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An explanative basis for the differential performance of students with low math
aptitude in general chemistry

Vanessa R. Ralph and Scott E. Lewis

Department of Chemistry, University of South Florida

Students who score within the bottom quartile on cognitive measures of math aptitude have been identified as
at-risk for low performance in chemistry courses, with less attention as to why such differential performance
persists. At-risk students struggle most differentially on assessment items related to the mole concept and
stoichiometry. An exploration as to the nature of the differential performance observed became of great interest
as the assessment of these topics rarely progresses beyond multiplication or division, and at-risk students who
achieved proficiency with the mole concept and stoichiometry had no noticeable gaps in academic chemistry
performance when compared to students scoring in the top three quartiles of math aptitude. Thus, students in
first-semester general chemistry were surveyed to describe their solution processes toward assessment items
involving the mole concept and stoichiometry. Three hundred forty-eight students responded to all survey
prompts with 101 identified as at-risk. Findings suggest that while all students were observed to struggle in the
conceptualization of the algorithms by which they execute solution processes, not-at-risk chemistry students
were more likely to achieve correct answers via chemically implausible solution pathways. Rather than suggest
the removal of assessment practices involving algorithmic, multiple-choice assessment on these topics, the
implications include practical suggestions and opportunities for further research toward improving the
equitability of measures used to assess proficiency with stoichiometry.

Keywords: equitable assessment, at-risk chemistry students, math aptitude
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Introduction

Prediction for the sake of intervention

Cognitive measures of math aptitude are heavily used in the research literature to identify students at-
risk for unfavorable outcomes in college-level chemistry (Coley, 1973; Pickering, 1975; Ozsogomonyan and
Loftus, 1979; Andrews and Andrews, 1979; Rixse and Pickering, 1985; Spencer, 1996; Wagner et al., 2002; Lewis
and Lewis, 2007; Hall et al., 2014; Ye et al., 2016). Each study provided a means by which instructors could identify
at-risk chemistry students via incoming preparation in mathematics. More recent works identify at-risk students
as those scoring at or below the bottom quartile of math aptitude scores for each semester’s cohort, which will
be used in the current study (Lewis and Lewis, 2007; Ye et al., 2016; Ralph and Lewis, 2018). While each of these
studies presents evidence for the utility of math aptitude in predicting students’ assessment performance in
chemistry, the work falls short in developing an understanding as to why students of low math aptitude perform
poorly in general chemistry.

Many of the cited works provide practical implications for their findings. Implications include students’
assignment to remedial instruction (Coley, 1973; Pickering, 1975; Wagner et al., 2012), procedures at the
institutional level to apply cut-offs for math aptitude scores necessary for enrollment (Coley, 1973), the
assignment of remedial coursework or instruction with an emphasis in problem-solving (Andrews and Andrews,
1979), and the promotion of productive study habits by assigning practice problems for the students to
complete before attending lecture (Ye et al., 2016). Each set of implications relies on the reasonable assumption
that students of low math aptitude scores struggle with the mathematical components of chemistry. However,
in 2012, Scott analyzed student response processes in the form of handwritten solutions to analogous
mathematics and chemistry problems and identified no measurable change in students’ chemistry performance
after practicing analogous mathematics problems. In 2009, Donovan and Wheland hypothesized that the
connection between mathematics and chemistry is unclear and may not be dependent on “actual mathematics
knowledge” but rather the development of a higher-order cognitive, skill sets required in science. The article
concludes: “However, if success in chemistry stems from mastery of specific mathematics skills and knowledge,
then those specific skills must be identified and built upon for students who will take college-level chemistry
classes.” Additionally, limited or no success has been observed as to the influence of prerequisite coursework on
performance gaps (Pickering, 1975; Donovan and Wheland, 2009; Hailikari and Nevgi, 2010). From the research
literature, it is clear that efforts to improve the success of students with low math aptitude are widespread and
would benefit by furthering the evidence base as to why differentials persist in academic chemistry
performance.

Prior work sought to identify the topics on which at-risk chemistry students most differentially perform
(Ralph and Lewis, 2018). Students scoring in the bottom quartile of math aptitude were observed to perform
most differentially, or experience the largest performance gaps, on items belonging to the mole concept and
stoichiometry. Assessment of these topics rarely progressed beyond multiplication or division. Additionally, this
previous study observed at-risk chemistry students who attained a proficiency of 65% or higher on each
semester’s collective mole concept or stoichiometry assessment items to outperform both their peers in the at-
risk group and those students not-at-risk. Despite the identification of the topics on which at-risk chemistry
students most differentially perform and the success of students following proficiency on these topics, the study
was unable to address why at-risk chemistry students differentially performed on these topics. More specifically,
amongst the assessment items within these topics, what features of the assessment items posed differential
challenges to at-risk chemistry students? The current study, thereby, seeks to understand why the mole concept
and stoichiometry present a disproportionate challenge to at-risk chemistry students and evaluate features of
assessment design that result in the observed differential performance.
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Challenges chemistry students face with the mole concept and stoichiometry

No prior work was identified to describe challenges with the mole concept or stoichiometry amongst
chemistry students with low math aptitude scores. However, other works (described below) have outlined the
challenges of low-performing chemistry students on these topics. The use of symbolism to communicate
chemical equations has often been observed in the instruction and assessment of stoichiometry and has been
regularly described as difficult for students to interpret (Davidowitz et al., 2010). Representational competence
comprises the skill sets by which elemental symbols and chemical formulae or reactions are interpreted (Kozma
and Russell, 2005). To provide an example of representational competence in the context of problem-solving,
suppose a stoichiometry prompt requests the mass of a product given the mass of a reactant. One would then
use the provided nomenclature, chemical formulae, or a chemical reaction to interpret coefficients and
subscripts and discern the number of atoms comprising each substance and the stoichiometric ratio between
reacting chemicals. In the context of stoichiometry, low-performing students were observed to conflate the roles
of coefficients and subscripts in balanced chemical reactions (Potgieter and Davidowitz, 2011). These challenges
with the interpretation of coefficients and subscripts appeared lessened via student involvement with the
illustration of submicroscopic diagrams (pictorial depictions of chemical reactions) to visualize proportional
relationships between chemical quantities (Davidowitz and Chittleborough, 2009). These studies describe
student struggles with representational competence likely impeding their ability to quantify chemical
proportions (e.g., deriving solutions to stoichiometry problems). A study published by Schank and Kozma in
2002 examined the impact of learning environments emphasizing representational competence via an
interactive computer program that provides visualizations of chemical. In this study, chemistry teachers
communicated the importance of representational competence and provided ideas for the use of these skill sets
toward students’ understanding of the law of mass conservation and how chemicals rearrange in a chemical
reaction retaining stoichiometric proportions.

Similar to representational competence approaches for enhancing instruction to support student
difficulty with systematic approaches, or the step-by-step solution processes used to arrange conversion
factors, seemed to promote increasingly visual instructional (Phillips, 1996; Gabel and Sherwood, 1983). Phillips’
(1996) dissertation describes the efficacy of graphic organizers toward supporting young students’ transitions
from Piagetian concrete-operational reasoning, or logic reasoning applied to physical entities, to that of formal-
operational or abstract reasoning where deductive reasoning concerns hypothetical situations without the need
to connect to a physical entity. An example of these forms of reasoning could involve how students solve the
following prompt: “If Rob is taller than Jon and Jon is taller than Brandon, who is tallest?” If the student can
deduce who is taller without creating a concrete representation, the student is likely relying on formal-
operational reasoning. If however, the student illustrates a picture to support their reasoning, the student may
be in the concrete-operational stage but can use the image to reason nonetheless. Connections between
concrete- and formal-operational reasoning to students of low math aptitude scores have been made in the
literature (Bender and Milakofsky, 1982; Lewis and Lewis, 2007). Phillips posits graphic organizers including a
solution flowchart where bidirectional arrows between mass and moles are labeled with the operations
involving molar mass required to interconvert these values can support students of concrete-operational
reasoning to progress toward more formal-operational reasoning. Just as more visual instructional practices
appeared to promote students’ progression toward formal-operational reasoning by proving a framework from
which students can connect abstract concepts, so too have increasingly visual instructional practices positively
impacted the academic success of high school chemistry students presenting with relatively low proficiency in
proportional reasoning when solving stoichiometry problems (Gabel and Sherwood, 1983). “Supplemental, less
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mathematical, and more visual approaches” were recommended for students who struggled with proportional

reasoning (Gabel and Sherwood, 1983; p. 175). Interestingly, where visuals have been successful, practice with

proportional reasoning in mathematical contexts was not observed to transfer to the context of chemistry (Scott,

2012; Ramful and Narod, 2014). In these studies mathematical skill sets were not inherently transferred to

analogous chemistry skill sets particularly where proportional reasoning was involved (as is observed with

stoichiometry).

Thus, a final theme concerning the challenges observed amongst chemistry students in the literature
was conceptual understanding regarding measures particular to the mole concept and its application to
stoichiometry (BouJaoude and Barakat, 2003; Dahsan and Coll, 2007). In the works cited previously, students
were unable to distinguish between relevant units of measure concerning stoichiometric conversions (e.g., mass,
moles, and molar mass). Analyses of textbooks and instructional materials suggest that some of these challenges
could result from students’ introduction to these quantities (Staver and Lumpe, 1995; Larson, 1997). A literature
review conducted in 2002 also describes challenges with the conceptual understanding of stoichiometry as
related to how these entities are introduced during instruction (Furié et al., 2002). The review identifies a
consensus in the literature concerning students’ conceptual misunderstanding of units used in stoichiometry as
attributable to students’ misconstruction of mole as a mass or number particular to the property of a substance
such as atomic mass. From the perspective of students’ solution processes, a tendency toward avoidance of the
mole was observed amongst students and was thought to stem from this lack of conceptual understanding of
terms in the context of students’ solution processes (Schmidt, 1994). Instead, students’ were often observed to
rely on proportional reasoning techniques (e.g., cross-multiplication) to replace methods modeled step-by-step
by their instructors suggesting students lean on their mathematical skill sets to compensate for a lack of
understanding of calculations in the context of chemistry.

Ultimately, the themes described in the research literature concerning student challenges with the mole
concept and stoichiometry cited above can be summarized as related to 1) representational competence, 2)
systematic approaches, and 3) conceptual understanding. Each theme is summarized succinctly below.

1. Representational competence: interpreting elemental symbols and chemical formulae or reactions to
identify proportionality between chemical substances and inherent physical properties relevant to the
problem-solving process.

2. Systematic approaches: an algorithmic or step-by-step approach resulting in a solution that presents
coherent units of measurement.

3. Conceptual understanding: the underlying terminology and theories of science used to reason a viable
solution deductively.

This review of the literature describing how low-performing chemistry students and chemistry students
as a whole struggle with the mole concept and stoichiometry was used to develop a conceptual framework as to
how these challenges may manifest and evaluate whether or not these challenges are a description of those
observed amongst at-risk chemistry students.

Purpose

Chemistry courses serve as a primary conduit in the STEM pipeline, and remediation of the differential
outcomes observed for these students could serve to diversify the population of students who emerge
successfully (Lee et al., 2018). There is currently a lack of evidence on the topic matter, assessment strategies, and
experiences contributory to the differential performance observed amongst chemistry students with low math
aptitude scores, despite a sizable literature base relating math aptitude to chemistry performance suggesting
this differential performance remains widespread (Coley, 1973; Pickering, 1975; Ozsogomonyan and Loftus,
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1979; Andrews and Andrews, 1979; Rixse and Pickering, 1985; Spencer, 1996; Wagner et al., 2002; Lewis and
Lewis, 2007; Hall et al., 2014; Ye et al., 2016). Further, given the nearly ubiquitous adoption of compulsory
prerequisite courses in mathematics before enrollment in college-level chemistry (Bialek and Botstein, 2004) it is
clear that instructors and administrators are rightfully concerned about differential performance and would
benefit from an expansion of the relevant evidence base.

This study sought to analyze the solution processes of 348 chemistry students (including 101 students
with relatively low math aptitude scores) to mole concept and stoichiometry assessment items where
differential performance has been previously identified at the research setting. The results can inform
instructional and assessment practices while providing a greater insight as to the skill most strongly predicted by
chemistry students’ precollege math aptitude scores. Understanding how these students experience inequitable
difficulty in chemistry has the potential to inform practices that serve to ameliorate gaps in performance and
support more equitable, evidence-based practices for intervention, instruction, and assessment. Without this
knowledge, current practices may unintentionally contribute to the propagation of these inequitable outcomes
in first-semester general chemistry.

Research Objectives

Two primary research objectives guided the development of this study:

1. Describe the challenges observed amongst at-risk chemistry students in solution processes concerning the
mole concept and stoichiometry assessment items.

2. Compare and contrast the challenges that present amongst not-at-risk and at-risk chemistry students to
describe potential causes for the differential performance observed.

Methods
Research Setting

This study was conducted at a large, public research institution in the southeastern United States. Data
collection occurred during a semester where class sizes ranged from 153 to 217 students for four classes of off-
sequence (spring term), first-semester general chemistry. Classes were coordinated across four instructors with a
shared textbook, learning objectives, syllabus, grading scheme, and online learning management platform.
Students attended regular lecture sessions twice per week and a peer-led problem-solving session once per
week (Gosser et al., 2006; Lewis, 2011). The textbook used for the classes was “Chemistry: A Molecular Approach”
(Tro, 2014).

Students' grades were comprised of three interim exams (45% of total grade, 15% each exam), a final
exam (25% of final grade), and participation driven grading systems (e.g., clickers, participating in peer-led
sessions, and completing online homework) for the remaining 30%. Exams were common across all classes and
written by a committee of the students’ instructors. Interim exams consisted of 20 multiple-choice assessment
items with four distractors (five answer choices in total) and a series of six true-or-false items following the
Measure of Linked Concepts format to emphasize the links across topics in the course (Ye et al., 2015). Each
multiple-choice item on the tests was worth seven points, and each true-or-false item was worth three points for
a correct response or one point for selecting unsure (in an attempt to reduce chance guessing). The final,
cumulative exam followed a similar format with 45 multiple-choice and ten true-or-false assessment items.

Participants

Seven hundred fifty-five students were enrolled in the course during the study. Of these students, 634
were enrolled with a registered math aptitude score ranging from 440 to 800 with a mean score of 561.In 2018,
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the CollegeBoard reported a mean score of 531 on the math composite of the SAT (CollegeBoard, 2018). Five
hundred forty-three students with registered math aptitude scores completed the cumulative final exam with a
mean score of 70.0% and a standard deviation of 16.6%. Students who completed the final exam, were enrolled
in the course with a registered math aptitude score and responded to each of the surveys following their interim
exams (n = 348) were observed as having a mean score of 66.1% on the final exam with a standard deviation of
16.1%. Names following student responses to these surveys as presented in this work are pseudonyms
generated to protect the identity of the students and neither relate to nor assume each student’s gender
identity, race, or ethnicity. The university’s Institutional Review Board approved the collection of data following
institutional and local guidelines.

Academic performance of students scoring at or below the 25th percentile on math aptitude scores
The relationship between math aptitude (by quartile) and final grade in the course was considered to
determine the academic outcomes achieved by chemistry students of variable math aptitude. In the research
setting, students could achieve an A, B, C, D, or F in grade or a W for students who chose to withdraw from the
course. Adverse academic outcomes are considered as D, F, or W, as each of these grades prevents the student
from enrolling in subsequent coursework until the course is retaken. The Sankey diagram in Figure 1 depicts a
visual used to evaluate the academic outcomes of students by quartile of math aptitude where the width of the

connections between math aptitude quartile and the final grade achieved is equal to the frequency of students
that match the presented intersectionality.

Top Quartile

D,ForW

Figure 1. Sankey diagram where the number of students within each quartile of math aptitude (left) are
represented by the width of the bands connecting students to the final grades achieved in the course (right).
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If math aptitude and academic chemistry performance were unrelated, each quartile of math aptitude
would achieve one-quarter of each letter grade. Of the 634 students with math aptitude scores, 168 students
(26.5%) were in the bottom quartile. The bottom-quartile students received 32.5% of the D, F, or W grades
(including 31% of those who withdrew from the course) and 35.3% of the C grades but only 17.1% of the A
grades. This data suggests that the previous findings in the research literature describing math aptitude as
related to academic chemistry performance also holds in the current setting with the bottom quartile of math
aptitude at a higher risk of not succeeding. To be clear, we are not proposing that chemistry performance and
mathematics proficiency are unrelated, as multiple chemistry topics require quantification and mathematic
manipulation. Instead, we hypothesize from the reviewed literature that students enrolled in general chemistry
at the research setting have the requisite algebraic manipulation skills needed for general chemistry. Part of the
goal of this work is to explore the feasibility of this hypothesis. If the hypothesis holds true, the math component
of the SAT measures math skills in addition to what is needed in general chemistry. If so the relationship
between math SAT and general chemistry performance demonstrated in Figure 1 can be better understood and
mitigated, which would reduce student attrition in the course and create equality of outcomes for students
regardless of math aptitude (Lynch, Equity and Science Education Reform, 2000, p. 13). Alternatively, if the
hypothesis fails and algebraic manipulation skills manifest as the reason for student struggles this would call for
additional preparation aimed at developing this skill set.

Development and design of post-assessment survey prompts

Following the finding that at-risk chemistry students at the research setting struggled most
differentially on mole concept and stoichiometry assessment items (Ralph and Lewis, 2018), test items related to
these topics were selected from those drafted by a committee of the course instructors. Items were selected a
priori (before the information was available as to students’ performance on the item). Each assessment item was
expected to require a mole-to-mole conversion in different contexts: mole concept, theoretical yield, gas laws,
and changes in energy.

Survey prompts were administered via students’ online learning management system. Following each
of the three interim exams, students were asked to respond to open-ended prompts designed to elicit their
solution processes within a week of their in-course interim chemistry tests. Surveys were administered following
interim exams to receive students’ solution processes after students prepared for, completed, and had access to
the answer key for the assessment items presented in the surveys.

The first two prompts followed the first interim test, and the last two followed the second. No topics
were identified as involving the mole concept or stoichiometry on the third interim test. Students were able to
freely edit their answers on the survey until the established deadline. The survey prompts followed a consistent
format as presented below.

The Mole Concept Item
For the test question (below), please explain how to arrive at the correct answer (“E”).

How many moles of oxygen are in 15 g of K;S0,?
A)0.022mol B)0.043mol C)0.086 mol D)0.17mol E)0.34 mol

The Stoichiometry Item
For the same test question (below), please explain how to arrive at the correct answer (“C").
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Calculate the amount of NH; gas produced by reacting 45.6 g of H, gas with an excess of N, gas
according to the following chemical equation.

3H:(g)+N:(g) —> 2 NHs(g)

A)856g B)171g C€)257g D)385g £)579g

The Gas Laws ltem

For the same test question (below), please explain how to arrive at the correct answer (“A”).

If 126 L of Hy(g) at 15°C and a constant pressure of 0.920 atm reacts with excess N(g) as shown
below, how many moles of NHs(g) are produced?

3H>(g)+ N2 (g) —>2NHs(g)
A) 3.27 mol NH;
B) 4.90 mol NH3
C) 7.36 mol NH;
D) 55.7 mol NH;
E) 84.0 mol NH;

The Changes in Energy Item

For the same test question (below), please explain how to arrive at the correct answer (“B”).

Consider the following balanced chemical equation:

4NHs(g) + 5 02(g) — 4 NO(g) + 6 H,0(1) AHon=+1168kJ

How much heat is absorbed/released when 2.05 mol of NH;(g) reacts with excess O.(g) to produce
NO(g) and H,0(1)?

A) 5.99 x 10° kJ of heat is released.

B) 5.99 x 10? kJ of heat is absorbed.
C) 2.40 x 10° kJ of heat is released.

D) 2.40 x 10° kJ of heat is absorbed.

E) 1.02 x 10 kJ of heat is absorbed.

Students received 0.5% added to their final grades for the completion of each of the three surveys.
Students’ were also informed “There are no correct answers to the survey, but repetitive or non-responsive
answers may not result in extra points” regarding the expectations for their receipt of these extra credit points.
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Coding students’ responses

Responses were first collected into a database using the export function of the learning management
system, merged with roster and assessment data files using SPSS (IBM Corp, 2017). Then, responses were
imported to the qualitative analysis data software MAXQDA (VERBI Software, 2017) as a means to catalog and
organize codes, memos, and logbook (comprised of a dated and timed series of entries wherein the researchers
reflect on the data and the process by which the data has been analyzed) while interacting with the data. The
first author devised a deductive coding scheme using themes observed from the literature base cited in the
introduction. These works served as a conceptual framework concerning why students (in general) tend to
struggle with the mole concept and stoichiometry assessment items. From this framework, a coding scheme was
developed to describe the errors students make in their solution processes for the assessment items selected for
the survey (see Table 1).

Table 1. A priori coding scheme comprised of the challenges by which students have been observed to struggle
with the presented mole concept and stoichiometry assessment items in past works.

Code Code Description
Representational competence

Atoms comprising species are misrepresented as covalent compounds using subscripts (e.g., 4 O in

Atomic vs. Molecular .
potassium sulfate vs. Os)

Misrepresented

A Proportions identified by the subscripts and/or coefficients of a chemical formula are misrepresented
Proportions

Elemental Symbols Atomic masses are incorrectly assigned to elemental symbols as listed on the periodic table

Sign Conventions The meaning of + and - signs in the context of scientific notation or interpreting energy transfer is reversed

Chemical symbols are misinterpreted when determining the predominate state of matter or name of a

Nomenclature . .
chemical species

Systematic approaches

Selected conversion factors between units of measure (e.g., mass to moles; moles to mass) are incapable of
resulting in a viable measure for the converted value (e.g., converting mass to moles using Avogadro’s
number)

Inaccurate Conversion
Factors

Numbers and units are arranged improperly result in units incapable of achieving a coherent number and

Conversion Arrangement . L .
unit of measure (e.g, 12.1 moles O multiplied by 1 mol 0/16.0 g O to achieve mass of O)

S Steps in the predicted solution path(s) are present but are rearranged in a manner that does not reflect a
equence
9 solution path that is chemically plausible

Conceptual Understanding

Interchemical Unit . .
Identit Moles of a compound are not presented as distinct from moles of a constituent element
entity

Unit Conflation Differing units of measure are used interchangeably (e.g., molar mass as mass)
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Intrachemical Unit Terminologies inherent to particular units are misapplied (e.g., using the term “the number of atoms” of a
Identity chemical to describe the moles of the same chemical)

When challenges emerged similar to or beyond those described by the conceptual framework, the
incorrect processes were used to generate one-to-four-word descriptions summarizing the challenges
demonstrated by the students who authored them. Similar codes were then combined via pattern coding (Miles
etal., 2014) to group these summaries, assess their commonality, and consider each in the context of the
conceptual framework in concerning the difficulties observed in students struggling with the mole concept and
stoichiometry. Student solutions were coded so that one student’s response could have multiple codes applied.
This iterative process started with both authors coding common subsets of the data, discussing differences in
the manner by which codes were applied, and altering the codebook to improve parsimonious and consistent
coding of students’ responses. Subsets of the data used for interrater were selected from inaccurate student
responses of which there were 340 responses from the 247 not-at-risk (NAR) students and 199 responses from
the 101 at-risk (AR) students. Coding rounds occurred by item (mole concept, stoichiometry, gas laws, and
changes in enthalpy) where rounds were randomized and selected so that the number of inaccurate responses
from the NAR and AR cohorts was equal. For example, the coding round wherein codes (see Table 2) were
applied to student’s response processes for the mole concept item included 62 (31 from each group) of the 138
(or 45%) inaccurate responses. The researchers coded these items independently using a spreadsheet to record
their applications of the codes, and later met to discuss the discrepancies and make amendments to the codes
to promote greater clarity in their meaning and applicability. This cycle continued for each assessment item until
rounds of coding emerged with few disagreements, each discussed by the authors until an agreement was
achieved. In total, 539 inaccurate responses were collected and 196 (36.4%) were coded in rounds by both
researchers until the discrepancies were rare enough to suggest the coding scheme was reliable for application
to the remaining 343 inaccurate responses.

This methodology was regularly evaluated by the researchers for trustworthiness (Lincoln and Guba,
1986) using frameworks presented in the literature base for qualitative education research (Peshkin, 1993;
Spencer et al., 2003). Primary considerations included the alignment of the methodology with the research
questions and previous literature, the execution of data collection and analysis, and the contributions these data
and the presentation of relevant findings may provide to the literature. As a last effort to ensure the
trustworthiness of the findings presented, the findings were shared with two undergraduate researchers (who
were not participants in the study). These students demonstrated strong academic performance in their
experiences with general chemistry, served as peer-leaders and tutors at the research institution and were able
to provide a students’ perspective for some of the challenges observed. Undergraduate researchers were given
an overview of the methodology and deidentified samples of the dataset to summarize (these samples consisted
of pastiches presenting three or more student responses grouped by code for each assessment item). Then, the
students were given the results and discussion sections presented below and were asked to interject, argue, and
debate their perspectives of the data where alignment was not achieved. The students were influential in this
process and identified nuanced additions, contrapositives, and students’ perspectives of the data and
implications for assessment design.

Results

The results presented below consist of students’ assessment response data and solution response
processes related to the topics of mole concept, stoichiometry, and applied stoichiometry (e.g., stoichiometry
used in the context of the gas laws). By-item statistics include the number of students who responded to the
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1

2

3 item (n), the percent by which students overall (P) selected the correct answer, and the standard deviations (SD)
g observed within each group demarcated by at-risk (AR) and not-at-risk (NAR). Below item statistics, the rationales
6 for each of the distractors and the frequency of student selection (n and %) are provided for each group. The

7 mean differential between NAR and AR was calculated as the mean percentage of students in the not-at-risk

8 student cohort subtracted by that of the at-risk cohort (MD = NAR - AR). These statistics are then contrasted with
9 qualitative descriptions of students’ challenges supported with participant-voiced pastiches comprised of

1? exemplary student responses for each code color-coded via figure legend. Following the description of

12 prevalent themes in the challenges observed amongst at-risk chemistry students, a qualitative comparison of

13 those observed amongst the not-at-risk cohort is described.

14

15 Challenges of at-risk chemistry students

1? Interchangeable chemical identity

18 At-risk chemistry students were commonly observed to interchange the chemical identity of a

19 numerical value between different chemical species sometimes via common units such as mass or moles. An

20 error of this quality was coded as “interchangeable chemical identity.” Take, for example, responses to the mole
21 concept assessment item in which students were prompted to calculate the moles of oxygen in 15 grams of

;g K>SO, (see Figure 2).

24

25 Figure 2. The mole concept interim assessment item profile comparing the performance of not-at-risk (NAR) and
26 at-risk (AR) chemistry students.

. The Mole Concept item L temststes |
29 n (NAR/AR) P (Difficulty) MD (Differential) SD (NAR/AR)
30 442/157 55.9% 11.9% 0.49/0.50
g; Distractor Rationales | Overall NAR AR

5 garks0s pesronsme Pz Pum P
34

> V¢ Disractor C Posse T oa P ooo
37

o A) 0,022 mol Skipped Mole Ratio B B Qaan
40 B) 0.043 mol ' ,

41 C) 0.086 mol Moles of Oz son  F ez P oeax
42 D) 0.17 mol

4 E) 0.34 mol Correct Answer Doz Doz Bew
45

46

47 Two accurate solution processes to the mole concept item were described by students as depicted

48 below.

49

g? The Mole Ratio Process

52 1mol K,50, 4mol O

53 (15 g K250,) ( 174.27¢ )(1 mol K2504) = 034mol 0

54

55

56

57

58
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The Mass Percent Process

64.0g 0 )<1m010

15 g K,S0 (
(15 g K2504) 174.27 g K,50,) \16.00 g O

) =0.34mol 0

A presentation of interchangeable chemical identities was observed by students who divided the provided mass
of K,SO, —15 grams — by the molar mass of oxygen.

“Well, you'd set 15 grams of K,SO, to proper convertion [sic], with the molar mass of oxygen on the
bottom, set over the continuing equation...” (Erin)

Erin describes a conversion between 15 grams of potassium sulfate and “the molar mass of oxygen”.
One plausible interpretation of this solution process is displayed below.

15 0 K.SO 1mol O
(15 g K>50,)( 16g)

Whether Erin chose the atomic mass of oxygen or the molecular mass of oxygen (an error of
consequence to be discussed), there was interchangeability in the chemical identity of the given mass and the
atomic or molar mass included in the solution process. A student could perceive this process as resulting in the
cancellation of grams to arrive at moles of oxygen via dimensional analysis. A variety of responses were
observed to share this interchangeability (see Figure 3) involving the mass or molar mass of oxygen applied to
the mass or moles of potassium sulfate in solution processes. Much of the differential performance observed in
Figure 2, was attributed to the “skipped mole ratio” option (choice C) which matches the answer choice
predicted by students who exemplified interchangeable chemical identity by using the molar mass of oxygen
with the mass of potassium sulfate.

Figure 3. Varieties by which students communicated interchangeability between numbers sharing the unit of
mass but differing in chemical identity.

“mol of K2SO4 then multiply the molar mass of oxygen” (X Pamela)

“take 15g multiplied by 1 then divide by the mass of oxygen” (3L Michael)

“You take the 15g and multiple that by the mass of the oxygen and divide by the mass of KoSO4” (3L Darryl)
Interchangeable Chemical Identity

At-risk chemistry students were also observed to describe calculating the mass percent of oxygen in
potassium sulfate and misattribute this value with the moles of oxygen in potassium sulfate as the two were
near in numerical value for the assessment item (0.37 or 37% oxygen by mass and 0.34 mol of oxygen in
potassium sulfate). Students’ responses shown in Figure 4 describe this inaccurate application of the mass
percent algorithm and resulted in students either selecting the correct answer on the exam or presenting this
process in their survey responses as what should have been enacted.
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Figure 4. Misapplying mass percentages to the moles or molar masses of oxygen.

“First, we write out the formula fro [sic] converting grams to moles, which is moles= grams/molar mass.
We have the grams, we now need to find the molar mass. To do this, we need a periodic table to
find the mass of K, S, and O. K isEM grams, and there are two of them. S isﬂ grams, with one in
the compound. O is 16 grams, with 4 moles in the compound. This amounts to 173 grams. You then

take the total oxygen molecules, which is 64 (16x4) and divide it by the total molar mass. That totals

to 0.34 moles.” (1 Pete)

“You would have to divide the molar mass of oxygen (64) by the molar mass of K2SO4 (174..259) then

multiply by 100%.” (& Jan)

“l divided the amount of ﬂ)lar_ mass in O4 by the total molar mass of K2SO4 and came up with the

answer of 0.34.” ( .l Angela)

“First you would find the mass of 4 oxygen and divide it by atomic mass of the equation. Then you would

take that answer and convert it into moles by multiplying by 1/molar mass.” (1 Charles)

Unit Conflation Atomic vs. Molecular

Interchangeable chemical identity was characteristic of solution processes for all four assessment items
and indicates a characteristic challenge in a student’s conceptual understanding of the meaning behind the

numbers and units of a solution process. In the stoichiometry assessment item, students were tasked with
calculating the mass of NH; produced from 45.6 g of H, and excess N, (see Figure 5).

Figure 5. The stoichiometry interim assessment item profile comparing the performance of not-at-risk (NAR) and

at-risk (AR) chemistry students.

The Stoichiometry Item

n (NAR/AR) P (Difficulty) MD (Differential) SD (NAR/AR)
Calculate the amount of NH, gas
443/157 73.2% 8.5% 0.43/0.47
produced by reacting 45.6 g of H,
. i Distractor Rationales | Overall NAR AR
gas with excess N, gas according
P os2% 4.0% | T

to the following chemical equation. V. Distractor B

n=231 n=18 n=13
— o o 9
3H, (@) +N; (9) 2 NH; @) Coefficients x Molar Mass B 115% 2% P 1a7%
n =68 n=45 n=23
73.2% 75.4% 66.9%
A) 85.6 g Correct Answer J e 42 e 2 ‘ o105
B)171g
. q ' 7.0% 7.2% ' 6.3%
C)257 g Skipped Mole Ratio e 42 ne 32 n=10
D) 385¢g
. o ’ 3.3% 3.2% ' 3.8%
E)579 g Flipped Mole Ratio o 20 14 net
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A predicted solution path for the item could be described as follows.

1 mol Hz) (2 mol NH3)( 17.034 g

4569 H (
4569 H)\ 5516 9 )\ B mor i, ) \Tmol N,

) = 2579 NH,

Students’ processes involved the interchangeability of chemical identities sharing a common unit of measure
(often mass, molar mass, or moles) as observed in their responses to other assessment items.

“Convert 45.6 g [of H;] givens [sic] to moles by dividing it by the total mass of NH, [sic]. Then multiply the
moles found by the 2 that are in hydrogen, and lastly convert your new moles back to ‘g"” (Kevin)

45.6 0 H 1 mol NH,
(456 g Hy)(—

)(2 mol Hy)

Here the interchangeability between H; and “NH,"” seems reinforced by both the cancellation of grams
and the quality of NH, as containing molecular hydrogen. Kevin’s response was coded as both interchangeable
chemical identity and an error in the interpretation of chemical symbolism.

Atomic vs. molecular

The code labeled “atomic vs. molecular” was most pronounced where the comprising elements of a
compound were capable of forming a diatomic molecule and were involved in a component of students’
solution processes. In Figure 6, responses to the mole concept assessment item reflect this challenge with
representational competence.

Figure 6. Returning to the mole concept assessment item, the code “atomic vs. molecular” was prevalent.

“15g K2SO4 * (1mol K2S04/174g K2SO4) * (4 mol Os/1mol of KoSO4)=" (X James).
“You concert 15g to to moles of K2SO4 and get .086 then use that and multiply it by 4 for the O4” (3 Ryan)
“Take 15 grams and multiply by 1mol K2S04/174.27, then use molar ratio to find the moles of Oz2.” (L Toby)

Atomic vs. Molecular

Here, students tend to represent 4 mol of oxygen atoms in potassium sulfate as either O, or O,. One
plausible interpretation of these errors in the solution process could concern the stem of this item. Students
could have misinterpreted “moles of oxygen” with “moles of molecular oxygen” and thereby selected “D” as a
plausible response to the item. Only twenty-nine students (4.8%) selected answer choice “D” discounting this as
a common interpretation of the question but the question stem would be improved by specifying “oxygen
atoms”. As shown in Figure 6, students commonly misrepresented oxygen as O4. James and Ryan still utilized a
coefficient of 4 with O, and thus this misconception did not prevent their selecting the correct answer to the
assessment item. Inaccurate solution processes that arrive at correct answer choices could reinforce students’
misconceptions and students’ future interpretations of chemical symbolism could be negatively impacted as a
result.
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The role of molar mass

Save for the mole concept assessment item, all other stoichiometry-related assessment items involve
the application of stoichiometric coefficients interpreted from a balanced chemical reaction to solve an
assessment item. For the stoichiometry assessment item in Figure 5, students struggled in their attempts to
discern the masses, moles, molar masses, and stoichiometric proportions between chemical species and the
roles these values serve within systematic approaches. One manner by which this challenge manifested was with
confusion related to the use of coefficients from a balanced chemical reaction in the determination of molar
masses.

Figure 7. Students were applying coefficients representing stoichiometric proportions from balanced chemical
reactions to the molar masses of chemicals.

“First we have to find the amount of each compound. 3 H2 =6 g, N2 = 28 g, and 2 NH3 =34g. We know that

6 g of Hz = 34g of NH3, so we have to find how the amount of 45.6 H». To find the mass of NHs produced we

have to multiply 45.6 * 34 and divide it by 6 and we get 257g which is the correct answer.” (3 Stanley)

“Took 45.6g and multiplied it by 1mol over 6g of 3H2. Then multiplied that by 2 moles of NH3z over 1 mole of H.
THen [sic] multiplied that by the total grams of 2 NH3 and got 34. As a result, acquired 516. THen [sic]

divided that by the 2 moles of NH3 and got roughly 258. Not the correct way, just how I did it. Will use the

correct way next time. | think | just lucked out with this answer...” (3 Meredith)

“45.6 g Hz2 x (3mol/2.016g Hz) x (1 N2/ 1H2) x (1mol/28.02)....... and that's where i stopped because it was

incorrect. | don't know how to get to the correct answer :( | cant [sic] figure it out” (3 Holly)

Unit Conflation Coefficients and Molar Mass

Atomic vs. Molecular Interchangeable Chemical Identity

As observed in all three student elaborations presented in Figure 7, the role of a coefficient was unclear.
Reflected by Stanley and Meredith’s responses, students were observed to apply stoichiometric ratios to their
calculations of the molar mass of a compound. At-risk students manifested this misconception as to the utility of
coefficients and were observed to achieve the correct answer via an inaccurate conception of the algorithm.
There were other solution processes, however, wherein at-risk students applied stoichiometric coefficients to
molar masses in a manner that did not result in the attainment of a correct answer (see Holly’s response). The
stoichiometry assessment item presented with a low mean differential (MD = 8.5%) and was observed to attract
11.3% of the students to answer choice B in Figure 5. The rationale of this distractor reflected students’ use of
coefficients in the balanced chemical reaction to calculate the molar mass of a substance (e.g., H, would have,
not 2.016 g/mol, but 6.048 g/mol following the multiplication of the molar mass by a coefficient of 3 from the
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balanced chemical reaction). This distractor was responsible for 4.5% of the overall 8.5% mean differential
observed.

Challenges with the interpretation and use of molar mass were also observed throughout the
assessment items on the second interim exam. The gas law item provides the values necessary to compute
moles of molecular hydrogen gas using the ideal gas law and asks students to determine the moles of ammonia
gas produced given excess molecular nitrogen gas (see Figure 8).

Figure 8. The gas laws interim assessment item profile comparing the performance of not-at-risk (NAR) and at-
risk (AR) chemistry students.

The Gas Laws tem L temswtisis |
n (NAR/AR) P (Difficulty) MD (Differential) SD (NAR/AR)
If 126 L of Hy(g) at 15°C and a 413/142 45.0% 15.1% 0.50/0.47
constant pressure of 0.920 atm
reacts with excess N2(g) as shown Distractor Rationales | Overall NAR AR
below, how many moles of NH,(g) Correct Answer ' :5;0;/;0 ;‘8;92"32 ' iiﬁz
are produced?
. . 44.7% 40.0% 58.5%
3 H,(9) + N,(g) = 2 NH,(9) Skipped Mole Ratio . s s , B
A) 3.27 mol NH, PSS LD ) e
B) 4.90 mol NH, ’ i ) ' )
C) 7.36 mol NH, Mass of NH3z Formed ii/;z iig ﬁl/g
D) 55.7 mol NH,
E) 84.0 mol NHg n of H, * Molar Mass NH, | ;i; ;1/6 ' g:/

The provided chemical reaction was the same as that of the stoichiometry item from the first interim test where
a predicted solution path for the item could be depicted as follows.

. atm L mol NH;
(0.920 )(126 L) 2 l
ne L-atom = (4.90 mol Hy) (W) = 3.27 mol NH,

Students were observed to calculate the moles of H, with little difficulty. Their ability to algebraically
manipulate the ideal gas law equation for moles appeared unencumbered by having scored in the bottom
quartile of math aptitude scores. Challenges arose when converting the moles of H, gas calculated to moles of
NHs. Often, this difficulty involved determining whether molar mass plays a role in discerning a final answer as
demonstrated in Figure 9.
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Figure 9. Misapplications of molar mass in response to the gas law assessment item.

“First, | found the molar mass of NHz 17.02 then divided the number of mols (4.902 mols) calculated

oNOYTULT D WN =

by PV=nRT and found that there is 3.27 mol of NHs” (3L Angela)

“Using PV=nRT formula, First you would first you would find the n of N2. Once finding number of

13 moles for N2= 4.902, you will then find moles by getting molar mass of NHs (N)= 14.007 + (H)3=

1.008*3. Moles to grams, grams to moles to find NH3 which = around 3.27 to 3.4 moles or

16 n.” (X Darryl)

20 “They did not take into account the H: in the equation. You have to do another conversion using the

21 molar mass. You have to use the molar mass of Hz... | am not exactly sure where or what to do

23 after that.” (3L Gabe)

“l didn't know how to arrive to the final answer to be honest, i tried to find what what was missing, but

28 i cant determine, i think mostly i got confused about determine which molar mass i should use in

30 this question.” (JL Robert)

33 Interchangeable Chemical Identity Misapplied Molar Mass

36 In parallel, the changes in energy assessment item is predicted to have a solution path that does not
37 inherently require the use of the molar mass for ammonia, yet students demonstrate the use of this value as a
38 prominent point-of-confusion. For this item, students are provided the following chemical reaction and heat of
reaction (see Figure 10).
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Figure 10. The changes in energy interim assessment item profile comparing the performance of not-at-risk

(NAR) and at-risk (AR) chemistry students.

The Changes in Enthalpy Item
n (NAR/AR) P (Difficulty)

Consider the following balanced chemical 400/143 58.1%

equation:

4 NH,(g) + 5 0,(g) = 4 NO(g) + 6 H,0() Distractor Rationales |

AH, =+1168 kJ Correct #, Wrong Sign

How much heat is absorbed/released when 2.05
mol of NH,(g) reacts with excess O,(g) to

produce NO(g) and H,O()?

Correct Answer

Incorrect #, Wrong Sign
A) 5.99 x102 kd of heat is released.

B) 5.99 x102 kJ of heat is absorbed.
Skipped Mole Ratio

C) 2.40 x108 kJ of heat is released.
D) 2.40 x103 kJ of heat is absorbed.
E) 1.02 x104 kJ of heat is absorbed.

Mass of NHs

MD (Differential)
8.1%
Overall NAR
P oo P ss%
n=45 n =36
553% [ 57.4%
n=305 4 n=23
| JRPY Po11s%
n=71 n =47
B [hooosw
n=117 n=85
I 2s5% [ 15%
n=14 n=6

Item Statistics

SD (NAR/AR)
0.50/0.50

AR

' 6.3%
n=9

49.0%
n=70

P i68%

n=24

B s

n=32

Students were asked to calculate the amount of heat absorbed or released when 2.05 mol of NHs(g)
reacts with excess O,(g) to produce NO(g) and H,O(/). A theoretical solution path to the item is depicted below.

+1,168 kJ
4 mol NH3

(2.05 mol NH,) ( ) = 4559 kJ

Here, confusions over the application of molar mass arose once again.
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Figure 11. Misapplications of molar mass in response to the changes in energy assessment item.

"First you must find the moles of NHs by dividing the mass of NHz by the molecular weight. Next, you

want to find out how much heat is absorbed during ONE NHs, so we divide 1168 kJ by 4. You

then take that number and multiply it by the moles to get 5.99 x102 kJ absorbed.” (3L Pete)

“l believe you would need to find grams per mole of of NHs then multiply that by the heat absorbed

given and also divide the heat absorbed by the 2 moles of NHs in the equation, not just one

mole.” (. Phyllis)

“I got the answer by first finding the molar mass of NHs. multiply 17.03 g by 2.05 which = 34.9g, then |
multiplied the 4 NHs by the molar mass of NHs (17.03*4) = 68.12, then divide 34.9/68.12 = 0.512,

0.512 * 1168 kd =5.99x102 kJ (X Angela)

“for me i didn't know how to get to the final answer yet, i was so confused. i think the error was in the

molar mass, but all other number were in the right place." (3L Robert)

“2.05 mol NHs(17.04 NHa/1mol NHz)(4mol NHa/1168kJ)=5.99x102

You multiply what is given by the molar mass of NHs, then you multiply that by the moles and divide it

by kilojoules and get your final answer.” (3L Nellie)

Unit Conflation Interchangeable chemical identity

Misapplied Molar Mass

Solution processes similar to that of Pete and Angela would result in an accurate response via an
inaccurate conception of the process. Our interpretation of Angela’s solution process is illustrated below and
may demonstrate the degree to which students rely on algorithmic solution processes without conceptual
understanding.

17.03 g
1mol NH3

349g

(4 ~_17.03g )
1molNH3

2.05 mol NH, ( ) =3494 — 0.512(1168 kJ) = 5.99 - 102 kJ

Angela’s application of the molar mass of ammonia twice was, presumably, to execute an algorithm by
which the mass of NH; was required. This difficulty in determining whether or not to use the molar mass may be
indicative of the difficulty associated with distinguishing moles of one chemical species from moles of another.
Alternatively, the challenge could be related to the use of the moles of NH; to reconcile the connection between
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energy and mass or moles. The persistence of this challenge was commonly observed (see responses authored
by Angela and Robert in Figures 9 and 11). These difficulties were most notable in the changes in energy
assessment item as students struggled to differentiate between the stoichiometric coefficient (e.g., the 4 mol of
NH; required for the balanced chemical reaction) and the amount in moles of ammonia consumed in the
chemical reaction (see responses by Pete and Phyllis in Figure 11).

“In excess” as a source of confusion

Inaccurate solution processes of at-risk chemistry students for the applied stoichiometry assessment
items also involved the incorporation of chemicals prompted as “in excess” suggesting that this phrase did not
inform students as to whether a theoretical yield or a discerning the limiting reactant algorithm should be
executed. Exemplar responses demonstrate how students invoke algorithms that seem to emphasize the
conservation of matter using excess reactants (Figure 12) or include excess reactants in the determination of
theoretical yield (Figure 13).

Figure 12. Interchangeable chemical identities manifested via uncharacteristic solution processes involving
excess reactant to the gas laws (first two responses) and changes in energy (last three responses) assessment

“l think you would need to do 1 mol of Nz times its molar mass and add that to 1 mol of Hz and times

that by its mass and convert it to liters and then plug it into the equation PV-nRT” (3L Charles)

volume of NHz but that was to high, | tried getting a difference of the mass of NHs and H2 but that

gave 11.13 which is not an answer. | cannot understand why it is A.” (2L Kevin)

“Add the total moles of NO(g) and H20(l) which is 10. Then use the given moles of NH3 as conversion

factors. So... (I Roy who also responded with the equation below)

10 mol NO and H20 1168 kj
2.05 mol NH3 x —22 an X J = 5986 kj
4 mol NH3 1 mol NO and H20

“In order to arrive at the correct answer you must must multiply 2.05 with 1168 in order to get the kJ

once you get that you must add in the oxygen in order to finalize the reaction.” (3L Jo)
“I think you would have to take 4 mols of NH3z and divide it by the 2.05 mols and then take that and

add the 5 mols of Oz and then multiply the total by 1168 kJ. | am not positive though because | got

that one wrong on the test...” (3 Charles)

items. Incorporating Excess Reactants __ . Unit Conflation
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Charles, an at-risk student whose solution processes are shown for both the gas laws and changes in
energy items in the figure above, demonstrates persistent difficulty with discerning whether or not to
implement excess reactants toward arriving at an answer. “In excess” is a phrase commonly observed amongst
the assessment items related to stoichiometry. The phrase is intended to communicate an abundance of a
reactant suggesting one need not consider the reactant present in excess as limiting to the theoretical yield of a
chemical reaction. None of the four assessment items require students to discern the limiting reactantin a
calculation of a produced mass, challenges with limiting reactants were not expected to emerge within students’
responses, yet challenges were prevalent amongst the stoichiometry, the gas laws, and changes in energy
assessment items. Often, students included the excess reactant in their calculations. Manifestations of these
errors are presented in each pair of exemplary student responses in Figure 13 representative of the

stoichiometry, gas laws, and changes in energy assessment items, respectively.

Figure 13. Incorporating a limiting reactants algorithm for stoichiometry (Clark and Robert), the gas laws
(Meredith and Sam), and changes in energy (Katy and Oscar) assessment items describing all other reactants as
in excess.

“To calculate how much NHs is present the individual will need to find how many moles of H> and
Nz are present in the problem. After solving for both, a molar ratio can be set up to solve for
the amount of NHs produced. After which when moles of NHs are found one will need to

multiply the moles of NH3 by its molar mass because the answer is required to be in

grams.” (3 Clark)

“I didn't guess the right answer, but what i did was i multiply 45.6 by the the mole of Hz/ molar

mass of Hy, then i multiply that by molar mass of N2/1mole of No.” (3L Robert)

“So manipulate the equation to get n on one side and it becomes PV/RT. Plug in values and you
get 4.90. I'm assuming this isn't the final answer because you're asked for excess N2 gas and

| am not sure how to get there or apply that to the problem. Thankfully, this is what studying

is for...” (3L Meredith)

“Personally, | got answer B, and | think | got it wrong, because | did not factor in the excess

amount of Nz. | am not sure how to arrive to the correct answer.” (3L Sam)

“2.05 moles needs to be converted since its reacted with excess oxygen. convert 2.05 mol of
ammonia to moles of oxygen using mol to mol ratio and then use delta H= g/mol of oxygen.
no, because | did the equation with the 2.05 moles given.” (i Katy)

“The correct conversion factor would have been:

2.05 mol NH3 x 5 mol O2\4 mol NH3 x 1168kJ/5 mol Oz. giving us 5.99x102 and since its positive

we know it was absorbed.” (& Oscar)

Incorporating Excess Reactants
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Each response demonstrates confusion as to how to incorporate the “excess” reactant, which was
commonly observed throughout the students’ elaborations. If the instructors intend to measure proficiency with
associating an abundant reactant as having no impact on the theoretical yield of a chemical reaction in addition
to solving gas law stoichiometry or energy changes of a chemical reaction, then these assessment items are well
placed. It may be more plausible that the intent was to include “excess” as a means of eliminating the additional
challenge of discerning limiting reactants within the context of the stoichiometric calculations. This
simplification does not seem to correspond with students’ elaborations of the item in which they indicate
confusion over the phrase and attempt incorporation within the algorithms by which problems are solved.

A comparison of the challenges observed between not and at-risk chemistry students
In evaluating potential sources for differential performance, the prevalence of challenges with these
items were considered with respect to each code (see Table 2).

Table 2. Codes (organized by theme) with prevalence measured as the percentage each code comprises of the

total number of inaccuracies identified in students’ solution processes (nnar = 393, nar = 234).
Codes (by theme) Code Descriptions
Representational Competence

Atoms comprising species are misrepresented as covalent compounds using subscripts (e.g., 4 O in

Atomicvs. .
Molecul potassium sulfate vs. Os)
olecular
" NAR: 4% | AR: 3%
Misrepresented Proportions identified by the subscripts and/or coefficients of a chemical formula are misrepresented
Proportions 5% | 4%

Atomic masses are incorrectly assigned to elemental symbols as listed on the periodic table
Elemental Symbols 19 | 19
(4 ()

Chemical symbols are misinterpreted when determining the predominate state of matter or name of a
Nomenclature chemical species
2% | 3%

Systematic Approaches

Selected conversion factors between units of measure (e.g., mass to moles; moles to mass) are incapable of

Inaccurate resulting in a viable measure for the converted value (e.g., converting mass to moles using Avogadro’s
Conversion Factors  number)
5% | 5%
Misapplied Molar  Molar masses are incorporated incorrectly and/or are unnecessary for the process described
Mass 8% | 10%
C . Numbers and units are arranged improperly result in units incapable of achieving a coherent number and
onversion
unit of measure (e.g, 12.1 moles O multiplied by 1 mol 0/16.0 g O to achieve mass of O)
Arrangement
5% | 7%
Steps in the predicted solution path(s) are present but are rearranged in a manner that does not reflect a
Sequence solution path that is chemically plausible

6% | 3%
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Stoichiometric coefficients are incorrectly incorporated in the calculation of molar mass (e.g., mass of Hz

Coefficient and
oetticient an with a coefficient of 2 is equal to 2*2.0158 g/mol or 2.0158 g/mol divided by 2).

Molar Mass
3% | 3%
Often used for seemingly uncharacteristic solution pathways, the sum of some values of reactants to equal
+ Moles or Mass that of the products is used
3% | 3%

Conversions between numerical values representative of different chemicals are conducted demonstrating
a lack of identity reflective of the interrelation of one chemical to another (e.g., 15 g of K»SO4 divided by
atomic mass of oxygen to find moles of oxygen)

Interchangeable
Chemical Identity

19% | 15%

Conceptual Understanding

Interchemical Unit  Moles of a compound are not presented as distinct from moles of a constituent element
Identity 1% | 0%

Unit Conflation Differing units of measure are used interchangeably (e.g., molar mass as mass)

11% | 14%

Terminologies inherent to particular units are misapplied (e.g., using the term “the number of atoms” of a
chemical to describe the moles of the same chemical)

Intrachemical Unit

Identity 8% | 9%

Despite the expected cue of “excess” in the prompt of the item task, solution processes are described that
include determining the limiting reactant or the inclusion of the excess reactant in the solution process
13% | 11%

Incorporating
Excess Reactants

Conversions between numerical values representative of the same chemical, a lack of identity toward
conversions that would be reflective of the interrelation of one unit to another is demonstrated (e.g.,

Distinct M
istinct Mieasures equating the moles of oxygen in 15 g K2SO4 with the mass percent of oxygen in 15 g of KzSO4)

6% | 9%

Overall, the most common challenges observed involve interchangeable chemical identity, unit
conflation, and incorporating excess reactants. Of the students struggling with these concepts, the challenges
and the prevalence by which they affect students does not seem to explain the differential performance
observed. In the process of qualitatively reviewing student responses, it was clear that some students were able
to arrive at a correct answer for the prompt via a chemically implausible solution process. For example, the
exemplar responses of at-risk students in Figure 4 demonstrates an error wherein students equal the moles of
oxygen with the mass ratio of oxygen in potassium sulfate to arrive at a correct answer for the mole concept
assessment item via an incorrect process.

Responses were coded for “incorrect process, correct answer” if the student was observed to apply
unnecessary, such as converting the moles of NH; provided in the changes in enthalpy item into grams and back
into moles, or chemically implausible, as described above with regard to the difference between mass ratio and
moles of a constituent element, steps within their solution processes. Students who conflated units of measure
(e.g., describe the molar mass of a substance) or referred to chemicals by inaccurate nomenclatures (e.g.,
describing NH; as NH) but otherwise were observed to arrive at a correct answer were not included in this
measure as these students represented aspects of their processes inaccurately but did not execute inaccurate
processes to arrive at a correct numerical answer. The quantitative results of these codes can be found in Table 3.
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Table 3. Prevalence for students who arrived at accurate numerical values for the assessment items
implementing an inaccurate process.

Assessment Item NAR AR MD (NAR - AR)
Mole concept item 24% 15% 9%
Stoichiometry item 15% 13% 2%
The gas laws item 13% 4% 9%
Changes in enthalpy item 31% 21% 10%

Each assessment item presented a unique variety of pathways by which students arrive at accurate
numerical answers via inaccurate processes. To demonstrate the range of pathways, a qualitative description of
not-at-risk students’ responses processes follows.

The mole concept item

Figure 14 presents exemplar responses of not-at-risk chemistry students for the mole concept item wherein
students arrive at a correct numerical answer via an incorrect process.

Figure 14. Common and chemically implausible solution strategies along with representational competence
challenges observed amongst the not-at-risk chemistry students.

How many moles of oxygen are in 15 g of KaSO4?
A)0.022mol  B)0.043mol C)0.086mol D) 0.17mol  E)0.34 mol

“what you do is divide the 15 grams given by the mass of K2SO4. then you would multiply the
mass of O4 (64 grams) by 15/174.27. you should get around 5.5 grams. then you divide 5.5 by the

mass of 1 mole of oxygen and you would get 0.34.

((15/174.27)x64)/16=0.34" (L. Ricky)

“You first convert 15g of K2SO4 to its molar mass and convert that to the mole to mole ratio,
altogether you should have (15x4)/174.27”

(L Alex)

“To get the correct answer you take the grams of O (16) and times that by 4 over the molar mass

of K2SOa.

16*4

174.277

(X Tim)
Sequence Interchangeable chemical identity
Misapplied Molar Mass —  __ . Unit Conflation

Here, Ricky and Alex describe their solution processes following their descriptions with the calculations by which
they arrived at their answer to the prompts. Ricky adopts the mass percent solution path incorporating the mass
of 4 moles of oxygen atoms (64 g). The process can be summarized as follows:

1) first convert the provided mass of K;SO,4 to moles by dividing the molar mass of the compound,
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2) then, multiply the moles of K,SO, by the mass of 4 moles of oxygen atoms,
3) finally, divide by the molar mass of 1 mole of oxygen atoms.

The step in Ricky's solution process involving the multiplication of the moles and mass of two different
chemical compounds demonstrates the conceptual challenge of interchangeable chemical identity. The
instances in which students present all the steps of a predicted solution path but rearrange the order of these
processes to one that is chemically implausible was coded in the figure above as an error in sequence. Ricky,
thereby, attains a solution to the assessment item that would be marked correct on the exam but was arrived at
via a chemically implausible solution process that reflects a lack of conceptual understanding as to the meaning
of the numerical values used in the algorithm.

Alex also demonstrates a similar error via the predicted mole ratio path. Alex’s solution process involves
the multiplication of 15 grams of K,SO, by the mole-to-mole ratio of 4 mol of oxygen atoms to 1 mol of
potassium sulfate. The use of chemically implausible processes that result in the correct answers was common
amongst not-at-risk chemistry students in solving the mole concept item (24% or 21 out of 86 inaccurate
responses for this item). This compared to that of at-risk chemistry students who arrive at correct answers via
inaccurate processes for the mole concept item (15% or 8 of 52 inaccurate responses) explains some of the
differential performance observed between these two groups of students.

The stoichiometry item

One hundred fifty-four inaccurate solution processes were presented amongst the students (100 NAR,
54 AR) for the stoichiometry assessment item. While not-at-risk and at-risk cohorts manifested similar challenges
with their solution processes, multiplying coefficients by the molar mass of chemicals and rearranging a
chemically plausible sequence for the solution processes were two common routes by which students arose at a
correct answer via an incorrect process (see Figure 15).
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Figure 15. Inaccurate conceptions of algorithms communicated by not-at-risk chemistry students that result in
accurate responses to the stoichiometry assessment item.

Calculate the amount of NH3 gas produced by reacting 45.6 g of Hz gas with an excess of N2 gas

according to the following chemical equation.

3 Hz(g) + N2(g) = 2 NHs(g)

A)856g B)171g C)257g D)385g

value of 45.6 of Ha.

Your final answer should be 258.4, which is close
to C.” (2L Oliver)

“(45.6 grams of H2 /2.018)(17.02 of NH3)(2/3)=257
2.018=molar mass of Hz
17.02=molar mass of NH3

2/3 is the ratio” (XL Trudy)

“The correct answer:

45.6* 1/2.02*17.04/1*2/3= 257g with 2.02 the
molar mass of Hz and 17.04 the molar mass of

NHs.” (3L Donna)
Sequence

Coefficients and Molar Mass

E)579 g

“l still don't fully understand what I'm doing wrong
but | think | came up with a way to get 257 g.

What | did was take the molar mass of 2NH3

257 g.” (4 Shiela)

“You would divide 45.6 by the molar mass of Hz
and convert this number to the moles of NHs.
Then this number would be multiplied by two.
The same process must be done with N2 and this
will give a limiting factor. We will then subtract the
excess from the limit, giving us 257g.”

(. Ben)

Interchangeable chemical identity

Incorporating Excess Reactants

Sequence (or the rearrangement of a solution process that would otherwise be accurate) was observed
as a common method by which students arrived at an accurate value utilizing a solution pathway that does not
attribute meaning or identity to the numerical values involved. Consider the depicted solution process designed

to reflect an error made by Trudy and Donna.

456 g H2)< F07 e

1 mol Hz)( 17.03 g )( 2mol H,
1 mol NH,4

3 mol NH3> = 257 g NHs

While an accurate value is acquired, students apply the mole ratio following the multiplication of the
attained moles of H, by the molar mass of NH; demonstrating both a lack of chemical identity to these measures.
Oliver describes another inaccurate solution path involving the incorporation of coefficients in the calculation of

molar mass as depicted below.
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17.03 g

2.7
(45.6 g H,) <;’"2—32”;3> = 2579 NH;

.1molH2

oNOYTULT D WN =

This process functionally removes unit and chemistry identity for the numerical values used in the
calculation. The lack of order to not-at-risk students’ algorithms suggest that their conceptual understanding of
10 these algorithms may not be more advanced than their at-risk peers, but rather not-at-risk students are more
11 familiar with the execution of a predictable series of calculations with little meaning attributed to the numerical
12 values that arise. A lack of order relegates the process of sequential unit cancelation as the primary means by
which to solve a prompt, regardless of the chemical plausibility of a solution processes. These occurrences serve
as another example by which items designed to assess a proficiency with attaining a final numerical have a
16 potential to reward chemically implausible algorithm execution.

18 The gas laws item

Responses to the gas laws item demonstrate additional manifestations of not-at-risk students
employing algorithms that arrive at the correct numerical value but fail to demonstrate a chemically plausible
22 solution process (see Figure 16).
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Figure 16. Inaccurate conceptions of algorithms communicated by not-at-risk chemistry students that result in

accurate responses to the gas laws assessment item.

If 126 L of Hz(g) at 15°C and a constant pressure of 0.920 atm reacts with excess Nz(g) as shown

below, how many moles of NHs(g) are produced?

3 Hz(g) + N2(g) — 2 NHs(g)
A) 3.27 mol NHz B) 4.90 mol NHs C) 7.36 mol NHz D) 55.7 mol NHz E) 84.0 mol NH3

“In order to arrive at the correct answer of "A",
the student would follow the same formula as the
student from question 1, but would use 84 L

to the 3 of Hz in the balanced equation.”
(3L Rachel)

“You must use PV=nRT to figure out this
question. There is a molar ratio of 3:2 which you
must use in order to figure out how many liters of
NHs is produced. After setting up the molar ratio,
you get the value of 84, which you must then
plug into PV=nRT. Plugging in all variables would
result in: 84x0.920/0.08206x288, which would

give us 3.27 mols of NHz.” (3L Malcolm)

“there are only two hydrogen atoms in Hz, but 3

the correct answer” (3L Karen)

Coefficients and Molar Mass

“l think what had to be done was, yes plug
everything into the formula, where the results
equal the mistaken answer of 4.9. But then do
not stop there; multiply that by (2/3), number of
moles of NH3 (2), over moles of Hz or
something's molar mass. But either way 4.9
times 2/3 gives you 3.26667, which is close to

(2L Oliver)

“First you must convert the 126L of Hz to L of
NHs. You would take the 126L of Hz x
1molH2/1LH2 x 2molNHs/3molH2 x
1LNHs/1moINH3 = 84. Then you would plug the

numbers into n= PV/RT. n= (.920 x 84)/(.08206 x
288) n=3.27mol NH3s” (L Phillip)

While both groups of chemistry students were described as commonly interchanging the chemical
identities of numerical values (e.g., moles of H, vs. moles of NH; in the context of the gas law assessment item,
not-at-risk students who err in their solution processes tended to apply proportions used to interconvert
chemical species in a variety of ways. For examples, the not-at-risk student responses above refer to the
conversion of 126 L of H, to 84 L of NHjs as the conversion necessary to relate molecular hydrogen and ammonia
rather than applying a mole-to-mole ratio. In the case of students like Rachel, Malcolm, Karen, and Phillip,
students demonstrate a conceptual understanding of chemical identity by applying a mole ratio in their solution

processes but seem to assume that temperature is held constant as the reaction proceeds and thus the mole

ratio can be applied to the volume.

A similar variety of this code can be observed in Karen’s solution process. Here, the mole ratio is not
derived from the coefficients of the balanced chemical reaction but rather the subscripts of the formula wherein
moles of hydrogen atoms in ammonia are 3 and in molecular hydrogen are 2. However, this error in the context
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of the problem reflects the challenges all students face with interpretation chemical symbolism in addition to
conceptualizing how the depicted quantities interrelate. Of the inaccurate responses observed from not-at-risk
students 13% arrived at a correct answer via a chemically implausible solution processes wherein only 4% of at-
risk chemistry students were observed to do the same. These responses suggest a shortcoming in conceptual

oNOYTULT D WN =

understanding of the processes by which answers are obtained.

The changes in energy item

12 Students solving the changes in energy assessment item (see Figure 17) appeared more comfortable

13 converting the 2.05 mol of NH; provided into mass and then solving the problem (even recalculating moles)

14 perhaps as a means to rationalize their responses. This strict adherence to algorithms incorporating molar mass
for an item where molar mass was not necessary supports the idea that students have attained proficiencies, not
with the understanding of these processes, but with their execution. Exemplar responses are provided in Figure

18 17.
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Figure 17. Inaccurate conceptions of algorithms communicated by not-at-risk chemistry students that resultin
accurate responses to the changes in energy assessment item.
Consider the following balanced chemical equation:
4 NHs(g) + 5 O2(g) — 4 NO(g) + 6 H20()) AHmxn = +1168 kJ
How much heat is absorbed/released when 2.05 mol of NHz(g) reacts with excess Oz(g) to produce
NO(g) and H20(/)?
A) 5.99 x 102 kJ of heat is released. B) 5.99 x 102 kJ of heat is absorbed.
C) 2.40 x 108 kJ of heat is released. D) 2.40 x 103 kJ of heat is absorbed.
E) 1.02 x 104 kJ of heat is absorbed.
“First convert, 2.05 moles of NHs in grams, which is around 34.91 grams of NHa.
Plug it into formula; 34.91 times 1 mol over molar mass of NHs, which is 17.04, and then multiply

that by the +1168 kJ divided by 4, which is the moles or coefficient from NHa.
Doing all the math of that gives us 598.22, which is close to answer choice B above. (correct

answer) And we know it is absorbed heat.” (JL Oliver)

“I got the answer by first finding the molar mass of NHs. multiply 17.03 g by 2.05 which = 34.9g
then | multiplied the 4NHs by the molar mass of NH3
(17.03"4) = 68.12 then divide 34.9/68.12 = 0.512

0.512 * 1168 kJ =5.99x102 kJ” (3L Brenda)

“The correct conversion factor would have been:
2.05 mol NHz x 5 mol O2\4 mol NH3 x

1168kJ/5 mol O giving us 5.99x102 and since its positive we know it was absorbed.” (3L Devona)

“Convert the moles to kJ and then multiply by the coefficient of Oa...” (X Lee)

Incorporating Excess Reactants Sequence

Similarly to the other assessment items, 31% of the not-at-risk students arrived at a correct answer via a

chemically implausible solution process (compared to 21% observed amongst not-at-risk students). Oliver’s
responses were chosen as exemplary for the last three figures as conceptual challenges with molar mass and its
application was a common challenge observed throughout students’ solution processes. This student
demonstrates how some not-at-risk students successfully develop algorithms that, from the perspective of an
instructor may demonstrate little conceptual proficiency yet result in accurate responses on multiple-choice
exams designed to measure students’ ability to attain a numerical response. Further, Oliver's repetition of this
chemically implausible algorithm from test 1 to test 2 reflects the concern that assessment items designed to
measure a student’s ability to attain a numerical value via a step-by-step process could encourage and reward
conceptually implausible processes.
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Discussion

Findings of the study in the context of prior research

Challenges observed amongst at-risk chemistry students commonly related to conceptualizing the unit
and chemical identities of numerical values in the context of their solution processes. Descriptions of students’
challenges with the mole concept and stoichiometry in past works used as the conceptual framework for this
study were summarized into themes of representational competence, systematic approaches, and conceptual
understanding. Within these works, these themes often appear as three distinct challenges for the students;
however, the authors posit a more pluralistic view of the challenges students face with the moles concept and
stoichiometry. Each of the three themes manifested within students’ struggles to conceptualize the processes
used to solve the problems. For example, students were often observed to describe molar mass as mass and
applying gram units to these values but were able to apply these values properly to achieve an accurate and
chemically plausible answer to the problem (see Chris, David, and Gareth’s responses to the mole concept
prompt). In another research study, the impact of terminology and conflicting descriptions were thought to
result from a lack of a consistent conception of the mole as presented in textbooks and instruction (Furié et al.,
2002). It is possible that students’ challenges to conceptualize the mole begin with the difficulty the scientific
community as a whole has had in communicating its meaning and utility to chemists. Another plausible
explanation for students’ challenges with the mole relates to how this topic is assessed. At-risk chemistry
students were observed to struggle with attributing chemical identities to numerical values, particularly when
units were shared between chemicals. For example, consider the stoichiometry assessment item (Figure 5) in
which students were asked to convert 45.6 grams of molecular hydrogen to grams of ammonia. At-risk students
were often observed to start the problem using the following process:

1 mol NH,
45.6 g H, (—17.03 7

Here, neither a terminological understanding of mass nor the algebraic arrangement of units for
cancellation impacted a students’ ability to conduct this conversion accurately. What appears to be lacking is a
conceptual understanding of the process in which the molar mass of one chemical cannot be used to convert a
mass of another chemical to moles. While chemical interchangeability was more common amongst at-risk
chemistry students, difficulties with conceptualizing algorithms were regularly observed throughout. Similar
observations were described in a study conducted by Staver and Lumpe (1995) wherein the extent of prior
coursework in mathematics and chemistry was inconsequential concerning the lack of conceptualization
amongst the students. Regardless of incoming preparation in mathematics or prior coursework in chemistry,
students did not attain the conceptual understanding intended following their assessment of this topic.

“This subject’s responses show a high level of awareness of the mole as a vehicle for moving
back and forth between the macro and atomic/molecular levels, but he is unable to explain the
numerical identity issue and does not correctly work either of the problems. Surmounting this
barrier requires much more than an awareness; it requires that students overcome...
insufficient understanding of the concepts and use of memorized algorithms, rules, or other
information.” (Staver and Lumpe, 1995, p. 190)

Concerning representational competence, errors were observed in students’ interpretations of the
chemical symbolism provided; however, these errors rarely influenced the successes of their algorithmic solution
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processes. For example, students solving the mole concept item often described the moles of oxygen as O, O, or
0. while retaining the coefficient of 4 in their calculations (see Figures 4 and 14). The works of Gabel and
Sherwood (1983), Potgieter and Davidowitz (2010), and Phillips (1989) suggest low-performing students and
students who struggle with proportional reasoning could benefit via the provision of more visual instruction
(e.g., graphic organizers and diagrams of the particulate nature of matter). The challenges in the context of this
study rarely reflected issues with interpreting chemical symbolism (see nomenclature and elemental symbols in
Table 2) and were more commonly concerning how to use these values in an algorithmic process. Thus, these
visuals seem less likely to support students’ algorithmic success in solving these problems but may aptly address
the more pertinent challenge in the students’ conceptual understanding of stoichiometry. Representational
competence and conceptual understanding most commonly converged in students’ confusion concerning the
distinct roles of coefficients and molar mass in calculating stoichiometric proportions (see Figures 11, 15, and
16). Here students apply coefficients to the molar masses of chemicals and can typically arrive at correct answers.
While correct, these solution processes demonstrate the conflation of mass and moles.

The knowledge demonstrated enacts an algorithmic property where students execute a step-by-step
process learned and practiced throughout the semester. Assessments, as observed in the research setting, can
reinforce these algorithmic strategies by requesting students replicate these algorithms in the selection of a
single numerical product. Thus, the algorithmic nature of assessments designed to measure the mole concept
and stoichiometry may result in fostering chemically implausible algorithms that inequitably favor students of
higher math aptitude and fail to measure conceptual understanding. A study concerning students’ approaches
to solving stoichiometry problems concluded that while students with high proportional reasoning abilities
used algorithmic reasoning strategies more frequently than their peers, students overall did not understand the
chemical concepts on which the problems were based (Gabel et al., 1984). This study found similar outcomes as
the algorithmic processes of not-at-risk students more commonly resulted in the achievement of desirable
assessment scores, some of the differential performance observed could be interpreted as students with higher
math aptitude scores achieving greater comfort in applying and devising algorithms regardless of their chemical
plausibility. Overall the items involving mole-to-mole conversions, 70 (21%) of the 340 chemically implausible
solution processes presented by not-at-risk chemistry students resulted in a correct answer for the items.
Comparatively, 26 (13%) of the 199 at-risk chemistry students accomplished the same result. As students of both
groups were discovered to share similar misconceptions related to these topics (see Table 2), it is possible how
the mole concept and stoichiometry are assessed creates and reinforces the differential performance observed.

This implication is of consequence to instructors, researchers, and institutions interested in more
equitable assessment design and closing performance gaps observed amongst students of variable incoming
preparation. The combination of systematic approaches and conceptual understanding toward students’
conceptualization of the algorithms used in addition to the similarities observed amongst not-at-risk and at-risk
chemistry students in a lack of conceptual understanding of stoichiometry were informative. However, the
inequitable successes following the implementation of chemically implausible algorithms observed as a
potential source for the differential performance observed between these group is a concerning finding of this
study. Ultimately, the work presented furthers the literature concerning at-risk chemistry students (or those with
low math aptitude scores) and in the challenges of these students experience with the mole concept and
stoichiometry.

Practical adaptations to the assessment items designed to measure proficiency with these topics could
reduce the inequity observed by reducing algorithmic reliance and emphasizing the conceptualization of the
processes by which students engage in solving stoichiometry problems. Such adaptations to assessment items
could 1) improve the learning experiences of students by providing more detailed feedback related to their
performance as a result of the distractors they've selected on multiple-choice assessment items, 2) provide

Page 32 of 42



Page 33 of 42 Chemistry Education Research and Practice

1
2
instructors with tractable data facilitating responsive changes to instruction following assessments, an
3 instructors with tractable data facilitating responsive changes to instruction following ts, and 3)
rovide a means to potentially reduce the differential performance observed on these topics amongst cohorts o
;‘ provid to potentially reduce the differential perf bserved on these topi gst cohorts of
6 diverse student preparation. These objectives may be attained via the alignment of assessment prompts with
7 the tasks they elicit. Engaging in this practice could improve the confidence in cognitive validity, the relationship
etween what an assessment aims to measure and what it elicits from the student, of the data collected from
8 bet hat taims t d what it elicits fi the student, of the data collected fi
assessment items (Ayala, ; Geranpayeh and Taylor, . Practical suggestions for adaptations to
9 titems (Ayala, 1996; G yeh and Taylor, 2013). Practical suggestions for adaptations t
1? assessment items to promote conceptual understanding of the processes used to solve stoichiometry problems
12 response to the findings of this study are discussed below and present opportunities for future exploration.
13
14 Implications for more equitable assessment design
12 The processes used to solve the items were far more conceptual than expected and involved processes
17 that intertwine students’ representational competence and conceptual aspects related to the unit and chemical
18 identity of numerical values used. This skill set is highly process-oriented suggesting that one way to align the
1 ask to the item and improve the cognitive validity of data acquired from multiple-choice questions on the mole
9 task to the it di the cogniti lidity of dat ired f Itiple-choi ti th I
20 concept or stoichiometry is to assess the process and not the product. For example, consider the mole concept
;; item to which students’ solution processes were analyzed (Figure 18, left tile) in this study redesigned to items
23 that emphasize process-over-product (Figure 18, center and right tiles) in addition to clarifying the
24 interpretation of the stem by replacing the phrase “moles of oxygen” with “moles of oxygen atoms”.
25
26 Figure 18. Potential adaptation of distractors for a product-oriented assessment item to that of a process-
;273 oriented assessment item.
29
30
31
32 . Which answer best describes the Which answer best describes the
How many moles of oxygen are in ) .
33 15 g of K,50,? process for calculating the moles process for calculating the moles
34 e of oxygen atoms in 15 g of K,80,? | | of oxygen atoms in 15 g of K,SO,?
35
36
37
38 A ( mass of K,SO, % 4 mol O mass of K,SO, 2 mol O,
39 A) 0.022 mol " atomic mass O 1 mol K,SO, molar mass K;SO,~ 1 mol K2S04)
40 o 4 mol O mass of K,SO, 4 mol Oy
41 B) 0.043 mol B)mass of K,S04x molar mass K,SO, molar mass K,SO, R K,S0,
42 mass of K,SO, (2 X molar mass O,)
43 C) 0.086 mol 4 X atomic mass O) molar mass K,SO,
44 D) 0.17 mol py & X atomic mass 0) _molar mass 0, _
45 molar mass K,SOy molar mass K,SO,
46 E) 0.34 mol mass of K,SO, " 4 mol O T mass of K,SO0, " 4 mol O
47 molar mass K,SO, 1 mol K,S0, molar mass KZSO4) 1 mol K,SO,
22 In the original assessment item (left), not-at-risk students were often observed to engage in solution
50 processes that, although chemically implausible, could result in an accurate response (see responses authored
by Alex and Ricky in Figure 14). The data collected from such a product-oriented assessment item may be biased
51 y Yy y
52 in favor of not-at-risk chemistry students who have shown an ability to arrive at accurate responses via
y Yy p
53 inaccurate conceptions of an algorithm. The adaptations of the mole concept item (left tile of Figure 18) to more
gg process-oriented representations (center and right tiles of Figure 18) could have a number of benefits. Process-
56 oriented assessment items can elicit unique aspects of students’ solution process. The center tile focuses on
57
58
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misidentifying the mass percent of oxygen atoms in potassium sulfate as the moles of oxygen atoms in the
compound (choice D) as observed in Figure 4 and interchangeable chemical identities (A and C) as observed in
Figure 3. The right tile focuses on the atomic versus molecular representations of oxygen observed in Figure 6.
The distractors of process-oriented assessment items can also present a variety of answer choices that achieve a
shared numerical value. Note the right tile where answer choices B and E would both result in the correct
numerical value yet choice B would identify the number incorrectly as moles of O,. The items in the center and
right tiles promote student attention to solution processes.

From the instructor perspective, consider the data received regarding student proficiency with this
concept across the three items. Instructors would be able to explicitly identify errors in the processes by which
students engage including whether students confuse molecular with atomic oxygen, struggle with
interchangeable chemical identities, or are unsure of the sequence by which chemically plausible solution
processes occur via the distractors selected by their students. Pyburn et al. (2014) describe the impact distractors
have on learning experiences of students taking multiple-choice tests and the benefit that follows the
purposeful alignment of distractors with common alternative conceptions (or in the case of this study,
chemically implausible solution process) when provided to students as feedback. Instructors could insert
process-related challenges they have observed amongst their students or those observed in the presented study
and gauge from the data the degree to which these challenges impact students’ conception of the topic.
Further, by assessing process, the potential for reinforcing incorrect strategies that arrive in the correct
numerical answer, as noted in students’ response processes, is avoided along with the inequitably this
introduces to cohorts of students with variable preparation in mathematics.

Other implications for improved assessment design

One error prevalent amongst inaccurate responses of the students overall was confusion regarding the
interpretation of “in excess” or “excess.” The stoichiometry, gas laws, and changes in energy assessment items
uses the phrase “excess” to indicate that one of the two reactants involved in the chemical reaction is not
limiting and thereby the limiting reactants algorithm is not necessary for determining the theoretical yield of the
reaction described. Students often did not attribute “excess” with “the other reactant is limiting” and instead
expressed solution pathways that at best were inefficient but resulted in accurate responses and at worst
confused students to the point where they were unable to respond.

Should the intent be to measure students’ proficiency with determining theoretical yield and not
connecting the phrase “excess” to the algorithm then eliminating the use of “excess” would be beneficial.
Ultimately, researchers and instructors may consider the inclusion of “excess” as a confounding variable that
poses a threat to the validity data collected on assessments of theoretical yield. Three possible options for
adapting items to reduce this threat to the validity data collected are shown in Figure 19.
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1

2

3 Figure 19. Suggestions for adapting assessment items in Figures 5, 8, and 10 toward items to avoid eliciting a

: limiting reactants algorithm from students as a result of reading the term “excess”.

6 . .

7 ConS|_der the folIIowmg balanced
Calculate the amount of NH; gas If 126 L of H,(g) at 15°C and a chemical equation:

2 produced when 45.6 g of H, gas constant.pressure of 0.920 atm 2 NH.(g) > Na(g) + 3 H,(g)

10 with reacts with a reacts with N,(g) as shown below, 8 2

11 stoichiometric equivalent of N, how many moles of NH;(g) are AH,,, =+91.8 kJ

12 gas according to the following produced? Hz(g) is the limiting

13 chemical equation. reactant. How much heat is absorbed/released

14 when 2.05 mol of NH,(g)

" 3H, (9 +N; (@) » 2NH; (@) |[3H(9) + N,(9) = 2 NH,(0) cecomposes (0 produce (g and

17 -

18

19

20 The left and center tiles in Figure 19 provide options for maintaining the reaction without the use of the

21 word excess. Additionally researchers and educators may replace the chemical reactions related to calculations

22 of theoretical yield with that of decomposition reactions (Figure 19, right tile) such that no competing reactants

;i are present that could influence students’ solution processes.

25 One final consideration for the improvement of assessment design where the chemical identity and

26 units associated with a numerical value are of importance is the inclusion of units with chemical identity in the

27 distractors. The mole concept assessment item, for example, lists numerical values with corresponding answer

28 choices without a description of chemical identity. It may change the manner in which students respond. For

;g example, 23.7% of students selected distractor C (Figure 2) of “0.086 mol” but may have changed their response

31 if the answer choice read “0.086 mol of O”. In particular, this is possible for students who reference that this value

32 is indicative of the moles of potassium sulfate and not oxygen. Such a change would be reflective of their

33 proficiency with the material and could serve as a learning opportunity for the student. Further, students may

34 learn from the assessment and the data collected regarding their proficiency should common numerical values

22 be paired with different units and chemicals identities. For example, should the distractors in Figure 2 be

37 replaced with: “0.022 mol of O”, “0.086 mol of O,”, “0.086 mol of O,” and “0.34 mol of O," with the correct answer

38 “0.34 mol of O” it would require a student to consider both the numerical responses and the chemical

39 representation.

40

2; Pedagogical Implications

43 Adaptations to assessment design offer potential advantages to improving the accuracy of data

44 generated from the assessment and ameliorating differential performance. Response processes observed in the

45 dataset also provide guidance for pedagogy and preparation of instructional materials. In light of the

46 interchanging of chemical identity that was observed, instruction and associated materials may benefit by

Z; explicitly incorporating chemical identity along with units (e.g. grams / mol NH3) during the presentation of

49 worked problems. By explicitly noting chemical identity students may avoid the interchange of chemical identity

50 and form a stronger conceptual link between the numerical values and their relevance toward the chemical

51 phenomenon. While presenting worked problems, multi-step factor-label representations could be replaced

52 with solution processes that pause after each conversion to describe the chemical meaning of the numerical

gi value (see below).

55

56 Multi-step factor-level representation

57

58
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1mol N, 9 2mol NHy y 17.03 g
28.01g 1mol N, 1 mol NH,4

11.27 g N, X =13.70 g NH,

Each step presented with units and chemical

11.27 g N x1m01N2—04024 I N
“lI N X g1 g T oA mot i
2mol NHy
0.4024 mol N, X ————> = 0.8047 mol NH,
1mol N,
17.03 g

0.8047 mol NH; X =13.70 g NH;

1 mol NH,

A plausible explanation for the prevalence of the code “intrachemical unit identity” observed commonly
throughout students’ solution processes is the conflation between moles as a coefficient in a chemical equation
and as a starting value in the prompt of an item. Another way to further support students in delineating these
quantities may be to present tabular representations of the values determined when presenting worked
problems and encouraging students to do the same in their work (see Table 3 for an example). For example, if
the stoichiometry assessment item was presented as a worked problem, instructors could model creating and
completing the following table while working the problem. Subsequent student assignments could then be
scaffold to first complete instructor-provided tables and later for students’ to generate and complete their own
tables.

Table 3. Example tabular representation of worked problem.

Na(g) Ha(g) = NHs(g)
Molar Mass
Initial Mass 11.27¢g 25.199 0g
Initial Moles

Change in Moles
Final Moles

Final Mass

Didactic proposals for the use of tables in stoichiometry calculations can be found in the chemistry
education (Watkins, 2003) and engineering education (Serafin, 2006) research literature bases. Further research
concerning students’ response processes to table stoichiometry may be a helpful start for evaluating whether or
not this strategy could promote conceptual understanding of student’s solution processes when solving
stoichiometry problem:s.

Finally, instruction may benefit by addressing students’ use of molar mass in the context of chemical
reactions. Students’ processes described multiplying molar mass by the stoichiometric coefficient.
Conventionally, introduction of molar mass calculations takes place without the context of chemical reactions.
Later when stoichiometry is introduced, student proficiency with molar mass is presumed without explicit
mention for how chemical coefficients fail to alter the molar mass. Instead stoichiometry offers an opportunity to
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reinforce the definition of molar mass as a conversion factor that is not influenced by the number of moles via its
operationalization as the mass of one mole.

Limitations and Future Works

The data collected in this study reflect the responses of chemistry students within a single semester at a
research setting, which consists of a single institution. While the intent of the study is not to provide
generalizable characterizations of the challenges chemistry students face when solving mole concept and
stoichiometry questions, the authors sought to generate hypotheses regarding the nature of at-risk student
struggles and the causes of differential performance observed with these topics. The information elicited from
students regarding mole concept and stoichiometry assessment items were (as argued in the study) highly
dependent on the items selected for review. All of the questions selected may be considered “traditional” items
and are product-oriented, multiple-choice items that rely on chemical formulas and balanced chemical reactions
to convey information as to the proportions by which chemicals react. As representational competence played a
role in the lack of conceptual understanding conveyed, future explorations of students’ representational
competence and other forms of chemical representation (e.g., submicroscopic diagrams) may be analyzed to
discern whether this skill set contributes to differential performance or the overall difficulty of an assessment
item.

The consistency among assessment items in both representation and the use of the particular chemical
reaction depicting the synthesis of ammonia was intentional to reduce conflating variables when reviewing
students’ performance on a subset of tasks. This decision could also limit the information observed regarding
challenges students’ experience with these items and sources of differential performance observed. ltems were
designed naturalistically by the course instructors and were chosen a priori to students’ performance and
differential performance. Thus, items intentionally selected as a result of high mean differential could provide a
different viewpoint of the challenges that separate these two groups of students. Given the information
collected, researchers could seek to design assessment items with the intent of identifying a particular challenge
with a conceptual model in mind for how at-risk chemistry students struggle and explore differential
performance based on assessment design. Other limitations of the study include the role of motivation and
implicit assumptions made regarding students’ responses. Students exhibited a great range of responses to the
items, and one could argue that some of the errors observed were the result of students’ apathy toward
completing the survey with greater detail. While the consistency of the errors observed and the nature of detail
given for the responses suggest students’ misconceptions were not necessarily derived from motivation, these
concerns informed decisions made by the authors in the treatment of the data. Only students who responded to
all three surveys following interim exams were included in the analysis presented above. Additionally, student
responses too vague to evaluate students’ efforts such as “I don't know” or “just use stoichiometry” were not
considered in the description of the challenges students faced with their solution processes.

A final limitation concerning the data elicited by the survey prompts was the frequency by which
researchers had to make implicit assumptions about the unit, chemical, or numerical identity of a value provided
by the students. For example, a student could start their solution process to the mole concept item as “take 15
grams and divide by the molar mass” which was interpreted by the researchers to mean “divide 15 grams of
K>SO, by the molar mass of K;SO4”. While the data collected more efficiently provided the solution processes for
hundreds of students in the course, in-depth interviews carried with a subset of students are a target for future
exploration as therein exists the capability for researchers to ask follow-up questions regarding the identities of
the values they present in their solution processes. Suggestions for adaptations of assessment items including
an emphasis in process observed in Figure 18, adaptations to prompts presented in Figure 19, and table
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stoichiometry as exemplified by Table 3 have not been explicitly tested by the researchers. Response processes
for these changes in addition to reports on student outcomes are intended in future works but do not
encompass the scope of the presented works intended to identify how students struggle with the stoichiometry
assessment items on which at-risk chemistry students were identified to perform differently. Ultimately, the
authors hope to issue a call for future research as to the impact of assessment design on differential
performance. Whether by in-depth interviews or a compiled database of items presenting with variable
differentials, greater nuance as to moderators of difficulty and differential performance could support
assessment design and inform interventions or prerequisite practices issued for students of variable preparation
entering this critical pointin the STEM coursework.

Conclusion

Despite comparable proficiencies with the representational competency, systematic approaches, and
conceptual understanding required for the mole concept and stoichiometry assessment items (see Table 2),
students’ success at implementing chemically implausible algorithms appears the most apparent source of
differential performance between chemistry students of lower and higher math aptitude scores. Not-at-risk
chemistry students were observed to make similar errors to those of their at-risk peers often regarding the
conceptual understanding of the algorithms used to solve mole concept and stoichiometry assessment items.
However, a difference was observed in the commonality by which not-at-risk students’ used chemically
implausible solution paths to arrive at the correct numerical value elicited by the prompt of these assessment
items when compared to their at-risk peers. As the differential performance observed does not seem to reflect
differences amongst the students’ knowledge of chemistry and instead favors students entering with more
preparation in the rote execution of algorithms, current practices involving the assessment of stoichiometry is
inequitable. The primary challenges observed in students’ solution processes with the mole concept and
stoichiometry assessment items were: 1) interchanging chemical identities of the numerical values used in
stoichiometry, 2) distinguishing representational differences between atomic and molecular representations of
elements capable of forming diatomic molecules, 3) applying mass percentages to moles or molar mass, 4)
applying stoichiometric coefficients in the determination of molar mass, 5) inserting molar mass in algorithms
requiring only mole-to-mole ratios, and 6) applying solution processes related to identifying limiting reactants
where all other reactants are in excess. To reduce the inequity concerning how this topic is assessed, instructors
and researchers should actively seek out processes that invoke a conceptual understanding of stoichiometry.
Potential changes to instruction and assessment of stoichiometry including the use of table stoichiometry as a
scaffold for students, replacement of product-oriented assessment items (e.g., calculate x) with process-oriented
assessment items (e.g., which process describes how to calculate x) and other proposed multiple-choice formats
are presented with an intent to support future research aimed at addressing the observed performance gaps in
this gateway STEM course.
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