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ABSTRACT: Chemical scientists and engineers are interested in controlling chemical
processes to attain specific goals, from synthesizing a desired substance to hindering a
particular transformation. Nevertheless, students typically have few opportunities to
develop the understandings and practices that are required to effectively engage in
chemical control. In this study, we investigated similarities and differences among
individuals with different levels of expertise in chemistry in the ways they think about
how to control and act to control a chemical reaction. Our findings revealed that all
types of study participants engage in the manipulation of similar control parameters
but with different approaches and purposes. In particular, we observed a shift from a
focus on physical to chemical factors, from experienced-based to model-based
reasoning, from qualitative to quantitative methods, and from trial-and-error to guided
investigation approaches in the thinking and acting of the more novice to the more
expert participants in our study.
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FEATURE: Chemical Education Research

■ INTRODUCTION

How is chemical change controlled? This is an essential
question that chemical thinking allows us to answer,1 and
finding a response in diverse contexts is of vital importance for
modern societies. Chemical ideas and practices related to
chemical control help us make decisions and implement
actions directed at inducing, hindering, and stabilizing
chemical change. A well-informed understanding of how to
control chemical processes facilitates the design of chemical
substances and the elimination or attenuation of undesired
reaction pathways. For example, chemists draw upon their
understanding of chemical control when determining ways to
reduce the concentration of carbon dioxide in the atmosphere
and when designing drug treatments to fight human diseases.
Other professionals also draw upon their chemical control
thinking when strategizing ways to manage a wildfire and when
selecting methods for food preservation.
Prior research in chemistry education related to students’

understanding of chemical reactions has focused on character-
izing how different learners understand these processes,2−9 but
there has been little exploration of students’ and experts’
understanding of and actual engagement in chemical control.
One can expect that novice chemistry learners, more advanced
students, and experts in the discipline have different ways of
thinking and speaking about chemical control and acting on it.
Chemistry is not a homogeneous form of knowing or acting
but rather provides multiple ways of seeing and transforming
the world.10 Guided by this hypothesis, this study aims to

provide insights into the different ways in which diverse
chemistry students and experts think/speak and act when
asked to control a chemical reaction during a task designed to
uncover these facets of their understanding.

■ LITERATURE REVIEW
Existing research in chemistry and science education indicates
that many secondary school students’ express a somewhat
coherent but alternative conceptual structure when asked to
describe and explain changes occurring during chemical
reactions.11 Many of them, for example, implicitly assume
that chemical processes need to be initiated by active agents
and that chemical reactions always go to completion.2,3 Novice
chemistry students also often assume that the only relevant
variables when controlling chemical processes are those that
can be manipulated externally, such as temperature and
pressure, failing to recognize internal factors such as the
molecular structures of reactants and products.4 Although
many learners can correctly identify or define chemical
processes and balance chemical equations, they often express
confusion about what happens during a chemical change, how
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and why these changes happen, and how they can be
controlled.5 They also tend to make broad generalizations
about chemical processes such as believing that all chemical
reactions are irreversible, that combustion results in the
destruction or disappearance of matter and its mass, or that
combustion always produces gaseous compounds.6,7

Students’ ideas about chemical control are related to their
beliefs and understandings about chemical kinetics12−16 and
thermodynamics.17−22 The research literature in these areas
indicates that many students believe that an increase or
decrease in the concentration of any reactant in a chemical
reaction always leads to a corresponding increase or decrease
in the reaction rate.12,13 One of the anchoring concepts in a
content map for general chemistry states that “control of
chemical reactions is often not fully accomplished, so details
such as limiting reactants and percentage yields are important
in characterizing what occurs.”14 Nonetheless, research has
shown that students often confuse concepts such as reaction
yield and reaction rate.15,16 Similarly, students frequently do
not differentiate among energy-related concepts such as
enthalpy, entropy, internal energy, and activation energy and,
thus, tend to confuse ideas related to reaction extent versus
reaction rate.19,20 Students’ misunderstandings about energy
transfer and transformation during chemical processes also
affect their thinking about chemical control, as many students
frequently think that energy is needed to form bonds and a
system releases energy when chemical bonds are broken.21,22

■ THEORETICAL FRAMEWORK
Chemical scientists and engineers have developed specific ways
of knowing, thinking, and acting that allow them to not only
make sense of the material world but also make decisions and
take actions to transform it. Chemistry is recognized as a
technoscience that leads to the development of knowledge and
practices that people can use to extend their abilities and satisfy
their needs.23,24 The chemical thinking framework for teaching
and learning chemistry1 recognizes the technoscientific nature
of the discipline and seeks to develop students’ ability to use
the intellectual and practical tools of chemistry to know, think
about, and act on the material world. This framework guides
the characterization of learning pathways or progressions25−27

through which students’ ways of thinking and reasoning about
chemical synthesis, analysis, and transformation can best
develop. These pathways are expected to support the
development of students’ meaningful understanding of six
crosscutting disciplinary concepts that encapsulate major ways
of reasoning in chemistry. These crosscutting concepts include
chemical identity, structure−property relationships, chemical
causality, chemical mechanism, chemical control, and benef its-
costs-risks. Each of these concepts provides the basis for
addressing essential questions that chemical thinking is well-
positioned to answer in a variety of relevant contexts. For
example, reasoning about chemical identity guides the answers
to questions, such as, what pollutants are present in the air we
breathe? Or what nutrients can be found in the foods we eat?
The answers that novices and experts provide to the

essential questions identified in the chemical thinking frame-
work are likely to differ both in the conceptual sophistication
and the modes of reasoning that are applied.1 Progression in
thinking and acting in this framework is conceived as occurring
in a dynamic knowledge space defined by various progress
variables. These variables define the dimensions of knowing,
thinking, and acting along which progress is most likely to

occur.28 From this perspective, an individual’s knowledge and
competence in an area is thought of as a dynamic system that
changes through interactions with its environment.29 Over
time, these interactions comprise conceptualization processes
that may lead to the formation of stable cognitive structures
(e.g., concepts, reasoning schemas, action scripts) that gain
dominance in an individual’s ways of knowing, thinking, and
acting in particular contexts. Different dynamic structures may
coexist in an individual’s mind and become more or less
dominant depending on particular experiences or encounters
with contextual cues that tend to trigger them. Thus, it is
expected that people will express different ways of knowing,
thinking, and acting depending not only on their background
knowledge, personal experiences and orientations, and level of
expertise in a domain but also on the context in which they
work and live and the goals of the task they are trying to
complete.30 This perspective shares core assumptions with the
conceptual profile theory that recognizes the coexistence of
different meanings for the same concept or different ways of
thinking and consequently talking about a concept, which are
accessed and manifest in different situations.31,32 Within this
theory, thinking and speech are treated as inherently
interrelated, and thus, the analysis of different individuals’
ways of talking in various contexts is seen as an avenue to
uncover different ways of thinking.

■ RESEARCH QUESTIONS
In this study, we used a chemical thinking lens to expand our
understanding of students’ and experts’ reasoning about and
approaches to “chemical control” by identifying similarities and
differences in their ways of thinking/speaking and acting when
asked to control a chemical reaction. In particular, our
investigation was guided by the following research questions:

• What similarities and differences exist in the parameters
that participants with different levels of expertise in
chemistry seek to manipulate to control chemical
change?

• What do similarities and differences in ways of thinking/
speaking and acting upon different control parameters
suggest about key dimensions of progression (progress
variables) in the understanding of chemical control?

■ RESEARCH METHODS
Open-ended problems have been shown to provide oppor-
tunities for students to express their thinking.33 Given our
interest in exploring different ways of thinking/speaking and
doing while controlling chemical reactions, an open-ended
activity called “The Exploding Potato Chip Can Design
Challenge” was designed to collect data from different sets of
participants as described below.
Study Participants

Participants in our study included chemistry students and
instructors from a range of educational levels as well as an
industrial chemist from the Northeastern United States. In
particular, we collected data generated by 12 high school
students, 11 undergraduate students taking General Chemistry
and Organic Chemistry courses at a highly diverse public
university in the area, 2 graduate students at the same
university, 2 chemistry professors from the same institution, 4
local public high school chemistry teachers, and one industrial
chemist working in the pharmaceutical field. The high school
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students are referred to as “novices” in our study, the
undergraduate students are labeled as “intermediate,” and the
chemistry teachers, professors, and the industrial chemist are
considered as “advanced” participants on the basis of their
expected understanding of chemical ideas, practices, and ways
of thinking. All data collected received the necessary IRB
approvals from the school district and from the university. All
participants provided informed consent.

Data Collection

The Exploding Potato Chip Can Design Challenge asked
participants to imagine that they were part of an engineering
team in a company interested in designing a combustion
engine that used methane instead of octane. During the testing
period, the engineering team was interested in finding the right
conditions to produce the biggest explosion possible in a
container with a fixed volume. Thus, their challenge was to
“design an explosion with the maximum boom within a container
with a f ixed volume” using the materials provided to them (see
the Supporting Information). Participants were video and
audio recorded as they worked on optimizing the combustion
reaction.
The activity was carried out in three different formats,

required a laboratory setting, and took 3 h. Some high school
students and all undergraduates and graduate students worked
in pairs in a single 3 h session where a supervising researcher or
teacher asked them to periodically think aloud about their
ideas, decisions, and proposed actions. The supervising
researcher or teacher made sure to go over the safety protocol
verbally with participants, and a section that included clear
safety considerations was provided in the worksheet that was
shared with all participants (see the Supporting Information).
It is important to note that participants engaging with the
activity should be warned that, when the explosion occurs and
the cap of the potato chip canister is ejected, there is an
accompanying sound that may be loud. For that reason,
participants should be given the opportunity to request ear
protection such as the use of earmuffs prior to engaging with
the activity. Some of the high school students completed the
task in three different class periods, while participating
teachers, professors, and the industrial chemist were given
more freedom to complete the work within a 3 h time limit
(some of them worked in pairs and others did it individually).
Due to the different conditions and group arrangements, the
data collected corresponded to five groups of novices, six
groups of intermediate participants, and six groups of advanced
participants.
In all cases, study participants moved through design cycles,

during which they performed a trial, learned from it, and used
that information for their next trial. They were encouraged to
perform as many trials as they considered necessary to
maximize the explosion and to think aloud while engaging in
discussions with their group members (or to share their
thinking if working alone). Whenever participants were quiet,
the researcher intervened by asking think-aloud questions.
Table 1 lists the types of think-aloud questions used by the
researcher to elicit participants’ ideas and reasoning. Addition-
ally, participants were asked to record their ideas, observations,
and results in writing on a worksheet that described the
challenge and included relevant safety instructions. All written
work was collected for the purposes of analysis.

Data Analysis

The analysis of data involved the observation of all video
recordings from the Exploding Potato Chip Can Design
Challenge and careful reading of the associated transcripts.
This initial analysis was carried out by the first author of this
paper in collaboration with six other members of the research
group who engaged in peer examination, discussion, and
revision of proposed coding categories. Initially, the first author
brought transcripts and handouts from the activity to four 2 h
research group meetings and asked group members to first
individually analyze and then collectively discuss their coding
of the data. During these meetings, researchers focused on
identifying control parameters and ways of thinking/speaking
and acting in which study participants engaged during the
activity. These meetings facilitated the identification of direct-
control parameters that were actually manipulated (or
identified as potential targets) by the participants during the
activity (e.g., amount of methane injected into the canister)
and indirect-control parameters that included properties of the
system that participants wanted to affect (e.g., gas pressure
inside the canister).
The second phase of the data analysis focused on generating

insights into the different ways in which the various groups of
participants thought/spoke and acted while working on the
explosion challenge. To attend to this goal, we created a visual
map for each transcript and arranged these maps according to
their level (“novice” for all high school students, “intermediate”
for the undergraduate students, and “advanced” for the
graduate students, the high school teachers, the college faculty,
and the industrial chemist). Each of the maps captured the
initial brainstorming process of that group of participants,
highlighted the direct and indirect control parameters that they
focused on, and summarized the main ideas, observations, and
reflections that participants expressed while working through
the activity, as well as the specific sequence of actions in which
the group engaged during the task. The analysis of these maps
allowed us to identify the different ways of thinking/speaking
manifested in each group and the particular actions that were
implemented. These analyses were completed by the first and
third authors of this paper who individually analyzed each map
and then met to discuss until reaching full agreement on the
different ways of thinking/speaking and acting manifested by
each group during the task. As part of these analyses, the two
researchers also individually identified and then jointly agreed
on the direct and indirect control parameters that were
targeted by each group. Critical reflection about key similarities
and differences in the thinking/speaking and acting of different
groups of participants was used to identify potential
dimensions of progression (progress variables) in the under-
standing of chemical control.

Table 1. Think Aloud Questions used during the Exploding
Potato Chip Can Design Challenge

Questions

Could you elaborate more as to why you took this action?
What did you see happening after you performed this action? Why do you
think that happened?

Why did you think the action you took worked/did not work?
Is there anything else you would do differently if you performed the same
action again?
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■ RESULTS
The findings from our analysis are summarized in this section
where we characterize the types of parameters targeted by
different groups of study participants as they sought to control
a chemical process and describe major dimensions of
progression in their approaches to the task. Our results
indicated that (a) most study participants, regardless of their
level of expertise, generally manipulated the same direct
control parameters and that (b) progression was seen on the
extent to which participants paid attention to physical versus
chemical factors, relied on experienced-based versus model-
based reasoning, used qualitative versus quantitative methods,
and took a trial-and-error versus an investigative approach to
problem-solving.
Control Parameters

Our analysis revealed that study participants sought to control
specific parameters in their attempts to create the largest
explosion. The main control parameters manipulated during
the activity included the amount of methane in the container,
the position of the lighter, the time taken to ignite the gas, and
the orientation and movement of the container. The different
groups of participants purposefully used these direct-control
parameters to affect specific dependent variables in the system
(indirect-control parameters), such as the gas pressure, the
ratio of methane to oxygen (air) in the system, the amount of
certain gas that could escape or enter the container, or the
degree of mixing of the gases in the system. Some study
participants mentioned or discussed other direct-control
parameters that could be targeted but were not actually
manipulated due to constraints imposed by the resources and
instructions provided. These included the volume of the
container, the amount of heat, and the size and number of the
holes in the potato chip can (see Table 2).
As can be seen in Table 2, there were no major differences in

the types of direct-control parameters mentioned, discussed,
and manipulated by groups of participants with different levels
of expertise (novice, intermediate, advanced) in our study.
There were, however, distinctive ways in which the groups in

each of these different levels tended to identify, talk about, and
use these direct-control parameters during the activity
(representative excerpts from the conversations between
different groups of participants are included in Table 3). For
example, all groups in our study sought to control the amount
of methane gas in the potato chip canister but for different
purposes. Most groups at the novice and intermediate levels
began varying the amount of CH4 because they wanted to
maximize the gas pressure, compensate for potential gas
leakage, or simply produce a larger “boom.” A majority of these
groups (3/5 novices; 4/6 intermediates) seemed to think that,
the more methane gas was in the canister, the larger the
explosion. It was not until after some failed trials and reflection
that many of these groups recognized that air (oxygen) was
needed for the explosion to occur and started to vary the
amount of methane to control the O2 (air) to CH4 ratio. On
the contrary, most groups at the advanced level (4/6) started
their work with the clear intent of manipulating this ratio.
Groups at the intermediate level talked about and sought to

manipulate the largest number of direct-control and indirect-
control parameters. Of all three groups, students at this level
were the most likely to express diverse ideas or try to make
sense of results using varied pieces of chemical knowledge. For
example, 3/5 groups in this category talked about how the
different molecular or molar masses of CH4 and O2 would
affect the location of the corresponding gases within the
canister, their rate of diffusion through the container, or their
rate of leaking or escaping through holes in the apparatus.
Some of these students also related the amount of CH4 or heat
to reaction rate and spontaneity. Groups at this level were also
more likely to try to coordinate the effects of different control
parameters to maximize the boom. For example, controlling
the O2/CH4 ratio but also ensuring that the canister and the
lighter were in the best position to ensure ignition.
Contrastingly, the conversations of students at the novice
level were mostly focused on issues related to the control of
the amount of methane in the system (in order to, for example,
increase the internal pressure, account for gas leaking, and
ensure that no CH4 was left inside the canister when beginning
a new trial), while the talk, thinking, and acting of groups at the
advanced level tended to be directed at finding and setting the
stoichiometric ratio of reactants that would maximize the
generation of gaseous products (CO2).

Major Dimensions of Progression in Approaches to
Chemical Control

Through our analysis, we identified four major dimensions of
progression in which the approaches followed by different
groups of participants to confront the explosion challenge
seemed to progress from novice to intermediate to advanced
levels. These dimensions of progression were labeled: Physical
to chemical factors, experience-based to model-based reasoning,
qualitative to quantitative methods, and trial-and-error to guided
investigation in problem solving.

Physical to Chemical Factors. Even though all groups of
participants focused on controlling similar parameters and
engaged in similar ways of doing to induce an explosion, their
ways of thinking/speaking were quite distinctive. Groups at the
novice level tended to focus their conversations on the control
and manipulation of physical factors. For example, their initial
focus of attention was on issues related to equipment
characteristics and setup (e.g., volume and position of the
canister, how to inject the gas), and their thoughts during the

Table 2. Different Direct-Control and Indirect-Control
Parameters Manipulated, Talked about, and Targeted by
Different Groups of Study Participants

Novice Intermediate Advanced

Direct-Control Parameters (manipulated)
Amount of CH4 5/5 6/6 6/6
Lighter position 2/5 1/6 2/6
Lighter timing 1/5 2/6
Canister orientation/movement 3/5 2/6 3/6

Direct-Control Parameters (talked about)
Volume 2/5 1/6 3/6
Heat 2/5 2/6
Number/size holes 1/6 1/6

Indirect-Control Parameters (targeted)
Explosion “Boom” 2/5 3/6 1/6
Gas (CH4) pressure 1/5 3/6 1/6
Gas (CH4) leakage/escape 2/5 5/6 4/6
O2 (air)/CH4 ratio 3/5 5/6 6/6
Gas (CH4) location 2/6 2/6
Gas (CO2) pressure 3/6
Reaction rate 2/6
Reaction spontaneity 1/6
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activity were directed at either how to control the amount of
CH4 in the canister (by adding it, preventing it from escaping,
or removing it from the container) or ensuring a good contact
between methane gas and the lighter flame. Although most of
these students at some point during the task recognized that air
(oxygen) was needed for the explosion to occur, only one of
the groups made an explicit reference to a chemical reaction
taking place in the system and wrote down the corresponding
chemical equation.
Analysis of the conversations between students in groups at

the intermediate level revealed a more explicit awareness of the
existence of a chemical reaction. Some students referred to the
process as combustion while others talked about the effect of
different parameters on reaction rate and spontaneity. Some of
these students also paid attention to distinctive properties of
the substances in the system (e.g., molar or molecular mass,
density) that affected their physical behavior (location in the
container, rate of diffusion or escape). Despite these greater
attention to chemical factors, none of these groups referred to
or explicitly wrote down the chemical equation for the process
of combustion. This is in contrast with the approach followed
by almost all groups (5/6) at the advanced level who, early
during the activity, wrote down the chemical equation for the
reaction and used it to guide their thinking and actions. These
are also the only groups that recognized that the boom of the
explosion was related to the pressure generated by the gaseous
products (CO2) of the reaction, while many groups at other
levels seemed to associate the boom with the pressure of
methane in the system. Representative excerpts from
participants’ conversations that illustrate the progression
from a focus on physical to chemical factors are included in
Table 4.

Experience-Based to Model-Based Reasoning. Anal-
ysis of similarities and differences in the ways of speaking/
talking of different groups of participants, as illustrated in
Tables 3 and 4, revealed a shift in reasoning from more heavily
based on personal experiences with objects and processes to
more explicitly guided by scientific models of the system and
its components. Groups of students at the novice level tended
to more frequently change direct parameters guided by
experiential knowledge about gases and explosions (e.g., an
explosion is likely to be larger the more gas you have, and the
more compressed the gas is, gases can leak from containers; air
is needed for something to burn). Although students at the
intermediate level also manifested this way of reasoning, they
were more likely to express ideas that were guided by physical
and chemical models. For example, they more often referred to
the presence of different submicroscopic particles with
properties (e.g., mass) that were expected to affect their
behavior (e.g., their distribution inside the can, their rate of
diffusion). They also articulated model-based ideas about how
heat or the amount of substance could affect the reaction rate.
Finally, most groups of participants at the advanced level began
their analysis by articulating and symbolically representing a
chemical model for the combustion reaction that they expected
to take place inside the can and then used this model to guide
their thinking and actions.

Qualitative to Quantitative Methods. Participants
working on the Exploding Potato Chip Can Design Challenge
engaged in both qualitative and quantitative ways of thinking
during the task. However, a qualitative approach was used
more often by novice (4/5) and intermediate (5/6) groups
while participants at the advanced level engaged more often
(4/6) in quantitative ways of thinking. Students in novice

Table 3. Excerpts used by Novice, Intermediate, and Advanced Participants When Brainstorming about and Deciding What
Parameters to Control

Novice
Definitely the amount of methane gas we put in it (is what matters) because it increases the boom by a lot because if you have higher amount it causes to boom
more.

Intermediate
I think we should put an amount, the more gas you have, the bigger the flame and I do not think the flame is gonna come out but it is gonna push the lid off, you
know? If you put more (methane) gas in there, as opposed to like a small amount.

Advanced
All right, well, stoichiometric combustion, which does not really happen, but you take methane, it reacts with oxygen. I would guess you’d want slight excess of
methane, not that you would be able to calculate exactly how much methane to inject to react with all the oxygen and sustain it. I could probably give a ballpark
estimate.

Table 4. Ways of Speaking That Illustrate Participants’ Shift from Physical Factors (novice) Towards Chemical Factors
(advanced)

Novice
So, let us try 60 mL (of methane) again but let us try to get it doubled fast to see if that makes a difference, ok the difference is based on how long you take to put it
in, I guess the methane escaped the first time.

Intermediate
Um so methane combined. . .well in all combustion reactions, you have to um CO2 is a product. But then you have to actually heat. So, heat was introduced to
methane and normally when adding heat to something, it always increases the rate at which the reaction will occur. So, whatever, the product was, the CO2 or
whatever gas came out was very spontaneous.

Advanced
So clearly, we built up pressure and we made a pretty big expansion. The pressure increased too much, and it happened relatively quickly so that the top flew off. So,
it would be interesting to calculate, you know let us say it is just pure methane which I do not think it is because there are other things in there, too. But let us say it
is pure methane, what the change in moles of gas would be? Assuming that it is an ideal gas and the pressure [pause] then we are clearly making more moles of
CO2and H2O than we had methane and O2,that has to be the case otherwise we would not have a pressure built up.
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groups, for example, commonly talked about adding more or
less methane into the canister, but their choices of amounts
were not guided by any specific calculations (except in one
case that a group at this level estimated the volume of the can).
Some groups altered the time they waited to insert the lighter
into canister after filling it up with methane, but again their
rationales did not go beyond waiting more or less time. Most
participants in this category recognized that there might be a
specific O2 (air)/CH4 ratio that would maximize the explosion,
but only one group in this set attempted to determine the
actual value on the basis of the chemical equation.
The reasoning of students in groups at the intermediate level

was also mostly qualitative, but there were more instances of
quantitative thinking. Some of these groups, for example,

engaged in the calculation of the molecular or molar masses of
methane and oxygen and used these results to compare their
relative densities or diffusion rates. In contrast, a majority of
the participants at the advanced level started their work trying
to figure out the stoichiometric O2/CH4 ratio on the basis of
the chemical equation for the combustion reaction and a few of
them also sought to estimate the volume of the container.
Then, they used these results to guide their decisions about
how much methane gas to add to the canister. Representative
excerpts from participants’ conversations that illustrate their
different qualitative and quantitative approaches are included
in Table 5.

Trial-and-error to guided investigation problem-
solving. Although most groups in our study relied on trial-

Table 5. Ways of Speaking That Illustrate Novice Participants Using Qualitative Reasoning, Intermediate Participants
Incorporating Elements of Quantitative Reasoning, and Advanced Participants Using Primarily Quantitative Reasoning

Novice
I think we should have added less methane because we noticed like during the practice, the first time when we put less methane it exploded but then after that we
kind of thinking cause it exploded big so we thought if we put more gas then it would explode big cause like if you see fire and gas, gas causes fire so we thought, if
we put more gas that fire would be, I mean the explosion would get bigger but it did not even explode.

Intermediate
O: I cannot remember for the life of me which weighs more, air or methane. Do you have any ideas about that?
F: The only thing I could say is that methane has carbon in it. So, I’d say
O: Yeah, it has one carbon in it.
F: Right, so I’d say it would weigh more, since it is not just
O: Yeah, but what is an air molecule? Cause air is not homogeneous. It is a mixture of oxygen. Wait okay, I’m done. A carbon molecule is approximately what, 12
AMUs? Plus 4 AMUs for the four hydrogens around it and then the oxygen molecule is two oxygen atoms. Oxygen has a molecular weight of 16.

F: Yeah, so that is heavier.

Advanced
Alright well stoichiometric combustion, which does not really happen, but you take methane which reacts with oxygen ideally you produce CO2 and water. . .I just
need to know it is about two inches, five centimeters. So that is yeah, we will call it five centimeters. So that is 75 times, let us call it 410, so 750 cubic centimeters.
Close enough to a liter. I’ll call it a liter. A mole of air occupies close enough to 20 L. So, it is a 20th of a mole, and then only a 5th of that is oxygen. I am going to
pretend that nitrogen plays no part in this. So, a fifth of a 20th is 100, is 100th so we’ve got.01 mol of oxygen reacting with methane, and the balance is ahead. So
CH4 plus − I am trying to balance this reaction in my head.

Table 6. Characteristic Ways of Speaking Used by Participants That Illustrate a Shift from a Trial-and-Error Approach
(novice) to Guided Investigation (advanced)

Novice
S1: You wanna try like half of that?
S2: Yeah
S1: 30 this time. Ok yeah we did it right but it did not like pop off
S2: It did not ignite
S1: Yeah
S2: So maybe, maybe it is just too little (methane)
S2: cause I definitely saw a flame in there it did ignite
S1: yeah ok, ok 60 we got an explosion
S2: 30 we did not
S2: wanna try like
S1: 90 maybe?

Intermediate
F: Intriguing! Let us try 45.
O: Okay that pump is hot.
F: Oof. Okay, 45 worked. Let us try, so somewhere between 45 and 50 is where the cutoff point is.
O: The rate at which you let the gas out will also determine how much gas you suck up in the syringe.

Advanced
There is some sort of ratio situation, but we will find out. Because this is a closed system. It is a fixed volume. The only variable is really how much methane you are
putting in or not putting in. So, you would imagine that the question is telling you that there is an ideal amount in this fixed volume that will give you a boom.
Cause then it would be kind of foolish to have you experiment like this. But I guess it is kind of what you have to do, right, when you are in a real-life situation when
you do not know that there’s an ideal way to do something you just have to run the experiment over and over and over again. If you always get the same result, then
there is not an ideal way to do it. So, I guess the question is, do these people know something?

Journal of Chemical Education pubs.acs.org/jchemeduc Article

https://doi.org/10.1021/acs.jchemed.1c00902
J. Chem. Educ. XXXX, XXX, XXX−XXX

F

pubs.acs.org/jchemeduc?ref=pdf
https://doi.org/10.1021/acs.jchemed.1c00902?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


and-error to address the challenge rather than on systematic
investigation, attempts to systematicity and guided exploration
were more frequently observed in moving from novice to
intermediate to advanced groups. Most groups at the novice
level (4/5) followed a trial-and-error approach in which the
results of a given attempt to generate an explosion were used to
guide the changes made in the subsequent trial. Conversations
and reflection after each trial often brought new ideas to be
tested, but most groups did not follow a systematic plan of
action.
In general, groups at the intermediate level also engaged in

trial-and-error, but there were more instances of students
engaging in the systematic analysis of the changes induced by a
single variable (e.g., search for the optimal O2/CH4 volume
ratio) or explicit attempts to control for changes in several
variables (e.g., amount of CH4 injected, orientation of the
canister, and location of the lighter). As mentioned before, a
majority of the groups at the advanced level took some time
before engaging in action to analyze the stoichiometry of the
combustion reaction and the characteristics of the exper-
imental setup (e.g., canister volume) and used these results to
guide the decisions they made and the actions that were
implemented. Nevertheless, these groups also engaged in trial-
and-error particularly when they encountered unexpected
results from an attempt to make an explosion. Representative
excerpts from participants’ conversations that illustrate their
different approaches to problem solving are included in Table
6.

■ DISCUSSION
The central goal of our study was to explore how individuals
with different levels of expertise in chemistry think/speak and
act when asked to engage in an activity designed to explore
their approaches to chemical control. In general, all types of
groups (novice, intermediate, advanced) engaged in the
manipulation of the same direct-control parameters as
summarized in Table 2 but with somewhat different
approaches and purposes. The most novice participants mostly
paid attention to and sought to affect physical factors (e.g.,
internal gas pressure, gas leakage) using experience-based
reasoning and following a qualitative trial-and-error approach.
On the contrary, the most advanced participants mostly
focused their efforts on affecting a single chemical factor (O2/
CH4 ratio) in a more investigative manner using model-based
reasoning and knowledge about the stoichiometry of the
chemical reaction to guide their tests. Students at the
intermediate level expressed the most diverse set of ideas
and considered the largest number of variables to manipulate
and affect, with more frequent attempts of model-based and
quantitative reasoning and systematic testing than students in
the novice groups but still omitting important qualitative and
quantitative features of the targeted chemical process.
Although to various extents and at different moments during

the activity, all groups of participants engaged in trial-and-error
when seeking conditions that could lead to the strongest or
loudest explosion. In doing so, participants engaged in the
manipulation of one or more variables intending to produce
the desired outcome without a well-founded or well-
formulated rationale for their actions. Other authors have
referred to this approach as an “engineering model” of
experimentation,34 in contrast to a “scientific model” that
seeks to establish cause−effect relations between variables by
systematically investigating the effect of each relevant variable

while holding the others constant. Existing research suggests
that the prevalence of the engineering model in the approach
followed by most groups of participants at the novice and
intermediate levels in our study may have been influenced by
two main factors. The knowledge base of participating students
and the nature of the task. Engaging in scientific reasoning
requires a basic level of both content knowledge and
metacognitive knowledge that our more novice participants
did not have proficiency in or did not activate as they faced the
challenge.35 On the contrary, tasks that point toward a desired
outcome (e.g., making the loudest explosion) are known to
favor the application of an engineering model.34

Despite observed differences in the ways of speaking/
thinking and acting among the various groups at each level of
expertise, our analysis revealed four distinctive dimensions of
progress in reasoning about and effecting chemical control.
There were clear shifts in the nature of the variables that
participants wanted to influence, from physical to chemical, the
type of reasoning applied, from experience-based to model-
based and from qualitative to more quantitative, and the
approach to problem-solving, from trial-and-error to guided
investigation. The latter three types of shifts have been
observed in groups of students who are invited to engage in
scaffolded inquiry tasks for extended periods of time, receive
formative feedback, and are encouraged to reflect on their
decisions and the results of their actions.36

■ LIMITATIONS

Our results emerged from the analysis of the different ways of
thinking/speaking and acting of a small number of participants
at each level of expertise working on a single chemical control
task. Consequently, one should be cautious with the
generalizability of our findings. Additional investigations with
a larger and more diverse set of participants working on various
activities are needed to determine the extent to which the
dimensions of variation and progress that were identified
manifest in various contexts.

■ IMPLICATIONS

The success of our study participants in generating an
explosion with a large boom did not seem to correlate with
a particular approach to chemical control. Groups that engaged
in trial-and-error used experience-based and qualitative
reasoning and focused on physical factors were as able to
produce an explosion as groups that used chemical ideas and
models to guide their work and applied more quantitative
reasoning. Nevertheless, the latter types of groups often
needed less time to identify the direct and indirect control
parameters that were most productive for successfully
completing the task. These groups included individuals with
expected higher levels of knowledge and experience in
chemistry. Nevertheless, our study suggests that students at
the novice and intermediate stages can productively engage in
thinking and acting on chemical control if given the
opportunity and time to work in these types of problems in
an active and reflective manner. Chemistry instructors at all
educational levels should thus create more spaces for students
to engage in the design, implementation, and evaluation of
different methods to control a variety of chemical processes.
The majority of the tasks that chemistry students tend to

confront in conventional chemistry courses ask them to verify
an expected outcome, reproduce a procedure, and, occasion-
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ally, investigate and make sense of a phenomenon. Despite the
fact that a central activity of chemistry is the design and
evaluation of processes to achieve a desired outcome (e.g.,
synthesizing a particular substance, inducing or hindering a
specific transformation), most chemistry curricula do not
support the development of the ways of thinking and acting
that are needed to effectively address these types of challenges.
Our results suggest that students have conceptual resources
that support productive engagement in chemical control design
tasks but would benefit from more opportunities to do so while
receiving formative feedback that presses them to shift their
attention from physical to chemical factors, from reasoning
based on concrete objects and experiences to model-based
reasoning, from qualitative to quantitative methods, and from a
trial-and-error to guided investigation approaches.
Our findings provide insights into four potential progress

variables that need to be considered when building a learning
progression25−27 for the core crosscutting concept of chemical
control. The identification of likely dimensions of progression
is critical for the development of curricular sequences, learning
tasks, and assessment tools that can better scaffold student
learning in this area. Our results support the perspective that
progression in reasoning about chemical control and acting to
control a chemical process does not necessarily imply the
complete substitution of some ways of thinking and acting by
others but rather the acquisition of an enriched set of cognitive
tools and the ability to deploy them in more productive
manners in particular contexts.29,30 This suggests that it would
be productive to create more opportunities for students to
engage in metacognitive reflection to recognize what they
already know and evaluate what conceptual resources and
reasoning strategies may be more appropriate depending on
the nature of the task at hand.
Researchers and philosophers have pointed out that

chemistry is not a monolithic way of thinking, but it provides
diverse ways of seeing the world.10 From a sociocultural
perspective, different ways of speaking, thinking, and acting can
be recognized and claimed to be valuable in different
situations. In the conceptual profile theory,31,32 the different
ways of thinking about a concept define a specific zone in its
profile and need to be characterized by exploring three
different domains: (1) the sociocultural domain that elicits
how a concept developed through the history of mankind; (2)
the ontogenetic domain that elicits how the concept of interest
is learned by different individuals; and (3) the microgenetic
domain that elicits how a concept is built and understood
through moment to moment interactions in various contexts.
The study presented here can be situated in the microgenetic
domain, and it begins to shed light on different zones in the
conceptual profile for “chemical control.” Nevertheless,
additional investigations involving a larger and more diverse
set of participants working on different contexts are needed to
fully characterize such a conceptual profile and to explore how
this understanding can be used by instructors to better support
and scaffold learning in this area.
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