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ABSTRACT: There have been multiple calls to incorporate the teaching of scientific practices within science laboratory courses
over the past decade. To accomplish this goal, changes must be made to the curriculum standards, instructional programs, and
assessment-evaluation systems used in laboratory courses. One instructional program that can used in a laboratory course to help
students learn scientific practices such as investigation design, collecting and analyzing data, argument generation and critique, and
science writing is the argument-driven inquiry (ADI) instructional model. This article describes the development of an end-of-course
assessment, the Investigation Design, Explanation, and Argument Assessment for General Chemistry I Laboratory (IDEAA-GC1),
that educators can use to measure students’ ability to use scientific practices after incorporating the ADI instructional model into the
General Chemistry I Laboratory. This new instrument has strong face and content validity as well as consistent instructor grading.
The face validity of the instrument was established through iterative revisions of the IDEAA-GC1 based on faculty and student
feedback. Content validity was established through the alignment of the IDEAA-GCI1 with scientific practices and anchoring
concepts as described by the Three-Dimensional Learning Assessment Protocol and the General Chemistry Anchoring Concepts

Content Map.
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he science laboratory is widely valued for its essential and
distinctive role in providing students with a unique
opportunity to learn how to do science. However, too often
science laboratory courses are designed to illustrate established
science or instruct students in rote techniques.1 Previous
studies on the effect of laboratories on undergraduate students’
science learning indicate that traditional science laboratories
have a negligible impact on students’ science conceptual
understanding.zf8 Furthermore, a review of over two decades
of educational research on science laboratories found that
there is limited evidence that supports the idea that laboratory
courses help students understand how to do science.” On the
basis of these reports, the view of laboratory learning has
shifted from a focus on verifying scientific concepts taught in
lecture to mastering a systematic way of studying and making
sense of the natural world, referred to as scientific practice.”
The Framework for K12 Science Education highlights
scientific practices that professional scientists engage in as
they study and make sense of the natural world."” These
practices are intended to reflect what scientists actually do as
they develop, share, and critique scientific knowledge, such as
investigation design, collecting and analyzing data, and
argument generation. The focus on scientific practices in
science laboratory courses has led education researchers and
practitioners to seek out instruments that can be used to
measure changes in the ways students engage in these practices
in order to examine the effect of making a change to an existing
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curriculum or adopting a new instructional approach.''~" A
primary challenge with conducting this type of research is
using an assessment instrument that will actually capture a
target learning outcome because learning outcomes can range
from basic process skills and generic laboratory techniques to
critical thinking and conceptual understanding.'”'> The
assessment of a target learning outcome is further complicated
by the low student to teacher ratio that results in numerous
sections of a courses, which are often led by novice
instructors.' "’

There is often an underlying supposition by those seeking to
implement change in laboratory courses that the effectiveness
of any teaching reform should be measured using the same
instruments that are used to measure the outcome of
traditional teaching methods, in an attempt to generate a
“fair” comparison. However, this view often conflicts with the
fundamental assumptions of the teaching reform because the
new curriculum or instructional approach is often designed to
help students reach a completely different outcome.'®'” The
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students in the two different conditions, as a result, do not
have an equal opportunity to learn the same thing. To
complicate matters further, assessment of student learning
often relies on selected-response (multiple-choice) questions
which are useful for measuring some conceptional knowledge,
but these types of items are not as useful for measuring how
well a student can engage in scientific practices.'””’ There
have been attempts at the K—12 level to use hands-on kits to
assess the ways students engage in scientific practices, but
implementir}§ and scoring these assessments can be

burdensome.~ Figure 1 depicts a congruence triangle where
Curriculum
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Validity Correlation

Assessment-
Evaluation
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Instructional
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Figure 1. Congruence triangle.

standards, instruction, and assessment interact in the planning
and implementing a successful educational program. If any of
the three dimensions does not clearly link or interface with the
other dimensions, then the fairness, credibility, validity, and
utility of the assessment are compromised.”’

B A BRIEF HISTORY OF LABORATORY ASSESSMENT

Science laboratory assessments designed for traditional
laboratory courses are “usually objective, paper and pencil
measures”.' "'’ Student learning outcomes in chemistry
laboratories have been traditionally assessed through individual
or group written laboratory reports and paper and pencil exams
that focused on understanding concepts rather than
practices.22 There are existing assessments that measure basic
process skills, generic laboratory techniques, experiment
planning, or detailed observations that are made, but these
assessments do not capture the actual practices because
practices require the use of both knowledge and skill to make
sense of the natural world.”>**

There have been several efforts in recent years to develop
laboratory assessments that focus on more on ways students
use knowledge and skills to make sense of a phenomenon.
Hofstein et al,, for example, developed an assessment that uses
a combination of written group reports and teacher
observations to examine how well students plan and carry
out experiments.”” Kirton et al. developed the Structured
Chemistry Examinations (SChemES) to measure laboratory-
based skills, and Pullen et al. developed a competency-based
assessment that measures skills-acquisition, chemical knowl-
edge and application of Erinciples, and teamwork in a first-year
laboratory program.m2 More recently, Stephenson et al.
developed several assessment tasks that can be used to measure
student proficiency with science and engineering practices.”®
These more practical-focused assessments of student learning

in the laboratory, however, have not been used extensively in

the literature.”®

B THEORETICAL FRAMEWORK OF SCIENTIFIC
PRACTICES

Ford’s description of the nature of scientific practice provides a
lens to illuminate the laboratory curriculum in terms of
practice.”® Ford describes the “material practices” of science as
having two distinct but complementary components: (1)
practices related to manipulating nature to study aspects of it
and (2) those practices that are related to “making nature’s
behavior apparent” to peers (p 408). This dual nature of the
practices of science is important to recognize, as it places a
premium on the role of both the natural world and the
community in the enterprise of science. The first component
consists of empirical practices such as conducting investigations
and analyzing data. These are the practices that are very much
a staple of undergraduate laboratory courses. The second
component includes those practices that scientists engage to
represent their ideas in ways that will be convincing to others
in the scientific community, which we would distinguish
further as representational and interactive practices. The
representational aspects describe modeling and construction
of explanations, while the interactive mode ultimately links the
empirical and representative aspects through broader com-
munity engagement in critique, argumentation, and revision
from feedback.”"

Ford’s description of scientific practices aligns with the
classification of the scientific practices in the Framework
(Figure 2). The Framework identifies three spheres of learning,

Representational

Interactive Practices .
Practices

Empirical Practices

The Real World Theories and Models

v e
| N\ pd |
Ask Questions N\ Imagine
Observe Argue Reason
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Measure Analyze ) Predict
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Figure 2. Alignment of theoretical framework with scientific practices.
(Adapted with permission from ref 10, p 45, Figure 3.1. Copyright
2012 National Academies Press.)

the far-left sphere encompasses activities related to investigat-
ing and aligns with empirical practices; the right sphere
comprises the practices related to developing explanations
and solutions where scientists make sense of the data for
themselves and the community. This sphere aligns with
representational practices. The activities in the middle sphere
connect the outer two and relate to evaluating, where scientists
engage in the iterative process of developing and refining their
explanation or model with the community. This sphere aligns
with interactive practices.

As students engage in these practices, they learn to use the
content knowledge associated with a scientific field to explain
natural phenomena and how to develop new ideas in a manner
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Table 1. Alignment of Scientific Practices with Two ADI Investigations

ADI Investigation

Scientific Practice

Ask questions”
Develop/use models Chemical equations
Plan and carry out investigations
Analyze/interpret data

Use mathematics and computational thinking
Construct explanations

Engage in argumentation from evidence

Chemical Reactions

What is the product of the chemical reaction?

Design a process for collecting the product formed.
Comparison of actual and theoretical yields.
Calculate theoretical yields for two possible reactions.
There are two possible theoretical yields.

Construct a tentative argument.

Acid Concentration

What is the concentration of acetic acid in vinegar?
Solution stoichiometry

Design a process for determining molarity.
Compare titration results among group members.
Calculate molarity from titration data.

Commercial vinegar is 5% acetic acid.

Construct a tentative argument.

Obtain, evaluate, and communicate information ~ Oral argumentation, written lab report, and peer-review Oral Argumentation and written argument.

“Guiding question provided in ADI instructional model.

that is consistent with the norms, discursive habits, and
epistemological commitments of the discipline. Ford describes
this process of learning how to use disciplinary content
knowledge (e.g, physical properties, energy, chemical reac-
tions) and how to develop new ideas in a field as developing a
“grasp of practice” and argues that such an understanding is
fundamental to learning science.’’

B ARGUMENT-DRIVEN INQUIRY

The argument-driven inquiry (ADI) instructional model was
developed for high school instruction in 2005 as an alternative
to the largely prescriptive laboratory activities available.””**
While ADI provides a central role for argument construction, it
is a process-oriented model that scaffolds empirical, representa-
tional, and interactive scientific practices through investigation
design, collection and analysis of data, argument generation,
and science writing. In the past 15 years, research in a variety
of K12 and undergraduate contexts has demonstrated positive
impacts of ADI on students’ science content knowledge,*>**
enga§ement in scientific w1‘iting,35’36 dialogic argumenta-
tion,” —” and scientific practices generally.”” Several assess-
ments have been developed and their data validated with
criteria appropriate at the time, for research on ADI. These
include assessments for argument construction® as well as
practical exams targeting scientific practices in General
Chemistry IT and Physics I courses.””"" The practical exams
were developed and evaluated for content and face validity">**
as well as scoring reliability between researchers in 2011 and
2019.”

In previous work, we have attempted to address the issues of
scripted laboratory curriculum by defining the chemistry
laboratory as a venue for students to learn and participate in
the practices of science through ADL*****7%* As with any
pedagogical shift, assessment of student learning is a need and
a challenge. This paper presents the development of a scientific
practice-focused, disciplinary-specific laboratory exam. Herein,
we describe the development of the Investigation Design,
Explanation, and Argument Assessment for General Chemistry I
(IDEAA-GC1) through the establishment of content and face
validity as well as consistent assessment grading by lab
instructors.

B METHODS

Setting and Participants

ADI has been previously aligned with scientific practices.”’

Students engage in seven of the eight scientific practices
described in the NGSS, with “asking questions” being the
exception. A guiding question is provided for each experiment;

however, students may deviate from the question, particularly
in the second-semester course. Table 1 provides an example
overview of the alignment of the General Chemistry I
Laboratory curriculum with the scientific practices for the
two ADI investigations that the IDEAA-GC1 was modeled to
reflect. Student grades are based on a combination of group
assignments (investigation proposal, peer-review, argumenta-
tion sessions) and individual assignments (prelab quiz, written
lab reports, lab exam).

The final iteration of the IDEAA-GC1 for General
Chemistry I was administered to all students enrolled in
General Chemistry I Laboratory courses during week 14 of the
1S week Spring 2019 semester (N = 393) at East Carolina
University (ECU). The assessment consisted of two equally
weighted parts. Both parts of the laboratory final examination
were completed by the student individually. Part I was a
written portion that targeted the student’s ability to understand
and interpret experimental data. Part II was a practical
assessment that required students to use common laboratory
techniques to determine the concentration of a solution. All
sections were a plurality of sophomore level students according
to university records (ranging from 48% to 63%). The
laboratory was a corequisite for the General Chemistry I
lecture course. Single laboratory sections were scheduled daily
in 3 h blocks. Students registered for lecture and lab separately,
so there was no alignment between lecture instructor and
laboratory course.

Development Process of the IDEAA-GC1

The chemistry content integrated in the practical assessment
consisted of topics covered in the laboratory course
curriculum, so that students could apply the scientific theories
and/or concepts learned in the laboratory course to complete
the practical assessment. The specific investigation used in the
practical assessment was appreciably different from the related
investigations, so that students did not simply employ the
existing experimental design that they used in class. The
specific laboratory techniques required for the practical
assessment investigation were techniques students had
experienced in the laboratory course. This description is
aligned with the congruence triangle in Figure 1, where the
curriculum standards are to develop scientific practices, the
instructional program is ADI, and the assessment is the
IDEAA-GCI.

As a part of a larger curriculum transformation, IDEAA
practicals from biology, physics, and chemistry were designed
with the intention of aligning the assessment of scientific
practices across disciplines. The alignment of scientific
practices on the initial iteration of the IDEAA-GC1 was
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Table 2. Initial Alignment of Scientific Practices and IDEAA Assessment

Scientific Practice

Ask questions”
Develop/use models Chemical equations
Plan and carry out investigations
Analyze/interpret data

Use mathematics and computational thinking
Construct explanations

Engage in argument from evidence

Obtain, evaluate, and communicate Information

Part I: What is the identity of the red powder?
Design a process for collecting the product formed.

Calculate theoretical yields for two possible reactions.

Student notebook information provided.

Practical Exam
Part II: What is the molarity of the base solution?
Solution stoichiometry”

Design a process for determining molarity.

Comparison of actual and theoretical yields. NA

Calculate molarity from titration data.

There are two possible theoretical yields. NA

Argument with claim, evidence and reasoning. NA

Report a reasonable molarity value.

“Guiding question provided in ADI instructional model. *Not directly assessed

performed by J.P.W. This alignment was evaluated by
respective discipline-based education researchers in biology
and physics until the alignment was agreed upon between
researchers. This alignment established initial content validity
of the IDEAA-GCI1.

Face validity was established using faculty and student
feedback. Faculty within the chemistry department of the study
institution were recruited to provide feedback on initial
iterations of the IDEAA-GCI1. External feedback was solicited
from chemistry education researchers at three institutions (two
primary undergraduate research institutions in the midwestern
United States and a research-intensive university in the
southern United States). Faculty input on both the assessment
construction and content was requested. Undergraduate
students participating in chemistry education research at the
research-intensive university in the southern United States
were asked to complete the questions and provide feedback to
improve clarity.

To ensure scientific practices and chemistry concept
knowledge were reflected in the more scaffolded final iteration
of the IDEAA-GC1, questions were assessed for scientific
practices as outlined by the 3D-LAP protocol** and anchoring
concepts as outlined by the General Chemistry Anchoring
Concepts Content Map (ACCM).**** The Three-Dimen-
sional Learning Assessment Protocol (3D-LAP) is a protocol
designed to aid in the development of assessment items aimed
to measure student chemistry reasoning based on scientific
practices integrated with core IDEAAs and crosscutting
concepts.** 3D-LAP is based off of the standards set by the
Framework. Core ideas are concepts that are essential to the
study of a discipline, such as electrostatic and bonding
interactions in chemistry. Crosscutting concepts are ideas
common across scientific disciplines, and scientific practices
are what students should be able to do with their scientific
knowledge such as structure and function. Together, these
criteria encompass 3D learning, and this rubric has been used
in the development of chemistry assessments.*®

While the 3D-LAP provides one resource to define
chemistry-specific content knowledge, the Anchoring Concepts
Content Map (ACCM) was developed to define anchoring
concepts within the general discipline and subdisciplines of
chemistry.**’~* The ACCMs provide a standard of
chemistry “big ideas”, or anchoring concepts, that align with
the ACS chemistry exams.”” The ACCMs provide maps that
consist of four hierarchical levels: anchoring concepts,
enduring understandings, subdiscipline articulations, and
content details. Anchoring concepts are described through
multiple enduring understanding statements. These first two
levels consist of concepts that apply throughout the chemistry
undergraduate curriculum. For example, in the General

Chemistry ACCM, the anchoring concept of “Chemical
Reactions: Matter changes, forming products that have new
chemical and physical properties” can be described through
enduring understandings such as “In chemical changes, matter
is conserved and this is the basis behind the ability to represent
chemical change via a balanced chemical equation”. The next
two levels are concepts described in terms of subdiscipline
articulations followed by specific content details. From the
previous enduring understanding example, a subdiscipline
articulation includes “A fundamental skill for chemistry is the
ability to write a balanced chemical equation”. Content details
that describe this subdiscipline articulation include “Chemical
equations represent reactions symbolically, so they must be
balanced and accurately portray reactants and products”. Items
to measure these anchoring concepts are designed at the
content detail level and are assumed to shed light on student
understanding of the overall anchoring concept. The authors of
the ACCM have questioned whether or not scientific practices
should be incorporated to the ACCM, but this has yet to come
to fruition.*

While both core ideas (as defined by the 3D-LAP) and
anchoring concepts (as defined by the ACCM) define
chemistry content knowledge, anchoring concepts were used
within this study, as the laboratory course was more so aligned
with chemistry content knowledge according to the ACCM
when compared to core ideas.”’ Authors J.P.W. and K.N.H.
independently applied the 3D-LAP protocol to the IDEAA-
GCl for scientific practices and the General Chemistry ACCM
for anchoring concepts as well as relevant enduring under-
standings, subdiscipline articulations, and content details. Any
disagreements were discussed and resolved through consensus.
The use of the 3D-LAP and ACCM provided further content
validity for the IDEAA-GCI.

Consistency of Instructor IDEAA-GC1 Scores

A scoring rubric was created in the learning management
system (Blackboard) that provided the answer for each
question that would meet criteria, partially meet criteria, and
does not meet criteria. The points assigned were typically 2, 1, 0,
respectively (see full rubric in Supporting Information). Each
laboratory section had one grader with the exception of one
section that had two graders. Instructors were trained to use
the IDEAA GC-1 grading rubric by scoring example assess-
ments and discussing among each other and author J.P.W.
before grading the exams for their respective sections.
Examples of student responses from all three levels were
provided in the training. In addition, the grading took place in
the same room with oversight from the lab manager and J.P.W.
As questions arose, these were addressed and shared with the
group. While using a statistic to measure inter-rater reliability,
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such as Fleiss’ k, would be an ideal method to measure grading
consistency, this was not established before the instructors
graded their section’s lab reports. Instead, to determine if the
IDEAA GC-1 grading rubric was used consistently across
sections, the total scores of each individual grader were
compared using a one-way ANOVA. If the ANOVA analysis
produced significant results, pairwise comparisons were
explored to find the graders with total scores that were
significantly different.

B RESULTS AND DISCUSSION

Initial IDEAA-GC1 Design and Development

The IDEAA-GC1 was initially designed to capture both
empirical and representational practices. Empirical practices

Part I

The written portion provides data for a chemical reaction which will assess the
students’ ability to understand and interpret experimental data. You will need to
be familiar with chemical reactions, mole ratios, chemical composition and
stoichiometric calculations, and theoretical yield calculations.

Part II

The practical part of the final involves carrying out common laboratory
techniques while determining the concentration of a NaOH solution using
KHP. You will need to be competent with using the balance, titration, molarity,
and solution stoichiometry calculations.

Figure 3. Information given to students prior to taking the IDEAA
GC-1.

were addressed by having students plan and execute a content-
specific investigation. The representational practices were
captured using argument construction for a content-specific
investigation. Alignment of iteration one of the IDEAA GC-1
(Figure 4) for General Chemistry I with specific scientific
practices is displayed in Table 2. Of note, this iteration was
designed to elicit student proficiency of scientific practices with
minimal scaffolding which resulted in broad questions.

For part I of the assessment, students were asked to
determine the identity of a dark red powder in an unlabeled
bottle on the shelf with copper and copper oxides. The
students were provided with information about the copper/
copper(I) oxide open air oxidization reaction and some
physical features of copper, copper(I) oxide, and copper(II)
oxide as part of the exam. Data about the mass of the red
powder and final oxidization product were also provided.
Students were then asked to analyze data, generate a claim, and
construct an argument where they justify the claim and the
evidence.

In part two of the IDEAA GC-1, students were asked to
individually determine the concentration of an NaOH solution
through titration. The students were provided with back-
ground information about titration and the included chemical
solutions as part of the exam. Students were then asked to
design and perform an experiment to collect data, demonstrate
and analyze data, and apply stoichiometric models for chemical
reactions in order to provide a molarity value. The information
in Figure 3 was provided to all students the week before the
IDEAA-GCI.

Face Validity Using Expert Feedback and Student
Interviews

The face validity for part II of the IDEAA-GC1 was established
through several iterations of administration and scoring.”” The
initial draft for part I was developed from a traditional
laboratory experiment.”* Those recruited to provide feedback
for part I of the IDEAA-GC1 consisted of both chemistry
faculty members from ECU as well as three chemistry
education researchers. Iteration one of part I of the IDEAA-
GCl1 that was sent to ECU faculty and chemistry education
researchers is provided in Figure 4.

The suggestions from the chemistry and chemistry
education research faculty focused on wording and clarification
of type of answer. Example suggestions are listed below:

e You do not ask for the unit of measure [in question 2] for
“how much”, do you want grams?

o From my experience with the same reaction [in question
3c], students struggle in determining what side to put
oxygen (0O,) on.

o Are you actually looking for them to calculate the empirical
formula for the initial reactant or just do comparison of the
% by mass? I ask because if they have NOT already done
the lab in person, then question 2a. kind of comes out of
nowhere. If they've walked through it before though, then it
makes a bit more sense.

Student responses revealed misunderstanding and misinter-
pretation for several questions. There were common issues
with not using the final heated mass for the porcelain dish or
not using stoichiometry to determine the amount of copper in
either moles or grams. What was most striking from the
answers provided by the students was the variation in student
thinking on the final question. Table 3 provides some examples
of student thinking.

The analysis of the student responses to the original prompt
indicated that many of the students were not using the targeted

1. Examine the data provided given on the student notebook page. Complete the table below and answer the

questions.

Trial

Red Powder (g)

Mass of Product (g)

1

2

3

2. How much copper was in the copper (II) oxide for each trial?
3. Based on your analysis of the data, answer the following questions.
a) What was the composition of the red powder that was used as a reactant — was it pure copper metal

powder or was it likely copper(I) oxide?

b) How do you know? Support your claim with evidence.

¢) Write a balanced chemical equation that represents what happens when the red powder is heated to

produce copper(II) oxide.

Figure 4. Iteration one of part 1 in the IDEAA-GCI sent to faculty and a set of students for pilot testing.

E
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Table 3. Sample Student Responses to Question 3

Evaluation

Response

a

Source

grams of Cu which was the goal of the question. Recognized the information about the product being black indicated that CuO had formed, but

Student completed the table for red powder mass and product mass using two different masses for the dish. Stopped at moles of CuO rather than
inexplicably used the lack of green color to indicate no copper(I) oxide. The ratio of masses could be useful, but not applied properly.

was in the ingredient of red powder after heating. It was not pure but it was
CuO (color black), copper(I) oxide was not there, no green color was spotted

(a) The powder turns darker and then became black that is evidence that copper

UG1

(b) The color was noted black and that is evidence of CuO, no green color were

captured so no copper(I) oxide. Also, CuO (black copper) has weight (63.54

Cu + 1 oxygen 15) = 79.5 g, but Cu,O = 143 g (Cu double weight).
(a) I believe the red powder that was used as a reactant was most likely pure

Student did not use the dry mass for the porcelain dish. Deduced that the mass of the product would have been less if the red powder was Cu,O.

UG2

Deduction is incorrect as it ignores stoichiometry. Both possible reactants would yield an increase in the mass of product.

copper metal powder.
(b) I know because of the data provided on the student’s notebook page. If the

final mass product was lower than the actual mass of the red powder then it

would most likely be copper(I) oxide.
a) % copper in Cu,O: 127.092/143.092 = 0.89
(a) % copp 8

(b) Cu % in red powder; trials 0.895, 0.89, 0.89

Determined the % copper in Cu,O, but does not compare with % copper in CuO, which suggests their answer to question a is Cu,O. Does not

UG3

justify using % copper.

UG = undergraduate.

a

scientific practices in their responses (see Table 2). To address
this issue, the questions were modified to be more explicit and
to encourage students to describe their thinking in light of the
target scientific practice in iteration two of part I (see Figure
5). The data provided to the students as part of the prompt
was also simplified to a single table with mass of red powder +
dish and mass of product + dish in order to remove the heat to
constant mass variation.

Iteration two of the practical assessment was administered in
the Fall of 2017 to 581 students enrolled in General Chemistry
I. The lab instructors were once again trained to score the
exams using a standardized rubric. The means on part I and
part II of the IDEAA-GC1 were 46% (SD = 15%) and 75%
(SD = 18%), respectively. Student performance on part I was
lower than anticipated. In a discussion with faculty and
evaluation of student answers, we identified three main issues:
incorrect formulas for copper(I) oxide and copper(Il) oxide,
confusion over which side of the chemical reaction to put the
oxygen, and mixed up values for actual and theoretical yields to
use in their argument. All of these issues were addressed by
adding additional scaffolding to the prompt. The third and
final iteration of part I is provided in Figure 6.

This final iteration has been administered for two years using
two different versions. Version 1 had data consistent with
hypothesis 1 as the correct claim, and version 2 had data
consistent with hypothesis 2. These two versions were used to
address faculty concern over student “cheating” or the exam
“getting out”. To address exam security, exams are not
returned to students, nor are students allowed to see their
scored exam. Students may request that the score be reviewed
by the laboratory manager if there is concern over instructor
grading. The third iteration of the IDEAA-GC1 has been
administered for two years with fairly consistent means.

Content Validity Using the General Chemistry ACCM and
Scientific Practices

After establishing face validity, the most recent iterations of
part I and part II of the IDEAA-GC1 were analyzed using the
3D-LAP to ensure that the practical was targeting scientific
practices as originally intended. The 3D-LAP was originally
used in a way to apply a single scientific practice to a cluster of
questions. While it may be appropriate to teach students a
performance described by a scientific practice, such as to graph
a trend, it is critical to teach students how the practices interact
with one another to explain a natural phenomenon.’”
Therefore, the clusters of questions within parts I and II
were designed to address a single anchoring concept but
multiple, interrelated, scientific practices. This was reflected in
the application of the 3D-LAP.

Scientific practices within chemistry are integrated with
chemistry content knowledge.'””" The General Chemistry
ACCM was used to describe what specific anchoring concepts
were integrated with the scientific practices on the IDEAA-
GC1. Part I and part II of the IDEAA-GC1 were each assigned
an anchoring concept. Relevant enduring understanding
categories, subdisciplinary articulations, and content details
were then assigned to each part and described accordingly.

IDEAA-GC1 Part | Analysis, Evidence, and Reasoning.
The detailed application of the General Chemistry ACCM and
3D-LAP pertaining to the alignment of part I of the IDEAA-
GC1 with anchoring concepts and scientific practices is shown
in Table 4. The anchoring concept in part I was Chemical
Reactions: Matter changes, forming new products that have

https://dx.doi.org/10.1021/acs.jchemed.0c01075
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1. Examine the data provided given on the student notebook page. Complete the table below and answer the

questions.

Trial Red Powder (g)

Mass of Product (g)

Sample Calculations Trial 1

1

2

3

2. What information are you given that identifies the product as copper(II) oxide?
3. What was the source of the copper? How do you know?
4. What other element is present in the product? What was the source or sources of the other element? How do

you know?

5. What mass (g) of copper was in the copper(II) oxide for Trial 1? Show your work for full credit.
6. Assuming the red powder was copper(l) oxide write a balanced chemical equation that represents what

happened when the red powder was heated.

7. Determine the theoretical yield for copper(II) oxide using your equation and Trial 1 data. Show your work

for full credit.

8. Using the answers above, what was the composition of the red powder that was used as a reactant — was it
pure copper, copper(I) oxide or a mixture of copper oxides? How do you know? Support your claim with
evidence and provide a justification for the evidence used.

Figure S. Iteration two of part I within the IDEAA-GC1 administered in Fall 2017.

1. Examine the data provided given on the student notebook page. Complete the table below, Show your work.

Trial Red Powder (g)

Mass of Product (g)

1

2. What information are you given that identifies the product as copper(Il) oxide (CuO)?

3. The combustion of the red powder requires another reactant. What is the chemical formula for the second
reactant and what was the source of the second reactant?

4. Using your answers to questions 2 and 3, for each hypothesis write a balanced chemical equation that
represents what happened when the red powder was heated.

Hypothesis 1:
Cu(s) + >

Red powder is copper metal

Hypothesis 2:
CuO(s) + >

Red powder is copper(I) oxide

5. Based on your balanced equation for Hypothesis 1 and the grams of red powder used in Trial I, calculate
how many grams of copper(II) oxide (CuO) should have been produced, i.e. the theoretical yield? Show your

work.
6. Complete the table below using your calculations for #1 and #5. The theoretical yield for Hypothesis 2 is
given.
Mass of Product Theoretical Yield of CuO Theoretical Yield of CuO
Trial 1 Hypothesis 1 Hypothesis 2
1.133 g

7. What is your claim for the question — What is the identity of the red powder?
8. Write an argument using your data as evidence and provide a justification for the evidence used.

Figure 6. Iteration three of part I within the IDEAA-GCI first administered in Fall 2018.

new chemical and physical properties. Part I of the IDEAA-
GC1 asked students to identify the reactant of a combustion
reaction, an unknown red powder, that would result in the
formation of copper(II) oxide. In order to complete this task,
students needed to have a basic knowledge of how substances
react within a combustion reaction and be able to take
observations about this reaction along with two hypothesized
balanced chemical equations to form a claim about the identity
of the unknown red powder reactant. Students were required
to write balanced chemical equations for two possible red
powder identities that could have combusted to form
copper(Il) oxide. The reaction that formed copper(Il) oxide
was found by applying the law of conservation of mass through
stoichiometric calculations using the two possible balanced
chemical equations. Of note, questions 1, 2, and 6 did not
particularly apply to any of the content details within the
anchoring concept. These questions acted as scaffolding for
students.

Multiple scientific practices were addressed within part I of
the IDEAA-GCI1. These practices include Analyzing and
Interpreting Data, Developing and Using Models, Using

Mathematical and Computational Thinking, and Constructing
Explanations and Engaging in Argumentation (Figure 7).
Questions 1—3 for part I addressed Analyzing and Interpreting
Data. Students needed to directly assess observational data
from the combustion of the red powder to determine what
pieces of the data helped in the identification of the product
and reactant in addition to the red powder. Question 4
addressed Developing and Using Models. Within this question,
students had to investigate two hypothesized identities of the
red powder through the completion of balanced chemical
equations. Using Mathematical and Computational Thinking
was addressed within questions 5 and 6.

The assignment of Using Mathematical and Computation
Thinking to questions 5 and 6 was the only disagreement
among authors K.N.H. and J.P.W. when applying the 3D-LAP
to the IDEAA-GCI. Questions S and 6 could also be seen as
Analyzing and Interpreting Data because students analyzed the
data from questions 1—4 through stoichiometric calculations to
find a theoretical yield. Upon further discussion, the authors
decided that questions S and 6 assessed the practice of Using
Mathematical and Computational Thinking because the

https://dx.doi.org/10.1021/acs.jchemed.0c01075
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Table 4. continued

How Criteria Were Met

Criteria

Scientific Practice: Constructing Explanations and Engaging in Argument from Evidence (Questions 7—8)

(1) Questions 1—6 and the provided data described the event.

(1) Question gives an event, observation, or phenomenon.

(2) Question 7 asked students to construct a claim based on the data evaluation and analysis from questions 1—6.

(2) Question gives or asks student to make a claim based on the given event, observation,

or phenomenon.

(3) Question 8 asked students to use evidence to support the claim used.

(3) Question asks student to provide scientific principles or evidence in the form of data

or observations to support the claim.

(4) Question 8 asked students to provide justification for why the evidence supports the claim.

evidence support the claim.

(4) Question asks student to provide reasoning about why the scientific principles or
“BCE

balanced chemical equation.

questions were more focused on using mathematics to
calculate a theoretical yield through stoichiometry rather
than specifically asking students to identify pieces of the data
that were pertinent to analysis.

Constructing Explanations and Engaging in Argument from
Evidence were assessed in questions 7 and 8. Within the
original description of scientific practices in Table 2, as
outlined by the NGSS, Constructing Explanations and
Engaging in Argument from Evidence were described
separately. Within the 3D-LAP rubric, these scientific practices
were combined. Our analysis followed that of the rubric, so the
two scientific practices were combined for our purposes.
Within questions 7 and 8, students were asked to construct an
argument consisting of a claim that was backed by evidence
and justification, and the claim is considered to be the
explanation of the phenomenon. Students needed to state the
identity of the red powder and use evidence and justification
from their results in questions 1—6. Of note, the reasoning
components of all scientific practices were incorporated within
question 8. Students needed to reason through the entirety of
part I to come up with appropriate evidence and justification.
This is an illustration of how the scientific practices are
interrelated. More details on the alignment between scientific
practices and specific questions can be seen in Table 4.

IDEAA-GC1 Part Il Investigation Design, Data
Collection, and Analysis. The detailed application of the
General Chemistry ACCM and 3D-LAP to part II of the
IDEAA-GCI1 can be seen in Table S. The anchoring concept
addressed within part II was Experiments, Measurement, and
Data: Chemistry is generally advanced via experimental
observations. Students gained practice with performing an
experiment in order to obtain an observation, in this case, a
titration to obtain a more precise concentration of a sodium
hydroxide solution. As students carried out the titration, they
were scored on their use of lab equipment within their
experimental design.

Two scientific practices were addressed within part II of the
IDEAA-GC1: Planning Investigations and Using Mathematical
and Computational Thinking (Figure 8). Questions 1 and 2
required students to plan and carry out an experiment to find
the molarity of a sodium hydroxide solution. Questions 3 and 4
required students to use mathematical and computational
thinking to calculate their sodium hydroxide solution and
report the value with the correct units and significant figures.
Both of these scientific practices lacked a reasoning component
according to the 3D-LAP. We therefore labeled these scientific
practices as peripheral. We define a peripheral science practice
as skills that require content knowledge but do not require a
great deal of reasoning to accomplish. Participation in
peripheral scientific practices is a still an important part of
doing science but should be considered a fundamental aspect
of the work of professional scientisists.”> More details of the
alignment of scientific practices with each question can be seen
in Table §.

The scientific practice Developing and Using Models was
not directly assessed in part II of the IDEAA-GC1 (Table 2).
Students needed to Develop and Use Models as part of their
molarity calculation because they had to use stoichiometry.
However, because Developing and Using Models was not the
main focus of any of the questions, it was ultimately decided
that this section of part II could only be used to assess the
practice of Using Mathematics and Computational Thinking.
This issue, however, underscores how many aspects of

https://dx.doi.org/10.1021/acs.jchemed.0c01075
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1. Examine the data provided given on the student notebook page. Complete the table
below. Show your work.
Trial Red Powder (g) Mass of Product (g)

1

0

‘What information are you given that identifies the product as copper(II) oxide (CuO)?

3. The combustion of the red powder requires another reactant. What is the chemical
formula for the second reactant and what was the source of the second reactant?

4. Using your answers to questions 2 and 3, for each hypothesis write a balanced

chemical equation that represents what happened when the red powder was heated.

Hypothesis 1:  Red powder is copper metal Developing
Cu(s) + > —and Using
Models

Hypothesis 2:  Red powder is copper(I) oxide
Cu,0(s) + >

5. Based on your balanced equation for Hypothesis 1 and the grams of red powder used
in Trial I, calculate how many grams of copper(II) oxide (CuO) should have been
produced. i.e. the theoretical yield? Show your work.

6. Complete the table below using your calculations for #1 and #5. The theoretical yield
for Hypothesis 2 is given.

Using
Mathematics

anc

Mass of Product Theoretical Yield of CuO | Theoretical Yield of CuO Computational
Trial 1 Hypothesis 1 Hypothesis 2 [hinking
1.133 g

7. What is your claim for the question — What is the identity of the red powder?

8. Write an argument using your data as evidence and provide a justification for the
evidence used.

Figure 7. Breakdown of scientific practices in part I of the IDEAA-GC1

Table 5. Detailed Application of the General Chemistry ACCM and the 3D-LAP to Part II of the IDEAA-GC1

Criteria How Criteria Were Met
Anchoring Concept: Experiments, Measurement, and Data: Chemistry Is Generally Advanced via Experimental Observations.
Relevant enduring understanding: Observations are verifiable, so experimental Students are asked to determine molarity of a NaOH solution which
conditions, including considerations of the representativeness of samples, must be requires a range of experimental conditions and techniques.

considered for experiments.
Relevant Subdisciplinary Articulations
(1) Laboratory methods can be devised so that conditions limit the possibilities of ~ Students must describe a laboratory procedure to find the unknown

measurement errors. concentration of a NaOH solution.
(2) The preparation and accurate determination of solutions and their concentrations ~Students must perform their procedure and relevant calculations to
is an important component of defining experimental conditions. determine the unknown concentration of a NaOH solution.
Relevant Content Details
(1a) Techniques in setting up and carrying out laboratory experiments are an Question 1: Students must describe a detailed procedure that they will then
important component of instruction in introductory college chemistry. carry out to find the concentration of a NaOH solution.
(1b) Gaining familiarity with laboratory instruments and glassware is a key skill for the = Students are scored during their experimentation on the use of a balance,
development of appropriate laboratory design methods. preparation of solutions, buret preparation, titration technique, and color
of their solution at the end point.
(2a) Correct uses of volumetric glassware and/or dilution methods are important Students are scored during their experimentation on preparing solutions
techniques in the preparation of solutions for chemical experimentation. using volumetric glassware.
(2b) Determination of solution concentration is often carried out via titration with a Question 3—4: Students calculate the molarity of the NaOH solution based
standard. on their titration with a standard.
Peripheral Scientific Practice: Planning Investigations (Questions 1 and 2)
(1) Question poses a scientific question, claim, or hypothesis to be investigated. (1) Students are asked to determine the molarity of 2 NaOH solution using
a primary standard, KHP.
(2) Question asks student to describe or design an investigation, or identify the (2) Students are asked to outline the procedure for determining molarity
observations required to answer the question or test the claim or hypothesis. using the titration setup provided
(3) Question asks student to justify how their description, design, or observations can  (3) NA: Students carry out their outlined procedure to find the molarity of
be used to answer the question or test the claim or hypothesis. an unknown NaOH solution to answer the question.
Peripheral Scientific Practice: Using Mathematics and Computational Thinking (Questions 3 and 4)
(1) Question gives an event, observation, or phenomenon. (1) Students are asked to determine the molarity of an NaOH solution
using a primary standard, KHP.
(2) Question asks student to perform a calculation or statistical test, generate a (2) Students are asked to calculate the molarity of their NaOH solution.
mathematical representation, or demonstrate a relationship between parameters.
(3) Question asks student to give a consequence or an interpretation (not a (3) NA: Students are asked to report their final NaOH molarity with

restatement) in words, diagrams, symbols, or graphs of their results in the context of ~ correct units and significant figures.
the given event, observation, or phenomenon.
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A solution of potassium hydrogen phthalate (KHCsH:O:). often called KHP, can
serve as a primary standard, which is a stable solid that can be weighed out and used to
standardize a titrant solution, such as NaOH. The balanced chemical equation for the

neutralization of KHP by NaOH is given below.

KHC;sH:0:(aq) + NaOH(aq) = KNaCsH:0:(aq) + H,O(1)

The flasks of sodium hydroxide in the lab are approximately 0.1 M. You will
conduct a titration to determine an exact molarity for your unknown.
1. Describe in detail the procedure you will use to determine the concentration of the
NaOH solution. Include details on preparing the burette, the KHP solution and

conducting a titration. (HINT: use ~ 0.5 g of KHP)

2. Use this area to create a data table and record your data.

UNKNOWN LETTER:

Planning

Investigations

3. Sample Molarity calculation. Show your set-up with the correct units and significant

figures. KHP molecular weight =204.33 g/mol

4. What is the Molarity of your unknown base?

Figure 8. Breakdown of scientific practices in part II of the IDEAA-GCI.

Table 6. Characteristics of IDEAA-GC1 Graders

Number of ADI Number of ADI

University Laboratories Previously Training Sessions
Grader  Position Taught Attended

A Adjunct 3 1
faculty

B GTA" 3" 2

C UTA 0° 1

D GTA 3 1

E UTA 2° 1

F UTA 1

G Adjunct 2 1
faculty

H Teaching 4 1
faculty

1 UTA 1 1

“GTA: graduate teaching assistant. UTA: undergraduate teaching
assistant. bPreviously taught as a UTA. “Participated in ADI lab as an
undergraduate student.

100+

801

601

Score

401

20— T T T T T r . T

Grader
Figure 9. Box and whisker plots for individual IDEAA-GC1 graders.

scientific practices overlap. For example, students must
sometimes use models as part of the practice of mathematical
and computational thinking, but we cannot directly assess this
scientific practice unless we directly ask them to discuss how
they used a model to make sense of the phenomenon.

Consistency of Instructor Grading
One instructor of one of the sections did not use the online

rubric, and therefore, the scores of that section were omitted
from analysis. The characteristics of each grader included in

the analyses are provided in Table 6. Students with missing
exams were deleted from the data set. Exam questions with no
answer were scored as “incorrect”. After cleaning, there were a
total of 325 completed IDEAA-GC1 practicals. Within the
cleaned data, all sections had a majority of sophomore level
students ranging from 53% to 65%.

The total scores for each grader are represented in box and
whisker plots seen in Figure 9. A Levene test was performed to
choose the most appropriate pairwise comparison statistic. The
result of the Levene test revealed a violation of homogeneity of
variance, F(8) = 3.13, p = 0.002. To account for this, Welch’s F
test was used to test differences between groups. The Welch
test was significant, F(8) = 2.79, p = 0.007, suggesting there
were differences present among the graders. Games—Howell
post hoc tests were chosen as a the pairwise comparison
statistic, as they do not assume homogeneity of variance.

Upon visual inspection of Figure 8, grader E had the highest
median and smallest interquartile range compared to the other
graders. This was confirmed to be significant through the post
hoc comparisons. Grader E was significantly different from
graders A (p = 0.027), D (p = 0.016), and F (p = 0.024).
Course sections were assumed to be similar, with a plurality of
all students listed as sophomores by the university. Grader E
was teaching the course for the third time as an undergraduate
teaching assistant (UTA) who had previously taken the ADI
laboratory as an undergraduate student but had no obvious
characteristics that would suggest this grader would be biased
in any way. Although there was one grader that showed
significant differences in total scores between three other
graders, there were no other significant differences between
graders.

B LIMITATIONS AND FUTURE RESEARCH

This assessment was designed to target specific scientific
practices and anchoring concepts included in the laboratory
curriculum at the study institution. The terminology for
argumentation (claim, evidence, justification) was aligned with
the ADI instructional model. Given these stipulations,
laboratory coordinators seeking to use a practice-focused
laboratory assessment like the IDEAA-GC1 will need to
consider alignment of their curriculum with this assessment. In
addition, future iterations of part II of the IDEAA-GCI1 may
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need to be modified to assess all the scientific practices as
described by the 3D-LAP.

While instructor grading consistency did not justify analysis
to interpret student performance on scientific practices, it did
provide evidence that consistent grading among sections was
achieved, which is a practical goal for new exams. Follow-up
research will include interpretations of scores among students.
This will be done through the comparison of researcher
IDEAA-GCI1 rubric scores and instructor IDEAA-GCI rubric
scores. If there is not acceptable agreement between the two,
this will entail the regrading of IDEAA-GC1 by researchers to
provide more valid student scores for further interpretation.

B CONCLUSIONS AND IMPLICATIONS

There are limited published assessments that are designed to
measure essential scientific practices. Within this research, we
have presented the IDEAA-GCI1; a practical laboratory
assessment for General Chemistry I that measures multiple
scientific practices. Content validity was established by
grounding the IDEAA-GC1 within a theoretical framework
consisting of Ford’s description of the nature of science®® as
well as the Framework'® and aligning the assessment with 3D
learning through the 3D-LAP and the General Chemistry
ACCM.*™* Face validity was shown through expert and
student interviews and ensured that the questions on the exam
were being interpreted in the intended way.

The IDEAA-GC1 was shown to have almost complete
consistency among total scores between graders. This is unlike
the results reported by our team in physics, where more than
half of the graders were significantly different on the basis of
pairwise tests."' There was a single grader (E) who produced
total scores that were significantly higher than three other
graders (A, D, and F). Grader E was a UTA who had previous
experience participating in, and teaching, the ADI laboratory.
Any suggested reasonings for the significantly higher scores
would be speculation, and interviews would be needed to
explore the cause. While there was a single grader who showed
significantly higher total scores, all other graders had total
scores that were not significantly different from each other.
There can be institutional barriers to assessment that require
subjective scoring due to concerns over consistent scoring with
multiple instructors. We have demonstrated that when using a
detailed rubric coupled with calibration of scorings, variation
between graders is minimal.

Science laboratory education researchers and practitioners
could design and develop their own science laboratory
practical assessments with investigations related to the
development of scientific practices in the curriculum. The
misalignment of points on congruence triangle (Figure 1)
could give the appearance that the reform teaching methods do
not significantly impact learning. For example, if the
curriculum standards are to develop student scientific practices,
but the instructional practice consists of traditional laborato-
ries, an assessment of scientific practices may show low student
performances because the traditional laboratory was not
designed to develop scientific practices. Efforts to revise
undergraduate instruction will continue to meet resistance
from critics and skeptics until researchers demonstrate the
value of the pedagogical change by aligning curriculum
standards, instructional practice, and assessments. Further-
more, if the validity and value of alternative assessments can be
established, experience has shown us, in education, what gets
measured gets taught (NSB, 2006). By changing what is

measured and therefore prioritized, education researchers can
begin to impact the teaching and learning of science in the
laboratory.
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