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Introduction

Chemical reaction kinetics is used to scientifically explain everyday 
phenomena, such as why food spoils more quickly in the summer, and it also 
plays a crucial role in understanding the new equilibrium state that forms after 
a chemical equilibrium has shifted. In school science, reaction rate serves as 
a bridge between microscopic particle behavior and macroscopic chemical 
change, making it a key concept for connecting dynamic aspects of matter 
with theoretical models. For these reasons, chemical reaction rates are ad-
dressed not only in university-level courses for chemistry majors but also 
throughout lower-secondary and upper-secondary science and chemistry 
curricula. However, despite repeated exposure across multiple grade levels, 
reaction rate remains one of the most conceptually challenging topics for 
students (Almanza-Arjona et al., 2022; Gegios et al., 2017; Stroumpouli & 
Tsaparlis, 2022; Rahayu et al., 2024). In many cases, learners tend to memorize 
rate equations or manipulate variables mathematically without developing 
an integrated understanding of the underlying molecular processes.

Moreover, it poses challenges in both understanding and instruction 
even for prospective and in-service teachers (Cáceres-Jensen et al., 2021; 
Chairam et al., 2015; Kolomuç & Tekin, 2011). Such challenges are closely 
related to the way chemistry is represented and modeled in instruction. 
Numerous studies report that one reason certain concepts and topics in sci-
ence are perceived as difficult is the lack of understanding of the scientific 
models underlying them (Chittleborough & Treagust, 2007; Lazenby et al., 
2019; Treagust et al., 2022). Because teachers serve as mediators between 
abstract scientific models and classroom representations, their capacity to 
select, justify, and adapt models directly influences how students conceptual-
ize dynamic processes such as reaction rate and equilibrium. Consequently, 
teachers’ understanding of scientific models constitutes a critical foundation 
for meaningful chemistry teaching and learning (Danusso et al., 2010; Henze 
and van Driel, 2011; Schwartz & Skjold, 2012).

Scientific models play a central role in science education by simplifying 
complex systems while retaining their essential meaning, thereby enabling 
students to understand and explain natural phenomena (Schwartz & Skjold, 
2012). In this context, models function not merely as visual aids or explana-
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tory tools but as cognitive frameworks that support reasoning, prediction, and the extension of scientific expla-
nations (Rost & Knuuttila, 2022). Model-based teaching helps students move beyond rote memorization toward 
a structural understanding of relationships among scientific concepts and the ability to explain and predict real-
world phenomena. Moreover, engaging with how a model is constructed, validated, and applied allows learners 
to experience authentic scientific inquiry and the reasoning processes of scientists, thereby enhancing scientific 
literacy and critical thinking (Demirçalı & Selvi, 2022; Hoskinson et al., 2014; NRC, 2012). However, the successful 
implementation of model-based instruction depends on teachers’ epistemic understanding of what models are, 
how they are constructed, and under which conditions they are valid. Without this understanding, instruction in 
topics such as chemical kinetics can easily devolve into procedural problem-solving focused on formulas rather 
than conceptual reasoning about reaction mechanisms. 

Building on this importance, the use of models and modeling has been increasingly emphasized in science 
education, and effective implementation requires a deep understanding of the nature of scientific models—includ-
ing not only their applications but also the processes by which they are constructed (Chiu & Lin, 2019; Kousathana 
et al., 2005). In chemistry, understanding scientific models means recognizing that models are not fixed, universally 
applicable entities but intellectual tools that are selected, constructed, and used according to specific purposes and 
contexts. Modeling therefore involves a series of interrelated processes: selecting an appropriate model, identifying 
the prerequisite conditions under which the model holds, and applying the model within its valid scope. These 
three dimensions provide an essential framework for understanding how scientific models function in explaining 
chemical phenomena.

Theoretical Background

Selection of Models

Scientists construct models to explain observed phenomena, yet no single model can account for all aspects 
of a phenomenon. In constructing a model, scientists select particular properties, simplify them, and derive pat-
terns. Because model construction depends on the purpose, perspective, and methodology of the investigation, 
different models may be proposed for the same phenomenon (Lisciandra & Korbmacher, 2021; Schwarz et al., 
2009). As a result, it is common for multiple models to coexist, each with its own assumptions, strengths, and limita-
tions. Understanding the nature of scientific models therefore requires recognizing model diversity and accepting 
that different models may legitimately explain the same phenomenon (Veit, 2020). In this context, selecting an 
appropriate model involves considering the purpose of explanation, the conditions under which the model was 
developed, and the reasoning that justifies its use (Taber, 2017).

The need for model selection can be observed across various domains of science. For example, different models 
are used to explain reaction rates in chemistry, most notably the collision model and transition state theory (Eyring, 
1935; Lewis, 1918). The collision model emphasizes that reactions occur when molecules collide with sufficient 
energy and proper orientation, providing a conceptual foundation for understanding the factors that influence 
reaction rates. In contrast, transition state theory focuses on the energy profile along the reaction pathway, ex-
plaining reactions in terms of a potential energy surface and a high-energy transition state, or activated complex. 
This theory employs mathematical approaches to calculate rate constants by analyzing energy changes along the 
reaction coordinate and also considers thermodynamic parameters such as entropy and enthalpy.

Because these two models are based on different theoretical assumptions, they lead to distinct explanatory 
outcomes. For instance, the commonly observed increase in reaction rate with rising temperature is well explained 
by the collision model: as temperature increases, both the frequency and energy of molecular collisions rise, re-
sulting in more effective collisions and a higher reaction rate. This relationship is quantitatively expressed by the 
Arrhenius equation, which is derived from the collision model. In contrast, transition state theory does not always 
predict a simple temperature dependence of reaction rates. Ree et al. (2013), for example, calculated rate constants 
between 150 and 1000 K and found no temperature dependence below 300 K, attributing this phenomenon to 
the dominance of complex-mode reactions rather than the collision model. Such contrasts demonstrate that even 
for the same phenomenon—temperature effects on reaction rates—it is necessary to select the model that best 
fits the explanatory context.

From an educational perspective, the ability to choose an appropriate model from among multiple alternatives 
reflects teachers’ epistemic understanding of models as context-dependent representations rather than universal 
truths (Justi & Gilbert, 2002; Treagust et al., 2022). Teachers who acknowledge the coexistence of multiple models 
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and understand the assumptions and limitations of each are better able to select models that align with instruc-
tional goals and to provide conceptually coherent explanations of chemical phenomena. Conversely, teachers who 
regard models as literal depictions of reality may struggle to switch between the collision model and transition state 
theory when explaining reaction rates. Therefore, recognizing which model underlies a given explanation, and being 
able to justify its selection, represents a fundamental component of teachers’ understanding of scientific models.

Prerequisite Conditions of Models

A scientific model operates only within the specific scope and conditions established during its development, 
referred to as its prerequisite conditions (Chang, 2012; Kim et al., 2018; Spagnesi, 2025). For example, the Arrhenius 
acid–base model applies exclusively to acid–base reactions in aqueous solutions, whereas the Brønsted–Lowry 
model is restricted to contexts involving proton (H⁺) transfer. Recognizing these conditions is essential for proper 
model application; thus, the Arrhenius model cannot be applied outside aqueous systems, and the Brønsted–
Lowry model is inapplicable to the BF₃–NH₃ reaction. A model can be used only when its prerequisite conditions 
are satisfied. Kim et al. note that focusing solely on a model’s operational rules without considering its conditions 
can hinder deep understanding (Kim et al., 2019).

To define the rate of a chemical reaction rigorously, one must distinguish between constant-volume and 
constant-pressure conditions. Under constant volume, the rate can be defined in terms of changes in molar con-
centration, whereas under constant pressure the changing volume must also be taken into account. As Canagaratna 
(1973) and Le Vent (2003) showed, for a gas-phase first-order reaction carried out at constant pressure, the half-life 
is no longer a simple constant because the reaction vessel volume changes over time. The detailed derivation of 
the half-life is provided in Appendix A.

Many chemistry textbooks define the half-life for a first-order reaction as    (Atkins et al., 2018; 
Chang & Goldsby, 2019; Oxtoby et al., 2016; Zumdahl & Zumdahl, 2017). As shown above, the half-life changes 
under constant-pressure conditions because the underlying prerequisite conditions differ. Therefore, when defining 
the half-life of a first-order reaction as a constant value, it is necessary to assume that the reaction vessel volume 
remains constant.

Several studies have reported that a lack of understanding of a model’s prerequisite conditions often leads to 
misinterpretations or inappropriate applications of the model (Gegios et al., 2017; Schwarz et al., 2009; Treagust et al., 
2002). Thus, recognizing the prerequisite conditions of a model is essential for a proper understanding of the model.

From a pedagogical perspective, awareness of such prerequisite conditions distinguishes descriptive use of 
formulas from conceptual model-based reasoning. When teachers apply rate equations without acknowledging 
the assumptions underlying constant-volume conditions, students may develop an oversimplified understanding 
of kinetic relationships. Therefore, understanding the prerequisite conditions of models is a crucial part of teachers’ 
modeling competence (Kim et al., 2019; Treagust et al., 2002).

Use of Models

Understanding a model also requires knowing how it functions. This operational aspect is closely tied to 
the patterns identified by scientists and is often represented through equations, graphs, or diagrams (Forbes et 
al, 2015; Mendonca & Justi, 2013). Using such representations, learners can explain phenomena and predict new 
outcomes. However, studies suggest that classroom teaching on models tends to emphasize applying the pat-
terns of established scientific models to explain or predict phenomena, with less attention given to the modeling 
process and prerequisite conditions (Chiu & Lin, 2019; Valeeva et al., 2023; Winkelmann, 2023). While this approach 
clearly illustrates how a chosen model works, it may limit students’ understanding of how models are created and 
the contexts in which they are valid.

Ultimately, developing a deep understanding of models in science education requires engaging with the 
processes through which multiple models are generated, selecting the model most appropriate for the context, 
verifying that its prerequisite conditions are met before use, and applying the patterns identified by scientists 
within the model. When these three elements are addressed in balance, students are able to achieve a deep and 
functional understanding of scientific models.

The functional relationship between reaction rate and reactant concentrations is central to the operation of 
kinetic models. The general empirical rate law is v=k[A]m[B]n, where m and n are the reaction orders with respect 
to A and B, respectively. According to the collision model, concentration dependence is explained by the frequency 
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of effective collisions. For a bimolecular reaction (A + B → Product), the collision frequency is proportional to [A]
[B], yielding a second-order dependence for elementary processes.

In transition state theory (Eyring, 1935), the concentration dependence arises from the equilibrium between 
reactants and the activated complex (A + B ⇄ [AB]‡ → Product). The concentration of the activated complex, [AB]‡, 
is proportional to the product of the reactant concentrations, consistent with the empirical rate law for elementary 
reactions. Transition state theory extends this explanation by incorporating thermodynamic parameters—entropy 
and enthalpy of activation—into the expression for k.

Thus, both models explain that the concentration of reactants influences the rate of a chemical reaction. 
However, the reactions presented above represent very simple cases. When a reaction proceeds through multiple 
steps, the effect of concentration on the reaction rate is not straightforward, and the reaction order for each chemi-
cal species must be determined experimentally. Furthermore, the experimentally determined reaction order can 
be theoretically rationalized based on the reaction mechanism. Therefore, in multi-step reactions, the reaction 
rate does not simply vary in direct proportion to the concentration of reactants but instead reflects the combined 
influence of multiple reaction steps.

The concentration dependence of reaction rate is directly related to the rate law. The rate law identifies which 
chemical species influence the reaction rate and provides the mathematical relationship describing how the rate 
varies with the concentration of those species. Thus, when predicting reaction rates using a model, the prediction 
is made through the rate law expressed by the selected model, and the use of the rate law constitutes an activ-
ity based on that model. Understanding how a selected model is used in this way corresponds to what Justi and 
Gilbert (2002) describe as model-based reasoning.

Research Aim and Research Questions

While previous studies have examined teachers’ understanding of specific scientific concepts, few have 
systematically analyzed how teachers select, justify, and apply scientific models as interconnected dimensions of 
modeling competence. Accordingly, this study adopted the three-dimensional framework of model understanding 
presented in Figure 1 and aimed to address this research gap by exploring chemistry teachers’ epistemic under-
standing of scientific models within the specific context of chemical reaction rates. Based on this aim, the following 
research questions guided the study:

RQ1. In contexts involving the temperature dependence of reaction rates, can chemistry teachers select 
the most appropriate model from among those related to reaction rate?

RQ2. Regarding the definition of half-life, what prerequisite conditions do chemistry teachers identify 
as necessary?

RQ3. In contexts involving the concentration dependence of reaction rates, do chemistry teachers apply 
models appropriately?

Each research question was aligned with one of the three dimensions of model understanding conceptualized 
in this study: RQ1 with model selection, RQ2 with prerequisite conditions, and RQ3 with model use.

Figure 1
Three-dimensional Framework for Understanding Scientific Models
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Research Methodology 

Design 

To achieve this aim, a mixed-methods approach was employed, and among the various mixed-methods 
designs, an explanatory sequential design was selected. In this design, quantitative data were first collected and 
analyzed, followed by qualitative inquiry to explain or elaborate on the initial results (Ivankova et al., 2006). This 
approach enabled researchers to obtain a clearer understanding of quantitative findings and to strengthen overall 
interpretation by integrating numerical trends with contextual insights (Fetters et al., 2013; Toyon, 2021). Accordingly, 
this study first collected quantitative data on teachers’ perceptions of models related to reaction rates through a 
questionnaire, and then conducted interviews with a subset of survey participants to obtain qualitative data for 
interpreting the quantitative results.

This design was particularly suitable for the present study because teachers’ understanding of scientific mod-
els involves both explicit conceptual knowledge and implicit epistemic reasoning, which are not easily captured 
through surveys alone. The follow-up qualitative phase thus allowed deeper exploration of how teachers interpreted 
and justified their use of models beyond their written responses. Because the aim of this study was not statistical 
generalization but the identification of teachers’ epistemic reasoning patterns, a large sample was not required. 
The explanatory sequential design prioritizes depth of interpretation, and the qualitative phase strengthens the 
trustworthiness of the findings despite the modest sample size.

Participants

The participants were in-service chemistry teachers enrolled in a national qualification training program for 
chemistry educators. In South Korea, teachers with more than three years of teaching experience are provided 
with a qualification training program of over 90 hours for re-education in their major field. Because the program 
is implemented on a national scale, participants included teachers from diverse regions across the country. The 
participants were considered to represent the general population of Korean chemistry teachers because the 
qualification program recruits teachers from all regions through a standardized national process. Although the 
sample size may appear limited, it is appropriate for an exploratory study of epistemic understanding. Because 
the participants were drawn from a nationwide, government-regulated qualification program, the sample reflects 
a broad cross-section of practicing chemistry teachers in Korea, thereby enhancing the relevance of the findings. 
Moreover, exploratory research in chemical education commonly prioritizes depth of reasoning over statistical 
representativeness, and this study follows that established approach.

A total of 52 teachers completed the survey, and their demographic characteristics are presented in Table 1. 
Among the respondents, 23.1% were male and 76.9% were female. In addition, 71.2% had less than five years of 
teaching experience, indicating that many were relatively early in their careers. While slightly more respondents 
were teaching at upper-secondary than at lower-secondary, the distribution was fairly balanced. 

Table 1
Demographic Characteristics of Survey Participants (N=52)

Demographic variable Category Frequency (%)

Gender
Male 12 (23.1)

Female 40 (76.9)

Teaching experience

Less than 5 years 37 (71.2)

5-10 years 10 (19.2)

More than 10 years 5 (9.6)

Working place
Lower-secondary 24 (46.2)

Upper-secondary 28 (53.8)
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From this pool, ten teachers were purposefully selected for follow-up interviews, using criteria such as the 
quality, completeness, and internal consistency of their survey responses to ensure that a range of perspectives was 
represented. The combination of quantitative trend identification and qualitative elaboration allowed the study to 
generate meaningful insights into teachers’ three-dimensional understanding of scientific models, compensating 
for the constraints of sample size.

Data Collection and Analysis

Quantitative data were collected using a questionnaire developed for this study. The questionnaire consisted 
of open-ended items designed to assess three aspects related to reaction rates—model selection, prerequisite 
conditions of models, and use of models—in order to effectively capture teachers’ conceptual understanding. The 
content of the items was initially determined through discussions with one PhD in science education and one PhD 
in physical chemistry. To ensure that the questionnaire reflected the range of models realistically taught in school 
settings, the content level was limited to general chemistry. All three selected topics are included in the Korean 
upper-secondary curriculum; therefore, chemistry teachers responsible for teaching these topics are expected to 
possess a deep understanding of the corresponding models. To enhance content and face validity, the initial draft of 
the survey was reviewed by two experts in chemical education, who evaluated each item for relevance, clarity, and 
alignment with the three target constructs (selection, prerequisite conditions, and use of models). Minor revisions 
were made based on their feedback before pilot testing. The questionnaire was piloted with three experienced 
chemistry teachers before finalization.

Table 2
Questionnaire Items

Item 
No. Category Content

1 Selection of models
(1) How do you explain the temperature dependence of reaction rate?
(2) Under what conditions does the statement “as temperature increases, the reaction rate 
increases” hold?

2 Prerequisite conditions of models

When A is placed in a sealed container, the table shows the concentration of A over time for a 
reaction in which A is converted to B. Based on these data, what conditions must be satisfied to 
define the half-life of this reaction as 0.5t?

Time 0 t 2t

[A] (M) 4 1 0.25

3 Use of models

Do you think the statement, “In a chemical reaction that is not zero-order, the rate depends only 
on the concentration of the reactants,” is appropriate?
(If the response is appropriate) Then, which substance’s concentration do you think affects the 
reaction rate?

As shown in Table 2, Item 1 (selection of models) examined whether teachers could appropriately choose 
between the collision model and transition state theory when explaining the temperature dependence of reac-
tion rates. Teachers were first asked to briefly describe how they typically teach the temperature dependence of 
reaction rates in their classes. They were then asked to state the conditions (i.e., the selected model) required for 
the general statement that reaction rate increases as temperature increases. The selected model was not explicitly 
named in the question because preliminary testing revealed that practicing teachers were not sufficiently familiar 
with the terminology of models; explicitly stating the model names made the task ambiguous and challenging for 
respondents. Item 2 (prerequisite conditions of models) asked what assumptions are required to define half-life as 
the time it takes for the concentration of a reactant to decrease by half. This item aimed to determine whether teach-
ers recognized that, when half-life is defined using concentration—which is derived by converting the number of 
particles to molar concentration—an underlying prerequisite condition is that the reaction vessel volume remains 
constant. Item 3 (use of models) investigated whether teachers applied models appropriately when explaining the 
concentration dependence of reaction rates. All items were open-ended questions, and participants were encour-
aged to articulate their reasoning as freely and specifically as possible. Thus, Item 1 targeted teachers’ ability to 
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recognize and justify an underlying model, Item 2 their awareness of prerequisite conditions for model validity, 
and Item 3 their understanding of how models function through rate laws in explaining concentration effects.

The survey was conducted online, and 52 teachers responded. Although the items were open-ended, they 
specifically asked for the conditions necessary for each statement to hold; therefore, the responses were analyzed 
by extracting keywords from the teachers’ answers. The frequency and proportion of each keyword were then 
calculated to identify the primary conditions that teachers considered important. In some cases, teachers listed 
more than one condition for a given item; in such instances, each response was classified separately under the 
corresponding keyword. As a result, for certain items, the total number of responses exceeded the number of par-
ticipants. Coding reliability was enhanced through iterative reading and consensus-building discussions between 
the two researchers.

The quantitative results served as a connecting point for the qualitative phase. Specifically, patterns emerging 
from the keyword frequency analysis were used to identify aspects of teachers’ reasoning that required deeper 
interpretation. These patterns informed the development of interview prompts aimed at clarifying why teachers 
selected certain models or failed to consider specific prerequisite conditions. Although the questionnaire items 
were open-ended, the keyword coding and subsequent frequency analysis allowed us to extract quantifiable pat-
terns that guided the qualitative phase, rather than functioning as an independent quantitative strand. 

Based on the results of the keyword analysis, in-depth interviews were conducted to further probe teachers’ 
reasoning. Each interview began with a focus on the teacher’s own responses to the questionnaire items, followed 
by a presentation of the overall responses of all 52 teachers and scientifically appropriate answers for each item. 
Teachers were then asked to explain their reasoning in light of these comparisons.

A total of ten teachers participated in individual interviews, each lasting approximately 45 minutes. All inter-
views were audio-recorded and transcribed immediately. The transcribed data were analyzed using Colaizzi’s phe-
nomenological method, which involves extracting significant statements, formulating general meanings, clustering 
them into themes, and describing the essential structure of the experience (Morrow et al., 2015). To identify com-
mon statements that could explain the quantitative results, two researchers independently analyzed the data and 
reached agreement through discussion, thereby enhancing dependability. To ensure the reliability of the interview 
content, non-intervention data such as curriculum documents and textbooks were also utilized. Furthermore, the 
derived results were returned to the ten interviewed teachers to verify that the interpretations accurately reflected 
their perspectives, thereby strengthening the credibility of the study (Birt et al., 2016; Creswell & Miller, 2000).

Ethical Statement 

This study’s teacher survey and interviews were conducted under the general institutional protocol for educa-
tional activities; therefore, no formal Institutional Review Board (IRB) review was required. The study adhered to the 
ethical guidelines established by the Korea National Institute for Bioethics Policy (KoNIBP). Prior to data collection, 
participants were informed of the study’s purpose, assured that participation was entirely voluntary, and provided 
informed consent. All collected data were deidentified, and digital files were securely stored on password-protected 
devices accessible only to the researchers.

Research Results

RQ1: Selection of Models

Table 3 presents teachers’ responses regarding how they teach the temperature dependence of reaction rates.
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Table 3
The Responses of Item 1-1

Type of explanation Frequency (%)

Number of Collisions 34 (63.4)

Fraction of particles exceeding activation energy 14 (26.9)

Rate constant 4 (7.8)

Total 52 (100)

When asked how they explain this relationship to students, 34 teachers (63.4%) stated that as temperature 
increases, the average kinetic energy of particles increases, leading to more frequent collisions and, consequently, 
a faster reaction rate. Fourteen teachers (26.9%) explained that the increase in temperature alters the energy dis-
tribution of molecules, thereby increasing the number of particles with energy greater than the activation energy 
and thus raising the reaction rate. Four teachers (7.8%) began by introducing the rate law and explained that as 
temperature increases, the rate constant increases, which in turn leads to an increase in the reaction rate. In the 
case of the rate constant, explanations based on the Arrhenius equation can indeed be linked to the proportion of 
particles exceeding the activation energy. Nevertheless, this study distinguished these explanation types because 
merely stating that the rate increases as the rate constant k increases does not address the underlying cause—
namely, the change in the fraction of particles with energies above the activation energy. For this reason, the two 
explanations were treated as separate categories in our analysis.

Next, the results of a keyword analysis of teachers’ responses regarding the conditions necessary for the state-
ment in Survey Item 1-2 to hold true are presented in Table 4. 

Table 4
The Responses of Item 1-2

Response keywords Frequency (%)

Collision model 9 (17.3)

Concentration constant 7 (13.5)

Pressure constant 5 (9.6)

No conditions stated 31 (59.6)

Total 52 (100)

Many teachers (N = 31, 59.6%) did not specify any conditions. During follow-up interviews, teachers who had 
left this item unanswered consistently made similar remarks. One teacher stated,

 
“The idea that reaction rate increases as temperature increases feels like a universal truth, so I didn’t think any 

specific conditions were necessary.”

This suggests that a substantial number of teachers understood the relationship between temperature and 
reaction rate not as an explanation grounded in a particular model but as an unconditional fact. The high propor-
tion of responses lacking any stated conditions indicates a tendency to regard scientific statements as universally 
valid rules rather than as context-dependent, model-based explanations.

Some teachers recognized the need to control certain variables. For example, two teachers noted that because 
concentration strongly affects reaction rate, concentration must be held constant in order to explain only the effect 
of temperature. One teacher emphasized, 

“Since concentration also affects the rate, we need to control it if we want to see only the effect of temperature.” 
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By contrast, some teachers stated that pressure should remain constant; however, follow-up interviews re-
vealed that this stemmed from confusion between the concepts of pressure and volume.

Only nine teachers (17.3%) explicitly referred to the collision model in their responses, often linking their 
explanations to the Arrhenius equation. One teacher remarked, 

“The increase in reaction rate with temperature is ultimately explained by the Arrhenius equation, which itself is 
based on the collision model.” 

However, interview analyses indicated that not all teachers who mentioned the collision model actually rec-
ognized it as the model selected to explain the temperature dependence of reaction rate. Only a subset acknowl-
edged that the collision model is one of several possible explanatory models, whereas some assumed that it is the 
sole model for describing reaction rates. These findings suggest that although 17.3% of teachers referred to the 
collision model, the proportion who genuinely identified it as the appropriate model for explaining temperature 
dependence is likely even lower.

RQ2: Prerequisite Conditions of Models

RQ2 explored teachers’ understanding of the prerequisite conditions under which scientific models operate, 
focusing on the definition of half-life as presented in Item 2. 

Table 5
The Responses of Item 2

Response keywords Frequency (%)

Temperature constant 30 (61.2)

Pressure constant 12 (24.5)

Ignoring the reverse reaction 5 (10.2)

Reaction vessel volume constant 2 (4.1)

Total 49 (100)

Regarding the question about the conditions necessary to define half-life, 17 teachers (32.7%) did not provide 
a response; therefore, Table 5 summarizes the responses of the remaining 35 teachers. Because respondents were 
able to list more than one condition, the total frequency 49 exceeds the number of respondents 35. Follow-up 
interviews with the teachers who were unable to respond revealed a common perception: they regarded half-life 
as an absolute definition that requires no additional conditions.

“Half-life simply means the time it takes for the concentration to become half, so I didn’t think any other conditions 
were necessary.”

The responses of the 35 teachers who answered the item were analyzed; the distribution of their answers 
was summarized in Table 5. For half-life to be defined based on reactant concentration, the concentration must be 
directly proportional to the number of reactant particles. This requires the implicit assumption that the reaction 
vessel volume remains constant; however, only two teachers explicitly identified this condition.

The most frequently mentioned condition was constant temperature, identified by 30 teachers (44.8%). This 
reflects the belief that temperature must remain constant when using half-life to calculate the rate constant or infer 
the reaction order. Although temperature constancy is indeed necessary for deriving additional kinetic parameters 
from half-life, it is not strictly required for defining half-life itself.

In contrast, 12 teachers (23.1%) cited constant pressure, even though it is unrelated to the definition of half-life. 
Interview analyses revealed that these responses often arose from a generalized assumption that “scientific laws 
typically hold under constant temperature and pressure.” Such reasoning indicates a tendency to rely on formal-
istic rules rather than engaging in substantive consideration of the assumptions relevant to the specific context.
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Additionally, five teachers (7.5%) mentioned ignoring the reverse reaction. Although neglecting the reverse 
reaction can simplify kinetic analysis, in the context of the survey item—where concentration changes over time 
were already provided—half-life can still be defined as long as the reaction vessel volume remains constant. The 
inclusion of this condition therefore suggests that some teachers did not clearly distinguish between assumptions 
required in general kinetic treatments and those relevant to the specific task presented in the item.

When researchers explained during interviews that defining half-life using concentration requires assuming 
a constant reaction vessel volume, many teachers expressed surprise, noting that such a prerequisite had never 
been explicitly stated in textbooks. Two teachers commented:

“I had never realized that constant volume was required. Textbooks define half-life only using concentration, so I 
assumed no such condition was necessary.”

“I have even created test questions about half-life using scenarios where the volume changes, like in a cylinder—
clearly without recognizing that this was inappropriate.”

These findings indicate that many teachers overlooked the fact that particle number and concentration are 
proportional only when the volume is constant. Although half-life is fundamentally defined in terms of particle 
number, chemistry instruction typically presents it in terms of molar concentration. This translation implicitly relies 
on the assumption of constant volume, yet textbooks seldom make this condition explicit. Consequently, many 
teachers were unaware of this prerequisite.

RQ3: Use of Models

RQ3 examined how teachers use scientific models when interpreting the relationship between concentration 
and reaction rate, particularly whether they recognize the broader functional role of models beyond the representa-
tions provided in textbooks. Table 6 summarizes the responses to Item 3, which asked whether, in reactions other 
than zero-order, the reaction rate depends solely on the concentration of reactants. Thirty-six teachers (69.2%) 
responded “No,” four teachers (7.7%) responded “Yes,” and twelve teachers (23.1%) did not respond.

Table 6
The Responses of Item 3

Type of response Frequency (%)

Yes 4 (7.7)

No 36 (69.2)

No response 12 (23.1)

Total 52 (100)

Teachers who stated that only reactant concentration affects the rate offered the following explanations 
during interviews:

“When explaining concentration dependence, we teach that more reactant particles increase collision frequency, 
which proportionally increases the rate. From this, I assumed that only reactant concentration affects the rate.”

This reasoning reflects the way textbooks describe collision frequency solely in terms of reactant particles, 
reinforcing the idea that only reactant concentration is relevant.

Among the twelve teachers who did not respond, interviews revealed two explanations: some believed that 
additional factors might exist but could not identify them, while others were influenced by the general rate law 
form presented in textbooks (v = k[A]m[B]n), assuming that reactant concentration alone determines the rate. One 
teacher noted:

“I felt that reactant concentration alone couldn’t be the whole story, but since rate laws are usually written only in 
terms of A and B, it still seemed as if only reactants mattered.”
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Among the 36 teachers who rejected the “reactant-only” view, their additional explanations were categorized 
as shown in Table 7.

Table 7
The additional Responses of Item 3

Type of response Frequency (%)

Unspecified factors 32 (88.8)

Product 2 (5.6)

Rate law 2 (5.6)

Total 36 (100)

Thirty-two teachers vaguely acknowledged that “unspecified factors” may exist, but they were unable to 
specify which ones. This suggests a superficial awareness of model complexity: teachers sensed that the model 
involves more than reactant concentration but lacked the conceptual resources to articulate or apply these addi-
tional factors. In most cases, teachers used the phrase “unspecified factors” without naming any chemical species, 
indicating that they recognized that rate laws could include additional terms but did not possess the mechanistic 
understanding necessary to identify them.

Two teachers suggested that product concentration may influence the rate. One believed that accumulated 
products hinder collisions between reactants, while the other recalled that product terms appear in certain rate laws. 
This teacher did not recognize that the concentrations of various chemical species, including those incorporated 
through the reaction mechanism, such as catalysts, can influence the reaction rate. In contrast, the two teachers 
categorized under “rate law” correctly pointed out that the species influencing the reaction rate can be identified 
from the rate expression itself, recognizing that, depending on the reaction mechanism, products or other species 
may also appear in the rate law. 

When various examples of rate laws that include products, catalysts, and other chemical species were pre-
sented during the interviews, the teachers responded as follows.

“Now I can see that the rate law shows which species matter, but textbooks focus only on reactant orders, so I had 
overlooked that.”

“Explaining concentration effects only through collisions between reactants is limiting. I learned mechanisms and 
rate laws in university, but since high school textbooks only present reactant concentrations, my thinking reverted to 
that level.”

These findings suggest that many teachers relied heavily on textbook-based explanations when interpreting 
the concentration dependence of reaction rate, rather than reasoning from the structural patterns revealed in the 
selected model. This indicates that teachers often lack sufficient understanding of the algorithmic basis on which 
the model operates when using it.

Discussion

This study examined chemistry teachers’ understanding of scientific models in the context of reaction rates 
using a three-dimensional analytical framework—model selection, prerequisite conditions, and model use. Across 
all three dimensions, the findings revealed significant gaps in teachers’ epistemic understanding of scientific models.

Regarding model selection, teachers tended to view the collision model not as one representational choice 
among multiple explanatory frameworks but as a direct and exclusive description of chemical reality. This perspective 
aligns with the realist view of models described by Justi and Gilbert (2002) and is consistent with Chan et al. (2025), 
who found that many teachers assume identical outcomes regardless of the model employed. Such a perspective 
obscures the epistemic function of selecting between models—such as the collision model and transition-state 
theory—which offer distinct mechanistic explanations for the same phenomenon. Although the collision model 
is pedagogically appropriate at the upper-secondary level due to its simplicity and mechanistic clarity, teachers 
need to recognize that it is still a chosen representation rather than an absolute account of reality. This awareness 
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is essential for supporting students in understanding scientific models as purpose-driven representations that 
may differ across contexts.

In terms of prerequisite conditions, many teachers applied the concept of half-life algorithmically without 
considering the underlying assumptions required for the half-life expression to hold—such as constant reaction 
volume or the neglect of the reverse reaction. This misconception parallels the way half-life is commonly presented 
in South Korean chemistry textbooks and in internationally used general chemistry textbooks, which frequently 
define half-life solely as “the time required for the concentration to decrease by half,” without specifying its condi-
tional nature (Atkins et al., 2018; Chang & Goldsby, 2019; Oxtoby et al., 2016; Zumdahl & Zumdahl, 2017). However, 
as noted by Kim et al. (2018), scientific models are valid only within specific boundaries, and applying a model 
outside those boundaries constitutes model misuse. The findings demonstrate that many teachers misunderstood 
half-life as a universal property rather than a model-dependent construct, often accepting textbook definitions at 
face value without recognizing implicit assumptions—most notably constant volume—necessary for the validity 
of concentration-based half-life definitions. These results highlight the need for textbook authors and teacher 
educators to make the assumptions underlying model-based statements explicit.

With respect to model use, teachers frequently applied rate laws mechanically based on textbook patterns 
rather than as representational tools grounded in reaction mechanisms. Although many teachers vaguely recognized 
that species beyond the reactants might influence reaction rate, they were generally unable to articulate which 
species or justify their inclusion in the rate expression. Scientific examples illustrate the limits of this algorithmic 
reasoning: in the decomposition of ozone (2O₃ ⇌ 3O₂), the product O₂ appears in the rate law (Tardy & Carter, 
1983), and in the reaction I⁻ + OCl⁻ → OI⁻ + Cl⁻, the species OH⁻—neither a reactant nor a product—appears in the 
denominator (Chang & Goldsby, 2019). These examples demonstrate that rate laws are determined structurally by 
reaction mechanisms rather than by reactant concentrations alone. Nevertheless, repeated exposure to simplified 
textbook forms appears to reinforce an algorithmic approach to model use, limiting teachers’ ability to interpret 
rate laws functionally or representationally (Keller & Hermanns, 2023).

The challenges identified in this study also resonate with findings from international contexts, suggesting 
that teachers’ difficulties with scientific models are not culturally isolated. Research in Europe, North America, 
and Australia has repeatedly documented that teachers often interpret models as literal depictions rather than 
selective, purpose-driven representations (Harrison & Treagust, 2000; Krell et al., 2015). Similar to the teachers in 
this study who treated the collision model as the singular valid explanation, Danish and German teachers were 
found to adopt realist views, expecting models to converge on a single “true” representation of phenomena (Krell 
& Krüger, 2017). Studies from Singapore, Taiwan, and Hong Kong similarly report heavy reliance on textbook for-
mulations, reinforcing algorithmic tendencies in model application that mirror the patterns observed in the use 
of rate laws and half-life expressions (Chiu & Lin, 2019; Wong & Hodson, 2009). These parallels indicate a global 
need for teacher education that emphasizes the epistemic nature of models—their assumptions, limitations, and 
context-dependent functions.

While previous studies have addressed isolated aspects of teachers’ understanding of models, such as the 
nature of models, modeling processes, or model use (Van Driel & Verloop, 1999; Justi & Gilbert, 2002; Danusso et 
al., 2010; Henze, 2011), few have integrated these dimensions into a coherent analytical lens. This study contributes 
uniquely by applying a three-dimensional framework that simultaneously examines model selection, prerequisite 
conditions, and model use within a single scientific context. This integrated perspective reveals not just fragmented 
misconceptions but the structural ways in which epistemic limitations in one dimension (e.g., misunderstanding 
assumptions) propagate into others (e.g., algorithmic model use). The findings illustrate how the three dimensions 
interact to shape teachers’ broader epistemic stance toward scientific models—insights that would not emerge 
from studying any one dimension in isolation.

By offering this multidimensional account of teachers’ epistemic understanding of scientific models, the 
study provides a foundation for designing teacher education programs that more explicitly address how models 
are selected, under what conditions they operate, and how they function as representational tools in explaining 
chemical phenomena. The framework developed here may also serve as a diagnostic tool for future cross-cultural 
or longitudinal studies aiming to characterize the development of teachers’ modeling competence. Together, these 
contributions demonstrate that the study fills a meaningful gap in the literature by offering an integrative account of 
teachers’ epistemic understanding that has not been addressed in prior research. Although the participant sample 
was limited, the three-dimensional analytical framework proposed here offers a transferable tool for investigating 
teachers’ epistemic reasoning across diverse educational contexts.
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This study has several limitations. First, the participants consisted of 52 in-service chemistry teachers enrolled 
in a national qualification program in South Korea. Although recruitment occurred on a nationwide scale, the 
sample size was relatively small and may not fully capture the diversity of teacher backgrounds. Therefore, cau-
tion is warranted when generalizing these findings to broader teacher populations. In addition, due to the nature 
of the qualification program, most participants were early-career teachers, which made it impossible to conduct 
comparative analyses between novice and experienced teachers. Given that teaching experience is known to 
influence epistemic beliefs and instructional decision-making (Abd Samad & Nurusus, 2015; Berger et al., 2018; 
Muñoz et al., 2024), future research should employ the three-dimensional analytical framework proposed in this 
study to systematically examine differences across career stages. Overall, while the findings provide meaningful 
insights into teachers’ epistemic approaches, they should be interpreted in light of these sampling constraints.

Second, the study explored teachers’ understanding of models through surveys and interviews, relying primar-
ily on self-reported data. Such methods may not fully reflect teachers’ actual reasoning as enacted in classroom 
settings. Kim et al. (2020), for instance, compared self-reported responses with classroom observations and found 
that teachers often demonstrated lower levels of understanding in practice than they reported. Considering this, 
future research should integrate self-reported data with classroom observations or other forms of performance-
based evidence to more accurately capture teachers’ epistemic understanding of scientific models. Combining 
these data sources would offer deeper insight into the relationship between teachers’ internalized understandings 
and their instructional practices.

Conclusions and Implications

This study examined chemistry teachers’ understanding of scientific models related to chemical reaction rates 
across three dimensions: model selection, prerequisite conditions, and model use. The findings revealed persis-
tent gaps in teachers’ epistemic understanding of scientific models. Many teachers were unable to clearly identify 
the theoretical framework, such as the collision model or transition-state theory, underpinning the explanations 
they used. Teachers also tended to regard textbook statements as universal truths rather than model-based rep-
resentations, overlooked essential prerequisite conditions that determine model validity (e.g., the requirement of 
constant reaction vessel volume for defining half-life), and demonstrated limited awareness that species other than 
reactants may appear in rate laws depending on the reaction mechanism. These results indicate that chemistry 
teachers’ understanding of scientific models is limited and highlight the need for educational efforts that enhance 
teachers’ multidimensional understanding of models within concrete instructional contexts, such as reaction rate 
phenomena addressed in this study.

Based on these findings, four implications emerge for chemistry education and teacher professional devel-
opment.

First, the findings indicate that teachers often teach without explicitly recognizing which models have been 
selected in the curriculum. Awareness of model selection, including understanding the epistemic rationale, 
strengths, and limitations of the chosen model, is essential for accurate instruction. Teacher preparation programs 
should incorporate curriculum-aligned exemplars and reflection tasks that prompt teachers to identify, justify, and 
compare alternative models, thereby fostering awareness of model boundaries and selection criteria.

Second, teachers were found to rely heavily on simplified textbook definitions when explaining concepts such 
as half-life and the concentration dependence of reaction rates. Such reliance can obscure the conditional nature of 
scientific models and limit teachers’ ability to explain chemical phenomena in broader contexts. Teacher education 
should therefore include explicit instruction on the assumptions underlying model use, such as constant volume 
or neglect of reverse reactions, and provide classroom strategies (e.g., modeling discussions or guided question-
ing) that make these assumptions visible to students. Doing so may foster deeper conceptual understanding and 
reduce the uncritical transfer of textbook statements into teaching practice.

Third, the study highlights the need for professional development that extends beyond the upper-secondary 
curriculum. Many teachers assumed that rate laws depend only on reactant concentrations, overlooking that 
products or other species may also influence reaction rates depending on the mechanism. Introducing authentic 
mechanistic examples and engaging teachers in model-based reasoning tasks that require analyzing multi-step 
rate laws can broaden teachers’ understanding of the dynamic nature of models and enhance their ability to guide 
students toward mechanistic explanations.

Finally, this study underscores the importance of integrating model-based reasoning as an explicit frame-
work in both teacher education and chemical education research. Models are not merely explanatory tools but 
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epistemic constructs that function within specific prerequisite conditions. Future research should explore instruc-
tional designs that help teachers and students articulate the assumptions, validity ranges, and revision processes 
of models, thereby enhancing epistemic awareness and scientific literacy. Such approaches can cultivate teachers 
who perceive scientific knowledge as conditional, evolving, and context-dependent.
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<Appendix A>  Derivation of Half-Life

To define the rate of chemical reaction, it should be considered that the rates of consumption of reactants 
and rates of production of products are in the ratios of their stoichiometric numbers. For example, consider the 
following chemical reaction, aA + bB → cC + dD  (a~d are stoichiometric numbers)

By the definition, the extent of reaction is the same for each reactant and product, , where 
is the initial amount of the component   and  is the  of the component J. Taking 

the time derivative of  yields 

The quantity of  is called the rate of conversion. By convention, thus, the rate of reaction(v)  is defined in 
terms of the rate conversion per unit volume as an intensive property.

If the reaction proceeds at constant volume, the rate of reaction is

where [J] is defined as the molar concentration of the component of J.
Therefore, the rate of the reaction for the given reaction at constant volume is generally defined as

At constant pressure, on the other hand,  taking time derivative of    yields  

Considering stoichiometric numbers, therefore, the rate of the reaction at constant pressure is given by  
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When a gas-phase reaction involving a change in the amount of substance is carried out at constant pres-
sure, particularly, there is a significant change in a volume of a reaction container. The effect of this change on the 
reaction rate must be taken into account. For example, consider the case of gas reactions at constant pressure and 
temperature and with changing volumes as the reaction proceeds.

For the general case, we assume that the reactant A in the gas phase can be dissociated into two species, B 
and C, as products in the gas phase at constant pressure and temperature as follows. 

 (equivalently written as  )							       (1)

In such a case, we also assume all species follow the ideal gas equation.
Suppose that assuming no B or C presents at the start of the reaction, , the initial concentration of A,

, 									         (2)

As the reaction proceeds, it is satisfied with , where is the initial amount of sub-
stance of A. The volume of total gas at a certain time during the reaction is thus given by

							       (3)

Taking the time derivative of  with eq (3) yields

								        (4)

From the definition of the rate of reaction at constant pressure,

					     (5)

									         (6)

If the reaction takes place by the first order of the amount of A, we are able to set the following rate equation 

for a first-order reaction in terms of the amount of A.

, where  is the rate constant.							       (7)

From eq (7), we have

										          (8)

By multiplying  in both sides, where  is the initial volume at the start of the reaction.

										          (9)

Since  , 		        			   (10)

eq (9) finally reduces to 

										          (11)

The amount and concentration of the reactant as a function of time under constant pressure and temperature 
are presented in Figure A. Figure A illustrates the changes in the amount and concentration of A (Figure Aa) and the 
corresponding change in reaction-vessel volume over time (Figure Ab), assuming a rate constant of .
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Figure A
Concentration of A and Volume Change Over Time

(a) (b)
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