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Chapter 1 

Introduction 

All students in Texas and in most other states in the U.S. are required to take a chemistry 

course in order to graduate from high school.  Are there compelling reasons for students to brave 

the world of chemistry?  Is there evidence that indicates that chemistry education is important?  

The American Chemical Society (ACS)(2013) explains that chemistry is a bridge between the 

sciences of biology and physics.  Life exists and functions through chemical mechanisms.  

Chemistry provides solutions to medical issues and managing energy needs.  Modern physics is 

possible due to technological advances made in the field of materials chemistry. The National 

Research Council (NRC) also recognizes the significance of chemistry and states that 

“understanding chemical reactions and the properties of elements is essential not only to the 

physical sciences but also foundational knowledge for the life sciences and the earth and space 

sciences” (2012, p. 109). 

In addition, chemistry education is critical for citizens to become scientifically literate.  

The NRC states that students must be able to determine whether scientific information is 

accurate, how chemistry applies to daily life, and the mechanism by which systems operate.   

Citizens who understand chemistry can help society address issues of environmental 

responsibility and managing natural resources (American Chemical Society, 2013).  Scientific 

literacy includes recognizing that chemistry is essential to modern life from the kinds of 

materials utilized to the accessibility of foods and medicines.   

The Trends in International Mathematics and Science Studies (TIMSS) data show that 

students know discrete scientific facts but still have weaknesses in applying scientific knowledge 

(Martin, Mullis, Foy, & Stanco, 2011).   The TIMSS also indicate that for high-performing 
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countries in secondary school, science teachers less frequently emphasize the application of 

chemistry (Martin, Mullis, Foy, & Stanco, 2011).  Additional data in the study revealed that if 

teachers summarize learning goals and relate lessons to the student’s daily life, students will be 

engaged and learn more (Martin, Mullis, Foy, & Stanco, 2011).   

The American College Test (ACT) National and State Scores Academic Achievement 

Report shows that 41% of students interested in science, technology, engineering, and 

mathematics (STEM) careers met college readiness benchmarks compared to 21% of their peers 

(2013).  However, students still exhibited higher academic achievement in English, mathematics, 

and reading than in science.  The TIMSS results show that within the science domain including 

biology, chemistry, physics, and earth science, students performed better in biology and physics.  

In the U.S. specifically, students performed better in biology and earth science than in the 

physics or chemistry content domains.  Even after promoting and supporting STEM education, 

students continue to show less engagement, less enjoyment, and less confidence in the physical 

science disciplines of chemistry and physics (Martin, Mullis, Foy, & Stanco, 2011).    

Significance of the Study 

In order to engage more students, increase student achievement, and develop scientific 

literacy, the NRC states that more research is needed to “enhance understanding about how 

students learn core ideas and the practices of science, and how best to support this learning 

through instruction” (2012, p. 311).  Learning progressions can offer a vehicle to evaluate 

student thinking. This study yields a fine-grained description of a learning progression in the 

sense that it focuses on distinct concepts in one grade level and provides detailed descriptions 

while the student progresses through the concept.   These types of fine-grained learning 

progressions guide instructional decisions and provide insight about how student reasoning 
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develops within and between progression levels (Alonzo & Steedle, 2008; Lehrer & Schauble, 

2012).   

Research Questions 

Learning progressions inform science education and offer a way to understand some of 

the problems or challenges in student thinking mentioned above.  Learning progressions are 

understood more fully by examining earlier research in constructivism, conceptual change, and 

scientific reasoning.  The learning progressions depicted in this research were domain specific 

and focused on the way students understand chemical processes that impact the environment.  

The NRC (2012) echoes the sentiment of the science education community that more detailed 

research must be done in the area of learning progressions because much of the domain specific 

knowledge has not been investigated (Alonzo & Steedle, 2008; Duschl, Maeng, & Sezen, 2011; 

Furtak, 2012; Smith, Wiser, Anderson, & Krajcik, 2006). 

The learning progressions describe the chemical reactions of the nitrogen cycle and 

nuclear chemistry which have not been specifically addressed in learning progression literature.  

This research is descriptive in nature and illustrates student understanding of scarcely 

represented chemistry topics that can conceivably add to the learning progression discussion and 

meet the NRC’s (2012) challenge for more research on the expected progression of student 

understanding revealing how standards are translated in the classroom and the kinds of practices 

that influence student learning.  This study describes a fine-grained, hypothetical learning 

progression and concentrates on answering two questions:  

1. What are possible learning progressions or pathways for student understanding of the 

chemistry of nitrogen and nuclear processes?  
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2. Is there consistency in scientific reasoning between the chemistry of nitrogen and nuclear 

chemistry?  

Definition of Terms 

In 2006, Smith, Wiser, Anderson, and Krajcik defined learning progressions as 

“successively more sophisticated ways of reasoning within a content domain based on research 

synthesis and conceptual analysis” (p. 1).   The NRC included that attaining conceptual 

understanding is a lengthy process and further defines learning progressions as “successively 

more sophisticated ways of thinking about a topic that can follow and build on one another as 

children learn about and investigate a topic over a broad span of time” (2007, p. 214). 

In this case, the content domain is chemistry education and more specifically, nitrogen 

chemistry and nuclear reactions.   A broad sample of student products were analyzed for 

conceptual understanding at a specific grade level.  To align with the NRC definition, several 

studies in this domain would be necessary to build a learning progression for chemistry 

education.        
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Chapter 2 

Review of the Literature 

In order to understand previous work on learning progressions in science education, 

existing research was reviewed. This chapter has two major parts:  the first outlines the 

theoretical framework for the research and the second describes significant prior research.   

Theoretical Framework    

Learning Progressions.  Much of the learning progression work finds its origins in 

constructivism and conceptual change theory leading to the examination of scientific reasoning 

ability and application of scientific principles. Constructivism and conceptual change are 

cognitive theories whereas learning progression research focuses on scientific reasoning in 

definitive content areas and characterizes levels of understanding.  Learning progressions present 

a mechanism to examine the way students are connecting chemistry to daily life, illuminate 

misconceptions or problems in student thinking, reveal how modification in instructional 

methods impact conceptual understanding, and uncover paths for student learning.  Learning 

progressions can highlight methods for improving teaching and learning in chemistry (American 

Chemical Society, 2013).   

Even though much of the research on learning progressions describes how students come 

to understand core ideas in science, researchers differed in the way they described their learning 

progressions (Duncan & Rivet, 2013).  Duschl, Maeng, and Sezen describe a type of learning 

progression “where topics and pathways are based on logical task analysis of content domains 

and personal experiences with teaching” (2011, p. 125).  Alonzo and Steedle describe learning 

progressions as “ordered descriptions of students’ understanding of a given concept” (2008, p. 

389). Because there is still ambiguity, researchers agree that more empirical research on student 
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thinking in specific domains is needed (Duncan & Rivet, 2013; Duschl, Maeng, & Sezen, 2011; 

Smith, Wiser, Anderson, & Krajcik, 2006).  As learning progressions are developed, they can 

provide a map of student expectations at specific grade levels. 

Consistently, the literature explains that a learning progression is bounded by upper and 

lower anchors (Adadan, Trundle, & Irving, 2010; Duncan & Hmelo-Silver, 2009; Duschl, 

Maeng, & Sezen, 2011).  Upper anchors describe expected student knowledge and skills at the 

end of the progression and the lower anchor provides assumptions about prior knowledge.  

Alonzo and Steedle (2008) further define that the upper anchor explains an expert level of 

understanding or expected student outcomes of understanding and that the lower anchor 

describes misconceptions or naïve understanding of concepts.  However, when upper anchors for 

elementary students were determined, the researchers took into consideration scientifically 

appropriate content in addition to age appropriate content (Alonzo & Steedle, 2008).  

The NRC (2012) recommends several grade band benchmarks for student understanding 

in the physical sciences.  Appeals for learning progression research and development reveal a 

sense of urgency to align curriculum, instruction, and assessment to provide quality science 

education in the U.S and abroad.  The NRC’s recommendations reflect constructivist theory and 

conceptual change research findings as it urges researchers to describe the learning progression 

including points of difficulty that students may encounter and to elucidate instructional 

interventions that can help students make progress or support student learning.  A number of 

learning progression researchers have called for more fine-grained analysis describing smaller 

steps that specify a series of learning goals to help students move from one level of the 

progression to the next and cross sectional data that indicate how thinking develops in 

individuals (Johnson & Tymms, 2011; Stevens, Delgado, & Krajcik, 2010).   
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Education research often recommends examining the prior knowledge of students before 

instruction as well as the importance of timely teacher feedback (Adadan, Trundle, & Irving, 

2010; American Chemical Society, 2013; Murphy, 2012).  TIMSS results also confirm that prior 

knowledge guides learning and that effective science teachers assess student knowledge, skills, 

and conceptual understanding (Martin, Mullis, Foy, & Stanco, 2011).  Learning progressions 

often describe instructional methods and modification in response to student understanding. 

Specifically, Johnson and Tymms (2011) examined how student thinking changed in response to 

instruction.  

Instructional methods impact how students understand specific content areas.  Two 

previous studies focused on chemistry content related to this particular study and provide 

empirical evidence for distinct concepts that can be compared, in part, with hypothetical learning 

progressions proposed in their work (Duncan & Rivet, 2013; Smith, Wiser, Anderson, & Krajcik, 

2006; Stevens, Delgado, & Krajcik, 2010).  However, within the environmental research on 

learning progressions, the nitrogen cycle and consequences of nuclear waste have received little 

attention.  Therefore, these concepts are certainly timely as they are crucial for students’ 

understanding of present environmental concerns.   

Social Constructivism.  When students collaborate about topics that impact them 

directly, they learn from each other.   Instructional methods that maximize learning that occurs 

during social interaction can be quite effective.  Social constructivism is a learning theory which 

proposes that learners actively construct knowledge and derive meaning from individual and 

social experiences (Deiner, Newsome, & Samaroo, 2012; Naragyan, Rodriguez, Araujo, 

Shaqlaih, & Moss, 2013).  Oyehaug and Holt (2013) described constructivism in a way that 
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assumed that students hold unstructured collections of simple ideas and then examined the 

processes by which students reorganize, revise, and connect elements.      

Earlier, Vygotsky (1986)  explained that the process of concept formation includes 

discrete ideas where the learner begins to identify relationships between ideas which eventually 

become collections.  The collections include relational links, which are organized into some kind 

of hierarchy which can lead to a more fully formed concept.   This organization includes both an 

understanding of how ideas are united and, in contrast, separated and that students are aware of 

differences before identifying similarities.  Vygotsky (1986) discussed how instruction can 

impact conceptual understanding but that the student must be developmentally ready for specific 

concepts.  Vygotsky said that “instruction in one area can transform and reorganize other areas of 

thought” (1986, p. 177).    

More recently, the literature describes three principles of constructivism which include 

the readiness of the learner, the importance of content sequencing, and the generation of 

instruction that endeavors to fill in gaps or challenge student thinking beyond the curriculum 

(Naragyan, Rodriguez, Araujo, Shaqlaih, & Moss, 2013).  The instructor facilitates this process 

by providing experiences that help students make connections in their knowledge structures.  

“Prior knowledge influences the formation of new knowledge and learning is an active process” 

(Naragyan, Rodriguez, Araujo, Shaqlaih, & Moss, 2013, p. 169).   

Constructivist teachers use learning methods such as inquiry, experiential learning, role 

playing and case studies.  Social experiences provide a context where the learner can negotiate 

meaning. Meaning can be constructed in a variety of formats.  In the classroom, students need 

time to think, discuss, and reflect (Brooks, 2013).  Constructivist learning theory recognizes that 

active learning is the means to achieve conceptual understanding.   
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Conceptual Change.  From its roots in individual constructivism, conceptual change 

researchers began to examine how students understand concepts and how they organize them 

cognitively.   In a rudimentary way, “conceptual change is a cognitive process in which the 

learner seeks to construct knowledge that is coherent and useful” (Mayer, 2002, p. 109).   

Posner, Strike, Hewson, and Gertzog (1982) propose that “learning is a rational activity” 

and that modifications in understanding must occur to induce conceptual change (p. 212).   

Knowledge can be restructured and developed (Glaser, 1984).  Students organize bits of 

knowledge into frameworks.  Therefore, new knowledge arises from old understanding.  

However, students often have incorrect understanding of concepts in science.  Some of these 

“misconceptions” are very difficult to reposition or overcome (diSessa, 1993).  Sometimes a 

student’s understanding cannot change because the new concept is too complicated to overcome 

competing concepts.  Students need to have the opportunity to make sense of new ideas.  With 

practice in rationalizing ideas, students can incorporate more accurate concepts of science into 

their existing knowledge structures.  

Vosniadou and Ionnides (1998) suggest that conceptual change is a function of the 

learner’s ability to continuously restructure ideas into more correct understanding. They explain 

that conceptual change occurs both spontaneously and through instruction and that students do 

not enter learning with a blank slate but have many experiences from which to draw even if only 

partially correct.  Thereford students move through stages of metaconceptual awareness and 

form more cohesive frameworks of understanding over time which is consistent with learning 

progression work.  Vosniadou and Ioannides (1998) concede that conceptual change can require 

substantial restructuring or reorganization.   
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  Even though some researchers believe that conceptual change can happen by major 

revision or restructuring of ideas, others believe that knowledge is built in pieces.  For example, 

conceptual change has also been described by diSessa (1993) as a synthesis of knowledge in 

pieces and includes misconception repair.  Knowledge in pieces can be described as students 

knowing discrete pieces of information and eventually developing elaborate networks of 

understanding (Mayer, 2002).  

So both constructivism and conceptual change require experiences with others and some 

amount of restructuring of ideas.   These learning experiences lead to more accurate conceptual 

networks and therefore, conceptual change.  Duschl, Maeng, and Sezen (2011) explain that there 

are two ways instructors can approach conceptual change:  a misconception-based “fix it” view 

and an intuition-based “work with it” view.  With a “work with it” view, there is, within student 

understanding, a “modification and evolution in epistemic claims and a broadening and 

deepening of growth of scientific knowledge” (Duschl, Maeng, & Sezen, 2011, p. 134).  

While observing student thinking and performance in knowledge domains, Glaser (1984) 

characterized conceptual understanding on a continuum of novice to expert.  Novices are more 

literal and concrete in their understanding and experts have a more abstract knowledge structure.  

So with conceptual change, students connect new knowledge with previous knowledge 

(Vazquez, et al., 2012).   Chi and Roscoe (2002) continue with this idea by discussing how 

students may hold naïve or prior misconceptions about a specific idea.  The naïve knowledge can 

change over time to become more accurate.  While some of this naïve knowledge is not accurate 

or a misconception, the research here focuses on how the student begins to form more accurate 

understanding to organize knowledge into precise schemes in a specific domain.    
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More succinctly for chemistry education, expert level thinking includes full conceptual 

understanding of macroscopic, microscopic (particulate), and symbolic features (Gabel, 1998; 

Glaser, 1984).  Bernhard (2010) examined gaps in connections and discrete bits of knowledge 

and found that connections among concepts, formal representations, and the real world were 

consistently lacking in student understanding.   Students can begin to create connections when 

they learn to support their ideas with evidence.  To support their position, students may need 

more content knowledge or opportunities to develop their reasoning skills (Claesgens, Scalise, 

Wilson, & Stacy, 2008).    

Scientific Reasoning.  Part of conceptual understanding and learning in science is 

recognizing the ways that scientists support their arguments and ideas.  Scientific reasoning is 

critical to understand student thinking.  Scientists construct arguments and evaluate each other’s 

work by assessing evidence (Osborne, Erduran, & Simon, 2004).  Duncan and Rivet (2013) 

discuss that students must have the ability to use evidence to support their arguments.  Students 

must realize that “consistency among beliefs and between theory and empirical evidence and a 

pursuit of parsimony among beliefs” is crucial (Posner, Strike, Hewson, & Gertzog, 1982, p. 

226).  Research indicates that students can make associations between questions, observations, 

data, claims, and learn to defend their positions (Burke, Greenbowe, & Hand, 2006).  Still, 

teaching students how to use and analyze data to draw conclusions and then to further include 

them in overarching scientific theories is a considerable task.   

More specifically, chemists have precise ways of reasoning for their craft.  Talanquer and 

Pollard (2010) recognize four essential questions chemists must ask: What is it?  How do I make 

it? How do I change it? and How do I explain it?  With these fundamental questions of analysis, 
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synthesis, transformation, and modeling, Wang and Barrow (2013) encourage further research 

into student’s conceptual frameworks and how they impact scientific reasoning.  

Environmental Application.  As students understand chemistry, the argument that 

humans impact the environment becomes more real (Jin & Anderson, 2012).  Part of scientific 

reasoning is understanding how “chemistry, as well as science in general, is central to how 

people address pressing problems at local, national, and global levels” (American Chemical 

Society, 2013, p. 1).  The nitrogen cycle and human engineering of this cycle through the Haber-

Bosch process has immeasurably impacted the growth of the human population and directly 

impacted the biosphere (Erisman, Sutton, Galloway, Klimont, & Winiwarter, 2008; Foster, 2011; 

Vitousek, et al., 1997).  Generating power through the nuclear fission process produces 

radioactive waste that must be managed (American Chemical Society, 2006).  Both of these 

concepts and their connection to daily life must be understood by students to manage 

environmental issues.  It is also highly unlikely that students or adults will make changes in 

lifestyle when they do not understand chemistry (Mohan, Chen, & Anderson, 2009).   

Chemical processes require understanding of how atomic and molecular structure affect 

physical properties (Cooper, Underwood, Hilley, & Klymkowsky, 2012). Prior understanding of 

macroscopic properties can lead to more accurate understanding of microscopic properties of 

materials (Smith, Wiser, Anderson, & Krajcik, 2006).  For students to learn and apply concepts 

about the material world, they must understand both microscopic and macroscopic ideas.   

The NRC (2012) proposes four “big ideas” in physical science, the first idea focuses on 

matter and its interactions which includes the atomic molecular theory.  This conceptual area 

consists of the structure and property of matter, chemical reactions, and nuclear processes.  The 

atomic molecular theory is fundamental to understanding the physical universe.  This concept 
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includes recognizing that atoms are the building blocks of nature and that they consist of 

subatomic particles.  This theory contains essential ideas such as the law of constant 

composition, the law of conservation of mass, the law of multiple proportions, and the law of 

electrostatic attraction (Brady & Senese, 2004).  Learning progressions can illustrate how 

students understand specific concepts central to the atomic molecular theory. 

Significant Related Research 

Atomic Molecular Theory.  Learning progression research varies in concepts evaluated, 

data collection methods, grade levels represented, and the overall dimensions of the studies.  

Multiple learning progression studies have focused on the atomic molecular theory in some way.  

Smith, Wiser, Anderson, and Krajcik (2006) examined how kindergarten through eighth grade 

students understood the connection between the properties of materials and the atoms of which 

they consist by illustrating hypothetical and actual learning progressions to improve assessment.   

Similarly, by working with middle school to university students, Stevens, Delgado, and Krajcik 

(2010) described hypothetical and actual learning progressions related to the nature of matter, 

particularly atomic structure and electrical forces, and found that developing just a few key 

conceptual ideas significantly increased student understanding (Stevens, Delgado, & Krajcik, 

2010).  Johnson and Tymms (2011) described learning progressions for middle school students 

using the concept of a substance and also recommended revising teaching methods to help 

students develop conceptual understanding in more manageable steps.   Adadan, Trundle, and 

Irving (2010) investigated eleventh grade students’ understanding of the particulate nature of 

matter and discovered that deliberate multirepresentational instruction positively impacted 

student achievement.   Cooper, Underwood, Hilley, and Klymkowsky (2012) used modeling 

programs to assess learning progressions on molecular structure and properties for university 
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students and found improved student ability and the capacity to apply principles to new 

applications.  Stains, Escriu-Sune, Alvarez, and Sevian (2011) focused on the particulate nature 

of matter and surveyed high school and university students and reported that cross sectional data 

from a learning progression gives a clear indication of how thinking develops.   Murphy (2012) 

evaluated learning progressions on molecular structure and properties in university students but 

focused primarily on comparing reported student mental effort and performance on assessments.  

 Environmental Systems.  In terms of a particular concept that applies specifically to 

this line of study, several researchers looked at learning progressions with regard to 

environmental systems.  Mohan, Chen, and Anderson (2009) assessed student thinking about the 

carbon cycle and found that few students understand the significance of conservation of mass 

and atoms.  Songer and Gotwals (2009) analyzed critical thinking about biodiversity and the 

essential relationship between organisms and their environment by using a learning progression 

guided assessment rather than a standardized test.  This yielded more descriptive information 

about student thinking in this area.  Jin and Anderson (2012) suggested that energy conservation 

is a fundamental principle which all students should learn and used modeling methods to 

examine how fourth through twelfth grade students understood the carbon transformation cycle.  

They found that few students could construct explanations for the global carbon cycle.  Gunckel, 

Covitt, Salinas, and Anderson (2012) evaluated student understanding of the water cycle and 

discovered that students do not understand the need for conservation because they do not 

understand water systems.  

Exposing Student Difficulties.  Learning progression research also uncovers difficulties 

that students encounter.  Schwarz et al. (2009) developed a scientific modeling unit and worked 

with fifth and sixth grade students after instruction to examine their understanding of evaporation 
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and condensation and discovered that students failed to question information found in texts and 

rarely evaluated or used the predictive power of models.   Claesgens, Scalise, Wilson, and Stacy 

(2008) worked with high school and university students to evaluate understanding in the areas of 

matter and energy and found that it takes substantial time and purposeful instruction for students 

to achieve conceptual understanding and that students overgeneralize as they attempt to establish 

relationships within their knowledge base.   

Methods for Analysis.  Analyses completed with high school students specifically 

related to the atomic molecular theory have utilized various methods.  Two of the studies 

developed instruments to evaluate learning progression levels. Claesgens, Scalise, Wilson, and 

Stacy (2008) used ChemQuery which is a criterion-referenced assessment that evaluates student 

responses.   Stains, Escriu-Sune, Alvarez, and Sevian (2011) used the Structure of Matter and 

Motion (SAMM) survey to examine learning trajectories.  Another study used open-ended 

assessment tasks and semi-structured interviews as data sources (Stevens, Delgado, & Krajcik, 

2010). In a like manner, Jin and Anderson (2012) used interviews and written assessment to 

evaluate learning progression levels.  Adadan, Trundle, and Irving (2010) used a pre/post and 

delayed-test format, student products, and open-ended questionnaires for analysis.    

Concepts at Specific Grade Levels.  While adopting different methods, researchers 

examined possible learning progression paths over multiple grade levels.  However, two recent 

studies focused on a concept in a particular grade level. While not specific to atomic molecular 

theory, Alonzo and Steedle (2008) used ordered multiple-choice and open-ended questions to 

determine learning progressions for seventh grade students’ scientific reasoning about force and 

motion and found that students usually do not transfer their understanding to novel situations.  

Adadan, Trundle, and Irving (2010) examined eleventh grade students’ understanding of 
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chemical change, dissolution, phase changes, and chemical bonding over an instructional unit of 

twelve class periods and reported that the majority of students maintained pre-instructional 

notions of the concepts.  These types of studies are consistent with Stevens, Delgado, and 

Krajcik recommendations for learning trajectories which are “smaller steps that explicitly specify 

a series of learning goals that describe how to help students move from one level of the 

progression to the next” (2010, p. 708). 

 In summary, recent learning progression research in science education has generated a 

number of important findings.  This body of research has yielded valuable information about 

gaps or misconceptions in student understanding.  Students often overgeneralize.  For example, 

students attempt to make connections with what they know to new ideas but may try to transfer 

disparate concepts.   They often revert back to pre-instructional ideas and rarely transfer 

knowledge to novel situations.  However, learning progression research also provides useful 

insights.  Understanding details about student thinking improves assessment.  Developing a few 

key ideas is more effective for student learning.  Multi-representational instruction including 

modeling programs can improve student learning and increase the student’s ability to apply 

knowledge in novel situations.     

For these reasons, this research will focus on describing hypothetical learning progression 

and concentrates on answering two questions:  

1. What are possible learning progressions or pathways for student understanding of the 

chemistry of nitrogen and nuclear processes?  

2. Is there consistency in scientific reasoning between the chemistry of nitrogen and 

nuclear chemistry?  
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Chapter 3 

Methodology 

The purpose of this research was a) to explore and elucidate learning progressions for 

student understanding of the chemical reactions of nitrogen and nuclear processes and b) to 

determine whether there is consistency in scientific reasoning between these two distinct 

conceptual areas.  The primary research method used for this project was grounded theory 

research which finds its origins in constructivist theory and “consists of simultaneous data 

collection and analysis, with each informing and focusing the other throughout the research 

process” (Charmaz, 2005, p. 508).  This constant comparison method compels the researcher to 

analyze data, compare data with data, create categories, and compare the categories in an 

iterative process.  

Setting and Participants 

The research took place in a small private school in a large metropolitan area.   The 

participants were 15 and 16 year old students enrolled in a general high school chemistry course 

which met for 3 hours each week.  The students were assigned 4-6 hours of independent work at 

home each week.  All students who were enrolled in the course and returned signed assent and 

parent permission forms were included in the study.  The participants continued in the chemistry 

course as normal and no additional work was required outside of the standard course load. 

Within the class, students completed experiments, observed demonstrations, manipulated 

models, viewed video clips, and participated in class discussion and lecture.  Student products 

generated in class and at home consisted of homework, formative and summative tests, 

laboratory notebooks, reflective journals, written presentations, and discussion board 

contributions via Edmodo (an online program).  
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Prior to the study, the participants completed units on the chemistry of water (exploring 

solutions), materials (structure and uses), petroleum (making and breaking bonds), and air 

(chemistry and the atmosphere).  This study focused on the chemistry of industry (applying 

chemical reactions) and atoms (nuclear interactions).  Applying chemical reactions included the 

chemistry of nitrogen, nitrogen and industry, and metal processing and electrochemistry.  

Nuclear interactions included application, nuclear radiation, using radioactivity, and nuclear 

energy. 

In this study, I acted as both researcher and teacher.  My experience as an instructor spans 

15 years where I taught a variety of science courses in K-12 education including earth and 

physical science, biology, physics, and chemistry.  At the time of the study, I had 3 years of 

experience teaching chemistry.  As a K-12 administrator, I also provided numerous professional 

development workshops for improving science instruction.     

Data Collection 

An Institutional Review Board approved (DRB 1401-67) the data collection methods.  

Specific to grounded theory method, Saldana (2013) describes two data analysis cycles and six 

possible types of coding: first cycle coding (in vivo, process, and initial), and second cycle 

coding (focused, axial, and theoretical).  Initial open coding methods were used by examining 

discrete parts of the data and assigning preliminary codes.  

The data were organized by student piles and were physical stacks of student written 

work.  For example for one selected topic, a pre-test, three homework assignments, a lab report, 

and a summative quiz were evaluated holistically.   

Each of the seven chemistry topics were assigned a different color of paper so student 

work was organized by topic.  The student products had portions that yielded information about 
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student understanding for a definitive objective.  The products showed a range of learning 

progression levels due to the nature of the product or actual student understanding.   

Coding 

Initial, descriptive coding was used to evaluate all of the data from the first of seven 

topics.  This yielded information about whether the intended codes were pragmatic or 

appropriate.  

For example, the Chemistry of Nitrogen topic had five primary objectives, one of which 

was to describe the nitrogen cycle.   The descriptive language for preliminary coding was 

adapted from the work of Adanan, Trundle, and Irving (2010), Lehrer and Schauble (2012), and 

Taber (2008).  Table 1 illustrated a possible coding key with indicators and examples of 

increasing levels of student understanding for Objective 1.   The indicators described were 

derived from Vygotsky’s (1986) explanation of conceptual development.  The coding key 

represented the sentiment of Vosniadou and Ionnides that “conceptual change is a slow revision 

of an initial conceptual system through the gradual incorporation of elements of the currently 

accepted scientific explanations” (1998, p. 1222).  In chapter 4, levels of student understanding 

or learning pathways are described by written or visual exemplars from actual student products.     

Table 1   

Hypothetical Coding Key 

Big Idea: Atomic-Molecular Theory 

Category:  Applying Chemical Reactions 

Topic:  The Chemistry of Nitrogen 
Code Indicators Objective 1:  Describe the Nitrogen Cycle 

4-Expert Expresses scientifically 

accurate and 

comprehensive  

understanding including 

the ability to apply 

principles to novel 

situations 

 Includes the idea that nitrogen fixing bacteria live in 

legume root nodules and convert atmospheric 

nitrogen to ammonia molecules or ammonium ions. 

Also recognize that lightning coverts N2 to nitrogen 

oxides. 

 Various soil bacteria oxidize ammonia and ammonium 

ions to nitrite ions and then to nitrate ions 

 Plants take in nitrate ions from soil, and incorporate 

nitrogen atoms in synthesizing proteins and other n-

containing compounds 
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 The nitrogen passes to other animals that feed on 

plants or other animals 

 After the death of the organisms, bacteria and fungi 

take up and use some of the nitrogen from 

plant/animal proteins and other N-molecules.  The 

remaining N atoms are released from decaying matter 

as ammonium ions and ammonia gas. 

 Denitrifying bacteria convert some ammonia, nitrite 

ions, and nitrate ions back to nitrogen gas, which 

returns to the atmosphere   

3-Proficient Establishes relational 

connections where 

hierarchies of complexes 

are emerging and are 

scientifically accurate   

 Includes that nitrogen fixing bacteria live in legume 

root nodules and convert atmospheric nitrogen to 

ammonia molecules or ammonium ions  

 Include the role that bacteria play in converting 

nitrogen 

 Plants take in nitrate ions from soil 

 The nitrogen passes to other animals that feed on 

plants or other animals 

 Explains how nitrogen is returned to atmosphere  

2-Intermediate  Describes some connections 

between notions, ideas, 

facts 

 Replicate, draw, illustrate nitrogen cycle 

 Include explanation of the steps in the cycle 

 All elements not included 

1-Novice Illustrates rudimentary 

understanding of  

notions, ideas, facts 

 Replicate nitrogen cycle in a diagram 

0-Missing Unable to indicate 

understanding or holds 

misconceptions  

 Cannot replicate the nitrogen cycle or illustrates 

incorrect or missing links  

         

In a general sense, a code of missing was assigned if there was no evidence of student 

understanding or misconceptions in understanding an objective.  A designation of novice meant 

the student had some vague ideas about the objective but it was more rudimentary or fragmented. 

Intermediate signified that the student had more than basic knowledge and made some 

connections within the concept. Proficient showed that the student had sound understanding of 

the objective that aligned with accepted scientific standards.  An expert illustrated thorough 

understanding of the concept and could apply the concept in novel situations.   

From these data, a spreadsheet with student codes and analytic memos was created 

including reflexive comments and/or notes about the coding rationale or practice (Appendix B).  

The analytic memos also aided in remembering the evidentiary reasons for assigning the code or 

for dealing with problematic data.  
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Learning progression research often suggests that student’s pathways of learning move 

from novice at the lower boundary to expert at the upper boundary with various intermediate 

levels in between (Claesgens, Scalise, Wilson, & Stacy, 2008; Duschl, Maeng, & Sezen, 2011; 

Jin & Anderson, 2012; Smith, Wiser, Anderson, & Krajcik, 2006).  Consistent with Jin and 

Anderson (2012), the descriptive codes were assigned a number ranging from 0 to 4 described as 

0=missing, 1=novice, 2=intermediate, 3=proficient, and 4=expert.   

Some of the objectives for a topic were quite simple and did not require complex reasoning.  

Appendix C illustrated sample objectives for one topic, the chemistry of nitrogen.   Objective 5 was 

quite complex and required understanding of chemical reactions, oxidation and reduction, and systems 

as exemplified in Table 1 above.  Objectives 3 and 4 required some understanding of oxidation states, 

ions, decoding of electronegativity on periodic charts, and the more abstract idea of electronegativity.  

Objectives 1 and 2 were knowledge-based and could be memorized.          

Thus, the chemistry topics along with related objectives were the chunks of data used to analyze 

learning progression levels for each of the participants.  The data illustrated several different ways a 

student addressed one objective.  As an illustration, in a homework set, a student practiced drawing 

nitrogen bonding with another element using Lewis electron dots.  Then during a laboratory, the student 

wrote how nitrogen bonds with other elements, and finally, a student discussed nitrogen bonding with 

another student using Edmodo (an online discussion board).  In this case, the participant displayed a 

range of understanding during the process of learning a specific concept so the learning progression level 

described was holistic in nature as shown in chapter 4.   

After describing learning progression levels for each of the concepts, student reasoning was 

evaluated across the two primary conceptual areas endeavoring to determine if there was consistency. 

For instance, if a student had proficient understanding about covalent bonding (found in chemical 
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reactions), did a student also have proficient understanding about subatomic particles (found in nuclear 

interactions)? Again, this type of analysis required assessing how the objectives in each conceptual area 

were related.  Finally, the results were compared to the standards set by the NRC with a lower anchor 

(expectations for grade 8) and upper anchor (expectations for grade 12) as listed in Appendix D.  The 

lower anchor set by the NRC was used as a reference point for prior knowledge or knowledge that is 

consistent with the missing stage of this study.  
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Chapter 4  

Results 

In this section, I focus on describing the learning progression for the topics related to 8 

standards (also called Core Ideas) set by the NRC (2012).  A total of 22 objectives were 

evaluated and connected to the standards set for students in grade 12 or the upper anchor for the 

learning progression study.   

This study describes a fine-grained, hypothetical learning progression and concentrates 

on answering two questions:  

3. What are possible learning progressions or pathways for student understanding of the 

chemistry of nitrogen and nuclear processes?  

4. Is there consistency in scientific reasoning between the chemistry of nitrogen and nuclear 

chemistry?  

The first four standards are related to the chemical reactions of nitrogen and the second 

four standards relate to nuclear chemistry.  I describe the results for each of the eight standards 

followed by a discussion about whether there is consistency in scientific reasoning between the 

conceptual areas.       

Coding 

To analyze the data, I worked through several iterations of coding to establish a working 

method.  Several colleagues provided feedback for the first 3 cycles of coding which aided in 

establishing reliability in coding.  In the first cycle of coding, I included descriptive indicators 

and preliminary objectives which were confusing and did not provide enough differentiation 

between levels.  For example, I included 5 objectives for the nitrogen cycle but each objective 
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had its own levels that were content specific (Appendix E).  It was difficult to navigate student 

products, use the coding scheme, and assign levels with such a complicated and detailed plan.       

In the second cycle of coding, I added expectations for cognition at each level but the 

indicators were still content specific which forced a designation of a lower level because one 

specific essential element may have been lacking. For example, a student had to accurately 

explain 6 objectives about the nitrogen cycle in order to be classified at a level 4.  Colleagues 

suggested that I minimize the content specific objectives, refine cognition, and focus on what 

students can do at each level.   

 In the next cycle of coding, I added cognition, criteria, and descriptions for each of the 

levels and removed the lists of content specific requirements. By further examining other 

descriptive learning progression studies (Adadan, Trundle, & Irving, 2010; Furtak, Morrison, & 

Kroog, 2014; Lee & Liu, 2009; Lehrer & Schauble, 2012; Neumann, Viering, Boone, & Fischer, 

2013; Taber, 2008; Vosniadou & Ioannides, 1998), I developed the following coding scheme 

found in Table 2.  The cognition levels described were derived from Vygotsky’s (1986) 

explanation of conceptual development.  The cognition levels characterized the level of student 

understanding while the criteria provided a standard by which to determine the proper level.  

Table 2 depicts levels ranging from 0-Missing, 1-Novice, 2-Intermediate, 3-Proficient, 4-Expert 

and included cognition levels and clear descriptors for criteria that were met in order to assign 

the appropriate learning progression level. 

Table 2 

Learning Progression Coding Scheme  

Learning 

Progression 

Code 

Cognition 

(Vygotsky, 1986) 

Criteria 

(Lee & Lui, 2009;  Neumann, Viering, 

Boone, & Fischer, 2013) 

4 Expresses scientifically 

accurate and comprehensive  

Concepts:  embraces complex 

intertwined connections which 



25 
 

understanding including the 

ability to apply principles 

individual knowledge pieces together 

form particular structures  

2 or more links present with 

application 

3 Establishes relational 

connections where 

hierarchies of complexes are 

emerging and are 

scientifically accurate   

Relations:  more qualified connections 

exist 

2 links present 

2 Describes some connections 

between notions, ideas, facts 

Mappings:  knowledge base where 

simple connections have been 

established between the individual 

knowledge pieces  

1 link present 

1 Illustrates rudimentary 

understanding of  notions, 

ideas, facts 

Facts:  student possesses singular 

pieces of knowledge unconnected to 

each other  

No links present 

0 Unable to indicate 

understanding or holds 

misconceptions  

Response missing or unrelated to 

concept 

 

The criteria for measuring levels include ideas, links, and application for each topic 

within the two primary concepts.  For each standard, the upper and lower anchors presented by 

the NRC are listed first and then the ideas, links, and application follow.  The upper anchor is a 

core idea set by the NRC and could include a comprehensive list of objectives but, in this case, 

the ideas, links, and application are specific to each standard.  In other words, the upper anchor 

statement may cover more topics than just the standard listed but for this study, only these 

elements were examined.  It is assumed that the student understands the lower anchor.  If not, it 

is noted in the results section for that specific standard.           

 

Assessment 

Evaluation of student understanding was another complexity that had to be addressed.  

Since I did not use a pre/post-test format but, rather, examined student products as they 

progressed through an objective, I worked with a content expert to develop formative quizzes 
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and summative test questions to tease out nuances of student understanding.  Reflective prompts 

were also used as formative assessments.  The content specialist and I examined several other 

assessments created for learning progression studies (Martin, Mullis, Foy, & Stanco, 2011; 

Neumann, Viering, Boone, & Fischer, 2013).  During our discussions, we decided to create 

illustrative prompts that would be followed by a series of questions. The questions following the 

illustrated prompts originated in the curriculum or were original questions.  As the study 

progressed, I also decided to compose questions that would connect NRC standards to curricular 

objectives and provide a framework for coding the hypothetical learning progressions described.  

After developing the assessments, the content expert offered suggestions to improve the 

language used in the prompts or modified expected responses.  Figure 1 depicts a sample test 

item and associated questions for the chemistry of nitrogen.  Sample quizzes and tests can be 

found in Appendix F-I.    

Figure 1.  Potential Energy Diagram and Associated Questions 

 
 
The above diagram represents the Haber Bosch Process.  Is this an exothermic or 

endothermic reaction? Is energy released or stored in this reaction?  Explain. 

Explain what is happening to the molecules as the potential energy increases on the 

diagram.  

On the diagram above, draw the reactant molecules and the products. (Make sure your 

equation is balanced.) 
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On the diagram above, draw the change in activation energy curve when using a 

catalyst.  What catalyst is used in the Haber Bosch Process? 

What might happen if a catalyst is not used in this process? 

Describe two ways to drive the reaction to the right. 

Why is it important to balance chemical equations?  What kinds of information is found in 

a chemical equation? 

Analysis of Student Products 

Student understanding was assessed using a variety of student products.   Each product 

could yield a number of discrete data pieces for analysis such as illustrations, diagrams, chemical 

equations, graphs, calculations, and answers to questions/prompts.   Table 3 shows the products 

evaluated and number of data pieces analyzed for each standard.  For each standard, the specific 

student products analyzed will be listed.     

Table 3 

Number of Student Products and Discrete Data Units Per Standard    
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1 3 2 2 1 0 0 0 0 83 

2 1 1 1 1 0 0 0 0 23 

3 1 3 3 1 0 0 0 0 59 

4 1 3 3 1 2 0 0 1 45 

5 0 2 0 1 0 1 0 0 20 

6 0 2 1 1 0 0 0 0 25 

7 0 2 1 1 0 0 0 0 22 

8 1 1 1 1 0 0 1 0 41 

*Note-Edmodo is an online educational community that allows students and teachers to collaborate and 

communicate easily and professionally 

Part I:  Results for the Chemistry of Nitrogen (Standards 1-4) 

Research Question 1a:  What are possible learning progressions or pathways for student 

understanding of the chemistry of nitrogen? 
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Standard 1 Chemical Processes 

For chemical processes (Standard 1), students spent a total of seven class periods with 

instruction in this area.  Table 4 summarizes the number of objectives for this standard, 

instructional focus (number of times each objective was addressed) and the methods used for this 

standard. 

Table 4 

Standard 1 Instructional Methods 

 

Standard 1 

Objectives 

Instructional 

Focus 

Instructional Methods 

S1O1 3 Graphs, video clip, questions, quizzes, reflections 

S1O2 2 Discussion, charts, questions, reflection 

S1O3 3 Discussion, chart, diagram, questions, experiment 

S1O4 2 Diagram, photo, video clip, graph, reflection 

  

Table 5 lists the objective along with associated data sources used to determine levels in 

this standard. 

Table 5 

Standard 1 Data Sources 

 

Standard 1 

Objectives 

Data Sources 

S1O1 Reflection (3/3), U5SB Quiz (3/7), U5 Exam (3/28) 

S1O2 U5SC Supplement (3/17), U5SC Summary (3/18), Experiment-

Apparatus Set Up (3/19), U5SC Quiz (3/21), U5 Exam (3/28) 

S1O3 U5SC Supplement (3/17), U5SC Summary (3/18), Experiment-

Apparatus Set Up (3/19), U5SC Quiz (3/21), U5 Exam (3/28) 

S1O4 Reflection (3/19), U5SC Summary (3/20), U5SC Quiz (3/21), U5 Exam 

(3/28) 

 
The upper anchor (grade 12 expectation) for Standard 1 states that students should 

understand that chemical processes, their rates, and whether or not energy is stored or released 

can be understood in terms of the collisions of molecules and the rearrangements of atoms into 

new molecules, with consequent changes in total binding energy (i.e., the sum of all bond 

energies in the set of molecules) that are matched by changes in kinetic energy. This standard is 
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bound by the lower anchor (grade 8 expectation) which states that substances react chemically in 

characteristic ways.  

The criteria for assigning a level begins at novice understanding (Level 1) where a 

student understands just facts or rote information.  Students memorize definitions or simple 

rules.  In Standard 1, students are given a list of rules to apply when evaluating a chemical 

equation in dynamic equilibrium.  If students can predict how chemicals react when temperature, 

reactant concentration(s), and the absence or presence of a catalyst are applied, then there is 

evidence that they understand reaction rates.  These students can also practice using the activity 

series of metals charts that indicates whether certain metals lose or gain electrons to determine 

the direction of electron flow within a particular voltaic cell.   

These factual ideas connect into an intermediate level (Level 2) of understanding when 

students begin to form simple connections through links.  Reaction rates and activity series ideas 

are linked if a student illustrates the chemical processes by which batteries convert chemical 

energy (oxidation and reduction) to electrical energy.  Students can also balance chemical 

equations and understand that the atoms are rearranged and can form quite different chemicals 

but no atoms are lost, they are just rearranged.  This is consistent with the conservation of mass.   

Students at the next level (Level 3) show proficient understanding and show more 

comprehensive connections with more links in understanding.  Another link to the upper anchor 

includes students who can explain how activation energy changes with and without a catalyst 

which implies understanding of collision theory. This linking idea also includes the necessity of 

maximum yield of product in a short amount of time for industrial purposes.   

The final level (Level 4) illustrates expert understanding where students master complex 

conceptual understanding and can apply their knowledge in some practical way.  Students can 
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apply these basic ideas and links to describe how electrolysis is used in industry (for example, to 

reduce aluminum cations to aluminum metal).  So a designation of Level 4 implies that the 

student has scientifically accurate understanding of chemical processes (Standard 1-upper 

anchor) as set by the NRC (2012). 

The following scheme reiterates these ideas in bullet format which was used to analyze 

student responses:  

Upper Anchor 

Chemical processes, their rates, and whether or not energy is stored or released can be 

understood in terms of the collisions of molecules and the rearrangements of atoms into new 

molecules, with consequent changes in total binding energy (i.e., the sum of all bond energies in 

the set of molecules) that are matched by changes in kinetic energy.  

Lower Anchor and Basic Idea 

Substances react chemically in characteristic ways. 

Ideas (Level 1)  

Idea 1:   

Reaction Rates- Explain how temperature, reactant concentration(s), and the absence or 

presence of a catalyst affect reaction rates. 

Idea 2:   

Activity Series- Use the activity series of metals to predict the direction of electron flow 

within a particular voltaic cell.  

Links (Level 2 & 3) 

Link 1:   
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Interpret, in terms of half-reactions describing oxidation and reduction, chemical processes 

by which batteries convert chemical energy to electrical energy. 

Link 2:   

Balance chemical equations for industry, safety, and consistency with conservation of mass.  

Link 3: 

Explain how activation energy is changed with and without a catalyst. 

Application (Level 4)  

Describe how electrolysis is used in industry (for example, to reduce aluminum cations to 

aluminum metal). 

For each of the standards, after analyzing ideas, links, and application, levels were 

assigned in this way:  Level 0 indicates that a student understands no basic ideas.  Level 1 

indicates that a student understands at least 1 of the basic ideas.  Level 2 indicates that a student 

understands basic ideas and 1 linking idea.  Level 3 indicates that a student understands the basic 

ideas and 2 linking ideas.  Level 4 indicates a student that understands the basic ideas, linking 

ideas, and can apply these ideas.    

Standard 1 included four main objectives.  Levels were attained by examining student 

responses with regard to the ideas, links, and application elements listed above.  Table 6 depicts 

student responses for learning progression level from 0 to 4 for Standard 1.   

Table 6 

Standard 1 Coding Scheme 

 

Learning 

Progression 

Code 

Criteria 

 

Standard 1 Chemical Processes 

Student Response    

4 Concepts:  

embraces 

complex 

intertwined 

connections 

which individual 

Idea 1:  A catalyst increases the rate of a reaction by lowering the activation 

energy of the reaction.  Electronegativity and orientation relate to collision theory 

because if a molecule has positive or negative charges on certain spots, that will 

affect how it collides with other molecules.  For example, if a molecules looks like 

this (diagram), then the + end, will attract to or be repelled from another molecule 

depending on that molecule’s electronegativity.  
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knowledge 

pieces together 

form particular 

structures  

2 or more links 

present with 

application 

Idea 2:  (electron flow correct in diagram) 

Link 1:   Electrical energy is produced by the difference in reactivity between the 2 

metals.  The electrical current flows from the more reactive to the less reactive to 

create electricity. 

Link 2:  It is Important because balanced equations represent what really happens 

and an imbalanced equation will always seek to become balanced. 

Link 3: If a catalyst is not used, the reaction would take much more energy and 

take longer to complete. 

Application:  The Hall-Heroult process takes aluminum ore and places it in molten 

cryolite.  There is a carbon cathode suspended in the tank and also a carbon lining 

around the tank that is given a negative charge to become the anode.  The 

aluminum ions are drawn down out of the solution to the negatively charged lining 

and pool at the bottom of the tank to be scraped out. 

Student 9 

3 Relations:  more 

qualified 

connections 

exist 

2 links present 

Idea 1:  A catalyst works in positioning the two reaction molecules so that they can 

more quickly collide.  More collisions yield more reactions.  When the catalyst 

positions the two reacting molecules, it places them so that the positive and 

negative sides collide and react to make product. 

Idea 2:  (electron flow correct in diagram) 

Link 1:   Lithium gives its electron through the salt bridge to gold; it is making an 

electric current in the cells. 

Link 2: It is important because of the law of conservation of matter and states that 

matter can neither be created nor destroyed.  By this law we can know that if the 

equation is not balanced, then it cannot occur. 

Link 3: If a catalyst is not used, then the activation energy will be much greater 

since the catalyst is able to place the reactants efficiently. 

Application:  Bauxite is put in with molten cryolite, a mineral.  Here, aluminum 

separates from oxygen and is attracted to the carbon lining of the cryolite tank.  It 

then sinks to the bottom in its form.  Here it is extracted. 

Student 8 

2 Mappings:  

knowledge base 

where simple 

connections 

have been 

established 

between the 

individual 

knowledge 

pieces  

1 link present  

Idea 1: If an element can bond with another element’s electrons easily and the 

molecules are able to touch each other then the collision theory makes it so that 

they will be more likely to touch and create products/react to one another.  

Idea 2:  (electron flow not shown) 

Link 1:  The electrons and protons from the 2 metals are being mixed and because 

of the difference between the metals in the activity series they have a great 

amount of potential energy which is being given off. 

Link 2: It is important to balance chemical equations because when an equation is 

balanced you can know how much of something you will have and how much of 

something you need to make what you want 

Link 3: If a catalyst weren't used in this process it would take much longer for the 

reactants to react and a lot more energy which would mean less product at a 

longer time. 

Application:  Not Answered 

Student 10 

1 Facts:  student 

possesses 

singular pieces 

of knowledge 

unconnected to 

each other  

No links present 

Idea 1: It speeds how fast the molecules bounce off each other.  If the 

electronegativity is high, it is more likely that the molecules will react with that.  

Idea 2:  (electron flow correct in diagram) 

Link 1: The electrons being passed in the cell gives off electricity. 

Link 2: So that all the ingredients can be accounted for 

Link 3: The energy required to start it is going to be high. 

Application:  Oxygen reacts with anodes (partial diagram). 

Student 3 

0 Response missing 

or unrelated to 

concept 

Idea 1: It increases the rate of a reaction by decreasing the activation energy.  In 

order for the collision theory to work there must be a catalyst increasing the rate of 

the reaction and there must be a high electronegativity and a proper orientation 

of a molecule.  

Idea 2:  (no electron flow) 

Link 1: Voltage is being produced by the completing of a circuit in a voltaic cel.l 

Link 2: So the electronegativity will be accurate 

Link 3: The activation energy will be slowed. 

Application:  The transfer of electrons from aluminum to magnesium through a 

positive and negative wire and salt bridge. 

Student 5 
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Table 7 illustrates the prompts related to the above student responses.   

Table 7 

Prompts for Standard 1 

Standard 1 Prompt(s) 

Idea 1 Describe how a catalyst increases the rate of a reaction.  Explain how 

electronegativity and the orientation of a molecule relate to collision theory. 

Idea 2 Label A-I on the diagram using the metals you selected for your voltaic cell. 

Link 1 Explain how voltage or electrical energy is being produced. 

Link 2 Why is it important to balance chemical equations? 

Link 3 What might happen if a catalyst is not used in the Haber Bosch process? 

Application Describe the Hall-Heroult process. 

 
A description for each learning progression level for chemical processes (Standard 1) 

follows: 

Standard 1:  Level 0 Reasoning 

 At this level, the student has little to no understanding of the concept being taught.  The 

student has been asked how a catalyst increases the rate of reaction.  The expectation is that 

students will discuss a mechanism to lower activation energy and electronegativity within 

molecules.  This student discusses that there is reduction in the activation energy but just restates 

the question in the second part of the response.  The student did not indicate electron flow in the 

diagram of a voltaic cell.  For link 1, the student was asked to describe how voltage or electrical 

energy is being produced.  The student does not discuss electrons or chemical reactivity. For link 

2, the student was asked why it is important to balance chemical equations.   The expectation 

was that students would discuss conservation of matter and the idea that atoms are rearranged but 

not lost.  The student mentioned electronegativity which was not related to the question.  Link 3 

asked about the impact of catalysts on a chemical reaction and the expectation was that students 

would mention that without a catalyst, the reaction would favor the reactants and that ammonia 

yield would decrease, and that with a catalyst, the activation energy is lowered.  The student 
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response said that activation energy would be slowed indicating a measure of time but no 

elaboration about the expected elements.  This student knew one basic fact partially and gave 

unclear or unrelated responses to prompts and was therefore assigned a learning progression 

level of 0.   

Standard 1:  Level 1 Reasoning 

 At this level, the student has some knowledge of the concept but it is lacking in 

coherency.  The student indicates vague understanding of reaction rates.  When given a diagram 

of a voltaic cell, the student could indicate the direction of electron flow between two metals of 

choice indicating correct use of the activity series chart.  The student talks about electrons 

passing in the cell but does not clearly discuss that it is the difference between chemical 

reactivities of two metals that generates an electrical potential.  This student did discuss that, 

without a catalyst, the energy required to start the reaction would be higher.   The application 

expectation was that students could describe the Hall-Heroult process for the industrial 

production of aluminum in detail and draw a diagram.  The student mentioned oxygen in the 

Hall-Heroult process, but it was out of context. Aluminum extracted from bauxite usually bonds 

with oxygen creating an aluminum oxide and the liquid cryolite separates the aluminum oxide 

allowing the positively charged aluminum ion to be attracted to the negatively charged carbon 

lining at the bottom of the tank.  Out of the seven elements for this standard, the student 

illustrated factual understanding of electron flow and some understanding of the reaction rates 

idea, the 3 links, and application.   
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Standard 1:  Level 2 Reasoning 

  At this level, the student has shown some connection between simple ideas and links.  

This student understands reaction rates but did not indicate electron flow.  For link 1, the student 

did discuss the difference between the metals and their reactivity but also mentions electrons and 

protons being mixed which indicates some misconception.  For link 2, the student mentions the 

practical reason for balancing chemical equations which includes product yield but does not 

mention the conservation of matter.  Again, in link 3, the student discusses that a catalyst reduces 

the activation energy and that product yield would be increased in a shorter period of time but 

does not discuss that reactants would be favored.  The student did not offer a response to the 

application question.  The student understood reaction rates, did not indicate electron flow, had 

more comprehensive understanding of links 1, 2, and 3 but omitted the application prompt. 

Standard 1:  Level 3 Reasoning 

 At this level, the student understands the facts or ideas and has formed at least two links 

in conceptual understanding.  This student includes all of the ideas expected for reaction rates 

and the activities series.  For link 1, the student indicates that lithium is oxidized and gold is 

reduced but says that the electrons flow through the salt bridge whereas they flow through the 

wire and salt bridge simultaneously completing the circuit.  The student discusses the law of 

conservation of matter for link 2.  In link 3, the student discusses that the catalyst reduces the 

activation energy and aids in proper orientation of molecules.  The student shows evidence of 

application.  The student understood the facts, had clear understanding of one of the links, and 

indicated partial understanding of two of the links. 
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Standard 1:  Level 4 Reasoning       

At this level, a student shows accurate understanding where connections have been made 

between facts with two links and has the ability to apply the information.  The student 

understands the basic ideas and link 1 well.  For link 2 the student indicates that equations must 

be balanced implying conservation of matter and then mentions notions of dynamic equilibrium 

but this is a weak response.  The student understands the role of a catalyst and clearly explains 

the Hall-Heroult process.  The student understood the facts, indicated understanding for two 

links, and illustrated application of this knowledge. 

Table 8 is a summary of the learning progression levels attained for Standard 1.   

Table 8 

Standard 1 Summary 

 

Student Standard 1 Chemical Processes 

Learning Progression Level 

1 2 

2 1 

3 1 

4 2 

5 0 

6 1 

7 3 

8 3 

9 4 

10 2 

  

As shown, student 5 understood very little about chemical process and rearrangements of 

atoms.  Students 2, 3, and 6 had rudimentary understanding.  The remaining students indicated 

intermediate understanding or above in this area.      
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Standard 2 Le Chatelier’s Principle 

For standard 2, students spent a total of three class periods with instruction in this area.  

Table 9 summarizes instructional focus (number of times each objective was addressed) and the 

methods used for this standard. 

Table 9 

Standard 2 Instructional Methods 

 
Standard 2 

Objectives 

Instructional 

Focus 

Instructional Methods 

S2O1 3 Symbols, diagram, discussion, chart, graph 

S2O2 3 Symbols, diagram, discussion, chart, graph 

 
Table 10 lists the objective along with associated data sources used to determine levels in 

this standard. 

Table 10 

Standard 2 Data Sources 

 
Standard 2 

Objectives 

Data Sources 

S2O1 Reflections (3/3), U5SB Summary (3/3), U5SB Quiz (3/7), U5 Exam (3/28) 

S2O2 Reflections (3/5), U5SB Summary (3/4), U5B.1 Supplement (3/5), U5SB 

Quiz (3/7), U5 Exam (3/28) 

 
For Standard 2, the upper anchor states that in many situations, a dynamic and condition-

dependent balance between a reaction and the reverse reaction determines the numbers of all 

types of molecules present. The lower anchor does not discuss the condition-dependent balance 

of chemical reactions but rather just focuses on the regrouping of atoms into molecules with 

different properties from those of the reactants.   

In Standard 2, students at the novice level (Level 1) should be able to reiterate that 

reactant molecules must collide in the proper orientation which is a foundational idea in collision 

theory.  Students can also define dynamic equilibrium as the point in a reversible reaction where 

the rate of products forming from reactants is equal to the rate of reactants forming products.   
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At the intermediate level (Level 2), students can move beyond facts or definitions and 

make links from these ideas to Le Chatelier’s principle which states that the predicted shift in the 

equilibrium position is always in the direction that partially counteracts the imposed change in 

conditions and should be able to predict how stress affects a chemical reaction.  These stresses 

include varying pressure, temperature, and concentration. Pressure includes recognizing the 

number of molecules present on either side of a chemical equation and temperature includes 

recognizing endothermic and exothermic reactions.  This second link requires the student to 

consider a familiar chemical reaction and describe ways to generate product.   

A student is considered proficient (Level 3) if they have mastered both the basic ideas 

and at least two links in the concept.  At the expert level (Level 4), a student can apply 

conceptual understanding to an idea not considered previously. For Standard 2, a prompt about 

refrigeration that had not been discussed was offered as way to assess whether students were 

transferring their conceptual understanding.  The following scheme represents these ideas in a 

simplified format:  

Upper Anchor 

In many situations, a dynamic and condition-dependent balance between a reaction and the 

reverse reaction determines the numbers of all types of molecules present.  

Lower Anchor and Basic Idea 

In a chemical process, the atoms that make up the original substances are regrouped into 

different molecules, and these new substances have different properties from those of the 

reactants. 
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Ideas (Level 1)  

Idea 1: 

Collision theory- For a reaction to occur, reactant molecules must collide in proper 

orientation with sufficient kinetic energy. 

Idea 2: 

Dynamic equilibrium- The point in a reversible reaction where the rate of products forming 

from reactants is equal to the rate of reactants forming products.  

Links (Level 2 & 3) 

Link 1: 

Le Chatelier’s principle states that the predicted shift in the equilibrium position is always in 

the direction that partially counteracts the imposed change in conditions. 

Link 2: 

Three types of stress include pressure, temperature, and concentration. 

Pressure includes recognizing number of molecules present on either side of a chemical 

equation. 

Temperature includes recognizing endothermic/exothermic reaction. 

Application (Level 4) 

Refrigeration decreases temperature and reduces the rate of spoiling reactions.   

Standard 2 included two main objectives.  Learning progressions levels were attained by 

examining student responses with regard to the ideas, links, and application elements listed 

above.  Table 11 depicts student responses for learning progression level from 0 to 4 for 

Standard 2.   

Table 11 

Standard 2 Coding Scheme 
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Learning 

Progression 

Code 

Criteria 

 

Standard 2 Le Chatelier’s Principle 

Student Response 

4 Concepts:  

embraces 

complex 

intertwined 

connections 

which individual 

knowledge 

pieces together 

form particular 

structures  

2 or more links 

present with 

application 

Idea 1:  A catalyst increases the rate of a reaction by lowering the activation 

energy of the reaction.  Electronegativity and orientation relate to collision theory 

because if a molecule has positive or negative charges on certain spots, that will 

affect how it collides with other molecules.  For example, if a molecules looks like 

this (diagram), then the + end, will attract to or be repelled from another molecule 

depending on that molecules electronegativity.  

Idea 2:  Dynamic equilibrium is a reversible reaction that has reached a point 

where the same amount of reactant and products is being produced. An example 

is a teeter totter that has dual weight on both sides. 

Link 1:  (Correct shifts in chemical equations) 

Link 2: Increase the pressure.  The right has less molecules so the reaction will favor 

it.   Take away NH3 as it is formed. 

Application:  Refrigerated food lasts longer because the oxidation of the food 

would be slowed by lowering the temperature.  The reaction, which is 

endothermic, would favor the reactants and not the product decomposition. 

Student 9 

3 Relations:  more 

qualified 

connections 

exist 

2 links present 

Idea 1:  A catalyst decreases the amount of energy needed for the reaction to 

happened faster.  The catalyst speeds up the reaction by increases the number of 

collisions.  In order for a reaction to occur properly it must hit on the proper 

orientation and with more collisions and with a catalyst that helps align them this 

happens more frequently.  

Idea 2:  Dynamic equilibrium is when the rate at which products form equals the 

rate at which products dissolve into reactants.  An example of dynamic equilibrium 

would be an escalator. 

Link 1:  (Correct shifts in chemical equations) 

Link 2: To drive this reaction to the right, one could remove the ammonia as it is 

being formed, or take away the heat as it is released. 

Application:  When food is refrigerated it will take longer for it to turn back into a 

reactant because it stays in the product form longer.   

Student 7 

2 Mappings:  

knowledge base 

where simple 

connections 

have been 

established 

between the 

individual 

knowledge 

pieces  

1 link present  

Idea 1:  If an element can bond with another elements electrons easily and the 

molecules are able to touch each other than the collision theory makes it so that 

they will be more likely to touch and create products/react to one another.  

Idea 2:  Dynamic equilibrium is when the amount of products and reactants are 

equal so they appear to be at a standstill (diagram). 

Link 1:  (Correct shifts in chemical equations) 

Link 2: Decrease in temperature, increase in pressure 

Application:  I am assuming the food is hot and giving off heat.  So food would be 

exothermic.  If you refrigerated the food it would balance out the heat and it 

would be at equilibrium but if it stayed at room temp it would be likely that the 

food would get warmer or stay at the same temp which would keep it in an 

unbalanced state. 

Student 10 

1 Facts:  student 

possesses 

singular pieces 

of knowledge 

unconnected to 

each other  

No links present 

Idea 1:  The proper orientation is required otherwise the molecules will repel if the 

same ion is facing another of the same kind.  

Idea 2:  Dynamic equilibrium is two ongoing processes that work against one 

another. 

Link 1:  (Correct shifts in chemical equations) 

Link 2:  By increasing pressure and temperature. 

Application:  Because the cold slows down the decomposing bacteria kind of 

acting like an anti-catalyst. 

Student 1 

0 Response missing 

or unrelated to 

concept 

Idea 1:  It speeds how fast the molecules bounce off each other.  If the 

electronegativity is high it is more likely that the molecules will react with that.  

Idea 2:  When the two different variables come together compensating to be 

happy. 

Link 1:  (Incorrect shifts in chemical equations) 

Link 2:  Add heat or mix solution. 

Application:  The warmer climate allows bacteria to produce bad things faster. 

Student 3 
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Table 12 illustrates the prompts related to the above student responses. 

Table 12 

Prompts for Standard 2 

Standard 2 Prompt(s) 

Idea 1 Describe how a catalyst increases the rate of a reaction.  Explain how 

electronegativity and the orientation of a molecule relate to collision theory. 

Idea 2 Define dynamic equilibrium.  Give an example. 

Link 1 Given an equation and specific conditions, in which direction will the 

reaction shift?   

Link 2 Describe two ways to drive the chemical reaction for the production of 

ammonia to the right.   

Application Why would refrigerated food last longer than food stored at room 

temperature?  Explain.  

 
A description for each learning progression level for Le Chatelier’s Principle (Standard 2) 

follows: 

Standard 2:  Level 0 Reasoning 

 To reiterate, at this level students understand very little about the concept.  This student 

has been asked to explain how electronegativity and the orientation of a molecule relate to 

collision theory.  The student does not really address the question.  The student was asked to 

define dynamic equilibrium and give an example. This response shows little understanding.  For 

link 1, the student was presented with chemical equations and specific conditions and asked to 

predict which direction the chemical reaction would move.  The student did guess one shift 

correct out of three possible questions.  For link 2, there were a series of questions related to the 

Haber-Bosch process.  This particular question prompted the student to describe two ways to 

drive the reaction to the right.  The student said to add heat which would favor the reactants.  The 

application asked the student to consider Le Chatelier’s principle and why refrigerated food 

would last longer that food stored at room temperature.  The student discussed bacteria but not 

stresses in chemical reactions.   
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Standard 2:  Level 1 Reasoning 

 At this level, the student does have some understanding of charge on molecules and their 

ability to react.  The student does have some notion about dynamic equilibrium but it is not a 

complete definition.  For link 1, the student can predict shifts in chemical equilibrium but is not 

assigned a learning progression level of 2 because foundational knowledge is incomplete.  With 

link 2, the student responds that pressure and temperature should be increased which drive the 

reaction opposite directions.  In the application question, the student mentions temperature 

slowing down bacteria and an anti-catalyst which does not address Le Chatelier’s Principle.  The 

student has some basic understanding of the concept and can predict shifts in equilibrium but 

does not understand the Haber Bosch process or how to apply conceptual understanding.   

Standard 2:  Level 2 Reasoning 

 The student has some knowledge pieces that include collision theory and dynamic 

equilibrium.  The student does understand that covalent bonds are created by sharing electrons 

and that they must be oriented correctly to react.  This student explains that reactants and 

products are forming at a similar rate and illustrates this idea by using two flasks with incoming 

and outgoing molecules which was similar to a diagram used in class.  This student predicts 

correct shifts in chemical equations and also understands how to drive the reaction to the right.  

For the application, the student is confused about the temperature of the food and chemical 

reactions. The student did not fully understand the foundational ideas and did not understand the 

application question but did respond correctly to the linking questions so was assigned a learning 

progression level of 2.           

Standard 2:  Level 3 Reasoning 
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 The student shows understanding in both of the foundational ideas and gives an example 

of dynamic equilibrium that was discussed in class.  The student responds to both linking 

concepts correctly which indicates that the student has made connections between facts and 

links.  However, the student did not know how to apply conceptual understanding and was 

assigned a learning progression level of 3. 

Standard 2:  Level 4 Reasoning 

  The student has solid understanding of the foundational facts and includes a molecular 

drawing in the collision theory explanation indicating positive and negative portions of one 

molecule and how it interacts with other molecules.  The student gave an appropriate definition 

for dynamic equilibrium and offered an analogous example not discussed in class.  The student 

can predict shifts in chemical equations and cited reasons for why increasing the pressure will 

favor the products.  The student also could apply the concept and provided rationale for how 

decreasing the temperature would favor the reactants. For these reasons, the student earned a 

learning progression level of 4.         

   Table 13 is a summary of the learning progression levels attained for Standard 2. 
 

Table 13 

Standard 2 Summary 

 

Student Standard 2 Le Chatelier’s Principle 

Learning Progression Level 

1 1 

2 4 

3 0 

4 2 

5 2 

6 2 

7 3 

8 4 

9 4 

10 2 
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As shown, student 3 understood very little about Le Chatelier’s Principle.  Student 1 had 

rudimentary understanding.  Eight students indicated intermediate understanding or above in this 

area.      

Standard 3 Conservation of Atoms 

For standard 3, students spent a total of four class periods with instruction in this area.  

Table 14 summarizes instructional focus (number of times each objective was addressed) and the 

methods used for this standard. 

Table 14 

Standard 3 Instructional Methods 

 
Standard 3 

Objectives 

Instructional 

Focus 

Instructional Methods 

S3O1 4 Project, diagram, discussion, video, graph, chemical 

structures  

S3O2 2 Diagram, experiment 

S3O3 2 Graph  

S3O4 2 Class practice  

 
Table 15 lists the objective along with associated data sources used to determine levels in 

this standard. 

Table 15 

Standard 3 Data Sources 

 
Standard 3 

Objectives 

Data Sources 

S3O1 Reflection (2/26), U5SB Summary (3/4), Reflection (3/5), U5SB Quiz 

(3/7), U5 Exam (3/28) 

S3O2 U5SC Summary (3/18), Diagram (3/19), U5SC Quiz (3/21), U5 Exam 

(3/28) 

S3O3 U5SA Summary (2/25), U5SA Quiz (2/28) 

S3O4 U5SA Summary (2/25), U5SA Quiz (2/28) 

 
 The upper anchor for Standard 3 focuses on the idea that atoms are conserved, together 

with knowledge of the chemical properties of the elements involved, can be used to describe and 
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predict chemical reactions. The lower anchor and basic idea states that the total number of each 

type of atom is conserved, and that the mass does not change. Some chemical reactions release 

energy, others store energy. So the lower anchor does not include predicting chemical reactions 

but simply, the law of conservation of matter and energy release or storage.   

 Novice understanding (Level 1) integral to Standard 3 includes electronegativity and 

oxidation states.  These ideas do include understanding that atoms within molecule may not 

share electrons equally.  With this knowledge, the students must be able to predict relative 

electronegativity trends among several elements and determine whether covalently bonded atoms 

exhibit positive or negative oxidations states, based on their electronegativity values.  

Connecting back to conservation of atoms, students must be able to balance an equation for the 

production of ammonia and recognize an exothermic or endothermic reaction using an energy 

diagram.   

 At the intermediate level (Level 2), a link can be established by using the basic ideas to 

replicate the design of a voltaic cell which includes oxidation and reduction ideas (the exchange 

of electrons) and explains how electrical energy is produced by a chemical reaction.  These facts 

can also be linked by describing the Haber-Bosch process for industrial production of ammonia.  

If there is understanding in both linking areas, the student has reached the proficient level (Level 

3).  Finally, at the expert level (Level 4), the student can use burden-benefit analysis in decisions 

about implementing chemical technologies for application of this concept. The following scheme 

represents these ideas in a simplified format: 

Upper Anchor  

The fact that atoms are conserved, together with knowledge of the chemical properties of the 

elements involved, can be used to describe and predict chemical reactions.   
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Lower Anchor and Basic Idea  

The total number of each type of atom is conserved, and thus the mass does not change. Some 

chemical reactions release energy, others store energy.  

Ideas (Level 1)  

Idea 1: 

Electronegativity- Predict relative electronegativity trends among several elements. 

Idea 2: 

Oxidation States- Determine whether covalently bonded atoms exhibit positive or negative 

oxidations states, based on their electronegativity values. 

Idea 3:   

Ammonia Production- Balance an equation for the production of ammonia. 

Idea 4: 

Heat- Recognize exothermic and endothermic reactions. 

Links (Level 2 & 3) 

Link 1:    

Replicate the design of a voltaic cell and explain how electrical energy is produced by a 

chemical reaction. 

Link 2:   

Describe the Haber-Bosch process for industrial production of ammonia. 

Application (Level 4) 

Use burden-benefit analysis in decisions about implementing chemical technologies. 
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Standard 3 included four main objectives.  Levels were attained by examining student 

responses with regard to the ideas, links, and application elements listed above.  Table 16 depicts 

student responses for learning progression level from 0 to 4 for Standard 3.   

Table 16 

Standard 3 Coding Scheme 

 

Learning 

Progression 

Code 

Criteria 

 

Standard 3 Conservation of Atoms 

Student Response    

4 Concepts:  

embraces 

complex 

intertwined 

connections 

which individual 

knowledge 

pieces together 

form particular 

structures  

2 or more links 

present with 

application 

Idea 1: Electronegativity is the ability of an atom to attract electrons when 

bonding within a compound.  

Idea 2:  (correct assignments) 

Idea 3:  (correct equation) 

Idea 4:  Exothermic 

Link 1:  Energy is being produced through chemical reactions.  The differing 

reactivity levels between the two metals results in an electron flow between the 

two metals producing electricity (Voltaic cell labels complete). 

Link 2:  The Haber Bosch process involves adding hydrogen to atmospheric 

nitrogen in order to convert it into ammonia, a substance that plants can use.  The 

process is sped up by removing the ammonia as it forms, adding hydrogen 

continuously throughout the process and by increasing the pressure to prevent the 

reaction reaching a dynamic equilibrium.   These two processes are similar in the 

way they both use devices to avoid a dynamic equilibrium occuring.  Both were 

huge chemical and economic discoveries that effected the world in many ways.  

However, the two differ in the elements used (obviously) and in the amount of 

energy used.  The production of ammonia results in much pollution due to its need 

of hydrogen that is obtained through burning fossil fuels.  The production of 

aluminum requires a great deal of energy which is also damaging to the 

environment. 

Application:  I would choose an ammonia producing plant for Fort Worth.  With the 

production of ammonia, we could use it in ice production, the production of 

ammonia would result in better air quality, and it would significantly affect taxes.  

However, the production of ammonia would also result in many worker involved 

injuries due to the toxic gases released in its production. I would choose ammonia 

industries over aluminum industries because the benefits of producing ammonia 

outweigh the burdens more so than aluminum production. 

Student 7 

3 Relations:  more 

qualified 

connections 

exist 

2 links present 

Idea 1:  Electronegativity is the ability of an element to attract shared electrons 

within a compound  

Idea 2:  (correct assignments) 

Idea 3:  (correct equation) 

Idea 4:  Exothermic 

Link 1: Lithium gives its electron through the salt bridge to gold, it is making an 

electric current in the cells (Voltaic cell labels complete). 

Link 2:  Fertilizer is made by heating and pressurizing N2 and 3H2 with an iron 

catalyst.  This produces 2NH3 efficiently.  These are different because aluminum is 

separated and extracted through electrodes which ammonia is produced through 

chemical reactions.  They are similar because they are both placed in an enclosed 

area, heated, and then extracted. 

Application:  I choose an aluminum plant over ammonia since ammonia could 

pollute our lakes and rivers causing a fish kill.  The fertilizer plant would decrease 

farming costs, but no one really farms in Fort Worth. 

Student 8 

2 Mappings:  

knowledge base 

where simple 

connections 

Idea 1: Electronegativity deals with the amount of negatively charged electrons in 

an atom. 

Idea 2:  (correct assignments) 

Idea 3:  (correct equation) 
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have been 

established 

between the 

individual 

knowledge 

pieces  

1 link present  

Idea 4: Exothermic 

Link 1: The electrons carry electricity over to gold.  Protons then go over the salt 

bridge (Voltaic cell labels partially complete). 

Link 2:  Fertilizer:  harvest N2 from atmosphere.  Add hydrogen from fossil fuels, add 

a catalyst, yield NH3.  They are similar because both use a catalyst (iron, cryolite), 

use natural reactants.  Different aluminum is a solid and ammonia is a gas. 

Application:  Some benefits of fertilizer is basically nothing.  It isn’t good for the 

earth, dangerous, pollutes water. 

Student 2 

1 Facts:  student 

possesses 

singular pieces 

of knowledge 

unconnected to 

each other  

No links present 

Idea 1: The ability for an element to bond with other elements.  

Idea 2:  (correct assignments) 

Idea 3:  (equation incorrect but added heat) 

Idea 4:  Exothermic reaction 

Link 1: Using their electrical differences to create electrical energy (voltaic cell 

labels partially complete.)  

Link 2:  Not answered 

Application:  The extraction of aluminum by bauxite because I feel like it wouldn’t 

do as much damage to the workers, and the air wouldn’t be as polluted as it will 

be with the fertilizers.  The fertilization plant (couldn’t stop) wouldn’t be able to do 

that because they are not only feeding us, it is the rest of the world.  I don’t agree 

with having a fertilizer plant, I think it is harmful to the ground. 

Student 4 

0 Response missing 

or unrelated to 

concept 

Idea 1: It is the increasing and decreasing of the electronegativity of the element.  

The electronegativity always increases when going up on the periodic table and 

to the right  

Idea 2:  (incorrect assignment) 

Idea 3:  (incorrect equation) 

Idea 4:  Endothermic 

Link 1: Voltage is being produced by the completing of the circuit in a voltaic cell 

(Voltaic cell labels complete) 

Link 2:  Haber Bosch nitrogen and hydrogen make ammonia, ammonia is then 

used in the nitrogen cycle for fertilizer.  The fertilizer is then used to make more food 

and also used for bombs/TNT.  Both are effective systems for obtaining resources. 

Both can be harmful to the community whether its financial effects or 

environmental effects 
Application:  I would choose the Haber Bosch process because fertilizer is created 

through the Haber Bosch process and fertilizer can create more food for those who 

have no food.  Plus Fort Worth can easily do the Haber Bosch process with plenty 

of animals and plants.  The only down side to the Haber Bosch process is the 

leeching and use of fossil fuels as a catalyst could cause the ground water to be 

poisoned or because of the fossil fuels acid rain could occur.    

Student 5 

 
Table 17 illustrates the prompts related to the above student responses.   

Table 17 

Prompts for Standard 3 

Standard 3 Prompt(s) 

Idea 1 Define electronegativity. 

Idea 2 Consider the following compounds.  Which element has a positive oxidation 

state?  A negative oxidation state? 

Idea 3 Write the chemical equation for the Haber Bosch Process. 

Idea 4 The above diagram represents the Haber Bosch Process.  Is this an exothermic 

or endothermic reaction? 

Link 1 Label A-I on the diagram using the metals you selected for your voltaic cell.  

Explain how voltage or electrical energy is being produced. 
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Link 2 We have discussed how fertilizer is manufactured and the extraction of 

aluminum from bauxite.  Describe these two industrial processes.  How are 

they similar?  How are they different? 

Application Which of the industrial processes would you choose to bring to Fort Worth?  

Discuss the benefits and burdens associated with this industry.  Describe why 

you chose one over the other. 

 
A description for each learning progression level for Conservation of Atoms (Standard 3) 

follows: 

Standard 3:  Level 0 Reasoning 

 For the basic idea of electronegativity, the student was asked to define electronegativity. 

This student response offered a way to evaluate an atom’s electronegativity but did not define 

electronegativity.  The student assigned positive or negative oxidation states to complete 

molecules rather than indicating that one specific atom within a molecule was attracting shared 

electrons away from another more positively charged atom.  The student did not write the proper 

equation for the Haber Bosch Process and also wrote “3H3” indicating a lack of understanding 

about valence electrons and bonding.  The student could not use the energy diagram to determine 

that this process was exothermic.  For link 1, the student could label the voltaic cell but could not 

explain how electricity was generated by chemical reactions.  For link 2, the student had some 

notions about the Haber Bosch Process but was not specific and discussed uses of ammonia 

rather than industrial production.  For the application, the student was asked to describe the 

Haber Bosch Process and then to compare and contrast the industrial production of ammonia and 

aluminum.  The student listed one benefit and one burden but included incorrect information 

about fossil fuel catalysts, plenty of animals and plants, and referred to fossil fuels and acid rain.  

This student understood very little about the basic ideas, had a bit more understanding of links 1 

and 2 and did not comprehensively apply the concept. 
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Standard 3:  Level 1 Reasoning 

 This exemplar shows that the student cannot define electronegativity.  The student can 

assign proper oxidation states to atoms within a molecule using an electronegativity chart.  The 

equation for ammonia production is incorrect.  The student can use an energy diagram to 

determine whether a chemical reaction is endothermic or exothermic.  The student was able to 

label parts of the voltaic cell but not all of the indicators and was unable to explain how electrical 

energy is produced in the cell.  The student did not answer the prompt regarding the Haber Bosch 

Process.  For application, the student did offer some burdens regarding the ammonia industry.  

The student understood 2 out of 4 of the basic ideas, portions of the linking ideas, and marginally 

could apply the concept.           

Standard 3:  Level 2 Reasoning 

 This student stated that electronegativity relates to the amount of negatively charged 

electrons in an atom.  There may be some confusion about the definition of electrons and the 

student does not mention that electronegativity relates to shared bonding electrons within a 

molecule.   The student correctly assigned oxidation states and could reproduce the chemical 

equation for the production of ammonia labeling it as an exothermic reaction.  In the explanation 

for link 1, the student states that electrons carry electricity over to gold.  Protons do move 

through the salt bridge while electrons move the opposite direction to complete the circuit.  The 

explanation is lacking and the voltaic cell was not completely labeled.  The student offers a 

reasonable explanation for link 2.  The student responds with burdens and benefits of ammonia.  

The student understood 3 out of the 4 basic ideas, and partial understanding of link 1 and solid 

understanding of link 2 with some ideas for application. 
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Standard 3:  Level 3 Reasoning 

 The student has good understanding of the 4 basic ideas.  The student shows partial 

understanding of how electrical energy is being produced but correctly labels the voltaic cell.  

For link 2, the student gives detailed information about the Haber Bosch Process and gives 

adequate comparison information.  The application response states that “no one really farms in 

Fort Worth” which is a weak response. The student did not list specific benefits and burdens 

related to ammonia production and also made a statement that was unsubstantiated.    

Standard 3:  Level 4 Reasoning       

 The student has solid understanding of the 4 basic ideas and link 1.  In link 2, the student 

further connects the industrial production of ammonia with plant uptake and discusses how to 

increase the yield of ammonia.  In the compare and contrast portion, the student offers adequate 

examples.  The student offers a list of the benefits and burdens discussed in class for application.  

The student meets all expectations for a learning progression level of 4.       

Table 18 is a summary of the learning progression levels attained for Standard 3. 

Table 18 

Standard 3 Summary         

 

Student Standard 3 Conservation of Atoms 

Learning Progression Level 

1 1 

2 2 

3 1 

4 1 

5 0 

6 0 

7 4 

8 3 

9 4 

10 3 
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As shown, students 5 and 6 understood very little about conservation of atoms.  Students 

1, 3, and 4 had rudimentary understanding.  Five students indicated intermediate understanding 

or above in this area.      

Standard 4 Biological and Geophysical Cycles 

For standard 4, students spent a total of five class periods with instruction in this area.  

Table 19 summarizes instructional focus (number of times each objective was addressed) and the 

methods used for this standard. 

Table 19 

Standard 4 Instructional Methods 

 

Standard 4 

Objectives 

Instructional 

Focus 
Instructional Methods 

S4O1 5 Project, models, diagram, graph, video, symbols, 

analysis  

S4O2 2 Analysis, video,  

S4O3 1 Analysis  

 
Table 20 lists the objective along with associated data sources used to determine levels in 

this standard. 

Table 20 

Standard 4 Data Sources 

 
Standard 4 

Objectives 

Data Sources 

S4O1 U5SC Summary (3/20), U5SC Quiz (3/21), U5 Exam (3/28) 

S4O2 U5SB Summary (3/4), U5SB Quiz (3/7) 

S4O3 U5SC Summary (3/20), U5SC Quiz (3/21), U5 Exam (3/28) 

 
The upper anchor for Standard 4 connects chemical processes and properties of materials 

to critical biological and geophysical phenomena. There was not an overt lower anchor (grade 8 

expectation) listed as a corollary to the upper anchor for chemical reactions because this idea is 

quite complex and requires multiple connections that may not be covered in grades below high 

school.  At the most basic level, a simplified idea would be that in a chemical process, the atoms 
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that make up the original substances are regrouped into different molecules, and these new 

substances have different properties from those of the reactants. The chemistry of nitrogen and 

the nitrogen cycle fit well within the scope of Standard 4.   

At the novice level (Level 1), the first idea is nitrogen fixation which is a process that 

changes atmospheric nitrogen into a usable form and includes lightning fixation, industrial 

processes (Haber Bosch), and bacterial fixation.  The next idea relays how plants take nitrate 

ions from the soil and incorporate nitrogen into proteins and other compounds.  The next fact is 

how nitrogen is recovered through decay of once living organism where bacteria and fungi use 

some of the nitrogen and other bacteria convert ammonia, nitrite/nitrate back to nitrogen gas.   

The primary link for intermediate understanding (Level 2) for these ideas emerges when 

students can illustrate the nitrogen cycle, specifically referring to processes by which nitrogen 

gas is fixed (converted into nitrogen-containing compounds).  Another link is established when 

students can predict results of removing a step in the nitrogen cycle.  If there is understanding in 

both linking areas, the student has reached the proficient level (Level 3).       

   The application or expert level (Level 4) for global chemical cycles requires that students 

describe the main goals of responsible care and green chemistry initiatives.  The following 

scheme represents these ideas in a simplified format: 

Upper Anchor 

Chemical processes and properties of materials underlie many important biological and 

geophysical phenomena. 

Lower Anchor and Basic Idea  
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In a chemical process, the atoms that make up the original substances are regrouped into 

different molecules, and these new substances have different properties from those of the 

reactants.  

Ideas (Level 1)  

Idea 1:  

Nitrogen Fixation- Processes that change N2 into a usable form and include lightning 

fixation, industrial processes (Haber Bosch), and bacteria. 

Idea 2: 

Usable Nitrogen- Plants take nitrate ions from the soil and incorporate nitrogen into proteins 

and other compounds.   

Idea 3: 

Nitrogen Recovery- Bacteria and fungi use some of the nitrogen.  Some bacteria convert 

ammonia, nitrite/nitrate back to nitrogen gas. 

Links (Level 2 & 3) 

Link 1:   

Describe the nitrogen cycle, specifically referring to processes by which nitrogen gas is fixed 

(converted into nitrogen-containing compounds). 

Link 2:   

Predict results of removing a step in the nitrogen cycle.    

Application (Level 4)  

Describe the main goals of responsible care, green chemistry, and EPA standards. 
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Standard 4 included three main objectives.  Levels were attained by examining student 

responses with regard to the ideas, links, and application elements listed above.  Table 21 depicts 

student responses for learning progression level from 0 to 4 for Standard 4.   

Table 21 

Standard 4 Coding Scheme 

 

Learning 

Progression 

Code 

Criteria 

 

Standard 4 Biological and Geophysical Cycles 

Student Response    

4 Concepts:  

embraces 

complex 

intertwined 

connections 

which individual 

knowledge 

pieces together 

form particular 

structures  

2 or more links 

present with 

application 

Idea 1: N can be fixed through lightning, fixation, or through nitrogen fixing 

bacteria. 

Idea 2:  Plants cannot take nitrogen from the atmosphere so they consume 

nitrogen through the earth after it has been fixed by bacteria.  Plants use 

nitrogen in their chlorophyll, DNA, ATP, RNA, and enzymes. 

Idea 3:  After plants and animals die, their bodies become organic matter 

which contain nitrogen.  Later, they are decomposed by bacteria and fungi.  

At this state they are either in NH3/NH4 form.  Then it is turned into a nitrate by 

nitrifying bacteria and once again goes through the cycle. 

Link 1: (diagram below, correct)  

Link 2: If step F was removed from the cycle (nitrifying bacteria) then the 

nitrogen wouldn’t be accessible to plants and animals and it couldn’t be 

turned back into atmospheric nitrogen through denitrifying bacteria.  This 

would result in an abundance of ammonia in the earth with nowhere to go. 

Application: Responsible care deals with industries and how they can 

positively affect the public and the environment, while green chemistry deals 

with the chemistry of industries and how it effects health and the environment.   

Student 7 

3 Relations:  more 

qualified 

connections 

exist 

2 links present 

Idea 1: Lightning changes N2 to nitrates.  Denitrifying bacteria turn N2 to 

nitrates/ites. 

Idea 2: Plants use nitrogen in DNA, RNA, and ATP.  Also, nitrogen makes up 

amino acids in proteins, nitrogen also promotes new green growth. 

Idea 3:  When plants and animals die, nitrogen is given back to the soil where 

some of it will go to other plants but some will also be converted into N2 and 

return to the atmosphere. 

Link 1: (diagram below, partially correct) 

Link 2: If step F were removed, the nitrogen would just stay in the soil forever 

and the circuit would not be complete. 

Application: Green chemistry limits waste, uses organic/natural matter, 

prevents.  Responsible care clean waste up later, take care of after. (No 

response on part B) 

Student 6 

2 Mappings:  

knowledge base 

where simple 

connections 

have been 

established 

between the 

individual 

knowledge 

pieces  

1 link present  

Idea 1:  One way is through the bacteria in the ground.  The bacteria that lives 

in lymph nodules can break down and nitrify nitrogen.  Another way is through 

lightning fixation. 

Idea 2:  Plants obtain nitrogen from dead/decaying organic materials.  Then 

they use it for chlorophyll which helps them get food and live.  And from 

bacteria that breaks down nitrogen into a usable state.    

Idea 3:  Certain kinds of nitrifying bacteria that might be in the soil or lymph 

nodes break down the nitrogen to where plants can use it. 

Link 1: (diagram below, partially correct) 

Link 2: The N would just stay in the soil instead of going back into the 

atmosphere. 

Application: Green chemistry uses catalysts to speed up the industrial process, 

get rid of waste before it occurs, and help clean up waste when it occurs.  

Responsible care-provide the community with ways to know how to reduce 

waste, stop waste problems before they occur, provide companies with ways 

to reduce waste. 
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Student 5 

1 Facts:  student 

possesses 

singular pieces 

of knowledge 

unconnected to 

each other  

No links present 

Idea 1:  Lightning, legume root bacteria 

Idea 2:  Plants use nitrogen to help grow better. 

Idea 3:  Bacteria process it and it is released into the air and ground. 

Link 1: (diagram below, partially correct) 

Link 2: There would be no NH3. 

Application: Green chemistry works to make earth better, improve 

atmosphere, 100% safe, more expensive, clean results.  Responsible care 

makes earth less bad, safe workplace, lower emissions, cost effective.  

Student 2 

0 Response missing 

or unrelated to 

concept 

All students achieved at least a level 1 in this standard 

 
Table 22 illustrates the prompts related to the above student responses.   

Table 22 

Prompts for Standard 4 

 
Standard 4 Prompt(s) 

Idea 1 Explain two ways nitrogen can be fixed. 

Idea 2 Explain how plants use nitrogen.  

Idea 3 Explain what happens to nitrogen after plants and animals die. 

Link 1 Draw the nitrogen cycle. 

Link 2 At what point or points in the nitrogen cycle is nitrogen fixed.  Explain what it 

means to “fix” nitrogen. 

Application Compare/Contrast “Green Chemistry” and “Responsible Care”.  List 3 or 

more guidelines for each.  

 
A description for each learning progression level for Biological and Geophysical Cycles 

(Standard 4) follows: 

Standard 4: Level 0 Reasoning 

There were no students at level 0 reasoning in this standard.  

Standard 4:  Level 1 Reasoning 

 At this level, the student indicates ways that nitrogen is fixed.  The student says that 

plants use nitrogen to grow better which may be a notion that originated in class discussion of 

fertilizer but does not address the fact that plants cannot exist without nitrogen.  The student 

shows no understanding about nitrogen recovery.   For link 1, the nitrogen cycle prompt required 

8 specific elements:  illustration of 3 ways nitrogen can be fixed including lightning fixation, 

industrial production of fertilizer, nitrogen fixing bacteria, nitrifying bacteria (nitrates, nitrites), 
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plant consumption, organic matter and decomposition by fungi, bacteria, and denitrifying 

bacteria which convert nitrogen compounds to atmospheric nitrogen.   As shown in Figure 2, the 

student has identified lightning fixation, nitrogen fixing bacteria and “dead things” releasing 

nitrogen compounds to the earth.  Link 2 required the student to describe what would happen to 

the cycle if nitrifying bacteria were removed from the cycle.  The student indicated that there 

would be no ammonia when actually, the cycle would be disrupted.   

Figure 2.  Standard 4 Level 1 (Student 2) 

 

 The application question asked students to compare green chemistry and responsible care 

initiatives (American Chemical Society, 2006).  Green chemistry addresses the chemistry 

involved in an industrial process and its effects on humans and the environment and states that it 

is better to prevent waste, products should contains as much material used in the process, waste 

should be as benign as possible, catalysts should be used, raw materials should come from 

renewable sources, chemical products should decompose with little harm, and that chemical 

processes should minimize chemical accidents.  Responsible care considers how industries can 

safely and productively contribute to communities and seek to incorporate public input, that 
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chemicals should be manufactured, transported, used, and disposed of safely, that new chemical 

processes should consider health, safety, the environment, and resource conservation, that 

chemical processing facilities should operate by protecting the environment and employees, and 

the public and support education to inform the public, work with others to resolve problems of 

past, lead in development of responsible public policy.  The student was expected to differentiate 

between the two initiatives and discuss at least 3 ideas from each. The student response was 

partially correct.  The student understood one basic fact and had rudimentary understanding of 

the other elements in the standard.  

Standard 4:  Level 2 Reasoning 

The student understood nitrogen fixation and had partial understanding of how nitrogen is 

used by plants and nitrogen recovery.  Within the basic ideas, the student is using the term, 

“lymph nodules” which is likely originating in some prior knowledge but is essentially 

expressing legume nodules upon examining the nitrogen cycle illustration.    Figure 3 depicts the 

nitrogen cycle illustration.  The student received partial credit for including 6 of the expected 

element in the cycle.  The student had some ideas about application and understood the 

differences between green chemistry and responsible care.  This student had a learning 

progression level of 2 with full understanding of 1 basic fact and 1 link and partial understanding 

of 2 basic facts with adequate understanding of the application.   
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Figure 3.  Standard 4 Level 2 (Student 5) 

 
 

Standard 4:  Level 3 Reasoning 

 At this level, the students indicated good understanding of plant use of nitrogen and 

nitrogen recovery.  With nitrogen fixation, the student mention lightning fixation but said 

denitrifying bacteria change atmospheric nitrogen to nitrates and nitrates.  By examining the 

nitrogen cycle depiction (Figure 4), the student shows denitrifying bacteria in two roles, one 

correct when using decaying organisms to return nitrogen compounds to atmospheric nitrogen 

and one incorrect when denitrifying bacteria change N2 to NH3. The student includes 3 of the 

expected elements in the cycle.  For link 2, the student understands that the cycle would not 

continue if this step was removed.  The student has minimal understanding of the application 

question.  The student understood 2 basic facts well with partial understanding of another basic 

fact {mistaking denitrifying for nitrifying bacteria} and established 1 link and 1 partial link with 

some understanding of the application earning a learning progression level of 3. (There was not a 

student that understood 2 links and 3 basic facts which met the requirement for level 3 reasoning 

for this standard but this student was the closest so I modified the criteria for this standard 
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because the student showed partial understanding and the more advanced students showed level 

4 reasoning).     

Figure 4.  Standard 4 Level 3 (Student 6) 

 
 

Standard 4:  Level 4 Reasoning 

 This student understands all three of the basic facts.  This student included all of the 

expected elements for the nitrogen cycle. In Figure 5, this student includes nitrogen fixing 

bacteria, lightning fixation, nitrifying bacteria, denitrifying bacteria, plant consumption, decay 

processes by fungi and bacteria, and also includes molecular formulas for the compounds 

generated throughout the nitrogen cycle.    This student provided a reasonable response for how 

the nitrogen cycle would be affected if one step were removed.  The student understood the 

differences between green chemistry and responsible care.   
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Figure 5.  Standard 4 Level 4 (Student 7) 

 
  

Table 23 is a summary of LP levels for Standard 4. 

Table 23 

Standard 4 Summary 

 

Student Standard 4 Biological and Geophysical Cycles 

Learning Progression Level 

1 2 

2 1 

3 1 

4 2 

5 2 

6 3 

7 4 

8 3 

9 4 

10 1 

As shown, there were no students at Level 0 for biological and geophysical cycles.   

Students 2, 3, and 10 had rudimentary understanding.  Seven students indicated intermediate 

understanding or above in this area.      
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Table 24 depicts the average level students attained for the chemistry of nitrogen.  

Students 1, 3, 4, 7, 8, and 9 wavered between two levels.  Students 2, 5, and 10 varied more in 

levels across the standards.  The average level for each standard indicates that students, as a 

group, attained the highest level of understanding for Le Chatelier’s Principle (Standard 2) and 

the lowest levels of understanding for both chemical processes (Standard 1) and biological and 

geophysical cycles (Standard 4).          

Table 24 

Chemistry of Nitrogen Average LP Level 

Student Standard 

1 

Standard 

2 

Standard 

3 

Standard 

4 

Chemistry of 

Nitrogen 

1 2 1 1 2 1.5 

2 1 4 2 1 2.0 

3 1 0 1 1 0.8 

4 2 2 1 2 1.8 

5 0 2 0 2 1.0 

6 1 2 0 3 1.5 

7 3 3 4 4 3.5 

8 3 4 3 3 3.3 

9 4 4 4 4 4.0 

10 2 2 3 1 2.0 

Average 

LP/Standard 

1.9 2.4 1.9 2.3  

 

Figure 6 shows the frequency of levels attained in each of the 4 standards pertaining to 

the chemistry of nitrogen.  Only one student could apply understanding in chemical processes 

(Standard 1).  Half of the students had missing or fragmented understanding in conservation of 

atoms (Standard 3). The majority of students had intermediate understanding (Level 2) or above 

with regard to Le Chatelier’s Priniciple (Standard 2).   All students had some level of 

understanding about biological and geophysical cycles (Standard 4).   
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Figure 6.  Frequency of Distribution of Levels for the Chemistry of Nitrogen 

 
 

Figure 7 shows the number of students attaining each level of understanding for the 

chemistry of nitrogen.  The highest frequency of students were at the novice level of 

understanding (Level 1).   
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Figure 7.  Number of students at each level 

 
 

Part II:  Results for Nuclear Processes (Standards 5-8) 

Research Question 1b:  What are possible learning progressions or pathways for student 

understanding of nuclear processes? 

The next portion of the results section describes learning progression levels for the 

concept of nuclear processes and includes standards 5 through 8.  Figure 8 is a sample test 

question for nuclear processes that aims to investigate levels of student understanding for 

radioactive decay.   
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Figure 8.  Radioactive Decay of Cesium-137 and Associated Questions 

 
 

The half-life of Cs-137 is _____________. 

If there was 50 g of Cs-137, how many grams remain after 4 half-lives?   

How many years will it take for 30% of the atom to decay?  

Would Cs-137 be a reasonable diagnostic tracer?  Support your answer.   

Describe the origin of 3 types of nuclear waste.  

Explain 3 ways to store nuclear waste and the benefits/challenges of each storage 

method.  

Standard 5 Fission/Fusion 

For fission and fusion (Standard 5), students spent a total of five class periods with 

instruction in this area.  Table 25 summarizes the number of student products, instructional focus 

(number of times each objective was addressed) and the methods used for this standard. 

Table 25 

Standard 5 Instructional Methods 

 
Standard 5 

Objectives 

Instructional 

Focus 

Instructional Methods 

S5O1 2 Video, animation   

S5O2 4 Video, presentation, animation, illustration, diagram, 

chart, debate 
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Table 26 lists the objective along with associated data sources used to determine levels in 

this standard. 

Table 26 

Standard 5 Data Sources 

 
Standard 5 

Objectives 

Data Sources 

S5O1 U6SD Reading Guide (4/28), U6SD Summary (4/29), Reflection (4/30), 

Nuclear Power Plant Diagram (4/30), U6SD Supplement (5/5), U6 

Exam (5/9) 

S5O2 U6SD Reading Guide (4/28), Reflection (4/25), U6SD Summary (5/1), 

U6SD Supplement (5/5), U6 Exam (5/9) 

 
 For Standard 5, at the upper anchor, students are expected to know that nuclear processes, 

including fusion, fission, and radio- active decay of unstable nuclei, involve changes in nuclear 

binding energies. The objectives for nuclear processes do not necessarily cover nuclear binding 

energies but relative energy released in these reactions was covered.   

  At the novice level (Level 1) of understanding, the ideas include a definition for fusion 

which states that fusion can result in the merging of two nuclei to form a larger one, along with 

the release of significantly more energy per atom than any chemical process. It occurs only under 

conditions of extremely high temperature and pressure. Students must define and describe 

nuclear fusion and fission.   

 At an intermediate level (Level 2), both processes release energy and are linked by the 

fact that fusion releases much more energy comparatively.  Link 2 provides an opportunity for 

students to consider how fusion from the sun supplies the energy for the earth. If there is 

understanding in both linking areas, the student has reached the proficient level (Level 3).    

 For application or the expert level (Level 4), students visited a nuclear power plant and 

eventually were prompted to draw a diagram of a power plant and explain operations at specific 

locations. The following scheme represents these ideas in a simplified format: 
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Upper Anchor   

Nuclear processes, including fusion, fission, and radio- active decays of unstable nuclei, involve 

changes in nuclear binding energies.  

Lower Anchor 

(The NRC Core Ideas do not provide an expectation for grade 8 with regard to this topic) 

Ideas (Level 1)  

Idea 1: 

Nuclear fusion- Define and describe nuclear fusion. 

Idea 2:  

Nuclear fission- Define and describe nuclear fission. 

Links (Level 2 & 3)  

Link 1:   

Both nuclear fusion and fission release energy but fusion releases much more comparatively. 

Link 2: 

The sun is a fusion reactor and supplies the energy for the earth. 

Application (Level 4)  

Describe nuclear power plant operation. 

Standard 5 included two main objectives.  Levels were attained by examining student 

responses with regard to the ideas, links, and application elements listed above.  Table 27 depicts 

student responses for learning progression level from 0 to 4 for Standard 5.   
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Table 27 

Standard 5 Coding Scheme 

 

Learning 

Progression 

Code 

Criteria 

 

Standard 5 Fission/Fusion 

Student Response    

4 Concepts:  

embraces 

complex 

intertwined 

connections 

which individual 

knowledge 

pieces together 

form particular 

structures  

2 or more links 

present with 

application 

Idea 1: Nuclear fusion is the combination of 2 small atoms to form a larger one.  An 

example of a fusion reaction is (correct equation), which is the combination of 

hydrogen into helium.   

Idea 2: Nuclear fission is the splitting of a large atom into smaller ones, For example, 

a nuclear fission reaction of U-235 splits the uranium into Barium and Krypton and 3 

neutron. (correct equation) 

Link 1:   Nuclear fusion produces more energy because the amount of mass 

converted into energy is greater than fission. 

Link 2:  The earth’s energy is all from fusion because the sun runs on fusion, and the 

sun provides all life with energy starting with plants.  Even fossil fuels are 

decomposed organisms. 

Application:  1. Concrete shielding-made of concrete and iron/steel and it holds 

the reactor core and stops radiation leakage 2. Turbine- the turbine flushes 

water/energy throughout the power plant 3/7. Pumps  4. Reactor core-the reactor 

holds the fuel rods and control rods and also hold/prevents radiation from leaving 

the plant 6.  Cooling system- cools down steam and condenses it so that it can 

circulate the system.  Also allows steam out the top 8. Lake/water source pumps in 

water to circulate the moderator and cool things down.  

Student 9 

3 Relations:  more 

qualified 

connections 

exist 

2 links present 

Idea 1: Nuclear fusion is the use of energy to fuse 2 atoms into one.   

Idea 2: Nuclear fission is the use of neutrons to bombard elements to produce 

energy. 

Link 1: Fusion produces more energy than fission, because scientists have not yet 

discovered how to obtain enough heat to sustain a chain reaction for fusion (like in 

the sun).  

Link 2: Since the sun uses fusion to produce its heat and energy, and the earth 

gains most of its energy from the sun, it is safe to say that all of the earth’s energy is 

the result of the sun’s fusion. 

Application:  4. This is the nuclear core.  Here, the fuel rods are bombarded by 

neutrons and cause fission.  This creates a bunch of heat energy.  There is also the 

moderator and control rods in the core, which control and moderate the reaction 

so that it can be safe and efficient. 2.  This is the turbine.  The turbine uses the 

steam made by the reaction to spin the turbine.  The turbine powers a generator 

that directs and stores the energy.  8.  This is the water source.  The water source 

supplies pipes with water that is turned to steam by the reaction, pushes the 

turbine and then turns back to a liquid. 

Student 7 

2 Mappings:  

knowledge base 

where simple 

connections 

have been 

established 

between the 

individual 

knowledge 

pieces  

1 link present  

Idea 1: Fusion E=mc2, this is the combination of 2 elements to create energy 

through the loss of some neutrons. 

Idea 2: Fission involves the splitting of the nucleus through neutron bombardment 

Link 1: Fusion is used in the sun and nuclear weapons, it is more powerful. 

Link 2: The logic behind it is that without the sun, the earth would die. 

Application: 4. This is the reaction cell.  In this huge canister is where fission takes 

place.  It contains fuel rods and control rods. 5.  This is the cooling system.  It helps 

keep the reactor cool while also generating steam to power the turbine. 6.  This is 

the cooling tower.  It makes sure and monitors the temperature of the reactor 

core.  8. This is the reservoir where water is drawn from to cool the reactor. 7. This is 

a pump which draws water from the reservoir. 

Student 1 

1 Facts:  student 

possesses 

singular pieces 

of knowledge 

unconnected to 

each other  

No links present 

Idea 1: Fusion-the combining of an atom 

Idea 2: The splitting of an atom, fission releases more energy. 

Link 1: No response 

Link 2: Because the sun is a constant fusion reactor.  We get all of our energy from 

the sun because without it nothing could exist. 

Application: 1. Concrete or steel shielding. If an explosion were to occur this 

protects the surrounding areas from getting destroyed 4. Moderator moderates the 
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amount of waste used 7. Pump, continues the current of water to be poured out 

into the lake. 

Student 5 

0 Response missing 

or unrelated to 

concept 

Idea 1: No response 

Idea 2: No response 

Link 1: No response 

Link 2: Fusion has a lot of energy that is why we use it for bombs and explosives.  It is 

on the earth through the sun. 

Application: No response 

Student 4 

 
Table 28 illustrates the prompts related to the above student responses.   

Table 28 

Prompts for Standard 5 

 
Standard 5 Prompt(s) 

Idea 1 Compare/contrast nuclear fusion/fission. 

Idea 2 Compare/contrast nuclear fusion/fission. 

Link 1 Which one out of the two processes (fusion/fission) releases more energy?  

Link 2 Describe the logic in the following statement: Although fusion has not been 
harnessed as a useful power source, all the Earth's energy is actually the 
result of fusion. 

Application Label and explain what is occurring at 5 locations in a nuclear power plant. 

 
A description for each learning progression level for Fission/Fusion (Standard 5) follows: 

Standard 5:  Level 0 Reasoning 

 For the basic ideas, the student was asked to compare and contrast nuclear fission and 

fusion and to include a nuclear equation for each and give an example.  The student also had to 

indicate which one releases more energy.  This student did not respond to this prompt.  The first 

link requires that the student understand that fusion provides more energy compared to fission.  

Link 2 asks the student to describe the logic in the following statement: Although fusion has not 

been harnessed as a useful power source, all the Earth's energy is actually the result of fusion. 

The student discussed that fusion provides energy for bombs and explosives but those are fission 

reactions and the student implies that fusion is on earth from the sun.  This is not a clear 

response.  Finally, the student gave no response to the application prompt. These combined 

responses indicate level 0 reasoning. 
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Standard 5:  Level 1 Reasoning 

 The student discussed fusion in a general way and did not include an example or 

equation.  The student defined fission but did not include an equation and identified this process 

as releasing more energy than fusion which is incorrect.  The student did understand that the sun 

is a fusion reactor and that earth’s energy originates in the sun.  The student was able to identify 

some parts of a nuclear reactor but did not discuss the function.  This student understood portions 

of the basic ideas and 1 link but showed little understanding overall which indicates level 1 

reasoning. 

Standard 5:  Level 2 Reasoning 

 The student could define nuclear fusion and fission.  For link 1, the student understood 

the large amount of energy that fusion releases but stated that fusion is used in nuclear weapons 

which indicates some misunderstanding.   With link 2, the student understands that the sun is 

essential to life on earth.  The student was able to describe power plant operations. 

Standard 5:  Level 3 Reasoning 

 The student understands the basic ideas of fusion and fission and includes the idea that 

neutrons bombard elements to begin the fission process.  However, this student did not write 

chemical equations for fusion and fission.  The student relayed that fusion produces more energy 

than fission.  The student understands that the sun is operating through fusion chemical reactions.  

This student offered more detailed descriptions about basic facts and linking ideas and a 

comprehensive response to the application but has been assigned a reasoning level of 3 because 

of the chemical equation omissions. 

Standard 5:   Level 4 Reasoning 
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 The student has a solid understanding of nuclear fusion and fission and gives examples of 

both.  The student identified nuclear fusion as releasing the most energy.  For link 2, the student 

gives more information and an additional connection when stating that even fossil fuels are 

decomposed organism.  The student gives a comprehensive response to the application prompt 

and depicts an expert level of reasoning.  

Table 29 is a summary of LP levels for Standard 5. 

Table 29 

Standard 5 Summary 

 

Student Standard 5 Fission/Fusion 

Learning Progression Level 

1 2 

2 1 

3 4 

4 0 

5 1 

6 2 

7 3 

8 3 

9 4 

10 2 

 
As shown, student 5 understood very little about fission and fusion.  Students 2 and 4 had 

rudimentary understanding.  Seven students indicated intermediate understanding or above in 

this area.      

Standard 6 Total Number of Neutrons/Protons Conserved 

For standard 6, students spent a total of four class periods with instruction in this area.  

Table 30 summarizes the number of student products, instructional focus (number of times each 

objective was addressed) and the methods used for this standard. 
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Table 30 

Standard 6 Instructional Methods 

 
Standard 6 

Objectives 

Instructional 

Focus 

Instructional Methods 

S6O1 1 Video, animation  

S6O2 2 Video, table, discussion, field trip, diagram  

S6O3 2 Discussion  

 
Table 31 lists the objective along with associated data sources used to determine levels in this 

standard. 

Table 31 

Standard 6 Data Sources 

 
Standard 6 

Objectives 

Data Sources 

S6O1 U6SD Summary (4/29), U6SD Reading Guide (4/28), U6 Exam (5/9) 

S6O2 U6SC Summary (4/23), U6SC Quiz (4/28), U6SD Reading Guide (4/28), 

U6 Exam (5/9) 

S6O3 U6SC Summary (4/23), U6SC Quiz (4/28),  U6 Exam (5/9) 

 
The upper anchor for Standard 6 is less complex than some of the other expectations.  It 

states that the total number of neutrons plus protons does not change in any nuclear process. The 

conservation of matter is integral and foundational for this concept.    

At the novice level (Level 1), students must be able to draw a model of an element using 

a periodic chart and include all appropriate subatomic particles.  Students must also be able to 

define and describe the process of nuclear transmutation.   

 At the intermediate level (Level 2), the linking ideas include examining an atomic model 

and explaining how specific atoms can undergo nuclear transmutation.  Students should also be 

able to write, complete, and balance nuclear transmutation and fission reaction equations.  If 

there is understanding in both linking areas, the student has reached the proficient level (Level 

3).    
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Standard 6 is a significant part of the concept of nuclear processes but is very specific and 

so does not have an application or expert level (Level 4) prompt.  Since nuclear processes are 

occurring in the nucleus, it is crucial that students recognize that the nucleus is comprised of 

neutrons and protons and that these subatomic particles can be accounted for in the nucleus and 

as they undergo different types of decay. Student responses for standard 6 include an atomic 

drawing, definition, and balancing equations.  Standards 5, 7, and 8 give students opportunity for 

applying their conceptual knowledge and demand more integration of ideas.  The following 

scheme represents these ideas in a simplified format: 

Upper Anchor   

The total number of neutrons plus protons does not change in any nuclear process.  

Lower Anchor and Basic Idea 

The conservation of matter which states that in a chemical reaction matter cannot be created or 

destroyed but just rearrange itself. 

Ideas (Level 1)  

Idea 1: 

Atomic Model- Draw an atom with appropriate subatomic particles. 

Idea 2: 

Nuclear Transmutation- Describe the process of nuclear transmutation.   

Links (Level 2 & 3) 

Link1: 

Predict how specific atoms can undergo nuclear transmutation. 

Link 2: 

Write, complete, and balance nuclear transmutation equations.  
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Link 3: 

Write a balanced nuclear equation for a fission reaction. 

Application (Level 4) 

No application for Standard 6.  

Standard 6 included three main objectives.  Levels were attained by examining student 

responses with regard to the ideas, links, and application elements listed above.  Table 32 depicts 

student responses for learning progression level from 0 to 4 for Standard 6.   

Table 32 

Standard 6 Coding Scheme 

Learning 

Progression 

Code 

Criteria 

 

Standard 6 Total Number of Neutrons/Protons Conserved 

Student Response    

4 Concepts:  embraces 

complex intertwined 

connections which 

individual knowledge 

pieces together form 

particular structures  

2 or more links 

present with 

application 

There was no application opportunity in Standard 6 

3 Relations:  more 

qualified connections 

exist 

2 links present 

Idea 1: (correct drawing) 

Idea 2: Transmutation is the action of an element being synthetically changed 

making a different element. 

Link 1: This would cause sodium’s atomic number to change: therefore, 

changing the element. 

Link 2: (correct equation) 

Link 3: (correct equation) 

Student 8 

2 Mappings:  

knowledge base 

where simple 

connections have 

been established 

between the 

individual knowledge 

pieces  

1 link present  

Idea 1:  (correct drawing) 

Idea 2: During decay, molecules lose neutrons, and protons, transforming 

them into different elements.  
Link 1: It would be made into magnesium by adding protons and neutrons or 

take those away to make Ne.  

Link 2: (incorrect equation) 

Link 3: (correct equation) 

Student 2 

 

1 Facts:  student 

possesses singular 

pieces of knowledge 

unconnected to 

each other  

No links present 

Idea 1: (correct drawing) 

Idea 2: No response 

Link 1: No response 

Link 2: (1 correct, 1 incorrect equation) 

Link 3: No response 

Student 10 

0 Response missing or 

unrelated to concept 

Idea 1: (incorrect drawing) 

Idea 2: Transmutation occurs when radiation strikes human cells and changes 

the DNA usually killing it. 

Link 1: It would lose some of its mass due to energy product. 

Link 2: (incorrect equation) 
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Link 3: No response  

Student 1 

 
Table 33 illustrates the prompts related to the above student responses.   

Table 33 

Prompts for Standard 6 

Standard 6 Prompt(s) 

Idea 1 Illustrate a Sodium (Na) atom using the diagram above.  Include and label all 

subatomic particles. 

Idea 2 Explain the process of transmutation. 

Link 1 What would happen if sodium went through nuclear transmutation? 

Link 2 A specific radioisotope is given and it undergoes alpha/beta decay.  Identify 

the element. 

Link 3 Write a nuclear equation for a fission reaction. 

Application No application prompt 

 
A description for each learning progression level for Total Number of Neutrons/Protons 

Conserved (Standard 6) follows: 

Standard 6:  Level 0 Reasoning 

 The student was asked to illustrate a sodium atom and include and label all subatomic 

particles.  The student could not draw the atom.  With the nuclear transmutation idea, the student 

discussed radiation damage rather than simply define the idea.    The prompt for link 1 asked the 

student what would happen if sodium went through nuclear transmutation. The student mentions 

mass and energy but does not discuss the idea that the element would be transformed into 

another element.  Link 2 asks the student to consider an element that undergoes alpha decay and 

then beta decay.  The student did not indicate the correct product.  The student did not write an 

equation for nuclear fission.  The student was unable to indicate understanding of basic ideas or 

linking ideas.   

Standard 6:  Level 1 Reasoning 

 The student could replicate a diagram of a sodium atom but did not respond to the nuclear 

transmutation idea or link 1 or 3.  The student was able to predict the product of an atom 
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undergoing alpha decay.    The student illustrated understanding of unconnected facts and 

exhibits level 1 reasoning. 

Standard 6:  Level 2 Reasoning 

 The student shows understanding of atoms and nuclear transmutation and offered a 

correct fission equation for link 3.  The student was unable to predict the results of specific 

nuclear decay and explained some ways that an atom could undergo nuclear transmutation so is 

making connections in Standard 6. 

Standard 6:  Level 3 Reasoning 

 The student has drawn the atomic model correctly and understands nuclear transmutation.  

The student can predict the results of transmutation and can write equations showing both 

transmutation and nuclear fission.    

Table 34 is a summary of LP levels for Standard 6. 

Table 34 

Standard 6 Summary 

   

Student Standard 6 Total Number of Neutrons/Protons Conserved 

Learning Progression Level 

(*LP Level Maximum of 3) 

1 0 

2 2 

3 2 

4 0 

5 1 

6 2 

7 3 

8 3 

9 3 

10 1 
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As shown, students 1 and 4 understood very little about fission and fusion.  Students 5 

and 10 had rudimentary understanding.  Six students indicated intermediate understanding or 

above in this area.      

Standard 7 Strong Nuclear Interactions 

For standard 7, students spent a total of two class periods with instruction in this area.  

Table 35 summarizes the number of student products, instructional focus (number of times each 

objective was addressed) and the methods used for this standard. 

Table 35 

Standard 7 Instructional Methods 

 
Standard 7 

Objectives 

Instructional 

Focus 

Instructional Methods 

S7O1 3 Chart, illustrations, video, flow chart  

S7O2 4 Chart, illustrations, video, flow chart 

 
Table 36 lists the objective along with associated data sources used to determine levels in 

this standard. 

Table 36 

Standard 7 Data Sources 

 
Standard 7 

Objectives 

Data Sources 

S7O1 U6SB Summary (4/8), U6SB Supplement (4/9), U6SB Summary (4/11), 

U6SB Quiz (4/14), U6 Exam (5/9) 

S7O2 U6SB Supplement (4/9), U6SB Summary (4/11), U6SB Quiz (4/14), U6 

Exam (5/9) 

 

 The upper anchor for Standard 7 states that strong and weak nuclear interactions 

determine nuclear stability and processes.  There was not a specific lower anchor listed in the 

NRC Core Ideas but a fundamental idea is that atoms are composed of subatomic particles.   
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At the novice level (Level 1), students understand that the strong force holds protons and 

neutrons together in a nucleus.  There are three types of radiation that impact the nucleus of the 

atom and students should be able to identify and describe alpha, beta, and gamma radiation.   

 The intermediate level (Level 2) of understanding includes describing how various 

radioactive emissions affect the composition of the nucleus.  The second linking expectation is 

that students can write, complete, and balance nuclear equations describing changes in the 

composition of the nuclei that are involved in radioactive emissions. If there is understanding in 

both linking areas, the student has reached the proficient level (Level 3).    

 The expert level or application (Level 4) of radioactivity includes the ability to assess 

whether an isotope would be appropriate for therapeutic use.  The following scheme represents 

these ideas in a simplified format: 

Upper Anchor   

Strong and weak nuclear interactions determine nuclear stability and processes. 

Lower Anchor and Basic Idea 

Atoms are composed of subatomic particles. 

Ideas (Level 1)  

Idea 1: 

Strong Force- The force that holds protons and neutrons together in a nucleus.  

Idea 2: 

Types of Radiation- Identify and describe alpha, beta, and gamma radiation. 

Links (Level 2 & 3)   

Link 1: 

Describe how various radioactive emissions affect the composition of the nucleus. 
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Link 2: 

Write, complete, and balance nuclear equations describing changes in the composition of the 

nuclei that are involved in radioactive emissions. 

Application (Level 4)   

Describe properties of radioactive isotopes.  

Standard 7 included two main objectives.  Levels were attained by examining student 

responses with regard to the ideas, links, and application elements listed above.  Table 37 depicts 

student responses for learning progression level from 0 to 4 for Standard 7.   

Table 37 

Standard 7 Coding Scheme 

 

Learning 

Progression 

Code 

Criteria 

 

Standard 7 Strong Nuclear Interactions 

Student Response    

4 Concepts:  

embraces 

complex 

intertwined 

connections 

which individual 

knowledge 

pieces together 

form particular 

structures  

2 or more links 

present with 

application 

Idea 1:  The strong nuclear force is the attractive force that holds the nucleus of an 

atom together.  It operates in short distances, and is 1000x stronger than electrical 

forces. 

Idea 2: Alpha radiation can be stopped by a window pane. Beta and gamma 

radiation can penetrate a cardboard box. Beta radiation can penetrate a thin 

sheet of plastic but not a thin sheet of lead.  

Link 1: The nucleus of the atom decays.  Alpha radiation can safely be held in your 

hand.  Gamma radiation requires the most shielding. 

Link 2:  (correct equations) 

Application: 1. Short half-life 2. Beta decay 3. How it will be absorbed in body, 

through blood stream, respiratory system 

Student 9 

3 Relations:  more 

qualified 

connections 

exist 

2 links present 

Idea 1:  It is the force that holds the protons and the neutrons together in the atom.  

Idea 2: Alpha radiation can be stopped by a window pane. Alpha radiation can 

penetrate a cardboard box. Beta radiation can penetrate a thin sheet of plastic 

but not a thin sheet of lead.  

Link 1: The gamma decay of the atom decays.  Alpha radiation can safely be held 

in your hand.  Gamma rays require the most shielding. 

Link 2: (partially correct equations) 

Application:  Not Answered 

Student 4 

2 Mappings:  

knowledge base 

where simple 

connections 

have been 

established 

between the 

individual 

knowledge 

pieces  

1 link present  

Idea 1:  Strong force is what hold protons and neutrons together, it is 1000x stronger 

than the force that holds molecules together.  

Idea 2: Alpha radiation can be stopped by a window pane. Alpha radiation can 

penetrate a cardboard box. Gamma radiation can penetrate a cardboard box.  

Link 1:  The nucleus of the atom decays.  Alpha radiation can safely be held in your 

hand.  Gamma rays have to use heavy lead to stop them. 

Link 2: (incorrect equations) 

Application: 1. half-life, 2. properties of molecule 

Student 2 
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1 Facts:  student 

possesses 

singular pieces 

of knowledge 

unconnected to 

each other  

No links present 

Idea 1:  This force is what holds the nucleus together.  When it is broken it releases 

energy in the form of neutrons.  

Idea 2: Not answered 

Link 1: The nucleus, alpha, alpha 

Link 2: (incorrect equations) 

Application:  1.short half-life 2. chemical make-up 3. type of radiation 

Student 1 

0 Response missing 

or unrelated to 

concept 

All students achieved at least a level 1 in this standard 

 
Table 38 illustrates the prompts related to the above student responses.   

Table 38 

Prompts for Standard 7 

Standard 7 Prompt(s) 

Idea 1 Discuss the strong nuclear force. 

Idea 2 Which type or types of ionizing radiation would be stopped by a glass window 

pane, penetrate a cardboard box, and penetrate a thin sheet of plastic but 

not a thin sheet of lead?  

Link 1 Which part of a radioactive atom “decays”?  Radioactive samples that emit 

which type of nuclear radiation can safely be held in your hand because 

your skin stops this radiation?  Explain how Beta radiation occurs.  

Link 2 The following atoms undergo alpha/beta decay.  Write the complete nuclear 

equation. 

Application List 3 characteristics necessary for a radioisotope to be an effective 

diagnostic tracer. 

 

A description for each learning progression level for Strong Nuclear Interactions (Standard 7) 

follows: 

Standard 7:  Level 1 Reasoning 

 As a basic idea, students were asked to discuss nuclear strong force as the force that binds 

protons and neutrons together.  For the effect of radiation on materials, students were asked 

which types of radiation would be stopped by a window pane, a cardboard box, and a thin sheet 

of plastic but not lead.  This student understands the idea of strong force but did not answer the 

prompt about the effects of radiation.  For link 1, students were asked which part of a radioactive 

atom decays, which type of nuclear radiation can be held in your hand, and how beta radiation is 

produced.  The student understood parts 1 and 2 of link 1 but not how beta radiation is produced.  

The student could not reproduce nuclear equations involved in radioactive decay.  The student 
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understood 1 basic idea and a portion of a link and could apply some conceptual understanding 

but still indicated a reasoning level of 1 because foundational ideas were missing.    

Standard 7:  Level 2 Reasoning 

 The student understood strong force.  The student could indicate how materials would be 

affected by radiation.  The student understood link 1 but could not complete equations for 

specific kinds of radiation.  The student offered ideas about radioactive isotopes.  The student 

understood 2 basic ideas and offered 1 link indicating a reasoning level of 2. 

Standard 7:  Level 3 Reasoning 

 The student could explain strong force and the effect of radiation on materials.  This 

student understood linking concept 1 and could predict the outcome of alpha radiation by writing 

appropriate equations.  The student did not answer the application questions. 

Standard 7:  Level 4 Reasoning 

 The student described strong force and gave further information.  For radiation types, the 

student listed all the possible types of radiation that could penetrate materials.  The student 

understood link 1 and could replicate chemical equations for specific types of decay.  The 

student could also apply this knowledge to selecting appropriate diagnostic radioisotopes. 

Table 39 is a summary of LP levels for Standard 7. 

Table 39 

Standard 7 Summary 

 

Student Standard 7 Strong Nuclear Interactions 

Learning Progression Level 

1 1 

2 2 

3 3 

4 3 

5 2 

6 2 
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7 4 

8 4 

9 4 

10 2 

 
As shown, there were no students at Level 0 for strong nuclear interactions.   Student 1 

had rudimentary understanding.  Nine students indicated intermediate understanding or above in 

this area.      

Standard 8 Exponential Decay Law 

For standard 8, students spent a total of four class periods with instruction in this area.  

Table 40 summarizes the number of student products, instructional focus (number of times each 

objective was addressed) and the methods used for this standard. 

Table 40 

Standard 8 Instructional Methods 

 
Standard 8 

Objectives 

Instructional 

Focus 

Instructional Methods 

S8O1 4 Chart, illustrations, video, class practice, discussion 

S8O2 3 Map, experiment, table, video 

 
Table 41 lists the objective along with associated data sources used to determine levels in this 

standard. 

Table 41 

Standard 8 Data Sources 

 
Standard 8 

Objectives 

Data Sources 

S8O1 U6SC Summary (4/20), Lab (Penny Half-Life) (4/21), Reflection (4/23), 

U6SC Supplement (4/25), U6SC Quiz (4/28), U6 Exam (5/9) 

S8O2 U6SC Summary (4/20), Lab (Penny Half-Life) (4/21), Reflection (4/23), 

U6SC Supplement (4/25), U6SC Quiz (4/28), U6 Exam (5/9) 

 
The upper anchor for Standard 8 states that spontaneous radioactive decays follow a 

characteristic exponential decay law and that nuclear lifetimes allow radiometric dating to be 

used to determine the ages of rocks and other materials from the isotope ratios present.  The first 
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portion of standard 8 is covered in the chemistry objection.  In the class, there was brief 

discussion about carbon-14 dating methods but that was not the focus in this area.  A lower 

anchor and basic idea is that the atom of the nucleus changes due to the spontaneous emission of 

alpha, beta, or gamma radiation.   

At the novice level (Level 1), an idea is that half-life is the time for a radioactive 

substance to lose half of its radioactivity from decay and at the end of one half-life, 50% of the 

original radioisotope remains. 

At the intermediate level (Level 2), students should be able to calculate the amount of a 

particular radioisotope that remains after a specified time.  Link 2 requires that students generate 

a table and graph the quantity of radioactive material remaining versus the number of half-lives.  

If there is understanding in both linking areas, the student has reached the proficient level (Level 

3).    

For the expert level (Level 4) or application of the half-life concept, students researched 

and debated one another on the benefits and challenges of nuclear waste storage.  On an exam, 

students were prompted to explain these same ideas.   The following scheme represents these 

ideas in a simplified format: 

Upper Anchor 

Spontaneous radioactive decays follow a characteristic exponential decay law. Nuclear lifetimes 

allow radiometric dating to be used to determine the ages of rocks and other materials from the 

isotope ratios present. 

Lower Anchor and Basic Idea 

The atom’s nucleus changes due to the spontaneous emission of alpha, beta, or gamma radiation. 

Ideas (Level 1)  



84 
 

Idea 1: 

Half-life- Define and describe half-life. 

Links (Level 2 & 3)  

Link 1:  

Given its half-life, calculate the amount of a particular radioisotope that remains after a 

specified time. 

Link 2: 

Graph quantity of radioactive material remaining v. number of half-lives. 

Application (Level 4) 

Describe benefits and challenges of nuclear waste storage. 

Standard 8 included two main objectives.  Levels were attained by examining student 

responses with regard to the ideas, links, and application elements listed above.  Table 42 depicts 

student responses for learning progression level from 0 to 4 for Standard 8.   

Table 42 

Standard 8 Coding Scheme 

 

Learning 

Progression 

Code 

Criteria 

 

Standard 8 Exponential Decay Law 

Student Response    

4 Concepts:  

embraces 

complex 

intertwined 

connections 

which individual 

knowledge 

pieces together 

form particular 

structures  

2 or more links 

present with 

application 

Idea 1:  A half- life is the time it takes for an element to have a 50-50 chance to 

radioactively decay half of the material.  

Link 1: 30 yrs, 3.125g, around 23-25 yrs 

Link 2: (correct graph)  

Application: Three ways to store high level nuclear waste are to bury it deep in a 

geologically stable area away from water, to place the waste in the north or south 

pole, or to transmute it into a less radioactive material.  The benefits to the first 

option is that the waste is permanently gone and will not affect anyone, but the 

challenges lie in finding a suitable place that is large enough and will not spread 

the waste geologically.  Putting the waste in ice in the north or south pole does 

isolate the waste and the heat would cause it to automatically sink deep, but it 

would be difficult to transport the waste to the location.  Transmuting spent fuel 

lowers the half-life and reduces radioactivity however this process is difficult and 

expensive. 

Student 9 

3 Relations:  more 

qualified 

connections 

exist 

2 links present 

Idea 1: A half-life is the amount of time an element takes to decay to half of its 

original amount.  

Link 1: 30 yrs, 3.125g, ~18 yrs 

Link 2: (partially correct graph) 
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Application: 1. One way is to store nuclear waste in underground facilities that are 

1 km away from any ground water and 1 km away from civilization.  This is not a 

long term disposal method but it is safe and non-expensive.  2. Another is to store 

spent nuclear fuel in pools of water in a protected facility.  This is also not a long 

term method but it is safe and cheap. 3.  Another is through transmuting which 

basically bombards the spent fuel with more neutrons shortening the time it will be 

radioactive.  This is long term but very expensive. 

Student 8 

2 Mappings:  

knowledge base 

where simple 

connections 

have been 

established 

between the 

individual 

knowledge 

pieces  

1 link present  

Idea 1:  A half- life is the amount of time it takes for an elements radioisotopes to 

decay by 50%.  

Link 1:  30 yrs, 6.25 g, ~17 yrs 

Link 2: (partially correct graph)  

Application: The first is to encapsulate it into large lead containers and bury them 

underground.  This is something that works very well, but when the underground 

pool fills up, you have to keep building more and more storage which is costly. The 

second is an above ground storage unit made of thick concrete.  This has the 

same pros and cons as before, but it is also more easily accessible.  The last is to 

ship off nuclear waste.  This would be the most cost effective option, but there are 

too many disastrous possibilities such as the train crashing and releasing the 

radiation. 

Student 6 

1 Facts:  student 

possesses 

singular pieces 

of knowledge 

unconnected to 

each other  

No links present 

Idea 1:  A half-life is the expression for radioactivity 

Link 1: 240, 3.125g, 72 yrs 

Link 2: (Incorrect graph) 

Application:  Space-benefits, no waste on earth polluting the ground water, 

challenges, costs so much more to send a rocket up to space, rocket could 

explode sending radioactive waste back to earth, desert-benefits, no ground 

water in desert, less people living near deserts, challenges, limited space, storage 

at power plant-benefits, waste is kept at the power plant which is constantly 

monitored making sure there are no accidents, challenges, space is severely 

limited at nuclear power plants. 

Student 5 

0 Response missing 

or unrelated to 

concept 

All students achieved at least a level 1 in this standard: 

 
Table 43 illustrates the prompts related to the above student responses.   

Table 43 

Prompts for Standard 8 

Standard 8 Prompt(s) 

Idea 1 Explain Half-life.  Use a graph/table.  What percent remains after 9 half-

lives? 

Link 1 Determine the half-life of a specific radioactive isotope.  What amount of 

radioactive isotope remains after 4 half-lives?  How many years will it take 

for 30% of the atom to decay?   

Link 2 Complete the table for the radioisotope given its half-life.  Graph the data 

showing radioactive decay.  Clearly label the axes and draw a best fit 

curve.  Choose the proper scale for the axes.  Indicate the percent 

remaining after 5 half-lives.   

Application Explain 3 ways to store nuclear waste and the benefits/challenges of each 

storage method. 

 
A description for each learning progression level for Exponential Decay Law (Standard 8) 

follows: 
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Standard 8:  Level 1 Reasoning 

 For the idea of half-life, students were asked to explain half-life, use a graph or table and 

calculate the percentage remaining after 9 half-lives.  This student does not understand half-life.  

For link 1, the student was asked to analyze the decay of cesium 137  by answering question 

about half-life and calculate percent remaining after a certain number of half lives.  The student 

was able to complete 1 out of 3 tasks successfully.  For link 2, the student could not construct a 

graph accurately as shown in Figure 9 below.  The student could, however, discuss storage of 

radioactive wastes.  The student had minimal understanding of basic ideas and little 

understanding of the links which indicates level 1 reasoning. 

Figure 9. Standard 8 Level 1 (Student 5)  

 
 

Standard 8:  Level 2 Reasoning 

 The student understands the idea of half-life.  For link 1, the student was able to evaluate 

the graph correctly in 2 out of 3 prompts.  As shown in Figure 10, the student did construct an 

unconventional graph for the amount of radioactive isotope remaining versus half-lives. The x 

and y axis are flipped.  The student could also apply these ideas to nuclear storage wastes.  

Because of partial accuracy in linking ideas, the student is still designated at level 2 reasoning.   
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Figure 10.  Standard 8 Level 2 (Student 6)  

 
 

Standard 8:  Level 3 Reasoning 

 The student understands the ideas of half-life and can use a graph showing radioactive 

decay to answer questions.  The student could create a table and construct an unconventional 

graph of radioactive decay.  The x and y axis are flipped here as well (Figure 11).  The student 

had solid understanding about nuclear waste storage.  Because of the unusual graph, this student 

was placed at a level of 3.      

Figure 11. Standard 8 Level 3 (Student 8) 
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Standard 8:  Level 4 Reasoning 

The student understands half-life and can evaluate graphs about radioactive decay.  In 

Figure 12, the student constructed a table and graph with percent remaining on the y-axis and 

number of half-lives on the x-axis which brings clarity to the idea that radioactive isotopes decay 

and, at some point, there is very little radioactive isotope remaining.  The student also indicates 

the percent remaining after 5 half-lives on the graph.  This graph is consistent with scientific 

standards for graphs depicting radioactive decay and the graphs constructed as a class before this 

evaluation.  The student comprehensively understood the basic idea, linking ideas, and 

application prompt indicating level 4 reasoning. 

Figure 12.  Standard 8 Level 4 (Student 9) 
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Table 44 is a summary of LP levels for Standard 8. 

Table 44 

Standard 8 Summary 

 

Student Standard 8 Exponential Decay Law 

Learning Progression Level 

1 3 

2 2 

3 1 

4 1 

5 1 

6 2 

7 4 

8 3 

9 4 

10 2 

 
As shown, there were no students at Level 0 for the exponential decay law.   Students 3, 

4, and 5 had rudimentary understanding.  Seven students indicated intermediate understanding or 

above in this area.      

Table 45 depicts the average level students attained for nuclear processes.  Student 6 was 

characterized at the same level across the standards.  Students 2, 5, 7, 8, 9, and 10 wavered 

between two levels.  Students 1, 3, and 4 varied more in levels across the standards.  The average 

level for each standard indicates that students, as a group, attained the highest level of 

understanding for strong nuclear interactions (Standard 7) and the lowest level of understanding 

for total number of neutrons/protons conserved (Standard 6).          

Table 45 

Nuclear Processes Average LP Level 

 

Student Standard 

5 

Standard 

6 

Standard 

7 

Standard 

8 

Nuclear Processes 

1 2 0 1 3 1.5 

2 1 2 2 2 1.8 

3 4 2 3 1 2.5 
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4 0 0 3 1 1.0 

5 1 1 2 1 1.3 

6 2 2 2 2 2.0 

7 3 3 4 4 3.5 

8 3 3 4 3 3.3 

9 4 3 4 4 3.8 

10 2 1 2 2 1.8 

Average 

LP/Standard 

2.2 1.7 2.7 2.3  

 

 
Figure 13. Frequency of Distribution of Levels for the Chemistry of Nitrogen 

 
 

 

Figure 13 shows the frequency of levels attained in each of the 4 standards pertaining to 

nuclear processes.  Four students had missing or fragmented understanding about the total 

number of neutron/protons conserved (Standard 6). The majority of students had intermediate 

understanding (Level 2) or above with regard to fission and fusion (Standard 5) and strong 

nuclear interactions (Standard 7).   All students had some level of understanding of strong 

nuclear interactions (Standard 7) and the exponential decay law (Standard 8).  

Figure 14.  Number of Students at Each Level 
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Figure 14 shows the number of students attaining each level of understanding for the 

nuclear processes.  The highest frequency of students were at the novice level of understanding 

(Level 1).   

 Table 46 depicts the average level of understanding attained by each student for the 

chemistry of nitrogen and nuclear processes.  The table also shows the difference in average 

level between the two concepts.  Seven students were within 0.3 between levels.  Students 3, 4, 

and 6 had more widely varied levels with student 3 showing greater variation comparatively 

(Level 0 for chemistry of nitrogen and Level 2 for nuclear processes).  The difference for student 

3 was quite disparate compared to the other students in the study.  According to reflective notes, 

this student attended one extra tutoring session during nuclear processes which may have 

impacted learning.  The average learning progression levels attained across both concepts, the 

chemistry of nitrogen (Level 2.1) and nuclear processes (Level 2.3) was quite similar and 

indicates an intermediate level of understanding.  Evaluating the differences in learning 

progression level between topics leads into the next question focused on consistency across 

topics. 

Table 46 

Difference in LP Levels 

0

5

2

3

0

Level 0

Level 1

Level 2

Level 3

Level 4

0 1 2 3 4 5 6

NUCLEAR PROCESSES
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Student Chemistry of Nitrogen  

Average Level 

Nuclear Processes 

Average Level 

Difference in  

Levels between 

Concepts 

1 1.5 1.5 0.0 

2 2.0 1.8 -0.2 

3 0.8 2.5 1.7 

4 1.8 1.0 -0.8 

5 1.0 1.3 0.3 

6 1.5 2.0 0.5 

7 3.5 3.5 0.0 

8 3.3 3.3 0.0 

9 4.0 3.8 -0.2 

10 2.0 1.8 -0.2 

Average LP 2.1 2.3  

 

Part III:  Consistency in Scientific Reasoning 

Research Question 2:  Is there consistency in scientific reasoning between the chemistry of 

nitrogen and nuclear chemistry?  

 To answer this question, I examined both concepts and identified five areas where there 

may be crossover in student understanding.  Both concepts included balancing chemical 

equations, replicating atomic structure, recognizing charges on atoms, ideas about heat and 

energy, and the environmental impact of industrial processes. 

 Balancing chemical equations includes being shown a chemical equation and evaluating 

whether it is balanced or not.  This includes explaining why balancing chemical equations is 

important and what kinds of information can be found in a chemical equation. By examining a 

chemical equation, a student can illustrate correct number of separate molecules for each of the 

reactants or products.  This topic also includes writing accurate chemical equations for processes 

such as the formation of ammonia, half-reactions, nuclear fusion/fission, or nuclear 

transmutation.    
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 Chemical equations require a basic understanding of atomic structure which is essential 

when discussing nitrogen chemistry and nuclear processes.  Students can draw atoms with 

appropriate orbitals and subatomic particles including charges.  For nitrogen chemistry, students 

illustrated the Lewis electron dot configuration for atmospheric nitrogen.  Students explained 

how nuclear transmutation changed the atom’s nucleus and can indicate the change when given a 

nuclear equation.  During radioactive decay, the student can explain that the nucleus decays.      

 Chemical equations, atomic structure, and the nature of charges on subatomic particles 

are all related.   From electronegativity and the orientation of a molecule, students can consider 

the possibility of a chemical reaction occurring.  Fusion of the nucleus of atoms require high 

pressure and temperature because of the positively charge nucleus and its tendency to repel other 

positively charged nuclei.  Neutrons are used as projectiles for fission processes because they are 

neutral and are not deflected from the positively charged nucleus.     

 When chemical reactions occur, energy is stored or released.  Students can explain 

exothermic or endothermic reactions and identify them using an energy diagram.  A student also 

understands the energy difference between a chemical reaction and a nuclear reaction and why a 

nuclear reaction releases much more energy due to the strong force. 

 The final area where crossover may be seen is the ongoing discussion about the impact of 

industrial processes on the environment.  For the chemistry of nitrogen, students researched the 

Haber-Bosch process and entered into an online discussion.  Students also investigated the 

industrial production of aluminum.  They examined ways that these processes impacts the 

environment.  They participated in online discussions about green chemistry and responsible 

care initiatives.  For nuclear processes, students debated one another on options for nuclear 

waste storage.    
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 To evaluate consistency in these five areas, I examined student products and, more 

specifically, student responses in the discrete data pieces discussed earlier.  For example, 

portions of summary questions, quizzes, exams, and discussion board responses show evidence 

of student understanding in these areas.   

 I evaluated the data pieces for percentage of correct responses within each of the two 

conceptual areas.  Furtak, Morrison, and Kroog (2014) discussed the idea that teachers often 

want to label student responses as incorrect or correct.  One idea embedded in learning 

progressions is that they help researchers and practitioners recognize how students are 

understanding specific concepts or the degree of understanding.  Lee and Lui (2009) and 

Claesgens, Scalise, Wilson, and Stacy (2008) also utilized a partial credit model for evaluating 

the knowledge integration of students.  The following figures support the idea that student 

understanding spans across a range rather than correct or incorrect.      

 Figures 15, 16, and 17 below depict various levels of understanding with regard to 

chemical equations and ammonia production.   

Figure 15.  Energy Diagram 1 (Student 2) 
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In Figure 15, student 2 understands that nitrogen and hydrogen combine to create 

ammonia but writes that there are two molecules of H3 and hydrogen cannot exist in this state.   

The student also omits the drawing of the separate molecules.  

Figure 16.  Energy Diagram 2 (Student 7) 

 

In Figure 16, student 7 replicates the chemical equation for ammonia production correctly 

but does not draw separate molecules involved in the reaction.  

Figure 17.  Energy Diagram 3 (Student 8) 
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In Figure 17, student 8 writes the chemical equation for ammonia production and draws 

the separate molecules involved in the reaction. 

 So Figures 15, 16, and 17 show several ways students understand an idea and have some 

level of understanding or correctness about chemical equations.   

 Figures 18, 19, and 20 show a progression of understanding about atomic models.   

Figure 18.  Atomic Model 1 (Student 1) 

 

In Figure 18, in the panel on the left (concept of nitrogen chemistry), student 1 drew an 

atomic model of nitrogen.  The student knew that there were 3 valence electrons but did not 
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show the correct number of electrons in each shell nor did he show protons and neutrons in the 

nucleus.  In the panel on the right (concept of nuclear processes), the student was depicting a 

sodium atom.  He drew the protons and neutrons in the nucleus, and began to draw the electrons 

in their orbitals but did not show the correct number of electrons for a sodium atom.  The charge 

on subatomic particles was identified. 
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Figure 19.  Atomic Model 2 (Student 8)   

 

In Figure 19, in the panel on the left (concept of nitrogen chemistry), student 8 drew an 

atomic model of nitrogen.  The student knew that there were 3 valence electrons but did not 

show the correct number of electrons in each shell.  The student also drew the protons and 

neutrons in lines rather than closely packed together.  In the panel on the right (concept of 

nuclear processes), the student was depicting a sodium atom.  He drew the protons and neutrons 

mixed together in the nucleus, and drew the electrons in their perspective orbitals.  The charge on 

subatomic particles was identified. 
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Figure 20.  Atomic Model 3 (Student 9)  

 

In Figure 20, in the panel on the left (concept of nitrogen chemistry), student 9 drew an 

atomic model of nitrogen.  The student depicted the correct number of electrons but did not 

indicate orbitals.  The student also drew the protons and neutrons in lines similar to student 8.  In 

the panel on the right (concept of nuclear processes), the student depicted a sodium atom.  He 

drew the protons and neutrons mixed together in the nucleus, and drew the electrons in their 

perspective orbitals.  The charge on subatomic particles was not identified. 

 As shown, in Figures 18 through 20, the left panel shows understanding of atomic models 

during the chemistry of nitrogen and the right panel indicates understanding of atomic models 

during the nuclear processes.  After several weeks of nitrogen chemistry instruction, a reflective 

journal prompt asked the students to draw a nitrogen atom.  After evaluating their responses 

(formative assessment), class and peer discussion followed with practice drawing atomic models 

on the board and use of the atomic model shown in Figure 21. 
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Figure 21. Atomic Model with Marbles 

 
Figure 21 shows electrons (yellow marbles) in the orbitals and neutrons (blue marbles) 

and protons (red marbles) in the nucleus.  This atomic model was used throughout the course for 

a number of discussions (isotopes, radioactive decay, analysis of the periodic chart, valence 

electrons).          

 The students made some progress in their understanding of the structure of the atom but 

not all students made progress in this area as shown later in Table 47.   

 Figures 22, 23, and 24 show levels of student understanding about Rutherford’s gold foil 

experiment.     
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Figure 22. Gold Foil 1 (Student 6) 

 
 

In Figure 22, student 6 shows that alpha particles are being shot at gold foil.  The student 

shows that some particles are deflected back at the screen, some move through the atoms and 

some are repelled at an angle when close to the positively charged nucleus.  The student did not 

offer a narrative about the structure of the atom. 

Figure 23.  Gold Foil 2 (Student 8)   

 
 

In Figure 23, student 8 illustrated the apparatus used but did not explain conclusions 

about atomic structure.   
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Figure 24.  Gold Foil 3 (Student 9)  

 
 

In Figure 24, student 9 drew the apparatus and explained how the instrument functions. 

The student added conclusions about the structure of the atom in the narrative portion.   

 So, in Figures 22 through 24, the students showed varying levels of understanding about 

Rutherford’s gold foil experiment.   

 Therefore, in examining percentage of correct responses partial credit is given for correct 

ideas within each of the two conceptual areas.  Appendix J shows an example of student 

products, responses, and percent credit for conservation of atoms (Standard 3).  In considering 

the above illustrations of student products (Figures 15-24 and Appendix J), you can see that 

some of the responses are assigned partial credit (partial percentage points) for some 

understanding in that area.  Table 47 illustrates percent correct values for each student in each of 

the five areas across the two concepts.         

 For the purpose of this study, consistency was defined as a consistent level of 

understanding in each of the five topic areas (balancing chemical equations, replicating atomic 

structure, recognizing charges on atoms, ideas about heat and energy, and the environmental 

impact of industrial processes).  To be labeled “consistent”, the student had to be within range of 

±20% for both concepts in that topic area.  For example, Student 5 attained 50% accuracy in 
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balancing chemical equations for nitrogen chemistry and 30% accuracy in balancing chemical 

equations in nuclear processes, so this understanding was considered consistent across topics.   

Table 47 

Percent Correct Values for Individual Students 

 
  Balancing 

Chemical 

Equations 

Atomic 

Structure 

Charge on 

Atoms 

Energy & Heat 

Release 

Environmental 

Impact 
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2
 

1 0 0 50 30 100 0 100 0 60 100 

2 80 30 100 100 50 50 100 100 40 100 

3 40 30 100 70 0 0 100 0 40 30 

4 60 0 50 0 0 100 100 0 60 60 

5 50 30 100 70 80 50 0 0 60 100 

6 30 70 100 100 30 0 100 0 60 70 

7 80 50 100 100 100 50 100 50 90 100 

8 90 50 100 100 100 100 100 100 90 100 

9 80 70 100 100 100 100 100 100 70 100 

10 40 0 100 70 30 0 100 0 30 80 

Average 

% 

Correct 

55 33 90 74 59 45 90 35 60 84 

 
 Table 48 also shows that, as a group, the average percent correct values were higher 

across four of the five topics for the chemistry of nitrogen when compared to nuclear processes.   

 For further explanation, consistency could be low, medium, or high.  Low consistency 

indicates a 0-30% average correct value in both concepts.  Medium consistency indicates at 40-

60% average correct value in both concepts.  High consistency indicates a 70-100% average 

correct value in both concepts.  In this way, Table 48 summarizes student consistency for the five 

topics.   

Table 48 

Student Consistency for Each Topic   
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Topic Balancing 

Chemical 

Equations 

Atomic 

Structure 

Charge on 

Atoms 

Energy & 

Heat 

Release 

Environmental 

Impact 

Student  Yes (Low) Yes (Med) No No No 

2 No Yes (High) Yes (Med) Yes (High) No 

3 Yes (Low) No Yes (Low) No Yes (Low) 

4 No No No No Yes (Med) 

5 Yes (Med) No No Yes (Low) No 

6 No Yes (High) No No Yes (Med) 

7 No Yes (High) No No Yes (High) 

8 No Yes (High) Yes (High) Yes (High) Yes (High) 

9 Yes (High) Yes (High) Yes (High) Yes (High) No 

10 No No No No No 

Yes 4 6 4 4 5 

No 6 4 6 6 5 

 

 Table 49 shows the student products that were evaluated in conjunction with the 

percentage of students that showed consistency across the two topics.    

Table 49 

Student Consistency Across Concepts  

 

Crossover Topics Student Products  

Evaluated  

Student Consistency 

% Consistent 

Balancing Chemical Equations Exams   40 

Atomic Structure Quizzes, Exam 60 

Charge on Atoms Quizzes, Summary Questions  40 

Energy & Heat Release Exams, Summary Questions  40 

Environmental Impact Edmodo Discussion, Summary 

Questions, Exams 

50 

 
 In general, it seems that students are not easily transferring related ideas from one 

concept to another.  Alonzo and Steedle (2008) reported similar results (60% consistency) when 

examining student responses to different topics with the same underlying physics principle.  

Cooper, Underwood, Hilley, and Klymkowsky (2012) also explained that students do not 

effectively transfer understanding from one concept to another.  
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Results Summary 

 For the chemistry of nitrogen, Table 24 indicates that, on average, students achieved 

novice to intermediate understanding (Level 1-2) with an overall average level of 2.1 for this 

concept.  For nuclear processes, Table 45 indicates that, on average students, again achieved 

novice to intermediate understanding (Level 1-2), with a slightly higher overall average level of 

2.3 for this concept.   

 For further comparison, I examined several other pieces of information with regard to 

student achievement.  Alonzo and Steedle (2008) also used multiple data points to examine 

whether a similar picture emerged for student understanding. 

 First, for each of the eight standards, I calculated a percent correct value as explained 

above from the discrete data pieces for each student (Appendix I).  Table 50 illustrates the 

percent correct value for each student in each standard.    

Table 50 

Student Average Correct Responses 

 
Student S1 S2 S3 S4 S5 S6 S7 S8 Average 

1 47 48 44 54 64 0 22 64 43 

2 51 71 79 60 73 65 49 77 66 

3 37 45 63 50 82 40 49 45 51 

4 50 47 62 65 67 64 80 63 62 

5 38 42 36 61 51 39 64 37 46 

6 53 63 57 65 57 63 79 79 65 

7 77 86 98 91 89 94 95 93 90 

8 66 88 86 84 89 96 99 94 88 

9 83 83 77 75 98 92 97 90 87 

10 52 54 74 66 58 25 70 63 58 

 
 Table 51 shows summary information about each student.  Math and chemistry averages 

at the end of the year are shown as well as the individual student’s percent correct average for 

each of the concepts.  The learning progression level attained is also listed.   
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Table 51 

Student Summary Values 

  
Student Math % 

Average 
Discrete Data 

Pieces % 
Average  

Chemistry of 
Nitrogen 

Average LP 

Nuclear 

Processes 

Average LP  

 

1 75 43 1.5 1.5  

2 88 66 2.0 1.8  

3 87 51 0.8 2.5  

4 81 62 1.8 1.0  

5 74 46 1.0 1.3  

6 86 65 1.5 2.0  

7 96 90 3.5 3.5  

8 95 88 3.3 3.3  

9 95 87 4.0 3.8  

10 80 58 2.0 1.8  

      

 
Figure 25 depicts this data in a graph format aligning percent values with learning 

progression levels.  

Figure 25.  A comparison of percentage and learning progression levels attained for each 

student. 
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Figure 25 illustrates that students with higher percentages often demonstrate more 

sophisticated levels of understanding (Students 7, 8, and 9).  The novice to intermediate levels of 

understanding are somewhat inconsistent when comparing percentage to learning progression 

levels as seen in Students 2, 6, and 10.  Students 3 and 4 displayed wider differences in learning 

progression levels between concepts. 

 For each concept, there is not a clear pattern in average percent correct and the level of 

understanding attained for each student.  In general, a student that had a higher average percent 

correct also illustrated stronger understanding but in the lower average percent correct ranges 

(~40-60%) students varied from novice to intermediate levels of understanding.  This finding is 

consistent with other learning progression studies that explain that the intermediate levels of 

understanding are more difficult to identify and characterize because students may understand 

pieces of information in some areas but have more developed understanding in others (Duncan & 

Hmelo-Silver, 2009; Duschl, Maeng, & Sezen, 2011; Neumann, Viering, Boone, & Fischer, 

2013; Shavelson & Kurpius, 2012; Shea & Duncan, 2013).     
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Chapter 5 

Discussion 

Summary of Research Problem and Method 

 In this chapter, I will interpret the results of the hypothetical learning progression 

described previously, connecting the findings to theoretical links and to existing scholarly 

literature.   I will also detail the limitations of the study and implications for teaching followed 

by a conclusion.  

To reiterate the researcher assigned learning progression levels based on pre-determined 

criteria, missing (Level 0) indicated no evidence of student understanding or misconceptions in 

understanding an objective.  A designation of novice (Level 1) meant that the student had some 

vague ideas about the standard but it was more rudimentary or fragmented. Intermediate (Level 

2) signified that the student had more than basic knowledge and made some connections within 

the concept. Proficient (Level 3) indicated that the student had sound understanding of the 

objective that aligned with accepted scientific standards.  An expert (Level 4) displayed thorough 

understanding of the concept and also was able to apply the concept in new or novel situations.   

Question 1:  What are possible learning progressions or pathways for student 

understanding of the chemistry of nitrogen and nuclear processes? 

The results indicated that most students only reached an intermediate level (Level 2) of 

understanding which is similar to Claesgens, Scalise, Wilson, and Stacy (2008) who reported that 

high school students reach an average learning progression level of 1.75 while college students 

reach an average learning progression level of 2.3.  Stevens, Delgado, and Krajcik (2010) noted 

the complexity of chemistry and explained that it is difficult for students to make coherent 

connections in a number of concepts in chemistry.  The upper anchor expectations set by the 
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NRC (2012) are for students in grade 12; whereas, the participants in this study were in grade 10.  

The students in the school in which this research was conducted usually take physical science in 

grade 8 and have at least one other year in physics where they revisit portions of these concepts.  

Students will have reviewed or more deeply investigated the following topics:  the conservation 

of momentum as applied to collisions, the Bohr model of an atom including quantum mechanics 

and the uncertainty principle, relative atomic size, the distinction between atoms and molecules, 

distribution of mass within an atom, and temperature associated with molecular motion.  So at 

least four of the topics (Standards 1, 2, 3, and 7) will be addressed again in grade 11.      

The average learning progression level was intermediate (Level 2) for both topics:  

chemistry of nitrogen (2.1) and nuclear processes (2.3).  Grade 10 was the first time students had 

been exposed to the nitrogen cycle in the K-12 scope and sequence.  Students received an 

introduction to nuclear chemistry in physical science in grade 8 but it was quite superficial and 

did not focus on strong force, radioactive decay, or balancing equations. 

Nitrogen Chemistry 

Figure 26 summarizes the average learning progression level attained for each of the 

standards related to the chemistry of nitrogen.  For the concept of nitrogen chemistry, students 

attained, on average, a higher level of understanding using Le Chatelier’s principle (Standard 2) 

and explaining the nitrogen cycle (Standard 4) which included ideas about responsibility for the 

environment.  These results may be explained in several ways:  differentiating instruction, 

addressing individual needs, and interactive discussion about relevant topics.  During instruction, 

students reviewed Le Chatelier’s Principle in four different ways:  1) predicting shifts with 

chemical equations in dynamic equilibrium, 2) discussion that connected this principle to gas 

laws which were previously studied, 3) reviewing rules to predict chemical shifts, and 4) 
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dialogue that analyzed the Haber Bosch Process in connection with this principle.   Two of the 

students attended extra tutoring and the topic also included online discussions where there was 

personal research followed by an exchange of student ideas.   

Figure 26.  Summary of Learning Progression Levels for the Chemistry of Nitrogen 

 

     

Students may have understood more in these areas because there was time to address 

these topics in multiple ways.  Tutoring was offered once a week in a two hour block or by 

appointment.  Students were motivated to take advantage of these sessions for various reasons 

(grades, parental pressure, competition) however, busy schedules at certain times during the 

school year may decrease participation.  The online discussions concentrated on the nitrogen 

cycle and environmental impact resulting in an increased average learning progression level.  

Further research on student discussion boards or the use of educational social media could 

potentially add to describing learning progressions.          
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Upper Anchor (Level 4) 

Lower Anchor (Level 0) 
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Nuclear Processes 

Figure 27 summarizes the average learning progression level attained for each of the 

standards related to nuclear processes.  Students had comparatively better understanding about 

the nuclear strong force (Standard 7) than any other topic.  This may have been because it was 

relatively straightforward compared to the complexity of the other topics in this area.  Students 

also had access to a video clip that depicted how the nucleus was deformed when bombarded 

with alpha particles separating the positively charged protons and splitting of the atom.  In this 

case, instruction focused on just the nucleus of the atom composed of the two subatomic particles 

(protons and neutrons).  There was little analysis or synthesis required for this subject.  Students 

were not required to understand a multipart cycle or intricate processes as in other topics.            

Figure 27.  Summary of Learning Progression Levels for Nuclear Processes 

 

 

 

Students struggled with standard 6 which discussed that the total number of neutrons and 

protons does not change in any nuclear process.  This topic may have been confusing because in 
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beta decay, a neutron is split into a proton and an electron which flies off of the atom.  In science 

education, the conservation of matter is a central idea and discussed in multiple grade levels.  

Instruction included that matter is neither created nor destroyed but just rearranged in an isolated 

system but there appears to be the formation of two particles (electron and proton) from one 

(neutron) in this case.  Consequently, this idea was cause for pronounced discussion in the 

classroom and even when using the atomic models, it was a difficult idea for students to 

understand.  It is also important to note that the highest learning progression level for this 

standard was 3 because there was no application option decreasing the overall average.  For 

future studies in this area, an application prompt would be added to allow for a top learning 

progression level of 4. 

Question 2:  Is there consistency in scientific reasoning between the chemistry of nitrogen 

and nuclear chemistry? 

  Students showed a lack of consistency in two ways.  Students seldom transferred related 

ideas across concepts nor were they able to apply similar principles to novel situations.  

However, evaluation in this way did reveal that more students indicated increased understanding 

of atomic models and the environmental impact of these processes.    

Figures 17-19 illustrated that students were making gains in understanding over time.  

The drawings illuminated changes and increasingly reflected more scientifically accurate 

understanding of atomic models.    After evaluation of the atomic representations, follow-up 

instruction included pointed feedback to individual students and asked them to articulate why 

they depicted the subatomic particles as shown.    

When students were considering the environmental consequences of the Haber-Bosch 

process, aluminum production, and nuclear wastes, there were extended discussions pertaining to 
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daily life coupled with requirements for individual research.  Students were given extended time 

and targeted instruction in these areas.     

 There were a total of 7 application opportunities out of 8 standards: electrolysis in 

industry (Chemical Processes), refrigeration (Le Chatelier’s Principle), burden-benefit analysis 

(Conservation of Atoms), goals of responsible care and green chemistry (Biological and 

Geophysical Cycles), nuclear power plant operation (Fission/Fusion), diagnostic characteristics 

of radioactive isotopes (Strong Nuclear Interactions), and benefits and challenges of nuclear 

waste storage (Exponential Decay Law).  Out of these applications, two required the students to 

move beyond the material discussed in class or offered in the text.  For concept 1 (Chemistry of 

Nitrogen), refrigeration was not directly addressed.  For concept 2 (Nuclear Processes), while 

there were rules or principles for some of the other application prompts, students had to research 

and develop arguments for nuclear waste storage methods on their own.  These seemed to serve 

as more authentic ways to evaluate the student’s ability to transfer newly acquired understanding 

to unique situations.     

 Another point to note would be that the expert level (Level 4) was set so that students 

could potentially attain this level of understanding for these concepts.  It can be argued that these 

students were not experts with regard to nitrogen chemistry or nuclear processes but had met the 

expectations for understanding at this level in their education.  The students who have substantial 

understanding (level 3 or 4) in these concepts will have a solid foundation on which to build on if 

they pursue more advanced study.  

 As diSessa (1993) discussed, students understand pieces of concepts and do not always 

transfer ideas from one concept to another but can begin to build links in their understanding 

over time.  There is also restructuring of ideas and nuanced adjustment of misconceptions which 
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can become more accurate scientific understanding as a student progresses through the science 

education sequence even beyond grade 12 (Vosniadou & Ioannides, 1998).   

Limitations 

This study could be improved if the duration of the study were extended and included 

more participants.  The learning progressions would invariably be modified and validated as 

more data were collected.  This was the first time that the chemistry of nitrogen has been 

included when using this curriculum.  It would be helpful to craft a comparison study using 

several different chemistry curricula that includes these concepts to determine whether students 

gain more understanding.  

Out of necessity, assessments were developed for these concepts.  Even though a content 

expert was consulted, the assessment questions need to undergo validation measures.  Through 

pilot studies with high numbers of students in various grade levels, other researchers have 

developed a number of tools to validate items in learning progression assessments (Alonzo & 

Steedle, 2008; Claesgens, Scalise, Wilson, & Stacy, 2008; Lee & Liu, 2009; Songer & Gotwals, 

2009; Stains, Escriu-Sune, Alvarez, & Sevian, 2011; Stevens, Delgado, & Krajcik, 2010).  These 

measures include ordered multiple-choice and open ended items, item response models such as 

Rasch modeling and construct-based assessments.  Also, rather than simply relying on student 

reflections, aligned pre/post tests for these concepts would yield a better understanding of where 

the students started before instruction.   

The coded level may not completely characterize student understanding because there 

may have been missing responses or ambiguous language in the response.  Neumann, Viering, 

Boone, and Fischer (2013) and Alonzo and Steedle (2008) explained that students may not 
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answer questions as expected.  It is possible that prompts are worded improperly or that students 

do not see the question, or that they do not respond comprehensively.  Interviews with students 

after examining student products may have yielded insights into areas of understanding or 

misconception.   

Implications for Teaching 

Learning progressions can provide means to illuminate when students are repeatedly 

having problems in understanding.  In these cycles of teaching and evaluation, student responses 

were examined as they progressed through the concept and explicitly addressed in the class and 

still, some students continued to hold on to the same misconceptions (as exemplified in the 

nitrogen cycle drawings or atomic models).   

Learning progressions are useful reflective tools for the teacher because they indicate 

topics or concepts that may be unusually difficult for students.  For example, this group of 

students showed relative weaknesses in 3 of the 8 standards evaluated.  A classroom teacher or 

curriculum designer would use this data to reconstruct methods used in the class and allot more 

time for these topics.  Similarly, Lee and Lui (2009) explained that there is pressure for teachers 

to cover required concepts but also balance that with the time allotted and range of student 

understanding.   Claesgens, Scalise, Wilson, and  Stacy (2008) concur that it takes substantial 

time to achieve conceptual understanding in chemistry. 

The learning progression reveals general areas for improvement but also yields more 

specific information.  For example, when the students participated in a debate about nuclear 

waste storage where they challenged one another’s ideas, they showed increased understanding 

in this limited application.     
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Formative assessment throughout the process is essential for improving instruction 

(Adadan, Trundle, & Irving, 2010; Alonzo & Steedle, 2008).  In a number of instances, from 

illustrating the nitrogen cycle, drawing atoms, and explaining different processes, a teacher could 

address overall misconceptions and also give feedback to individuals with some improvement in 

understanding.  Several studies support this kind of multirepresentational opportunity with 

discussion as a way to improve learning (Berland & McNeill, 2010; Claesgens, Scalise, Wilson, 

& Stacy, 2008; Furtak, 2012).            

Similar to other learning progression studies, instruction must explicitly connect new 

ideas to old ideas (Cooper, Underwood, Hilley, & Klymkowsky, 2012).  Learning progressions 

can illustrate what the old ideas may be so that there might be a map available for instructional 

strategies.  Student motivation and interest certainly plays a role in how, if, and when students 

learn.    The detailed samples of student products presented in this study revealed that if 

instructors respond to student products in a timely way and offer feedback when misconceptions 

or lack of connections are detected, individual students can gain more scientifically accurate 

understanding.     

Conclusion 

The core ideas as set by the NRC (2012) serve as interconnected ideas across science 

disciplines but seem, in some ways, too ambiguous, lofty, or comprehensive for the classroom 

teacher to operationalize.  Duschl, Maeng, and Sezen (2011) expressed that learning goals often 

seem abstract and rarely explain mid-levels or intermediate steps for conceptual understanding.    

Learning progressions expose these intermediate steps in conceptual understanding.    

 Determining learning progression levels is certainly a challenge and part of the iterative 

cycle of refining the levels to more accurately reflect student understanding.  Students can gain 
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understanding over time if formative assessment measures are used in a timely way.  Learning 

progressions highlight areas of weakness in student understanding creating a map for places to 

improve instruction and also reveal the kinds of ideas that students understand well.  Conceptual 

understanding develops over time and exposure to concepts and learning more effective ways to 

consider these concepts.  It is likely that students need more opportunities for authentic 

application of the concepts studied. While there were a number of limitations cited for this study, 

it features ideas about nitrogen chemistry that has received little attention in the literature.  As 

expressed beforehand, this study supports the idea that learning progressions are invaluable tools 

for teachers and science education researchers that can increase deeper and more meaningful 

understanding about complicated concepts.       

There are a number of areas for further research.  Research may include longitudinal 

studies where student understanding of nitrogen chemistry is evaluated across physical science, 

chemistry, and physics.  Assessment questions with regard to nitrogen chemistry should be 

developed and validated.  With conceptual chemistry curricula, learning progressions can also be 

described in other domains such as the chemistry of petroleum, materials, or air.  Learning 

progressions studies can be done using more traditional chemistry curricula which cover domains 

such as stoichiometry, solutions, acids/bases, and thermochemistry.   

There are several educational innovations that can be described using learning 

progressions such as the use of social media or “classroom flipping” to increase student 

understanding.  Research can include professional development where teachers use learning 

progressions to collaborate on possible methods to increase student understanding in the 

classroom.  Once each domain in a scientific discipline is described using learning progressions, 

these catalogs can be used by teachers to direct instructional methods.  The professional 
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development using these learning progressions could include discipline specific (i.e. chemistry, 

physics, biology, etc.) teachers examining student responses in specific conceptual areas and 

collaborating about effective instructional methods.  This kind of professional development can 

refine and strengthen content knowledge for the teacher, create awareness of how students 

understand concepts, and prompt modification of instructional methods to increase the scientific 

reasoning skills of students.  So further lines of research for learning progressions may include 

domain-specific longitudinal studies, validating assessment tools, evaluating conceptual versus 

traditional chemistry curricula, educational trends, and the use of learning progressions in 

professional development.       
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Appendix A 

Chemistry Content 

 

 
Figure 1.  Relationship of the Core Idea, Concepts, Topics, and Objectives 
 

 

 

 

 

 

 

 

 

 

 

Figure 2. Specific hierarchy of Core Idea, Concepts, and Topics  

Core Idea  

2 
Concepts

7 Topics

42 
Objectives

Core Idea: 
Matter and Its Interactions 

 
Atomic Molecular Theory 

Concept 1: 
Applying Chemical 

Reactions 

Concept 2: 
Nuclear Interactions 

Topics: 
1.  Chemistry of Nitrogen 
2.  Nitrogen and Industry 
3.  Metal Processing and 

Electrochemistry 

Topics: 
1.  Applying Chemical 

Reactions 
2.  Nuclear Radiation 
3.  Using Radioactivity 
4.  Nuclear Energy 

 



EXPLORING HYPOTHETICAL LEARNING PROGRESSIONS  120 
  

 
 

Appendix B 

Analytic Memos 

U5SB Quiz (3/7) #3,4,5,6,7,15 Code  Memo  U5 Exam (3/28) #1-8 Code Memo 

Student 1           

3 reaction will move to left 1  1 exothermic 1  

4 reaction will shift to right 1  2 released 1  

5 the products 1  3 the molecules begin to 

move faster and faster 

creating heat and 

releasing energy 

0.5 

 

6 the proper orientation is 

required otherwise the 

molecules will repel if the 

same ion is facing another 

of the same kind  

0.5  4  (Did not draw reactant 

molecules) 

0 

 

6b a catalyst increases the 

rate of production by 

reducing the amound of 

necessary energy to get the 

reaction started 

1  5 drew change in energy 

curve, iron oxide 

0.5 

 

7 iron sulfate 0  6  more energy required 

to activate the cycle 

0.5 

 

15 bc the cold slows down 

the decomposing bacteria 

kind of acting like a 

anticatalyst  

0 Not connecting 

refrigeration to temp 

and Le Chatelier’s 

Principle 

7  by increasing pressure 

and temperature 

0.5 

 

   8  it is important because 

we do not want loss of 

supplies, bad accidents 

and pollution to occur 

0 

 

Student 1 Average 0.64   0.50  

Student 3           

3 go to left 1  1 exothermic 1  

4 moves to left 0 Students need more 

practice with 

predicting chemical 

shift 

2 released because the 

reactants potential 

energy, is higher than it 

started 

1 

 

5 neither 0  3 the molecules start to 

shake and bounce 

releasing energy 

0.5 

 

6 It speeds how fast the 

molecules bounce off each 

other.  If the 

electronegativity is high it is 

more likely that the 

molecules will react with 

that 

0  4 drew general reactants 

and products, knew ∆H 

for exothermic reaction, 

did not use HB chemical 

equation    

0.5 

More practice 

with molecule 

drawings 

7 iron plates 1  5 drew correct change in 

energy curve, catalyst-

iron oxide 

1 

 

15 The warmer climate 

allows bacteria to produce 

bad things faster 

0  6 the energy required to 

start it is going to be high 

0.5 

 

   7 add heat or mix 

solution 

0.5 

 

   8 so that all the 

ingredients can be 

accounted for 

0.5 Conservation of 

matter but not 

complete 

understanding  

Student 3 Average 0.33   0.69  
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Appendix C 

Concept 1:  Applying Chemical Reactions 

Topic 1:  Chemistry of Nitrogen 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Increasing complexity of objectives  
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referring to processes 

by which nitrogen gas is 

fixed 
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electronegativity trends 

among several elements 

 

Objective 4  

Determine whether covalently 
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 Appendix D 

Lower and Upper Anchor Expectations for Chemical Reactions and Nuclear Interactions 

(Committee on Conceptual Framework for the New K-12 Science Education Standards; National 

Research Council , 2012) 
 

PS1.B: Chemical Reactions (p.108) 

Lower Anchor (Grade 8 Expectations)  

 Substances react chemically in characteristic ways.  

 In a chemical process, the atoms that make up the original substances are regrouped 

into different molecules, and these new substances have different properties from those 

of the reactants.  

 The total number of each type of atom is conserved, and thus the mass does not 

change.  

 Some chemical reactions release energy, others store energy.  

 

Upper Anchor (Grade 12 Expectations)  

 Chemical processes, their rates, and whether or not energy is stored or released can be 

understood in terms of the collisions of molecules and the rearrangements of atoms into 

new molecules, with consequent changes in total binding energy (i.e., the sum of all 

bond energies in the set of molecules) that are matched by changes in kinetic energy.  

 In many situations, a dynamic and condition-dependent balance between a reaction 

and the reverse reaction determines the numbers of all types of molecules present.  

 The fact that atoms are conserved, together with knowledge of the chemical properties 

of the elements involved, can be used to describe and predict chemical reactions.  

 Chemical processes and properties of materials underlie many important biological and 

geophysical phenomena. 

 

PS1.C: Nuclear Processes (p.113) 

Lower Anchor (Grade 8 Expectations)  

 Nuclear fusion can result in the merging of two nuclei to form a larger one, along with the 

release of significantly more energy per atom than any chemical process.  

 Nuclear fusion occurs only under conditions of extremely high temperature and pressure.  

 Nuclear fusion taking place in the cores of stars provides the energy released (as light) 

from those stars and produced all of the more massive atoms from primordial hydrogen.  

 Thus the elements found on Earth and throughout the universe (other than hydrogen and 

most of helium, which are primordial) were formed in the stars or supernovas by fusion 

processes.  

 

Upper Anchor (Grade 12 Expectations)  

 Nuclear processes, including fusion, fission, and radio- active decays of unstable nuclei, 

involve changes in nuclear binding energies.  

 The total number of neutrons plus protons does not change in any nuclear process.  

 Strong and weak nuclear interactions determine nuclear stability and processes.  

 Spontaneous radioactive decays follow a characteristic exponential decay law.  

 Nuclear lifetimes allow radiometric dating to be used to determine the ages of rocks and 

other materials from the isotope ratios present.  

 Normal stars cease producing light after having converted all of the material in their 

cores to carbon or, for more massive stars, to iron.  

 Elements more massive than iron are formed by fusion processes but only in the extreme 

conditions of supernova explosions, which explains why they are relatively rare. 
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Appendix E 

Initial Coding Scheme 

Code Cognition Objective 1:  Describe the Nitrogen Cycle Objective 2 & 3:  

Electronegativity  

Objectives 4 & 5:  Fertilizer 

Components & Effect on Plant 

Growth  

4-Expert Expresses 

scientifically 

accurate and 

comprehensive  

understanding 

including the ability 

to apply principles to 

novel situations 

Includes the idea that nitrogen fixing bacteria live in 

legume root nodules and convert atmospheric nitrogen 

to ammonia molecules or ammonium ions. Also 

recognize that lightning coverts N2 to nitrogen oxides. 

Various soil bacteria oxidize ammonia and ammonium 

ions to nitrite ions and then to nitrate ions 

Plants take in nitrate ions from soil, and incorporate 

nitrogen atoms in synthesizing proteins and other n-

containing compounds 

The nitrogen passes to other animals that feed on plants 

or other animals 

After the death of the organisms, bacteria and fungi 

take up and use some of the nitrogen from plant/animal 

proteins and other N-molecules.  The remaining N atoms 

are released from decaying matter as ammonium ions 

and ammonia gas. 

Denitrifying bacteria convert some ammonia, nitrite 

ions, and nitrate ions back to nitrogen gas, which returns 

to the atmosphere   

NA NA 

3-Proficient Establishes relational 

connections where 

hierarchies of 

complexes are 

emerging and are 

scientifically 

accurate   

Includes that nitrogen fixing bacteria live in legume root 

nodules and convert atmospheric nitrogen to ammonia 

molecules or ammonium ions  

Include the role that bacteria play in converting 

nitrogen 

Plants take in nitrate ions from soil 

The nitrogen passes to other animals that feed on plants 

or other animals 

Explains how nitrogen is returned to atmosphere  

NA NA 

2-Intermediate  Describes some 

connections 

between notions, 

ideas, facts 

Replicate, draw, illustrate nitrogen cycle 

Include explanation of the steps in the cycle 

All elements not included 

Defines electronegativity 

and assigns accurate 

oxidation states 

Lists main elements of fertilizer 

and effect on plants  

1-Novice Illustrates rudimentary 

understanding of  

notions, ideas, facts 

Replicate nitrogen cycle in a diagram Defines electronegativity 

but cannot assign oxidation 

states 

Lists main elements of fertilizer 

Indicates little understanding of 

effect 

0-Missing Unable to indicate 

understanding or 

holds misconceptions  

Cannot replicate the nitrogen cycle or illustrates 

incorrect or missing links  

Cannot define 

electronegativity or cannot 

assign oxidation states to 

covalently bonded atoms 

Cannot list main elements of 

fertilizer 
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Appendix F 

Chemistry of Nitrogen:  Unit 5 Section B Quiz 

1. Compare/Contrast "Green Chemistry" and "Responsible Care".  List 3 or more guidelines 

for each. (6 pts) 

2. The questions below refer to the following chemical reaction: (3 pts) 

2SO2(g) + O2(g)   ⇌  2SO3(g)  + heat 

3. If the temperature is increased in the vessel containing this reaction, what will happen?  

4. If some SO3 was removed from the reaction, as it was produced, what would happen?  

5. Increasing the pressure on this reaction will favor  

6. Describe, in terms of collision theory, how a catalyst increases the rate of a reaction.  

Explain how electronegativity and the proper orientation of a molecule relate to collision 

theory.  (3 pts)  

7. A common catalyst used in the industrial synthesis of ammonia by the Haber-Bosch 

process is ____________________________. (1 pt) 

8. Write the chemical equation for the Haber Bosch Process. (4 pts) 

9. Explain how the hydrogen is obtained for this process.  (1 pt)   

10. List 3 uses for industrial nitrogen. (3 pts) 

11. Define dynamic equilibrium.  Give an example. (3 pts) 

12. Consider the following compounds.  Which element has a positive oxidation state? A 

negative oxidation state? (2 pts) 

NO2     PCl5   

13. Explain how nitrogen is incorporated into plants. (2 pts) 

14. Explain how nitrogen is decomposed by bacteria and fungi.  Where does nitrogen go 

after this step in the cycle? (2 pts) 

15. Why would refrigerated food last longer than food stored at room temperature?  Explain. 

(2 pts)  

16. Is energy stored or released in the Haber Bosch Process?  Explain. 
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Appendix G 

Chemistry of Nitrogen:  Unit 5 Exam 

 

 

1. The above diagram represents the Haber Bosch Process.  Is this an exothermic or 

endothermic reaction? (1 pt)  

2. Is energy released or stored in this reaction?  Explain. (2 pts)   

3. Explain what is happening to the molecules as the potential energy increases on the 

diagram. (2 pts).  On the diagram above, draw the reactant molecules and the 

products. (Make sure your equation is balanced.) (4 pts 

4. On the diagram above, draw the change in activation energy curve when using a 

catalyst.  What catalyst is used in the Haber Bosch Process?  (2 pts)  

5. What might happen if a catalyst is not used in this process? (2 pts)    

6. Describe two ways to drive the reaction to the right. (2 pts) 

Following 2 questions connect to standards 

7. Why is it important to balance chemical equations?  (2 pts) 

8. What pieces of information can be found in a chemical equation? (3 pts) 

  

B 

J 
D H 

C 

A 
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G 

E 
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9. Explain what is occurring at each step of the nitrogen cycle. (1 pt each) 

10. At what point or points in the Nitrogen cycle is nitrogen fixed.  Explain what fixing nitrogen 

means. (3 pts)  

11. Describe what would happen if step E was removed from the cycle. (3 pts) 

Question for application/critical thinking 

 

 
Choose 2 metals from the activity series. 

12. Label A-I using the metals you selected for your voltaic cell. (1 pt each) 

13. Write the half reaction for what is occurring at A. (1 pt) 

14. Write the half reaction for what is occurring at D. (1 pt) 

15. Write the balanced net reaction.  (2 pts) 

16. Explain how voltage or electrical energy is being produced. (2 pts) 

17.  Examine the compound which represents nitrate below.  Based on electronegativity 

values, label the atoms as exhibiting positive or negative oxidation states. Why is this 

called a compound? 

 
18. We have discussed how fertilizer is manufactured and the extraction of aluminum from 

bauxite.    

A. Describe these two industrial processes.  How are they similar?  How are they different?  (8 

pts) 

B. Which of the industrial processes would you choose to bring to Fort Worth?   Discuss the 

benefits and burdens associated with this industry.  Describe why you chose one over the 

other. (7 pts)       

http://www.google.com/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&uact=8&docid=yb-nSYI7JHvJtM&tbnid=7wanNmkxePtY-M:&ved=0CAUQjRw&url=http://chemistry.raneydev.com/ap/reviews/109&ei=IowxU9yaNcX02QW0tYGQAw&bvm=bv.63587204,d.b2I&psig=AFQjCNHuYY8FNEViEpmsXgJaJqXt9djrHA&ust=1395839891425692
https://www.google.com/search?biw=1285&bih=659&tbm=isch&q=nitrate+molecule&revid=1912998424
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1. The half-life of Cs-137 is (1 pt) 

2. If there was 50 g of Cs-137, how many 

grams remain after 4 half-lives?  (2 pts) 

3. How many years will it take for 30% of the 

atom to decay? (1 pt) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix H 

Nuclear Processes:  Unit 6 Exam 

 

4.  Would Cs-137 be a reasonable diagnostic tracer?  Support your answer.  (3 pts) 

5.  Describe the origin of 3 types of nuclear waste. (6 pts) 

6.  Explain 3 ways to store nuclear waste and the benefits/challenges of each storage method. 

(9 pts)   

7.  Label and explain what is occurring at 5 locations in a nuclear power plant. (10 pts) 

8.  Compare/Contrast nuclear fission/fusion. (7 pts) 

 Include a nuclear equation for each and give an example. 

 Indicate which one releases more energy. 

 

2 

3 

4 

5 
6 

8 

1 

7 
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16.  Why is radon a health hazard in newer homes?  

What is the effect of radon on human health? (2 pts) 

17.  List 2 devices that can detect radiation. (2 pts) 

 

 
 

9.  Illustrate a Sodium (Na) atom using the diagram above.  Include and label all subatomic 

particles.  (3 pts) 

10.  What would happen if Na went through nuclear transmutation? (2 pts) 

11.  Na-24, a radioactive isotope, undergoes alpha decay.  The identity of the element is (1 pt) 

12. Na-24, a radioactive isotope, undergoes beta decay.  The identity of the element is (1 pt) 

13.  Complete the nuclear equation: (1 pt)   
244

96Cm
 + 

4

2 He
  ___ + 

1

1H
 + 2 

1

0 n
 

14.  Discuss the strong nuclear force. (2 pts) 

15.  A sample of C has three isotopes: 93% is C-12, 5.3% is C-13, and 1.7% is C-14.  Find the atomic 

mass. (2 pts) 

 
 

18.  Explain how one kind of radiation detector works. (2 pts) 

19.  Describe the logic in the following statement: Although fusion has not been harnessed as a 

useful power source, all the Earth's energy is actually the result of fusion. (2 pts) 

20.  Exposure to ionizing radiation can cause minor damage called mutations. Describe two 

effects mutations can have on living cells. (2 pts) 

21.  Describe precautions an employee ought to take when working with radioactive 

substances. (3 pts) 

22.  Radiation causes cancer. Radiation can cure cancer.  Explain how each of these 

statements can be true. (3 pts) 

 

  

http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&docid=CGNtCOCPa2TvgM&tbnid=hMKPTHHwYUIaPM:&ved=0CAUQjRw&url=http://commons.wikimedia.org/wiki/File:Blank_atom_,_nucleus_with_electron_shells.png&ei=cqBjU_CWMoSlyATA34HwCQ&bvm=bv.65788261,d.aWw&psig=AFQjCNEAL-0xzVDYhP-CBjTVxyk_YinnUg&ust=1399124461393859
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Appendix I 

Nuclear Processes:  Unit 6 Section B Quiz 

1. Explain how radioactivity was discovered. 

2. Draw an atom with an atomic number of 15.  (Clearly label all parts and include the 

correct number and charges on the subatomic particles and the proper orbitals).  

Identify the element. 

3. Explain why the atomic mass is usually not listed as a whole number. 

4. What is the source of radioactivity in different isotopes of uranium? 

5. A sample of neon is a mixture of three isotopes: 90.51% is Ne-20, 0.27% is Ne-21, and 9.22% 

is Ne-22. Find the atomic mass.   

6. How many protons, electrons, and neutrons are present in an atom of chromium-52?  

7. Draw, Label, and Explain Rutherford’s Gold Foil Apparatus. 

 

Use the following to answer the remaining questions: 

Statements regarding Rutherford's gold foil experiment 

I. Most of the atom is empty space. 

II. The atom has a small dense mass at its center. 

III. The dense center of the atom has a positive charge. 

IV. Electrons have a negative charge.  

8. Since the path followed by the majority of the alpha particles was unchanged, Rutherford 

concluded that  

A) I  

B) II  

C) II and III  

D) I and IV  

9. The few alpha particles deflected when passing through the gold foil indicated to Rutherford 

that  

A) I  

B) II  

C) II and III  

D) I and IV  

10. The charge of an alpha particle was important in determining that  

A) I  

B) II  

C) III  

D) IV  
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Appendix J 

Determining Percent Correct Values for an Individual Student (Sample from Standard 3 Student 

Products) 

 Student Responses % Correct 

Student 

Product 

Standard 3 Objective 1  

Reflection The HB process is a process where atmospheric N is converted to ammonia.  The process is 

done through putting the chemicals together in some sort of apparatus and then adding 

pressure.  The atoms were at an equilibrium, so when you add pressure, they'll try to 

condense to take away pressure.  This is where they bond with each other to save space.  

This creates ammonia from the N and H 

0.5 

Summary 

Questions 

The biggest source of H for HB process is methane/natural gas.  The biggest source of N is 

simply atmospheric N. 

1.0 

 For the most product yielded, the optimal conditions would be a low temp, but a high 

pressure 

1.0 

 When you remove ammonia, the HB process tries to counteract that by producing more 

ammonia 

1.0 

 Because it is an exothermic reaction, adding heat would encourage the reactants to stay 

reactants instead of forming products, but if you want the reaction to happen fast, you 

need somewhat high temperatures due to the fact that the formula requires some 

activation energy (as most do) 

1.0 

Reflection Equation correct 1.0 

Quiz Equation incorrect 0.0 

 H is obtained from the atmosphere 0.0 

 Cleaning products, fertilizer, plastics 0.7 

 Energy is stored because the molecules condense.  If it were NH3 to N2 + 6H2, then it 

would release energy 

0.0 

Exam Exothermic 1.0 

 Released, this chart shows the energy of the reaction, so when it drops, heat is being 

released 

1.0 

 As the potential energy increases, the molecules are beginning to break so that they can 

bond later 

1.0 

 The process would require a lot more activation energy making the process more difficult 0.5 

 19 N2 and 3H2 are compressed in a tank so they form 2NH3.  Iron is used as a catalyst 0.7 

 20 I would choose to bring aluminum production to Fort Worth because it is less dangerous 

than ammonia production and creates just as many jobs.  However, aluminum isn't as 

easily obtained or separated, but it is still safer. 

0.5 

  Standard 3 Objective 2   

Summary 

Questions 

A voltaic cell is a simple device formed from two half cells connected in a circuit 1.0 

 A half cell is a metal or other electrode material in contact with a solution of ions 1.0 

 A salt bridge is a connection that allows a voltaic cell two half cells to be in electrical 

contact without mixing: specifically a tube containing an electrolyte such as potassium 

chloride solution that completes the internal circuit of a voltaic cell.  You can make a salt 

bridge by...? 

1.0 

 Half cells are linked by the salt bridge 1.0 

 Diagram correct 1.0 

Quiz Na 1.0 

 Cu 1.0 

 Electron transfer 1.0 

 The salt bridge completes the circuit.  Without it, the reaction would stop. 1.0 

 Cathode 1.0 

 Anode 1.0 

 Mg 1.0 

 The Cu will take some of the Zn and form a Zn plating resulting in a loss of mass for the Zn  1.0 

Exam Labels incomplete 0.3 

 Incorrect half reaction 0.0 

 Incorrect half reaction 0.0 
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 Incorrect net reaction 0.0 

 Not much voltage is being produced here because they are very close together.  Voltage 

is produced by the difference in the 2 elements on the activity series 

1.0 

  Standard 3 Objective 3   

Summary 

Questions 

a) Flourine b) nonmetal  1.0 

 According to the chart on p.426, the least electronegative element is Fr (Fr-.7), metal 1.0 

 The electronegativity of an element increases as you progress from right to left in periods 1.0 

 The electronegativity of an element decreases as you progress downward in groups 1.0 

 Na, Si, S 1.0 

 K, P, N 1.0 

 K, Li, Br, F  1.0 

Quiz Electronegativity is how likely an element is to bond with another element [in a covalent 

bond] 

0.0 

 N2 has triple bonds which are extremely stable and difficult to break because of this it 

doesn’t bond with other elements, Correct structure 

0.5 

  Standard 3 Objective 4   

Summary 

Questions 

Each N atom has a zero oxidation state (this is true of any atom that is not bonded with 

any other element) 

1.0 

 Not answered 0.0 

 It depends on the electronegativity of the element it is reacting with   1.0 

 Not Answered 0.0 

 Not Answered 0.0 

Quiz Incorrect assignment  0.0 

 TOTAL Percent Correct (12 Student Products-49 Data Pieces) 0.7 
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Chemistry is a bridge that connects a number of scientific disciplines.  High school 

students should be able to determine whether scientific information is accurate, how chemistry 

applies to daily life, and the mechanism by which systems operate (NRC, 2012).  This research 

focuses on describing hypothetical learning progressions for student understanding of the 

chemical reactions of nitrogen and nuclear processes and examines whether there is consistency 

in scientific reasoning between these two distinct conceptual areas.  The constant comparative 

method was used to analyze the written products of students including homework, formative and 

summative tests, laboratory notebooks, reflective journals, written presentations, and discussion 

board contributions via Edmodo (an online program).  The ten participants were 15 and 16 year 

old students enrolled in a general high school chemistry course.   Instruction took place over a 

ten week period.  The learning progression levels ranged from 0 to 4 and were described as 

missing, novice, intermediate, proficient, and expert.  The results were compared to the standards set 

by the NRC with a lower anchor (expectations for grade 8) and upper anchor (expectations for grade 

12).  The results indicate that, on average, students were able to reach an intermediate level of 

understanding for these concepts. 


