrote concerning attempts to teach using,inquir

“the students responded that they did not know what to do” (2009, p. 48). He also stated



that the kind of inquiry teachers want for their students is a complex process and is
beyond the skill set of high school students.

In order to deal with the problems inherent in inquiry lessons, science educatrs hav
turned to guided inquiry. In a guided inquiry lesson, students work in small cooperative
learning groups using print materials that ask questions designed to guidesstodent
“develop their own understanding of the concepts” (Combine Process Skills, 2009, p. 5).
The teacher’s role in guided inquiry lessons is to facilitate and guidenssudehe
knowledge the lesson is designed to teach (Marshall, Horton & White, 2009; POGIL,
2010).

Guided inquiry offers a way for teachers to assist students as they decalapeac
mental images of abstract chemistry phenomena. Guided inquiry alse agsgignts to
connect their understandings of macroscopic and submicroscopic chemical phenomena to
their symbolic representations. In light of the difficulties many studentsin high
school chemistry classes, this type of pedagogy is needed to help studenithdba
abstract concepts of chemistry by providing the necessary scaffdidudgents taught
using a method that allows them to comprehend the three levels of representation in
chemistry and how they are inter-connected should facilitate student understamaling
improve achievement. Also, students holding AC that hinder their understanding of
chemistry can confront and expose their own AC and replace them with a proper
understanding of scientific phenomena. This study investigated pedagogy fosemdres

these issues.



Purpose Statement

The purpose of this study was to investigate the effectiveness of a stedtared
pedagogy; process oriented guided inquiry (POGIL), to reduce AC held by sgconda
chemistry students in particle theory versus traditional, teachereémedagogy.
Abstract chemistry topics of physical and chemical changes in mat&ng to particle
theory, was taught to the students in the experimental group using POGIL gpedago
Students worked in cooperative learning groups and were guided by printed POGIL
student lesson documents, which include various types of teaching models, to discover
chemistry concepts and processes. Their teacher acted astatdacili

The POGIL student lesson documents were designed to provide models of
submicroscopic phenomena to address student AC and the difficulty of working in the
three representational levels, by minimizing the abstract nature misthestudies. This
pedagogy allowed students to see (macroscopic observation) into the submicroscopi
phenomena of physical and chemical changes and assisted in forming ateuntzie
images of the concepts. The POGIL approach for conceptualizing alpsteactmena is
contrasted with traditional pedagogy which is based on a lecture or a 2-dimensional
image in a textbook.

Sound pedagogy provides students with opportunities to construct meaningful mental
models of science phenomena that are in accordance with accepted scientific
explanations by building on existing scientific schemata. Chittleborough (20005)
stated that knowledge acquisition is not transferred directly from instriacstudent, but
is constructed internally by the learner. The learner does not listen to tetmsand

learn chemistry; rather, the student must process the information and merdhlbte



what has been constructed as it relates to an existing schema. By proviliygelof
learning experience, chemistry teachers seek to “change, develop, or maikfytst
thinking and understanding to be more scientifically acceptable” (p. 197).
Significance
This study measured the effectiveness of POGIL as a pedagogy to r€dince A

secondary chemistry students. In this study, the use of POGIL allowedtsttmle
discover for themselves the fundamental laws governing physical and chanaica
physical changes in accordance with particle theory. The models prdwided POGIL
student learning documents enabled students to understand and apply particle theory to
observed chemical and physical changes. Students formulated appropnééeimages
of chemical reactions which should enable them to comprehend other related abstract
chemistry concepts such as the mole and stoichiometry, which are foundatidhal to a
chemistry topics.

Particle theory is foundational to all chemistry studies (Adadan, Trundieing,
2010; Harrison & Treagust, 2002; NRC 1996). Students must master these concepts and
form appropriate mental models of the submicroscopic phenomena and their symbolic
representations in order to be successful in chemistry studies. In order tothesste
critical concepts, researchers have stated that students need classrooumibiegdriat
provide both the time and the appropriate experiences for the building of chemistry
knowledge (Adadan et al., 2010; Harrison & Treagust, 2002; Schwartz, 2009). These
researchers also found that students do not have a foundation of knowledge of particle
theory on which to build. They call for chemistry teachers to provide apppria

scaffolding, such as POGIL provides, for students to build their understanding of the



particle theory of matter. Effective mental models of particle themmgepts must be
developed over time and involve “epistemological growth and ontological conceptual
change” (Harrison & Treagust, 2002, p.207).

The results of this study will assist chemistry teachers in choosingpsteeffective
method for teaching particle theory topics. When high school chemistry students ar
taught using the most effective chemistry teaching methods, those studbrttewit
desire to pursue a chemistry-based career are more likely to enégeactiemistry
courses with the required mental framework to be successful in chenmidttiyear
chosen science-based career.

Careers in chemistry, as in all sciences, are rewarding persamdibyofessionally.
For these reasons, many individuals choose to pursue a career in a sciencaffigid, m
chemistry-related areas. Unfortunately, these ambitious studentgldesido not come
to fruition due to the very difficult nature of high school and college chemistry
coursework. Pedagogy in chemistry that assists students to fornudatata mental
models of abstract topics is urgently needed.

The need for well trained scientists grows every year. Mastery ofstheiw critical
not only for college chemistry majors, but also for most other science majaitemec
Despite the growing need for students to be well prepared in chemistry sthtthe i
research being conducted in the United States on improving chemistry iostictne
high school level. A review of the literature reveals that most of the chemdioation
research being conducted currently is in countries other than the United Asaties
leader in scientific research, the United States has a responsibilayntand prepare

scientists to carry out work to improve the lives of all people.



Research Questions

This study investigated the following research questions:

Research question 1: What impact does the use of active, student centeresd proces
oriented guided inquiry learning have on secondary chemistry studentsatdte
conceptions in physical and chemical changes in matter related téepdueiary in
chemistry education when compared to traditional teacher-centered, lagtere-s
chemistry pedagogy?

Research question 2: Is there a difference in the achievement gainsbetaee
and female students taught using process oriented guided inquiry learning mathods a
materials to teach physical and chemical changes in matter relatetidle paeory in
secondary chemistry when compared to traditional teacher-centered,-tgtere
chemistry pedagogy?

Research question 3: Is there a difference in the achievement gains fatyminor
students taught using process oriented guided inquiry learning methods andlsrater
teach physical and chemical changes in matter related to particle imsecondary
chemistry when compared to traditional teacher-centered, lectueeckgistry
pedagogy?

Research Hypotheses

The research hypotheses for this study are:

Null hypothesis 1, His: There is no statistically significant difference in the
alternate conceptions related to particle theory in secondary chemistityyhstudents

who were taught using active, student centered process oriented guided |esyuirg
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pedagogy and students taught using traditional teacher-centered, ledeichsiyistry
pedagogy.

Null hypothesis 2, His: There is no statistically significant difference in the
alternate conceptions related to particle theory in secondary chehafdrby female and
male students who were taught using active, student centered process otelged g
inquiry learning pedagogy and male and female students taught using tradétammer-
centered, lecture-style chemistry pedagogy.

Null hypothesis 3, His: There is no statistically significant difference in the
alternate conceptions related to particle theory in secondary chehaktrigy minority
students who were taught using active, student centered process orietiéedimguiry
learning pedagogy and minority students taught using traditional teastterex,
lecture-style chemistry pedagogy.

Identification of Variables

The independent variable was pedagogy. The pedagogical methods compared wer
traditional teacher-centered, lecture-style pedagogy and activentsteeered POGIL
pedagogy. The dependent variable was student achievement as measured on the
Particulate Nature of Matter Assessment, version 2 (ParNoMA?2) €hsézi& Birk,
2006b).

Assumptions and Limitations

Assumptions.It was assumed that all classroom environments of control and
treatment groups were essentially the same. In order to control for Intelidéy, the
same information concerning the topic of study was taught in all classrooms fanvete

chemistry teachers with similar credentials and experience. The fieledce between
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the learning environments was the participation in POGIL, which involved the use of
POGIL methods and classroom materials. Teachers for the experimenialagtended
training sessions and fully implemented POGIL pedagogy.

Limitations . A limitation of this study was that the demographics of the participants
did not include urban students, but did include students from a range of socioeconomic
circumstances. Analysis of covariance (ANCOVA) was used to analyze titespolsita
with pretest scores as the covariant. External validity was controlldgebywumber of
participants. Also, all teachers involved used a common course sequence andhéaught t
same Georgia Performance standards (Georgia Department of EQuc&OE)G
2006a). This ensured that all students were being taught the same chemistr\bagad
on the same standards, only the pedagogy was different.

A limitation of quasi-experimental studies is that random sampling is not passibl
The students in this study, however, all attended large high schools and were schedule
into sections of chemistry by a computer and were, therefore, randomlyg pladass
sections of chemistry with no regard to this study.

The instrument used for the pretest and posttest was the Particulate Nistaiteof
Assessment Version 2 (ParNoMA2) (Yezierski & Birk, 2006b). This assessoesists
of 20 multiple choice items. Yeziershi and Birk reported a Cronbath83 on the
ParNoMA2. A value of .7 or larger is generally accepted as satisfantdrguggests that

student responses are not random.
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Definition of Key Terms
All terms are defined by the author unless otherwise designated.

Abstract mapping the cognitive ability to link two abstract thoughts and understand

their interrelatedness and is believed to emerge between 14 — 16 years of age.

Abstract modet} designed to communicate theory. They can be iconic and symbolic,

such as chemical formulae and chemical equations, mathematical equatiomhsy gra
theoretical models such as the kinetic theory of matter (Harrison & Tred§9s)).

Abstract principles The cognitive ability to integrate two or more related abstract

systems to form abstract principles. This is the most complex form of@liktaght
and is believed to develop around the age of 25.

Abstract representatiornthe ability to conceptualize a single abstract thought.

Abstract systemsthe cognitive ability to link several abstract mappings together to
form a system of related abstract ideas and is believed to develop betweers thiel&ge
and 20.

Alternate conceptions in science, any belief, concept, or explanation that is

different from the accepted scientific explanation of the term. Also calferhative
conceptions, misconceptions, misunderstandings and children’s science.

Analogue of a mode} A familiar object or occurrence used to explain abstract,

submicroscopic phenomena. The concept being modeled is referred to as thehtidéeget
a feature of the model is called the analogue.

Cognitive load theory states that human memory is divided into short term memory

(working memory) and long term memory (permanent). The four assumptions of

cognitive load theory are: (1) working memory is limited in quantity and duradn, (

13



long-term memory is essentially limitless and can be used to overcome ttagystuir
elements held in working-memory, (3) schemata are long-term memory fains t

organize elements of memory, and (4) schemata from long-term memory are
automatically processed and do not require conscious mental manipulation, thugreducin
the working memory load.

Conceptual change theorgtates that in order to correct student AC, students must

first confront the flaw in their own mental model while integrating new kndgédevith
the purpose of constructing correct mental images of scientific phenomena.

Conceptual modelan idea proposed to explain an event in nature, often a difficult

and abstract event or phenomena. Scientific models can be symbolic represe@tations
diminsional representations, equations, diagrams, analogies, metaphors,,pagages
and simulations (Harrison & Treagust, 1996).

Dynamic Skill Theory- a Neo-Piagetian theory of cognitive development which

states that complex learning, such as chemistry, requires time and praeticeh
learners cycle through levels of cognition as they integrate new kncavieidgexisting
schema (Fischer & Rose, 2001; Schwartz, 2009).

Expressed mode} “A student’s expression of his or her own mental model”

(Chittleborough et al., 2005). An expressed model can be a drawing, a physicalonodel
a verbal explanation.

Functional performance levelthe lowest skill level of a task. People perform tasks

at the functional level when there is no support or assistance. The functiona level i
observed when a student is learning in a low-support environment, such as readiag fr

textbook or listening to a lecture.

14



Guided Inquiry—- an inquiry approach to teaching and learning in which teachers

provide scaffolding for students as they explore natural phenomena. Teachers serve a
facilitators of learning in this pedagogy. Often models and written docsrasntsed to
guide students to discover scientific phenomena.

Information processing modela complex model of how information is handled by

the human brain. Information deemed important enough to need to be learned or
remembered, even temporarily, passes through a filter and is stored teiynpothae
working memory and may be moved to long-term memory.

Inquiry learning— a method for teaching and learning in which students explore the

world, ask questions, make discoveries, and search for understanding. This usually
includes framing questions to be answered, developing a hypothesis and dekigning
approach or experiment to answer the questions posed by students.

Kinetic theory of matter also known as the particle theory of matter, states that all

matter is composed of particles (i.e. atoms, ions, molecules, subatomic patiatiese
in constant motion. The amount of motion of the patrticles is determined by the energy
they possess. The state of matter (solid, liquid, gas, plasma) is determthecehergy
of the particles.

Learning cycle- theory that states that learning occurs in three stages: exploration,
concept invention, and application.

Macroscopic observationrsobservations that can be made with the unaided human

senses such as changes in color, odor, texture, or state of matter.
Mental model- a student’s personal knowledge. A “psychological representation of

real, hypothetical, or imaginary situations” (Johnson-Laird, Girotto &dezj, 1998).
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Optimal level of performancethe highest performance level possible for a student.

Students display their highest, best skill level when learning in a highly supportive
environment.

Particle theory of matter Also known as the kinetic theory of matter, or particulate

nature of matter, states that all matter is composed of very tinylpathat are in
constant motion (see kinetic theory of matter).

Particulate nature of matter(PNM)see kinetic theory of matter definition above.

Process Oriented Guided Inquiry Learning (POGIlg student-centered philosophy

and science pedagogy in which students work in small groups to engage in guided inquiry
using carefully designed materials that direct and guide students to mdiitdkauild their
chemistry knowledge (Boniface, 2009; Hansen & Apple, 2004; Moog & Spencer, 2008).
POGIL simultaneously teaches both content and key process skills of science.

Process skills- proficiencies that are essential for success in acquiring, appdyidg
generating knowledge. These skills can be classified into areas ohtgahinking,
problem solving, teamwork, communicating, management, and assessment (Hanson,
2004). They include, but are not limited to, critical thinking skills such as intergreti
analyzing, evaluating, and synthesizing information.

Scaffolding— support provided to a student in the form of a framework or structure
to aid the student while acquiring new knowledge or practicing an existing skill
Scaffolding allows the student to perform at a higher skill level (optimallekl) than
with no support (functional skill level).

Schema- cognitive framework of understanding used to organize thoughts and

ideas.
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Scientific model or Conceptual modehln idea proposed to explain an event in

nature, often a difficult and abstract event or phenomena. Scientific models can be
symbolic representations, 3-diminsional representations, equations, diagralogies,
metaphors, pictures, ideas and simulations (Harrison & Treagust, 1996).

Student-centered pedagogyharacterized by students actively involved and

engaged mentally, and sometimes physically, in learning.

Submicroscopic representatierused to communicate what scientists believe occur

between particles at the level of atoms, ions, and molecules. A submicroscopic
representation can be a sketch or drawing, computer animation, verbal analogy, or a
physical model. Submicroscopic “refers to an understanding of chemisiiy at
particulate level—molecules, ions, atoms, subatomic particles, and so on” (Colburn,
2009). Examples are chemical equations and models of molecules.

Target of a model The concept being modeled is referred to as the target

Teacher-centered pedagoggtudents passively listen to teacher lecture often

accompanied by a PowerPoint presentation or writing on a white marker boardkor chal
board. Frequently used to communicate with large groups of people.

Teaching modet “a specially constructed model used by teachers to aid the

understanding of a scientific concept” (Chittleborough et al., 2005, p. 196).
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CHAPTER TWO: REVIEW OF LITERATURE

This chapter will review the literature on alternate conceptions (AC) imiskry
related to the particulate nature of matter (PNM) and teaching pragéseged to
confront these alternate conceptions. The chapter will begin with the thabretic
framework for this study followed by a review of research findings in @tgmAC
related to the particle theory of matter, conceptual change, multiple td#ve
representation, the use of models in chemistry, and Process Oriented IBgided
Learning (POGIL).

Theoretical Framework

The theoretical framework for this study is constructivist in nature and includes
dynamic skill theory (DST), a neo-Piagetian view of cognitive development ardrg
(Fischer & Bidell, 2006; Schwartz, 2009; Schwartz, Sadler, & Tai, 2008; Yan &dtisc
2002), cognitive load theory, information processing model, and conceptual change
theory.

Constructivism. Jean Piaget (1973) is considered to be the originator of the
constructivist approach to education. The constructivist approach states that fiororde
learning to occur, a student must construct his or her own knowledge by incorporating
new knowledge into existing knowledge. It is the role of the educator to provide an
educational environment in which a student can construct meaning of new material
learned by making a meaningful connection to prior knowledge.

Neo-Piagetian view of cognitive developmeniRiaget (1973) proposed that the

human mind moves through predictable stages of cognitive development. Neo-Riagetia
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theorists have expanded and modified Piaget’s original theory (Case, 1998; Knight &
Sutton, 2004; Rose & Fischer, 2009). Piaget’s core assumptions are preserved in neo-
Piagetian theory. They are
e Piaget’'s ‘schema’ and ‘stages’,
e learners actively build knowledge,
e cognitive development is hierarchical,
e cognitive structures grow in complexity through interactions that rasult
maturation and that this growth is cyclical, and
e less complex skills and knowledge are used to build more complex
understandings.

Neo-Piagetian theorists have expanded Piaget’s original four stagesiiveog
development (1973) to include additional stages of increasingly complexcabstra
thinking abilities that appear in late adolescence and early adulthood {388, The
neo-Piagetian stages beyond Piaget’s original four stages aabs(igct mappingvhich
develops between 14 — 16 years of ageak@}ract systemat 18 — 20 years, and (3)
abstract principleeemerging at 25 years of age (Knight & Sutton, 2004).

Neo-Piagetian researchers have described the hierarchical developrheseof t
stages of abstract thought (Case, 1998; Rose & Fischer, 2009; Schwartz, 2009). Abstract
representation is the ability to conceptualize a single abstract thought.cAbstzping
is the ability to link two abstract thoughts and understand their interrelateAbsssct
systems refers to the cognitive ability to link several abstract mapjoiggther to form a

system of related abstract ideas. The ability to integrate two ormelated abstract
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systems allows the formation of abstract principles, the most complex fabstct
thought.

Neo-Piagetian theorists believe that cognitive development and leasrdggamic,
cyclical, and that structures are local and domain-specific, as opposed tisPiakyef
that mental structures were system wide (Case, 1998; Fischer & Rose, 2Qf¥6;&ni
Sutton, 2004; Rose & Fischer, 2009; Schwartz & Fischer, 2004). These neo-Piagetian
beliefs are key components of dynamic skill theory (Fischer & Rose, 2001; $thwar
20009).

Criticism of constructivism. In recent years, researchers have questioned the broad
application of the constructivist view of learning in science classe{Matthews,
2005; Matthews, 2002). Constructivist learning theory led to the development of
constructivist philosophy and pedagogy. The core of constructivist philosogtat is t
people construct their own knowledge from interactions with their environment. Implied
in constructivist theory is that people construct knowledge that is correct, apgopriat
and in agreement with the experts in a field. This, unfortunately, is often not ¢he cas

Matthews (2002) wrote about the difficulty science teachers encounter when
attempting to teach abstract concepts, such as chemical reactions. He fotsmttieas
employ many constructivist strategies such as laboratory expggngemonstrations,
projects, metaphors, and discussions in an attempt to explain submicroscopic phenomena.
Teachers report that even after their best efforts to explain abstescistry topics are
exhausted, they find that many topics in chemistry are beyond the expenéticas
students and that their school laboratory does not provide the experiences needed for

students to truly comprehend abstract chemistry topics. Matthews wirstédciful to
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believe that sensory experience can, alone, be the foundation of a child’siscientif
knowledge” (2002, p. 130).

Glaserfeld (1989) wrote that knowledge is the ordering of an experientigl rea
based on one’s experiences. As a chemistry student attempts to make or@éaniogm
out of an experience, a laboratory exercise or some other lived reality, the stagtemt
may not construct order and meaning that is in agreement with what the exgests in t
field of chemistry believe is happening at the submicroscopic level. Tnepatie
construct order on the part of a novice in a chemistry class often leads to ACr(Bische
Rose, 2001; Johnstone, 2000; Matthews, 2002; Schwartz, 2009).

Neo-Piagetian learning theorists consider the shortcomings of a purelsuctiust
view of education and propose that learning theory must include the complexity of the
human brain and that the construction of scientifically sound personal knowledge takes
time and effort.

Dynamic skill theory. Dynamic skill theory (DST) holds that complex learning,
such as chemistry, is often difficult, requires time and practice in whiaghelesacycle
through levels of cognition as they integrate new knowledge into existing knowledge
(Fischer & Rose, 2001; Schwartz, 2009). A student’s knowledge level varies between
learning domains and shows variation in performance abilities depending on emotiona
state and how much support, or scaffolding, is provided (Fischer & Rose, 2001). The
construction of a particular skill requires many mental elements which mastbeately
interconnected to form the new mental model. The interconnected nature ofhthe ma
mental elements can be thought of as a “web of skills” (Fischer & Rose, 200d/htra

properly constructed, creates new knowledge, or schema (see Figure 1). Thetons
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of a new schema requ#éme and practice usy and testing the new schel Putting the
schema to use over time allows the learner to ersaind concepts and sk that endure
in a student’s memory and can be accessed in theef(Schwartz, 200 Schwartz,
Sadler, & Tai, 2008).

Web of Development of Complex Skills or loncepts

Figure 1 Thisspider’s we' represents how skills and ideas intersect and cbrasa
complex schema devels. Each strand in the webpresents a skill or ide The
connections represent the integration of s or skills to form more complex skills ai
concepts.

Researchers have shown that as one learns a neeptptwo upper limits of abilit
are observed, fanctional leve of performance and aptimal levelof performance
(Fischer & Bidell, 1998; Fischer & Rose, 2001; Selnt&, 2009; Schwarz & Fiscl,
2003, 2004). Théunctional level refers to the level of skill a dant displays whe
working alone, which is their lowest skill or abjlievel. The fundonal level is observe
when a student is learning in a l-support environment, such as reading from ebook

or listening to a lecture&Conversely, students display their highhighes skill level
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when learning in a highly supportive environment. This higher skill level is caked t

optimal level (see Figure 2).

INCREASING
SKILL LEVEL

INCREASING AGE

Figure 2.The red scalloping line is the optimal level. The blue line represents the
functional level of ability.

A highly supportive environment is one in which the context of the learning
environment provides prompts to key mental elements required for performing the task or
skill. Fischer and Bidell (1998) found that a student’s optimal level of development
shows spurts of growth at certain ages which correspond to brain growth and
development whereas the functional level shows a slower, more continuous development
that varies across domains of knowledge.

Functional and optimal levels vary across learners and domains. POGIL teaching

strategies and materials provide prompts to the key mental elementsddquiearning
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a concept or performing a specific chemistry task and, therefore, supporiduati
student growth at the optimal level. As a student’s optimal level rises, in resppoas
supportive learning environment, their functional level rises as well (FiscReise
2001; Schwartz, 2009).

The dynamic nature of cognitive development in which a student’s functional level
lags behind the optimal level is built upon the work of Vygotsky (1962). Vygotsky stated
that individual students have varying abilities to perform a task. The low raapdity
is seen when a student works independently. The high end of the range of ability is seen
when a student is working with an expert such as a parent, teacher, other achggrnr a
He referred to the distance between the ability to work independently and with expe
assistance as the zone of proximal development.

Cognitive load theory.Cognitive load theory (CLT) (Chandler, & Sweller, 1991;
Aryes, Chandler & Sweller, 2003) states that human memory is divided into short term
memory (working memory) and long term memory. The four assumptions ob-T

e Working memory is limited in quantity and duration. People hold
approximately seven elements in working memory but only operate on two to
four of those elements at once. Working memory holds information for only a
few seconds unless refreshed by repeating the information. Without this
repetition, or rehearsal of elements in working memory, the information is
lost after about 20 seconds (Miller, 1956; van Merrienboer & Sweller, 2005).

e Long-term memory is essentially limitless and can be used to overcome the

shortage of elements held in working-memory.
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e A schema is along-term memory item that organizes elements of memory.
Lower order elements are put together and built into higher-order schema that
require less working memory space.

e Schema from long-term memory are automatically processed and do not
require conscious mental manipulation, thus reducing the working memory
load (Pollock, Chandler, & Sweller, 2002).

When learning a complex subject such as chemistry, the demand on working

memory is large (Johnstone, 1997, 2000; Taber, 2001). Teachers must find ways in which
working memory space is conserved by utilizing long-term memory. Taber (200&) wrot
that people process new information (in the working memory) slowly and that large
amounts of information can be handled in the working memory when it fits with the
student’s prior knowledge, or schema, retrieved from long-term memory. Consigtent wi
DST, CLT holds that teachers should assist students in making connections with prior
knowledge and knit together the many items of information needed to successfully
execute a chemistry skill, work a chemistry problem, or apply a chera@tigept to a
novel situation. A deep pool of elements and schemata in memory are needed fog learni
chemistry concepts. Teachers need to assist students by scaffoldikign&x &
Harwood, 2004) the numerous pieces of information stored in students’ long-term
memories as they assemble these elements into a new web of understands8ig, as D
dictates, building, refining, and rebuilding their understanding as they put théyr ne
formed mental models to the test (Fischer & Rose, 2001; Swartz, 2009).

Information processing model.Alex Johnstone’s work (1997; 2000) refines and

applies CLT specifically to the learning of chemistry. His model, trenmétion
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processing model (IPM), proposes that information deemed important enough to need t
be attended to, learned or remembered, even temporarily, must first pass through a
person’s mental perception filter. This filter processes information, in the, fnom a
person’s environment. Information can be ideas, events, or concepts that are gherceive
through the senses. Information that seems irrelevant or unimportant will sot pas
through the perception filter and is discarded mentally and forgotten (see Bjg
Johnstone writes that “we have a filtration system that enables us to igaage part of
sensory information and focus upon what we consider to matter” (1997, p. 262).
Information that passes through the perception filter is stored temporatlky wotrking
memory and may be moved to long-term storage for later use when needed\isee Fi

3).
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Johnstone’s Information Processing Model

Perception Filter Working Memory Long-term Memory
VN Rejected or
T “lost thought”
Information " IN(F:ORMATI:)'\A
: onnecte
- Holding Informatio Misconnected
Transfer

Unconnected

Information —)> Processing S

Control filter: recognition, interest, experiences

Figure 3.Information from the environment enters through the perception filter. Some
information is allowed to pass to the working memory where it may be lost or moved to
long-term memory. Adapted from “Chemical education research in Glasgow |
perspective” by A. H. Johnstone, 20@hemistry Education Research and Practice
(2), p. 56. Copyright 2006 by The Royal Society of Chemistry.

Johnstone proposes that in order for students to learn the abstract concepts of
chemistry, chemistry teachers should make the process more tangiblegco@ic)
which results in a reduction in the load on working memory. In order for information to
be moved from working memory to long-term memory, the learner must attach and
incorporate the new knowledge to a schema that exists in their long-tenorynéf an
existing schema cannot be found to associate the new knowledge with, thevgiéarner
either try to store it unattached or will force it to fit in with an inapproprigittiag
schema.

In the case of storing new knowledge unattached in long-term memory, such
knowledge is easily lost and not available for future use since it has not beesdiinsert
the student’s mental filing system in a manner that supports retrievatdoe fise. In the
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other case in which a student tries to fit new knowledge into an existing but inapjeropria
schema, the new knowledge is ‘bent’ or modified to fit, inappropriately, into anngxisti
schema. The forcing of new knowledge to fit with inappropriate existimgnsa results

in the formation of AC (Johnstone, 2000).

Conceptual changeConceptual change theory states that in order to correct student
AC, students must first confront the flaw in their own mental model while integra
new knowledge with the purpose of constructing correct mental images offgrienti
phenomena (Posner, Strike, Hewson, & Gertzog, 1982; Sandoval, 1996). Hewson (1992)
states that conceptual change theory “involves changing a person’s conceptions
addition to adding new knowledge to what is already there” (p. 8). Chi, Slotta, & de
Leeuw (1994) describe conceptual change theory as the repair of AC.

In order to develop a full understanding of chemistry concepts free of AC, students
need educational opportunities that provide many learning situations witheaafang
contexts (Treagust et al. 2010). Students must experience the failure pbtbriyr
constructed mental models, or AC, in a context that allows them to refine and rebuild
their mental models. The newly constructed, more refined mental model mustlmitrie
in a learning environment conducive to trial, error, and refinement of concefergma
such as a POGIL environment.

Complex skills can best be learned using pedagogy that incorporategiesrtiat
promote and support the learners’ use and application of his or her prior knowledge.
Repeated practice with the new skill fosters incorporation and integratiorsbhgx
knowledge with new learning. POGIL provides a supportive learning environment in

which students explore models of chemistry phenomena and new knowledge is applied in
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exercises designed to produce higher level applications (POGIL, 2010) amd floste
growth of optimal and functional performance lev@thman, Treagust, &
Chandrasegaran (2008) wrote that students need to be given time and opportunities to
practice with (teaching) models used in chemistry in order to construcoteideep
understandings and appropriate mental models.

Johnstone (1997) found that when a student attempts to process too much
information at once, as is common in traditional, teacher-centered claasesdeither
does not occur or an AC is formed. The use of guided inquiry in POGIL instruction,
divides the cognitive load inherent in a chemistry lesson into manageable ‘chunks’ of
information that the working memory can process. The prompts provided in a POGIL
lesson minimize the working memory space required by prompting the recadadlr
established schema in the long-term memory (Lamba, 2008). Consistent with Johnstone’s
IPM (1997), Lamba writes that POGIL methods facilitate the learning of exmpl
chemistry concepts and skills by reducing the cognitive load in the working meambr
moves information to long-term storage where it is more easily retrievéatfioe use
and learning.

POGIL strategies were developed based on a neo-Piagetian theorateairk.
The focus is to provide an appropriate learning environment in which the student is
supported while constructing new chemistry knowledge in the form of processeas, skill
and concepts.
Review of Literature

Chemistry is one of the most challenging courses offered to students. Sthdents t

wish to declare a chemistry based major in college often are unable taHeifillreams
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due to the inability to pass the necessary chemistry courses (DuBet1o Baaieos,
Kakareka, Brown & Ewald, 2008; Johnstone, 2000; Nakhleh, 1992). AC held by students
do not allow for success in college chemistry courses (Johnstone, 2000; Spencer, 1999).

Alternate Conceptions Students’ AC in science are well documented (Bodner,

1991; Cakmakci, 2009; Calyk, Ayas, & Ebenezer, 2005; Cokelez, 2010; Nakhleh, 1992;
Nicoll, 2001; Othman, Treagust, & Chandrasegaran, 2008; Peterson, & Treagust, 1989).
Nakhleh (1992) wrote that student AC have been referred to in the literature as
“misconceptions, preconceptions, alternate frameworks, children’s scienceidects
descriptive and explanatory systems” (p.191). Calyk, Ayas, and Ebenezssved\iver

20 years of research conducted on AC and concluded that only “a few resehesteer

gone beyond documenting, categorizing, and interpreting students’ ideas” (p. 45).
According to Tatan, Yalginkaya, and Boz (2008), complications for individuals holding
AC arise as students attempt to incorporate what is taught in a classroom lissbaim
incorrect understanding of sciencesfBa et al. explained that AC affect students’
learning since they interpret teachers’ instruction in the light of tA€sd herefore, it is
critical to identify AC held by chemistry students and their sources im twd@prove
chemistry instruction and student comprehension. Pedagogy is needed that aly
correct AC but, more importantly, prevent the formation of AC.

Students develop scientifically sounds mental models of the PNM over time with
elements of the correct scientific explanation developing as students spend time
developing their mental models (Aladan et al., 2009). Aladan et al. also pointédtout t
students are unaware that their understanding of the PNM is not in agreemeheéwith t

scientific explanation of the behavior of atoms, ions and molecules.
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Finding effective methods for dealing with AC has proven to be a difficult task
(Bodner, 1991; Nakhleh, 1992; sfan, Yalginkaya, & Boz, 2008). Chandrasegaran,
Treagust, and Mocerino, (2007) found that AC in chemistry proved resistant to change
even after instruction designed specifically to challenge student misconcepiiaiasn
et al. (2010) investigated the patterns of thinking exhibited by high school clyemistr
students as they developed concepts related to the PNM utilizing a pedagogydeat
multi-representational instruction to reduce the abstract nature of thestogied. They
found that while most students did form scientifically accurate mental modeNMf
immediately after instruction, many students’ accurate understandingsodad ¢o their
previous AC after three months.

Previous studies that investigated methods for confronting and correcting AC
focused on problem solving activities. What is needed, according to Schwartz, is a
method to “reveal the processes by which knowledge is built” (2009, p. 199).

Particle theory alternate conceptionsThe particle theory of matter, also known as
the kinetic theory of matter, states that all matter is composed of m(tieleatoms,
ions, molecules, subatomic particles) that are in constant motion. The amountoof moti
of the particles is determined by the energy they possess. The PNM is fonaldati
almost every topic studied in chemistry. Therefore, it is critical for stade gain a
thorough, correct understanding of this theory in order to be successful in chemistry
(Adadan et al., 2010; Harrison & Treagust, 2002; Othman, Treagust, Chandrasegaran,
2008).

AC students have in terms of the particle theory of matter include the topics of

bonding and the structure of covalent molecules (Peterson & Treagust, 1989), phase
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changes (Cgu, 2008) , and gases (Bodner, 1991; Treagust, et al, 2010). Students
memorize facts about particle theory with little understanding of the subcogios
phenomena (Bodner, 1991; Othman, Treagust, & Chandrasegaran, 2008; Treagust et al.,
2010). Spencer (1999) found that chemistry students can memorize enough information
to correctly answer test questions without developing a sound conceptual understanding
of chemistry. This memorization of facts as opposed to a sound understanding of the
concept leads to difficulty in chemistry studies (Johnstone 2000; Spencer, 1999).

Common AC held by chemistry students is that matter is continuous (Harrison &
Treatgust, 2002; Othman, Treagust, & Chandrasegaran, 2008). This belefreiem
students’ tendency to assign macroscopic level characteristics of toatte
submicroscopic particles (Othman, Treagust, & Chandrasegaran, 2008; Taber, 2001).
Among the most common AC, and one most resistant to change (Treagust et al. 2010), is
the belief that a gas in not a substance, has no weight or mass. Students also hold AC
regarding the bubbles that rise from boiling water. Many students statbahaibbles
rising in boiling water are composed of hydrogen gas and oxygen gas (Harrison &
Treagust 1998; Othman, Treagust, & Chandrasegaran, 2008). Students believerthat whe
a substance expands or contracts, such water expanding when it freezes te,fthven ic
volume of the individual molecules change, as opposed to the space between them
(Yezierski & Birk, 2006a).

Students’ inability to comprehend electrostatic forces between pateeds to AC
involving the relationships between the states of matter of a singlerscdas&everal

studies have shown that students believe that matter is continuous and smooth in the solid
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state based on their macroscopic observations (Cakmakci, 2009; Pozo & Gémez-Crespo,
2005; Talanquer, 2009).

Adadan et al. (2010) documented several AC relating to PNM. These researchers
found that high school chemistry students hold AC that include the belief thatgzairticl
the solid state either do not move or move very fast. Students thought that solid lines
exist between patrticles in a solid which act to hold the matter togetheadmdte
electrostatic forces. In liquids, students stated that the particlesgadarly arranged
with lines between the particles maintaining the regular arrangeRwrgtudents that
did believe that space exists between particles of a solid, those studerdsexkphat air
or other material occupies the space.

A thorough understanding of the PNM is essential to understanding states of matte
physical changes and chemical bonding. Students that hold AC about the PNM did not
develop an accurate understanding of chemical bonding (Othman, Treagust,
Chandrasegaran, 2008; Treagust, et al., 2010).

Chemical bonding alternate conceptionsResearchers have documented AC
relating to chemical bonds (Adadan, 2009; Talanquer 2009). These researchers found that
students do not properly distinguish between intermolecular forces and covalent bonding.

Nakhleh (1992) wrote that students hold a “static, rather than kinetic” (p.193Iment
model of matter. Research has revealed that chemistry students stoudjfflierentiate
between physical and chemical changes, that students describe chqmildaien as a
static state instead of kinetic, and do not know that in a chemical reaction, atoonéya
rearranged, (de Vos, & Verdonk, 1989; Nakhleh, 1992; Othman, Treagust, &

Chandrasegaran, 2008).
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Students think of chemical bonds as substantive and material (Othman, Treagust, &
Chandrasegaran, 2008). They also report that students confuse the number of valence
electrons with the number of chemical bonds that can be formed by an atom of an
element.

Multiple Levels of Representation.One source of misunderstanding for chemistry
students is the fact that chemists use three levels of representationscopar,
submicroscopic, and symbolic representations (Chandrasegaran & Treagust, 2009;
Chandrasegaran et al, 2007; Colburn 2009; Johnstone, 2000; Taber 2001). Students
conducting a laboratory exercise will report their macroscopic observatichsas
changes in color, odor, texture, or state of matter. Submicroscopic “refers to a
understanding of chemistry at the particulate level—molecules, ions, atontsnsigha
particles, and so on” (Colburn, 2009).

Symbolic representations refer to the symbols chemists use to communicate
concisely, including chemical symbols for elements, chemical formulae qfarords,
and chemical equations. The use of symbolic representation allows chemists to
communicate in a concise manner that is understood in all languages. For exaasple, t
symbols; H(g)+ O, (g)— H2O (I) are used to communicate that diatomic hydrogen gas
and diatomic oxygen gas react to form liquid water. This chemical equatiod @ul
written this way by scientists speaking any language. Since studgntsifficient
understanding of chemistry at the macroscopic and submicroscopic levels, the
significance of the symbols and formulas in chemical equations used to cometiméca

occurrences at the submicroscopic level lack meaning (Johnstone 2000). Students must
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have a sound understanding of macroscopic and submicroscopic chemical phenomena
before they can use symbolic representation appropriately.

Students’ difficulty in dealing with the three representational levels is ccetgyd
by the custom of chemistry teachers to change from one level of represetdatnother
without discussing how these levels are interconnected. Chandrasegara0&7al. (
wrote that “students are often unable to see the linkages between the threatapese
although they know the chemistry at the three levels. For improved conceptual
understanding, it is important to help students see the connections between the three
representational systems” (p. 239).

Chemists and chemistry teachers are comfortable moving between thieveis@f
representation, but students of chemistry find that moving between the threesevels i
difficult (Kozma, 2003). Marais and Combrinck (2009) wrote that students are “réquire
to make the transition between macro and micro levels of matter, since the subject
includes the study of interactions between indescribably small particletiod manich
cannot be envisaged or measured by simple physical means” (p. 88). Johnstone (2000)
further stated the problem students face. “It is (often) impossible for studerdaglate
among three levels, macro-, submicroscopic, atomic, and molecular level andtfiaall
abstract symbolic language commonly used in chemistry” (p.12).

Models in Chemistry/ScienceModels in science classrooms serve as analogous
representations of nature and present difficult and complex science conceays ithat
are meaningful and understandable for students (Chittleborough et al., 2005; Harrison &
Treagust, 1998; Johnstone, 2000; Zare, 2002). Models in chemistry instruction are used

to help students comprehend submicroscopic phenomena and to relate the
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submicroscopic representation to symbolic representations as they develywiapgr
mental models of the phenomena (Harrison & Treagust, 1998; Taber 2001). Models are
so widespread in the teaching and communication of science that Harrison angflreag
(1998) wrote that “modeling is the essence of scientific thinking...models are both the
methods and products of science” (p. 420).

Model types. Scientific models take many forms including two-dimensional images,
three-dimensional constructions, computer generated models, analogies, gitbreeta
Regardless of the form, the purpose of a scientific model is to enable students to
understand difficult, often abstract, science concepts and aid students asrththefr
own scientifically accurate mental models (Harrison & Treagust, 1998; dseenal.,
2010). The concept being modeled is referred to amtgetwhile the features of the
model are called thenalogue Analogical models help and guide student understanding
of abstract and difficult concepts and processes by simplifying sonteitsr of the
target and enhancing others (Harrison & Treagust 1998). The analogues ckasen ar
some way familiar to students and thus translate the difficult aspectstafdbeinto
more familiar analogues. Models have been shown to assist students in botheenmgem
as well as explaining scientific events (Harrison & Treagust, 1998)

Mental models can be thought of as the result of student learning. Chittlebetough
al., (2005) wrote that teaching models and scientific models can be thought of asrinput f
student learning and that the resulting mental model the student forms is the output of
learning. They further stated that models are important in aiding students in

understanding the processes of science.
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Teachers use models in chemistry courses in order to attempt to bringtabstrac
concepts into a concrete form. Models aid students to observe the unobservable. Taber
(2001) wrote that many problems encountered by chemistry students suét afraot
understanding the link between submicroscopic and macroscopic representatidng use
their teachers and the textbooks. Several studies have reported that tesethiogs that
stress the use of models, and explain how the models relate the submicroscopic,
macroscopic and symbolic representations, improve students’ abilities to anderst
chemistry concepts (Chittleborough & Treagust, 2007; Harrison & Treagust, 1996;
Kaberman & Dori, 2009; Levy & Wilensky, 200@rnek, 2008; Othman, Treagust &
Chandrasegaran, 2008; Taber, 2001). These researchers also found that student must be
taught how to properly view scientific and teaching models. Some studeet$owead to
believe that teaching models are actual representations of submicroscopic g@ienom
instead of an analogous representation.

Levy and Wilensky (2009) found that students who were taught the p#recle of
matter with a focused use of models, as found in this study, showed a greater
comprehension of the association of submicroscopic and macroscopic representations of
matter. Students in the Levy and Wilensky study also displayed an undargtéhat
models are representations of nature rather than exact replicas of natotsl $neth,

Wiser, Anderson, and Krajcik (2006) explained that the complexity of learning about
PNM required time to master and nontraditional instruction. POGIL pedagogy provides
both the time and nontraditional instruction proposed by many researchers (Bischer

Rose, 2001; Johnstone, 2006; Schwartz, 2009; Smith et al., 2006).
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Lee, Linn, Varma, and Liu (2010) found that inquiry instruction which features
computer-based teaching models designed to assist students to visualize coepdex sc
concepts were more effective than traditional lecture pedagogy. Lesteessed inquiry
units must be well thought out and designed for student understanding of complex topics.
By well designed, the researchers were referring to teacherstmitiy sontent
knowledge to act as facilitators during inquiry lessons and the quality of thelguide
inquiry questions and tasks. POGIL lessons provide the necessary well designdd guide
inquiry documents.

Process Oriented Guided Inquiry Learning.POGIL is a research-based, student-
centered philosophy and science pedagogy in which students work in small groups to
engage in guided inquiry using carefully designed materials that dimdajuide students
to build and rebuild their chemistry knowledge (Boniface, 2009; Hanson & Apple, 2004;
Moog & Spencer, 2008). POGIL simultaneously teaches both content and key process
skills of science. POGIL activities focus on core concepts and processenoksas it
encourages and fosters a deep understanding of the course material while developing
higher-order thinking skills.

The objectives of POGIL (Hanson 2004, p.1) are to

e Develop process skills in the areas of learning, thinking, and problem
solving.

e Engage students to take ownership of learning.

e Increase student-student and student-instructor interactions.

e Improve attitudes toward chemistry and science.

e Enhance learning with information technology.
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e Develop supporting process skills in teamwork, communication,
management, and assessment that are essential for the workplace.

The development of POGIL was funded by the National Science Foundation due to
the need to improve undergraduate chemistry education (Hansen, 2006). POGIL was
originally developed in the 1990’s for undergraduate chemistry courses (Bxritf209;
Moog & Spencer, 2008; POGIL, 2010) and has now spread to secondary chemistry and
biology classrooms. College chemistry professors in the 1990’s found thatttire le
based teaching methods, referred to as “teaching by telling” @res2008, p. 51), in
which an instructor attempts to pass knowledge from his or her brain to the students’
brains, was not working. What was needed was a pedagogy that promotedstueatsr
engagement (Boniface, 2009; Hansen, 2006). A thorough review of the literature on best
teaching practices revealed that active, student-centered practieemarereffective in
building enduring understandings of difficult science topics than traditional, teacher
centered, lecture style pedagogy.

Active, student-centered POGIL lessons were first developed for introductory
general chemistry college courses. Quantitative studies report pgsitingein
achievement for students and qualitative studies revealed that students pr&d&ied P
pedagogy over traditional teacher-centered instruction (Farrell, Moog, &c&pe.999;
Hinde & Kovac, 2001; Lewis & Lewis, 2005). College students taught using POGIL i
general chemistry wrote that they wished they had been taught using R@@&iads in
high school (Hanson, 2006). Hence, POGIL for high school chemistry materrals we
developed under an American Chemical Society-Hach grant funded by the Hach

Scientific Foundation for the support of high school chemistry teaching.
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Traditional teaching versus active, student-centered instruction. Traditional
classroom instruction is defined as one in which the teacher is in control while the
students are passive, recipients of information. The power and responsibiisrfong
are teacher centered. The teacher makes all decisions as to what isastdchew the
instruction is to take place. A traditional classroom can be competitive ire vetich
leads students to resent others using their ideas. Coverage of the conteimasya pr
concern in a traditional classroom. Content is transferred to the studenthiéom
textbook or from the teacher through lecture. This practice is referred‘teaahing by
telling” (Bressette, 2008, p. 51) and is not effective. The oral presentation of ititorma
in the lecture and can be aided by PowerPoint presentations, educational videos, or othe
media. Students attempt to acquire mastery of the topic through drill and prdaiioex.
order thinking skills are usually not required as memorization of facts is oomm
(Triangle Coalition for Science and Technology Education, 1993).

In contrast, an active, student centered classroom, is one in which students do not sit
passively in desks listening to a lecture. Active, student-centered pedagoggsvol
engaging students in the learning process by first moving students from pasgients
of a lecture, to active constructors of knowledge. Cooperative learning antfsri
inquiry are often aspects of active student-centered learning, as in thisNaidgials
such as teaching models, laboratory materials, computer software, comptiters w
internet access, and other resources for learning are usually provided fat saele

Differentiation. As classrooms in America become more diverse, the need for
differentiation of instruction has become clear (Tomlinson, 1995, 2009). Diffdrentia

of instruction is defined by Tomlinson and Allan as:
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a teacher’s reacting responsively to a learner’s needs....attendingdarthiad

needs of a particular student or small group of students rather than the mote typica

pattern of teaching the class as though all individuals in it were basiltiedly a

(2000, p. 4)

A teacher devoted to providing the optimal learning experience for all studéinteek

to differentiate instruction, which means that she must begin instruction ikeere t

student is, not on page one of the textbook or at the beginning of a curriculum guide
(Tomlinson, 1999). Students arrive in the classroom each with his or her own unique set
of life experiences on which knowledge may be built. The wise teachedetestnine

what prerequisite knowledge the student possesses or lacks, as well as walagifjsec
talents and abilities the student has. Then the teacher may prepare to mawdetite st
forward from that student’s own, unique starting point.

Once a student’s starting point is determined, the task for the teacher is narteter
what classroom experiences can he or she provide that will offer the optnméhde
experience for that child, based on the unique needs and talents of each student. In other
words, how should the lesson be differentiated for a student in order for him or her to
learn as much as possible?

Classroom instruction can be differentiated in any of three ways: process, product
and content. Process differentiation referedw students will learrthe content.

Tomlinson and Allen (2000) define process differentiation as “how the learner ammes t
make sense of, understand, and “own” the key facts, concepts, generalizations|sand skil
of the subject.” (p. 8). Product differentiation refersvtmatstudents will produce

demonstrate mastery of a topic. Product differentiation could include portfoliasrof w
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an exhibition of solutions to problems, or a pencil-and-paper test. Content diffevantiat
refers to the specific content students will learn (Tomlinson & Allan, 2000). Content
differentiation is applicable to highly capable students who need an acelerat
curriculum or students in a classroom that lag behind their peers and are leantémg c
the others have mastered.

POGIL is an example of process differentiation, as the “P” in POGIL is,dndee
process. POGIL utilizes guided inquiry set in cooperative learning groupe stueents
actively build on their previous knowledge while giving to and receiving from theipg
mates learning support as needed. Students in a POGIL lesson evaluate thg learni
model provided and move from their own unique cognitive starting place, based on their
personal prior knowledge. This active process of POGIL differs from the traaliti
passive lecture pedagogy, which provides only one lesson for all listening totthre.le
The active involvement in a POGIL lesson results in process differentietion f
traditional lecture.

POGIL lessons also offer product and content differentiation. As teachdespash
each cooperative learning group, informal assessments of how students anocagply
knowledge of differentiated instruction can easily be accomplished by thetgasing
guestions to gauge the students’ understandings. Content differentiation could be
accomplished by selecting students for groups based on the topic (content) they need to
master. All POGIL groups would not have to be utilizing the same student learning
documents or be studying the same topic.

Also, POGIL lessons include questions that students typically complete indiyiduall

as homework or class work which is collected by the teacher for assesSindent
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products may include sketches, verbal explanations, quizzes, and formal exams.
Compared to lecture-style pedagogy, a typical POGIL lesson will inclade imformal
assessments both by the students in their cooperative learning groups and from the
teacher. Teachers have the opportunity to informally assess student |leathieng @sss

by the cooperative groups or when calling for summaries from each group’s
spokesperson during the course of the class period. Formal, graded assessngent occur
after students have had the opportunity to experience and grow from sevenahinfor
assessments.

Guided inquiry learning, the heart of POGIL. The G and the | in POGIL stand for
guided inquiry. Guided inquiry learning is a central tenet of POGIL philosophy and
pedagogy because guided inquiry has been shown to be a more effective pedagogy tha
traditional lecture teaching. Minner, Levy and Century’s (2010) metassinalf studies
of inquiry-based science teaching found that students showed greater science
achievement when involved in guided-inquiry lessons than when involved in traditional
lecture classrooms. Minner et al. reported that guided inquiry can be defingdvangs.

They chose to define inquiry as hands-on activities used to “motivate and engages student
while concretizing science concepts” (p.475). They also stressed thatdaauwdved in

inquiry lessons will communicate to others and evaluate their explanationsruifsc
phenomena as well as justify proposed scientific explanations, as all PG&dhdedo.
Students in inquiry lessons that provided both hands-on opportunities and time for
discussion posted the greatest gains. Students were observed to benefit fronirhaving
provided to “process for meaning through class discussions of the reasons behind what

they observed” (p. 491).
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Inquiry learning in the United States dates back to Dewey's (1897, 1938) call for
educators to provide learning opportunities in which students could seek knowledge for
themselves in interactive and social environments. In 1961, the EducationalsPolicie
Commission stated that students in American schools should be developing certain
thinking and learning skills which included: recalling and imagining; classifgnd
generalizing; comparing and evaluating; analyzing and synthesandgjeducing and
inferring (Educational Policies Commission, 1961). The development of theseasklll
abilities are central to inquiry learning. Piaget (1973) wrote conagtheaneed of
students to have opportunities to develop their cognitive abilities through chadjemgin
thought provoking activities now referred to as constructivist learning aesiviirom
this constructivist perspective, inquiry learning has grown in use and importance,
especially in science classrooms (Matthews, 2002).

More recently, Wilson, Taylor, Kowalski and Carlson (2010) reported an important
and promising finding from their study of inquiry pedagogy as opposed to traditional
lecture teaching. Wilson et al. reported that the students in their study witaweght
using inquiry-learning posted greater achievement than students taughtraditgal
lecture methods. Of particular interest was the absence of an achiegapd®tween
students of different races. In the Wilson et al. study, minority students pstied s
gains to their Caucasian and Asian peers. They also reported simitamdegains for
male and female students.

A critical component of successful guided inquiry learning is the cooperative

learning group (Lee et al., 2010). Students discuss with their cooperativiadegroup
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peers the content being investigated in an inquiry lesson. Cooperativadearaikey to
the success of guided inquiry learning and is discussed in the next section.

POGIL and cooperative learning. Students in a POGIL environment work in
cooperative groups to solve problems, work on a project, or research a topic. In the
context of a cooperative learning community, students are less competitive andra
likely to share ideas and support classmates as they work together to solvencomm
problems. An aspect of cooperative learning in a POGIL session is that senigage
in conversations as they discuss and debate their answers to questions or expldee possi
answers. In these discussions, students are found to employ higher order thinlarag skill
they engage in critical thinking, discovery learning, and inquiry (P. Brown,; 2210
Brown, 2010).

Cooperative learning is rooted in the work of Vygotsky (1962) and Dewey (1897,
1938) each of whom wrote on the social nature of learning and the necessity for the
learner to interact with his or her environment when engaging in a learningyactivit
Recent studies of cooperative learning in science classes have shown drghuolent
achievement when compared to less social learning environments (Bilgina G¥I06;
Johnson & Johnson, 1999, 2010; Kds&hin, & Gezer, 2010). Studies have found that
cooperative learning groups in which students interacted with peers increasegtaal
learning more than when students worked alone with no peer interaction (Lumpe and
Staver 1995; Marinopoulos and Stavridou, 2002). POGIL pedagogy was specifically
designed to incorporate cooperative learning since cooperative learning hahbee
to improve process skills and results in higher order thinking (Bilgin & Geban, 2006;

Johnson & Johnson, 1999, 2010).
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POGIL pedagogy. POGIL is active and student-centered and is based on the learning
cycle (Moog & Spencer, 2008; Hansen, 2006). POGIL instruction utilizes carefully
written guided inquiry student learning documents available at http://www.pogilvihg
each document offered as a free download. Embedded in the POGIL student learning
documents are models designed to help students visualize abstract concepts and
submicroscopic phenomena. POGIL student learning documents are thoughtfully and
intentionally developed with the purpose of each student experiencing the leastimg

Learning cycle. The learning cycle is a pedagogy which states that learning occurs in
three stages: exploration, concept invention, and application (Atkin & Karplus, 1962).
Atkins & Karplus (1962) and Abraham (1982) offered explanations of the stages of the
learning cycle. They wrote that in the exploration stage, students exptpic ar
phenomena using their senses as much as possible and interact with their emtironm
(which can include other students or their teachers). Observations a@anthduestions
usually arise from the exploration.

The next phase in the learning cycle is concept invention. Students utilize prior
knowledge along with the newly acquired information from the exploration phase to
begin making a series of statements of conjecture concerning thetbargy studied.
Students frequently refer back to the model or materials utilized in the diqiqraase
as they work to formulate their concept.

The final stage of the learning cycle is application. In this phase, studentsregply
newly formed concept to a situation to test the validity of their concept.ilfcibrecept is
faulty, they cycle back to the previous two stages and continue refining ardpiieye

their concept.
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In the exploration stage of a POGIL lesson, students examine a teachirigalonge
with a series of questions relating to the model. The questions, along with tre less
objectives, lead students to explore the model and execute certain tasks tlvaa ledld t
understanding of a concept. The model could be any number of things including a
diagram, a computer simulation, a table of data, graphs, a teacher demonstration or a
combination of these experiences. As the students work in their cooperativegearnin
group to examine and explore the model, they engage in conversations as they attempt to
explain and understand the model. Their conversations include statements of conjecture
and the formation of hypotheses.

The concept invention state occurs as a result of the exploration phase and the
conversations that occur in this first stage. Students will ‘invent’ the cofezpted in
the lesson. The questions and tasks provided in the POGIL student documents lead the
students to logical conclusions, which are the concepts featured in each lesson.

The final stage of the learning cycle is the application stage. Studemnisoaided
with opportunities to apply their newly invented concept to chemistry problerhsinf t
concept needs refining, the cycle returns them to the exploration stage wHeegrtbes
can explore and refine their new knowledge. In their discussions, students cotgempla
and discuss the strengths and weaknesses of their hypotheses and work toward
understanding and mastery of the topic for every group member.

Abraham (1982) pointed out that the learning cycle pedagogy emphasizes and
employs the use of active student investigation of phenomena to produce evidence, or
data, to back up student conclusions. The ability of students to explain newly acquired

knowledge is critical. Abraham also stated that this type of pedagogy is iastomith
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traditional approaches in which the student is a passive receiver of knowledgs and ha
knowledge of the expected outcome of an experiment before performing it.

Abraham and Renner (1986) applied the learning cycle in secondary chemistry and
found that students involved in lessons built upon the learning cycle exhibited greater
achievement gains, better mastery and retention of concepts, and developed better
process skills when compared to students taught using traditional lecture-based
pedagogy.

To support student exploration, concept invention, and application, all POGIL
lessons feature two dimensional models (figures or diagrams) that have tefeltyca
chosen to aid in the conceptual understanding of the topic and guided inquiry questions
referring to the model which have been carefully written to develop sciaftfifsound
understandings of chemistry fee of AC. Research confirms that studentsofoect,c
strong conceptual understandings of science topics when relevant analogidalar®de
used in a context where students are interacting socially and disciresmgdel’s
meaning and applications (Harrison & Treagust, 1996, 1998). Most POGIL student
activities also utilize computer animation models that are availabl@entiee of
charge. These computer animations provide students with macroscopic views of
submicroscopic phenomena. For the study of the particle nature of matter, asompute
animations are superior to static models since animations allow studentsrte dbse
constant movement of the particles, which is the basis for the particle theoaytef.m
With static physical or paper models, students cannot see the movement ofittespart

POGIL pedagogy is multirepresentational since a typical POGlbrndassolves the

use of verbal definitions and descriptions, two-dimensional models and computer
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animations. Aladan et al (2010) found that multirepresentational pedagogy aidectst

to form more scientifically accurate mental models of PNM phenomenad Bastheir
findings, these researchers encouraged classroom teachers to incorpoyatgesof
models, or representations, of PNM phenomena in order to facilitate student
understandings of abstract phenomena. These researchers also pointed out that
encouraging students to create their own sketches of what they believe is hgp&mne
particulate level and then verbally explain what they have drawn, fostergptonce
development. POGIL lessons provide this type of opportunity to develop and express a
student’'s mental model. In doing so, peers in a POGIL learning community carsdiscus
each student’s drawing, explanation and understanding. The discussion which
accompanies these acts is a vital part of the learning cycle in which teatdiests a
mental model and is allowed to make corrections as needed in a nonthreatening,
supportive environment.

A common initial concern of individuals considering a change to student-centered
pedagogy away from the traditional lecture methods, common in most scien@sc@urs
that active student-centered pedagogy does not allow time for both lecture antl stude
activities. Concerns have been raised over the amount of content that can be covered in a
term when using POGIL methods. Lecture has been the pedagogy of choiemae sci
courses for decades because it allows the instructor to move steadily dietiaekrw
students comprehend the material or not. When contemplating a move away from the
traditional, lecture format in science courses to active, student-centeiagbps,
tertiary and secondary schools have expressed concerns that students wilhrast lear

much in classes that employ POGIL pedagogy as they do in traditional, {Eotuedt
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classes. Several studies have found that these concerns are groundless:iBtudents
classes that employ POGIL pedagogy score at least as well as sindeaditional
teacher-centered, lecture courses (P. Brown, 2010; S. Brown, 2010; Farrell, Moog &
Spencer 1999; Lewis & Lewis, 2005). Research has also found that the students who
achieve in lecture based course do equally well in POGIL classes astuthexits who
perform less well in lecture courses achieve higher scores in POGle{@&s<Brown,
2010; S. Brown 2010; Lewis & Lewis, 2005).

Effectiveness of POGIL.After the initial success of POGIL in undergraduate
chemistry (Farrell, Moog, & Spencer, 1999) classes, POGIL methods have been
successfully implemented in several other college courses as well, inatudangc
chemistry (Schroeder & Greenbowe, 2008), physical chemistry (Sp&mdeog, 2008),
biochemistry (Minderhout & Loertscher, 2007), medicinal chemistry (S. Br@@10),
mathematics (Rasmussen & Kwon, 2007) and anatomy and physiology (P. Brown 2010).

Patricia Brown (2010) and Stacy Brown (2010) each studied the effecsvene
college science courses using POGIL methods. Both reported that theyuhdddst
grades and overall test grades were positively affected by POGdy.foind that the
number of students failing chemistry or making a “D” fell and that studeptsted
more confidence in what they had learned. Students reported that theyffdtegshiad
learned a great deal and understood the material as opposed to memorizedynieatss
to pass a test.

P. Brown (2010) studied the effectiveness of POGIL methods in an anatomy and
physiology course at King College. Brown stated that King College, like/ roider

tertiary institutions, chose to implement POGIL methods in order to make theiesours
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more student-centered, active learning experiences since lecture meénedst
producing the desired learning outcomes in science classes. She stated theatioally
fraction of students in introductory science classes are served by a tradiitiacsc
approach” (p. 4).

P. Brown'’s study reported higher achievement of students on summative tests whi
lead to significantly better grades in the course for students. Browd'g sbvered three
semesters and student grades in the course improved over all three sermesi@zméan
of 76% to 89%. The mean score on the final exam during this period improved from 68%
to 88%. Of particular interest is the decrease in the percentage of stuataitg a grade
of D or F in the course. P. Brown reports that the percentage of students earningra D 0
F was halved in the first two semesters and dropped to 0% in the third semester.
Qualitative data from this study reported that almost all of the studentdedda®GIL
instruction as very beneficial and highly effective.

S. Brown studied the effectiveness of POGIL methods in a one semester medicinal
chemistry course in the doctor of pharmacy program at East Tennesseenstaisity.

S. Brown reported four positive aspects of utilizing POGIL methods in the course.
POGIL improved grades in the course, encouraged active engagement wittenel

in the class, provided immediate feedback to the instructor concerning studetsd defici
and misunderstandings, and created a positive classroom environment where students
enjoyed learning very difficult material.

S. Brown reported that the grade distribution shifted upward due to the POGIL
methods. What had been a B-C distribution in this course became A-B centered after

POGIL implementation. S. Brown wrote,
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to truly appreciate the significance of this grade distribution shift, one must aonside
the high competency level of these students. As professional school studgnts, the
underwent a rigorous admissions process that resulted in 3 groups with no significant
differences in PCAT composite scores or GPAs. Nevertheless, they shmaved t
differences in their mastery of medicinal chemistry course codegend on how
the material was delivered. (p. 6)
S. Brown also wrote that the students felt confident in what they were learning in a
class that had historically been known as a most abstract and difficult coursecoibat
be seen as a shortcoming of this study might, indeed, be an asset. The instructors in the
various sections of the courses in this study changed their summative astegscie
year. These documents were analyzed to determine the Bloom’s taxonohof Eaeh
guestion. The examinations given in the POGIL sections consisted of fewer questions
from Bloom’s level 1 (knowledge) and more questions from level 2 (application). The
students in the POGIL sections were taking more difficult exams than tins gxeen to
the students in the non-POGIL sections of the course and yet, were earning better sc
The average scores on summative exams shifted from 86% of students scoring@ the B
range in the non-POGIL sections to 82% of students scoring in the A-B. This shift is
remarkable when considering how similar these groups are in regard to aptittiae for
subject matter being taught and tested.
POGIL in high school chemistry.The development of POGIL for high school
chemistry grew out of the frustration of science educators with their tilechpts to
teach using inquiry methods in secondary classroomsNahenal Science Education

StandarddNRC, 1996) andProject 2016(AAAS, 1993) each called for science to be
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taught using inquiry though most science teachers rarely use them (Hefnhiranda,
2010; Kuhlthau & Maniotes, 2010). In an open inquiry lesson, students come up with
their own question to research, design their own investigation, conduct the invastigati
and report their findings (Hermann & Miranda, 2010). This type of inquiry, open ynquir
has not proven to be an effective method for teaching as students report beingdrustrate
and confused (Colburn, 2009; Kirschner, 2008). Students simply do not have the
experience or the knowledge base to engage in open inquiry as scientists do (Colburn,
2009; Kirschner, 2008).

Guided inquiry, such as POGIL, differs from open inquiry in that the teacher
provides the question and other supports needed to investigate the question, such as
models, and personal guidance. The promotion of inquiry learning in science isezunsist
with conceptual change theory and dynamic skill theory, as they all teicetigins to
constructivism and share a common ideology that the learner must be actgag@m
the teacher’s lesson and construct knowledge personally. Guided inquiry requires
students to draw on their previous knowledge as they incorporate new learning by
thinking critically about the situation that is presented. Chiappeta & Adams (2004, p. 47)
identified five reasons guided inquiry lessons are superior to traditionaldectur
instruction. They wrote that guided inquiry science instruction promotes:

¢ understanding of fundamental facts, concepts, principles, laws, and theories;

e development of skills that enhance the acquisition of knowledge and
understanding of natural phenomena,;

e cultivation of the disposition to find answers to questions and to question the

truthfulness of statements about the natural world;
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e formation of positive attitudes toward science; and
e acquisition of understanding about the nature of science.
Guided inquiry lessons allow teachers to engage their students in both the contgnt (what
and the process (how) of science. Traditional lecture teaching consstsieints
passively listening to content being delivered by the instructor. The sindent
traditional class is not actively involved in the process of learning as theyame
inquiry lesson.

In order for conceptual change to occur where AC exist, students need to explore
complex tasks, as found in chemistry, in various contexts (Schwartz, Sadlet, & Tai
2008). The POGIL method provides such opportunities for in depth exploration of
complex topics. Students have a platform for discussing their ideas and fag thetr
own mental models of submicroscopic phenomena in chemistry as well as their
understanding of symbolic representation. POGIL guides students to recottsiuct
mental models into forms consistent with those held in the scientific community.

Few empirical studies are available that have examined scienceeanki@ and in-
depth studies of complex science skills, as POGIL provides. One rare study found a
positive association between high school science experiences that provided inudpth st
of at least one topic in high school science classes and college science augse gr
(Schwartz, Sadler, & Tai, 2008). This study also found a negative correlatioeelnetw
college science grades and high school experiences where matefiebwasd” and
not studied in depth. POGIL lessons call on students to process the information, not

merely “cover” the material by memorizing a few isolated facts.
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Summary

This chapter has offered a review of the literature related to theutliis teachers
and students encounter when teaching and learning chemistry. The getiaRia
theoretical framework for this study was presented which incorporatesnatyskill
theory, cognitive load theory, Johnstone’s information processing model, and conceptual
change theory.

The review of literature included many research studies of chemistry AC, and
specifically those studies related to AC in relation to PNM. Teachinggraadesigned
to address AC and their implications for student achievement were considered. The
research reviewed has reported that the struggles students encounteudyiag st
chemistry has been traced to the mental demands of such an abstract subject and to the
formation of alternate conceptions. The issue of students struggling to comptedend t
three levels of representation in chemistry was reviewed as was themsded$ in
science teaching.

The need for more effective chemistry pedagogy led to the development of the
POGIL philosophy, pedagogy and teaching materials at the college lewhl nds
spread to the secondary chemistry classroom. The use of teaching modelsdaelp f
appropriate mental models is a key component of the POGIL classroom while the
cooperative learning groups provide a non-threatening environment in which students can
build and rebuild their mental models of chemistry concepts.

POGIL allows teachers to engage their students in both the content (what) and the
process (how) of science. POGIL provides opportunities for in-depth exploration of

complex topics through the use of models and carefully ordered questions that guide and
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focus student learning. Students have a platform for discussing ideas and testing the
own mental models of submicroscopic phenomena in chemistry as well as their
understanding of symbolic representation. POGIL guides students to recomstict t
mental models into forms consistent with those held in the scientific communityLPOG
as a differentiation tool was discussed.

The effectiveness of POGIL in college classes is evident in thediteydout the
effectiveness of POGIL in the secondary chemistry classrooms has not leseohed.
This study was conducted to provide information concerning the effectiveneQ&dit P

in secondary chemistry education.
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CHAPTER THREE: METHODOLOGY
Introduction
In this chapter, the participants, setting, instrumentation, procedureshresear

design, and data analysis plans are described. The independent and dependes variabl
are defined and assurances of content validity and reliability are sharedtddy
utilized a nonequivalent control group, pretest-posttest design to investigate student
achievement in secondary college preparatory chemistry. This study giavedtihe
effect of using student-centered process oriented guided inquiry learningL)RIDG
high school chemistry achievement in particle theory versus traditioaaheecentered
lecture-style pedagogy. The research question for this study is: What idges the use
of process oriented guided inquiry learning have on student achievement in explaining
physical and chemical changes in matter related to particle theorgoindzey
chemistry? The research hypothesis is that student alternate conseplated to
particle theory in secondary chemistry will be reduced by the use of proeagsdr
guided inquiry lessons.
Participants

The population studied was college preparatory chemistry students enrollgé in lar
(1700 — 2000 students), suburban high schools. Most of students were either ifidhe 10
11" grade with some students in thé"Xftade, ranging in age from 15 to 18 years.
Participants in the study were all college prep high school students takingsttheas a

requirement for graduation and as a prerequisite for admission to a founifege.
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Instructors. The teachers involved all have completed graduate work and earned at
least a master’s degree in science education or a related field andaatiéld science
certified by the State of Georgia to teach grades 7 — 12. All have a minimlgeafs
experience teaching high school chemistry. The instructors involved inutis st
followed the Georgia chemistry curriculum map (GDOE, 2006d) and taught the same
chemistry topics during the second semester of the 2010-2011 school year. All topic
were taught in the same order, as listed on the curriculumThageachers involved in
the experimental group of this study were trained in POGIL instructiortabche

Participant groups.Entire classes taught by a total of eight chemistry teachers were
randomly assigned a teaching method with each teaching all of his or hestchemi
classes using one of the two teaching methods; POGIL or traditional pedagogy. A
students were taught the same topics related to particle theory. The caouphgs
taught using traditional, teacher-centered lecture-style pedagbgyexperimental group
was taught using POGIL documents and methods. A total of 318 students completed this
study with 169 students in the control group and 149 in the treatment group.

Experimental group teacher training. Experimental group teachers (EGT) met with
the researcher to be trained in POGIL philosophy, methods, and use of the guided inquiry
materials provided through the POGIL project (POGIL, 2010). The focus of thegraini
session for the EGT was to explain and share POGIL methods, philosophy, and teaching
materials.

The researcher also provided each teacher participant a notebook containihg POGI
documents, correlation maps, the timeline for the study, and contact information for the

researcher (see Appendices A and B). The POGIL documents used by students and the
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teacher support documents, all retrieved from http://www.pogil.org, and were idiatude
the notebook. The study timeline listed a window of time to administer the pamtes
posttest. The test dates offered a window of one week which allowed the sesmher
flexibility to administer the assessments at the time most approfmidtesir students.
The correlation map shows where each POGIL student activity fits into thgi&eor
curriculum map for chemistry, thus, the teachers knew the appropriate PCiity 40
use with each chemistry topic. The contact information for the researchescetisatr
participants could communicate quickly and easily with the researchey ifidlgeany
guestions during the period of the study.

The researcher provided all materials the participants needed foudlyarstiuding
the pretest/posttest ParNoMA2 documents, Scantron answer sheets, and numbés 2 penci
for use with the Scantron sheets. The pretest and posttest ParNoMA2 documents,
Scantron answer sheets and pencils were delivered to each teacher the aregkdef
administration of these assessments.

The POGIL classroom materials were matched to their corresponding tofhes i
Georgia Performance Standards Framework for Science-Chemistry dostdorehe &'
and 4" quarters of chemistry instruction (GDOE, 2006b, 2006c¢). POGIL activities were
correlated to the sequence of chemistry topics specified by the Georgianbeyaf
Education Year Curriculum Map (GDOE, 2006d). This correlation was included in the
teacher participant notebook (see Appendix A).

The researcher provided the POGIL materials and shared at the trassngshow
each POGIL activity should be integrated into their units of study during thadec

semester of the school year. The POGIL activities for this unikametic Molecular

59



Theory, Vapor Pressure Curves, Phase Changes, Collision Theory — Impact for a
Chemical Reactionlhe researcher followed up with the experimental group teachers
throughout the semester.

Training for POGIL lessons. The training session focused on preparing the
experimental group teachers to utilize POGIL strategies which inchajeecative
learning in small groups, student discussion of ideas, and guided inquiry learning. The
POGIL philosophy as well as methods and materials were discussed and pamdded
explain here.

The philosophy of POGIL is that students learn complex concepts best when they are
actively engaged in the learning process. This philosophy is expressed inGhe PO
objectives which are accomplished during POGIL activities designed to focuseon cor
concepts and processes of science that encourage a deep understanding wiatetiase
while developing higher-order thinking skills. The objectives of POGIL (Hanson 2004,
p.1) are to;

» develop process skills in the areas of learning, thinking, and problem solving,

* engage students to take ownership of learning,

* increase student-student and student-instructor interactions,

* improve attitudes toward chemistry and science,

* enhance learning with information technology, and

» develop supporting process skills in teamwork, communication, management,

and assessment that are essential for the workplace.

Experimental group teachers were trained to place their students in coepeak

groups to solve problems, work on a project, or research the topic of each POGIL lesson.
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Teachers always reserved the right to change the make-up of groups i ondermize

the learning opportunities for all students. Groups were comprised of three or four

students, each with an assigned role. The roles are defined as follows (Hanson, 2006).

Themanageris responsible for ensuring that all members of the group
participate and stay focused on the task. He or she assigns the work and
responsibilities as they arise in the work session and resolves disputeshvethin t
group. The manager is also responsible for ensuring that all members of the
group understand the topic being studied.

Thespokespersomay also be called the presenter. This person reports the
group’s findings to the class.

Therecorderkeeps all records during the work session and prepares a report of
the group’s discussions and findings.

Thestrategy analysinay also be called threflector. He or she records the
strategies and methods utilized by the group to solve problems. Careful attention
is paid to identifying strengths and weaknesses in the group. The strategy

analyst prepares a report of his or her observations.

These roles should be rotated with each new POGIL lesson. If a group has only three

members, the roles of spokesperson and recorder can be combined.

An aspect of cooperative learning in a POGIL session is that students engage in

conversations as they explain their answers to questions or explore possilgiesalmsw

these discussions, students are found to employ higher order thinking skills as they

engage in critical thinking, discovery learning, and inquiry (P. Brown, 2010; S. Brown,

2010). Teachers were trained to encourage such student-to-student conversations.
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The role of the teacher in a POGIL work session is to act as a monitor, at@gilit
and evaluator of student engagement and learning. This is accomplished by monitoring
and assessing individual and team performance as the teacher circolatestae room
listening to each group’s conversations. When needed, the teacher candatildant-
to-student conversation by asking a critical thinking question. All teactegvemtions
focus on the process of learning that leads to content comprehension. At the end of a
POGIL work session, the teacher will ask the spokespersons from each groupttorrepor
their group’s findings. The teacher provides a closing to the lesson by summénii
groups’ findings or by having a student summarize the class findings.

Typical POGIL lesson Instead of the lengthy lecture about a chemistry topic that is
the norm in traditional chemistry pedagogy, a typical POGIL lesson consastw ief
introductory lecture which lasts 5 to 10 minutes. After the introduction, students break up
into their assigned work groups to examine the model provided in the POGIL documents
and answer the guided inquiry questions associated with that model for 15 minutes. The
teacher will call for the spokespersons to give a brief report their grouqgsegs after
the prescribed time for that lesson. The brief progress reports of all giooydd take no
more than 5 minutes. The groups will begin working on the Exercises and Problems in
the guided inquiry documents for 15 to 20 minutes. The final 5 to 10 minutes of class is
used to bring closure to the lesson by the spokespersons reporting findings fojowed b
the preparation of final written reports from the strategy analysts andleesor

The teacher circulates around the room listening in on each group and offering

assistance only when necessary. The guided inquiry exercises and grohléme
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POGIL documents begun in class may be finished for homework or the teacher may
choose to continue the discussion of questions in POGIL work groups the next day.

As students work in their groups, they will be discussing the model provided in the
POGIL documents and also, in some cases, a computer-based model available on-line
All POGIL lessons feature two dimensional models (figures or diagrand)dia been
carefully chosen to aid in the conceptual understanding of the topic and guided inquiry
guestions referring to the model which have been carefully written to develop
scientifically sound understandings of chemistry free of AC. Researcimsrhat
students form correct, strong conceptual understandings of science topics wtent rel
analogical models are used in a context where students are interactaily sanci
discussing the model’s meaning and applications (Harrison & Treagust, 1996, 1998).
Settings

All schools in the study are located in a northern suburb of metropolitan Atlanta,
Georgia and are fully accredited by the Southern Association of CollegeslzomlsS
Council on Accreditation and School Improvement (SACS-CASI). This region kechar
by rapid growth and is populated by middle class through lower income residgmis. A
result of the recent economic downturn, many jobs formerly held by middle clasgsvorke
have been lost and families in the area have suffered significant financ@lltids.

Pseudonyms have been given to all participating schools. With assistanckdrom t
school district involved, the demographics of four high schools were compared. High
School A (HAS) and High School B (HSB) share similar demographic data as do High

School C (HSC) and High School D (HSD).
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High School A and High School BThe school district’'s data management offices
reports that HSA and HSB each have approximately 1700 students enrolled. H3# repor
an ethnic distribution of approximately 80% Caucasian, 10% Hispanic, 8% African
American, 1.6% Asian, and <1% Indian American. The population is approximately 50%
female and 50% male. Specific demographic data for HSB was not availdide to t
researcher, but the data management office of the school district involveanaohfirat
the HSA and HSB demographics are similar and distinct from the other sahamised
socioeconomically.

High School C and High School DThe school district’'s data management office
reported that HSC and HSD have approximately 2000 students each coming from diverse
communities that are changing demographically. While the populations azatturr
predominately Caucasian, the Hispanic population is growing. HSD reports an ethni
distribution of 73.2% Caucasian, 11.7% Hispanic, 9.7% African American, 2.8% Asian,
and 2.7% multiracial. The population is 49.8% female and 50.2% male. The ethnic
distribution of HSC is 77.2% Caucasian, 10.5% Hispanic, 8.8% African American, 2.3%
Asian, 2.4% multiracial, and <1% Indian. The population is 48.1% female and 51.9%
male.

Instrumentation

One instrument was used as a pretest and posttest, the Particulate N\aiter of
Assessment Version 2 (ParNoMA2) (Yezierski & Birk, 2006b). This instntraonsists
of 20 multiple choice items carefully written to assess common AC held byisthem
students related to the particulate nature of matter. Yezierski and?B0bBg) report a

Cronbach alpha score of 0.83.
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Yezierski and Birk developed the ParNoMAZ2 to expose AC held by students
enrolled in introductory chemistry courses. Yezierski and Birk used Treagli888)
guidelines to develop the ParNoMA. These guidelines include:

e examine the literature for confirmed AC in a particular topic,

e conduct informal student interviews to investigate AC,

¢ developing multiple choice content items and free response diagnostics,

e develop 2-tier diagnostic test featuring a (tier 1) multiple choice iguest
followed by a (tier 2) multiple choice item stating the reason forthe 1

answer. The reasons listed are derived from common AC.

refine the assessment developed.
Using these guidelines, Yezierski and Birk searched the literature oal&ig to
PNM. They conducted informal student interviews of undergraduate chemistentst
to confirm the presence of the suspected AC based on the review of literaised.d
the literature review and the response of student interviews, they found these topic
relating to the PNM to be commonly misunderstood by students: size of partieiglst w
of particles, phases and phase changes, composition of particles, and the energy of
particles (2006a; 2006b). They then began to develop their multiple choice content items
For the AC tested in the multiple choice items, Yezierski and Birk turned tedtke
of several researchers. Osborne and Cosgrove (1983) described AC reldteng to t
composition of bubbles rising in boiling water and the descriptions of the particle
behavior during evaporation and condensation (see Figure 4, item 2). Griffiths and
Prestons (1992) and Garnett, Garnett and Hackling (1995) published works exposing

student AC relating to energy, shape, arrangement, and weight of atoms andeaatec
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various phases. From the work of these researchers, items were writtebasiudent
conceptual understanding of these topics and multiple choice distracters wiene tar
reflect common AC. Benson and Wittrock (1993) reported AC related to the size of gas

molecules under different pressure.

ParNoMA was reviewed by college chemistry researchers found to bepapfe.

Sample items are found in Figure 4.
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Sample item 1: Which of the following processes will make water mole@ultps?
A. freezing
B. melting
C. evaporation
D. condensation

E. none of the above

Sample item 2. A pot of water is placed on a hot stove. Small bubbles begin to appear at
the bottom of the pot. The bubbles rise to the surface of the water and seem to pop or
disappear. What are the bubbles made of?

A. heat

B. air

C. gaseous oxygen and hydrogen

D. gaseous water

E. none of the above

Figure 4 Sample items from the ParNoMAZ2. Used with permission. Sample item 1 is the
work of Garnett, Garnett and Hackling (1995). Sample item 2 is the work of Osbuine
Cosgrove (1983).

The ParNoMA2 was reviewed and approved by experienced chemistry teachers

the district where this study was conducted to ensure validity with the ¢heouarse
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content as specified in the Georgia Performance Standards for chemis@¥(@G006a)
used in the classrooms participating in this study.
Procedures

After submitting an internal review board (IRB) packet and gaining approval from
Liberty University IRB and the participating school system’s rewdemmittee in
January, the researcher began to execute the research. Pretests wdrantbgdelivered
to the participating schools along with Scantron sheets. Participadicigets in both the
control and experimental groups were notified that permission to collect data had been
secured from the school district office and from Liberty University #d that they
could administer the pretest during the prescribed testing window.

Data gathering.Data were gathered by the participating teachers and picked up by
the researcher from the participating schools. Each teacher admahibtef@arNoMA2
as the pretest and posttest with student multiple choice answers recordedtoonSca
sheets provided by the researcher.

Sampling procedures.iIntact classes of students enrolled in chemistry classes were
used. Ary, Jacobs, Razavieh and Sorensen (2006) wrote, “In a typical schowirsituat
schedules cannot be disrupted nor classes reorganized to accommodate a radgarch st
In such a case it is necessary to use groups as they are alreadyedrgdaaizlasses” (p.
341). The teachers employing POGIL method at HSA and HSC taught allrof thei
chemistry classes using POGIL methods and materials. Teach&patnyg in the
control and experimental groups were all similar in education and years okexpe
teaching chemistry. A total of 318 students completed the study by taking bothtést pre

and posttest.
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Pretest. The ParNoMA2 was administered early in tfferBne weeks (second
semester) of the school year as a pretest. The results weralublidetermine the
similarity of the control and experimental groups. Atyal.(2006) states “The pretest
enables you to check on the equivalence of the groups on the dependent variable before
the experiment begins...and use ANCOVA to statistically adjust the postbess $or
the pretest differences.” (p. 342).

Research Design

This study utilized a nonequivalent control group, pretest-posttest design to
investigate student achievement in chemistry. This design is modeledtafties of the
effectiveness of POGIL at the college level carried out by Lewis anasL(8@05) and P.
Brown (2010). Both of these studies compared student achievement, as in this study,
under POGIL method versus traditional, lecture-based chemistry instruotitwe.
studies mentioned, student achievement, as measured by the semestemfiraaidexa
course grades, were compared using ANCOVA. These studies did not aginanist
pretest as was used in this study.

The pretest and posttest results of the two treatment groups in this study were
compared using ANCOVA. ANCOVA was chosen to compare the control and
experimental groups in order to control for the possible existence of an extraneous
variable that could differ between the control and experimental groups. The use of
ANCOVA adjusts the mean scores of the control and experimental groups fazrtiter
between the groups that exist. Thus, the part of the variance in the scores between the
experimental and control groups not caused by the treatment was removed (Ary, Jacobs,

& Sorensen, 2010). ANCOVA analyzed the posttest scores of the experimental and
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control groups in light of their performance on the pretest. Each null hypotheses that
states that there is no statistically significant difference in teenake conceptions in
chemistry held by students who were taught using active, student centerdd POG
pedagogy and students taught using traditional, teacher-centered pedagogyeatad

at p < 0.05 significance level.

Two teaching methods were compared; traditional teacher-centeree-stytier
approach versus student-centered POGIL. The independent variable is teachody met
and the dependent variable is student alternate conceptions in chemistgsaseshen
the PaNoMAZ2. Since it is not possible to randomly assign students to the control and
experimental groups, intact chemistry classes were randomly assgeidtet the
control or experimental group. Some degree of random assignment had ocacthedd i
students were placed in their classes with no consideration of this proposed study.
Students were enrolled in their classes by computer with no consideration ni@de as
assigning classes as control, treatment, or non-participating clasgggonts student
enrollment.

Teachers participating in this study met for training with the reeeaduring the
weeks leading up to the unit of study to ensure that all procedures are understood and
carried out correctly. All participants in the study had experience mgthny learning
and only needed to be trained in using the POGIL documents and methods.

Data Analysis
The independent variable in this nonrandomized pretest-posttest design is pedagogy

(traditional method versus POGIL). The dependent variable is student @ternat
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conceptions in particle theory. All data were analyzed using StatiBac&age for the
Social Sciences (SPSS) Version 19.

Similarity of groups. ANCOVA was used to compare the pretest and posttest
results. ANCOVA was chosen to analyze the data since differences betweenttoé
and experimental groups can be controlled using this method.

Achievement. ANCOVA was used to analyze the data collected from the pretests
and posttests for the control and experimental groups. Each null hypothesis, ateish st
that there is no difference in the mean scores on the posttest for the groups, was

considered at a significance level of p < 0.05.
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CHAPTER FOUR: RESULTS
This chapter reports the results of the statistical analysis perfornmed BM®

SPSS version 19 on the data collected. As stated in Chapter One, the purpase of thi
study was to examine the effectiveness of process oriented guided ingtiigde
(POGIL) in reducing alternate conceptions (AC) in the particulate natunatter in
secondary chemistry students. The independent variable was pedag@ay\raditional
passive, teacher-centered lecture-style pedagogy or active, stedézred POGIL. The
dependent variable was performance on the Particulate Nature of Matéssient,
version 2 (ParNoMAZ2). The research questions and null hypotheses for this study ar

Research question What impact does the use of active, student centered process

oriented guided inquiry learning (POGIL) have on secondary chemistry students

alternate conceptions in physical and chemical changes in matted telgi@rticle

theory in chemistry education when compared to traditional teacher-akntere

lecture-style chemistry pedagogy?

Null hypothesis 1, § There is no statistically significant difference in the alternate

conceptions related to particle theory in secondary chemistry held by student

were taught using active, student centered process oriented guided inquinglea

(POGIL) pedagogy and students taught using traditional teacher-ckréetare-

style chemistry pedagogy.

Research question 2s there a difference in the achievement gains between male

and female students taught using process oriented guided inquiry learning jPOGIL

methods and materials to teach physical and chemical changes in maitel il
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particle theory in secondary chemistry when compared to traditional teacher

centered, lecture-style chemistry pedagogy?

Null hypothesis 2, k1 There is no statistically significant difference in the alternate

conceptions related to particle theory in secondary chemistry held lajefemd

male students who were taught using active, student centered process oriented

guided inquiry learning (POGIL) pedagogy and male and female students taught

using traditional, teacher-centered pedagogy.

Research question s there a difference in the achievement gains for minority

students taught using process oriented guided inquiry learning (POGIL) metitods a

materials to teach physical and chemical changes in matter relatetidiz pacory

in secondary chemistry when compared to traditional teacher-centetedgIstyle

chemistry pedagogy?

Null hypothesis 3, k There is no statistically significant difference in the alternate

conceptions related to particle theory in secondary chemistry held by minorit

students who were taught using active, student centered process oriedéed gui
inquiry learning (POGIL) pedagogy and minority students taught using traaiti
teacher-centered, lecture-style chemistry pedagogy.

Approval to execute the research was received in January, 2011, from both Liberty
University IRB and the school district in which the study was conducted (see Apgendice
C and D). The researcher informed the teacher participants that final dpraddoeen
received and that they could administer the pretests when ready. The $catesdn

answer sheets were returned to the researcher in early to mid February.
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The data were analyzed using IBM SPSS version 19 (for complete dataeable, s
Appendix E). ANCOVA was used to determine whether the posttest results for the
control and experimental groups were different after the pretest scoeesamsidered as
a covariate. The assumption of equal regression slopes was confirmed bgenbetw
subject test in which the interaction of the covariate (pretest) and the independent
variable (group) was found to not be significafl(313) = 7.210p > .05). The Levene
test of equality of variance indicates that the assumption of homogeneityasfoeais
tenable F(18,294) = 1.458p > .05).

Descriptive statistics were collected and an ANCOVA statistestlwas used to
determine if there was a significant difference in the performance onshiegidetween
the control and treatment groups with the pretest as a covariate. Differences
performance based on gender and race were investigated. Descriptiveeegdtiadf
statistics were used to compare the outcomes for the control and treatougst @nd are
reported in this chapter.

Descriptive Statistical Analysis

Three hundred eighteen students completed this study, with 169 in the control group
and 149 in the treatment group. Three students, of the original 321 who took the pretest,
left their schools and did not complete the study. The sexes were each equally
represented with 154 males and 159 females, which is 50.8% female and 49.2% male
with five students not reporting their sex. Students who identified themsehesals r
minorities made up 18.2% of the study. Three participants did not report their race.

Descriptive statistics for the ParNoMA2 pretest and posttest réguliariable

are listed in Table 1. The ParNoMA2 consists of 20 multiple choice questiogaetsd
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determine what, if any, AC students hold in regard to the PNM in secondarysttyemi
Pretest and posttest means are out of a possible 20 correct answers.

The control group had a mean pretest score of 180%(4.298) and a posttest
mean of 11.643D = 3.798) which is an increase of .15 out of 20. The experimental
group had a mean pretest score of 1153 3.868) and a posttest mean of 14.60
(SD=3.573) which is an increase of 2.75 questions answered correctly out of a possible
20. Descriptive statistics for pretest and posttest results are found in Tabiehlshows

all groups with posttest scores higher than their pretest scores.
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Table 1

Descriptive Statistics: Pretest and Posttest

Pretest Posttest
Variable N M SD M SD
Group
Control 171 11.49 4.298 169 11.64 3.798
Experimental 150 11.85 3.868 149 14.60 3.573
Total 321 11.66 4.100 318 13.03 3.975
Gender
Female 162 10.94 3.870 159 12.43 3.836
Male 156 12.44 4.205 154 13.68 4.065
Race
African American 13 11.150 4.018 13 15.31 2.750
Asian 20 11.65 4.043 20 14.05 4.850
Hispanic 15 12.000 4.018 14 13.29 4.393
Caucasian 259 11.67 4.146 256 12.91 3.909
Other 12 11.17 4.398 10 11.00 4.163
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Analysis of Covariance Results
An ANCOVA was conducted to examine the effect of POGIL on AC secondary

chemistry students hold in relation to the PNM with a significance level of 0.0&igor t
analysis. The ANCOVA examined these effects:

(a) group (control vs. experimental)

(b) gender (female vs. male)

(c) race ( African-American, Asian, Hispanic, Caucasian, other)

(d) interaction of group and gender

(d) interaction of group and race

(e) interaction of group, race and gender

Table 2 reports the findings of the ANCOVA in which the posttest was the
dependent variable and the pretest results were entered as a covariaectdaraany
differences in the control and experimental groups. Gender, race, and group (@ontrol

experimental) were entered as fixed factors.
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Table 2

Test of Between Subject Effects with Dependent Variable: Posttest

Type IIl Sum
Source Of Squares  df Mean Square F Sig Noncen Power
Corrected
Model 2373.132 19 124.902 14.068 .000 267.297 1.00
Intercept 1212.290 1 1212.290 136.546 .000 136.546 1.00
Pretest 1235.323 1 1235.323 139.140 .000 139.140 1.00
Group 135.163 1 135.163 15.224 .000 15.224 973
Gender .104 1 104 012 914 012 .051
Race 58.484 4 14.621 1647 .163 6.587 .504
group*gender 16.050 1 16.050 1808 .180 1.808 .268
race*group 17.571 4 4.393 495 740 1979 .168
gender*race 27.782 4 6.946 782 537 3.129 .250
group*gender*race 32.725 3 10.908 1.229 .299 3.685 .328
Error 2601.328 293 8.878
Total 58210.000 313

Corrected Total 4972.460 312

Note °R Squared = .477 (Adjusted R Squared = .44)mputed using alpha = .05
As seen in Table 2, pretest scores were significantly related to postiest s
(F(1,312) = 139.14( < .0001 partial #* = .322). Power was found to be 1.00 (very
high) which indicates that the sample size is large.
Null hypothesis and research question on&his study was conducted to determine

if POGIL helped students to learn chemistry in a way that reduced the numbertioéy
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commonly hold related to particle theory in secondary chemistry. Respagstion one
asked what impact does the use of active, student centered POGIL have on gecondar
chemistry students’ AC in physical and chemical changes in mdt&rddo particle
theory in chemistry education when compared to traditional teacheredntsture-

style chemistry pedagogy? The first null hypothesis states thatishevestatistically
significant difference in the alternate conceptions related to particleytimesecondary
chemistry held by students who were taught using active, student centerdd POG
pedagogy and students taught using traditional teacher-centered, ledicdasmistry
pedagogy.

Inferential statistics were used to test hypothesis one. The maihfeff@roup was
significant (1,3132= 15.224p < .0001 partial Uz =.049) (see Table 2) with the POGIL
group posttest estimated marginal mean of 14.866 é8tl. = .419) significantly higher
than the lecture group posttest mean of 11.923 éatol = .569) (see Figure 5). Power
was .973. Theartial 5° value of .049 indicates that 4.9% of students’ gains were related

to the teaching method.

79



Comparison of Estimated Marginal
Means of Posttest with Pretest Valu
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Figure 5.Comparison of Estimated Marginal Means of Postidtt Pretest Valu.
Pretest score as a covariate evaluated as
Figure 5shows that the experimental group’s estimated malgnean wa

greater on theosttest than the control grc's. Figure 5 also shows that the control gr
made very little gain on the posttest as a resuletraditional teaching which is
sharp contrast to the gain made by the experimgnbalp as a result of the POC
pedagogyBased on the results of the ANCO reported here,ull hypothesis one
which stated thathiere is no statistically significant differer in the alternate conceptic
related to particle theoliyp secondary chemistheld by students who were taught us
active, student centered POGIL pedagogy and stadenght using traditional, teac-
centerepedagogy, was rejectt

Null hypothesis and research question tw(Research question t considers the

learning gains Y gender and asksthere a difference in the achievement gains bet\
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male and female students taught using POGIL methods and materials to teadl phys
and chemical changes in matter related to particle theory in secohaanistry when
compared to traditional chemistry pedagogy? The second null hypothesidlstiatbsre

is no statistically significant difference in the alternate conceptelaged to particle
theory in secondary chemistry held by female and male students who wereusinght
active, student centered POGIL pedagogy and male and female students taugght usi
traditional, teacher-centered pedagogy. The main effect of gender wagmfitantly
related to posttest scores (F(1,312)= .Q12,.05) with females having an estimated
marginal mean of 13.270 (std. error .511) and males having a similar estimatethimarg
mean of 13.360 (std. error = .509) (see Table 3). Thus, student gains on posttest scores
were not due to gender.

Table 3

Gender Posttest Estimated Marginal Means

95% Confidence Interval

Gender Mean Std. Error Lower Bound Upper Bound
Female 13.27¢ 511 12.265 14.276
Male 13.368°  .509 12.359 14.361

Note .°Covariant, Pretest = 11.6%Based on modified population marginal mean.

In order to determine if the gains made by the experimental group were fpeate
one gender than the other, the interaction of gender and group was tested and was not
found to be significantq(1,312)) = 1.808p > .05) (see Table 2). The estimated marginal
mean scores for males in the treatment group was higher than for femthlesreatment

group and higher than the estimated marginal mean for males in the control geup (s
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Table 4), but the difference was not statistically significant ap the05 level (see Table
2).
Table 4

Group*Gender Posttest Estimated Marginal Means

95% Confidence Interval

Group Gender Mean Std. Error  Lower Bound Upper Bound
Control

female 12.52% 74 11.001 14.048

male 11.322 .837 9.674 12.969

Experimental
female 14.20%° 617 12.988 15.416

male 15.398 572 14.272 16.524

Note .%Covariant, Pretest = 11.62Based on modified population marginal mean.

Figure 6 shows the effect of the interaction of gender and group on posttest score
The gains of both male and female students in the experimental group can be seen in
contrast to the lack of increase in posttest scores by both genders in tbhegrongs. In

particular, the gain for male students in the experimental group is visibleigsee 5).
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Posttest Gains by Group and Gender
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Figure 6. Posttest Gains by Group and Gender. The estimated marginal means of the
control group males and females and experimental group males and femalesnare
Null hypothesis two which states that there is no statistically signifaiéference in
the alternate conceptions related to particle theory in secondary clyémeistiby female
and male students who were taught using active, student centered POGIL pedabog
male and female students taught using traditional, teacher-centered-ktygtar
pedagogy was not rejected since the interaction of gender and group was found not to be
significant at thep < .05 level.
Null hypothesis and research question 3.earning differences between racial
groups is considered in research question three. Hispanic and African-Ameutiems

academic achievement has been shown to be lower than their Caucasian aqeésia
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(Johnson, 2009). Research guestion three: Is there a difference in the achievameent ga
for minority students taught using POGIL methods and materials to teadhgblay=l
chemical changes in matter related to particle theory in secocklanyistry when
compared to traditional teacher-centered lecture-style chemesdagpgy? The third null
hypothesis states that there is no statistically significantreifée in the alternate
conceptions related to particle theory in secondary chemistry held byitjmwstadents
who were taught using active, student centered POGIL pedagogy and minorittstude
taught using traditional teacher-centered, lecture-style chgmestlagogy. The main
effect of race was not significantly related to posttest scé(ds3(12) =1 .647p >.05)

(see Table 2). The estimated marginal means for each race subgrbsieaia Table 5.
Differences in posttest scores are, therefore, not due to race.

Table 5

Race Posttest Estimated Marginal Means

95% Confidence Interval

Race Mean Std. Error  Lower Bound Upper Bound
African American  15.04%°  1.032 13.012 17.073
Asian 14.01% .749 12.545 15.492
Hispanic 12.644 .860 10.951 14.337
Caucasian 13.124 .189 12.753 13.495
Other 11.23% 951 9.367 13.110

Note .%Covariant, Pretest = 11.62Based on modified population marginal mean.
The between-subjects effect of group*race was not signifi€gat312) = .495,p

>.05) (see Table 2). Table 6 lists the estimated marginal means fagreaphby race.
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Table 6

Group*Race Posttest Estimated Marginal Means

95% Confidence Interval

Group Race Mean Std. Error _Lower Bound __ Upper Bound
Control
African American  13.778 1.828 10.181 17.375
Asian 12.951 1.247 10.497 15.405
Hispanic 11.57 1.361 8.896 14.253
Caucasian 11.834  .246 11.350 12.319
Other 0.478 1.140 7.234 11.722
Treatment
African American  16.307 963 14.411 18.203
Asian 15.087 .829 13.455 16.718
Hispanic 13.713 1.054 11.637 15.788
Caucasian 14.4313 .286 13.850 14.975
Other 14.76%°  1.728 11.360 18.161

Note .%Covariant, Pretest = 11.62Based on modified population marginal mean.

Table 6 shows that each racial subgroup in the experimental group posted higher
estimated marginal mean scores than their peers in the control group on thst. postte
These higher scores, however, were not statistically significant pt<th@5 level.

Table 2 shows that the interaction of group, gender, andF&8809) = 1.229p

>.05) was not significant. Thus, there is no subset of participants defined by group,
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gender and race that produced results on the posttest that were signifidéerdént
from any other subset of participants.

Based on this evidence, null hypothesis 3, which states that there is ncaligtist
significant difference in the alternate conceptions related to particleytivesecondary
chemistry held by minority students who were taught using POGIL pedagdgy a
minority students taught traditional teacher-centered, lecture-$tghaistry pedagogy,
was not rejected.

Summary
Chapter Four has presented a detailed report of the statistical anatysss of
study. Data were analyzed using SPSS version 19 to perform an ANCOVAipDesc
and inferential statistics were reported. The use of POGIL pedagoggiuce the
alternate conceptions held by chemistry students was supported and null hgmotbes
was rejected. Students of all racial subgroups benefitted from POGILciistras did
both male and female students, however, null hypotheses 2 and 3 were not rejected as the

results were not significant at the< .05 level.

86



CHAPTER FIVE: DISCUSSION

This chapter summarizes the study presented in the previous chapters andsliscuss
the results. The chapter is divided into the following seven sections: summary
discussion, limitations, implications, Christian perspective of findinggmenendations
for future research, and conclusion.

Summary

The purpose of this study was to investigate the effectiveness of POGljoggda
reduce AC in particle theory held by secondary chemistry students whegraced to AC
held by students taught using traditional, teacher-centered lectugpoggdahis study
included over 300 high school chemistry students enrolled in four large suburban high
schools and utilized a nonequivalent, control group, pretest-posttest design. The data
were analyzed using ANCOVA and revealed that POGIL is efeati reducing the AC
related to particle theory commonly held by secondary chemistry students.

Research question one and null hypothesis orieesearch question one asked:
What impact does the use of active, student centered POGIL have on secondary
chemistry students’ alternate conceptions in physical and chemicaleshangatter
related to particle theory in chemistry education when compared to tratiiganher-
centered, lecture-style chemistry pedagogy? The null hypothegd:sStaere is no
statistically significant difference in the alternate conceptiorde@lto particle theory in
secondary chemistry held by students who were taught using active, studamtdcente
POGIL pedagogy and students taught using traditional teacher-cen¢etatgIstyle

chemistry pedagogy. Based on the results of the ANCOVA, null hypothesis one was
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rejected. Students in the experimental group who were taught usind lO¢iments
and methods earned statistically significant higher posttest scores tltamtitet group
who were taught using traditional lecture pedagogy. Figure 5 cldanlyssthe
statistically significant gain of the POGIL group as opposed to the very aligaim of
the traditional group.

Research question two and null hypothesis twdresearch question two asked: Is
there a difference in the achievement gains between male and female duadginits
using POGIL methods and materials to teach physical and chemical ciranggser
related to particle theory in secondary chemistry when compared to tralditiaciaer-
centered, lecture-style chemistry pedagogy? The null hypothegid 8tat there is no
statistically significant difference in the alternate conceptiorde@lto particle theory in
secondary chemistry held by female and male students who were taughtctisig a
student centered POGIL pedagogy and male and female students taught dsiogata
teacher-centered pedagogy. Based on the results of the ANCOVA, null hypotiees
was not rejected. The mean posttest scores for males and females in thegRDG |
were higher than the mean posttest scores in the control group, but they were not
statistically significant at thp < .05 level. POGIL methods did not appear to aid either
sex more than the other.

Research question three and null hypothesis threResearch question three asked:
Is there a difference in the achievement gains for minority students tzightPOGIL
methods and materials to teach physical and chemical changes in maite i
particle theory in secondary chemistry when compared to traditional tezettered,

lecture-style chemistry pedagogy? Null hypothesis three statethénatis no
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statistically significant difference in the alternate conceptiorda@lto particle theory in
secondary chemistry held by minority students who were taught using,attident
centered POGIL pedagogy and minority students taught using traditionalrteache
centered, lecture-style chemistry pedagogy. Based on the resultsad@@VA, null
hypothesis three was not rejected. POGIL did not result in greater exctaat/for any
racial group.
Discussion

A review of the literature reveals a dearth of information concerningtieffec
secondary chemistry pedagogy. Conversely, numerous studies have been danahrcte
several decades on AC in science held by students. Despite the abundauntie©ba
AC in science, little progress has been documented in the struggle to rid students of AC
Of the many studies on AC, most have documented specific AC in chemistry held by
students and some investigated conceptual change methods of teaching designed to
correct AC. These studies have shown that AC are difficult to correct. tbdiwssexist
which offer a pedagogical strategy for confronting AC specific tonistey as this study
has investigated. Recently, studies have been conducted to investigatedineeatss
of POGIL in college classes, but very few studies exist that examinexdsey
chemistry students. This study was conducted in order to add to the literkited te
this important area of educational research.

This study found that POGIL methods were successful in reducing AC held by high
school students. Theartial 5° value indicated that 4.9% of the difference between the
experimental and control groups was due to pedagogy. This difference, while small,

could be the beginning of greater chemistry achievement and understanding.
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Consistent with previous studies on AC, this study found AC to be resistant to
change. While students in the POGIL group showed greater achievement than their pee
in the traditional group, all AC were not eradicated. The persistence of ACicigart
theory for high school chemistry students is consistent with tenets of theagsiiih
theoretical framework for this study.

Theoretical framework. Consistent with dynamic skill theory, the study of the
PNM in chemistry involves manipulating many ideas and concepts. As stuekemts |
they weave together many elements from long-term memory and workmgmnedo
create new mental models of abstract chemical phenomena. These abstiainot be
observed, only modeled on paper, on a computer screen, by using analogies, or some
other modeling technique. This process requires time and hard work by the student that is
lacking in traditional pedagogy but is present in a POGIL classroomienper

Johnstone’s IPM explains that students must properly filter out extraneous
information and focus on the pertinent facts concerning particle theory whendgearnin
chemistry. IPM and CLT hold that a person can mentally manipulate a limitdoenaim
ideas at once. Comprehending the behavior of atomic and molecular particlessrequir
many abstract concepts to be manipulated in the working memory by the stuident. |
critical that students properly connect (as per DST and IPM) appropeaie tiol form
schema that are stored in long-term memory, thereby reducing the wordimgry load.

Students in high school chemistry courses are still developing their albisiiméoig
abilities and are in need of the development of chemistry schemata. Undergthe
behavior of particles at the level of atoms, molecules and ions requires abstugctit

that neo-Piagetian theory suggests is still developing for students in theeengl DST
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states that between the ages of 14 and 16 years, the age of most secondary chemistr
students, humans are in the cognitive ability stage called abstract majpihds.
cognitive stage, students are able to link together separate abstract ideasmethend
relationships between these connected thoughts. These connected abstract thoughts are
then meshed to form a complex mental model, such as is required to comprehend the
behavior of molecular and atomic particles that are changing phase. Inavrsieidents
to fully comprehend, manipulate and use the particulate theory of matter, students mus
be able to form multiple abstract mappings to create systems of #bagachis ability
to form complex systems of abstract mappings does not fully emerge undilehedns.

Secondary chemistry students need the mental stimulation and practicivigthi
about and forming systems of abstract mappings but they will not fully develop this
ability for several more years. The persistence of AC in chemistig, this study, may
be due to the fact that students are still developing the mental capabilitiesargte
form the complex schemata required for abstract systems thought. Thisiasuslyown
that POGIL lessons provide an appropriately supportive environment for the higahrchi
development of the stages of abstract thought: abstract representation{ alzgipacg,
abstract systems and ultimately, the integration of abstract systembstraca
principles.

DST states that appropriate science schemata are built through actia¢ me
engagement of learners over an extended period of time during which the student must
build, test, rebuild and retest their mental models. Furthermore, studentstacishaiv

learning to existing knowledge. This study has shown that the models provided in POGIL
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lessons provide familiar images that aid students in attaching new knowledg#itgge
knowledge while developing new, scientifically accurate chemistry schema

The support offered in the POGIL lesson documents, the discussions between
students as they work through the models in the lessons, and the scaffolding offered by
the teacher, provided the appropriate level of support necessary for studentat aper
their optimal level, instead of struggling at their lower, functional leveichvis typical
of traditional classroom experiences. The process of building a mental nestiag it,
refining it, rebuilding, and retesting by individual students takes time aod. eff
Schwartz (2009) stated that learning is slow and hard work, even in supportive
environments. This study found that POGIL pedagogy provides the appropriategearnin
support to foster the development of scientifically accurate mental modsbstodct
chemistry concepts in secondary students.

In order for an AC to be corrected, students must confront a situation in which their
AC-laden mental model fails. Due to the active participation required of studehes
POGIL lessons involved in this study, students had the opportunity for their AC to be
discovered and for their new knowledge to be constructed free of AC. Teachass
facilitators in POGIL lessons. The teacher participants in this studghbazpportunity to
discover and address students’ AC and assist students to form new mental medels. Al
as students discussed the questions in the POGIL lesson documents and observed the
models provided in the student lesson documents, participants were able to discuss their
individual understandings of chemistry and work to correct their peer’'s AC.

Current findings and previous studies.Consistent with the findings at the college

level, secondary students who were taught in POGIL classrooms performedibette
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chemistry assessments than their peers who were taught using traditdagdgein this
study. Several studies report an upward shift in student test scores correspmoding t
letter grade for students taught using POGIL instead of traditional pedegogiege
chemistry courses (P. Brown, 2010; S. Brown, 2010; Ferrell, Moog, & Spencer, 1999;
Ruder & Hunnicutt, 2008). The similarities in those studies to this present study are
presented in the following paragraphs.

Ferrell, Moog, and Spencer (1999) reported their study of undergraduate chemistr
achievement at Franklin and Marshall College. They compared the geaded by
undergraduate students in general chemistry taught using POGIL ped&dloby94 —
spring 1997) to students enrolled in previous years (fall 1990 — spring 1994) who were
taught using traditional pedagogy. The instructors remained constant throughout t
study. Their findings are presented in Table 7.

Table 7

Distribution of Undergraduate Chemistry Grades: POGIL vs. Traditional Pedagogy

Pedagogy n Percentage of Students Earning Grade

A B C D W F D+W+F
Traditional 420 19.3 33.1 25.7 9.0 9.3 3.6 21.9
(F'90 — S'94)
POGIL 438 24.2 40.6 25.6 7.1 2.3 0.2 9.6
(F'94 — S'97)

Note.Comparison of student course grades in undergraduate general chemggtty ta
using traditional pedagogy from fall 1990 until spring 1994 versus POGIL methods used
from fall 1994 through spring 1997. Adapted from “A guided inquiry general chgmistr
course” by J.L. Farrell, R.S. Moog and J.N. Spentmurnal of Chemistry Education, ,76

570 -573.
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As can be seen in Table 7, the percentage of students earning scores of D, W, and F
decreased while the percentage of students completed the course with grade8of
increased in response to POGIL. In the Ferrell, Moog and Spencer stubhnts
achievement over the years was compared and the findings are similar halithgsfin
this current study of secondary chemistry students. Students taught using rRetGdds
are more successful than students taught using traditional lecture pedagogy.

Hinde and Kovac (2001) applied POGIL strategies in physical chemistrgesoat a
large regional university. They found, as does this study, that students learned the
material “more thoroughly” (p.93).

S. Brown (2010) reported moving away from traditional lecture pedagogy (fall 2007)
to POGIL methods in the fall of 2008 and 2009 in the medicinal chemistry courses she
taught. She reported an upward shift from most students earning course g $oof
the majority of students earning in the A — B range. This upward shift in acleatéwn
POGIL students is similar to the findings in this study.

P. Brown (2010) utilized POGIL methods to teach an undergraduate anatomy and
physiology course at a small liberal arts college. He reported amagecie students’
scores on chapter exams, the comprehensive final and overall course Ghade
semesters after implementing POGIL, the mean course average rosen23&sults of
this present study are less dramatic, but are consistent with the pasdiagd reported
by P. Brown. Of particular interest is that P. Brown describes the institwtiere his
study was conducted as a diverse student population. Like the secondary school study

presented here, he reported achievement gains for students of all races.
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Another study featuring a diverse student population is the Ruder and Hunnicutt
(2008) study. These researchers utilized POGIL to teach both generastciemd
organic chemistry at a large, ethnically diverse suburban university withgsimilar to
this present secondary chemistry study and the P. Brown study. Ruder and Hunnicutt
compared pre-POGIL chemistry student achievement (fall 2002) to post-POGIL
implementation (fall 2003 and fall 2004) achievement. They reported improvemesitt in te
scores and greater retention of material.

The result of this present study of secondary chemistry achievement regeits
similar to the college studies mentioned in which greater achievemeneirv@dsor all
students, regardless of gender or race, when POGIL instruction replatresiitenal
lecture format. Figure 7 illustrates the gains made by all raceshrgeaap. It is
interesting to note that all races, regardless of group, posted highertsusites, but
some were only slightly higher. Hispanic and Caucasian students showeitkieeggin

in the traditional group while all races showed greater gains in the P@Qlp.
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Estimated Marginal Means by Race and Grouf
with Pretest Covariate
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Figure 7. Estimated M¢ginal Means by Race and Group with Pretest Cowaridie
pretest covariate estimated value is 11

Figure 7 shows that all students, regardless @&, aa@sted gains in the POGIL grc
that were greater than the traditional group, diengh they wel not statistically
significant at the p < .05 lev Of particular interest is the gain posted by thecdasir-
American goup. The Africa-American students, when compared to the other
recorded the highest me in both the traditional and POGIL groyg®mpared to th
pretest estimated covate model of 1.62. AfricanAmerican students in the POG
group posted the highest posttest estimated mamgiean. This finding indicates th
POGIL could provide a conduit for addressing th@alaachievemei gap

The mean score fall students in the POGIL group for this stuslgts14.8% higher

than the posttest mean fihe traditional group. This increase equatesoroximately
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one letter grade higher for the POGIL group than the grade earned by thertehdi
group students, which is in agreement with the college studies mentioned.

The findings of this study are consistent with previous college POGIL studiesti
POGIL proved effective for all subgroups. Both female and male studentd aaclal
groups studied showed gains. No one subgroup showed a greater gain than any other
group. This finding suggests that POGIL could be effective in addressing tHe racia
achievement gap. Currently, Hispanic and African-American studentiianwa
achievement lags behind their Caucasian and Asian peers. Further atishfeessing the
use of POGIL methods to address this achievement gap are needed.

Cooperative learning, models, and guided inquiry. POGIL is based on cooperative
learning strategies. This study found, as many other studies of cooperatniegehave
found (Bilgin & Geban, 2006; K&s8ahin & Gezer, 2010) that this particular
cooperative learning approach had a more positive impact on student achievement than
did a traditional lecture approach. The extent to which the cooperative leaspaw) af
POGIL was responsible for student gain is difficult to determine. Cooperatiwminigas
an integral aspect of POGIL pedagogy, as is the use of models to reduce #wt abstr
nature of the topics and guided inquiry to stimulate high order thinking. The strength of
the POGIL approach is that it incorporates all of these critical componeaferative
learning, guided inquiry, and the use of models, to support student learning.

Students in the POGIL cooperative learning groups worked as a team to learn
chemistry. Communication among the members of the team was an integodleyeaty
lesson. By working as a team, students grew in their abilities to managentieeand

interactions with each other in order to optimize learning. Each group knew that the
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teacher would soon be calling on their group to summarize their findings. Students were
internally motivated to self-assess and check their understandings ofitse®ipg
studied during the lesson in order to be prepared to provide an accurate summary of their
group’s work. With each member of the POGIL group assigned a role, studeats wer
accountable to each other and grew in their ability to function as an important neémber
a team.
Limitations

This study utilized a nonrandomized pretest-posttest design. The lack of
randomization is a limitation of this study. Lack of randomization was cordriateby
selecting schools which register students by computer. Students were ipldiceir
respective classes with no regard to participation in this study. Sinbeparticipating
school had other science classes which did not participate in this study, stuslents w
equally likely to be excluded from this study as included. In addition, differémc¢les
control and experimental group were controlled by the use of ANCOVA in which a
pretest was used as the covariant. External validity was controlled foe ltigrge
number of participants.

This study had limited participation by African-American, Hispanic, andrAsia
students. The percentages of student participants in each racial subgroupnlerecsi
the local population which has a smaller minority population than in some other regions
of the country. Another limitation of this study is that no completely urban or rural
schools were studied. The schools studied were all suburban schools. Although many
students in this study are from formerly middle class families, a brogd adn

socioeconomic situations permeate the area at this time due to recentiedssoes.
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This limitation necessitates further studies of students in urban and raskbareell as
economically disadvantaged students.

The length of time teachers and student used POGIL methods was limited to less
than one semester of the school year. POGIL methods were used to teach concepts
related to the PNM only. The full impact of POGIL methods would be better measured i
students had been taught the entire school year using POGIL pedagogy in the
experimental group over all chemistry topics. Further studies of the usaGit in
secondary chemistry classrooms for a larger percentage of the schcareyeaeded.
Implications

In light of the findings of this study, POGIL is an effective method for tegchi
concepts related to the PNM and was shown to reduce the number of AC held by
secondary chemistry students. All students, male and female, benefiteB@Ghh
methods.

POGIL methods were effective in reducing the achievement gap betwesn rac
subgroups. In stark contrast to most studies of academic achievement, POGIL provided
the same, or greater, achievement gain for African-American apamicsstudents as
were seen in Caucasian and Asian students.

It is important to note that all alternate conceptions held by secondary studdns
study were not eradicated. Like other AC studies, this present study found si@nets
change, but progress was made. The number of AC held by students in the POGIL group
was found to be 14.8% fewer than for the traditional group. For this reason, POG$L offe

a method for teaching chemistry to students that reduces AC.
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Some of the AC held by students that were resistant to change in this study, despite
the use of POGIL methods, can be explained by DST. Some students might still be
developing the cognitive ability to develop the abstract mappings chemisligsst
require. The ability to manipulate abstract thought and develop appropriateaszirem
chemistry requires that students have an emotionally safe environment in whidid to bui
test, and solidify their new chemistry schema. The cooperative natureQss k. P
learning group provides the appropriate environment for students to develop these
cognitive skills.

An integral aspect of POGIL pedagogy is cooperative learning which has been
shown to be more effective in improving student achievement than traditional pedagogy
in science classes. The gains shown by the students in the POGIL group undhis st
could be the result of the cooperative learning and not POGIL. Since it is ibipdes
extract cooperative learning from POGIL pedagogy, this study, at theeasty has
shown that POGIL pedagogy is an effective vehicle for creating a coopdeativeng
environment. The other aspects of POGIL, such as the use of guided inquiry and the
incorporation of models of many types to reduce the abstract nature of chehaigay
also been shown to aid student achievement. POGIL, therefore, brings togsther be
practices of science teaching for students in secondary chenlésses.

In light of the findings of the few studies on POGIL in science classroomslLPOG
methods should become a part of science teacher preparation programs is obllege
education. Aspiring science teachers need to be trained in POGIL philosaihgdm

and lesson development. POGIL training workshops for in-service teachenserglgur

100



offered on a limited basis and needs to be expanded to professional development
workshops available to more teachers.
Christian Perspective and Theory of Mind

The neo-Piagetian understanding of the development of abstract thinkingsabilit
over time is in keeping with Paul’s observation in 1 Corinthians when he wrote “When |
was a child, | talked like a child, | thought like a child, | reasoned like a chiteénw
became a man, | put childish ways behind me” (1 Corinthians 13:1, NIV). Cldemtg, t
is an understanding that humans develop the ability to think and reason over time, thus
not reaching maturity in thinking or reasoning ability until adulthood. Students must have
opportunities to put away their childhood understandings of science and develop mature,
scientifically accurate understandings of chemistry. Sincaliiigy to think abstractly
and to function at the abstract mapping level, is domain specific, it iatthet students
have multiple opportunities spread over time, to develop their science processnskills
content knowledge.

In the United States, students are not exposed to science lessons as eafftgor as
as in other nations. In the U.S., science instruction usually does not begin in earhest unti
after elementary school (Appleton, 2003; Century, Rutnick, & Freeman, 2008; USDOE,
1999). This delay to begin teaching science is in sharp contrast with Finlpad,alad
China, countries which consistently post the highest science achievement scores on
international comparison tests such as the Program for International Sigsdeasment
(PISA) and the Trends in International Mathematics and Science StudyS§)IM
(Lavonen & Laaksonen, 2009). From 2002 until 2006, only reading and math were

required to be tested by No Child Left Behind (NCLB) legislation in the Unitaig$S
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Due to the high-stakes nature of NCLB accountability testing, many schools began
focusing their efforts on teaching reading and math, at the expense of otheissubject
Time spent teaching science in elementary schools decreased, and in semgasase
eliminated (Gunzenhauser, 2003; Levy, Pasquale & Marco, 2008; Winters, Trivitt, &
Greene, 2010). The Center on Education Policy reported that since NCLB took effect in
2002, the time spent on English Language Arts (ELA) and math has increased by an
average of 43 percent. Fifty-three percent of the districts that reportedsimgyéime for
ELA or math, also reported that they decreased the amount of instructiongh¢émes
science by an average of 75 minutes per week. Some elementary school tepohers r
that their principals told them not to teach science at all but to focus on readingtiind m
(Winters, Trivitt, & Greene, 2010).

Students who have no science instruction in elementary school do not have an
adequate skill set from which to pull when they reach high school chemistry. Educator
in the United States have known for some time that students in countries that value
science education in the elementary and middle school years are produdergswho
perform well on the PISA and TIMSS science tests. As stewards of the tdi$taG
given Christian adults as parents, teachers, and educational policy makeysn&od|
and women must provide appropriate opportunities for children to develop science
process skills and content knowledge. Isaiah 48:17 says, “I am the Lord your God who
teaches you what is best for you, who directs you in the way you should go” (NI¥). Thi
verse considered along with Proverbs 16: 22 which states “understanding is enfolinta
life to those who have it” (NIV) indicate that Christian leaders in educatios &a

responsibility to provide appropriate educational opportunities for students in light of
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what is now understood about how children learn and how abstract thinking skills
develop over time. Advances in mind, brain, and education research now allow educators
to know that students must have time and practice to develop science skills. It isenot wi

to ignore this need of students if the Christian community is to heed Proverbs 22:6 which
states we are to “train a child in the way he should go” (NIV).

It is interesting to note that the understanding that knowledge is domaincsygecifi
accepted by philosophers who specialize in the theory of mind. Peter Carruthers, a
professor of philosophy and chair of the department of philosophy at the University of
Maryland has written extensively on the theory of mind. He states that, “.. i{td§ ¢an
take any content asput, but it cannot, in the course of processing that input, draw on
anything other than the contents of its own proprietary domain-specific meromy st
(p. 80). He further states that comprehending the human mind and how it functions is a
difficult task. He asks, “...who ever thought that the architecture of the mind could be
conquered in a day?” (p.87). Carruthers statements are in complete agnedment
dynamic skill theory. In the field of science education, educators should learn from
leading scholars in other fields. In this case, educators and philosophers alileecepst
that comprehending how the human mind learns is very difficult, after all, the human
mind is “fearfully and wonderfully made” (Psalm 139:14, NIV).

Another noted philosopher and theory of mind scholar, David Papineau (2003),
wrote “the standard metaphor is that of the human mind as a Swiss Army knife,
containing a number of tools each designed to perform some definite task” (p.161). The
human mind is indeed created to perform many specific tasks. One of the niosf exc

and fulfilling tasks the human mind can pursue is the study of God'’s creation, which is
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the study of science. The attempt to gain understanding of the natural lawsi@ioe dr

for this temporal world is both difficult and fulfilling. Throughout Proverbs, Godly men
and women are encouraged to search for truth and gain understanding. The study of
chemistry is a specific task, which the mind of man was created to comprehend. It
imperative that Christian educators continue to search for the most effeetiveds to

teach what is understood about God’s laws in science. Preparing educational
opportunities that are in accordance with what is understood about the human brain and
mind is wise and prudent as well as obedient to God’s teachings.

Psalm 85:13 states that “righteousness goes before him and prepares thehigay fo
steps” (NIV). Just as God'’s righteousness goes before the Godly man and woman to
prepare the way, Christian educators should go before their students to prepareabe way
students step into science knowledge and understanding. POGIL lessons provide
necessary components for students to better be able to develop chemistry undgsstandi
free of alternate conceptions.

Recommendations for Future Research

Students in this study were taught using POGIL methods for a part of the school
year. During that limited time, their achievement increased due to the ggd&gture
studies are needed to determine if POGIL methods utilized over the course @rthe ye
would increase student achievement due to AC being confronted and corrected.

Further study is needed to determine if the gain on the ParNoMA2 will persist over
time. Studies have found that AC that were thought to be corrected can returndor som

students after a period of time (Calyk, Ayas, & Ebenezer , 2005). The question of the
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durability of the accurate mental models created in the POGIL environment should be
investigated.

This study investigated AC related the particle theory of mattethéiustudies of
the reduction of AC in chemistry topics other than particle theory acedePOGIL
documents for secondary biology are being developed and studies are needed to
determine the effectiveness of these materials and methods in biologgclass

POGIL pedagogy began in college classrooms and spread to the high school due to
the frequency of students in college POGIL courses who stated that they beligved the
would be more successful in college chemistry courses if they had beenitaaight
POGIL environment in their high school chemistry courses (Hanson, 2006). Further
studies are needed to determine whether students taught in POGIL environmaegtts in hi
school are more successful in college chemistry than students who wétehighg
school chemistry by the traditional method. Several studies (Schwartz, 200%r&chw
Sadler & Tai, 2008; Tai, Sadler & Mintzes, 2006) indicate that students taught using
POGIL should perform better in college chemistry, but studies are neededrtnidetif
POGIL does provide a superior foundation for future chemistry studies.

The active engagement of students in POGIL pedagogy provides unique
opportunities for students to develop the process skills of science. A study of the
development of process skills utilized in POGIL is needed to determine the level of
growth in process skills experienced by students in POGIL based classmopoaed
to traditional classroom experiences. An investigation into the development of those
process skills and how they enhance other academic endeavors beyond theaacqtiisiti

chemistry knowledge is needed.
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Conclusions

This study found that POGIL pedagogy resulted in fewer AC in secondary clyemistr
students as compared to students taught using traditional methods. POGIL peslagog
promising option for chemistry teachers searching for effective teaclatigods which
result in a reduction of AC held by their chemistry students in regard tolpdhiory.

The literature available offers few insights on effective methods farawning
achievement in high school chemistry.

This study indicates that POGIL methods could prove to be effective in addressing
the achievement gap often seen between African-American and Hispanic stutknts
their Caucasian and Asian peers. Both male and female students befrefitt@DGIL
instruction as opposed to traditional pedagogy.

Theory of mind philosophers, scholars in education, and the ancient writers of the
Bible agree that that human mind is a complex and magnificent creation. Only now in the
21% century are experts beginning to understand how the human mind matures, functions
and learns. Christian educators must avail themselves of all possible resmalces
information related to teaching and learning in order to properly prepare sttalstidy
complex subjects such as chemistry. Dynamic skill theory explains tdahssumust
have long-term exposure to complex science skills in order to develop their owh menta
models of science concepts free of AC. This study shows that POGIL provigdesres
learning environment for the development of science concepts free of AC when

compared to lecture pedagogy.
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POGIL pedagogy brings together several best practices in sciencleemnigtcy
teaching. Every POGIL lessons engages students in these best practemsiiog
chemistry:

e acooperative learning environment where students discuss their ideas,
confront their lack of understanding, and negotiate meaning as concepts are
discovered and personal mental models are being formed;

e structured use of many types of teaching models;

e consistent use of higher order thinking skills;

e integration of process skills into the acquisition of chemistry content;

e differentiation of instruction from the traditional lecture method to an@ctiv
student centered approach, which allows for differentiation of content,
product and process, and

e teachers facilitate content mastery as opposed to content coverage.

This study was conducted to provide much needed information to assist high school
chemistry teachers as they plan for effective teaching. Furtidiestof the effectiveness
of POGIL in teaching topics other than particle theory are needed at trelagclevel.

The results of this study suggest that POGIL pedagogy provides approaiatede
support to foster the development of scientifically accurate mental moddistatct
chemistry concepts in secondary students. This study also suggests thatged&jagy
could be effective in reducing or eliminating achievement gaps frequently founedmetw

racial groups and the gender achievement gap.
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Appendix A: Correlation of POGIL materials to Georgia Department of

Education Chemistry Curriculum Map

GDOE Chemistry Curriculum Map 3" and 4th
Quarter, Chemistry Standards

POGIL High School
Chemistry
Classroom Activities

SC1 Students will analyze the nature of matter and its
classifications.

c. Predict formulas for stable ionic compounds
(binary and tertiary) based on balance of
charges.

d. Use IUPAC nomenclature for both chemical
names and formulas:

elonic compounds (Binary and tertiary)

Chemical Formulas and
Names of lonic Compounds

SC2 Students will relate how the Law of Conservation
of Matter is used to determine chemical
composition in compounds and chemical reactiong

a. ldentify and balance the following types of
chemical equations:
* Synthesis
» Decomposition
» Single Replacement
» Double Replacement
» Combustion

Shall We Dance?—
Classifying Types of
5.Chemical Reactions

Balancing Chemical
Reactions

SC6. Students will understand the effects motion of
atoms and molecules in chemical and physical
processes.

a. Compare and contrast atomic/molecular motic
in solids, liquids, gases, and plasmas.

b. Collect data and calculate the amount of heat
given off or taken in by chemical or physical
processes.

c. Analyzing (both conceptually and quantitativel

flow of energy during change of state (phase).

Kinetic Molecular Theory
rvapor Pressure

Phase Changes

SC5. Students will understand that the rate at which a
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chemical reaction occurs can be affected by changing
concentration, temperature, or pressure and the Collision Theory — Impact
addition of a catalyst. for a Chemical Reaction
a. Demonstrate the effects of changing
concentration, temperature, and pressure or
chemical reactions. Dynamic Equilibrium:
b. Investigate the effects of a catalyst on chemig e\Which Way Do We Go?
reactions and apply it to everyday examples
c. Explain the role of activation energy and degree
of randomness in chemical reactions.
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Appendix B: Timeline

Pre-test in January
POGIL lessons-January — May

Posttest, week of May 9 - 13
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Appendix C: Local Consent Form

REQUEST FOR PERMISSION TO CONDUCT DATA COLLECTION ACTIMES
WITHIN THE SYSTEM

Name Michelle J. Barthlow
CCSD Employee: Yes_X No___ INO, list employer:
College/University Supervising Activities ___Libeftiniversity

Degree in Progress( Level/Area) Doctor of Educatismaching and Learning

Locations for Data Collection __High Schools A.@.and D

Date of Request_Dec. 1, 20R@quested Dates for Data Collection January 2000May 2010
Professor’'s Name _Dr. Scott Watson Phone #/Email _swatson@liberty.edu
Phone/email for M. Barthlow: 770 926-4411 (worKJ0 833-6657 (cell)
michelle.barthlow@cherokee.k12.ga.us

Include with this request:
» A letter from your supervising professor on collegeuiniversity letterhead indicating
support for your research and his/her confirmatibdata collection validity.
» A brief summary of the issues being researchedfamtlpe of data collection you are
requesting to conduct. (Page 2 of this form).
» Method of data collection assessment (Page 2 ®fdihin); Number of respondents, etc.
» Copy of interview questions, surveys, etc. that kaél used. If student data is used, a
notarized “Release of Educational Records for Rebeurposes Confidentiality
Statement” will be required.
>
[,__Michelle J. Barthlow _do hereby submit toot hold the Cherokee County School System liable for
any findings, or commentary involved in this resdarl understand that without the express written
permission of the Cherokee County Board of Edunatiam not authorizetb conduct any data collection
involving system employees or students and/or dngranformation that is protected by Federal at&t
Law. Furthermore, a copy of all findings and data colletion instruments will be made available to
the Cherokee County Board of Education._All reseath is to be sent to the Office of Assessment upon
completion of the project.

Signature Date _Dec. 1, 2010
Send completed form to: Dr. Susan Padgett-HarriBimector, Office of Assessment, ESA, Building G,
1010 Keeter Road, Canton, GA 30114 (770 721-6206)

Staff Use Only

Permission given

Permission denied
Office of Assessment

Conditions of Permission: Denied due to:
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Please write a brief summary of the issues being researched angktloé dyata collection you
are requesting to conduct.

The study proposed is a nonequivalent control group, pretest-posttestalgsigstigate
student achievement in high school college preparatory chemistry.stlidy will investigate the
use of Process Oriented Guided Inquiry Learning (POGIL) in the teachiegarfdary
chemistry. Students at Millard, Rogers, Taylor and Orion High Schoblslke the Particulate
Nature of Matter Assessment (ParNoMA) version 2 as a pretest befogetaught concepts
relating to the kinetic theory of matter as indicated in the Georgia egrarof Education
Chemistry Georgia Performance Standards (pseudonyms will be ugsdtfoipating schools).
The GPS states that inquiry methods should be utilized to teach chemmdtpetamany teachers
do not have access to high quality guided inquiry materials. This stlldgyeviide participating
teachers with the training and materials needed for students in high sbhbouostry courses to
experience quality, guided inquiry lessons. One chemistry teachehatighcschool will
participate and give the ParNoMA as a pretest and a posttest in dnel seenester. Only
students in the treatment groups (Woodstock High and Sequoyah High) wid thiZ2OGIL
methods and materials. Students taking the pretest and posttest as CHarbke®l Creekview
High will serve as the control groups and will not utilize the POGIlenls (see sample
materials attached).

All POGIL documents have been correlated to the Chemistry GPStésbedicorrelation
document attached).

Since this study is designed to only measure the effectiveness of guidessmriented
guided inquiry in groups of students (not individual students), individuaéstudentities will be
strictly guarded as will the names of the participating schools. @&tististl analysis will be
ANCOVA to determine student gains for the experimental and control
groups

Indicate your method of data collection assessment (surveys, intervieves, tastidata)
Students will take the Particulate Nature of Matter AsseqstaeNoMA)

version 2 as a pre-test and posttest (see

attached).

Check the appropriate box(s) which indicate respondents:
L Administrators
[ Teachers/Certified Personnel

D Classified Personnel
X Students

Note the number of data collection instruments being used (i.e., number of expsptatents)
Approximately
200,
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Appendix D: Liberty University IRB Approval

IRB Approval 1044.012711: The Effectiveness of Process Oriented Guided Inquiry
Learning to Reduce Alternate Conceptions in Secondary Chemistry Education
IRB, IRB

Sent: Thursday, January 27, 2011 11:34 AM
To: Barthlow, Michelle Jones
Cc: Watson, ScattRB, IRB; Garzon, Fernando

Attachments: ¥ Annual Review Form.doc (34 KB): Change in Rrtocol.doc (32
KB)

Good Morning Michelle,

We are pleased to inform you that your above study has been approved by the Libert
IRB. This approval is extended to you for one year. If data collection procestdmpa
year, or if you make changes in the methodology as it pertains to human subjects, y
must submit an appropriate update form to the IRB. Attached you'll find the forms for
those cases.

Thank you for your cooperation with the IRB and we wish you well with youarelse
project. We will be glad to send you a written memo from the Liberty IRB, exede
upon request.

Sincerely,

Fernando Garzon, Psy.D.
IRB Chair

Associate Professor

Liberty University

1971 University Blvd.
Lynchburg, VA 24502

(434) 592-4054
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Appendix E: Data Table

Student Gender Pretest Posttest Race School Group
1 2 15 17 5 1 2
2 1 15 13 4 1 2
3 2 19 19 4 1 2
4 1 10 13 4 1 2
5 2 16 19 3 1 2
6 2 5 10 4 1 2
7 1 18 15 1 1 2
8 2 7 12 4 1 2
9 2 19 18 4 1 2
10 1 15 19 1 1 2
11 1 11 11 4 1 2
12 2 10 10 4 1 2
13 2 12 13 4 1 2
14 1 12 17 4 1 2
15 1 7 12 4 1 2
16 2 13 14 4 1 2
17 1 11 12 4 1 2
18 2 11 14 2 1 2
19 2 14 13 4 1 2

20 1 13 13 1 1 2
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Student Gender Pretest Posttest Race School Group

21 2 16 14 3 1 2
22 1 19 20 4 1 2
23 2 14 12 4 1 2
24 1 9 9 4 1 2
25 1 15 19 4 1 2
26 2 15 17 3 1 2
27 2 9 11 4 1 2
28 2 18 15 4 1 2
29 2 13 14 4 1 2
30 5 9 5 1 2
31 2 16 17 4 1 2
32 1 6 9 4 1 2
33 1 8 13 4 1 2
34 2 14 17 4 1 2
35 1 13 16 4 1 2
36 1 15 15 4 1 2
37 11 13 S 1 4 2
38 2 16 18 5 1 2
39 1 11 15 1 1 2
40 2 16 16 4 1 2
41 1 6 12 1 1 2

42 1 11 16 4 1 2

133



Student Gender Pretest Posttest Race School Group

43 2 9 12 4 1 2
44 1 7 11 4 1 2
45 2 9 11 3 1 2
46 2 14 15 4 1 2
47 1 14 15 4 1 2
48 1 13 14 4 1 2
49 1 10 11 4 1 2
50 2 8 12 4 1 2
51 1 5 11 4 1 2
52 2 12 14 1 1 2
53 2 8 16 4 1 2
54 1 8 9 4 1 2
55 2 11 3 1 2
56 1 13 13 4 1 2
57 2 14 15 3 1 2
58 1 9 9 3 1 2
59 1 10 12 4 1 2
60 2 18 19 4 1 2
61 1 8 10 4 1 2
62 1 8 9 4 1 2
63 2 17 17 4 1 2

64 1 11 10 4 1 2
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Student Gender Pretest Posttest Race School Group

65 14 10 4 1 2
66 2 17 17 1 2 1
67 2 16 16 4 2 1
68 2 14 14 4 2 1
69 2 19 13 4 2 1
70 1 14 14 4 2 1
71 2 13 4 4 2 1
72 1 9 12 4 2 1
73 1 17 17 4 2 1
74 1 11 16 4 2 1
75 1 17 7 4 2 1
76 1 17 10 4 2 1
77 2 12 10 4 2 1
78 1 19 11 4 2 1
79 1 14 14 4 2 1
80 1 13 11 4 2 1
81 1 7 7 4 2 1
82 1 17 16 4 2 1
83 1 11 16 4 2 1
84 1 11 7 4 2 1
85 2 10 4 2 2 1

86 2 13 7 5 2 1
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Student Gender Pretest Posttest Race School Group

87 1 7 7 5 2 1
88 1 8 15 4 2 1
89 2 7 7 4 2 1
90 2 13 5 4 2 1
91 1 15 17 4 2 1
92 1 12 16 4 2 1
93 1 19 15 4 2 1
94 1 19 17 4 2 1
95 1 16 4 2 1
96 2 11 12 4 2 1
97 2 10 8 4 2 1
98 2 7 8 4 2 1
99 2 11 13 4 2 1
100 2 15 11 4 2 1
101 1 6 12 4 2 1
102 1 10 12 4 2 1
103 1 16 15 4 2 1
104 1 14 14 4 2 1
105 1 13 11 4 2 1
106 1 5 9 5 2 1
107 1 9 11 4 2 1

108 2 11 9 4 2 1
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Student Gender Pretest Posttest Race School Group

109 2 6 9 4 2 1
110 1 10 10 4 2 1
111 1 7 6 4 2 1
112 1 10 9 4 2 1
113 2 17 9 4 2 1
114 2 16 8 S 2 1
115 2 13 10 5 2 1
116 2 8 11 4 2 1
117 1 12 9 4 2 1
118 2 5 6 4 2 1
119 2 10 7 4 2 1
120 2 10 11 4 2 1
121 1 12 17 4 2 1
122 1 10 16 4 2 1
123 1 11 9 4 2 1
124 1 13 8 4 2 1
125 1 13 16 2 2 1
126 1 14 13 4 2 1
127 1 13 10 4 2 1
128 1 14 14 4 2 1
129 1 9 8 4 2 1

130 2 16 17 4 2 1
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Student Gender Pretest Posttest Race School Group

131 2 10 14 2 2 1
132 1 11 14 4 2 1
133 2 10 16 4 2 1
134 2 7 9 4 2 1
135 2 19 17 4 2 1
136 2 14 18 4 2 1
137 1 16 17 4 2 1
138 2 20 4 2 1
139 1 6 13 3 2 1
140 1 5 4 4 2 1
141 2 12 13 4 2 1
142 2 14 14 3 2 1
143 1 11 10 4 2 1
144 2 13 16 4 2 1
145 2 10 12 4 2 1
146 1 11 11 5 2 1
147 2 4 16 4 2 1
148 2 12 16 4 2 1
149 2 7 8 S 2 1
150 1 9 7 4 2 1
151 2 18 17 4 2 1

152 2 19 1 7 4 1
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Student Gender Pretest Posttest Race School Group

153 2 10 9 4 2 1
154 2 18 16 4 2 1
155 2 3 13 4 2 1
156 2 1 15 4 2 1
157 2 17 17 4 2 1
158 1 12 15 4 2 1
159 1 12 10 4 2 1
160 1 13 10 4 2 1
161 1 3 8 4 2 1
162 2 10 10 4 2 1
163 2 16 17 4 2 1
164 1 8 9 4 2 1
165 2 13 7 4 2 1
166 1 11 11 1 2 1
167 2 16 7 4 2 1
168 2 8 6 4 2 1
169 1 9 9 4 2 1
170 1 16 16 4 2 1
171 1 6 6 4 2 1
172 1 8 11 4 2 1
173 2 14 15 4 2 1

174 2 12 12 2 2 1
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Student Gender Pretest Posttest Race School Group

175 2 4 11 4 2 1
176 2 16 11 4 2 1
177 2 7 12 4 2 1
178 2 15 13 4 2 1
179 2 6 12 4 2 1
180 2 10 13 4 2 1
181 2 18 13 4 2 1
182 1 6 13 4 3 2
183 1 13 13 1 3 2
184 2 19 17 4 3 2
185 2 14 15 4 3 2
186 1 10 17 4 3 2
187 1 15 16 3 2
188 2 12 16 4 3 2
189 2 4 14 1 3 2
190 2 14 15 4 3 2
191 1 7 9 3 3 2
192 2 12 14 4 3 2
193 1 10 10 4 3 2
194 1 10 9 4 3 2
195 2 10 10 4 3 2

196 1 7 12 4 3 2
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Student Gender Pretest Posttest Race School Group

197 1 6 16 4 3 2
198 1 14 19 4 3 2
199 2 19 20 4 3 2
200 1 18 15 2 3 2
201 2 15 16 4 3 2
202 1 12 11 4 3 2
203 2 11 13 4 3 2
204 1 6 9 4 3 2
205 2 17 20 4 3 2
206 2 13 19 4 3 2
207 1 11 19 4 3 2
208 2 15 18 4 3 2
209 2 9 17 4 3 2
210 2 10 13 2 3 2
211 2 13 19 4 3 2
212 2 18 19 3 3 2
213 1 8 19 1 3 2
214 1 9 11 4 3 2
215 2 17 18 4 3 2
216 2 14 19 4 3 2
217 2 18 20 2 3 2

218 1 16 14 4 3 2
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Student Gender Pretest Posttest Race School Group

219 1 14 15 4 3 2
220 2 9 9 4 3 2
221 1 10 14 4 3 2
222 2 9 10 4 3 2
223 1 2 4 4 3 2
224 1 16 14 4 3 2
225 1 8 9 2 3 2
226 1 7 15 2 3 2
227 1 12 11 4 3 2
228 2 12 20 4 3 2
229 2 18 18 4 3 2
230 2 10 15 4 3 2
231 1 11 11 4 3 2
232 1 11 11 4 3 2
233 2 6 11 2 3 2
234 1 11 9 4 3 2
235 2 15 20 4 3 2
236 2 15 15 5 3 2
237 1 11 17 2 3 2
238 1 18 20 4 3 2
239 2 15 20 2 3 2

240 1 7 7 2 3 2
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Student Gender Pretest Posttest Race School Group

241 2 10 14 4 3 2
242 2 18 19 4 3 2
243 1 9 12 4 3 2
244 2 10 11 4 3 2
245 2 18 17 4 4 1
246 1 16 18 4 4 1
247 2 19 19 4 4 1
248 1 13 10 4 4 1
249 1 9 13 4 4 1
250 2 13 14 4 4 1
251 1 19 19 4 4 1
252 1 12 8 4 4 1
253 1 10 10 4 4 1
254 1 12 13 4 4 1
255 1 11 12 4 4 1
256 1 17 18 2 4 1
257 2 19 19 4 4 1
258 1 8 12 4 4 1
259 2 18 18 4 4 1
260 1 16 12 4 4 1
261 1 7 11 4 4 1

262 2 6 14 4 4 1
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Student Gender Pretest Posttest Race School Group

263 1 10 10 4 4 1
264 1 17 10 4 4 1
265 1 17 18 4 4 1
266 1 11 15 4 5 2
267 1 3 17 4 5 2
268 1 7 19 4 S 2
269 2 9 17 4 5 2
270 1 12 16 4 5 2
270 2 9 19 4 5 2
272 1 10 15 4 5 2
273 2 20 20 4 5 2
274 2 10 15 1 5 2
275 2 18 20 2 5 2
276 2 12 18 2 5 2
277 2 12 16 4 5 2
278 1 14 20 2 5 2
279 2 10 15 4 5 2
280 1 15 19 4 5 2
281 2 13 18 4 5 2
282 2 9 20 1 5 2
283 1 8 14 4 5 2

284 1 16 20 4 5 2
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Student Gender Pretest Posttest Race School Group

285 1 11 18 4 5 2
286 1 8 14 4 5 2
287 1 16 20 3 5 2
288 2 11 12 2 4 1
289 2 7 8 4 4 1
290 1 8 13 4 4 1
291 1 15 14 4 4 1
292 2 8 10 4 4 1
293 2 14 12 3 4 1
294 1 7 12 4 4 1
295 2 8 9 4 4 1
296 2 18 14 4 4 1
297 1 5 8 4 4 1
298 2 3 4 4 4 1
299 1 8 8 4 4 1
300 2 5 6 2 4 1
301 2 9 11 4 4 1
302 1 2 6 4 4 1
303 1 8 7 4 4 1
304 1 9 12 4 4 1
305 1 8 7 3 4 1

306 2 16 12 4 4 1
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Student Gender Pretest Posttest Race School
307 2 10 8
308 1 7 8
309 2 12 19
310 2 12 12
311 1 7 7
312 1 11 15
313 2 11 11
314 2 15 16
315 1 7 5
316 2 8 7
317 1 8 9
308 2 15 14
319 1 8 10
320 2 11 9
321 1 2 4
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