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The ability to use Higher Order Thinking Skills (HOTS) plays a substantial role in determining
students’ success in future studies. Therefore, it is important that students’ ability in this skill is continually
refined by training and assessment. This paper explores the responses of first-year university students’ to a
range of pictorial-style questions in chemical kinetics that require the use of HOTS. 80 food science and
57 chemistry students (137 in total) at The University of Reading (UoR) participated in the study. The
results showed that many students demonstrated limited ability to answer HOTS questions. The
implications for the teaching of chemical Kinetics, particularly at the university level, are discussed.
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HNCIIUTYBAILE HA CITOCOBHOCTA HA CTYJAEHTHUTE 3A PASMUCJIYBAIBE

OJ IIOBHUCOK PEJ] CO IPUMEHA HA NTPAIITABA BASUPAHU HA NJIYCTPATHUBEH ITPUKA3

IMpumeHara Ha CIOCOOHOCTA 3a pasMHCIyBame 0 moBucok pex (HOTS) urpa BakHa yiora BO
peIaBameTo Ha YCHENIHOCTa Ha CTYIGHTUTE BO IOHATAMOIIIHUTE CTYAMHU. 3aT0a € BaXKHO CIIOCOOHOCTA Ha
CTY/ICHTUTE 3a OBHE BEIUTHHH IIOCTOjaHO Jia CE€ YCOBpILYBa CO BexOame u co nposepka. OBoj Tpya ru
HCTpakyBa OJTOBOPHUTE Ha YHHUBEP3UTETCKUTE CTYACHTH OJ NpBa roJMHA HA HU3a Ipallama Oa3supaHu Ha
WIyCTpaTHBEH NPHKa3 OJ XeMHCKa KMHETHKa, Ko Oapaar nmpumena Ha HOTS. Bo cryaujata yuectByBaa
80 cTymeHTH IO HayKa 3a XpaHa U 57 cTyIeHTH mo xemuja (BkymHo 137) on YHuBep3uteToT Bo Pemunr.
PesynraTure mokakaa Jjeka CTYAEHTHTE UMaaT OTpaHWYEHa CIIOCOOHOCT Jla 0JIrOBOpAaT Ha IpallamaTa 0
HOTS. Ce nmuckyTHpaaT HMIDIMKALMHATE 32 HACTABATa 10 XEMUCKa KHHETHKA 0COOCHO Ha YHUBEP3UTETCKO
HUBO.

Kayunu 300poBu: mpamama 6a3upaHy Ha WIyCTPATHBEH IPHKA3;
CIOCcOGHOCT 3a pa3MuciyBame o/ mosrucok pex (HOTS); xemucka KHHETHKA

1. INTRODUCTION

Understanding the particulate level or sub-
microscopic representation of chemical concepts of-
ten challenges students to gain a deep knowledge of
chemistry [1-5]. The challenges may lead to an un-
scientific understanding of the relevant concepts
[5]. Therefore, the wider chemistry education com-
munity agreed that incorporating the chemistry tri-
plet in teaching, including chemistry textbooks [6]

as well as in the assessment tool, is timely to im-
prove students’ understanding. In addition, portray-
ing chemistry questions in a pictorial style (micro-
scopic and particulate level, graph, picture, and also
table) can reveal deep understanding as well as un-
scientific understanding. Apart from having sound
understanding, chemistry teaching and assessment
[7] should also be designed to improve students’
Higher Order Thinking Skills (HOTS).
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The term ‘Higher Order Thinking Skills’
(HOTS) refers to a cognitive process which is
complex and goes far beyond memorising and
recalling facts and information [8] and has a variety
of definitions in literature. To date, an agreed single
definition of the term has not been established [9].
However, many authors have identified certain
criteria to enable a question to be categorised as re-
quiring HOTS. Resnick [10] described several
characteristics of a HOTS question, namely that
they are non-algorithmic, more complex than the
common straightforward question, have multiple
solutions, involve judgment and interpretation,
require effort to be solved and often involving un-
certainty. In the same way, Zohar & Dori [11] stated
that HOTS tasks demand students to develop an ar-
gument, construct research questions, make com-
parisons, solve demanding non-algorithmic tasks,
resolve controversies and contradictions and inves-
tigate hidden assumptions.

With reference to Bloom’s Taxonomy, a
HOTS question can be implemented at the compre-
hension, analysis, synthesis, evaluation, and appli-
cation levels [12]. In a revised version of Bloom’s
Taxonomy, HOTS involve apply, analyse, evaluate
and create levels of question [13]. Additionally,
Newman, as quoted by Lewis & Smith, [14] stated
that a HOTS question requires students to interpret,
analyze, or modify information. The emphasis of
HOTS in science and chemistry as well as in the
engineering curriculum has been of interest due to
its capacity to encourage a high-quality leaning
environment [15]. For this reason, the educational
system in the recent disruptive era is transforming
in promoting HOTS [16]. Brookhart [17] stated that
HOTS could be reflected with assessing the follow-
ing aspects including analysis, evaluation and crea-
tion; logic and reasoning; judgment; problem-solv-
ing; creativity and critical thinking.

Several pieces of literature in science, includ-
ing chemistry education, uncovered the essential
role of teaching and assessment of HOTS [11].
Ghani et al. [16] argued that laboratory activities
could not be optimal in building students’ concep-
tual understanding and HOTS skill due to the lack
of availability of the assessment’s instrument. For
this reason, the teaching of chemistry, as well as its
assessment at the university level, should promote
HOTS [7, 18] and gradually avoid a Lower Order
Thinking Skills (LOTS) based teaching and evalua-
tion. Although students with only LOTS can gener-
ally gain sufficient marks to pass an examination,
they are unable to apply their knowledge to solve a

problem requiring HOTS. This phenomenon has
been proven in many studies, including [19], in the
topic of nomenclature of hydrocarbon compounds.

HOTS, such as critical thinking and problem-
solving ability, is essential for future studies and
employability where students will be challenged to
think deeply and critically. More practice in HOTS
questions will also help students become independ-
ent and confident learners [18]. Therefore, teachers
at all levels are recommended to train students to
deal with tasks involving HOTS [11]. Many chem-
istry educators strongly believe that students’ suc-
cess in basic chemistry modules is mainly influ-
enced by their ability to select relevant information,
to problem solve and to apply logical thinking as
well as having a positive attitude towards chemistry
[20]. Nicoll & Francisco [20] further explained that
success in problem-solving is related to students’
ability to apply their knowledge to a new situation,
while logical thinking skills are related to students’
ability to apply logic and reason when faced with a
challenging problem. It has been argued that logical
thinking ability rather than mathematical profi-
ciency, is the determining factor of students’ suc-
cess in a physical chemistry course [20].

Ballantyne et al., as quoted by Entwistle [21],
point out that one of the roles of university teachers
is to foster generic and lifelong skills in their stu-
dents. Generally, questions posed to students after
studying a specific topic are formulaic and follow
directly from the notes presented either in lectures
or textbooks. They are used to test students’ under-
standing of the topic but usually require the applica-
tion of a single formula or equation and have only
one correct answer. The questions of this type are
intended to verify and assess what students have
learnt about the topic [22]. Very often traditional
teaching and learning at the university-level in
chemistry stresses rules, definitions, equations and
algorithms, and relies on the terms’ knowing’, ‘re-
membering’, ‘defining’, identifying’, ‘understand-
ing’ and ‘applying’. The ability to deploy such skills
is generally sufficient to enable students to pass the
course but does not require them to apply
knowledge or solve tasks requiring HOTS [23, 24].
It is therefore recommended that chemistry teachers
at all levels provide challenging questions to fully
evaluate students’ understanding. Such questions
will encourage students to think creatively and crit-
ically.

Several types of instruments have been ap-
plied to assess students’ HOTS including concept
map [16] (the Danczak—Thompson-Overton Chem-
istry Critical Thinking Test or DOT test) [7], and the
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Science Writing Heuristic (SWH) laboratory ap-
proach [25]. According to Brookhart[17] when
assessing the HOTS related to problem-solving,
particularly in the context of reasoning with data, a
pictorial type of question such as a graph or table
should be applied. Also, in some studies, the pictorial
style question has been implemented to investigate
students’ HOTS [26, 27]. For this reason, a pictorial
style question was used to assess students’ HOTS in
this study. In particular, this study has taken into con-
sideration the definitions of Resnick, Lewis & Smith
and Zohar & Dori [10, 11, 14] as basic judgment to
assess students’ HOTS regarding chemical kinetics
concepts. Information about HOTS of chemistry stu-
dents will enrich the teaching and learning of chemi-
cal kinetics.

1.1. Aims of the study

Following our previous study [26] revealing
that Indonesian students” HOTS are generally
insufficient, this study was similar but involved a
group international students. This paper mainly high-
lights the ability of first-year food science and chem-
istry students in answering HOTS type of questions.

2. METHOD

2.1. Participants and instrument

Two groups of students (137 in total) at the
University of Reading (UoR), UK, participated in
this study, including food science (80) and che-
mistry (57) students, both in their first year. The
criteria of HOTS questions referred to in this study
are those explained by Resnick [10] particularly
non-algorithmic, involving judgment and uncer-
tainty. For the former group, three chemical kinetics
guestions (instrument) of a basic pictorial type were
used. For the latter group, four chemical kinetics
guestions of the pictorial type were also applied.In
consideration of the different secondary school
background between the two groups, the conceptual
knowledge required to correctly answer the questions
to the two sets of instruments is on a different level.
A preliminary survey which was carried out by the
chemistry department, at the UoR revealed that
chemistry students in general experienced maths
and science subjects including a chemistry course in
their secondary education while many food science
students did not experience maths or chemistry. For
this reason, the level of chemical knowledge
demanded of the instrument for general chemistry
students was higher.
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The data were collected at the beginning of the
course for the university students before embarking
on chemical kinetics teaching. Therefore, their re-
sponses are mainly based on the knowledge gained
in secondary school. The instrument used in this
study was a short-answer test with the emphasis on
the pictorial/sub-microscopic level. Using pictorial
representations in assessment is highly recom-
mended as such types of instruments are more pow-
erful in uncovering students’ unscientific under-
standing [28]. Feedback on the questions in terms of
chemistry content and clarity of language were pro-
vided by chemistry staff at the University of Read-
ing before the questions were used for data collec-
tion. The time allocated to work on the questions
was one and a half hours, but most students finished
in one hour.

2.2. Data analysis

To uncover students’ HOTS, the questions in
both sets of instruments were deliberately designed
mainly to be HOTS questions with a small propor-
tion of straightforward questions. Students were
urged to provide an explanation for their answers to
the questions. A HOTS question type is one which is
designed specifically in order to stimulate students’
critical thinking skills. Meanwhile, a straightforward
question is a question that students are more familiar
with. Such questions focus on the information
students need to know to pass an examination. The
addition of a small fraction of straightforward
questions was intended to provide a comparison
between students’ HOTS in terms of the two question
categories.

Data were described quantitatively in term of
the chemical perspective of students’ responses to the
guestions and how those responses reflect their
HOTS ability. To provide a supportive analysis
quantitatively, students’ responses were classified as
Correct Answer (CA), Partially Correct Answer
(PCA) and Wrong/No Answer (WNA). CA was
attributed to students’ responses to a question which
was totally correct for both the answer and the expla-
nation to support the answer. PCA was attributed to
students’ responses to a question which was partially
correct (the answer was correct, but the explanation
was incorrect and vice versa). For example, a student
answered Q1 correctly that the reaction is first order
with respect to NO, and F,. However, the explanation
following his/her answer was incorrect. WNA was
attributed to students’ responses to a question which
was totally incorrect for both the answer and the ex-
planation to the answer, or the answer sheet was left
blank.
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3. RESULTS AND DISCUSSION

3.1. Description of food science students’
responses

The percentage of food science students who
provided CA, PCA and WNA is presented in Table
1. HOTS ability of those students is described
according to their responses to the following tasks
(chemical kinetics topics).

Table 1

The percentage of food science students’ answer
to the HOTS question

Question CA (%) PCA (%) WNA (%)
Q1 5.00 36.25 58.75
Q2 3.75 48.75 47.5
Q3a 13.75 20.00 66.25
Q3b 13.75 0 86.25

Task 1: Determining rate law using initial rate
method

The purpose of Question 1 was to identify
students’ HOTS regarding the use of the initial rate
method to determine the order of the reaction. For
simplification and to distinguish it from Question 1
for chemistry students, Question numberl given to
food science students is attributed as Q1F

This question was answered correctly (CA)
by only 5 % of students. 36.25 % of students
provided a partially correct answer (PCA). Those
students with PCA generally only provided the final
answer (the order of reactant with respect to NO-
and F,) without providing an explanation of how
they arrived at it. Meanwhile, the majority of
students (58.75 %) gave the wrong answer or left
the answer sheet blank (WNA).

2NOz2(g) + F2(g) — 2NO2F (g)

The gas-phase reaction of nitrogen dioxide and fluorine is written as

The relative rates of reaction for reaction mixtures depicted in the containers (A,B,C,D) are
1:2:2:4. The concentration of each reactant is represented by the spheres according to the key

b. The overall order of the reaction

below.
A B e D
B » ; ® | @ =NO, Molecule
« 9 “ 9 k. P ;. TP
» o @ ® ® - e % “ =T, Molecule
Determine,

a. The order of reaction with respect to NO2 and F2

Fig. 1. Q1F to identify HOTS ability of Food science students

In a standard assessment involving an equiv-
alent question to Q1, the question might be provided
in the form of numerical type question as retrieved
from Whitten [29] and presented in Figure 2 below.
Based on the authors experiences, most students are
successful in providing a correct answer to this type
of question. The difficulty encountered by students

in dealing with Q1 confirms how students struggle
to solve questions with the same basic concepts pre-
sented in a different format [30]. This study also
confirms our previous study [28] in which students
demonstrated a better ability when answering an al-
gorithmic type question over an equivalent pictorial
type one.

stant for the reaction

Given the following data, determine the rate-law expression and the value of the rate con-

IA+B+C —D+E

Initial Inirial Initial Initial Rate of
Experiment [A] IB] (L] Formation of E
! 0.20 M 0.20 M 0.20 M 2.4 = 107% M - min~!
? 0.40 M 0.30 M 0.20 M 9.6 = 1075 M - min~!
3 020 M 0.30 M 0.20 M 24 % 107% M - min~!
4 0.20 M 0.40 M 0.60 M 7.2 % 107% M » min~!

Fig. 2. Example of straightforward question used in common chemistry test
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Task 2: The relationship between concentration and
rate of reaction

Question 2 (Q2F) was designed to investigate
students HOTS around the concept of rate of
reaction and its relationship with concentration or
pressure.

The three parts (A, B, and C) in Q2F are based
on the same concept, but require different levels of
thinking skills in order to solve them. Parts A and B,
which are straightforward questions, only need
LOTS to be solved. These questions related to the ef-
fect of concentration change on reaction rate. There-
fore, by memorizing what they have already learned,
students should be able to answer these part questions
correctly. Meanwhile, part C, which is considered to
be the HOTS question, requires critical thinking
skills. Even if students understand the relationship

between concentration and reaction rate, they still
need to decide what the best answer is. The volume
increases (concentration decreases) along with an in-
crease in the number of molecules (concentration in-
creases). Students could argue that the rate of reac-
tion could either increase or decrease because the
changes (i.e. increases in both volume and number of
molecules) would have opposite effects. Because
there is no numerical information given, the effect on
reaction rate cannot be determined exactly. However,
only a small number of students gave such an analyt-
ical answer. There is a large difference between the
numbers of students who correctly answered the
straightforward part question (48.75 %) and the
HOTS question (3.75 %). The similar trend was also
uncovered in our previous study [26] involving Indo-
nesian university students (1%, 2 and 3" year chem-
istry students).

99-0
Ooooo

rate of reaction, and state your reason.

The hypothetical reaction of A + B — Products is the first order for both reactants. In the picture
below blue spheres represent A molecules and red spheres represent B molecules.

The size of the box is proportional to the volume of the reaction container. State whether the
three changes below represented by the pictures A, B and C will ... ..(increase or decrease).....the

8 Q OOO
A @ o . because ...............
Q o 9
Q ° Q
Q
Q o Q
& Y e

QQQQ
B. QOQQ| .. because

Fig. 3. Q2F to identify HOTS ability of Food science students

Task 3: Rate constant

In order to investigate students’ HOTS in rela-
tion to the determination of the rate constant, a ques-
tion presented in microscopic representation is pro-
vided in Question 3 (Q3F) below.

Both parts A and B require HOTS in order to
be solved. The number of students who gave the

Maced. J. Chem. Chem. Eng. 39 (2), 251-263 (2020)

correct answer (CA) for both parts in this question
is almost the same (13.75 % and 20 %), but the
number of students who gave the partially correct
answer (PCA) significantly different. 13.75 %
students gave PCA for part (b) and 0 % for part (a).
These results confirm that students” HOTS are
inadequate to answer an analytical question. This
finding is in line with our previous work [26].
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o3 % o
o Qo Q
t=0min t=10 min

Based on the figure above]

The first order reaction S — T is shown pictorially below, where S molecules
represented as blue spheres are converted to T molecules represented as yellow spheres.

a. What is the rate constant of the reaction?
b. How many S (blue) molecule and T (yellow) molecule present at t = 15 minutes?

Fig. 4. Q3F to identify HOTS ability of Food science students

3.2. Description of chemistry students’ responses

The percentage of chemistry students who
provided CA, PCA and WNA is presented in Table
2 below. HOTS ability of those students is described
according to their responses to the following tasks.

Table 2

The percentage of chemistry students” answer
to the HOTS question

Question CA (%) PCA (%) __ WNA (%)
Q1 8.93 446 46.4
Q2 1.79 411 57.1
Q3 8.93 339 57.1
Q4 5.36 25 69.6

Task 1: The relative rates and half-life
of the first-order reaction

This task is represented by question number
1 below. For simplification and to differentiate it
from Question 1 for food science students, Question
1 for chemistry students is numbered Q1C. This
guestion is given in four parts (a, b, ¢ and d) and
depicts three different numbers of N>Os molecules
placed in three equal-volume containers at the same
temperature. Part (a) focusses on students’ under-
standing of the relative reaction rates in these three

containers and how they depend on the starting con-
centration; part (b) concern with the way the relative
rates would be affected if the volume of each con-
tainer were doubled; part (c) investigates how the
actual rates would be affected if the volume of each
container were doubled and part (d) investigates the
relative half-lives of the reactions in (i) to (iii). The
result shows that only 8.93% of students gave CA,
44.60% gave PCA, and 46.40% gave WNA.

In part (a), students are expected to under-
stand that for a reaction that follows first-order ki-
netics, the rate will be directly proportional to the
reactant concentration. In this case, Rate = k[X]. Be-
cause the containers are equal volume and the rate
constants (k) are the same, students can use the num-
ber of molecules to represent the concentration. Al-
most all students with CA and PCA answered this
question correctly.

In part (b), students are expected to be aware
that doubling the volume of each container will have
no effect on the relative rates of reaction compared to
part (a). Doubling the volume would halve each of the
concentrations, but the ratio of the concentrations for
containers (i) — (iii) would still be 5 : 2 : 4. Therefore,
the relative rates in the three containers would remain
the same. Generally, students with CA and PCA
showed their good attempts to answer the question
correctly. However, a fraction of students with PCA
showed their misunderstanding in this part, as shown
in Figure 6.

The decomposition of N2Os(g) — product follows the first order reaction.

090 |[o o |[0e90
O O o O o o = N,0; molecule
950 /|9 o O o Q

(0

(1) (i)

Initially different amounts of N2Os molecules are placed in three equal-volume
containers at the same temperature as shown pictorially (i, i, and iii) above.

a. What are the relative rates of the reaction in these three containers?

b. How would the relative rates be affected if the volume of each container were doubled?
c. How would the actual rates be affected if the volume of each container were doubled?
d. What are the relative half-lives of the reactions in (i) to (iii)?

Fig. 5. Q1C to identify HOTS ability of chemistry students

Maced. J. Chem. Chem. Eng. 39 (2), 251-263 (2020)
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Fig. 6. Typical misunderstanding of Q1C

This student believes that doubling the vol-
ume of all containers will decrease the relative rates
by half. Even though the reason that he/she provided
is scientifically acceptable, the decrease in a number
of collisions happens in all of the containers equally,
so the relative rates in the three containers would re-
main the same.

In part (c), students are expected to under-
stand that the actual (absolute) rate for all containers
would decrease by 50 %. Generally, students with

CA could explain that the rate in all containers will
decrease by half, while students with PCA as shown
in Figure 7 mostly could only explain that the rates
will decrease without mentioning they would de-
crease by 50 %. In addition, students with CA ex-
plained the decrease in rate as a result of the increase
in concentration that led to a decrease in the fre-
quency of collision. This explanation is similar to
students with the PCA explanations as portrayed in
Figure 7.

Fig. 7. Examples of the students’ PCA for Q1C

Maced. J. Chem. Chem. Eng. 39 (2), 251-263 (2020)
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In part (d) students are expected to compre-
hend that for a first-order reaction, the half-life is
independent of the initial concentration of the reac-
tant. Therefore, the half-lives for containers (i), (ii)
and (iii), will be the same. This question was only
answered correctly by students with CA, while stu-
dents with PCA left their answer sheets blank. In our
previous study [26], CA was only provided by some
of the third-year students.

Task 2: Determining the reaction order based on the
time needed for initial concentration to drop by a
half

This task is represented by question number
2 (Q2C) below. This guestion is in two parts (a and
b) and depicts three changes in concentration for a

reaction with increasing time. Part (a) asks students
to determine whether the reaction is first-order or
second-order, while part (b) asks students to calcu-
late the rate constant for the reaction.

In Q2C.a, students were expected to find the
number of X atoms at t = 0 min and the number of
X atoms remaining and X, molecules formed at the
following times; t = 10 min and t = 20 min. By un-
derstanding that concentration of X atoms are
halved at t = 10 min and is halved again at t = 20
min, students should understand that the half-life is
independent of the concentration of the reactant, X,
and hence the reaction is first-order in X. In addi-
tion, Q2C.b asks students to calculate the rate con-
stant of the reaction. The result shows that only 1.79
% of students show CA, 41.10 % of students show
PCA and 57.10 % of them show WNA.

The following pictures depict the progress of the reaction 2X — Xaz.

02000 /0%0 0@ | @ 0

Q0000 0 WO 0 OO

9009, || ® ®Wo | D@ ¥wo
t =0 min t =10 nun t=20 min

Based on the picture, determine:

a. Whether the reaction is first order or second order?

b. the rate constant?

Fig. 8. Q2C to identify HOTS ability of chemistry students

Fig. 9. Examples of the students’ PCA for Q2C

Almost all students with CA and PCA under-
stand that because the time needed for the concen-
tration to be halved is constant, during eachl0
minutes interval, this reaction should be first-order.
Students with PCA fail in solving the following
question in which they were expected to implement

the equation k = 2—2 Generally, they left the ques-
/

2
tion blank, as shown in Figure 9(a). Meanwhile,
some students showed how they struggled to solve
question part (b) as represented by Figure 9(b). Ac-

Maced. J. Chem. Chem. Eng. 39 (2), 251-263 (2020)
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tually, part (b) is a familiar type of question for stu-
dents. However, to solve this question correctly,
students needed to find out the order of the reaction.
Therefore, many students failed in this question as
well. This fact confirms that students” HOTS is in-
adequate. Students’ answers indicate that they could
not obtain the information about the half-life, t', of
the reaction. Because of this difficulty, students
tended to choose the equation Rate = k[X] as shown
in Figure 9(d). A small fraction of students actually
understood that the half-life of this reaction is 10
minutes. However, some of them failed in carrying
out the mathematical operation, as shown in Figure
9(c). This confirms that it is often the mathematical
ability that causes students to make an error, but it
could also be explained by carelessness. In addition,
the student omitted to provide the unit of k in his/her
answer. This phenomenon is often found among
students implying they only focus on doing the cal-
culation without realising that the unit is also im-
portant. This lack of awareness may lead to difficul-
ties in converting between units. It was found that
even a prospective teacher encountered difficulty in
doing unit conversions [31].

Task 3: Reaction mechanism, intermediate and
catalyst

The topics are represented is represented by
guestion number 3 (Q3C). This question is in three
parts (a, b and ¢) and depicts an imaginary two-step

mechanism. In part (a), students are expected to
write the equation for the net reaction, while in the
next two parts, students are asked to identify the in-
termediate and catalyst. In part (a), students are ex-
pected to work out that the picture shows a reaction
with a two-step mechanism as follow.

245+ 2AB + 2AC — 3= 2BK, + 24C +2K
2BA, + 2KC +2A —3 2BA, + 245 +2C  +
2AB+2AC —3 )2BA,+2C
AB+ AC

or
—» BA,+C

In part (b), students are expected to work out
that A is an intermediate because A is formed in one
elementary reaction and consumed in the next. They
are also expected to work out that A; is a catalyst
because a catalyst is a substance that changes the
speed of a chemical reaction without undergoing a
permanent chemical change itself. In this reaction,
A; is reformed as the last product.

The result shows that only 8.93 % of students
show CA, while 33.90 % and 57.10 % show PCA
and WNA, respectively. Some students with CA
provided a scientific explanation that was not al-
ways better than the explanation provided by stu-
dents with PCA.. In explaining why A; is the catalyst
in this reaction, CA student stated that it is in first
and the last step, and is not used up in the reaction.
Meanwhile, some PCA students provide a better ex-
planation with an emphasis on “regenerated”.

The following diagram depicts an imaginary two step mechanism.

‘63@
CQCQ°

Q
BN

QD ¢ o

% () =Aeclement

(Q =B element

Q
(% @ = C element

Based on the picture:

a. Write the equation for the net reaction
b. What is the intermediate? State your reason
c. What is the catalyst? State your reason

Fig. 10. Q3C to identify HOTS ability of chemistry students

In this question, students with PCA generally
struggled as to how to write the net equation from
the microscopic representation provided. As shown
in Figure 11, none of the PCA students could iden-
tify that there are two steps in the mechanism of this
reaction. In addition, determining the substance that
acts as an intermediate is another challenge for stu-
dents. One student chose AC as the intermediate
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with his/her reason being that "AC is not in the prod-
uct". Despite the fact that an intermediate does not
exist in the final product, but not all reactants that
are used up in a reaction are always intermediates.
For this reason, this student understanding can be
categorized as a typical misunderstanding/miscon-
ception. This kind of misunderstanding is a novel
finding in the chemical kinetics area. A comprehen-
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sive review around teaching and learning in chemi-
cal kinetics carried out by Bain & Town [32] cover-
ing plenty published works in several mainstream

chemistry and science education journals also did
not reveal this typical misunderstanding.

1. @.

) 2 A, AL ZAR S 2A e

L s 2 kzZAE =0

b. The intermediate is it Bacause (AR s rma<i ther
,,,,,,,,,,,,,,, o ne.c.c.taat er ,aroalual—,.
c. The catalyst is A 2= because

Yoo
T

s,

LSt

11. a.
9 A X 26 TLAB~—* Z2C 474, 1248

@A~ 2A, + AAz+2AB — 2As. T ARB 420

b. The int i

c. The catalyst G2

AR TR P

Fig. 11. Examples of students’ PCA for Q3C

Task 4: Determining the time needed for reactants
with different reaction orders to be halved

This task is represented by question number
4 (Q4C). This question depicts a microscopic repre-
sentation of decomposition of nitrogen dioxide to
nitric oxide and oxygen at a certain temperature

2NO2(g) — 2NO(g) + O2(g). The second box rep-
resents the situation after the first half-life of the re-
action, and the last box represents the situation after
the second half-life. Furthermore, students are ex-
pected to determine the time taken to reach the final
situation if the reaction is (a) zero, (b) first or (c)
second order.

time

& @ o
s“,q‘s t:u

a. zero order

Determine the time for the final representation above if the reaction is

b. first order ¢. second order

—
-

Fig. 12. QAC to identify HOTS ability of chemistry students

In this question, students are expected to use
their knowledge to predict the time needed for the
concentration of a reactant to be halved dependent
on its reaction order. In part (a), students should

know that for zero-order kinetics, t1 = Q the

half-life is directly related to the initial concentra—
tion. So, if this reaction was zero-order, then the sec-
ond half-life would decrease from 20 min to 10 min.

The time to reach the condition depicted in the box
(c) will therefore be 20 + 10 = 30 min. For first-or-
der kinetics, t1 = 0.693/k; the half-life is constant
because it depends only on the rate constant and not
on the reactant concentration. Therefore, two half-
lives will be 20 + 20 = 40 minutes. Furthermore, for

second-order Kinetics, t = ﬁ; the half-life for a
0

second-order reaction is inversely proportional to
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the initial concentration. Consequently, each half-
life for a second-order reaction is twice as long as
the preceding one. So, if the first half-life is 20
minutes, the second half-life will be 40 minutes.
Therefore, the time to reach the condition depicted
in the box (c) will be 20 + 40 = 60 minutes.

The result shows that only 5.36 % of students
perform CA, while 25 % and 69.60 % of them per-
form PCA and WNA respectively. Students’ difficul-
ties in this task are confirmed by the large number of
students who left the question unanswered. A typical
misunderstanding uncovered is that students use the
equation for the half-life of a first-order reaction to
find out the half-life of a zero-order reaction and do
not realise that they are different.

In addition, even students with CA provided
imperfect explanations. A student gave the correct
answer to question (a), i.e. that the time to reach the
condition depicted in the box (c) will be 30 minutes.
However, his/her explanation that “constant de-
crease in reactants” is confusing. The amount of re-
actant concentration decreases when reaching its
half-life is always constant (half of its initial con-
centration) in any order of the reaction.

A similarly confusing explanation was pro-
vided by students with PCA. He/she argued that if
the reaction is a zero-order, the time taken is 30
minutes because “the same time is taken for each
molecule to react”. This reason is unacceptable be-
cause the half-life for a zero-order reaction is di-
rectly related to the initial concentration. This stu-
dent seems to explain that the time taken for the con-
centration of a reactant to be halved is always con-
stant. It indicates that the student got into difficulty
in differentiating the difference between the half-
life in a zero-order and a first-order reaction. This
finding confirms the previous study that students of-
ten applied a first-order reaction equation and rea-
soning to deal with a zero-order kinetic prompt [33].

The task that is considered the easiest of the
three is determining the time in a first-order reac-
tion. Almost all students with CA and PCA confirm
that the half-life of a first-order reaction is constant
because it depends only on the rate constant and not
on the reactant concentration. It seems that gener-
ally, students are familiar with the first-order reac-
tion than any other order. Many chemistry textbooks
provide a complete explanation of this order. Be-
sides, some exercises in chemical kinetics are gen-
erally dominated by first-order reactions. In addi-
tion, radioactive decay is a first-order reaction, and
this is often used as an example. Therefore, stu-
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dents’ familiarity with this subtopic is not surpris-
ing. Therefore, equal emphasis on all reaction or-
ders is recommended.

3.3. The implication for chemistry teaching

The results of this study provide several in-
sights to be taken into account when delivering
chemistry teaching. Also, chemistry textbooks and
the curriculum should adopt and consider empirical
and research evidence in order to provide rigorous
chemistry teaching. Many pieces of literature in the
area of HOTS only pointed out the inadequate skills
of students in dealing with HOTS questions making
the assumption that this lack of proficiency is due to
the students. We suggest that chemistry teaching
and assessment applied in chemistry classes, as well
as educational policy regarding chemistry curricu-
lum, may contribute greatly to this issue. Gilbert
[34] stated that the overload of chemistry content in
the curriculum which covers much factual infor-
mation is a root of difficulty for students when
linking information. Therefore, they often got into
difficulty when applying a concept he/she had
learned to a different context [30].

That student often wrongly applied first-order
kinetic approach to solving non-first-order kinetics,
could be rooted in the fact that some textbooks in basic
chemistry [35-38] allocate more pages for the
discussion of first-order reactions than other
reaction orders. Also, the concept of first-order
Kinetics is also met in the discussion of radioactive
decay. These phenomena increase the familiarity of
students to the first-order concept over other reaction
orders. This is strengthened by Bain et al. [33] that stu-
dent applied the first-order integrated law to solve a
zero-order prompt. This infers that his/her problem-
solving ability (part of HOTS aspects) in answering a
zero-order Kinetic question was diverted by his/her
knowledge on first-order kinetics [33]. Therefore, it is
highly recommended that chemistry educators devote
attention to make sure that his/her students understand
the basic three reaction orders well and avoid
confusing the characteristics of different orders.

Students’ difficulty in solving questions
requiring HOTS could be caused by two possible
factors. Firstly, some chemistry teaching may not be
delivered in a way to improve students HOTS abil-
ity. Rather, supplying huge information in order to
prepare students to pass an examination is the prime
goal. Therefore, it is recommended to deliver a
HOTS based chemistry teaching because it has a big
influence on building students’ HOTS [30]. Active
learning strategies such as inquiry [39] is a promis-
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ing exercise to promote HOTS. Secondly, the as-
sessment procedure may mostly be designed with
the purpose of only evaluating students’ ability to
pass an examination. HOTS-based assessment
should always be applied as this will train students’
HOTS ability [11, 18, 30]. Familiarity in practice
with the type of assessment demanding HOTS
contributes to students in two ways; one is storing
information in long term memory rather than in the
short term one and the other is acquiring a deep con-
ceptual understanding [40]. We also suggest that all
teaching instruments, including textbooks, work-
sheet and learning media should be designed to
encourage building students’ HOTS ability.
Teaching instruments, including assessment tools
purposely designed to improve HOTS, have the po-
tential to promote HOTS [13].

4. CONCLUSIONS

This study shows that Food Science students’
ability regarding HOTS question is quite low. In all
three questions, the number of students gave the
correct answer (CA) is very low. Some students pro-
vided a partially correct answer (PCA). Meanwhile,
the number of students giving a wrong/no answer
(WNA) is always the highest. This suggests that
students should be trained to become familiar with
such HOTS-type questions. This same trend is also
shown by chemistry students. The proportion of
students with WNA is also highest among chemistry
students.

This study suggests that students’ HOTS
must be promoted in all aspects of chemistry teach-
ing and learning. For this purpose, Zohar & Dori
[11] emphasised that students must be frequently
given HOTS tasks. Chemistry teaching and learning
strategy also can contribute to promoting students’
HOTS. For instance, an active learning strategy can
improve  student’ critical thinking  [41].
Mathematical ability was also a cause of some
students’ mistakes in answering questions.
Frequently, students understand the concept but
make errors due to incorrect mathematical
operation. In other case, students tend to use a nu-
merical operation to solve even a simple conceptual
guestion.

4.1. Limitation of the study

This study was conducted before students em-
barking chemical kinetics teaching in their univer-
sity class. Students’ responses were mostly based on
their knowledge and experience from secondary
school chemistry. Therefore, the results may not be
fully transferable to represent first-year university

students. The results of this study also do not compa-
rable to our previous study involving Indonesian
chemistry students (1% to 3™ years) who have been
experienced chemical kinetics teaching at the univer-
sity level. However, these results can be used as
evidence to encourage a HOTS-based teaching
approach in chemical kinetics both at the secondary

and tertiary levels.
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