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Validation of the Strategy for Determining the 
Numerical Rating of the Cognitive Complexity of Exam 
Items in the Field of Chemical Kinetics 

Saša Horvat*1, Dušica Rodić2, Nevena Jović3, Tamara Rončević2 and
Snežana Babić-Kekez2

• The main goal of this study was to validate the strategy for the assess-
ment of the cognitive complexity of chemical kinetics exam items. The 
strategy included three steps: 1) assessment of the difficulty of concepts, 
2) assessment of distractor value. and 3) assessment of concepts’ interac-
tivity. One of the tasks was to determine whether there were misconcep-
tions by students that might have influenced their achievement. Eighty-
seven students in the first year of secondary school participated in the 
study. A knowledge test was used as a research instrument to assess the 
performance, and a five-point Likert-type scale was used to evaluate 
the perceived mental effort. The strategy was validated using regression 
analysis from which significant correlation coefficients were obtained 
between selected variables: students’ achievement and invested mental 
effort (dependent variables) and a numerical rating of cognitive com-
plexity (independent variable).
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Potrjevanje strategije za določanje številčne ocene 
kognitivne zahtevnosti izpitnih nalog s področja 
kemijske kinetike

Saša Horvat, Dušica Rodic, Nevena Jović, Tamara Rončević in
Snežana Babić-Kekez

• Glavni cilj te raziskave je bil potrditev strategije za ocenjevanje kogni-Glavni cilj te raziskave je bil potrditev strategije za ocenjevanje kogni-
tivne zahtevnosti izpitnih nalog iz kemijske kinetike. Postopek sestoji 
iz treh korakov, in sicer: 1) ocene težavnosti pojmov, 2) ocene vrednosti 
motečih dejavnikov, 3) ocene interaktivnosti konceptov. Ena izmed na-
log je bila ugotoviti, ali so se pri učencih pojavile napačne predstave, 
ki bi lahko vplivale na njihov uspeh. V raziskavi je sodelovalo 87 sre-
dnješolcev 1. letnika. Preizkus znanja je bil uporabljen kot instrument 
zbiranja podatkov glede uspešnosti, obenem pa je bila uporabljena tudi 
5-stopenjska lestvica Likertovega tipa, s katero so srednješolci ocenili za-
znan miselni napor. Veljavnost je bila potrjena z regresijsko analizo; ta 
je pokazala statično značilne vrednosti korelacijskih koeficientov med 
izbranimi spremenljivkami: dosežki študentov in vložen miselni napor 
(odvisni spremenljivki) ter numerična ocena kognitivne zahtevnosti 
(neodvisna spremenljivka).

 Ključne besede: miselni napor, dosežek, kemično ravnovesje
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Introduction

As an experimental science, chemistry also includes computation in nu-
merical problems and reading texts. Many students have difficulty with learn-
ing chemistry because they are required to have literacy competencies and the 
ability to solve numerical problems (Yunus & Ali, 2012). Teaching students to 
solve problems and finding an effective problem-solving strategy is an impor-
tant task of education and modern research (Barczi, 2013). Students often have 
difficulties with problem-solving in chemistry due to insufficient knowledge, as 
well as the existence of alternative concepts and misconceptions (Taber, 2002). 
Many of the alternative concepts are related to the understanding of chemical 
substances, chemical kinetics, and chemical changes.

The chemical kinetics concept is included in the courses of general and 
physical chemistry and is closely related to thermodynamics and chemical 
equilibrium (Justi, 2002). Numerous misconceptions and misunderstandings 
of the concepts of chemical kinetics have been observed in students; many mis-
conceptions are described in the paper by Bain & Towns (2016). Misconcep-
tions about the law of mass action were observed in students (the rate of the 
chemical reaction is equal to the product of the concentration of reactants) 
(Çam et al., 2015). Students have problems with establishing the relationship 
between chemical kinetics and equilibrium concepts. Specifically, they believe 
that the equilibrium constant refers to the reaction rate (Sözbilir et al., 2010; 
Turányi & Tóth, 2013).

One reason for students’ misunderstandings is that at the beginning 
of the study of chemistry in primary school, chemical reactions are observed 
through changes (colour, temperature, the appearance of bubbles, the sound 
of cracking, etc.). In this way, students adopt the notion that a chemical reac-
tion has occurred. However, they are introduced to chemical equilibrium when 
they enter secondary school. Then a new concept appears: reversible reaction 
and the fact that the reaction does not have to take place to the end but can 
take place in the opposite direction. In Van Driel’s research (2002), students 
see direct and reversible reactions as separate and independent. The back ar-
row used in illustrations of reversible reactions contributes to students viewing 
this reaction as two reactions. These results were confirmed with different ages 
of students (Banks, 1997; Gorodetsky & Gussarsky, 1986; Johnstone et al., 1977; 
Maskill & Cachapuz, 1989).

As a result of his research, Banerjee (1991) concluded that students di-
rectly relate the value of the equilibrium constant to the rate of a chemical reac-
tion, believing that a higher value of the equilibrium constant means a faster 
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direct reaction. Many students do not understand that the equilibrium constant 
is a thermodynamic constant and depends on temperature (Gorodetsky & Gus-
sarsky, 1986; Hackling & Garnett, 1985). Students also believe that Le Chatelier’s 
principle can be used to predict the value of the equilibrium constant (Baner-
jee, 1991). Many students misinterpret Le Chatelier’s principle in the field of 
chemical kinetics, especially regarding the effect of temperature on the rate of a 
chemical reaction (Turányi & Tóth, 2013). 

The inability of students to calculate the chemical equilibrium constant 
may be an accidental error or misconception (Kousathana & Tsaparlis, 2002). 
Also, what confuses students are typical examples of chemical reaction equa-
tions (Tóth, 1999). In most Serbian textbooks, reactions that are given to stu-
dents to solve the problem of chemical equilibrium are:

H2 + I2 D 2HI or
aA + bB D cC + dD.

Cognitive complexity is one of the key factors influencing the ability to 
identify important connections between items within a complex problem and 
its solution. The concept of cognitive complexity is derived from George Kelly’s 
Theory of Personal Constructs (1955). Cognitive complexity, as a dimension 
of personality, was introduced by Bieri (1955). The cognitive complexity of a 
problem task is a complex construct comprising the objective complexity and 
difficulty of the task (Kalyuga, 2008; van Gog et al., 2011). When solving prob-
lem tasks with a high level of cognitive complexity, differences in achievement 
and the assessment of mental effort between more and less successful students 
could be observed (Kim et al., 2014). 

Research has shown that the level of cognitive complexity can predict 
the achievement of a problem task (Embretson & Daniel, 2008). Based on these 
results, manipulations in the level of cognitive complexity of the problem task 
can determine the difficulty of the problem (Daniel & Embretson, 2010). As far 
as chemical education is concerned, cognitive complexity is positively corre-
lated with the difficulty of the problem; at the same time, increasing the cogni-
tive complexity of the problem increases mental effort (Horvat et al., 2016; 2017, 
2020, 2021; Knaus et al., 2011; Raker et al., 2013). 

The design and use of a reliable instrument to assess the level of cogni-
tive complexity for chemical tasks are very important. The application of an 
instrument that provides an easy way to assess the numerical rating of cogni-
tive complexity is essential for the quantification of cognitive requirements in 
solving chemistry exam items (Knaus et al., 2011). The first rubric was created 
by Knaus et al. (2011). The developed rubrics are based on complexity theory 
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(Goldreich, 2008; Pippenger, 1978), which can explain a multi-connected sys-
tem, and the intrinsic cognitive load construct (Sweller et al., 2011), which can 
explain interactivity between them.

To calculate the numerical rating of the cognitive complexity of the task, 
experts estimate the number of concepts included in exam items as easy, me-
dium, or difficult from the perspective of students. Since all the concepts that 
are represented in the problem task are considered, the rating of the difficulty of 
the task is determined by applying the rubric. After determining the difficulty 
rating of the concepts, the interactivity of the concepts is assessed. Interactivity 
is assessed when there is an interdependence of concepts within the task. It is 
usually assessed by calculating the number of concepts included in exam items. 
By adding the values of the concept difficulty rating and interactivity, an overall 
rating of the cognitive complexity is obtained.

As Knaus et al. (2011) pointed out, good effects associated with the use 
of the instruments include improved knowledge about the cognitive complex-
ity of chemical tasks and as a means of characterisation of test content for the 
measurement of cognitive development. The created rubrics represent a good 
way to determine the cognitive complexity of exam items (Knaus et al., 2011; 
Raker et al., 2013). 

A significant contribution of the cognitive complexity rating rubrics is 
reflected in the development of a methodology for the logical and structured 
organisation of chemical concepts, which leads to more successful learning 
(Segedinac et al., 2018). The construction of an invalid instrument for measur-
ing cognitive complexity could lead to invalid test results. Therefore, the devel-
opment of a valid instrument is of crucial importance.

Research problem and aim

The previously described rubrics have proven to be reliable and valid 
tools for application in chemistry education (Knaus et al., 2011; Raker et al., 
2013). However, due to the specificity of domains in chemistry, these rubrics 
should be further improved. They are developed in the form of a table for as-
sessing the difficulty of the concepts and are of great importance because they 
are objective and precisely defined by experts (Horvat et al., 2016; 2017, 2020, 
2021). In this study, we have developed a table for the domain of Chemical 
Kinetics.

The main objective of this research is to validate the table for assessing 
cognitive complexity in chemical kinetics problems. In chemical equilibrium, 
only the kinetic aspect and Le Chatelier’s principle were observed. To validate 
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the proposed strategy, it was necessary to statistically confirm the depend-
ences of students’ achievement and mental effort from calculated cognitive 
complexity.

From the research problem and aim, the following research questions 
were derived:
•	 How does an increase in the numerical rating of cognitive complexity 

affect students’ achievements?
•	 How does an increase in the numerical rating of cognitive complexity 

affects students’ invested mental effort?
•	 How does an increase in students’ invested mental effort affects students’ 

achievements?
•	 What factors affect students’ achievement?

From the defined research questions, three hypotheses were set:
•	 An increase in the numerical rating of cognitive complexity leads to a 

decrease in students’ achievements and an increase in invested mental 
effort;

•	 An increase in students’ invested mental effort leads to a decrease in 
students’ achievements.;

•	 Students possess misconceptions that affect the achievement of the 
students.

Method

Participants
The field of chemical kinetics and chemical equilibrium is studied in the 

subject of chemistry in the first year in the textbooks of the secondary schools 
with general, natural-mathematical, and socio-linguistic emphases. Eighty-
seven participants students in the first year of the secondary school Gymna-
sium ‘Svetozar Marković’ participated in this study. They studied the concepts 
of chemical kinetics during the second semester of the 2018/19 school year. The 
research was conducted in June, at the end of the school year. The students vol-
untarily took part in this study.

Instrument
As a research instrument, the Knowledge Test was used, which was 

specially created for the needs of the research. The time provided for the test 
solving was 45 minutes. The test consisted of five problem tasks. A complete-
ly solved task was scored with one point, and tasks that were partially solved 
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were scored by item requirements. The third task contained only one item, and 
the fifth task had two items, while the first, second and fourth had three items 
each. The maximum score on the test was five points. The tasks of this test were 
taken from ‘Zbirka zadataka iz hemije za I II razred gimnazije i srednje škole 
- Collection of tasks in chemistry for the first and second grade of gymnasi-
ums and high schools (English)’ (Nikolajević & Šurjanović, 2011). Also, when 
the procedure for solving the arithmetic task had been completely correct, and 
the student had made a mistake in rounding the decimal numbers, such a task 
was scored correctly because it was considered that the student had completely 
mastered the concepts represented in this task.

The knowledge test also served as an instrument for the evaluation of 
invested mental effort by including a 5-point Likert scale, as proposed by Knaus 
et al. (2011) and Raker et al. (2013). During the statistical processing of the re-
sults, the appropriate numerical values were assigned for descriptive estimates 
of the assessment. Specifically, ‘very easy‘, ‘easy‘, ‘neither difficult nor easy‘, ‘dif-
ficult‘, and ‘very difficult‘ were represented as numerical values 1, 2, 3, 4, and 5, 
respectively.

The obtained results were processed by the statistical software program 
IBM SPSS Statistics 24.

Instrument validation
Test quality was assessed by pre-test and post-test quality assurance pa-

rameters. The model was described by Segedinac et al. (2011). Pre-test quality 
assurance parameters had been determined by four experts whose specific field 
is chemistry education. The test was assessed as valid as the tasks were concur-
rent with the subject syllabus and recommended textbooks. The test tasks were 
assessed by the experts as diverse, with precisely clearly established require-
ments and meaningful sentences that satisfy the linguistic standards. 

Basic statistical parameters: reliability coefficient, task discrimination 
index, test discrimination index, task difficulty index and test difficulty index 
were used as post-test assurance parameters. Reliability was calculated as a 
measure of internal consistency and was expressed as the Cronbach α coef-
ficient. A value of Cronbach α coefficient of 0.58 for achievement represents a 
satisfactory coefficient of reliability (Taber, 2018) as it was appropriate for the 
present number of exam items (Loewenthal, 2004; Moss et al., 1998; Tavakol 
& Dennick, 2011; Taber, 2018). For self-assessed mental effort, the value of the 
Cronbach α coefficient was 0.71, which indicated high reliability (Jonsson & 
Svingby, 2007; Taber, 2018). The task difficulty index was calculated as the aver-
age achievement on the task, while the test discrimination index was calculated 
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as the average achievement of all six tasks on the test. A rule of thumb was used 
to interpret the values (Towns, 2014). Task difficulty indices were ranging from 
6.90% to 34.48% (the average value is 22.53%, and the test was characterised 
as difficult). Two tasks had a difficulty index of 25–75%, which makes them 
moderate tasks (Pande et al., 2013; Towns, 2014). Three tasks had a difficulty 
index of less than 25% and were categorised as difficult tasks. When observed, 
the difficulty of items was in the range of 0% to 54.02%. Eight items had a dif-
ficulty index of less than 25%, while four items had difficulty indices of 25–75%. 
Task and item discrimination indices were calculated using the extreme group 
method. The sample was divided into two groups using the average score, creat-
ing an upper half and a lower half. Item discrimination indices were obtained 
from the subtraction of the average score of 30% of students in the upper half 
and lower half (Towns, 2014). The test discrimination index was obtained as 
the average value of all single-task discrimination indices. Task discrimina-
tion indices had values from 0.17 to 0.70 (mean 0.50 describes an excellent 
discrimination index). Four tasks were characterised as excellent based on a 
discrimination index higher than 0.4. One task had a poor discrimination in-
dex of 0.17 (Towns, 2014; Zubairi & Kassim, 2006). This task should be revised 
or discarded for the next use. The discrimination indices of items were in the 
range of 0 to 0.91. If we consider parts of tasks (i.e., items), seven of them have 
an excellent discrimination index (higher than 0.4), four of them had a dis-
crimination index in the range of 0.2 to 0.4, which were good items that can 
be improved as needed, while only one item had a poor discrimination index 
of 0 and should be rejected. The created test used in this research, as far as 
the post-test quality guarantee assurance parameters were concerned, showed 
good metric characteristics.

The mean value of the mental effort is 3.21, which means that the test can 
be characterised as ‘neither difficult nor easy’ according to the applied Likert 
scale. The basic statistical parameters of the test for student achievement are 
presented in Table 1.
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Table 1
Basic statistical parameters

Parameter Students’ achievement1 Students’ ratings of mental effort2

Average 1.53 3.21

Standard deviation 1.07 0.69

Standard skewness 0.82 -0.45

Standard kurtosis 0.21 2.87

Minimum 0.00 1.00

Maximum 4.17 5.00

Range 4.17 4.00

Note. 1Achievement range 0–5. 2Mental effort range 1–5.

The kurtosis and skewness values were considered, indicating a normal 
distribution of achievements at the level of trust of 95%. However, this was not 
confirmed with an additional Kolmogorov-Smirnov test (D = 0.14; p < .001). 
The analysis of z-scores or nontypical values (outliers) revealed the existence 
of several scores greater than ± 2.58 of the maximum 1% of allowed z-scores, 
which additionally cannot satisfy the criterion of normal distribution (May-
ers, 2013). The values of the coefficients of skewness and kurtosis show that the 
normal distribution is not present in the mental effort estimates. The Kolmog-
orov-Smirnov test (D = 0.18; p < .001) also confirmed this assumption that the 
normal distribution was not presented.

The test was validated by observing the relation between students’ 
achievement and invested mental effort. As neither the achievement nor the 
mental effort of the respondents satisfies the normal distribution, the depend-
ence of the student’s achievement from the average mental effort through the 
non-parametric Spearman’s ρ-coefficient was observed.

This dependence is described by the equation Achievement= 0.37- 
0.04×Mental effort; it is described as a moderate correlation (rs = -0.29; p = 
0.01). The higher invested mental effort cause a decrease in students’ achieve-
ments. Cohen’s d-effect size is  ‘much larger than typical’ (1,86), so an attempt 
to replicate the study with a larger sample may be justified (Morgan et al., 2011). 
This had already been confirmed in studies that had the topic of validation of 
procedures for the assessment of problems’ cognitive complexity (Horvat et al., 
2016, 2017, 2020, 2021; Knaus et al., 2011; Raker et al., 2013). 
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Research design
Based on the set research aim and problems, the research tasks were 

defined as follows:
•	 Creation of a table for assessing the difficulty of the concepts of exam 

items in the field of chemical kinetics and chemical equilibrium;
•	 Determining the numerical rating of the difficulty of the concepts inclu-

ded in the exam items of the created test;
•	 Conducting a test;
•	 Statistical processing of results; and
•	 Analysis of test results.

Additionally, after a detailed analysis of the students’ answers on test 
items, some misconceptions that have had influenced students’ test results were 
identified and analysed.

Results

Table creation
To fulfil the aim of this research, a table for assessing the difficulty of the 

concepts represented in the area of chemical kinetics and chemical equilibrium 
has been created. In addition to the concepts that can be represented in the 
problems of chemical kinetics and chemical equilibrium and their difficulty 
level, this table contains distractors and an assessment of the interactivity of 
concepts. The created table is represented in Table 2. Chemical equilibrium was 
observed only from the kinetic side and not from the thermodynamic side. The 
principle for using this table is simple and objective. The total cognitive com-
plexity of the task is expressed as a numerical value.

Table 2
Table for assessing the difficulty of the concepts in chemical kinetics problems 

CHEMICAL KINETICS Difficulty

An expression for the rate of a chemical reaction and the law of mass action easy

Calculation of the rate of a chemical reaction medium

Calculation of the rate of a chemical reaction by applying the law of mass action difficult

CHEMICAL EQUILIBRIUM

Expression for the equilibrium constant, Le Chatelier’s principle easy

Calculation of equilibrium constant and equilibrium concentrations medium

Calculation of the initial concentrations of reactants difficult
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ADDITIONAL CONCEPTS

Homogeneous reactions - class of chemical reactions that occur in a single 
gaseous phase (g) or aqueous phases (aq) 0

Heterogeneous reactions - class of chemical reactions where one of the reactants 
occurs in a liquid (l) or a solid (s) 1

INTERACTIVITY

Task consists of 2 concepts 0

Task consists 3 concepts 1

Task consists of more than 3 concepts 2

All the concepts needed to solve problem tasks in the field of chemical 
kinetics are assessed as easy, medium-difficult, or difficult. The difficulty ratings 
of concepts were determined through a panel discussion by a group of four ex-
perts, all of whom were university professors. The assessment of the difficulty of 
each concept was assessed from the student’s perspective. The experts assessed 
the difficulty of each concept independently. All disagreements in the assess-
ment between experts were eliminated through discussion. 

The numerical difficulty rating was obtained by estimating the difficulty 
of each represented concept and using the rubrics by Knaus et al. (2011) and 
Raker et al. (2013). The concept of chemical kinetics can be assessed as easy, 
medium, or difficult. The concept was considered ‘easy’ if the student needed 
to write an expression for the rate of a chemical reaction for a particular reac-
tant or reaction product. Also, writing an expression for the rate of a chemical 
reaction by applying the law of mass action was an easy concept. If the task aim 
was to calculate the rate of the chemical reaction by varying the concentra-
tions of the reactants and products of the reaction over time, the concept was 
considered as a ‘medium‘ difficulty concept. A ‘difficult‘ concept implied that 
the student could successfully apply the law of mass action and calculate the 
chemical reaction rate constant to determine the change in the rate of a chemi-
cal reaction depending on the change in concentration or change in pressure in 
the chemical reaction. 

Another group of concepts represented in Table 3 are concepts of chemi-
cal equilibrium. This concept was considered ‘easy‘ if students were asked to 
write an expression for the equilibrium constant of a chemical reaction. The ap-
plication of Le Chatelier’s principle (i.e., the influence of change on the chemi-
cal equilibrium: concentration, pressure or temperature) was considered an 
‘easy‘ concept. If students were requested to calculate the chemical equilibrium 
constant or equilibrium concentration of one of the participants in the reaction, 
it was considered a ‘medium-difficult‘ concept. A ‘difficult‘ concept involves 
calculations with initial concentrations of reactants.
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In the tasks, additional concepts were considered as the aggregate state 
of the participants in the chemical reaction. Reactants that were in the gas-
eous state (g) or as solutes (aq) are included in the expressions for calculating 
the equilibrium constant and the expressions for the rate of the chemical reac-
tion as a rule. Reactants in the liquid (l) or solid-state (s) were not taken into 
account. If the participants in the chemical reaction were in a gaseous state 
or were dissolved substances (homogeneous reaction), the value of additional 
concepts is 0. However, if one of the substances was solid or in a liquid state 
(heterogeneous reaction), its concentration or partial pressure could not be 
changed; the additional concept had a value of 1. In this manner, a student’s 
lucky guess was eliminated, because if he omitted a reactant that is in a liquid or 
solid state, it could be considered that he has mastered the concepts of chemical 
kinetics and equilibrium.

Adding to the difficulty of the concepts, the value of distractors’ final 
step for the assessment of cognitive complexity was the determination of inter-
activity. It was assessed based on the number of concepts. In problems with two 
concepts, the value of interactivity was 0; in problems with three concepts, it 
had 1; it had a value of 2, in problems with more than three concepts. 

Cognitive complexity determination
After estimating the difficulty of the concepts represented in the exam 

items, determining the value of additional concepts and evaluating the interac-
tivity, a numerical rating of cognitive complexity was obtained using the meth-
od proposed by Knaus et al. (2011) and Raker et al. (2013). A concrete example 
is shown below: 

In the reaction system CO(g) + Cl2(g) → COCl2(g), the CO concentration 
was increased from .3 to 1.2 mol/dm3 and the chlorine concentration from .2 to .6 
mol/dm3. How many times did the reaction rate increase?

This task contains only one item, and it can be solved in three simple 
steps: calculating the rate of the chemical reaction at the beginning of the chem-
ical reaction, then calculating the rate of the chemical reaction after a change 
in concentrations, and finally determining the ratio of the rates of chemical 
reactions. This task contains two concepts from chemical kinetics. A numerical 
rating of cognitive complexity was obtained in this way:
•	 Law of mass action - a concept that is ‘easy‘ according to Table 3 and had 

the value of the difficulty of concept 1 according to the method by Knaus 
et al. (2011) and Raker et al. (2013);

•	 Calculation of the rate of a chemical reaction by applying the law of mass 
action - difficulty concept according to Table 3 and has the value of the 
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difficulty of concept 4 according to the method by Knaus et al. (2011) 
and Raker et al. (2013);

•	 Since it is a homogeneous reaction, the additional concept value has a 
value of 0;

•	 The problem has two concepts, so the value of interactivity is 0.

By adding all the numerical values, the overall rating of cognitive com-
plexity of 5 was obtained. 

The following example is a task in the field of chemical equilibrium:
In system A(aq) + 2B (aq) D C(aq) + D(l) equilibrium concentrations 

are [A]=0.06 mol/dm3, [B]=1.2 mol/dm3, [C]=2.16 mol/dm3, [D]=2.16 mol/dm3. 
Calculate the equilibrium constant of this reaction as well as the initial concentra-
tions of the reactants.

This task has two items. The first item involves the calculation of the 
equilibrium constant. When calculating the equilibrium constant, students 
need to pay attention because the expression does not take into account the 
concentration of product D, which is in a liquid state. At the beginning of the 
task, it can be seen that a heterogeneous reaction is present in this task. The 
second item involves the calculation of starting concentrations. The initial con-
centrations of the products are always zero because they have not formed yet 
in a chemical reaction. The initial concentrations of the reactants are obtained 
by adding the equilibrium concentrations to the participating concentration in 
the reaction.

Based on Table 3, in the same manner as in the previous example, the 
difficulty was determined. The concepts represented in the task are as follows:
•	 Calculation of equilibrium constant - a concept that is of medium diffi-

culty according to Table 3 and has the value of the difficulty of concept 2 
according to the method of Raker et al. (2013); and

•	 Calculation of the initial concentrations of reactants - a concept consi-
dered difficult according to Table 3 and has the value of the difficulty of 
concept 4 according to the method by Knaus et al. (2011) and Raker et 
al. (2013).

•	 This task has an additional concept that has a value of 1 and two con-
cepts are represented, so the interactivity was evaluated with 0. 

By adding all the numerical values, a numerical rating of cognitive com-
plexity of 7 was obtained. Likewise, the numerical rating of cognitive complex-
ity was successfully assessed for other exam items represented in the test. The 
calculated values were in the range of 4 to 7.
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Procedure validation
As the distributions of students’ achievements and mental effort did 

not satisfy the criteria of normal distribution, validation of this procedure 
is not possible by linear regression. Therefore, instead of the Pearson coeffi-
cient, the correlation between the variables was performed using the Spearman 
ρ-correlation coefficient, which is used when the distribution is not normal. 
All 435 items were observed. The number of items was obtained by multiplying 
the number of students by the number of tasks. In the first phase of validation, 
the dependence of students’ achievement (independent variable) on cognitive 
complexity (dependent variable) was observed. 

The obtained coefficients (rs = -0.33; p < .001) indicate a moderate cor-
relation between examined variables (Evans, 1996). The correlation of this de-
pendence is Achievement = .70 - .09 × Cognitive complexity. Although the cor-
relation coefficient is small and Cohen’s d-effect size value is larger than typical 
(3.28), the correlation is significant because it was made on the basis of the 
correlation of a large number of variables (Brace et al., 2006; Cohen, 1988; Mor-
gan et al., 2011), so it is statistically significant considering the number of items. 

The next step of the procedure validation was to examine whether there 
is a correlation between students’ self-invested mental effort and cognitive 
complexity. The correlation of this dependence is Mental effort = 2.10 + 0.21 × 
Cognitive complexity.  

The obtained coefficients (rs = .22; p < .001) indicate a weak but statisti-
cally significant correlation between examined variables (Evans, 1996). Cohen’s 
d effect size value shows a larger effect size than typical (1.75), and it is a signifi-
cant correlation because it was made on the basis of the correlation of a large 
number of variables (Morgan et al., 2011).  

Misconception identification
The cause of the low achievement values can also be misconceptions 

that were observed in students who participated in the research. Tests have 
been used for many years as assessment tools for the identification of students’ 
misconceptions in science. The test questions developed for this purpose thus 
far are available in many forms, such as interview, multiple-choice questions, 
open-ended questions, multi-tier questions, and others (Soeharto et al., 2019). 
Tests such as multiple-choice tests (32.23%) and multiple-tier tests (33.06%) are 
used as diagnostic tools for the identification of misconceptions in more than 
65% of research papers. In contrast, open-ended questions give students the 
freedom to think and write their ideas but also cause difficulties in interpreting 
and analysing student answers, as some response answers may not be useful, 
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and in reviewing answers, which might be time-consuming (Soeharto et al., 
2019, Soeharto & Csapó, 2021). When the frequency of wrong answers is higher 
than 10%, it can be considered a misconception (Yan & Subramaniam, 2018). 

The first task contained three items and required writing expressions for 
equilibrium constants for given chemical reactions with stoichiometric coef-
ficients. The achievement by items was 24% in the first and third items and 
54% in the second. The reason for this difference in achievement is precisely 
the misconception observed in students. In 21.84% of the respondents, it was 
observed that they did not include participants that are chemical elements in 
the expression for the equilibrium constant. This is in line with the previous 
research (Çakmakci, 2010) in which it was observed that students mix the con-
cepts of enthalpy and the rate of a chemical reaction. Specifically, the students 
are probably confused by the fact that an element in its standard state has a 
standard enthalpy of formation of 0 kJ/mol, and they are not entered into the 
expressions for the calculation of the enthalpy of a chemical reaction. It was 
also seen that when students were writing the expression for the equilibrium 
constant, the equilibrium concentration did not agree with the stoichiometric 
coefficient (18.39%), and instead of multiplying, the students added the equilib-
rium concentrations of reactants and reaction products (12.64% of students). 
This is also related to the mixing of the concept of enthalpy and chemical kinet-
ics. I.e., in the curriculum, chemical kinetics comes immediately after thermo-
chemistry teaching units, so probably many of the students fail to observe these 
two concepts separately.

The second task also contained three items. This task required writing 
expressions for the rate of direct chemical reactions by applying the law of mass 
action. The achievement by items was 21% in the first, 6% in the second and 
15% in the third item. This task contained additional concepts in all three items, 
specifically that chemical reactions were heterogeneous reactions. The low 
achievement is caused precisely by the fact that the students included in the ex-
pressions for the rate of the chemical reaction the participants of the chemical 
reaction that are in a liquid or solid-state (Kousathana & Tsaparlis, 2002). This 
misconception was observed in 14.94% of students. In this task, instead of writ-
ing expressions for the rate of a chemical reaction, students wrote expressions 
for the equilibrium constant (19.54% of students) or an expression for the rate 
of a chemical reaction by changing the concentration of reactants per unit time 
(16.09% of students). This result had previously been mentioned in numerous 
studies in which it was seen that students combine the concepts of chemical 
kinetics and equilibrium, believe that the equilibrium constant refers to the rate 
of a chemical reaction, and do not understand the law of mass action (Çam 
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et al., 2015; Sözbilir et al., 2010; Turányi & Tóth, 2013 cited in Bain & Towns, 
2016). The lowest achievement was in the second item, for which students were 
required to write the rate of a chemical reaction by applying the law of mass 
action to the following chemical reaction:

2 H2O2(l) D 2 H2O(l) + O2(g)

Since hydrogen peroxide is a liquid substance, according to the law of 
mass action, its concentration cannot be changed, so the rate of a direct chemi-
cal reaction is equal to the rate constant of the chemical reaction: 

ν = k.
However, in 21.83% of students, a misconception was observed that they 

expressed the rate of direct chemical reaction as the rate of reverse chemical 
reaction:

ν = k[O2]
where it can be seen that the students calculated with the oxygen con-

centration probably because it was the only participant in the reaction in the 
gaseous state. Students’ problems with applying the law of mass action in chem-
ical kinetics have long been observed (BouJaoude,1993). This misconception 
may be because students think that the rate of direct and reverse chemical re-
actions is equal (Bain & Towns, 2016; Cliff, 2009; Hackling & Garnett, 1985; ).

The third task had one item and the average achievement was 24%. This 
was a computational task in which the students needed to calculate how many 
times the rate of a chemical reaction had changed by applying the law of mass 
action. 

The fourth task contained three items, requiring students to determine 
how an increase in temperature (item 1), a decrease in pressure (item 2), and 
an increase in the concentration of one of the reactants (item 3) affect the con-
centration of the reaction product of the exothermic chemical reaction. The 
achievement by items was 29%, 39%, and 36%, respectively. The misconception 
that an increase in temperature favours an exothermic chemical reaction had 
already been observed many times in previous research, which can be found in 
Bain and Towns (2016). This misconception was observed in 24.13% of students 
who participated in the study.

The fifth task contained two items. The first item referred to the calcula-
tion of the value of the equilibrium constant in a chemical reaction when one 
reaction product is in a liquid state. The achievement on this item was 14%. 
The second item concerned the calculation of the initial concentrations of the 
reactants. The achievement on this item was 0%. This is cognitively the most 
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complex task, the task with the lowest achievement of the respondents and the 
highest amount of mental effort of the students. Many of the students did not 
even attempt to do this task. It has been noted that students’ problems also oc-
cur when calculating initial concentrations (Kalainoff et al., 2012).

If we recall the research questions and hypotheses, we can conclude that 
they were justified. Increasing the numerical rating of cognitive complexity 
has led to lower student achievement and has imposed higher mental effort on 
students, which is fully consistent with the results of the previously published 
research (Horvat et al., 2016, 2017, 2020, 2021; Knaus et al., 2011; Raker et al., 
2013). Careful selection of tasks, with the gradual introduction of new concepts 
that students have just mastered, can lead to a more permanent formation of 
knowledge structures and deeper understanding. Using this procedure, teach-
ers can gradually make problems more complex. Thus, they can foster the de-
velopment of students’ problem-solving skills while preventing the efficiency of 
the teaching process from decreasing at any time due to the overload of work-
ing memory. Designing teaching materials of different levels of complexity is a 
better way to assess learning outcomes and re-examine cognitive load through 
mental effort measures. It is also necessary for teachers to consider problem-
solving strategies used by their students because the numerical solution of the 
problem does not provide insight into the knowledge of concepts and students’ 
understanding of concepts (BouJaoude & Barakat, 2000). This procedure and 
the test provide us with valuable information: by carefully reviewing students’ 
answers to solved tasks, teachers can see which concepts represent problems 
for students and modify the already created table and procedure to attempt to 
enhance students’ achievements.

Conclusions and implications 

The aim of this research was first to create and then to validate a strat-
egy for the assessment of the numerical rating of cognitive complexity in the 
domain of chemical kinetics. The first phase of validation was the validation of 
the instrument itself, which showed a good metric characteristic in terms of the 
discrimination index (0.50). Four tasks had an excellent discrimination index, 
while one task had a poor discrimination index. The test was difficult, and the 
test difficulty index was 22.53%.

The second phase of validation was to examine the correlations between 
students’ achievement and their self-perceived mental effort from the numerical 
rating of the cognitive complexity of the exam items. The cognitive complexity 
of the problem was assessed by creating a table for assessing the difficulty of the 



128 validation of the strategy for determining the numerical rating of the cognitive ...

concepts in chemical kinetics problems. In addition to difficulty and interactiv-
ity, this table contained additional concepts; it had previously been developed, 
and the numerical difficulty ratings were calculated using the cognitive com-
plexity-rating rubric, which had previously been developed (Knaus et al., 2011; 
Raker et al., 2013). Since students’ achievement and mental effort do not satisfy 
the normal distribution, the validity of the procedure was performed by cor-
relation analysis via nonparametric Spearman’s ρ-coefficient, with the obtained 
values of the correlation coefficient indicating a weak and moderate correlation 
between variables that is statistically significant.

The development of such a strategy for the assessment of the numeri-
cal rating of cognitive complexity enables the assessment of the difficulty of 
concepts included in exam items in different chemistry domains, such as the 
chemical kinetic one in this research. In this way, teachers can easily estimate 
the cognitive complexity of exam items, which allows them to control the mas-
tered concepts and the complexity of the problem. This procedure makes it pos-
sible to gradually adopt chemical concepts without overloading students’ work-
ing memory and, at the same time, to achieve the best possible achievement. 
By analysing the students’ achievement, it was observed that the achievement 
decreases with the increase of the numerical rating of cognitive complexity, and 
at the same time, mental effort is increased.

Numerous misconceptions on the part of students were seen in the 
analysis of their results. Some of them were that students mixed the concepts 
of enthalpy and kinetics, did not understand the law of mass action, misunder-
stood the concepts of exothermic reactions, and they were not skilled at solving 
numerical problems.

A further direction of research could be the understanding of students’ 
misconceptions and the possibility of correcting them. This could be done by 
applying multi-layered tests, interviews with students or by applying an eye-
tracking technique.
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