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The aim of this research was the creation and validation of a procedure for determining the cogni-
tive complexity of problem tasks in the field of salt hydrolysis. The procedure created included an as-
sessment of the difficulty of concepts and an assessment of their interactivity. One of the research tasks
was to determine whether there were misconceptions by students that might have influenced their
achievement. There were 50 Bachelor of Science in Chemistry students who participated in the study. A
knowledge test was used as a research instrument to assess the performance and a seven-point Likert
scale to evaluate the invested mental effort. The validity of this instrument for the assessment of cognitive
complexity was confirmed by a series of regression analyses, where acceptable and statistically signifi-
cant correlation coefficients were obtained among the examined variables: student performance and in-
vested mental effort as dependent variables and cognitive complexity as independent variable.
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ITOCTAIIKA 3A ITPOIIEHA HA KOTHUTUBHA KOMIIVIEKCHOCT:
PABPABOTKA 1 UMIVIEMEHTALINJA HA TEMATA , XUAPOJIHNU3A HA COJIN“

LlenTa Ha oBa HCTpaxKyBame € CO3JaBambe M Balujalyja Ha MOCTAlKa 3a OINpeieiyBame Ha
KOTHUTHBHATA KOMIUIEKCHOCT Ha NpoOJeMaTHYHH TOMMH OJf o0nacTa Ha XUAPOJHM3a Ha COJNH.
Co3manenara mocTanka BKIydyBa IpOIEHA Ha KOHIENTHTE M TPOIEHA Ha HUBHATA MHTEPAKTHBHOCT.
EnHa on mcTpaxkyBaukuTe 3amaud Oelre Ja ce OMpeneNd Jajld MOCTOjaT MHUCKOHICHIMH Of CTpaHa Ha
CTYICHTUTE IITO MOXAaT J]a BIIMjaaT BP3 HUBHHOT ycmex. Bo oBaa ctyamja yuectByBaa 50 cTyneHTH Ha
JOJUIIOMCKH CTYIHH Mo XeMuja. Kako ucTpakxyBauku HHCTPYMEHT Oellie YIOTpeOCH TeCT 10 3HACHE 3a
Jla ce MpOICHAT NMOCTUTHYBamaTa, a Oelie mpuMeHera JInkeproBa ckaja 3a Jia ce IPOILECHHU BIIOXKCHHOT
MEHTaJIeH Hamop. BanuaHocTa Ha 0BOj MHCTPYMEHT 3a NPOIeHa HAa KOTHUTHBHATAa KOMIUIEKCHOCT Oerre
MOTBP/IEHA CO CepHja PETPECUOHN aHATU3U MPH MITO Oea A00MeHN MpU(ATINBU U CTATUCTHYKH 3HAYAjHU
KOoe(pHUIUEHTH Ha KOpeayja Mel'y HCITUTYBaHUTE IIPOMEHIIMBH: IOCTUTHYBAE HAa CTYIACHTUTE U BIIOKEH
MCHTAJICH HAITOpP KaKO 3aBUCHO MPOMECHIMBU U KOTHUTHUBHATA KOMIIJICKCOT KaKO HE3aBUCHO ITPOMCHIJIMBA.

KJ'ly‘lHﬂ 360p08](l: MECHTAJICH HAIlOP; NOCTUTHYBaKkhE,; KOTHUTHUBHA KOMIIJIEKCHOCT, XUAPOJKM3a HA COJIU

1. INTRODUCTION

Many students find chemistry difficult to
learn because they have limited informal, everyday
experience with chemistry. Due to the nature of
chemistry as a subject, and the complexity of the
concepts themselves, it might be difficult for stu-
dents to connect everyday concepts and experienc-

es with chemistry [1]. This distinguishes chemistry
from other natural sciences such as physics and
biology. In physics it is easy to connect the concept
of force with the concept of velocity, or free-fall
with gravity, and in biology students understand
that plant growth is induced by taking nutrients
from the ground and energy from the sun. Under-
standing key chemical concepts is important when
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learning chemistry in a variety of contexts. One
such concept is the concept of acids and bases [1],
which is used by students in their everyday life,
and therefore it is important that they master this
concept successfully and understand concepts such
as solution, redox reactions and chemical equilib-
rium [2]. The concept of acids and bases is one of
the oldest in general chemistry [3] and teaching
begins in elementary school and later is expanded
at higher education levels. No matter how signifi-
cant this concept is, many studies show that it cre-
ates problems for students [2].

The concept closely related to that of acids
and bases is the hydrolysis of salts [4]. Poor under-
standing of this concept and a lack of prior
knowledge of the concept of acids and bases has
led researchers to observe some misconceptions.
This concept is very abstract at the submicroscopic
level of chemical content representation [5]. In
addition, it is commonly represented in daily life in
processes such as water purification, soap dissolu-
tion, fertilizer production, etc. Hydrolysis is the
most important part of acid-base reactions and is
very complex. Knowledge of the properties of re-
actants and products, the process of dissociation,
and chemical equilibrium are required for an un-
derstanding of this concept. The concept of hy-
drolysis of salts is only partially addressed in sec-
ondary schools, so that in the continuation of their
education students have significant difficulties [4].
It is thought that language and culture can influ-
ence different perceptions of this concept among
students [6]. Research conducted in high school
classes in Azerbaijan found that more than half of
the students were not familiar with the concept of
salt hydrolysis [7]. Under hydrolysis, they consider
the separation of compounds to ions by water and
think that water is the cause of that separation, thus
explaining hydrolysis as the ionic dissolution of
substances in water. Students think that salts can-
not be acidic or basic because, in that case such
compounds should be called acids or bases, not
salts. Most students misunderstand the concept of
neutralization referred to in this research [7]. Stu-
dents claim that neutralization always gives a neu-
tral product at the end of all neutralization reac-
tions. They also claim that if one of the reactants is
weak then the neutralization is not complete, even
if the reactants are in stoichiometric amounts. Stu-
dents are unable to connect to the concepts of hy-
drolysis and the buffer solution, and they find that
the concepts are independent [8]. In textbooks used
for teaching high school chemistry in the Republic
of Serbia, there is no topic entitled “Hydrolysis of
salts”. This concept is mostly addressed within the

topic “Acid-base properties of salt solutions” in the
first grade of secondary education. It is also stud-
ied in the second grade of secondary education
within the topic “Chemical reactions and periodici-
ty”. Because of that, students have difficulty in
correlating vertically their knowledge of salt hy-
drolysis [9]. Lack of information in the textbooks
allows a superficial appreciation of facts that are
not embedded in the cognitive structure of the stu-
dents, leading to rapid forgetting [5]. Students, in
addition to calculating the pH value of a salt solu-
tion, have a problem with understanding hydrolysis
reactions, which are especially difficult for high-
school students [4]. Research shows that they
avoid writing ionic equations and prefer to write
them in the molecular form [10]. It has been shown
that students have difficulties in writing the hy-
drolysis reactions of ions because they usually
wrote down acids and bases using molecular for-
mulas [11]. It was found that students had little
knowledge of the hydrolysis process, besides the
definition: “It is a reaction of a substance with wa-
ter”. Along with a lack of understanding of the hy-
drolysis process and ionic reactions, it is difficult
for students to understand and write the equations
of the chemical reactions of ions that show acidic
or basic character in aqueous solution [11].

Many chemical concepts, such as salt hy-
drolysis, are highly abstract and have a mathemati-
cal basis [12]. The cognitive demand for working
memory resources when processing highly abstract
concepts is one of the main reasons why chemistry
is difficult. Cognitive load theory is considered to
be one of the most significant theories in the field
of learning and teaching that deals with finding
effective learning outcomes [13, 14]. This theory is
based on the idea that working memory has a lim-
ited capacity to process new information received
from the environment. Mental effort can be consid-
ered as an actual index of cognitive load during
learning or adopting teaching content [15]. In-
creased mental effort is observed in students en-
gaged on complex tasks [16]. To enable the solving
of these problems, it is necessary to simplify the
problem by analyzing the concepts that constitute it
[17]. Depending on the working memory capacity
and the structure of the task, the problem can be
decomposed into multiple sub-problems [18], the
number of which give rise to the problem complexi-
ty, but it is very important to take into account the
interaction between the sub-problems [19].

More recently, cognitive complexity has
emerged as a form of assessment of the complexity
of a task. It is used to measure students’ attitude
and achievement in tests, which is why it is very
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important [20]; it is also applied to evaluate the
difficulty of problems as well as their validation
for national state tests [21]. Cognitively complex
tasks require students to choose the right strategy
and high levels of thinking to achieve the right so-
lution [22]. All strategies used in problem-solving
should be combined into a logical sequence to
achieve the correct solution to the problem [23].

The cognitive complexity of a problem may
partly determine which skills and concepts are
necessary to solve the problem in order to increase
the students’ achievement [24]. Task characteris-
tics related to information diversity and increasing
information load contribute to the increase in the
level of cognitive complexity [25]. For evaluation
of the numerical rating of the cognitive complexity
of a chemical problem, Cognitive Complexity Rat-
ing rubrics for the evaluation of the numerical rat-
ing of cognitive complexity are developed [26, 27].
The developed rubrics are based on Complexity
Theory [28, 29] and Cognitive Load Theory [30,
31]. Complexity Theory can explain the system of
multiple connected parts. The construct of intrinsic
cognitive load from Cognitive Load Theory is used
in the assessment of the interaction between them.
In ideal research, cognitive complexity will corre-
late highly with students’ achievement, but may
not always predict all variations within the prob-
lem task and the characteristics of the respondents
themselves [26]. The cognitive complexity rating
can be calculated in several steps [26, 27]. Initially,
it is necessary to calculate the number of concepts
(or skills) required to solve the task, and then the
difficulty of each concept is evaluated from the
student’s perspective. After this step, the rubric is
used to sum the concepts in terms of difficulty,
thus determining the numerical rating of difficulty
of the concepts represented in the tasks as well as
their interactivity. The total numerical rating of
cognitive complexity is additive and is obtained by
summing the numerical rating of the difficulty of
the concepts and their interactivity [26].

The rubric created allows the validity and re-
liability of test results to be determined, so that the
expert method for cognitive complexity rating can
be used as a measure of objective complexity. De-
pending on the knowledge and experience of the
expert, a task can be solved in different ways. One
expert can divide the task into two “easy” steps,
while another will solve the task in one “medium-
difficulty” step. Applying these rubrics, in both
cases, the same numerical rating of cognitive com-
plexity is obtained, and this characteristic can serve
to improve the inter-reliability of the evaluation
[26, 27].
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Chemistry is inherently complex so an as-
sessment of cognitive complexity is needed in edu-
cation as it allows an objective rating regardless of
the task evaluator. Some concepts in the task are
easy, some difficult, and students are often re-
quired to understand difficult concepts that include
a higher order of cognition. Assessment of cogni-
tive complexity can be performed reliably, and if
teachers apply it in the teaching process, they
could have a better understanding of it [26, 27].
The teacher can gradually add concepts into the
problem tasks, taking into account that the tasks to
be tested upon should represent the concepts that
the student has already mastered taking into ac-
count that the tasks represent the concepts that the
student has mastered until the test.

Salt hydrolysis is difficult domain for stu-
dents, as mentioned in literature. Previously de-
signed procedures have been proven to be reliable
methods for the assessment of the numerical rating
of the cognitive complexity of problem tasks. The
need to create these procedures is for two reasons:
1) the subjectivity of experts is minimized and 2) it
can help teachers to introduce the concepts of the
domain gradually, taking care not to overload the
students’ working memory capacity.

2. EXPERIMENTAL SECTION

2.1. Aim of the research

The aim of this research was the develop-
ment and validation of the procedure for the as-
sessment of the numerical rating of cognitive com-
plexity in salt hydrolysis problems. As part of the
validation process for assessing the numerical rat-
ing of the cognitive complexity of problem-solving
it is necessary:

e to determine the correlation of student
achievement with a numerical rating of cognitive
complexity of problem tasks, and

e t0 determine the correlation of invested
mental effort with a numerical rating of the cogni-
tive complexity of problem tasks.

Based on the set aim, the specific tasks of
the research were defined:

1) The construction of a table for as-
sessing the difficulty of concepts represented in the
problem tasks in the field of salt hydrolysis;

2) The construction of a table for as-
sessing interactivity;

3) Combining a constructed table for as-
sessing the difficulty of concepts with a cognitive
complexity rating rubric proposed by Knaus et al.
[26];
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4)  The assessment of concept interactivity
in tasks;

5) Determination of the cognitive com-
plexity of the analyzed tasks; and

6) Identification of students’ misconcep-
tions that might have influenced their test results.

2.2. Participants

The total sample of this research consisted
of 50 students of the first and the second year (20—
21 years) at the Faculty of Sciences in Novi Sad,
study program Basic Academic Studies of Chemis-
try. Students who participated in the research have
mastered the concepts of salt hydrolysis during
their course. Participants were from an urban popu-
lation of mixed socioeconomic status and entered
the survey voluntarily. The testing was anony-
mous.

The field of salt hydrolysis and problems re-
lated to that field are studied within the courses
General Chemistry, Analytical Chemistry | and
Calculation in Chemistry at the Faculty of Sciences
in Novi Sad, in the Department of Chemistry, Bio-
chemistry and Environmental Protection. In the
General Chemistry and Analytical Chemistry
courses, the hydrolysis of salts is covered from a
theoretical point of view. Within the course Calcu-
lation in Chemistry, this concept is addressed
mainly through the solving of calculations related
to pH.

2.3. Description of the instrument

A specially created knowledge test was used
as the research instrument. The time required to
complete the test was 60 minutes and it consisted
of seven problems. Each correct answer scored one
point, so the total maximum score on the test was 7
points. The test contained three tasks with only one
correct answer, two multiple-choice tasks, and two
calculation tasks. In addition to the assessment of
student achievement, an assessment of mental ef-
fort was also made with the same test, using a sev-
en-point Likert scale, which, according to Kalyuga
[38], is one of the most reliable scales. After each
solved or unsolved task, students were asked to
evaluate the mental effort invested by selecting the
appropriate descriptive mark. During the statistical
analysis of the results, descriptors were coded nu-
merically from “extremely easy” as numerical val-
ue 1 to “extremely difficult” as numerical value 7.

The obtained results were analyzed using
IBM SPSS Statistics 24 software.

3. RESULTS AND DISCUSSION
3.1. Instrument validation

Segedinac et al. [33] proposed a model for
the estimation of the quality of a test by consider-
ing pre-test and post-test assurance parameters.
Pre-test assurance parameters were estimated by
four experts whose narrow scientific field is Chem-
istry Education Research (CER). The test was as-
sessed as valid based on the consistency of the as-
signments with the applicable course curriculum
and recommended textbooks for the realization of
coursework. The test tasks were evaluated by ex-
perts as diverse, with clearly defined requirements
and meaningful sentences complying with lan-
guage standards.

Post-test assurance parameters were defined
as basic statistical parameters: reliability coeffi-
cient, task discrimination indices, test discrimina-
tion index, task difficulty indices and test difficulty
index.

Reliability is calculated as a measure of in-
ternal consistency and is expressed as Cronbach’s
o coefficient. A Cronbach’s o value of 0.51 for
achievement represents a satisfactory coefficient of
reliability [34] and is acceptable when a small
number of tasks are included in the test [34-38].
For self-reported mental effort, this value of the
Cronbach’s a coefficient was 0.78, which indicates
high reliability [34, 39]. The calculated indices of
item difficulty were in the range from 24 % to 80
%. The average value was 51.71 %, so the test was
characterized as moderately difficult. Two tasks
had an index difficulty of >75%, which character-
izes them as easy, while four tasks had an index
difficulty of 25-75 %, which makes them medium-
difficulty [40, 41]. Only one task had a difficulty
index of <25 %, making it a difficult task. Discrim-
ination indices were in the range 0.36-0.79. The
average value was 0.49 and presented an excellent
discrimination index. Six tasks had an excellent
discrimination index of >0.40, and one task had a
good discrimination index of 0.36 [41, 42]. The
applied test was characterized by basic statistical
parameters, which are shown in Table 1.

The normality of the distribution of the stu-
dents’ achievements and self-invested mental effort
at the 95 % confidence level is further discussed. The
Shapiro-Wilk test of normality (F = 0.94; p =0.01)
did not confirm the assumption of normality of
distribution for students’ achievements. Another
way in which normal distribution is examined in-
volves counting the number of outliers in a data
set. The analysis determined the existence of mul-
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tiple hits greater than £1.96 from a maximum of 5
% z-score outlier limits, which additionally did not
satisfy the criterion of normal distribution [43].
Further statistical processing was guided by this
result. Shapiro-Wilk test (F=0.97; p=0.31) con-
firmed the assumption of normality of distribution
for self-invested mental effort.

Table 1

Descriptive statistics for the students’ performance
and mental effort

Students' Students' ratings
Parameter achievementst! of mental effort?

(N =50) (N =50)
Average 3.62 3.67
Standard 162 0.77
deviation
Minimum 1.00 1.57
Maximum 7.00 5.57
Range 6.00 4

1Students' achievements could range from 0 to 7
2Possible ratings for invested mental effort could rang from
1to 7: extremely easy (1) to extremely difficult (7)

Validation of the research instrument was
performed by observing the dependence of student
achievement on self-invested mental effort. Be-
cause achievement did not satisfy normal distribu-
tion, the dependence of student achievement on
average mental effort over a nonparametric Spear-
man’s rank correlation coefficient was observed.
The graphical dependence and statistical parame-
ters of this dependence are shown in Table 2.

Table 2

Statistical parameters of the regression analysis
of students’ performances and their evaluation
of invested mental effort

Parameter Value

Correlation

coefficient —0.60

p-value 0.00

Equation Achievement = 7.74 — 1.12 x Mental effort

This dependence is described by a strong
correlation (rs=-0.60; p=0.00). The p-value is
less than 0.05, indicating that there was a statisti-
cally significant correlation between student
achievement and average self-perceived mental
effort in the test. The existence of a significant cor-
relation between students’ achievement and mental
effort has already been confirmed in studies that
have focused on the validation of methods for as-
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sessing the cognitive complexity of problem tasks
[26, 27, 44-46].

3.2. Table creation

Rubrics for the assessment of numerical rat-
ing of cognitive complexity have proven to be reli-
able and valid for determining the numerical rating
of cognitive complexity in problematic tasks in
general and organic chemistry [26, 27]. However,
these rubrics required additional modification in
the form of tables for assessing the difficulty of
concepts or skills in problem tasks and an assess-
ment their interactivity (TADCI) based on the
number of concepts represented [44-46]. The ad-
vantage of these tables relative to rubrics is that the
subjectivity of teachers is minimized, and the con-
cepts represented in tasks are precisely defined by
experts. To ensure objectivity in assessing the cog-
nitive complexity of problem tasks in the field of
salt hydrolysis, a TADCI in this field has been de-
veloped (Table 3).

The TADCI contains three main concepts:
“Types of salt”, “Hydrolysis of salts” and “Calcu-
lation of pH and pOH values in salt solution”. All
concepts are divided into sub-concepts according
to their difficulty: easy, medium and difficult. The
TADCI contains the additional concept of “Solu-
tion concentration”and the interactivity of the con-
cepts.

Assessment of the numerical rating of cogni-
tive complexity is a procedure that consists of sev-
eral steps:

1. Determination of the sub-concepts rep-
resented in the task;

2. Estimation difficulty of each sub-
concept using TADCI;

3. Addition of sub-concepts by difficulty
in order to determine the numerical difficulty rat-
ing by the method of Knaus et al. [26];

4. Determining whether an additional
concept is represented in the task and assessment
of interactivity using TADCI, and

5. Addition of numerical rating of difficul-
ty and numerical rating of interactivity in order to
obtain overall numerical rating of cognitive com-
plexity.

The difficulty rating of each sub-concept
was assessed by a group of four experts — four uni-
versity professors. In the assessment of the diffi-
culty of each sub-concept, the experts assessed
what a student should know to solve the task suc-
cessfully from the student’s perspective. Also, the
complexity of the computational operation was
assessed based on the number of steps the student
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should apply. It is important to note that the ex-
perts assessed the difficulty of each sub-concept
independently and that the inter-rater reliability of
the cognitive complexity assessment was calculat-
ed by the method of two-way mixed interclass cor-
relation. The obtained value of Cronbach’s a coef-
ficient of 87% indicates a very good agreement

between the experts’ assessments. All disagree-
ments in the assessment between experts were
eliminated through a panel discussion. This satis-
fied the reliability criterion so that expert assess-
ments of cognitive complexity could be applied in
further statistical data processing.

Table 3
TADCI

BASIC CONCEPT Sub-concept
Sub-concepts difficulty
TYPES OF SALT
Differentiation of salt types: neutral, acidic and basic Easy
SALT HYDROLYSIS
Differentiation of salts into those that hydrolyze and those that do not Easy
Estimation of pH in a solution of salts that do not hydrolyze Easy
Estimation of pH in a solution of a salt of a strong acid and a weak base Medium
Estimation of pH in a solution of a salt of a weak acid and a strong base Medium
Estimation of pH in a solution of a salt of a weak acid and a weak base Difficult
Writing the chemical equation of the salt hydrolysis reaction Difficult
CALCULATION OF pH AND pOH VALUES IN SALT SOLUTION
Calculation of pH in a solution of a salt of a weak acid and a strong base Medium
Calculation of pOH in a solution of a salt of a weak base and a strong acid Medium
Calculation of pOH in a solution of a salt of a weak acid and a strong base Difficult
Calculation of pH in a solution of a salt of a weak base and a strong acid Difficult
Calculation of pH in a solution of a salt of a weak base and a weak acid Difficult
ADDITIONAL CONCEPT
Concentration of solutions
INTERACTIVITY OF THE CONCEPTS
The task contains one concept 0
The task contains two concepts 1
The task contains three or more concepts 2

The concept “Types of salt” is easy. Stu-
dents were asked to differentiate salts into neutral,
acidic and basic.

The concept “Salt hydrolysis” is structured
in three levels (three sub-concepts). Determination
of whether aqueous solutions of salts hydrolyze or
not is an easy sub-concept. Also, an easy sub-
concept is the evaluation of the pH of a salt that
does not hydrolyze. Estimation of pH of solutions
of salts that can hydrolyze is medium sub-concept.
Finally, the estimation of pH in a solution of a salt
of a weak acid and a weak base, and writing the
chemical equation of the salt hydrolysis reaction
are difficult sub-concepts.

Sub-concepts integrated in the concept “Cal-
culation of pH and pOH values of salt solutions”
could be medium or difficult. The sub-concept is
of medium difficulty when a student needs to cal-

culate the pH value of a solution of a salt of a weak
acid and a strong base or the pOH of a solution of a
salt of a weak base and a strong acid. If students
need to calculate the pOH value of a solution of a
salt of a weak acid and a strong base or the pH of a
solution of a salt of a weak base and a strong acid
or the pH of a solution of a salt of a weak base and
a weak acid, then this sub-concept is difficult. Alt-
hough these two sub-concepts are similar by defi-
nition, a difference in difficulty is present because
the student must use the self-ionization constant of
water. This complicates the calculation and in-
creases the number of steps that the student must
take when calculating the pH values.

Additional concepts only affect the increase
of interactivity, while their difficulty was consid-
ered negligible. These concepts were related to the
calculation of the solution concentration.

Maced. J. Chem. Chem. Eng. 40 (1), 119-130 (2021)
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The interactivity can be nonsignificant, basic
or complex, depending on the number of basic
concepts present in the task. Tasks with one con-
cept are assigned an interactivity value of 0; a task
which contains two-concept interactivity is basic,
and a numerical value of 1 is assigned; while in
tasks with three or more concepts, interactivity will
be complex and the numerical rating for cognitive
complexity will be 2.

After evaluating the difficulty of the sub-
concepts represented in the tasks and the interac-
tivity of the concepts, the numerical value of cog-
nitive complexity is obtained using the method of
Knaus et al. [26, p. 555].

3.3. Procedure description

The tasks represented in the test have differ-
ent levels of cognitive complexity. We are going to
explain the procedure of calculating the cognitive
complexity of one simple and one more complex
task. An example of calculating the numerical rat-
ing of cognitive complexity will be shown in the
example of Tasks 2 and 7 of the test.

Task 2. Circle the number in front of the
formulas of salts which can hydrolyze. Estimate the
pH value in the aqueous solutions of salts that can
hydrolyze (whether the pH value of the solution is
greater than or less than 7)

1) N32C03; 2) (NH4)2804; 3) Nazsos; 4) CaS0,

This task contains only one basic concept:
salt hydrolysis. The following sub-concepts are
represented in this task:

— Differentiation of salts that hydrolyze from
those that do not (easy sub-concept),

— Estimation of pH in a solution of a salt of a
strong acid and a weak base (medium sub-
concept), and

— Estimation of pH in a solution of a salt of a
weak acid and a strong base (medium sub-
concept).

Two sub-concepts according to TADCI are
of medium difficulty, while one sub-concept is
easy. This task contains one basic concept — salt
hydrolysis — so interactivity is nonsignificant and
is given the numerical value 0. According to rubric
designed by Knaus et al. [26], two medium-
difficulty sub-concepts have a numerical difficulty
rating of 3, while one easy sub-concept has a nu-
merical difficulty rating of 1, so the overall numer-
ical rating of the cognitive complexity of this task
will be 4.
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Task 7. Write the chemical equation of the re-
action of hydrolysis of sodium acetate. What is the
PpOH value of the sodium acetate solution prepared
by dissolving 0.001 moles of sodium acetate in
500 cm® of distilled water? Neglect the increase in
volume due to dissolution (Kkcracoon= 1.8-107).

The following basic concepts are represent-
ed in this task: “Salt hydrolysis” and “Calculation
of pH and pOH values in salt solution”. Also, the
additional concept of “Solution concentration” is
included in this task. The first requirement of this
assignment is that the student write the chemical
equation of the salt hydrolysis reaction. It is sub-
concept which is difficult and belongs to basic
concept of “Salt hydrolysis” according to TADCI.
After that, it is necessary for the student to calcu-
late the quantitative concentration of this salt in
solution. The calculation of “Solution concentra-
tion” is an additional concept. Finally, to solve this
task the student needs to calculate the pOH of a
solution of a salt of a weak acid and a strong base.
It is a difficult sub-concept and belongs to basic
concept of “Calculation of pH and pOH values in
salt solution”. Thus, this task contains three con-
cepts, so interactivity is complex and is assigned a
numerical value of 2. According to the rubric of
Knaus et al. [26], two difficulty concepts have a
numerical difficulty rating of 5. Therefore, the
overall numerical rating of the cognitive complexi-
ty of this task is 7 (5 + 2).

In the same manner, the values of cognitive
complexity have been calculated for all the tasks,
the results of which are summarized in Table 4.

Table 4
Cognitive complexity ratings of salt hydrolysis
tasks
Task number Cognitive complexity rating
1 1
3 2
5
2 4
4 5
6,7 7

3.4. Procedure validation

Information on the validity of the procedures
for rating cognitive complexity was obtained
through a combination of achievement measures
and measures of mental effort [26, 27, 44-46]. In
order to validate the method for assessing the nu-
merical rating of cognitive complexity of problem
tasks in the field of salt hydrolysis, it was neces-
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sary to determine the correlation between students’
achievement and the cognitive complexity of the
problem, as well as the correlation between stu-
dents’ mental effort and cognitive complexity.

As the distribution of students’ achievement
and mental effort did not satisfy the criterion of
normal distribution, validation of the procedure by
linear regression analysis could not be performed.
In the first phase, an analysis of the dependence of
students’ achievement (independent variable) on
the numerical rating of cognitive complexity (de-
pendent variable) was performed. This is in agree-
ment with previous research [26, 27 , 44-46]. De-
pendence of the numerical rating of cognitive
complexity on the achievements of all students
(50) by task (7) was observed (350 items). A bi-
nomial (biserial) correlation analysis was per-
formed, since the achievement values can be only
0 or 1 (depending on whether the answer is correct
or not). Statistical analysis parameters are shown in
Table 5.

Table 5

Statistical parameters of the correlation analysis
of students’ achievements and cognitive complexity

Parameter Value

The correlation 0.30

coefficient

p-value 0.00

Equation Achievement=0.81 — 0.07 x Cognitive

complexity

Coefficients obtained by biserial analysis
(ros=-0.30; p = 0.00) indicate that there is a statisti-
cally significant correlation between students’
achievement and cognitive complexity [47]. Ac-
cording to some studies, this value of correlation
coefficient indicates a moderate correlation [48, 49].
Coefficients obtained by biserial correlation are ac-
ceptable at values of >0.20 [50, 51]. The negative
value of the coefficient shows that with an increase
in the numerical rating of the cognitive complexity
of the problem the student achievement decreases.

The second stage of validation of the proce-
dure for the assessment of cognitive complexity of
tasks was to analyze the dependence of self-
invested mental effort on the rating of cognitive
complexity of the task. Since the achievement does
not satisfy normal distribution, the Spearman’s p
correlation coefficient was determined. The de-
pendence and statistical parameters are shown in
Table 6.

Table 6

Statistical parameters of the correlation analysis
of students’ mental effort and cognitive complexity

Parameter Value

The (_:o_rrelatlon 0.46

coefficient

p-value 0.00

Equation Mental effort = 2.44 + 0.30 x Cognitive

complexity

Spearman’s p  correlation  coefficient
(rs=0.46; p=0.00) indicates a moderate statisti-
cally significant correlation between mental effort
(dependent variable) and cognitive complexity (in-
dependent variable) [47]. The positive value of the
correlation coefficient indicates that with increas-
ing cognitive complexity of tasks, students invest
greater mental effort to solve the problems. As re-
ported in previous studies, students’ achievement
decreases and self-invested mental effort increases
with an increase in the numerical rating of cogni-
tive complexity [26, 27, 44-46].

3.5. Misconception identification

Low values of achievement might be caused
by misconceptions observed in the students who
participated in the research. When wrong answers
occur with a frequency of >10 % they can be con-
sidered misconceptions [52].

The students taking part in this research did
not differentiate between types of salts, or between
those that can and cannot hydrolyze. They consid-
ered that barium chloride (16 % of wrong an-
swers), potassium sulfate (14 %) and calcium sul-
fate (12 %) are acidic salts. Ten percent of students
thought that neutral salts such as calcium sulfate
hydrolyze and that those whose aqueous solutions
are basic (sodium carbonate) or acidic (ammonium
sulfate) do not hydrolyze. Demircioglu [53] found
the misconception among students that they
thought all salts were neutral and their aqueous
solutions had no pH value. A similar result was
found in a recent study [8].

Analysis of the results of the research re-
vealed that students have problems with the esti-
mation of the pH and pOH values of solutions of
acidic and basic salts, as well as with the calcula-
tion of numerical values of solutions (12 % wrong
answers). Students considered that high pH (over
7) is logical for acidic salt solutions, and that high
pOH (over 7) in basic salt solution. In research by
Kala et al., [54] students considered that a high pH
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value is a measure of acidity and a high pOH value
is a measure of basicity. The pH value as a meas-
ure of acidity in students was noticed earlier by
Garnett et al. [55]. Orwat et al. [4] reported that
students, in reality, do not understand the basic
concepts of acids and bases needed to understand
the concept of salt hydrolysis. In research by Oli¢
and Adamov [56], results were obtained where
students were unable to estimate the pH of aqueous
salt solutions. In this research, students estimated
that aqueous solutions of copper(ll) sulfate and
potassium sulfite, as well as aqueous solutions of
sodium acetate and zinc chloride, had the same pH
value (20 % of wrong answers). This is similar to
the research of Supatmi et al. [8] where students
considered that all aqueous salt solutions had the
same pH value of 7. Also, students had problems
in estimating the pH value in solutions of salts of
weak bases and weak acids; namely, students did
not use data on the value of the acid and base con-
stants, so, for example, they concluded that ammo-
nium cyanide was salt that did not hydrolyze (24%
of wrong answers). By analyzing misconceptions
on salt hydrolysis, Putri [57] found that students do
not know how to determine the pH values of aque-
ous solutions of salts that can hydrolyze and have
difficulty understanding the ratios K, and Kj.

One of the problems that students experi-
ence is in the application of the appropriate formu-
la when calculating pOH and pH values of acidic
and basic salts (12 % of wrong answers). Students
calculated the concentration of OH ions in a solu-
tion of acidic salts as a multiplication of the basic
constant and the concentration of the conjugated
base, without application of the square root, thus
producing incorrect results:

[OH_] = Kb X Cp

Students calculated a pOH value of 2.87 of a
solution of acid salt. They calculated the concen-
tration of HsO" ions in a solution of basic salts in
the same manner:

[H;0%] = K, X ¢,

Thus, for basic salts, they obtained a pH val-
ue of <7, which makes no sense. These results are a
confirmation of the research that students have dif-
ficulties in calculating pH and pOH values [8].

Observed misconceptions can certainly help
further improvement and development of the creat-
ed TADCI. Based on these results, the sub-concepts
represented in this table can be divided into even
simpler sub-concepts in order to obtain an even
more precise estimation of numerical rating.
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4. CONCLUSIONS, IMPLICATIONS
AND LIMITATIONS

The aim of this research was the creation
and validation of a procedure for the assessment of
the numerical rating of cognitive complexity in the
field of salt hydrolysis. Firstly, it was necessary to
design the TADCI for salt hydrolysis problems.
The TADCI could help teachers in evaluating the
difficulty of sub-concepts represented in problem
tasks in the field of salt hydrolysis and their inter-
activity and in calculating a numerical rating of
cognitive complexity.

In order to validate this procedure, it was
necessary to examine the correlation between stu-
dents’ achievement and the cognitive complexity
of the problem, as well as the correlation between
students’ invested mental effort and cognitive
complexity. The validity of the procedure was con-
firmed by correlation analysis, where the obtained
values of the correlation coefficient indicated that
there was a moderate statistically significant corre-
lation between the variables. In analyzing the stu-
dents’ achievement and their invested mental ef-
fort, it has been observed that achievement de-
creased with an increased numerical rating of cog-
nitive complexity, and at the same time, students
invested a greater amount of mental effort. In order
to solve tasks with a higher numerical rating of
cognitive complexity, students had to invest more
effort, which resulted in lower achievement.

Analyzing students’ responses, some com-
mon errors were found in a number of students.
These errors were considered as misconceptions if
they occurred among at least 10 % of students.
Some students did not distinguish between types of
salts or between those that are subject to hydrolysis
and those that are not. They also had problems in
estimating and calculating the pH and pOH values
of salt solutions. They applied the wrong formulas
and thus got poor results.

This research is significant for chemistry
teaching because it validated the method for evalu-
ating the numerical rating of cognitive complexity
of problem tasks in the field of salt hydrolysis. In
this way, teachers can easily determine a numerical
rating of the cognitive complexity of a problem,
which enables them to control the concepts that
have been mastered by the students and to control
the complexity of the problem so that overload of
the student’s working memory is avoided. It also
helps teachers better to understand and follow stu-
dents’ progress in learning. A numerical solution
of a problem or a circled answer often does not
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provide insight into a student’s understanding of
chemical concepts.

A limitation of this research was the nature
of the sample of respondents; namely, students
from only one study program and one educational
profile were examined. Also, one of the limitations
could be the expert assessment of the difficulty of
the concepts represented in the problems from the
perspective of students; however, this was partially
overcome by a panel discussion about any disa-
greements in the assessment between experts and
by the high value of the inter-rater reliability ob-
tained.

The analysis of students results revealed
misconceptions among students that can serve for
further modification and improvements of the pro-
posed TADCI, which contains sub-concepts that
are represented only in the tasks of this test. There-
fore, in further research, it would be worthwhile to
pay attention to additional concepts from other
domains of chemistry that may arise in hydrolysis
problem tasks.
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