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Abstract

The purpose of this research is to examine the effects of 10 heuristics proposed by Talanquer on the reasoning processes
of science teacher candidates on the “chemical structure - acidity-basicity relationship” topic. In this phenomenographic
research, interviews were conducted with 30 prospective teachers enrolled in the Science Education Program, Education
Faculty, Firat University in the spring semester of the 2018-2019 academic year. In the first stage of the two-stage inter-
view, the participants were asked to rank some chemical compounds according to their increasing acidity strength, while
in the second stage, they were asked to rank some chemical compounds according to their increasing basicity strength.
In the interviews, participants were also asked to explain in detail the reasons for their ranking. From the answers given
by the participants to the questions, six different answer patterns were obtained for acidity strength, while five different
answer patterns were obtained for basicity strength. It was determined that all ten heuristics affect the reasoning of the
participants, and because of the effects of heuristics, students generally use shortcut strategies instead of scientific rea-
soning. In addition, this study revealed that although it was not included in the model proposed by Talanquer, periodic
trends heuristic also affected the reasoning of the participants on the “chemical structure - acidity/basicity relationship”
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1. Introduction

Acid-base chemistry contains acid-base theories, au-
to-ionization of water, acid-base strengths, acid-base equi-
libriums, hydrolysis of salts, buffer solutions, acid-base
reactions and acid-base titrations topics. Acid-base chem-
istry, which is highly related to daily life, occupy an impor-
tant place in both science and chemistry curricula. Due to
this importance, there are many studies in the literature on
subjects such as the level of understanding of acid-base
chemistry by students, the misconceptions regarding ac-
id-base chemistry, and the effects of different teaching
methods and activities on students’ understanding of ac-
id-base chemistry. In the literature these studies, it is re-
ported that students’ reasoning, judgment and deci-
sion-making processes about acid-base chemistry are
generally imperfect.!~

Negative situations such as imperfect reasoning,
judgment and decision-making processes of the students
has been encountered not only in the field of chemistry*®
but also in almost all disciplines.®” Some scientists in dif-
ferent fields such as cognitive psychology, developmental
psychology, and science/chemistry education, willing to
investigate the reasons for individuals’ imperfect reason-
ing, judgment and decision-making, have concentrated
their research on cognitive constraints that guide individ-
uals’ reasoning. As a result of these studies, it was revealed
that some mental structures that facilitate the decision
making of individuals also contain various cognitive fac-
tors that restrict scientific reasoning.®-'? Some of these
cognitive elements include implicit assumptions,'® core
knowledge,'* basic hypotheses and ontological beliefs,'®
intuitive rules,'® primitive phenomenologies,!” inductive
constraints,'® conceptual sources!'® and heuristics.?
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The heuristics that restrict scientific reasoning are re-
lated to the Type 1 processes included in the “dual process”
theory, which was developed to explain the individuals’
judgment and decision-making processes.2!"2* According
to this theory, two distinct processes called Type 1 and Type
2 are effective in the reasoning of individuals. Type 1 pro-
cesses are automatic and very fast processes that do not care
about the use of working memory.?1*42> No special effort is
required to trigger Type 1 processes that progress inde-
pendently of cognitive ability.2"?® Type 1 processes are au-
tonomous and are related to the intuitive reasoning of indi-
viduals.?® Learned strategies and naturally occurring
reasoning play an important role in type 1 processes.!!
Type 2 processes that require special cognitive effort and
conscious intervention are slow processes that progress se-
quentially. Type 2 processes in which working memory is
actively used are related to the effective, analytical and sci-
entific thinking of individuals.2*#252” The Type 1 process-
es in the dual-process theory described in detail above, are
short-path reasoning strategies and are called heuris-
tics.2282% In conditions where knowledge or motivation is
lacking or when time is limited, heuristics play an extreme-
ly active role.?!%%3! As they evaluate fewer factors and use
fewer cues in reasoning and judgment processes, heuristics
enable decision-making in a short time without cognitive
effort.>> However, heuristics are also responsible for various
cognitive biases observed in reasoning processes.!:!

Science/chemistry educators, who examine the judg-
ment, reasoning and decision-making processes of stu-
dents related to chemistry subjects, have started to benefit
from the dual process theory and especially the heuristics,
which is frequently mentioned in this theory, since the
2010s. There have been studies in the literature investigat-
ing students’ intuitive reasoning and heuristic uses in
chemistry subjects for a recent time. Chemistry topics in
which students’ intuitive reasoning and heuristic uses are
examined in detail include “bond theories and molecular
structures’, “chemical problem solving”, “addition reac-

» « » <« » «

tions”, “elimination reactions”, “chemical reactivity”, “acid-

>«

ity strength of molecules”, “structure-property relation-
ships of molecules’, “classification of chemical substances”
and “interpretation of IR and NMR spectra”,!%:21:27:29,33-36
In addition to these important studies mentioned above,
Talanquer explained the frequently used heuristics in the
field of chemistry according to the cognitive processes
they used, and collected these heuristics under 10 head-
ings.!! Since the model of Talanquer can be used as a
standard or reference in studies to be carried out on heu-
ristics in the field of chemistry, it has a great importance.
Many confusions can be avoided, such as naming heuris-
tics that work with the same mechanism with different
names by using this model as a standard in chemistry is-
sues. The model of ten heuristics has been met with great
interest in the scientific world, and recently some scientists
have started to use this model as a reference or standard.
For example, two different research groups investigating

the heuristics used by students on the hydrogen bonding
topic used the ten heuristic models proposed by Talanquer
in their studies.”?” Talanquer described and explained
each of the ten heuristics that can be effective in the rea-
soning process of students in chemistry subjects, in his
theoretical work, with examples specific to the field of
chemistry. These ten heuristics are:!!

o Associative activation: Using mental structures pres-
ent in memory to fill in the blanks.

o Fluency: Using of easily accessible cues in the process
of solving the problem.

o Attribute substitution: evaluation of other easily ac-
cessible attributes instead of the target attribute /
Substitution the original question with a simpler
question.

o One reason decision making: Simplifying reasoning
by using a single clue or factor in the process of prob-
lem solving.

o Surface similarity: The assumption that chemical
compounds that are similar to each other in struc-
tural representation have similar properties and be-
havior.

o Recognition: More value to recognized objects / less
value to unrecognized.

o Generalization: Generalization of learned models or
rules

« Rigidity: Reasoning in an inflexible or non-creative
way.

o Overconfidence: Exceeding true accuracy due to
self-confidence in decision-making processes.

o Affect: A positive or negative emotion towards an
event, an object, or anything that affects learning.
The purpose of this research is to examine the effects

of ten heuristics proposed by Talanquer on the reasoning
processes of science teacher candidates on the “chemical
structure - acidity/basicity relationship” topic. Therefore,
the research problem of this study can be expressed as fol-
lows: What is the role of the ten heuristics proposed by
Talanquer in the reasoning processes of the science teacher
candidates about the “chemical structure - acidity/basicity
relationship”? The research questions of this study are as
follows:

o Which heuristics affect the reasoning of the stu-
dents in the process of performing a task in which
the compounds are ranked according to their acid-
ity or basicity strengths?

« How to explain the working mechanisms of these
heuristics that effected the reasoning of the stu-
dents in a way specific to the field of chemistry?

2. Method
2. 1. Participants

This study was carried out at Firat University, a state
university, during the spring semester in 2018-2019 aca-
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demic year. Thirty pre-service science teachers at 24, 31
and 4" grades in Science Teaching Program of Education
Faculty voluntarily participated in the research. Sixteen of
the participants were male and fourteen of them were fe-
male. While determining the students to participate in the
study, the achievements of the students in General Chem-
istry I and General Chemistry II were taken into consider-
ation. Participants were composed of students, 1/3 of
whom failed these courses, 1/3 of whom were moderately
successful, and 1/3 of whom were highly successful. In-
stead of using the real name of participants, codes have
been given such as S1, S2, S3, S4 and so on...

2. 2. Instruments and Design

In this study, the phenomenographic research meth-
od, one of the qualitative research methods, was used to
investigate the roles of heuristics in the reasoning process-
es of the participants on the subject of “chemical struc-
ture-acidity/basicity relationship” Phenomenography is a
method used in educational research to reveal what differ-
ent individuals understand or perceive from the same con-
cept.3#3 The interviews are generally used in phenomeno-
graphic research to obtain detailed information on the
subject. Therefore, in the present study, interviews were
conducted with the participants to accurately determine
the reasoning of the participants about “ranking chemical
compounds according to their increasing acidity/basicity
strength” and to determine the heuristics used by the par-
ticipants in this process.

In the first stage of the interviews, which were com-
pleted in two stages, the participants were asked to rank
HCI, H,S and HI compounds according to their increasing
acidity strength, while in the second stage they were asked
to rank KOH, Mg(OH), and Ca(OH), compounds accord-
ing to their increasing basicity strength. In the interviews,
participants were also asked to explain in detail the rea-
sons for their rankings. Maeyer and Talanquer previously
used these questions in a different study.*’ After these
questions were asked to the students during the interviews,
the participants were given 2 minutes to answer each ques-
tion. It has been stated in the literature that intuitive judg-
ment and decision-making will have a greater effect in cas-
es where the time is limited.?*>? For this reason, the time
was limited. Then, in each of the interviews, participants
were asked to explain in detail the reasons for their an-
swers. There was no time limit for the participants to ex-
plain in detail the reasons for their answers. To determine
whether rigidity, overconfidence and affect heuristics took
part in the students’ answering questions, some additional
questions were asked to the participants, both before the
relevant chemistry questions were asked to the partici-
pants and after the participants answered the questions.
The procedures detailed below were used to determine
whether rigidity, overconfidence and affect heuristics were
effective in the participants’ reasoning processes.

Rigidity: In this study, a method was followed to in-
vestigate the effects of rigidity heuristics: before asking the
relevant chemistry questions to the participants, the fol-
lowing question was asked: “Do you have a constant judg-
ment/bias about the ranking of compounds according to
their increasing acidity/basicity strength? For example, do
you have any approaches such as “I have judgments/rea-
soning regarding the order of compounds according to
their increasing acidity/basicity strength, which I will not
change regardless of the question, I always solve problems
regarding the order of compounds according to their in-
creasing acidity/basicity strength using my current judg-
ments/reasoning”? The answers given by the participants
to this question were carefully examined. Besides, during
the interviews, special attention was paid to whether the
participants actually solved the questions using the strate-
gies they were used to before, and whether they were flex-
ible in solving the questions.

Overconfidence: Before asking/showing the relevant
chemistry questions to the participants, the following
question was asked: “If you are faced with a question about
ranking compounds according to their increasing acidity/
basicity strength, what level of confidence do you have that
you can answer the question correctly. How would you
score your confidence level between 1 and 10 points (1 is
the lowest, 10 is the highest)”? Immediately after the rele-
vant chemistry questions were asked/shown to the partici-
pants, the following question was asked to the participants
before the students started solving the question; “What
level of confidence do you have that you can answer this
question correctly?” Finally, after solving the relevant
chemistry question, the following question was asked to
the participants: “What level of confidence do you have in
yourself that you answered this question correctly? In cas-
es where 8, 9 or 10 points were given as an answer to these
three questions, it has been coded as overconfidence heu-
ristic. Students who gave such answers generally made the
following statements: “I am confident; I definitely solved /
will solve the question correctly”

Affect: Before asking/showing the relevant chemistry
questions to the participants, the following question was
asked: “How do you feel when talking about the ranking of
compounds according to their increasing acidity/basicity
strength? Have you experienced any positive or negative
effects on this chemistry topic during your education? If
there is such an event, is it still effective”? “Besides, after
the mentioned chemistry questions were asked/shown to
the participants, the following question was asked: You
saw the question, what do you feel?” Affect heuristic was
coded in cases where it was determined that the partici-
pant had negative or positive emotions due to experiences.

2. 3. Data Analysis

The interviews that were recorded with audio and
visuals later were transcribed into written documents.
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Thus, interview transcripts were produced for each stu-
dent. With the analysis of the data obtained from the inter-
view transcripts, heuristic reasoning was detected and
coded. While coding, other similar studies on students’
heuristic reasoning in chemistry were also used.”"?1:2240

In order to ensure the inter-rater reliability, eight in-
terview transcripts related to acidity strength and eight
interview transcripts related to basicity strength (approxi-
mately 25% of total interview transcripts) were selected
and the selected interviews were first evaluated and encod-
ed separately by both the researcher and the consultant.
The results of both evaluators were compared with each
other. The encodings were revised so that there was over
90% agreement between the evaluators. After this compli-
ance was achieved, all remaining interview transcripts
were evaluated and coded by the researcher. Ten heuristics
proposed by Talanquer were used to create a coding
scheme for heuristics. Except for rigidity, overconfidence
and affective heuristics, encodings for the other heuristics
were made by associating the specific expressions found in
the explanations made by students to solve the questions
with the heuristics. Specific student expressions that form
the basis of coding were presented in the results and dis-
cussion section.

3. Results and Discussion

From the answers given by the participants to the
questions, six different answer patterns were obtained for
acidity strength, while five different response patterns
were obtained for basicity strength. These different answer
patterns, the numbers and percentages of the students who
gave these answers are presented in Table 1.

Table 1. Answer patterns

Answer patterns n %

(Acidity Strength, HCI, H2S and HI

Compounds)

HCl < HI < H,S 2 6.66
HI < HCl < H,S 3 10.00
HI < H,S < HCI 6 20.00
H,S <HI < HCI 12 40.00
HCI < H,S < HI 1 3.33
H,S <HCl < HI 6 20.00
(Correct Answer)

(Basicity Strength, KOH, Mg(OH), and Ca(OH),

Compounds)
KOH < Mg(OH), < Ca(OH), 8 26.26
Mg(OH), < Ca(OH), < KOH 9 30.00
(Correct Answer)
KOH < Mg(OH), = Ca(OH), 3 10.00
KOH < Ca(OH),< Mg(OH), 6 20.00
Ca(OH), < Mg(OH), < KOH 4 13.33

Two important factors affect the acidity strength of
an acid that can be represented as E-H. These factors are the
electronegativity and radius of the E atom. As the electron-
egativity of the E atom increases, it will be easier to separate
the hydrogen as a proton (H*). Therefore, acidity strength
will increase. As the radius of the E atom increases, the E-H
bond will become weaker. Therefore, hydrogen will be eas-
ily released in the form of proton (HY), that is, the acidity
strength will increase. In the periodic table, the radius de-
creases from left to right, while electronegativity increases.
In the periodic table from left to right, the effect of elec-
tronegativity is more dominant than the effect of the radius
in terms of the effect on the acidity strength. As a result, the
acidity strength of the acids shown in the form of E-H in-
creases from left to right in the periodic table. In the peri-
odic table, the radius increases from top to bottom in a
group, while electronegativity decreases. In the periodic
table, from top to bottom, the effect of the radius is domi-
nant over the effect of electronegativity in terms of the ef-
fect on the acidity strength. As a result, from top to bottom
in the periodic table, the acidity strength of the acids shown
in the form of E-H increases. Due to all these explanations
mentioned, the correct answer to the question about acidity
strength is H,S < HCI < HI. Two important factors affecting
the basicity of a base (where B stands for metal atom) that
can be represented as a B-OH. These factors are the charge
and radius of the metal atom (B). As the charge of the met-
al atom shown as B increases, the Coulomb attraction force
between the metal atom and the OH group will increase
and the separation of the hydroxyl ion will be difficult.
Therefore, the basicity strength will decrease. As the radius
of the B atom increases, the B-OH bond will become weak-
er. Therefore, hydroxyl (OH") will be easily released, that is,
the strength of basicity will increase. The charge of B atom
increases from left to right in the periodic table, however,
the radius decreases. In the periodic table from left to right,
the effect of the charge is more dominant than the effect of
the radius in terms of the effect on the basicity strength. As
a result, due to the reasons mentioned above, the basicity
strength decreases from left to right in the periodic table for
bases that can be represented as B-OH. In the periodic ta-
ble, the charges of metals do not change from top to bottom
in a group, and their atomic radii increase. As the radius of
the B atom increases, the B-OH bond will become weaker
and thus the OH group will be separated more easily. In
other words, the basicity of metal hydroxides will increase
from top to bottom in the same group in the periodic table.
Because of all the explanations mentioned, the correct an-
swer to the question about acidity strength is Mg(OH), <
Ca(OH), < KOH.

Participants are expected to solve questions with the
reasoning explained in detail above. However, in this
study, it was determined that the rates of students who
gave correct answers to the questions about acidity and ba-
sicity strengths were 20.00% and 30.00% respectively. Be-
cause scientific reasoning requires a great deal of cognitive
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effort, the majority of students may have answered the
questions by relying on heuristic strategies that require less
cognitive effort. Since the aim of this study was to examine
the heuristic use of the students, the answers given by the
students to the questions asked were examined in terms of

heuristic use. For this purpose, specific expressions in each
student’s interview transcript were associated with 10 heu-
ristics and encoded. Specific student expressions related to
the solution of the problem related to acidity strength are
given in Table 2. The periodic trends heuristic in Table 2 is

Table 2. Student Expressions Related to Heuristics (Acidity strength, HCI, H,S and HI)

Heuristic Code

Summary of student statements

Associative activation

As the hydrogen number increases, acidity increases.

Elements that are close to each other in the periodic table show similar chemical properties.
Statements in which the “more electronegative, the stronger acid “ approach is adopted.

As the hydrogen number increases, acidity decreases.

Acidity changes from left to right and from top to bottom in the periodic table.

Statements in which “the larger the radius, the stronger acid” approach is adopted.

The higher the molecular weight, the more acid.

Fluency

Using the hydrogen number in the molecule as an easily accessible clue/Using the number 2 in the H,S
compound as an easily obtainable clue.

Attribute Substitution

Replacing the original question with questions:

Which compound has more hydrogen?

What is the order of compounds regarding their molecular weight?

What are the positions of the S, Cl and I atoms relative to each other in the periodic table?
Which of the S and I atoms is closer to the Cl atom in the periodic table?

What is the order of S, Cl and I atoms regarding their electronegativities?

How are the S, Cl and I atoms ordered regarding their radii?

One-Reason Decision Making

Decision-making by evaluating only electronegativity.

Decision-making by evaluating only radii.

Decision-making based on whether to recognize one compound only.
Decision-making by evaluating only the places of the atoms in the periodic table.
Decision-making by evaluating only the weights of compounds.

Surface similarity

HI looks like HCI.
HCl looks like HI.
H,S looks like H,O.

Recognition

I know/recognize HCl (from the lab or from the class).
I know/recognize HI (from lab or class).
I do not know / have never heard of H,S before.

Generalization

Generally, all properties increase / decrease in the periodic table from top to bottom, so acidity also
increases / decreases from top to bottom.

Generally, all properties increase / decrease in the periodic table from left to right, so the acidity also
increases / decreases from left to right.

Elements that are close to each other in the periodic table generally show similar chemical properties.
Atoms with high electronegativity generally have high all other properties.

Atoms with large radii generally have high all other properties.

Rigidity

I will decide the acidity strength based on the number of hydrogen in the compounds.
I will decide according to the place of the atoms in compounds in the periodic table.

I will decide based on the electronegativity of the atoms in compounds.

I will decide according to the radii of the atoms in compounds.

Overconfidence

I definitely solved / will solve the problem correctly.
My confidence level is 8-10.

Affect

Ilike / dislike the subject of relative acidity strength of compounds, positive / negative emotion.

Periodic Trends

Acidity increases / decreases from left to right in the periodic table.
Acidity increases / decreases from top to bottom in the periodic table.

Periodic Trends: Periodic Trends heuristic is not included in the ten heuristics proposed by Talanquer. However, this heuristic was added to the list
since it was determined that the participants in this study also used this heuristic.
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not included in the ten heuristics proposed by Talanquer.
However, since it was found in this study that the partici-
pants also used this heuristic, this heuristic was also taken
into consideration and added to the table.

To facilitate comparisons and interpretations, the
number and percentages of the participants who used the
related heuristics at least once in the process of solving the
question about acidity strength are given in Table 3. The
percentages given in Table 3 express the ratio of the num-
ber of participants who used the relevant heuristics at least
once to the total number of participants (N = 30, total
number of participants).

Table 3. Number and percentages of participants using relevant
heuristic at least once (acidity strengths, HCI, H,S and HI)

Heuristics n % (N = 30)
Associative activation 20 66.66
Fluency 8 26.66
Attribute substitution 20 66.66
One reason decision making 9 30.00
Surface similarity 9 30.00
Recognition 20 66.66
Generalization 10 33.33
Rigidity 5 16.66
Overconfidence 4 13.33
Affect 5 16.66
Periodic trends 8 26.66

Specific student expressions related to the solution of
the problem related to basicity strength are given in Table 4.

The number and percentages of the participants who
used the related heuristics at least once in the process of
solving the question about the basicity strength are given
in Table 5. The percentages given in Table 5 express the
ratio of the number of participants who have used the rel-
evant heuristics at least once to the total number of partic-
ipants (N = 30, total number of participants).

Table 5. Number and percentages of participants using relevant
heuristic at least once (relative basicity strengths of compounds
KOH, Mg(OH), and Ca(OH),)

Heuristics n % (N =30)
Associative activation 25 83.33
Fluency 11 36.66
Attribute substitution 25 83.33
One reason decision making 15 50.00
Surface similarity 3 10.00
Recognition 11 36.66
Generalization 14 46.66
Rigidity 5 16.66
Overconfidence 6 20.00
Affect 5 16.66
Periodic trends 12 40.00

In the process of solving a problem, individuals’ eval-
uation of other and easily accessible attributes instead of
the target attribute is a result of the effect of the attribute
substitution heuristic.!! Similarly, individual’s uncon-
scious replacement of the question asked to himself/her-
self by another simple question and focusing on the solu-
tion of this simple problem is a result of the attribute
substitution heuristic. The electronegativities and radii of
Cl, S and I atoms must be consciously evaluated in order to
solve the problem related to the acidity strength by using
scientific reasoning. Evaluating the electronegativities and
radii of the Cl, S and I atoms is the implied target attribute
of the question mentioned. However, in this study, when
the reasoning of the participants about the solution of the
problem related to acidity strength was examined, it was
revealed that heuristics affected the participants’ interpre-
tation of the question, and thus, there were differences be-
tween the target attribute and the comments expressed by
the students. In the process of solving the problem related
to acidity strength, it was found that, due to the effect of
attribute substitution heuristic, twenty of the participants
evaluated other attributes instead of the intended target
attribute or unconsciously evaluated the intended target
attribute. Thus, after reading the question, they replaced
the original question with another simple question. The
mentioned students focused on the answer to another sim-
ple question. Instead of the original question, the different
questions that mentioned students focused on in the pro-
cess of solving the problem related to acidity strength are
collectively given in Table 2. Due to the effect of attribute
substitution heuristic in the process of solving the problem
related the basicity strength, it was determined that twen-
ty-five of the participants evaluated other attributes in-
stead of the intended target attribute or unconsciously
evaluated the intended target attribute. Thus, they replaced
the original question with another simple question after
reading the question. Instead of the charge and radius of
the metal atom, these participants evaluated other attrib-
utes or unconsciously evaluated the radius, and focused on
the answer to another simple question. The questions stu-
dents focused on in the process of solving the problem re-
lated to basicity strength instead of the original question
are collectively given in Table 4.

It is reported in the literature that more than one
heuristics are effective in the decision-making processes of
individuals and that these effective heuristics promote and
trigger each other.!?2 Similar to this situation stated in the
literature, in this study, it was concluded that more than
one heuristics were effective at the same time. The reason-
ing of the S14 coded student during the process of solving
the question about acidity strength can be given as an ex-
ample in which more than one heuristics are effective at
the same time. From the statements of the S14 coded stu-
dent, it is understood that fluency, associative activation,
attribute substitution and recognition heuristics are effec-
tive in the student’s problem-solving process. For a person
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Table 4. Student Expressions Related to Heuristics (Basicity strength, KOH, Mg(OH), and Ca(OH),)

Heuristic Code

Summary of student statements

Associative activation

The more the number of hydroxyl groups, the higher basicity.

Statements in which “the more electronegative, the stronger base” approach is adopted.
Basicity changes from left to right and from top to bottom in the periodic table.
Statements in which the “larger radius, the stronger base” approach is adopted.

A compound with a large molecular weight is more basic.

Fluency

Using the number of hydroxyl groups in the compound as an easily accessible clue / using the number
2 in the compounds MgOH), and Ca(OH), as an easily accessible clue.

Attribute substitution

Replacing the original question with questions:

Which compound has more hydroxyl groups?

What is the order of compounds regarding their molecular weight?

How are the positions of K, Mg and Ca atoms relative to each other in the periodic table?
What is the order of K, Mg and Ca atoms regarding their electronegativities?

What is the order of the K, Mg and Ca atoms regarding their radii?

One reason decision making

Decision-making by evaluating only electronegativity.

Decision-making by evaluating only radii.

Decision-making based on whether to recognize one compound only.
Decision-making by evaluating only the places of the atoms in the periodic table.
Decision-making by evaluating only the weights of compounds.

Surface similarity

Mg(OH), looks like Ca(OH),.

Recognition

I know/recognize KOH
I know/recognize Ca(OH),
I do not know/recognize Mg(OH),. I have never heard it before.

Generalization

Generally, all properties increase/decrease in the periodic table from top to bottom, so basicity also
increases/decreases from top to bottom.

Generally, all properties increase/decrease in the periodic table from left to right, so the basicity also
increases/decreases from left to right.

Elements that are close to each other in the periodic table generally show similar chemical properties.
Atoms with high electronegativity generally have high all other properties.

Atoms with large radii generally have high all other properties.

Rigidity

I will decide the basicity strength based on the number of hydroxyl in the compounds.
I will decide according to the place of the atoms in compounds in the periodic table.

I will decide based on the electronegativity of the atoms in compounds.

I will decide according to the radii of the atoms in compounds.

Overconfidence

I definitely solved/will solve the problem correctly
My confidence level is 8-10.

Affect

I like/dislike the subject of relative basicity strength of compounds, positive/negative emotion.

Periodic trends

Basicity increases / decreases from left to right in the periodic table.
Basicity increases / decreases from top to bottom in the periodic table.

Periodic Trends: Periodic Trends heuristics is not included in the ten heuristics proposed by Talanquer. However, this heuristic was added to the
list since it was determined that the participants in this study also used this heuristic.

who is new to any field, it is easier to examine explicitly
given properties than implicitly given properties. People
tend to use easily accessible information when making
judgments and decisions. Individuals’ use of easily accessi-
ble cues to solve the problem is associated with the fluency
heuristic.!! Therefore, the S14 coded student’s use of the
number 2 in H,S (the number of hydrogen atoms in the
compound) as an easily accessible clue is associated with
the fluency heuristic. Associative activation heuristic

shows its effect by unconsciously using the existent mental
constructions in that person’s memory when faced with a
new problem. With the effect of associative activation heu-
ristic, individuals generally use straight or inverse propor-
tion approaches, which can be expressed as “More A-More
B” or “More A-Less B! S14 coded student’s relationship
between acidity and hydrogen and adopting an approach
such as “more hydrogen — more acid” is related to associa-
tive activation heuristic. In this process, the student fo-
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cused on a simpler question such as “Which compound
has more hydrogen” instead of the original question. This
situation is associated with attribute substitution heuristic.
Recognized objects or events have a strong influence on
the decisions people make. In cases where individuals rec-
ognize one of more than one object and do not recognize
the others, they give higher value to the object they recog-
nize. HCl is a chemical compound that students often hear
its name. The name of the compound HCI is frequently
mentioned in lectures. In addition, this compound is fre-
quently used in many experiments in laboratories. The fact
that the S14 coded student gave more value to HCI, which
he knew before, and therefore said that HCl is a stronger
acid than HI, shows that the recognition heuristic is effec-
tive in the reasoning process of this participant.

The fact that some of the participants used the num-
ber 2 (the number of hydroxyl groups in the compounds)
as an easily accessible clue in Mg(OH), and Ca(OH), com-
pounds in the process of solving the problem related to the
basicity strength is also related to the fluency heuristic. In
the process of solving the problem related to the basicity
strength, the fact that some of the participants adopt the
flat proportion approach expressed as “more hydroxyl -
more basic” is related to the associative activation heuris-
tic. In the question about basicity strength, KOH is a
chemical compound that students often hear its name.
With the effect of recognition heuristic, some of the stu-
dents evaluated KOH as the compound with the highest
basic strength. Some of the students stated that the
Ca(OH), compound is named as slaked lime in daily life
and they have heard its name many times before and
therefore they know this compound. With the effect of rec-
ognition heuristics, some of the students evaluated
Ca(OH), as the compound with the highest basic strength.
The students’ thinking of KOH or Ca(OH), as the com-
pound with the highest basicity strength among the com-
pounds in the question with such approaches shows that
the recognition heuristic is effective.

The assumption that chemical compounds resem-
bling each other in structural representation are members
of the same category and that such compounds have simi-
lar properties and behavior is a result of the effect of the
surface similarity heuristic. The reasoning of the S3 coded
student during the process of solving the question about
the basicity strength can be given as an example reasoning
process in which the surface similarity heuristic is effec-
tive. The S3 coded student’s evaluation of Mg(OH), and Ca
(OH), compounds as having the same basicity strength
because they are very similar to each other shows that the
surface similarity heuristic is effective in this process. In
the process of solving the problem related to the acidity
strength, some of the participants used one of the ap-
proaches such as “HI looks like HCI”, “HCI looks like HI”
or “H,S looks like H,O”. These students think that similar
compounds will have the same properties. For example,
the S9 coded student’s “H,S looks like H,O. H,O is neutral.

Since it is similar to H,O, it is likely that H,S is also neutral
or very weak acid” shows that the surface similarity heu-
ristic is effective in this process.

Individuals’ extra generalization of previously
learned patterns or rules, using the knowledge they have
gained from a few previous experiences, without consider-
ing all variables, is considered an effect of the generaliza-
tion heuristic. In this study, it was determined that the
generalization heuristic was effective in the decision-mak-
ing processes of some of the participants in the process of
solving the problem related to both acidity and basicity
strength. Regarding the acidity and basicity strengths, the
participants’ expressions determined by this study and re-
vealing that the generalization heuristic is effective were
given in Table 2 and Table 4, respectively. In all processes
in which generalization heuristic was effective, associative
activation heuristic was also effective. These two heuristics
triggered and supported each other. The reasoning of the
S4 coded student in the process of solving the first ques-
tion can be given as an exemplary reasoning process in
which generalization and associative activation heuristics
are effective at the same time. The approach of the student
coded S$4 that “all other properties of atoms with high elec-
tronegativity are generally also high” shows that the gener-
alization heuristic is effective in this process. In this pro-
cess, the student decided by using the approach that
“Probably, the acidity of the compounds formed by the
bonding of high electronegativity atoms to hydrogen will
also be high” Such an approach shows that the student is
relying on a straight-proportion logic expressed as “the
more A - the more B”. The student’s decision with such an
approach shows that the associative activation heuristic is
also effective in this process.

Individuals generally facilitate reasoning by using a
single clue or factor to give a logical answer. In doing so,
they use the first feature that comes to mind. $4 coded stu-
dent made a decision based on only one reason. The S4
coded student only evaluated electronegativity during the
decision-making process regarding the question. For this
reason, the one-reason decision-making heuristic was also
effective in the decision-making process of the S4 coded
student. The attributes evaluated by the participants who
made a decision based on only one reason in the process of
solving the problems regarding acidity and basicity
strength were given in Table 2 and Table 4, respectively.

Three of the students stated that they generally hate
verbal chemistry subjects, they mainly consider them-
selves closer to numerical logic, that there are more sub-
jects that require chemical and mathematical processing in
chemistry lessons, they do not like to deal with abstract
concepts and the relationships between these concepts. As
a result, they stated that they did not like and were not in-
terested in the ranking of compounds according to their
acidity/basicity strength, as it was the subject of verbal
chemistry. Affective heuristic was coded based on these
expressions of the mentioned students. Two of the partici-
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pants stated that they had a special interest in the periodic
table and that they liked topics of the periodic table and
the changing properties throughout the periodic table.
These students also stated that they knew whether all
properties such as atomic radius, ionization energy, elec-
tron affinity, acidity and basicity increased or decreased
from left to right or from top to bottom in the periodic
table. These students also stated that even if they do not
know exactly the factors that affect the change of these
characteristics, it is sufficient for them to know whether
they increase or decrease in the periodic table from top to
bottom or from left to right. Based on these expressions of
mentioned students, affective heuristics were also coded
for these students.

In this study, the procedure described in detail under
the title of method was followed to investigate the effects of
rigidity heuristics. In order to investigate the effects of ri-
gidity heuristics, the answers given to the questions by the
participants were carefully examined. In addition, during
the interviews, special attention was paid to whether the
participants actually solved the question using the strate-
gies they were used to before, and whether they were flex-
ible in solving the question. As a result of these operations,
it was concluded that the rigidity heuristic had an effect on
the problem-solving process of five students. The men-
tioned students stated that regardless of the question/s
about the relative acidity/basicity strength of the com-
pounds, they have the approach they believe and rely on to
solve the question/s and that they will solve the question/s
according to these approaches. The reasoning of the stu-
dents in the process of solving the questions was examined
carefully and it was determined whether these students
were flexible in the process of solving the questions. The
strategies that the participants declared that they would
use in the process of solving the questions about acidity
and basicity strengths are presented in Table 2 and Table 4,
respectively.

In this study, the procedure described in detail in the
method section was followed to investigate the effects of
overconfidence heuristic. In order to investigate the effects
of overconfidence heuristic, the answers given by the par-
ticipants to the questions (three questions) were carefully
examined. The overconfidence heuristic was coded when
8,9 or 10 was given as an answer to these three questions.
Students who gave this kind of answer usually made the
following kinds of statements: “I am confident in myself; I
have definitely solved the question correctly”. As a result of
the procedures performed by following the procedure de-
scribed in detail above, it was determined that overconfi-
dence heuristic was effective in reasoning about the acidity
strength of the four participants and also in reasoning
about basicity of the six participants.

Periodic trends heuristic is not included in the ten
heuristics proposed by Talanquer. However, since it was
determined in this study that the participants also used
this heuristic, this heuristic was also taken into considera-

tion. The periodic trends heuristic is also called arbitrary
heuristic by some researchers. It is a result of the effect of
periodic trends heuristics to make the evaluations such as
only the feature increases or the feature decreases without
knowing why the features changing from left to right and
from top to bottom in the periodic table. It was determined
that the periodic trends heuristic was effective in the rea-
soning processes related to the acidity strength of the eight
students. In addition, it was determined that the periodic
trends heuristic was effective in the reasoning processes
related to the basicity strength of the twelve students. As-
sociative activation, attribute substitution, and generaliza-
tion heuristics also played an active role in many of the
reasoning in which periodic trends heuristic exhibited.
These four heuristics triggered and supported each other.

The misconceptions about acid-base strength, which
are widely stated in the literature, are: The acidity of a com-
pound increases with the increase in the number of hydro-
gen in the compound.?*! The basicity of a compound in-
creases with the increase in the number of hydroxyls in the
compound.*>#3 pH is a measure of acid strength.? The pH
value of the solution is inversely proportional to the
strength of the acid; the lower the pH value of the solution,
the higher the acidic power of the solution.®> For com-
pounds shown as HX, the more electronegativity of the hal-
ogen atom (X), the higher the acidity.> Concentration indi-
cates the acid-base strength.***> The Kb value reflects the
concentration of the basic solution.! Diprotic acid is strong-
er than monoprotic acid.*® All acids are strong acids.*** In
this study, the main purpose of which was to examine the
heuristic uses of the students, in-depth interviews with the
participants regarding the acidity and the basicity strength
of the compounds allowed to observe some misconcep-
tions held by the students. The misconceptions determined
in this study are as follows: “As the number of hydrogen in
compounds increases, the acidity strength of the com-
pounds increases”. “As the number of hydrogen in the com-
pounds increases, the acidity strength of the compounds
decreases” “ As the number of hydroxyls in the compounds
increases, the basic strength of the compounds increases”
“For hydrogen halides shown as HX, the acidity strength
decreases from top to bottom in the periodic table”. “For
hydrogen halides shown in the form of HX, as the electron-
egativity of the halogen atom (X) increases, the acidity
strength increases”. “As the molecular weights of the com-
pounds increase, the acidity strength increases” “As the
molecular weights of the compounds increase, the basicity
strength increases”. “As the electronegativity of the atom to
which the hydroxyl group is attached increases, the basicity
strength increases”. The misconceptions determined in the
present study and the misconceptions determined in the
different studies in the literature are generally similar. How-
ever, different from the misconceptions found in the litera-
ture, in this study, it was determined that the students cor-
related the acidity or basicity strengths with the molecular
weights of the compounds.
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The fact that the participants used heuristics fre-
quently caused the rate of students who gave correct an-
swers to the questions to be low. In many studies in the
literature on students’ reasoning in chemistry subjects,
similar to the results of the present study, the accuracy
rates of participant answers were generally low. For exam-
ple, in two different studies on students ‘understanding of
hydrogen bonding, the accuracy rate of participants’ an-
swers was found to be 27.00% and 16.66%.”%” The accura-
cy rate of the participants’ answers was found to be 36.00%
in a study on “chemical bond theories and molecular
structures’, and 31.00% in a study on addition reac-
tions. 332!

There is only one study in the literature that exam-
ines the heuristic reasoning of the students in the process
of performing a task where it is desired to rank HCI, H,S
and HI compounds according to their increasing acidity
strength and KOH, Mg(OH), and Ca(OH), compounds
according to their increasing basicity strength.*’ In the
mentioned study, it was determined that the heuristics of
“recognition’, “one reason decision making”, “arbitrary/pe-
riodic trends” and “representativeness” were effective in
the reasoning processes of the participants, and explana-
tions and comments were made based on these four heu-
ristics. In the present study, the reasoning of the partici-
pants was examined based on 10 heuristics. In order to
present the results of the current research visually, the fre-
quencies of the participants’ use of the heuristics are given
as a graphical representation in Figure 1.

questions was determined as 20.60%. In the mentioned
study, it was also stated that the percentage of participants
using one-reason decision-making, recognition and peri-
odic trends heuristics were 50.00%, 79.40% and 11.80% re-
spectively for the question related to acidity strength and
67.60%, 35.30% and 41.20% respectively for the question
related to basicity strength. In the current study, in which
the students were asked to solve the same questions, the
accuracy rate of the student answers for the question about
acidity strength was found to be 20.00%, and 30.00% for the
question about the basicity strength. In the current study; it
was also determined that the percentage of participants us-
ing one-reason decision-making, recognition and periodic
trends heuristics were 30.0%, 66.66% and 26.66% respec-
tively for the question related to acidity strength and
50.00%, 36.66% and 40.00% respectively for the question
related to basicity strength. The accuracy rates of student
answers determined by the present study are similar to the
rates determined in the study conducted by Maeyer and Ta-
lanquer.®’ The usage percentages of one-reason decision
making, recognition and periodic tendency heuristics de-
termined in the study conducted by Maeyer and Talan-
quer®® and the usage percentages determined by this study
are generally different. On the other hand, in the solution
processes of the questions about the acidity/ basicity
strength, the explanations and determinations made in the
present study about the action mechanisms of these three
heuristics and the explanations and determinations made
by Maeyer and Talanquer? are similar.

Heuristic usage frequencies
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Figure 1. Graphical presentation of heuristic usage frequencies

In the study conducted by Maeyer and Talanquer
on the ranking of HCI, H,S and HI compounds according
to their increasing acidity strength and KOH, Mg(OH),
and Ca(OH), compounds according to their increasing ba-
sicity strength, the accuracy rate of student answers to both

This study revealed that when faced with questions
about “chemical structure - acidity/basicity relationship’,
pre-service science teachers rely heavily on intuitive rea-
soning rather than analytical thinking in decision-making
processes, and students frequently use heuristics. These
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heuristics reduced the cognitive effort in students and
caused students to produce incorrect answers. Except for
two studies on students’ understanding of hydrogen bond-
ing, the ten heuristic models proposed by Talanquer were
not used in all other studies examining the effects of heu-
ristics on chemistry subjects. With the current research
carried out to fill this gap in the literature, the effects of all
10 heuristics proposed and defined by Talanquer on stu-
dents’ reasoning processes on the “chemical structure -
acidity/basicity relationship” were examined in detail.

4. Conclusions

In the process of ranking compounds according to
their increasing acidity/basicity strength, the roles of all ten
heuristics proposed by Talanquer were examined for the
first time in this study. This study, in which the subject of
“chemical structure - acidity/basicity relationship” was
evaluated and examined in the context of a cognitive psy-
chology theory, will make an important contribution to the
literature in this sense. The fact that the students used heu-
ristics frequently in the process of answering the questions
shows that most of the students preferred shortcut strate-
gies instead of scientific/chemical reasoning. The heuristics
identified in this study are typical examples of cognitive
constraints that restrict students’ scientific reasoning under
conditions where time and knowledge are limited. These
heuristic strategies have allowed students to reduce cogni-
tive effort and produce answers in the absence of necessary
information, but these cognitive constraints often misled
students and caused them to give incorrect answers. Know-
ing how students think about the “chemical structure -
acidity/basicity relationship” and the role of heuristics in
this topic can help chemistry educators to develop strate-
gies that encourage meaningful learning about the “chemi-
cal structure - acidity/basicity relationship” In order to
develop measurement tools that will evaluate student
learning validly and reliably, it is useful to examine stu-
dents’ general and field-specific reasoning strategies in de-
tail. Therefore, this study may contribute to the develop-
ment of measurement tools in the field of chemistry. For
example, this study revealed that particular attention
should be paid to chemical molecules or compounds in-
volved in chemistry questions to be asked. In the chemis-
try-related questions in this study, an important effect of
fluency heuristics was found, as there are clues that partici-
pants can easily obtain in the structural representation of
the compounds. In addition, the fact that the compounds
that the students knew before, such as HCI or KOH, were
also included in the questions caused the recognition heu-
ristic to be used by most of the participants. Knowing these
and similar situations and results will be useful for instruc-
tors who will prepare questions to evaluate students.

As heuristic reasoning is unconscious, automatic,
fast, and cognitively economic, students frequently use it.

Developing analytical reasoning skills instead of heuristic
reasoning are a very time-consuming and difficult process,
as students often have the habit of using heuristics for the
reasons mentioned above. We believe that it would be ben-
eficial to give more importance to the education of stu-
dents in judgment and decision-making strategies in order
to contribute to students’ decision making with scientific
reasoning instead of heuristic reasoning.

The reason why heuristic strategies are frequently
used may be that the shortcut problem solving strategies
taught to students throughout their education have re-
duced students’ tendency to use scientific reasoning skills.
Thus, students may have acquired the habit of solving
problems using shortcut strategies. One of the most com-
mon types of reasoning is intuitive reasoning. Therefore,
the task of educators is not to prevent an intuitive judg-
ment, but to investigate how intuitive judgment affects stu-
dents’ understanding and interpretation, and to create suc-
cessful reasoning and thinking methods specific to the
field after carefully analyzing the data obtained from these
studies. While a subject is being taught to students in
chemistry lessons, it can be very useful to explain the
wrong reasoning ways that can be encountered due to fre-
quently used shortcut strategies about that topic. It is often
recommended that students be asked to solve different and
new types of chemistry questions in order to gain the hab-
it of solving questions using chemical processes instead of
shortcut reasoning strategies that are unrelated to scientif-
ic reasoning.

In this study, data were collected from a limited
number of student enrolled in the Science Teaching Pro-
gram of Firat University. As a necessity of the interview
method, the fact that a small number of participants were
interviewed is a limitation of this study. For this reason, we
recommend that similar studies be carried out in different
institutions. The participants who were interviewed within
the scope of this study were determined on a voluntary ba-
sis and no reward was given to these participants for their
time and effort. Another limitation of this study is the pos-
sibility that this situation negatively affects the students’
motivation to spend time and their cognitive efforts to an-
swer the questions. More studies are also needed on how
Type 2 processes can be activated more to correct biases
caused by Type 1 processes in different chemistry issues. In
addition, it is beneficial to investigate the effects of various
teaching strategies that will be planned to eliminate the
negative effects of heuristics that affect chemistry subjects.
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Povzetek

Namen te raziskave je prouciti u¢inke desetih hevristik, ki jih je predlagal Talanquer, na postopke sklepanja kandidatov
za uditelje naravoslovja na temo »kemijska struktura - razmerje kislost/bazi¢nost«. V tej fenomenografski raziskavi so
bili v spomladanskem semestru $tudijskega leta 2018-2019 opravljeni razgovori s 30 bodo¢imi ucitelji, ki so bili vpisani v
program za izobrazevanje na podro¢ju naravoslovja, Fakulteta za izobrazevanje Univerze Firat. V prvi fazi dvostopenjs-
kega intervjuja so bili udeleZenci pozvani, naj nekatere kemijske spojine razvrstijo glede na njihovo naraséajoco kislostjo,
v drugi fazi pa nekatere kemijske spojine glede na njihovo naras¢ajoco bazi¢nost. V intervjujih so bili udeleZenci pozvani
tudi, da podrobno pojasnijo razloge za uvrstitev. Od odgovorov, ki so jih na vprasanja dali udeleZenci, so dobili $est ra-
zli¢nih vzorcev odgovorov glede jakosti kislin ter pet razli¢nih vzorcev odgovorov glede jakosti baz. Ugotovljeno je bilo,
da vseh deset hevristik vpliva na razmisljanje udeleZencev, zaradi u¢inkov hevristike pa $tudentje na splo§no namesto
znanstvenega argumentiranja uporabljajo bliznjice. Poleg tega je ta $tudija razkrila, da ¢eprav ni bila vklju¢ena v model,
ki ga je predlagal Talanquer, hevristi¢ni periodi¢ni trendi vplivajo tudi na razmisljanje udelezencev o »razmerju kemijska
struktura - kislost/bazi¢nost«.

Except when otherwise noted, articles in this journal are published under the terms and conditions of the
BY Creative Commons Attribution 4.0 International License

Karakoyun and Asiltlirk: The Role of Heuristics in the Reasoning Process ...



https://doi.org/10.1080/0950069910130102
https://doi.org/10.1039/C5RP00146C

