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Abstract: This study aims to explore the development of
understanding of the concepts of pH, acid-base titration, and buffer
solutions among 11th-grade students and 2nd- and 4th-semester
university students in chemistry education. It employs a cross-
sectional design using open-ended questions and interview guidelines
to collect data from 153 11th-grade students, 30 second-semester
university students, and 40 fourth-semester university students. The
open-ended questionnaire consists of 9 items (2 questions on the pH
of solutions, 4 questions on acid-base indicators and titration, and 3
questions on buffer solutions and salt hydrolysis) on a continuous
scale, with an Aiken's kappa validity of 0.61 (substantial agreement)
and a Cronbach's Alpha reliability (KR-20) of 0.75 (acceptable). The
results indicate that scientific understanding of pH concepts, such as
the pH of solutions, acid-base titration, and buffer solutions,
improves with education. However, comprehension of complex
concepts remains low. The study's implications highlight the need for
curriculum development and the selection and implementation of
learning strategies that enable students to learn in a structured,
gradual, and coherent manner. Curriculum development should map
out subject matter, distinguish essential from non-essential content,
and organize material from simple and essential topics to more
complex and non-essential ones.

INTRODUCTION
Conceptual

understanding is a
fundamental goal of science instruction,

of this cognitive development is closely
tied to the nature and effectiveness of the
learning  experiences they undergo,

including in the field of chemistry. It
represents the depth of learners'
comprehension of scientific concepts and
their ability to apply this knowledge
meaningfully.  The  progression  of
learners’ understanding of a specific topic
across different educational levels
illustrates their learning progression. This
progression not only captures the gradual
refinement and expansion of their
conceptual knowledge but also reflects
their cognitive development. The quality

highlighting the critical role of well-
structured and thoughtfully implemented
instructional  strategies in  fostering
meaningful and enduring understanding
(Jin et al., 2019; Scott et al., 2019; Yang
et al.,, 2023). This means that learning
progress is very important for curriculum
development, learning development, and
learning evaluation. One of the chemistry
subjects studied at the secondary and
tertiary education levels is acid-base
chemistry. Many studies have been
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conducted on learners' understanding of
acid-base chemistry concepts. At the
tertiary level, it is reported that 78% of
second-semester  students experienced
partial understanding, misconception, and
did not understand acid-base chemistry
concepts. Another study with the same
material conducted by Elvinawati et al.
(2022) showed that 53.85% of students
experienced partial understanding and
misconception.  Meanwhile, at the
secondary education level, Amala et al.
(2022) reported that students'
understanding of salt hydrolysis concepts
was relatively low with an average
percentage of 43.95%. However, these
studies were conducted separately
between secondary education and higher
education levels. There has been no
research that examines the student
learning progression from lower to higher
levels of education. In other words, in
Indonesia, curriculum development and
learning development and evaluation have
not paid attention to student learning
progression.  Therefore, it is very
important to carry out studies on learning
progression.

Learning  progression is "a
description of the Ilearner's way of
thinking logically and systematically

about a topic" (Alonzo et al., 2022; Park
et al., 2019; Reed & Wolfson, 2021; Scott
et al., 2019; Yang et al., 2023). Learning
progressions describe the changing of
students' understanding on a topic over
time (Jiménez-Liso et al., 2020). When
starting to learn a new topic, a learner
may already have an initial, non-scientific
understanding. If he gets good guidance,
he matches his understanding with the
new knowledge being studied, collects
new evidence, carries out critical analysis,
and finally replaces his non-scientific
understanding with scientific
understanding. Armed with this new
scientific understanding, he can learn new
knowledge related to that knowledge
more easily so that his understanding
becomes deeper and broader. This

illustration depicts a learning progression
of a learner from initial non-scientific
understanding /misconceptions, turning
into scientific understanding, and being
able to use it to build new, deeper and
broader scientific knowledge.

Learning progression can be
organized in both vertical and horizontal
formats (Reed & Wolfson, 2019, 2021).
Vertical alignment refers to the
progression of concepts from foundational
to more advanced levels of education.
Horizontal alignment, on the other hand,
focuses on the growth of concepts within
subjects at the same education level. This
article adopts a vertical approach,
encompassing education levels ranging
from primary school to university.

A chemistry topic that gives rise to
a lot of non-scientific understanding in
students' minds is acid-base chemistry
(Arocena, 2022; M. Cooper et al., 2016;
Cyril et al.,, 2022; Demirdégen et al.,
2023; Dood & Watts, 2023; Frost et al.,
2023; Glltepe, 2021; Krebs et al., 2022,
2023; Mubarokah et al., 2018; Muntholib
et al.,, 2018; Net et al., 2024; Romine et
al., 2016; Salame et al., 2022). These
studies have yielded valuable insights into
students' explanations of acid and base
behaviour, their utilization of the
Arrhenius, Brgnsted-Lowry, and Lewis
models, acid base titration, their
comprehension of acid strength, and their
capacity to forecast reactions involving
these molecules. These findings serve as a
reference for tracking the progress of
acid-base understanding. The fundamental
framework for the notion of acid-base
chemistry progression was formulated by
incorporating insights from previous
literature on acid-base comprehension,
while also considering the constraints
imposed by the lower and higher limits.
The lower bound pertains to the minimum
level of prior information possessed by
students. Conversely, the higher limit
pertains to the extent of knowledge
attained by college students studying
advanced chemistry. Nevertheless, the
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advancement of concepts is also impacted
by many elements of student learning,
including instructional techniques and
educational resources (Jin et al., 2019).
The accuracy and depth of a learner's
understanding can be represented in the
form of a mental model.

Mental models are internal
representations of external reality that
individuals use to interact with their
environment (Jones et al., 2011). These
models are constructed from life
experiences, perceptions, and
understanding of nature, serving as tools
for reasoning, decision-making, and
behavior. They act as mechanisms for
critical thinking in working memory,
filtering and integrating new information
(Jones et al., 2011). The quality of mental
models depends on the effectiveness of
learning experiences, which enhance
reasoning and deepen understanding.

In acid-base chemistry, Lin and
Chiu (2007) identified four levels of
students' mental models: the Phenomenon
Model, where acids and bases are
understood based on  macroscopic
characteristics like toxicity or taste; the
Character-Symbol  Model, associating
acids and bases with chemical symbols
(e.g., H groups for acids, OH groups for
bases); the Inference Model, showing
partial scientific understanding but errors
in concept connections, such as
misinterpreting neutralization reactions;
and the Scientific Model, representing
accurate, scientific comprehension.

Romine et al. (2016) streamlined
these categories into three levels: the
Phenomenon Model, the Inference Model,
and the Scientific Model, combining the
Character-Symbol  Model with  the
Phenomenon Model. This simplified
framework highlights the progression
from basic to advanced understanding,
offering a basis for improving
instructional strategies and fostering
students’ scientific reasoning in chemistry
education.

The participants of this study were
introduced to the 2013 Indonesian
Curriculum, which incorporated inquiry-
based learning. This approach involved
engaging in activities such as observing,
inquiring, experimenting, associating, and
communicating (Permendikbud, 2016).
The process of "associating” in learning
allows learners to construct new
information by  utilizing  evidence
obtained from “investigating” learning
events and their preexisting knowledge.
This learning experience applies to the
concept of learning progression, which
refers to the advancement of an
individual's  knowledge through the
utilization of their cognitive capacities to
construct new knowledge using both fresh
evidence and preexisting knowledge. The
introduction of a distinct curriculum
between secondary school and university
levels can impede the cognitive
development of individuals. Therefore,
our objective is to analyze the
development of the acid-base idea by
investigating the cognitive frameworks
maintained by students and college
students. This analysis will offer valuable
insights into the depth and breadth of their
comprehension of the concept, which can
subsequently be applied in the creation of
learning progressions about acid-base.
Therefore, the questions we want to
answer through this research are:

1. What is the mental model of the acid-
base concepts of eleven graders, 2nd
semester  chemistry  undergraduate
students, and 4th semester chemistry
undergraduate students?

2. How do the learners’ learning
progression of acid-base concepts in
line with their level of education?

METHOD

This research applies a cross-
sectional research design with a survey
method. The research subjects were 153
eleventh graders (71 men and 82 women),
30 second semester students (21 men and
9 women), and 40 fourth semester
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students (25 men and 15 women). Data
collection was carried out using test and
interview methods. Tests were carried out
on all research subjects, while interviews
were carried out on research respondents
taken proportionally  from  research
subjects in the high, middle and lowest
groups at each level of education.
Interviews were conducted to determine
the development of the acid-base concepts
and the characteristics of the respondents'
mental models.

Instrument Development for Assessing
Acid-Base Concepts

This  research instrument was
developed by own with procedures: (1)
Literature review, (2) Development of
items, (3) Expert validation, (4) Pilot
study, and (5) Finalization (Muntholib et
al., 2020; Wattanakasiwich et al., 2013).
Questions were developed based on
Anderson and Krathwol's Taxonomic
Framework (Anderson et al.,, 2001,
Krathwohl, 2002) cognitive levels of
understanding, applying, analyzing and
evaluating. The scope and complexity of
the questions are in line with the acid-
base chemistry subject matter of the 2013
High School Indonesian Curriculum and
the Chemistry Undergraduate Program
Curriculum. Validation involved 2 experts

Literatur review
Identification of

essential acid-base
knowledge in the 2013
curriculum

Item Development
Development of question
items for an acid-base

understanding survey

who have knowledge and experience in
the field of chemistry learning. The final
form of the instrument is 9 valid open
ended question items (Aiken kappa
validity of 0.61) with Cronbach's Alpha
reliability (KR-20) 0.75.

Data Analysis

The data sources of this research are
students' answers to the open ended test
and interview transcripts of respondents
conducted after they took the test. Each
respondent's answer is read carefully,
analyzed and compared with one another,
and tentatively included in one of the
categories of mental models of acid-based
concepts that have been determined,
namely: The Phenomenon Model, The
Inference Model, and The Scientific
Model (Romine et al., 2016). Responses
that were difficult to categorize were
discussed with all researchers until
consensus was reached. To increase inter-
rater reliability, before carrying out the
assessment, the assessors shared their
perceptions regarding the criteria for each
mental model of the acid-base concepts
examined in this research. The assessors
of student responses in this study were
one of the researchers and a high school
chemistry teacher.

Expert Validation

The validation process required the
participation of two experts with expertise and

experience in the field of chemistry education.

\/

Finalization Pilot Study
Determining the last set of question Evaluating the validity of an
items for a survey assessing item and the reliability of a test
knowledge of acid-base concepts. by conducting a trial.

Figure 1. Stages of Acid-Base Instrument Development.

RESULT AND DISCUSSION

A learning progression is very
important for the implementation of
effective and efficient learning. With a
good  understanding  of  learning
progression, instructors can design,

develop strategies, and choose appropriate
learning methods, especially in carrying
out learning of complex concepts such as
solution pH, acid-base titration, and
buffer solutions. This research identified
three levels of learners' mental models of
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acid-based concepts, namely Phenomenon
Model.

Inference  Model and Scientific
Model (J. W. Lin & Chiu, 2007; Romine
et al., 2016) at different educational
levels, namely eleventh grade students,
2nd semester chemistry undergraduate

students, and 4th semester chemistry
undergraduate students. Table 1 presents
the mental models of acid-base concepts
of 11th grade students, 2nd semester of
chemistry undergraduate students, and 4th
semester of chemistry undergraduate
students of the respondents of this study.

Table 1. Average Learners' Mental Model of Acid-Base Concepts.

Average Learners’ Metal Model (Maximum Score = 100)

Sub 11" Graders

2"d Semester at University

4" Semester at University

Consepts Students Students
Pheno- Inference Scientific Pheno- Inference Scientific Pheno- Inference Scientific
menon menon menon
pH 43.79 39.54 7.19 23.33 51.67 25.00 8.75 65.00 26.25
Solutions
Acid-Base 16.50 44.28 23.86 13.33 22.50 64.17 3.75 18.75 83.75
Titration
Buffer 38.56 58.82 0.65 23.33 26.67 50.00 0.00 37.50 62.50
Solution
Average 32.95 47.54 10.57 19.99 33.62 46.39 417 40.42 57.50

Table 1 shows that the progression
of learners' mental models is in line with
the level of education, the higher the level
of education, the better their mental
models. However, if you look closely you
can see several interesting learning
progressions to discuss, both at the
Phenomenon Model level, the Inference
Model level, and the Scientific Model
level.

Learning Progression of Phenomenon
Mental Model of Learners

The average score of learners'
Phenomenon Mental Model decreases
drastically as the level of education
increases. The acid-base sub-concept
where the learners' Phenomenon Mental
Model is still high is the pH of solution
with an average score of 43.79 (from
maximum score of 100), 23.33, and 8.75
respectively for eleventh graders, 2nd
semester of university students, and 4th
semester of university students.

The findings regarding the decline
in students' understanding of the Mental
Model of Phenomena as their education
progresses align with the trends observed
in previous studies. Our findings also
show similar results where a significant

decline in the mean score of 43.79 for
eleventh graders, 23.33 for second-
semester students, and 8.75 for fourth-
semester students have shown the same
pattern that understanding of chemistry
concepts develops as students progress in
their studies. Similar findings have been
reported by Wan (2014). He reported that
second and fourth semester students also
often have difficulty in understanding
abstract concepts that can lead to
misunderstandings in basic chemistry
courses. This result is also in line with the
findings of Jensen, (2013), which shows
that students often memorize facts
without developing a deep understanding,
which can explain the persistence of the
mental model phenomenon that we found
in semester 2 and 4 students.

In addition, a study by Timay,
(2016) also supports our findings,
showing that traditional teaching methods
often cannot address students'
misconceptions and their difficulties in
understanding complex topics. This study
shows that as students progress in their
education, their ability to connect and
apply basic concepts gets stronger. This is
in line with the observation that
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understanding of acid-base concepts
increases over time.
Learning Progress of the Inference

Model Mental of Learners.
Over the past decade, research has

consistently emphasized students'
difficulties  understanding  chemistry
concepts, especially in pH, buffer

solutions, and salt hydrolysis. This
broader trend is consistent with the
research results. The pH scale and acid-
base chemistry are challenging for

students of all educational levels,
especially when understanding
logarithmic  relationships and acid

dissociation constants (Bretz & McClary,
2015; M. M. Cooper et al., 2016). This is
consistent with the anomalies observed in
the data, which show improvement from
eleventh graders to university students,
but challenges remain. The gradual
improvement in this study, from a mean
score of 39.54 among eleventh graders to
65.00 at the fourth-semester university
level, is consistent with previous research
emphasizing the need for improved
instructional strategies to address the
challenges.

Similarly, the patterns from this
research identified in your research
regarding buffer solutions and salt
hydrolysis are consistent with those found
in previous studies. Research by Orgill &
Sutherland, (2008) and Arocena, (2022)
demonstrated that students encounter
difficulties with these concepts due to

their  abstract  nature,  frequently
prioritizing memorization over
comprehension  of the underlying

mechanisms. This is consistent with the
performance anomaly observed in our
study, in  which  second-semester
university students achieved an average
score of 26.67 on buffer and hydrolysis
concepts, which only improved to 37.50
by the fourth semester. This is due to the
most recent research conducted by
Adadan & Savasci, (2012), who found
that buffer solutions continue to be a

complex subject for students at the
college level.

As observed in our study, the
broader literature is consistent with the
overall progression in students’ mental
models. J.-W. Lin et al., (2016); Amalia et
al., (2018) and Sodanango et al., (2021)
underscore that even as students’ mental
models develop over time,
misconceptions  frequently endure,
particularly in intricate subjects such as
chemistry. This pattern is consistent with
the data provided, demonstrating a
nonlinear progression and anomalies
between second- and fourth-semester
university students. These results indicate
that, although exposure to advanced
material does result in improvement, more
profound misconceptions may remain
unresolved.

Moreover, Jiménez-Liso et al., (
2020) and Lopez-Banet et al., (2021)
research suggests that conventional
instructional methods frequently must
adequately address these misconceptions,
particularly in abstract concepts such as
buffer systems and acid-base equilibria.
The enhancement in data may be
attributable  to  increased  practice;
however, as previous research indicates,
procedural learning is only achievable
with conceptual comprehension. Our
findings and earlier research demonstrate
the persistence of these challenges across
various levels of education, which
underscores the necessity of more
focused, concept-based instructional
strategies to  assist  students in
surmounting these obstacles.

Learning Progression of the Scientific
Mental Model of the Learner

The learners' Scientific Model of
acid-based concepts improves as the level
of education increases. The average
scores of the Scientific Model of eleventh
graders, 2nd semester of university
students, and 4th semester of university
students were 10.57, 46.39, and 57.50
respectively. However, their achievement
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on the concept of pH of solution is very
low, namely 7.19 for eleventh graders,
25.00 for semester 2 of university
students, and 26.25 for semester 4 of
university students. This is quite worrying
because the concept of pH of solutions is
very important for the social life of
students.

This research also elaborates on
how learners represent their mental
models, both the Phenomenon Model, the
Inference Model, and the Scientific
Model. The representation of the learners'
mental model in describing the concepts
of pH of acid-base solutions, acid-base
titration, and buffer solutions is shown in
Table 2.

Table 2. Learners' Mental Models about pH of Solutions, Acid-Base Titrations, and Buffer Solutions.

Concepts Mental Submental Description
P Models Models P
Students do not have any idea about acid-base concepts or
All - - they cannot remember anything that can be used to describe
their mental model.
Mathematical Interpret [H]* in the equation of pH = -log [H]" as
pH of acid- Inference equations  concentration of acid solution.
base solutions Concentration Calculate the pH of a solution based on concentration only,
do not pay attention to the strength of the acid-base.
Use color changes (macroscopic characteristics) to
Phenomenon determine the end point of the titration as well as the
reaction equivalence point.
Determine the acid-base properties of a mixture is only
based on the concentration of the solution being mixed, the
Concentration acid or base solution with a higher concentration determines
Acid-base the acidity or basicity of the resulting mixture, both weak
titration and acid/base and strong acid/base.
indicators f Neutralization Assume that neutralization reactions only occur in strong
Inference : acids and bases solutions, weak acids and bases cannot
Reaction -
change the color of litmus paper.
Lab(_)rgt_ory Never use acid-base titration indicators other than PP.
activities
Chemical  Assume a change of color in a solution, for example in a
Composition titration, is caused by the excess of H" or OH™ ions.
Phenomenon  Definition Have an understanding that a buffer solution is a mixture of
Buffers and a weak acid or base and its salt alone.
u - -
: . Have an understanding that hydrogen halides are strong
salt hydrolysis Chemical . . .
Inference species acids so that the equimolar reaction HF + NaOH produces a

neutral salt.

Table 2 shows that there are
learners who have no conceptual
understanding, there are those who have
the phenomenon model, and there are
those who have the inference model, of
course in addition to those who have the
scientific model. However, most of
learners' non-scientific  understanding
comes from incomplete, incoherent and
fragmented understanding. These
problems can come from the choosing of

inappropriate subject matter, instructors
not being able to differentiate between the
essential concepts and non-essential
concepts, and the choosing of
inappropriate learning strategies so that
the learners cannot understand the
essential concepts. Below we describe
some of the non-scientific models that
students held that were revealed in this
research.
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Description of Learners’ Model Mental solution is  determined by its
of Acid-Base Concepts concentration because pH = -log [H+].
There were respondents who had This is revealed in the following written
the understanding that the pH of an acid answer:
20 - <gal wanron wed ©°F  gaawow Yosa Suormnovon FEEREREECy,
Sl . Sy Cu)rx= 10~ =1
o— 3 p—— == .p8 -8 v ana)
0. THE) = Moo Sgor  Hol 10"t adalah  basa tarana pH -y &
= lo'.g i —_ d
= 1% . 5 T s
— : P ————— |

The interpretation of this answer is: The soluti&n bf 1 08 M HCl is basic because [H'] =
108, pH = 8. So the pH of the solution of 10-* M HCI = 8.

Figure 2. Examples of Interpretation Question.

Table 3. Interview Results.

No Interviewer Interviewee

1 Whatis the pH of a 10-8 M HCI solution? 8 (eight)

2 Why 8? How do you know 8? Because pH = -log [H+]; pH = -log[10-8] = 8.

concentration of the solution was
increased 2X. This was revealed in
following written answer.

Some respondents also had the
understanding that the pH of an acid
solution would increase (perhaps what is
meant is decrease?) 2X if the

The interpretation of this answer is: The pi of an acid (solution) doubles if the
concentration of the acid increases (2X).

Figure 3. Examples of Interpretation Question.

Table 4. Interview Results.

No Interviewer Interviewee

1 What if | increase the HCI
concentration to 2X the original
concentration?

The pH of the acid will increase 2X.

2 Why is that? Can you explain?  Because pH = -log [H*], if the acid concentration increases then
the pH also increases (it means may decrease?) as much as the
concentration increases or another respondent's answer "pH is
directly proportional to concentration, so if the acid

concentration increases the pH will definitely also increase.

mental model in

This description shows that the the learners’
i the pH of an acid

respondent's understanding is understanding

fragmented, his understanding of H+ ion
concentration is separate from water
ionization and acid-base strength. This
understanding falls into the category of
The Inference Model. Figure 1 shows

solution. The figure shows that the
learner equates the concentration of H+
ions in a solution to the concentration of
an acid solution.

384 | Tadris: Jurnal Keguruan dan Ilmu Tarbiyah 9 (2) : 377-389 (2024)



Investigating Learners' Conceptual Progression on ... | E. W. Santa, Sumari, H. Nur, N. C. E. Setiawan, Muntholib

Mathematical equations

pH =-log [H]*

/

Concentration

——» Scientific understanding
- - - - Non-scientific understanding

[H]F 1 Acid
Dilute acid -~-3! Base
[H]* 1 ko---% pH=[HJ
LI pH # [H

Figure 4. Learners' Understanding of the pH of Acid-base Solutions; Represent the Inference Model.

There were also respondents in
this study who were biased in
understanding the concept of buffer
solutions. They interpret the absolute
definition of buffer solutions, both as a
process and as a product. For them, a
buffer solution is a mixture of a weak

(salt of weak acid).

Figure 5. Examples of Interpretation Question.

Table 5. Interview Results.

The interpretation of this answer is: HF and NaOH solutions do not form buffer solutions
because buffer solutions are formed from cyanide acid (weak acid) with sodium cyanide

acid or weak base and its salt. They did
not classify the mixture of excess HF
solution with limited NaOH solution as a
buffer because NaOH is not a salt
derived from HF. This interpretation
captured in the following answer:

No Interviewer

Interviewee

1 Why can't a mixture of HF Because there is a strong base, namely NaOH, so it is definitely
solution and NaOH solution not a buffer solution.

form a buffer solution?

2 What's wrong with NaOH?
bases.

Buffers should not contain strong bases, they should be weak

This interview shows that the
respondents have an understanding that
buffer solutions are only formed from
solutions of weak acids and salts of the
weak acid. This understanding clearly
contains truth (in a buffer there is a weak
acid and its salt) and error (a buffer is
only formed from a mixture of a weak
acid and its salt). This kind of
understanding is classified as Inference
Mental Model.

CONCLUSION
The concepts of pH of solutions,
acid-base titration, buffer solutions, and

salt hydrolysis are complex and require
an understanding of foundational
chemical concepts such as acid-base
theory, chemical properties, atomic
structure, chemical formulas, reaction
equations, stoichiometry, particulate
properties of matter, solution chemistry,
chemical equilibrium, and bonding. This
study reveals that students'
understanding of these concepts
generally improves with educational
level;  however, anomalies  were
identified in the understanding of pH
solutions, buffer solutions, and salt
hydrolysis. Specifically, the inference
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model  among  learners  showed
fragmentation and incoherence, even at
higher educational levels, indicating
incomplete or inconsistent learning.
These issues may stem  from
inappropriate  curriculum  content,
ineffective  learning  strategies, or
extrinsic factors, as knowledge of these
concepts often intersects with non-
scientific, everyday contexts. The study
highlights the need for curriculum
development and the careful selection
and implementation of learning
strategies that enable structured, gradual,
and coherent learning. For instance, high
school instruction should prioritize
fundamental concepts such as the pH of
strong and weak acids and bases, while
college-level learning should expand to
cover acid-base neutralization and the
pH of salt solutions. Moreover, to
provide a comprehensive understanding
of Indonesian  students’ learning
conditions, future research should
broaden the scope to include all regions
of Indonesia.
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