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Abstract:
Simulations have been found to be effective tools to aid student understanding and improve
conceptual connections in several topics in chemistry. Most studies on the use of simulations
have student participants from a single institution from a country who are taking high school
chemistry or are enrolled in a college chemistry course. This study on the impact of a simulation
on student understanding of acids and bases involved student participants from India and USA.
Participants in this study had years of chemistry experience and had completed both general and
organic chemistry courses at the college level that involved traditional lecture-based instruction
and laboratory experiences. The qualitative study included a survey of student attitudes and
interview of students pre- and post-simulation instruction on acids and bases. PhET simulation
on acids and bases was used for simulation-based instruction. Results indicate that simulationbased instruction improves student understanding of acids and bases. This study also highlights
the need for long-term sustained exposure to simulations to address student misconceptions on
topics like acids and bases or other fundamental ideas that students find challenging.

Introduction
An in-depth understanding of chemistry requires that students understand several
fundamental concepts. It also requires students to (a) be able to see the relationships between
various concepts, b) have an ability to connect one or more concepts and c) apply a coherent,
constructive, relational understanding to further make sense of the ideas presented in specific
subdiscipline for example inorganic or organic chemistry or in the interdisciplinary areas such as
biology or biochemistry. Among several concepts covered in the first-year college-chemistry
courses, acid-base chemistry is considered to be a foundational concept (1-3). Acid base
chemistry is important to understand and explain the structure and behavior of molecules.
Despite the importance of acid-base chemistry, students in college chemistry courses struggle
with understanding and representation of acids and bases. This paper is focused on the studentconceptions of acid-base chemistry.
Background:
There have been detailed studies in chemistry education literature on how students develop their
understanding of acid base concepts. Some studies have also shown that students have
identifiable misconceptions in acid base chemistry. Part of the development of these
misconceptions comes from student prior experiences and inadequate instruction on the topic (45).
Students also struggle with understanding how to connect the microscopic, macroscopic and
symbolic representations of concepts in chemistry. A major part of instruction in acid base
chemistry revolves around translating microscopic concepts, such as ionization and dissociation,
to macroscopic concepts. It is difficult for students to envision properties of ionization and/
dissociation in aqueous (or other) media and to apply these behaviors to make sense of the real-

world examples such as the functioning of batteries and the phenomena of corrosion. Students
struggle to apply and subsequently transfer their understanding to explain a concept or solve
advanced conceptual problems due to gaps in their understanding. The ability to draw
connections between microscopic, macroscopic and symbolic representations is limited and rote
memorization and definitions do not really help for building connections among concepts (6,7).

Specially, when students have misconceptions in their mental models or representations, they are
more likely to retain this misconceptions or incorrect conception concerning the content. To
address this, researchers have conducted studies to understand how students develop mental
models in acid base chemistry and how to improve them (8,9). Early interventions on poorly
formed mental models as well as the encouragement of alternative conceptions has shown to
marginally improve student’s awareness of misconceptions but have shown little improvement in
removing these misconceptions (10)

Visualization tools such as simulations have shown promise in impacting student understanding
in chemistry. The use of interactive simulations in chemistry has seen a rapid surge in the past
few years. Simulations are digital environments that allow users to interact with models of
various concepts and processes. A simulation uses a mathematical or a logical model to illustrate
real world phenomenon with a goal of providing opportunity to students to understand the
underlying concept or scientific model (11, 12).
Prior researchers have found simulations to be effective in helping students visualize motion of
particles, and in improving problem solving and thinking skills by complementing the sensory
experiences of learners. Simulations been found effective in engaging students, improving
academic performance, and to an extent student’s representational competence. Simulations

allows students to explore phenomena and their representations while manipulating variables.
Simulations provide a certain degree of control to learners through their interactive features such
as play and pause buttons, adjusting variables such as mass, volume etc. using buttons and
sliders, and stop, review, and exit functions (13-21).
For example, a study by Moore et. al. demonstrated the impact of simulation-based learning on
student understanding of molecular polarity (22). The students participating in the study found
that engaging in the simulation helped provide a clearer understanding of molecular polarity
because of the representation of electronegativity in the simulation. By being able to engage with
and manipulate variables presented in a simulated model, students are able to make some
connections and translations between the microscopic and macroscopic representations of a
concept or a process.
Despite all of these benefits, there are few studies in which simulations are used for the
instruction of acid-base chemistry (23-25). With the success seen in other areas of literature the
lack of evidence on the impact of simulations on student understanding of acids and bases
specifically from students from two unrelated institutions with substantial background in
chemistry was also noticed. The study reported in this paper was conducted to address if
simulations can aid student conceptual understanding and their representation of acids and bases
specifically for students who have completed general and organic chemistry courses in college.
Further, most studies involve students from a single institution or institutions within the same
region or country (26-30). In this study student participants were from an institution in USA and
India. Following research questions were addressed in this study focused on SBL of acid-base
chemistry.
·
Does simulations-based learning impact student conceptual understanding of acids-and
bases?
·

Do simulations impact student representations of the aqueous solutions of acids and bases?

Methodology
Qualitative research methods involving surveys and qualitative interviews were used to answer
the research questions. Semi-structured interviews and survey data was collected pre- and postsimulation. Data from the interviews was coded for thematic analysis and survey was analyzed to
see the patterns in student understanding of acids and bases.
About study participant’s and demographics:
Demographic surveys were taken of each student to better understand their background in
chemistry. Among those who participated 37% were third year students, 37% were fourth year
students and 15% where graduate students. All of the students participating in the study were

either pursing or had completed a degree program in natural sciences, and had also completed
general and organic chemistry courses at their respective institutions.
The study participants were recruited from two completely different institutions from different
countries. The participants were purposefully sampled based on a similar background and years
of experience of learning chemistry. Participating students were selected from a mid-sized
institution in Western India. Participants from USA were from a mid-sized upper midwestern
institution. There were 10 students recruited to participate in this study from both the institutions
to have equal representation from the Indian and US counterpart (total N=20). Students from the
Indian institution had about 6 years of school chemistry courses (2 years of basic middle school
and 4 years of high school) and further 2-3 years of college chemistry. Students from the USbased institution had at least two years of high school chemistry and 3 years of college credits in
chemistry (including general, organic chemistry).
Students in the US institution were all enrolled in pre-medical preparation course and met
weekly with their instructor to prepare for MCATs specifically for chemistry portion of the
MCAT. Though the student participants in this study were from completely unrelated
institutions in all respects, both groups had only experienced traditional instruction in chemistry
courses and had no exposure to simulation-based learning. Further, students had learned about
acid-base chemistry in their high school and college years and this was important to establish a
baseline for student prior knowledge during the qualitative data collected via interviews. Data
collection is discussed in the following section.
Data collection and analysis:
At the beginning of the study, students’ where given a demographic survey and ASCI (31)to
assess their attitudes towards the subject of chemistry (ASCI is Attitude towards the subject of
chemistry inventory). The purpose of using the ASCI was to gather information about students’
general attitudes about the subject of chemistry prior to their experience with the simulation
hence the ACSI survey was conducted only once for each participant.
The ASCI is a semantic differential where students position themselves on a seven-point Likert
scale between two polar objectives in reference to how they feel about “chemistry” which
measures their attitude for the subject. In ASCI, the adjectives and choices are placed on the
same line. To avoid a bias and to help respondents to think carefully, some adjective pairs are
categorized with the “positive” adjective on the left and some on the right side of the
line. Inventory adjectives are positioned at the end of each line, and the word “middle” is
labelled above the number 4. Inventory instructions are brief and understandable for students to
complete the survey within a few minutes.
The ASCI survey has 20 items that relate to five factors of Interest and Utility, Anxiety, and
Intellectual accessibility, Fear and Emotional Satisfaction to measure student attitudes. In order
to evaluate the interest and utility, the adjective pairs in survey include worthwhile-useless,
worthless-beneficial, good-bad, interesting-dull, and exciting-boring. For measuring the anxiety,
the adjective pairs of tense-relaxed, work-play, scary-fun, insecure-secure, and disgustingattractive are used. The adjective pairs for intellectual accessibility are complicated-simple,

confusing-clear, easy-hard, challenging-unchallenging, and comprehensive-incomprehensible.
For fear of the subject safe-dangerous are used as the adjective pairs and the adjective pairs for
emotional satisfaction are pleasant-unpleasant, comfortable-uncomfortable, chaotic-organized,
and satisfying-frustrating. All survey results were calculated and averaged using the
methodology reported in the literature on ASCI. Assessing student attitudes provided greater
clarity on how students viewed the subject of chemistry based on the years of chemistry they had
in high school and college.
Qualitative Interviews

After completing the ASCI, students participated in the pre-simulation interview during the first
meeting. These interviews were about 30-45 minutes long during which students answered
specific questions about their understanding of acids and bases. Students were also asked a set of
specific questions concerning their previous experience in chemistry, their confidence with
chemistry, and specific content questions on acid-base chemistry. The content questions for acidbase chemistry where narrowed to information covered in an introductory chemistry course;
acid-base definition (Arrhenius, Bronsted-Lowry, Lewis), pH calculation, physical properties,
and chemical properties. During the interview the students were also asked to draw their models
of acids and basis and explain what would happen when an a strong and a weak acid/base is
added to water. Further, students were allowed to select their own examples of acids and bases
to draw and explain their representation of a acids and bases.
After the interview the participants were introduced to the PhET simulations on acids and bases.
They were provided the tutorial, following which each participant was instructed on acid-base
chemistry using the simulation. The participants used simulation in a guided-manner and
explored various components of the simulation during the instruction. The instruction using the
simulation lasted from 2-3 hours.
The PhET simulation software used for this study on simulation-based instruction was developed
by the PhET group at the University of Colorado, Boulder. The simulation allowed students to
observe solutions containing either acids or bases with pH strips, pH indicators and electrodes
attached to a light bulb as seen in Figure 1. PhET simulations showed substantial promise as the
simulation to be used in the study because of its convenience and simplicity to integrate it during
one-to-one interactions with students to instruct them on acid-base chemistry via the simulation.

Figure 1. PhET acid-base simulation

After receiving the instruction students were for invited for a second round of interviews a week
later (post-simulation) and similar sets of questions focused on acid and bases were asked as
were during the pre-interview. Students were also asked questions regarding their experience
with the simulation for learning about acids and bases. During the post-interview students were
again asked to draw their model of acids and bases in order to evaluate shifts in student
understanding of the concepts.
The pre- and post-simulation interview data was transcribed, read and coded. Several codes were
developed based on the initial readings of the transcripts and iterative analysis. These codes were
finally reduced to 29 codes that were used during the analysis of qualitative interview data. The
code definitions are provided in Appendix 1. These codes were used for coding studentresponses during the pre- and post-interviews following the simulation-based instruction.
To ascertain interrater agreement, 12 anonymized transcripts that included both pre- and postinterviews from the student participants were provided to an expert researcher with the list of
codes. Codes list including code definitions are presented in the Appendix 1. All student
identities were removed for these transcripts. The researchers met with each other over a period
of 6 weeks to discuss the qualitative coding for the 12 transcripts and also to establish the degree
of agreement and consistency of the coding process. Based on the coding by the two researchers
the interrater agreement was found to be 90% which is considerably strong for a qualitative
study. Also, the student-drawn pre- and post-simulation models were coded and compared to
textbook models of acids and bases.

Results and Discussion
In this study on the impact of the simulation-based learning on student understanding three tools
were used were used for data collection: general student survey for demographic information,
ASCI, and pre- and post-qualitative interviews. The ASCI survey data was analyzed in order to
determine student attitude for chemistry. The scale on the horizontal axis of figure 2 is based on
the scaling as described in the Bauer study for the analysis of ASCI (31).

Figure 2. Averages of student responses to ASCI
Based on student response to the survey, for interest and utility, the students favored more
positive descriptions of chemistry (i.e., worthwhile, interesting, exciting) compared to other
sections of the survey. This can be indicative of the students having a more positive outlook on
the applications of chemistry. However, student responses for anxiety and intellectual ability
favored negative or neutral descriptions of chemistry (i.e., hard, confusing, scary, disgusting,
tense) compared to other sections of the survey.
Based on the ASCI responses, it appears that students generally have negative outlook on the
learning process as it relates to chemistry. It is important to note that each student who
participated in the study was mainly taught using traditional approaches of lecture and
verification-based laboratory activities. Students had no prior exposure to using simulations for
any of the topics and further each participant had years of chemistry exposure in high school and
college courses. The ASCI results provide a snapshot of student participants in this study.
Students have interest in chemistry, and they find it to be intellectually important. However, even
after years of spending time in the classroom and laboratory in school and college, students feel
anxious and have a fear of the subject.
The ASCI does not measure student confidence however the presence of fear, anxiety, and
neutral to negative responses for the intellectual accessibility indicates that student do not feel
connected with chemistry, and it remains intellectually abstract. It is difficult to pin-point exact
cause of this apathy from this group of students. Though it is possible that students have not
really experienced deep-learning that comes with constructivist teaching that could have helped
them to build connections and lead to positive attitudes among students on all the factors
measured by the ASCI.

The results from the analysis of student qualitative interviews are presented in Table 1 which
shows code frequencies for pre-simulation and post-simulation interviews. During pre- and postsimulation interviews students were asked a series of questions related to four conceptual ideas
related to acids and bases: strong and weak acid-base chemistry, acid-base reactions, equilibrium
reactions, and the pH. The students’ pre- and post-simulation interview data was coded for the
level of detail of their response to the acids and bases as well as the student perception on the use
of the simulations.

Table 1: Code frequencies showing conceptual understanding, student confidence and view of
simulation-based instruction (Shaded Green: conceptual understanding codes – general and
detailed understanding; definition-based explanation; shaded orange - incorrect conceptual
understanding or no response; shaded blue – personal traits - student confidence; brownmisconceptions related to science and logic-based misconceptions; light grey-simulation related)

Code

PreSim

PostSim

Code

Pre-Sim

PostSim

Code

Pre-Sim

PostSim

No Response
(NR)

15

7

Science-Based
Misconception
(SBM)

15

14

General
Weak Base
Content
(GWB)

48

93

Personal Trait
Weak
Confidence
(PTW)

44

22

General Strong
Acid Content
(GSA)

53

88

Detailed
Weak Base
Content
(DWB)

3

7

Personal Trait
Strong
Confidence
(PTS)

0

3

Detailed Strong
Acid Content
(DSA)

4

17

Incorrect
Weak Base
Content
(IWB)

3

0

Simulation
Positive (SP)

10

21

Incorrect Strong
Acid Content
(ISA)

6

2

General
Equilibrium
Content
(GEC)

101

143

2

0

42

119

4

9

Simulation
Negative (SN)

General Weak
Acid Content
(GWA)

Detailed
Equilibrium
Content
(DEC)

Simulation
Neutral (SNE)

1

0

Detailed Weak
Acid Content
(DWA)

8

13

Incorrect
Equilibrium
Content
(IEC)

1

0

Model
Disconnect
(MD)

7

7

Incorrect Weak
Acid Content
(IWA)

8

4

General pH
Content
(GpH)

70

130

Explanation
Disconnect
(ED)

4

2

General Strong
Base Content
(GSB)

70

42

Detailed pH
Content
(DpH)

1

7

Definition
based
explanation
(DB)

137

117

Detailed Strong
Base Content
(DSB)

5

3

Incorrect pH
Content
(IpH)

0

1

Logic-Based
Misconception
(LBM)

69

62

Incorrect Strong
Base Content
(ISB)

3

2

Codes and their definitions are reported in table 2 in the appendix. It is important to note the
definition of general, detailed, and incorrect content that were used to evaluate conceptual
understanding of acids and bases. General content is any description a student gave that would be
definition heavy, detailed content is any description a student gave where they correctly
answered information as well as gave a relevant example in their response, and incorrect content
is any description a student gave that inaccurately identifies or describes the content.
Based on code frequencies, the number of codes for GSA increased from 53 to 58. Likewise,
there was a positive shift in the frequency of GWA and GWB, GpH and GEC. Also, the detailed
content improved for strong acids, weak acids, equilibrium and pH. This shows that students not
only provided a detailed response, but they also shared relevant examples along with the
description of strong acid, weak acids, and acid-base equilibrium.
Based on changes in code-frequencies, the student understanding of strong and weak acids and
bases, pH and acid-base equilibrium shows an improvement from pre- to post simulation
instruction. Further, students displayed a positive shift in their confidence of their understanding

of acids and bases, the frequencies for weak confidence as a personal trait decreased from pre-to
post interview whereas strong confidence showed an increase. It appears that students had a
more positive view of simulations post-instruction for learning chemistry. As mentioned before
these students had never been instructed with simulation. Based on the pre-interview responses it
appears that students have a sense of what a simulation is, however whether a simulation can
help them learn acids and bases becomes clear with post-instruction. The positive responses of
students seem to be indicative of this shift among students regarding the usefulness of
simulations for learning and visualizing a concept.
In general, looking at the code-frequencies that relate to student understanding of acids and
bases, these display an improvement in student conceptual understanding. From these code
frequencies it is observed that the students had some general misconception based on their
foundational understanding of acids and bases for both strong and weak acids and bases.
After going through the simulation-based instruction, students were able to address some of these
misconceptions in their responses during the post-simulation interview. For example, student 3 in
their pre-simulation interview showed misunderstanding of weak acid and strong acid
dissociation. This student would describe in their explanations that the solution would dilute the
acid rather than allow it to ionize. After receiving simulation-based instruction, the student was
able to observe that the ionic dissociation of the acid particles did not mean there was a decrease
in acidic concentration.
During both the pre- and post-simulation interviews students were instructed to create
representations based on their descriptions of the acids and bases. Students were also asked what
would happen when an acid or a base interacts with water. The representation that students
presented through their drawings and symbols (equations) were compared to the textbook
representations of acids and bases. Reason being that the textbook models were clear, welldeveloped, peer-reviewed, and used as a standard reference for a concise presentation of
information on acids and bases.
Changes in student models of acids and bases were positive from pre to post-simulation
instruction. As figure 3 and 4 depict, student representations became closer to the representations
presented in the text and also in the simulation. Students were able to articulate their
understanding of acids and bases as an equation and also depict what would happen if a few
molecules of an acid or a base were added to water. For example, students showed that incase of
strong base there would be a complete dissociation of the base as compared to a weak base
where some of the base molecules would remain undissociated and were able to explain what
would happen to a light bulb connected to a battery, with two electrodes dipped in such as
solution of an acid or a base.

Figure 3. Comparison of student’s pre-simulation (a) and post-simulation (b) model with
textbook model for acids and bases (Acids, Bases, and Salts. In Science Textbook for Class X,
National Council of Educational Research and Training: 2006, 2006; p 282.

Figure 4. Comparison of student’s pre-simulation (a) and post-simulation (b) model with
textbook model for equilibrium chemistry (Equilibrium. In Textbook for Class XI: Chemistry
Part I National Council of Educational Research and Training: New Delhi 2005; p 259.)

Limitation
Part of the limitation of this study is the frequency in which students were able to engage with
the simulation-based instruction of acids and bases. Students were purposefully sampled based
on their background in general and organic chemistry courses and no prior use of simulations in
chemistry. However, student exposure to the use of simulation was limited to one complete
session (equivalent to a laboratory duration of 2-3 hours). Based on the results and the promise
of simulations in addressing student conceptions, it seems that a more diverse and expanded
demographic of students needs to be studied over a longer duration to have a lasting impact on

student-understanding. In addition to qualitative interviews, quantitative data on student
problem-solving will provide additional evidence on the effectiveness of simulations in student
conceptual understanding and student representations of acids and bases.

Conclusion
The study is unique with respect to student participants and the misconceptions/ gaps in student
knowledge of acids and bases which seem to transcend the geographical boundaries when
students have similar prior exposure to chemistry. However, using simulations can alleviate
some of these student misconceptions and improve student conceptual understanding and
representations.
A single session involving the use of the PhET acid base simulation during one-to-one
instruction was helpful to draw student attention to their understanding of acids and bases and to
address some misconceptions and gaps in their understanding, however much work remains to be
done in this area. None of the participants in the study had a completely clear conception of the
acids and bases and how these interact in aqueous solutions. However, the misconceptions that
were addressed were enough to show positive trajectory for a more longitudinal study. Students
who struggled with understanding acid-base chemistry on the microscopic level benefited from
seeing a visualization of how the particles interacted in a solution with one another.
Student acid-base representations became more consistent with both the simulation and also
textbook representations after an exposure to simulation-based learning. Students showed a clear
knowledge of the content in their post-simulation interviews, however the impact varied
depending on the severity of the misconceptions that a student had prior to the study. The study
shows the potential of simulations in impacting student understanding of acids and bases for a
select group of students who had been educated through their entire student life in different
countries. Yet student struggles and misconceptions of acids and bases were much alike. Further
studies are needed to add evidence to the effectiveness of long-term impact of simulations on
student-conceptual understanding, specifically for students in different countries who have no
exposure to simulation-based instruction.
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