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In this work consists of two parts. In the first part a simple method for the
fabrication of small-scale and low-cost galvanic cells was developed as a teaching tool
for electrochemistry of high school students. The method was designed according to
the concept of “Green chemistry” reducing use of chemicals, less waste generation,
and time consumption while retaining the experimental concepts. In this work, these
galvanic cells contain various electrodes, including Cu, Zn, Al, Mg and Fe and a low
cost salt bridge which was made from a cotton thread (with the length of 9 cm) soaked
with electrolyte solutions. Our experimental setup corresponded to the conventional
platform; however, herein using much less electrolyte volume (2.00 mL). The cells
were studied for the optimum conditions including concentration of electrolyte of each
cell (0.01 M), the solutions employed as salt bridge (0.01M KNOs) as well as the
study of reagent lifetime of electrolyte (720 h). The results obtained from the
constructed galvanic cells were in agreement with those obtained from the
conventional method considering by the t-test (tsar = 2.414, tericticat = 2.447) at p value
0f 0.05. In the second part, the application of developed small-scale was implemented
based on 5E inquiry learning approach to enhance students’ conceptual understanding
of electrochemistry. The research tools consisted of four small-scale experiments
involving electrochemistry, which was oxidation and reduction reactions, galvanic
cells, cathodic protection of iron nails, and connecting batteries in series. The data

collecting tools included 1) a conceptual test of electrochemistry and 2) the mental
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model drawing of a galvanic cell. Twenty-eight Grade 12 students participated in the
series of four 5E learning activities for a total of 10 hours. Paired samples T-test
analysis revealed that the mean scores of the post-conceptual test (mean 38.29, SD
5.62) was statistically higher than that of the pre-conceptual test (mean 19.29, SD
5.43) at p value of 0.05. In addition, the mean scores of the post-mental models in
both the macroscopic (mean 3.82, SD 0.55) and sub-microscopic features (mean 4.75,
SD 1.23) were statistically higher than those of the pre-mental models (mean 1.68, SD
1.32 and mean 1.18, SD 1.50) at p value of 0.05. Prior to intervention, most students
were in the categories of less correct conceptions, Partial Understanding with Specific
Mis -understanding (PMU) to No Understanding (NU). However, after the
intervention, they moved to the categories of more correct conceptions, Partial
Understanding (PU) to Sound Understanding (SU). This indicated that this
intervention can enhance students' conceptual understanding of electrochemistry and

mental models of galvanic cells.
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CHAPTER 1
INTRODUCTION

1.1 Introduction and background

Almost all high school students are required to study electrochemistry in both
lecture and laboratory settings. Many students revealed that it is one of the difficult
chemistry topics since it involves intangible concepts that cannot be accessed with
direct perception [1-3].

Focused on laboratory setting, in several parts of the world, higher education
institutions are still depending on use of macro scale experiments (traditional
approach) for an educational illustration in chemistry. Thus, lack of instrumentations,
apparatuses, chemicals or laboratories in many schools suppresses learning process to
students. There are two important aspects in “Green Chemistry” (modem approach) which
can be applied for the improvement of the learning process. One is based on the idea
of miniaturization in way that experiments in chemistry (oxidation and reduction,
electrochemistry, galvanic cell, electron transfer, acid and base etc.) can be scaled
down which are carried out in simpler and smaller platforms (e.g. using injection
bottles, dropper bottles, syringes, well plates, plastic pipettes) as well as being more
economic than the traditional macro scale approach (e.g. employing glassware in the
laboratory). The other aspect is to perform effective chemical experiments which
consume less chemical and reduces generation of waste with high product yields.
Thus, the small-scale and effective experiments have a potential to enable teaching
materials for students in huge classes, as well as for many institutions in developing
countries lacking technical services (i.e. electricity, running water) and standard-type

equipment.



Electrochemistry has been regarded as one of the most difficult topics by both
students and teachers [1]. High school students find it difficult to understanding the
fundamental concepts of electrochemical cells and electrolytes which involve the
processes of oxidation-reduction, electron transfer and ion conduction [3-5].

A key challenge is to provide better insight into the flow directions of ions in
electrolyte and electrons in electrodes [2]. Chemists normally apply particle models to
provide an explanation for such problems. However, the chemist’s conceptual models
have been found to be complex for many students [6-9]. As a result, the students are
not enthusiastic in learning electrochemical phenomena. This also results in difficulty
for many teachers teaching electrochemistry.

Electrochemical processes involve oxidation-reduction (redox) reactions
transferring electrons from one species to the others. Galvanic cells (traditionally
presented in the form called Daniell cells) are widely used for illustration of the
electrochemical processes applied in either qualitative or quantitative analysis. In most
applications, a galvanic cell contains two electrodes partly immersed into two separated
electrolyte solutions. The two electrode ends, which are not in contacted with the
electrolytes, are connected via conductive wires. Providing that there is potential
difference between the two electrodes, redox reactions occur at the
electrode/electrolyte interfaces facilitating flows of electrons (or electric current in the
wires) and ions (in electrolytes) [10]. The two separated half-cells (each of which
contains the electrode and electrolyte) are connected via a salt bridge resulting in a
closed electrical circuit within the cell. The salt bridge functions as an electrical
contact between the two electrolyte solutions maintaining the ion flow as well as
preventing a mixing of the solutions [11, 12]. Conventionally, a galvanic cell is
constructed by using considerably large volume of ‘electrolyte with the use of either

agar or paper as a supporting material in the salt bridge (Figure 1.1 A).
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- 4@74 o

- Cotton thread

20mL.1 M of MgSO, 20mL.1M of CuSO, 2ml, 0.0 Mof MgSO, 2 mL, 0.01 M of CuSO,

Figure 1.1 The development of small scale experiments A) Conventional method
and B) Small-scale method
Source: Khattiyavong et al. (2014: 146-154)

The concepts of small-scale chemistry and “Green Chemistry” have been further
described in many articles [13-24]. Mini galvanic cells were developed as a teaching
platform illustrating semi quantitative analysis in electrochemistry [13]. The cell
consists of two droppers clogged by cotton plugs which were dipped into a 2-dram vial
(17 mm x 60 mm) containing ammonium nitrate (functioning as a salt bridge in aqueous
state). Each dropper contains electrolyte solution and a small metal electrode.
Although the cell performance was good, such a platform is slightly different from the
conventional platform employing a solid supporter as a salt bridge (e.g. as illustrated in
Figure 1.1 A) which is usually shown in many text books. The unsteady voltage of the
previously reported cell caused.by inconsistency in cotton plug packing was also noted-
[13]as well as short cell lifetime which may be another disadvantage. The first part of
this work aimed to develop small-scale and low-cost galvanic cells as teaching
materials in galvanic cells for high school students. To the best of our knowledge, a
small platform of galvanic cells with approximately 10-fold reduction of electrolyte
volume using cotton thread as a material in the salt bridge has not been previously
reported. The first part of this work is to develop such a platform (Figure 1.1 B) aimed
to be used in high school laboratories.

Moreover, some students may hold alternative conceptions — conceptions that are

not consistent with the consensus of the scientific community which may be partially



right but incomplete, or just simply wrong [25]. Students’ misunderstandings,
alternative conceptions, or misconceptions, some of which cannot be measured by
traditional instruments [26], influence their future learning. Therefore, instructors
should encourage learning by the use of activities that promote students’ conceptual
change [27]. Requiring students to draw and explain molecular representations of
some electrochemistry experiments, such as reactions in galvanic cells, may reveal
their understandings and identify some of their alternative conceptions.

There are many research studies that investigated students' alternative conceptions
involving electrochemistry and utilized various intervention tools to improve students'
conceptions. It is reported that not only high school students [13-17], and college
(university) students [18, 19] but also pre-service and in-service science and chemistry
teachers [9, 20, 21] tended to have alternative conceptions and misconceptions in
electrochemistry and its related topics. These studies found that both high school and
college students had leamning difficulties and misconceptions about galvanic,
electrolytic, and concentration cells. The identification of misconceptions is important
to help learners understand these topics meaningfully [19].

Karsli and Calik (2012) reviewed many articles and summarized major alternative
conceptions encountered in electrochemistry as follows: 1) the cathode is a negative
electrode, an oxidation half-cell that loses electrons, and decreases mass over time,
2) the anode is a positive electrode, a reduction half-cell that gains electrons, and
increases mass over time, 3) the salt bridge allows electrons to travel from the anode to
the cathode, supplies the ions which are necessary to move from the cathode to the
anode, allows the cations to migrate toward the anode electrode, whereas the anions
migrate towards the cathode electrode, and 4) a lack of reporting the cell reaction
correctly.

Cullen and Pentecost (2011) reported evidence that chemistry textbooks and
instructors are responsible for many students’ alternative conceptions involving
electrochemistry. Instructors tend to use everyday language that can lead to
misinterpretation by their students[28]. They then designed a paper model to teach
about galvanic (voltaic) cells to address students' alternative conceptions by adaptation
of an inexpensive, portable, and flexible teaching model by Huddle, White and Roger
(2000)[29]. This paper model was used in conjunction with electrochemistry



laboratory activities and allows students to visualize that no electrons pass into the
solutions and how mass of electrodes is gained and lost. The researchers also
commented that as students demonstrated and discussed the model within their groups,
they were constructing their own understanding of galvanic cells.

Based on the information above, the term ‘mental models’ in the second part of
thisstudy are the models of understanding (in form of drawings) that students use to
relate and describe their understanding of how a galvanic cell functions at a

“macroscopic, symbolic, and sub-microscopic levels. The implementation of
corresponding experiments through the 5E inquiry learning approach is effective to
enhance students' conceptual understanding of the corresponding concepts. The use of
inquiry experiments in conjunction with a corresponding model featuring the sub-
microscopic level could be more effective to enhance students' conceptual
understanding and mental models of the corresponding concepts. Therefore, the
combination of 5E inquiry experiments and a galvanic cell model kit featuring sub-
microscopic level will be used as the intervention tools in this part of study to
minimize students’ difficulty in visualizing and relating what occurs at the sub-
microscopic level to the macroscopic and symbolic levels of galvanic cells.

Based on results from a pilot study, the implementation of small-scale
experiments via the S5E inquiry learning approach (the first part of this study) is
effective to enhance students' conceptual understanding at the macroscopic and
symbolic levels, but not at the sub-microscopic level [30]. This view arose from the
fact that the implemented experiments contained insufficient information regarding
sub-microscopic features. As a result, the galvanic cell model kit featuring
macroscopic, sub-microscopic, and symbolic levels will be developed to help students
relate these representations to each other. The main purpose of the second part was to
investigate students’ conceptual understanding of electrochemistry and mental model
of a galvanic cellxg?rior to and after the performance of corresponding experiments and

model kit based on 5E inquiry learning activities.



1.2 Objectives

1.2.1 To develop small-scale and low-cost galvanic cells as teaching tools in
galvanic cells for high school students

1.2.2 To mvestigate students’ conceptual understanding of electrochemistry and
mental model of a galvanic cell prior to and after the performance of corresponding

experiments based on 5E inquiry learning activities

1.3 Scope of this research

1.3.1 To develop and validate small-scale and low-cost galvanic cells for high
school laboratories

1.3.2 To study the students’ scores on the conceptual test of electrochemistry and
on the mental model drawings of galvanic cells change before and after they
performed the experiments in conjunction with the model kit of galvanic cells

1.3.3 To study the percentages of students in each conceptual understanding
category in the conceptual test of electrochemistry and in the mental model of galvanic

cells change before and after they performed the experiments



CHAPTER 2
LITERATURE REVIEWS

2.1 Electrochemistry

Electrochemistry is the study of the interchange of chemical and electrical energy.
A redox (oxidation-reduction) reaction is a reaction in which one or more electrons are
transferred. Electrochemical cells which generate an electric current are called voltaic
cell or galvanic cells, and common batteries consist of one or more such cells. In other
electrochemical cells and externally supplied electric current is used to drive a
chemical reaction which would not occur spontaneously are called electrolytic cell. In

this research we focus on galvanic cell.

2.2 Galvanic cell

In 1780, Luigi Galvani [31] discovered that when two different metals were
connected together and then both touched to different parts of a nerve of a frog leg at
the same time, they made the leg contract. He called this "animal electricity". The
Voltaic pile, invented by Italian scientist Alessandro Volta in the 1800s, is a similar
concept. These discoveries paved the way for all electrical batteries. A general
example of a galvanic cell is the copper/zinc Daniell cell, invented by British chemist
John Frederic Daniell in 1836. In the Daniell cell, the solutions are CuSOs4 and
ZnSO4. Each solution has a corresponding metal strip in it, and a salt bridge
connecting the two solutions and allowing SO4* ions to flow freely between the
copper and zinc solutions. In order to calculate the electric potential one looks up

copper and zinc's half reactions as shown in Figure 2.7 in equation 2.1.

Zn(s) —> Zn?*(aq) + 2¢ (oxidation)
Cu**(aq) + 26 — > Cu(s) (reduction)

Zn(s) + Cu**(aq) — > Zn**(aq) + Cu?*(aq) (redox reaction) (2.1)



Anode

The half-cell in which oxidation occurs is called the anode. Anode is a half-cell
in which atoms loss of electrons (are oxidized) to form positively charged ions (which
go into solution). The electrons flow into the external circuit from the anode.

Cathode

The half-cell in which reduction occurs is called the cathode. This is the half-cell
in which metal ions from the solution gain electrons (are reduced) and plate out onto
the electrode as uncharged atoms. The electrons flow out of the circuit into the
cathode.

Electrolytes

An electrolyte is a compound which produces an ionic solution when dissolved in
an aqueous solution. For example, a salt like KNO; would produce an electrolyte
solution. Those compounds which produce a large number of ions in solution are
called strong electrolytes. KNOs, because it is highly soluble, would be a strong
electrolyte. On the other hand, those compounds which produce a small number of
ions in solution are weak electrolytes. Notice that nonionic compounds can produce
electrolyte solutions too. Common examples are acids produced by dissolving
molecules such as HCI in water. Soluble compounds that produce no dissolved ions
are called non-electrolytes.

Salt bridge

A salt bridge is a device indispensable in electrochemical and has been used over
100 years. This salt bridge allows the flow of charged ions between two half-cells, but
prevents diffusional mixing of the two different metal salt solutions. Many things can
be used as a salt bridge: a piece of string, cotton, or filter paper soaked in an
electrolyte solution or an electrolyte solution in a gel such as agar. Occasionally,
fritted glass (porous glass), though not a salt bridge, is used to connect two half-cells.
The presence of the liquid-junction potential between two electrolyte solutions was
recognized in the end of the nineteenth century [32]. Salt bridge interactions are
among the more thoroughly investigated functional groups in protein research. Salt
bridging plays an important role in the structure and function of proteins [33-36]. Salt
bridges allow the migration of these ionic charges from one half-cell to the other to

maintain electro neutrality. In effect, a salt bridge minimizes the liquid junction



potential, with the potential difference arising at the interface of electrodes and
electrolytes. To maintain the cells as electrically neutral, the electrons released must
travel through the wire resulting in electrical energy. Alternate approaches to building
salt bridges for electrochemical cells are reviewed [37]. Materials such as filter paper,
cotton, semi-micro tubes, human beings, Soil Moist, vials, etc. have been used to
construct salt bridges in instructional laboratory settings.
(1) Agar-agr salt bridge

A traditional salt bridge would consist of a U-shaped glass tube, which is
filled with an electrolyte solution such as KCl, KNOs;, NaNOs. The electrolyte may be
contained by agar or gelatin to prevent intermixing of the solutions. The Agar is
actually the resulting mixture of two components: the linear polysaccharide agarose,
and a heterogeneous mixture of smaller molecules called agaropectin as shown in

Figure 2.1.

OH OH o)
o)

4O 0 T/

OH HO ©

- -n

Figure 2.1 The structure of an agarose polymer (agar-agar)

(2) Filters paper as salt bridge

Filters paper strips 1.5 cm x 2mm soaked in 0.1 M KCl solution are used to
bridge various pairs of half-cells in a 24 well culture plate [38]. Use a pair of tweezers
to handle the KC1 soaked filter papers, and place them between two half-cell wells as
show in Figure 2.3. Make sure the filter paper strips are immersed in the liquids in
adjacent wells. Thick blotting paper or a set of four to five filter papers soaked in an
electrolyte also have been reported in the literature as a salt bridge in a voltaic pile
involving Cu|Zn and Cu|Pb metal pairs [39]. Paper towel strips could be used in place
of a filter.

Another way to make a salt bridge is to soak a piece of filter paper size 1.0

cm x 8.0 cm with saturated electrolyte such KNOs in curriculum of the promotion of
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teaching science and technology in Thailand (IPST) and size 0.5 cm x 2.5 cm for
general small-scale and place ends of the filter paper in each side of the half-cell [36].
Whatman cellulose filters paper is manufactured from high-quality cotton
linters which have been treated to achieve a minimum alpha cellulose content of 98%.
These cellulose filter papers are used for general filtration and used as salt bridge

because these filter papers high absorbency solution and have high capacity to clean.

Figure 2.2 Filter paper as salt bridge

Source: Joesten, 1991

- N-acetyl
Glucosamine '==o group
N—H CH,OH

Figure 2.3 The structure of an cellulose fiber that used as salt bridge

(3) Cotton cellulose swab
Using a syringe, inject 0.1 M KNOj3 solution prepared in 1.0 gram agar-agar
into the hollow plastic cotton swab stem (approximate. 75 mm in length) [40] as

shown in Figure 2.5. (Note: Stems of certain types of cotton swabs (e.g., Q-tips) are
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not hollow.) Make sure the cotton tips on both ends of the swab are saturated with the
KNO:s solution. Use this cotton swab to bridge various pairs of half-cells in a standard
12-depression spot plate. Reported voltage measurement is within 0.03 V of the
expected values [40]. Note: To avoid any personal injuries, firmly hold the cotton

swab stem with a pair of tongs when injecting the KNO;3 solution.

_ ~ d

Figure 2.4 Cottons as salt bridge
Source: Dobrzynski, 1996

(4) Cotton fibers

Cotton is a natural cellulosic fiber with a soft handle. The raw cotton contains
almost 85 to 90 percent cellulose in its composition. This fluffy staple fiber grows in a
bowl or protective capsule. Cotton plants are under the genus Gossypium. In the
present world the most important, widespread and inexpensive textile fiber is cotton, a
strong, thin and hygroscopic fiber. It develops on the seeds of the cotton plant. Today
it is the most used textile fiber in the world. Its current market share is 56 percent
among all the textile fibers. Tt is used for apparel and home furnishing materials and
another contribution is attributed to non-woven textiles and personal care items.
Compare to other fibers, it is recognized as the most consumers prefer fiber as show in

Figure 2.6.
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SECCNDARY WAL

Figure 2.5 Physical structure of cotton fiber

Table 2.1 Chemical Composition of Cotton

Component Percentage (%)

Cellulose 85.5
Water/Moisture 8

Protein 1.3
Hemicelluloses & Pectin 1.2
Waxes and fats 0.6
Pigments and Others 1.4
Ash 1.2
Total 100

The anhydroglucose units are linked together as beta-cellobiose; therefore,
anhydro-beta-cellobiose is the repeating unit of the polymer chain. The number of
repeat units linked together to form the cellulose polymer is referred to as the degree

of polymerization as shown in Figure 2.7.
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Figure 2.6 Chemical structure and repeating unit of 1,4 §-D anhydrogluco-

pyranose

Electrode

"

Electrodes are sometimes referred to as "conductivity cells." All electrodes sense
ions within a solution, and then return either a measured voltage or a potential
difference to a corresponding meter. Maintaining and properly storing electrodes is of
paramount importance. Contamination of electrode surfaces can result in severe
polarization errors. To avoid this, users are typically advised to rinse electrodes with
deionized water after each use; electrodes which have been used with water-
immiscible solvents should be cleaned with a miscible solvent to avoid contamination.
Storage of electrodes requires constant immersion in deionized water, conditioning,
clean and re-polish them before re-use. There are five electrodes used in this thesis:

Cu _

Copper is a chemical element with the symbol Cu (from Latin: cuprum) and
atomic number is 29, atomic mass 63.546 g. Copper is a transition metal, one of
several elements found in rows 4 through 7 between Groups 2 and 13 in the periodic
table. Copper metal is fairly soft and ductile. Copper has a melting point of 1,083°C
(1,982°F) and a boiling point of 2,595°C (4,703°F). Its density is 8.96 grams per
cubic centimeter with a valence of 1 or 2. Copper is also used to make many alloys.
An alloy is made by melting and mixing two or more metals. Most electrical
equipment has copper wiring. The most important application of copper metal is
electrical wiring. Nearly every electrical device relies on copper wiring because

copper metal is highly conductive and inexpensive.
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Zn

Zinc has the symbol Zn and atomic number is 30, atomic mass 65.39 g.
The space between Groups 2 and 13 is occupied by the transition metals. Zinc is a
lustrous bluish-white and fairly soft metal. It is found in group II B of the periodic
table. The density of zinc is 7.140 grams per cubic centimeter with a valence of 1 or
2. Its melting point of 419.6°C (787.1°F) and a boiling point of 907°C (1,670°F).
It is brittle at ambient temperatures but is malleable at 100 to 150°C and Zinc does not
corrode (rust) as easily as iron and other metals. So the thin layer of zinc protects iron
and other metals from corrosion. It is a reasonable conductor of electricity.

Mg

Magnesium has the symbol Mg, situated in group Ila in the periodic table, atomic
number: 12, atomic weight: 24,312 grams. The density of magnesium is 1.738 grams
per cubic centimeter, which means the metal will sink in water, but it is still relatively
light weight. The surface of magnesium metal is covered with a thin layer of oxide
that helps protect the metal from attack by air. Magnesium is known for a long time as
the lighter structural metal in the industry, due to its low weight and to its capability of
forming mechanically resistant alloys. It is lighter than aluminum, and is used in
alloys used for aircraft, car engine casings, and missile construction.

Fe

Iron is a chemical element with the symbol Fe (from Latin: ferrum). Iron is a
transition metal. The transition metals are the elements that make up Groups 3 through
12 in the periodic table. The melting point of pure iron is 1,536°C (2,797°F) and its
boiling point is about 3,000°C (5,400°F). Its density is 7.87 grams per cubic
centimeter. The melting point, boiling point, and other physical properties of steel
alloys may be quite different from those of pure iron. Iron is a silvery-white or
grayish metal. It is ductile and malleable. Ductile means capable of being drawn into
thin wires. Malleable means capable of being hammered into thin sheets. It is one of
only three naturally occurring magnetic elements. The other two are nickel and cobalt.

Al

Aluminium or aluminumwith the 'symbol Al Aluminiumm is found in row 2,
group 13 of the periodic table. Aluminum is a silver-like metal with a slightly bluish

tint. It has a melting point of 660°C (1,220°F) and a boiling point of 2,327-2 450°C
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(4,221 - 4,442°F). The density is 2.708 grams per cubic centimeter. Aluminum is
both ductile and malleable. Aluminium has one interesting and very useful property.
In moister air, it combines very slowly with oxygen to form aluminum oxide so, It is
an excellent conductor of electricity that silver and copper are better conductors than
aluminium but are much more expensive. Engineers are looking for ways to use
aluminum more often in electrical equipment because of its lower costs.

Oxidation-reduction reaction

Many chemical reactions can be classified as oxidation-reduction or redox
reactions. Redox replacement reactions are a common type of chemical reaction.
In these reactions one species loses electrons or is oxidized while another species
gains electrons or is reduced. In some cases the same species can both gain and lose
electrons in a disproportionation reaction [41]. A redox reaction always consists of an
oxidation reaction and a reduction reaction. |

Oxidation is the loss of electron with oxidation number increases. Reduction is
the gain of electron with oxidation number decreases.

It is convenient to consider such reactions as two half-reactions, one oxidation
and one reduction. In the following reaction zinc loses electrons while copper ions
gains electrons. The overall redox reaction and the two half-reactions are shown in

Figure 2.7 in equation 2.1.

Cu
cathode

Figure 2.7 Galvanic cell based on the redox reaction in equation 2.1
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Cell potential (En)

The theoretical cell potential or cell voltage is E’.n can be determined using the
electrochemical series and is given by the difference between the standard electrode
potential at the cathode, E%amode, and the standard electrode potential at the anode,

E%node as shown in equation 2.2 below.
Eocell = Eocathode - annode (22)

At standard conditions, indicated by the superscript °, the standard cell potential,
E°cen, is based upon the standard reduction potentials [42, 43], as shown in equation

(2.3).

. ol(]
Eocell =E reduction — Eooxidation (23)

Based on the values for the standard reduction potentials for the two half-cells in
equation (2.1), — 0.76 V for zinc anode and + 0.34 V for copper cathode as shown in
appendix, the standard cell potential, E%q, for the galvanic cell in Figure 2.7 would
be:

Elen =+ 034V -(-076 V)=1.10 V

The positive voltage for E°.n indicates that at standard conditions the reaction is
spontaneous. Recall that AGo = —nFE e, so that a positive E°n results in a negative
AG so the redox reaction in equation (2.3) would produce an electric current when

set up as a galvanic cell

When conditions are not standard, the Nernst equation, equation (2.6), is used to
calculate the potential of a cell. In the Nernst equation, R is the universal gas constant
with a value of 8.314 J/(Kmol), T is the temperature in K, and n is the number of
electrons transferred in the redox reaction, for example, 2 electrons in equation (2.4).
Q is the reaction quotient for the ion products/ion reactants of the cell. The solid
electrodes have constant “concentrations” and so do not appear in Q. F is the Faraday

constant with a known value of 96,500 J/(Vmol) [10, 11].
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Ecen = E et - (R—T](an) 2.4)
nkF

2.3 The development of small-scale and low-cost galvanic cells as teaching
materials in galvanic cells for high school students and related researches

2.3.1 Small-scale chemistry and related researches

Small-scale chemistry is simply the process of conducting chemical
experiments on a much smaller scale. Instead of using large amounts of instrument,
equipment, chemicals, etc. Small-scale chemistry builds pollution prevention, waste
minimization, and student safety at the design stage rather than controlling it at the
disposal stage [17, 19, 44]. Originally, small-scale chemistry was introduced in the
organic chemistry laboratory at Bowdoin College, Maine. It was later expanded to
cover general, inorganic, analytical, and environmental chemistry. The National
small-scale Chemistry Center was established at Merrimack College in 1992-1993 as
the first center to offer formal small-scale chemistry training to teachers and chemists
at all levels from high school to university. Small-scale chemistry is a laboratory-
based green chemistry approach. The application of green chemistry or small-scale
chemistry to this laboratory product would then be a modification of the electrolytes,
solution, experimental methodology, and/or products to allow the gaining of this
knowledge with simply to construction in many schools and the minimum hazard to
human health or the environment for industry. There are many research studies the
concepts of small-scale chemistry and “Green Chemistry” have been further described
in many articles [13-24, 45].

Craig. N. C. et, al (1989: 85-86) [13] were developed the simply construction of
mini-ware for galvanic cell experiments to measure equilibrium constants for several
reaction. The simply mini-galvanic cell consist of a small vial contains 2 M of
NHsNO; used as salt bridge and two medicine dropper tubes contain strip metals as
show in Figure 2.10. These simply construction of this experiment provided an

excellent opportunity for students to design the other experiment for the future.
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Y

Figure 2.8 Miniware of galvanic cell

Source: Norman C. Craig, Martin N. Ackermann,

and William 9. Renfrow, 1989

Eggen, Cronneberg, and Kvittingen (2006: 1201-1202) were studied of
the construc-tion of galvanic cell that can be apparatus for measurement that have
small-scale and low cost that students can be made in any class room. Eggen et al
were used vial with saturated CuSO4 and piece of floral foam after that fills it at least
half of a well and place it in the well. The piece of foam should be slightly taller than
the depth of the well then push a magnesium strip (3-4 cm ) into floral foam, then put
a graphite rod in the empty space of the vial with adding inert salt solution onto the
floral foam and connect a light diode to the magnesium ribbon (anode ) and the
graphite rod (cathode) with crocodile clips as show in Figure 2.11 indicated that the
diode will shine [21].
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magnesium
ribbon

floral foam

soaked with
inert salt
solution

copper (1)
solution

Figure 2.9 Simply small-scale a galvanic cell

Source: Eggen, Cronneberg, and Kvittingen, 2006

In addition, they are try to construct of easy cell battery from this
galvanic cell that there made in 2 cells but use iron strip or galvanized nail represent
magnesium ribbon push into the floral foam in both well by twist one end of a silver

wire attach a graphite rod to the nail in one well, then connect both of them with diode

by iron nail of the first cell is anode and graphite is cathode as show in Figure 2.12.

\
~

/
-
_ =— light diode

graphite rod
+)

nail

fioral foam
soaked with
inert sait
solution

Figure 2.10 Simply small-scale two galvanic cell
Source: Eggen, Cronneberg, and Kvittingen, 2006
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Eggen, Cronneberg, and Kvittingen (2006: 671-673) were described how to
construct of some electrode that can be material that small-scale and low cost for
measurement of cell potential of half cell reduction by establish in three electrodes:
Copper electrode, Hydrogen electrode, and Chlorine electrode [22, 46]. For copper
reference electrode made from a plastic pipette by filled with 1.0 mol/l of CuSOs, the
tip is blocked with become agar-agar in 1.0 mol/L of KNO; then push copper wire into
the bulb and soak in solution of CuSO4 as show in Figure 2.13.

Figure 2.11 Copper reference electrode
Source: Eggen, Cronneberg, and Kvittingen, 2007

For Hydrogen and Chlorine electrode, used platinum wire push through
the top of the bulbs and half way down the stem in both pipettes then fill both pipettes
with 1.0 mol/L of HCI and replace the two pipettes into small vial. Finally, connect
the Pt wire to a 9 voltage battery until occur gas in both bulbs, indicated hydrogen gas
will occur show that hydrogen electrode is in (-) bulb and a chlorine is in the (+) bulb.

The voltage measured over for this cell is 1.36 V as show in Figure 2.14.
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Figure 2.12 The voltage between a hydrogen electrode (-) sign and chlorine
electrode (+) sign.

Source: Eggen, Cronneberg and Kvittingen, 2007

Then, they bring this electrode hydrogen electrode and copper electrode
that there made to measure the voltage standard reduction, indicated that the voltage of

this cell is +0.34 V. It is the same as of calculated from theory as show in Figure 2.15.

Figure 2.13 The voltage between copper and standard hydrogen electrode.
Source: Eggen, Cronneberg and Kvittingen, 2007
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Muske, K. R.et al. (2007: 632-636) presented the power source for the 9-V
electric dc motor from lemon juice. The lemon cell battery is constructed a copper
strip on one side of a cuvet and the other side is magnesium strip. Cells may be
connected in series by contacting the bent portion of the magnesium strip of one cell
with the bent portion of the copper strip of another cell until six cell. The last, used an
alligator clip to connected in each series and the cells are activated by filling with

lemon juice for the final [47]. A schematic of this cell shown in Figure 2.16.

\\\—one lemoncell =15V
¥

lemon cell battery
6X15V=90V

Figure 2.14 (A) Six lemon juice cuvet cells connected in series to form a 9-V
battery. (B) A schematic of a six-cell 9-V lemon cell battery.
Source: Muske, Nigh and Weinstein, 2007
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Udnan, Y.et al. (2008: 535 - 537) developed and successfully applied of
micro-scale apparatus for electrochemical cells such galvanic and electrolytic cells.
The micro-electrochemical cell was made from small glass tubes. A liquid junction
was prepared by mixing 2:1 (by volume) of plaster and saturated about 5 mol/L. of KCl
in a 50 milliliter beaker and stirring. The glass tubes were dipped 0.5 cm into the
mixture and left to harden for about 5 minutes, then carefully pulled out. Each tube
was then filled with an appropriate solution and an appropriate metal electrode was
dipped into the tube by used multimeter to measure the potential of the galvanic cell

[45] as show in Figure 2.17.

I Mctal (Ag, Zn, Cu or Pb)

ﬁb

AR

Solution of
metal salt

i Liquid

junction

Ccl
containcr

Figure 2.15 Galvanic cell of KNO;3 using small scale apparatus.

Source: Udnan, Wipharat and Ratana, 2008

However the cell performance was good, such a platform is slightly different from
the conventional platform employing a solid supporter as a salt bridge (e.g. as
illustrated in Figure 1.1A) which is usually shown in many text books. The unsteady
voltage of the previously reported cell caused by inconsistency in cotton plug packing

was also noted [13] as well as short cell lifetime which may be another disadvantage.
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This study aimed to develop small-scale and low-cost galvanic cells as teaching
materials in electrochemistry for high school students. To the best of our knowledge,
a small platform of galvanic cells with approximately 10-fold reduction of electrolyte
volume using cotton thread as a material in the salt bridge has not been previously
reported. The aim of this part is to develop such a platform (Figure 1.1B) aimed to be

used in high school laboratories.

2.4 The investigation of students’ conceptual understanding of electrochemistry
and mental model of a galvanic cell prior to and after the performance of
corresponding experiments and model kit based on SE inquiry learning activities
and related researches

2.4.1 Three levels of representations in chemistry and related researches

Previous studies reported that many alternative conceptions in some
intangible concepts arose from the fact that students have difficulty in understanding
the relationship among representations in chemistry [28, 48]. Representations in
chemistry, also called chemical representations, refer to various types of formula,
structures, an symbols used to represent chemical processes and conceptual entities,
such as molecules and atoms. They can be viewed as metaphors, models, and
theoretical constructs of chemists' interpretations of nature and reality (Hoffmann &
Laszlo, 1991). Previous research highlighted three levels of representations in
chemistry [49-51]:

(1) Macroscopic representation. This describes bulk properties of tangible
and visible phenomena in the everyday experiences of learners when observing
changes in the properties of matter, such as color changgs, formation of gases, and
precipitates in chemical reactions.

(2) Sub-Microscopic Representation.  This is also called molecular
representation, and provides explanations at the particulate level in which matter is
composed of atoms, molecule and ions.

(3) Symbolic Representation. This involves the use of chemical symbols,
formula, and equations, as well as molecular structure drawings, diagrams, and models

to symbolize matter. It can provide information for both macroscopic (relative
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amounts or moles of involved substances) and molecular levels (numbers of formula
unit of involved substances).

Calik et al (2010) [48] considered studies of students' alternative
conceptions in such topics as electrochemistry, acids and bases, chemical equilibrium,
and rates of reactions. They concluded that some alternative conceptions arose
because many students find it difficult to visualize chemical phenomena and/or
processes at the sub-microscopic level and to link the macroscopic, submicroscopic,
and symbolic levels to each other. They also explored Turkish grade 11 students'
conceptions of chemical reaction rates. Their intervention consisted of nine classes of
45 minutes using three guide sheets and 11 computer animations. The students were
first given a student guide sheet containing scientific questions to promote curiosity
and draw out their prior knowledge. They then were asked to interact with the
animations followed by group discussions. Next, they were introduced to the concepts
and processes of rates of reactions to enhance their conceptual understanding.
Finally, they attempted to extend their understandings of the concept which were
assessed by means of questions at the bottom of each guide sheet. The researchers
reported that this teaching intervention could help students correct their alternative
conceptions but may not completely eliminate them. Therefore, instructors should
utilize more than one intervention model to overcome students’ alternative
conceptions.

2.4.2 Roles of mental model in learning chemistry and related researches

Students’ conceptual understanding, especially intangible concepts in
phenomena/processes/systems, involves the ability to relate to the three
representations in chemistry. The term mental model was introduced to describe how
students construct a model of understanding of a specific process by the incorporation
of new received information into their existing knowledge [49]. Mental models are
representations of objects, ideas, thinking, or processes which individuals intrinsically
construct during cognitive functioning [52, 53]. People use these models to reason,
describe, explain, and/or predict scientific phenomena, processes, or systems. Mental
model can be generated in various formats to communicate ideas to other people or to
solve problems [52, 53], and can represent either physical entities via verbal

descriptions, diagrams, simulations, and concrete models, or conceptual
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understanding, such as models of ideas, thinking, or intangible concepts [54, 55].
If their mental models fail to assimilate new experiences, students may modify their
existing models or generate alternative models [56]. Mental models are considered as
an important part of learners’ conceptual frameworks [56] and they play a potential
role in learning chemistry at the molecular level because much of chemistry involved
at this level cannot be access by direct perception [57]. Full understanding of
chemical processes involves the ability to connect events at a macroscopic level with
events at the molecular level [49].

Therefore, students need to transform these invisible events or phenomena
into equivalent mental or conceptual models or representations, which is difficult for
many students [58-60].

Based on the information above, the term ‘mental models’ in this study
context are the models of understanding (in form of drawings) that students use to
relate and describe their understanding of how a galvanic cell functions at a
macroscopic, symbolic, and sub-microscopic levels.

Cullen and Pentecost (2011: 1562-1564) [28] reported evidence that
chemistry textbooks and instructors are responsible for many students’ alternative
conceptions involving electrochemistry. Instructors tend to use everyday language that
can lead to misinterpretation by their students. They then designed a paper model
(figure 2.18) to teach about galvanic (voltaic) cells to address students' alternative
conceptions by adaptation of an inexpensive, portable, and flexible teaching model by
Huddle, White and Roger (2000). This paper model was used in conjunction with
electrochemistry laboratory activities and allows students to visualize that no electrons
pass into the solutions and how mass of electrodes is gained and lost. The researchers
also commented that as students demonstrated and discussed the model within their

groups, they were constructing their own understanding of galvanic cells.
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b 4

Cu*" ion Zn?" ion SO, ion electrons

Figure 2.16 A galvanic cell model kit

Source: Cullen and Pentecost, 2011

2.4.3 5 E inquiry learning activities

Inquiry learning activities were considered to be effective in teaching
chemistry and have been highly advocated in the last few decades [61]. These types of
activities possess more advantages over traditional approaches. These advantages
include the encouragement of students to practice using learning resources and
working in groups to enhance their conceptual understandings, and the opportunities
for teachers to play roles as facilitators who motivate and challenge students to carry
out the activities through a science inquiry process [62]. The 5E learning cycle has
been proven to be one of the most effective inquiry learmning in chemistry [63]. It
involves students through the following steps: 1) students are engaged in inquiry
questions, 2) students explore answers to the questions by planning, designing, and
carrying out their experiment, and recording the experiment data, 3) students make
explanations from the experimental data to answer the questions, 4) students elaborate,
extend, or apply their findings in a new context, and 5) students evaluate their
experimental processes and results in a variety of ways. This learning cycle is
effective to support students to notice and correct their alternative conceptions [63,

64].
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The literature review above suggests that the implementation of
corresponding experiments through the SE inquiry learning approach is effective to
enhance students' conceptual understanding of the corresponding concepts. The use of
inquiry experiments in conjunction with a corresponding model featuring the sub-
microscopic level could be more effective to enhance students' conceptual
understanding and mental models of the corresponding concepts. As a result, the
combination of SE inquiry experiments and a galvanic cell model kit featuring sub-
microscopic level was used as the intervention tools in this study to minimize
students’ difficulty in visualizing and relating what occurs at the sub-microscopic level

to the macroscopic and symbolic levels of galvanic cells.



CHAPTER 3
EXPERIMENTAL

3.1 Chemicals

All chemical used in this thesis were an analytical grade as shown in Table 3.1

Table 3.1 Chemicals

Chemicals Formula Assay (%) Manufacturer
Copper (II) sulfatepentahydrate CuS0,4-5H,0 98.0-102%  CARLO ERBA
Zinc sulfateheptahydrate ZnSO, -7H;0 99.0-100%  CARLO ERBA
Iron (II) sulfateheptahydrate FeSO, -7H,0 >99.0 % CARLO ERBA
Magnesium sulfateheptahydrate MgSO, - 7H,O0 98.0-102 % Istalmal
Aluminiumsulfate octadecahydrate Al (SO,);-18H,0 53.4 % Ajax Finechem
Potassium nitrate KNO; ACS Ajax Finechem
Sodium nitrate NaNO; ACS CARLO ERBA
Sodium chloride NaCl 98.0-102% Ajax Finechem
Sulfuric acid H,SO, >99.0 % CARLO ERBA
Deionization water H,O 17.2 mQ Faculty of

Science, UBU

The details of apparatus for small-scale and low cost of experiment kits for high

school student were listed in Table 3.2.




3.2 Apparatus

Table 3.2 Apparatus
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Apparatus Model Company
Digital multimeter AT9205B ATTEN® INSTRUMENT
Electric balance F00414 JEOL
Electric balance F00415 JEOL
Alligator clips XE-100 PARK
Digital camera L25 Nikon Corp,Japan
Zinc strip - -
Copper strip F-27106 CARLO ERBA
Magnesium strip - CARLO ERBA
Aluminium strip - CARLO ERBA
Ferrous strip - -
Vial M2026 Sigma Aldrich
Filter paper 24001 Teachtech.co.th
Volume metric flask 22031 Teachtech.co.th

3.3 Experimental

The method was designed according to the concept of “Green chemistry”

reducing use of chemicals, less waste generation, and time consumption while

retaining the experimental concepts. In this research, these galvanic cells contain

various common electrodes, including Cu, Zn, Al, Mg and Fe because these electrodes

can be made by most students in any laboratory or most classrooms. The experiments

of galvanic cell included 7 cells as shown in table 3.3.
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Table 3.3 The experiments of galvanic cells included 7 cells

List Cells

1 Zn(s)|Zn™* (aq)||Cu** (aq)|Cu(s)
Cu(s)|Cu**(aq)|[Fe** (aq)[Fe(s)
Zn(s)|Zn** (aq)|Mg*' (aq)|Mg(s)
Zn(s)|Zn**(aq)|| AL (aq)|Al(s)
Zn(s)|Zn**(aq)|[Fe** (aq)|Fe(s)
Al(s)|AP*(aq)|[Mg** (aq)Mg(s)
Fe(s)[Fe* (aq)|Mg*" (aq)Mg(s)

~N N W bW N

3.3.1 Preparation of electrolytes and electrodes
3.3.1.1 Preparation of Electrolytes

All electrolytes were prepared with laboratory grade reagents and
deionized (DI) water

CuSOs4 Solutionin 1 M, 0.1 M, 0.01 M

1 M, 0.1 M, and 0.01 M of CuSO4 solutions were prepared by
dissolving 24.96 g, 2.49g, and 0.24g of CuSO4-5H20 in 100 mL of DI water using
volumetric flask, respectively.

ZnSO4 Solutionin 1 M, 0.1 M, 0.01 M

1 M, 0.1 M, and 0.01 M of ZnSOs solutions were prepared by
dissolving 28.74 g, 2.87 g, and 0.28 g of ZnSO4-7H20 in 100 mL of DI water using
volumetric flask, respectively.

MgSO4 Solutionin 1 M, 0.1 M, 0.01 M

1M, 0.1 M, and 0.01 M of MgSO; solutions were prepared by
dissolving 24.64 g, 2.46 g, and 0.246 g of MgSO4-7H20 in 100 mL of DI water using
volumetric flask, respectively. '

FeSOs Solutionin 1 M, 0.1 M, 0.01 M

1 M, 0.1 M, and 0.01 M of FeSOq solutions were prepared by
dissolving 27.80 g, 2.78 g, and 0.278 g of FeSOq-7H20 in 100 mL of DI water (60 °C)
using volumetric flask, respectively. Alternatively, FeSO4 solution was also prepared

in the laboratory by reacting iron oxide Fe;O3 with diluted sulfuric acid H2SO4 [65].
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A(SO4)3 Solution 1 M, 0.1 M, 0.01 M
1 M, 0.1 M, and 0.01 M of AL(SO4); solutions were prepared by
dissolving 66.59 g, 6.65 g, and 0.66 g of AL(SO4)3-18H20 in 100 mL of DI water
using volumetric flask, respectively.
KNO; Solution 1 M, 0.1 M, 0.01 M
1 M, 0.1 M, and 0.01 M of KNO; solution were prepared by
dissolving 10.10 g, 1.01 g, and 0.10 g of KNOs in 100 mL of DI water using
volumetric flask, respectively.
NaNOs Solution 1 M, 0.1 M, 0.01 M
1M, 0.1 M, and 0.01 M of NaNOs solutions were prepared by
dissolving 8.46g, 0.84 g, and 0.08 g of NaNO; in 100 mL of DI water using
volumetric flask, respectively.
NaCl Solution 1 M, 0.1 M, 0.01 M
1 M, 0.1 M, and 0.01 M of NaCl solutions were prepared by
dissolving 5.84 g, 0.58 g, 0.05 g of NaCl in 100 mL of DI water using volumetric
flask, respectively.
3.3.1.2 Preparation of electrodes
Electrodes or strips of different metals were polished by
sandpaper and/or dipping in 3 M HCI and cut into the dimension of 0.054 cm x 9 cm.
3.3.2 Experimental of electrochemical cell based on the institute for the
promotion of teaching science and technology Thailand (conventional method)
3.3.2.1 Study of the reaction of metals in various solution (oxidation-
reduction reaction)
In this experiment, general of metals such as copper (Cu), zinc
(Zn), ron (Fe), magnesium (Mg), and aluminum (Al) are used as shown in figure 3.1
1) Place polished strips of Cu, Zn, Mg, Fe and Al into the
electrolytes solutions as an information show in the table 3.4 by keeping the volume of
solution constant at 20 mL.

2) The electrolytes should be located at the electrode about three-
quarters. |
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3) The oxidation-reduction reactions of various metals which
were placed in various metal ions solutions as demonstrated in Table 3.4 were

observed.

] _Zn ] ~Cu ] Mg
metal metal []metal
L 20 20 20 mL
IM CuSO, IMZnSO, 1M CuSO,
] Cu Zn ] Fe
| metal ] 1 metal ] metal
20 20 20 mLL

IM CuSO, IMZnSO, 1M CuSO,

Figure 3.1 The reaction of metals in various solutions (20 mL, 1 M of solutions)

Table 3.4 The reactions of metals in various solutions (20 mL, 1 M of solutions)

Solutions Metals
IM,20 mL  Cu(s) Zn(s) Mg(s) Fe(s) Al(s)
CuSOa4(aq) R/NR R/NR R/NR R/NR R/NR
ZnS04(aq) R/NR R/NR R/NR R/NR R/NR
MgS0O4(aq) R/NR R/NR R/NR R/NR R/NR
FeSO4(aq) R/NR R/NR R/NR R/NR R/NR
AL(SO4);(aq) R/NR R/NR R/NR R/NR R/NR

Note: NR means no reaction

R means reaction was occurred; including corrosion of metals and bubble of gas

3.3.2.2 Study of electron transfer in galvanic cells
1) All electrolytes were prepared by 20 mL of 1 M CuSO4 and
20 mL of 1 M ZnSOs solutions into the beakers. Place the Zn electrode into ZnSO4

solution and the Cu electrode in the CuSOyj solution, for instance.
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2) The salt bridge was prepared by cutting of filter paper into the
dimension of 1.5 cm x 25cm. The solution was soaked into the solution of 1M KNO;
(saturated). One side of salt bridge was dipped into ZnSOj4 solution and another side
of salt bridge was dipped to CuSOas.

3) The black wire (anode) was connected to the Zn electrode and
the red wire (cathode) was connected to the Cu electrode. The cell potential was not

shown any signal until the circuit was completely set as demonstrated in the figure 3.2.

P
e~ V)i e~ salt
O_ bridge
Anode
Zn g Cathode
—Cu

1 M ZnSO, 1 M CuSO:

Figure 3.2 Conventional of galvanic cell (voltaic cell)

4) The other cells were set up as same as above mentioned by
following the information demonstrated in Table 3.5.

5) The cell potential was measured by digital multimeter which
was compared with the value obtained from the standard value which was obtained
from the calculation.

6) All metals strip and salt bridge can be reused
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Table 3.5 The set up of galvanic cells

List Cells

1 Cu(s)[Cu” (aq)|[Fe**(aq)[Fe(s)
Zn(s)|Zn*"(aq)|[Fe*"(aq)|Fe(s)
Zn(s)|Zn**(aq)|Mg** (aq)Mg(s)
Zn(s)|Zn**(aq)|| AT (ag)|Al(s)
Zn(s)|Zn*" (ag)[[Cu**(aq)|Cu(s)
Al(s)|AF*(aq)|Mg**(aq)Mg(s)
Fe(s)[Fe*"(aq)|[Mg*(aq) Mg(s)

~ SN AW

3.3.3 Experimental on the small scale method (developed method)
3.3.3.1 The study of parameters that affected on the developed method
The experimental in this section were set up as same as 3.3.3.2 by

observing in 7 cells in table 3.3. The statistics were analyzed by the use of mean (M),
standard deviation (SD), relative standard deviation (%RSD) and paired samples t-test.

Effect of electrolyte volume

The volume of electrolyte in galvanic cells was varied in the
range of 0.5 - 3.0 mL by fixed the concentration of electrolyte at 0.01 M at room
temperature (~29 ° C). Meanwhile, the cell potential was measured by digital
multimeter.

Effect of electrolyte concentration

The concentration of electrolytes solution i galvanic cell was
varied in the range of 0.005 M, 0.010 M, 0.0lS'M, 0.020 M, 0.025 M and 0.030 M by
fixed the volume of electrolyte at 2 mL at room temperature (~29 ° C). Meanwhile,
the cell potential was measured by digital multimeter.

Effect of solution types used in a salt bridge

The effect of solution types used in a salt bridge was investigated.
The cotton thread was selected to be a salt bridge in this study. Since the cotton thread
was available everything and inexpensive. The 0.01 M of KNO3, NaNO; and NaCl
were selected to be a candidate solution for salt bridge in this study by optimum of
electrolytes volume (2 mL) and electrolytes concentration (0.01 M). The cell potential

was measured by digital multimeter.
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Effect of electrolytes life time

The stability life times of electrolyte were studied using the
optimum conditions in the range of 0-4 h, overnight and one month 720 h. The cell
potential was measured by digital multimeter.

Method validation of developed and conventional method

These optimum experiments were set of 7 galvanic cells: Zn-Cu,
Cu-Fe, Cu-Al, Zn-Mg, Zn-Al, Zn-Fe, Al-Mg and Fe-Mg by compared the cell
potential between the developed method and conventional method using t-test.

3.3.3.2 Study of the reaction of metals in various solutions (oxidation-
reduction reaction)

1) Place polished strips of Cu, Zn, Mg, Fe and Al into the
electrolytes solutions as an information show in the table 3.4 by keeping the volume of
solution constant at 2 mL.

2) The electrolytes should be located at the electrode about three-
quarters.

3) The oxidation-reduction reactions of various metals which
were placed in various metal ions solutions as demonstrated in Table 3.6 were

observed.

Figure 3.3 The reaction of metals in various solutions (2 mL, 0.01 M of solutions)
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Table 3.6 The reactions of metals in various solutions (oxidation-reduction

reaction) (2 mL, 0.01 M of solutions)

Solutions Metals
0.01M,2mL Cu(s) Zn(s) Mg(s) Fe(s) Al(s)
CuSO4(aq) R/NR R/NR R/NR R/NR R/NR
ZnS04(aq) R/NR R/NR R/NR R/NR R/NR
MgS0s4(aq) R/NR R/NR R/NR R/NR R/NR
FeSO4(aq) R/NR R/NR R/NR R/NR R/NR
Al(SO4)3(aq) R/NR R/NR R/NR R/NR R/NR

Note: NR means no reaction

R means reaction was occurred; including corrosion of metals and bubble of gas

3.3.3.3 Study of electron transfer in galvanic cell

1) All electrolytes were prepared by 2 mL adding of 0.01 M
CuSO4 and 2 mL of 0.01 M ZnSOs solutions into the beakers. Place the Zn electrode
into ZnSO4 solution and the Cu electrode in the CuSO4 solution, for instance.

2) The salt bridge was prepared by cutting of cotton thread into
the dimension 0f 0.032 cm x 18 cm. The solution was soaked into the solution of 0.01
M KNO; (saturated). One side of salt bridge was dipped into ZnSO4 solution and
another side of salt bridge was dipped to CuSOa.

3) The black wire (anode) was connected to the Zn electrode and
the red wire (cathode) was connected to the Cu electrode. The cell potential was not
shown any signal until the circuit was completely set as demonstrated in the figure 3.4.

4) The other cells were set up as same as above mentioned by
following the information demonstrated in Table 3.5.

5) The cell potential was measured by digital multimeter which
was compared with the value obtained from the standard value which was obtained

from the calculation.

6) All metals strip and salt bridge can be reused
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Cotton thread
/

Zn strip /\

Cu strip

L

\\"oltmeu;r/

anode(-) cathode(-)

2mL, 0.01 M ofZnSO, 2mL, 0.01 M of CuSO,

Figure 3.4 Small-scale of galvanic cell (voltaic cell)

3.3.3.4 Application of developed method for batteries

Battery is a device consisting of two or more galvanic cells that
converts stored chemical energy into electrical energy. A battery is defined as a set of
galvanic cells connected in series. In a series connection, the negative electrode of one
cell is connected to the positive electrode of the next cell. Zn-Cu and Mg-Zn were
chosen to study the batteries. The set up was fixed to 3 cells of batteries as
demonstrated in figure 3.5. All electrolytes were prepared by 2 mL of 0.01 M CuSOq4
and 2 mL of 0.01 M ZnSOg4 solutions into the vial. Place the Zn electrode into ZnSO4
solution and the Cu electrode in the CuSOys solution, for instance.

1) The salt bridge was prepared by cutting of cotton thread into
the dimension of 0.032 cm x 9 cm. The solution was soaked into the solution of
0.01 M KNO;j (saturated). One side of salt bridge was dipped into ZnSO4 solution and
another side of salt bridge was dipped to CuSOs.

2) The black wire (anode) was connected to the Zn electrode and
the red wire (cathode) was connected to the Cu electrode. The cell potential was not
shown any signal until the circuit was completely set as demonstrated in the figure 3.5.

3) The cells of Mg-Zn were set up as same as above mentioned.

4) The cell potential was measured by digital multimeter which
was compared with the value obtained from the standard value which was obtained

from the calculation.
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Figure 3.5 Connecting batteries in series of Zn(s)Zn*"(aq||Cu®*'(aq)|Cu(s)

3.3.4 Application of small-scale experiment to high school student
3.3.4.1 Participants

The study was conducted in July during the first semester of
academic year 2014. A total of 28 participants within the age range of 14-16 year-old
(one classroom) who attended all activities throughout the study were purposively
selected as the participants for the conceptual test. They are in the Gifted in Science
classroom at Satrisiriket School in Srisaket Province. However, only 22 students
completed the post-mental model drawings, so the participants for the mental models
were 22 students. The participants were asked for permission to use their conceptual
test information and to reproduce their drawings for the study report and publication.

Notice that all research tools both treatment tools (lesson plans) and
data collecting tools (conceptual tests and mental model drawings) were in Thai
language. The class was taught in Thai language and all examples included in this
article mvolved translation into English as shown in appendix b. In addition, these
students had a chance to experience a two-tier conceptual test in which they were
asked to explain their choices in the second tier in the previous semester. This could

support students to be able to provide fruitful information in their explanation.
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3.3.4.2 Implementation

Prior to the series of four 5E inquiry learning activities, the
participants spent one hour to complete the conceptual test of electrochemistry and
mental model drawing of a galvanic cell (pre-test and pre-mental model).
The students were then divided into groups of four or five students and requested to
participate in four 5E inquiry learning activities as shown in Table 3.7. They then
started the inquiry activities in order of oxidation and reduction of metals in metal ion
solutions, generation of galvanic cells, connection of series and parallel batteries, and
cathodic protection of iron nails by using Zn and Mg metals. In each 5E learning
activity, the students were requested to participate in the following process.

1) Engagement: They were engaged in a scientifically-oriented
question in regard to electrochemistry (one main question in each experiment, see
Table 3.7).

2) Exploration: They explored and gathered data to answer the
question by planning and carrying out an experiment.

3) Explanation: They formulated explanations based on their
summarized data and scientific knowledge to answer the question.

4) Elaboration: They elaborated, extended, related, or applied their
macroscopic and symbolic findings from the experiment to the sub-microscopic level
by interacting in regard of the question “Based on your experiment results at a
macroscopic level and the equation at a symbolic level, how does the reaction occur at
a sub-microscopic level?” _

5) Evaluation: They were evaluated their understanding by means
of class and group discussions regarding the experiment concepts.

The oxidation and reduction topic was raised as an example of 5E
inquiry learning activities in this study. The students were firstly engaged with the
inquiry question “How does each metal (Mg, Fe, Al, Zn, and Cu) react with various
metal ion solutions?” The instructor then summarized and wrote students’ responses
on the whiteboard. After that the instructor divided them into small groups and
allowed them to plan and conduct an experiment to answer the engaged question by

using the provided metals, solutions, and equipment.
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The instructors and two teaching assistants acted as facilitators
during this step. After they completed their experiments, they were asked to
summarize their experimental data and then formulate explanations to answer the
engaged question. This step involved both macroscopic and symbolic representations.
Next, they were asked to interact to explain what happens at the sub-microscopic level
based on their experiment results about how each metal (Mg, Fe, Al, Zn, and Cu)
reacts with various metal ion solutions in front of the class. This step allowed students
to elaborate what they experienced at the macroscopic and symbolic levels to the sub-
microscopic level. Finally, they were evaluated their conceptual understanding by
requesting them to generate oxidation and reaction reactions for other metals (i.e., Sn,
Ni and Ag) and write chemical equations. Please note that group and class discussions

were encouraged during the explanation and elaboration steps.

Table 3.7 Key 5E learning activities of galvanic cells

Plan (hours) Key activities

1. Pre-test (1.0) - Pre-conceptual test and pre-mental model drawing.

2. SE learning (6)

2.1 Oxidation and Main question: How do metals react with metal ion
reduction (2.0) solutions?

- Observing oxidation and reduction reactions of metals

(Mg, Zn, Fe, Al, Cu) in metal ion solutions (Mg>*, Zn**,

Fe**, Cu®).
- Discussing oxidation and reduction reaction.
2.2 Galvanic cells Main question: How can galvanic cells be generated from
(2.0) variety of half-cells? How do they react?

- Constructing galvanic cells from various half-cells
(MgMg**, Zn|Zn?**, Fe|[Fe**, Cu|Cu?*) and measuring their

cell voltages.
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Table 3.7 Key SE learning activities of galvanic cells (continued)

Plan (hours)

Key activities

2.2 Galvanic cells
(2.0)
2.3 Batteries (1.0)

- Discussing what occurs at the sub-microscopic level of
galvanic cells by interacting with the model.

Main question: How can series and parallel batteries be
generated and how do their reactions occur?

- Connecting batteries in series and in parallel using
highest voltage galvanic cell obtained from previous
experiment.

Discussing what occurs at sub-microscopic level of

batteries.

2.4 Cathodic
protection (1.0)

3 Post-test (1.0)

Main question: How can Mg and Zn metal protect iron
nails from rusting?

- Observing cathodic protection of iron nails by using Mg
and Zn as anode.

- Discussing how cathodic protection works by using the
model kit.

- Post-conceptual test and post-mental model drawing

After the completion of the four learning activities for a total of

10 hours, the students were asked to complete the conceptual test of electrochemistry

(the same test with rearrangement of choice and item orders) and make changes to

their mental model drawings or draw a new one (post-test and post-mental model).

Finally, participants in each of “Sound Understanding: SU”, “Partial Understanding:
PU”, “Partial Understanding with Specific Misunderstanding: PMU”, “Specific

Misunderstanding: MU”, and “No Understanding: NU” categories were purposively

selected for informal unstructured interview regarding their supplied reasons in the

explanation tiers of the conceptual test and in their mental model drawings.
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3.3.4.3 Treatment Tools

Two types of treatment tools were developed in this study, small-
scale experiments and the galvanic cell model (zinc metal chart). The small-scale
experiments consisted of 1) oxidation and reduction reactions (Figure 3.6 a), 2)
galvanic cells (Figure 3.6 b), 3) cathodic protection of iron nails (Figure 3.6 ¢), and 4)
connecting batteries (Figure 3.6 d).

The experiments were designed with regard to some ‘green’
chemistry principles, such as reducing the amounts of chemicals used, toxic chemicals,
and generated wastes [66]. The concentration and volume of solutions used in this
study were 2.00 mL and 0.01 M. The terms 'small-scale' and 'low-cost' were applied
since these experiments reduced the scale of the normal experiments by at least 1,000
or 2,000 times and used inexpensive equipment, chemicals, and substances. A cotton
thread (with the length of 15-20 cm) pre-treated in 4.00 mL of 0.01 M of saturated
potassium nitrate solution was used as a salt bridge [67].

The experiments were tried out with grade 12 students studying at
Satrisiriket School in Srisaket Province of Thailand [68]. Comments and suggestions

from the students were used to improve the effectiveness of the experiments.



d) Connecﬁng batteries in series

Figure 3.6 Small-scale experiments involving electrochemistry
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3.3.4.4 Data Collection Tools

There were two types of data collection tools in this study. The first
one was the conceptual test of electrochemistry containing 24 items in a two-tier three-
choice test. There were 9 and 15 items regarding the concepts of oxidation-reduction
reactions and galvanic cells, respectively. The concepts of batteries (3 out of 15 items)
and cathodic protection (3 out of 15 items) were considered as sub-concepts of
galvanic cells so they were included in the concepts of galvanic cells in this study.
Students were required to make their choices of answers in the first tier and then
provide their explanations for those choices in the second tier (examples of the test are
shown in example 1 and appendix C) [50, 69]. The test was content-validated by two
senior chemistry lecturers and one chemistry education professor. There were four
main concepts in the test including oxidation-reduction reactions, galvanic cells,

batteries, and cathodic protection.

Examples 1: Examples of two-tier three choice items in electrochemistry

Question 1: Consider the reaction below.
Fe (s) + Cu’* (aq) — Fe’* (aq) + Cu(s)
1.1 Which statement is correct?
A. Fe**(aq) is a reducing agent, while Cu®*(aq) is an oxidizing agent.
B. Cu**(aq) is a reducing agent, while Fe(s) is an oxidizing agent.
C. Fe(s) is a reducing agent, while Cu**(aq) is an oxidizing agent.

1.2 Please supply your reason or explanation for your response above.
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Question 2: Consider the diagram below.

MgSO, CuSO,

2.1 Which statement is correct?

A. Electrons transfer from Cu®*(s) to Mg(s).
B. Electrons transfer from Mg(s) to Cu**(aq).
C. Electrons transfer from SO4*(aq) to Cu**(aq).

2.2 Please supply your reason or explanation for your response above.

Question 3: Consider the reaction below in which the reduction potential (E°)

of the Zn|Zn?* and Cd|Cd** half-cells are -0.76 and -0.40 V, respectively.
Zn(s) + Cd**(aq) » Zn’*(aq ) + Cd(s)
3.1 What is the standard reduction potential (E%n) of this cell?
A. -0.36. B. +0.36. C. +1.16.

3.2 Please supply your calculation method for your response above.
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The test items were analyzed by the use of software called Simple
Item Analysis (SIA) which commonly used in Thailand. The difficulty index (P) for
each item was in the range 0f 0.20-0.70, in which the percentages of items with P in
the ranges of 0.20-0.39 (difficult), 0.40-0.59 (medium), and 0.60-0.80 (easy) were
20.00, 30.00, 40.00, and 10.00 respectively. The discrimination index (r) for each
item was in the range of 0.30-0.90, in which the percentages of items with r in the
ranges 0f 0.20-0.39 (fair), 0.40-0.59 (medium), 0.60-0.79 (good), and 0.80-1.00
(excellent) were 12.50,20.83,41.67, and 25.00 respectively. In addition, the
reliability based on Kuder-Richardson Formula 20 or KR2 0 for the entire test was
0.87.

The second data collection tool was a mental model drawing of a
galvanic cell. Students were asked to draw their understandings of what happens at the
molecular level in a galvanic cell from two half-cells randomly provided Zn|Zn® *,
CulCu?*, and NiNi** half-cells (see Figure 3.7). For example, if students were asked
to draw a mental model of a galvanic cell from Cu|Cu?* and Ni|Ni**half-cells, they had
to consider which one was an oxidation or a reduction half-cell, and to provide how
ions and atoms in each half-cell (both in solutions and electrodes) changed regarding

the progress of the reaction.

Provided symbols:

o
e S e ORESRR
S N O (3] R 7ab
o = e @@3@

oxidation/reduction oxidation/reduction

Figure 3.7 The task for mental model drawing of a randomly given galvanic cell

(i.e., MgMg™", Zn|Zn?*, Fe|Fe?*, Cu|Cu?" and Ni|Ni?* half-cells)
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3.3.4.5 Data Analysis

The data collected in this study were analyzed as follows:

1) The pre- and post-conceptual test answers were awarded 1.00
and 0.00 pomnt for each correct and incorrect choice respectively in the first tier.
Please note that the first tier may not enough to identify if students accommodate
misconceptions, while the explanation tier contain more relevant information about
students’ conception. Each explanation provided in the second tier was awarded 0.00,
0.25, 0.50, 0.75, or 1.00 point regarding the completeness of their explanation.
The total possible score for each item was 2.00 points. Consider the explanation
score, the total possible score in this part was 24 points. Students were categorized
into five categories according to their explanation scores. Students whose percentages
of explanation scores fell in the ranges of 0-19, 20-39, 40-59, 60-79, and 80-100 were
classified as 'very poor', 'poor', 'fair', 'good’, and 'excellent' categories, respectively
[70].

2) The pre- and post-mental model drawings were categorized into
five groups according to the information expressed in their drawing both macroscopic
(including symbolic) and sub-microscopic (molecular) levels. The macroscopic and
symbolic levels were combined in this study as MacSym criteria as sometimes they
were difficult to separate symbolic information from macroscopic information in
students’ mental drawings. There were three criteria (5 points available) for the
macroscopic and symbolic features (MacSym Al, A2, and A3) and the other three
criteria (10 points available) for the sub-microscopic features (Mol B1, B2, and B3).
Therefore, the total available score was 15 points. Four main scientific concepts were
considered in each criterion (see Table 3.8). Drawings with information
corresponding to none, one, two, three, and four out of four scientific concepts in each
criterion were classified as “Sound Understranding: SU”, “Partial Understanding: PU”,
“Partial Understanding with Specific Misunderstanding: PMU”, “Specific
Misunderstanding: MU”, and “No Understanding: NU” categories, respectively.
These drawings were respectively awarded 100%, 75%, 50%, 25%, and 0% of the

possible score in each criterion.



49

Table 3.8 Criteria for categorizing student’s mental models of a galvanic cell

Criteria

Scientific concepts

1. Macroscopic and The following concepts are considered.

symbolic
1.1 MacSym Al
(2 points)

1.2 MacSym A2
(2 points)

1.3 MacSym A3
(1 point)

Electrodes, solutions and salt bridges.

1. Provide correct cathode (Mac).

2. Provide correct anode (Mac).

3. Provide correct salt-bridge (Mac).

4. Provide correct solution in each half-cell (Mac).
Atoms, ions and electrons (particles).

1. Show right Ox. No. for metal cations in each half-cell
(Sym).

2. Show right Ox. No. for electrolytic anions in each half-cell
(Sym).

3. Define particles in electrodes as neutral atoms (Sym).

4. Show free electrons (¢’) only on wire (Sym).
Oxidation and reduction half-cells.

1. Identify correct oxidation and reaction half-ceils (Mac).

2. Provide right oxidation reaction for oxidation half-cell
(Sym).

3. Provide right reduction reaction for reaction half-cell
(Sym).

4. Provide right total oxidation-reaction reaction (Sym).

2. Molecular

2.1 Mol B1
(4 points)

The following concepts are considered. Please note that sizes of|
particles are not included in these criteria.
Position of particles and oxidation number.

1. All neutral atoms appear only on electrodes.

2. All ions appear only in solutions or in salt-bridge.

3. Free electrons appear only on a wire.

4. Ox. No. of metal ions in each half-cell is correct.
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Table 3.8 Criteria for categorizing students’ mental models of a galvanic cell

(Continued)
Criteria Scientific concepts
2.2 Mol B2 Numbers of particles in solutions and electrodes.
(4 points) 1. Numbers of neutral atoms increases in cathode, while
decreases in anode.
2. Numbers of metal cations increases in oxidation half-cell,
while decreases in reduction half-cell.
3. Number of metal ions relate to the gain and loss of
electrdn in each half-cell (mole concept).
4. Total number of metal atoms plus metal ions in each half-
cell remains constant (conservation of mass).
2.3 Mol B3 Transfer (movement) of particles in solution and salt bridge.
(2 points) 1. Salt-generated cations transfer to reduction half-cell.

2. Salt-generated anions transfer to oxidation half-cell.
3. Electrons transfer from anode to cathode via a wire.
4. Electrolytic anions transfer from one to the other half-cell

via salt-bridge.

Source: applied from Supasorn, 2015 [70]

3) Students’ scores from the pre- and post-conceptual tests and

mental model drawings were analysed by the use of paired-samples T-test to identify

the mean differences between the pre- and post-intervention scores at the significance

level of 0.05.

4) Class normalized learning gains or <g> of students’ scores from

pre- and post-conceptual tests and mental model drawings were applied to minimize

the floor and ceiling effects calculated by the equation:

<g> = [(% post—test)-(% pre-test)] / [(100 %)-(% pre-test)]
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The floor and ceiling effects are the effects that students who begin
with low pre-test scores may have more chance to have large percentage gains, while
students who begin with large pre-test scores may gain only small percentage scores.
In other words, it is common for students with higher pre-test scores to have results of
smaller absolute gains (post-test scores minus pre-test scores). The floor and ceiling
effects can be minimized by using normalized gain <g> analysis. The topics with <g>
<0.30, 0.30<<g>> 0.70, and <g> > 0.70 were classified into low-, medium-, and high

gain categories, respectively [71].



CHAPTER 4
RESULT AND DISCUSSION

4.1 Result of experimentation of electrochemical cell based on the institute for
the promotion of teaching science and techmology Thailand (conventional
method)

4.1.1 Result of the reaction of metals in various solutions (oxidation —
reduction reaction)

The reaction of metals in various solutions was studied. The results were
shown in table 4.1. Considering of R case; R means reaction was occurred; including
corrosion of metals and bubble of gas. In the case of Zn metal dipped into a solution
of Cu (II) ions (copper (II) sulfate). The possible reactions were occurred as
following:

For a half reaction of oxidation reaction: Zn metal was lost two electrons
which reduced by Cu (II) ions as shown in equation 4.1, since its standard reduction of
cell potential is higher than Zn (IT) ion as demonstrated in appendix A (figure A.2).
Cu metal (black powder) was observed on the zinc metal, rather than the usual gas

bubble (R). For the other reactions of R case were explained by this explanation.
Zn(s)—» Zn**(aq) + 2e (Oxidation) E%en=-0.76 V 4.1)
For a half reaction of reduction reaction: The Cu (II) ions were gained two
electrons which oxidized by Zn metal as shown in equation 4.2. Since, its standard
reduction of cell potential is lower than Cu (II) ions.
Cu*" (aq) + 2¢ — Cu(s) (Reduction) E%.;=0.34 V (4.2)

The overall reaction of this R case was demonstrated in equation 4.3

Zn(s) + Cu** > Zn**(aq) + Cu(s) (redox reaction) (4.3)
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For the NR case; NR means no reaction. Considering of copper metal
dipped in all electrolytes as shown in table 4.1. Cu metal has no reaction. This case
indicated that Cu is higher standard reduction of cell potential than the other metals,

suggesting that Cu metal cannot reduce to the other metals as shown table 4.1.

Table 4.1 The reaction of metal in various solutions (oxidation-reduction

reaction)
Solutions Metals
1M,20mL Cu(s) Zn(s) Mg(s) Fe(s) Al(s)
Cu**(aq) NR R R R R
Zn**(aq) NR NR R NR R
Mg**(aq) NR R NR R R
Fe**(aq) R R R NR R
AP*(aq) NR NR R R NR

Note: NR means no reaction

R means reaction was occurred; including corrosion of metals and bubble of gas

4.1.2 Result of electron transfer in galvanic cell
This experiment was studied of the electron transfer in galvanic cells. The
cell potential of the galvanic cells was measured and compared to the theoretical value

which was calculated from the following equation:

E%it = E%athode — Eanode

E%et = Ereduction — Eoxidation

In generally, the cell potential, E%.u, for the spontaneous chemical
reactions is always a positive value. For example, the galvanic cell of

Zn(s)|Zn**(aq)||Cu®*(aq)|Cu(s), the two half cells reaction was demonstrated as |

following:
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: : Zn(s) - Zn**(aq) + 2¢ (oxidation) Elen=-0.76 V
Cu** (aq) + 2e > Cu(s) (reduction) E’en= 034V
The overall cell reaction (redox reaction):
Zn(s) + Cu** > Zn?*(aq) + Cu(s) (redox reaction)
Elen =0.34 V- (-0.76 V)
Elen=1.10V (4.4)

The values of cell potentials were collected. The theoretical cell
potentials, E.n (theor) for the cell Zn(s)|Zn**(aq)||Cu** (aq) |Cu(s) was 1.10 V as
shown in equation 4.4, while the observed cell potentials, Ec.i (obsd) was 0.99 V.
From the results, it was found that the Ecc1 (obsd) values produced by the galvanic cell
(conventional method) were close to the theoretical (calculation) values. Furthermore,
it was found that the precision of the triplicate measurements (n=3) indicated by the
relative standard deviations (%RSD) of the Eceu (obsd) values was good in the range of
0.45% - 2.06%. The others cell potential of galvanic cells was demonstrated in table
4.2,
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Table 4.2 The cell potential of galvanic cells using 20 mL and 1 M of electrolytes
in both half-cells (n = 3), instant collection of cell potential

Galvanic cells Ecen (theor) Ecai (obsd) £ SD % RSD
Cu-Zn 1.10 0.99 +£0.02 2.06
Cu-Fe 0.78 0.61 +0.01 2.83
Al-Mg 0.68 1.29 +0.00 0.45
Al-Zn 0.92 0.36 +0.02 5.02
Mg-Fe 1.93 1.20 +0.01 0.48
Zn-Mg 1.61 0.89 +0.01 0.65
Zn-Fe 0.32 0.38 +0.00 1.53

4.2 Result of the developed method
A simple method for the fabrication of small-scale and low-cost galvanic cells has
been developed as a teaching tool for electrochemistry of high school students.
The method was designed according to the concept of “Green chemistry” reducing use
of chemicals, less waste generation, and time consumption while retaining the
experimental concepts. The parameters that affected on the developed method has
been demonstrated as followed;
4.2.1 Result of parameters that affected on the developed method
4.2.1.1 Effect of electrolytes volume
The effect of electrolyte volume on the cell potential was
shown in Figure 4.1 A). The cell potential increased with increasing volume of
electrolyte until 2 mL since the contact surface areas between electrodes and
electrolytes increased which enhanced Eca, e.g. due to reduction of resistance within
the electrode/ electrolyte junction (Allen, 1995). The increasing Ecen values reached
the saturated values at 2-3 mL. Thus, this condition was selected minimizing amount

of used solution.
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1.0+ — & Zn.Cu
—®— Cu-Fe
0.8 —&— 7n-Mg|
= —W%— Zn-Al
—4— Zn-Fe
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—&— Fe-Mg

Cell potential (V)

Volume (mL)

Figure 4.1 (A) Influence of the electrolytes volume (mL) at fixed concentration of
electrolytes at 0.1M of cathode half cell and 0.01 M of anode half cell

4.2.1.2 Effect of electrolytes concentration

Parameters affecting cell potential were examined using the
separated cells. Figure 4.2 B) shown that the cell potential increased with the
increasing electrolyte concentration. The experiment was performed by fixing
concentration of two half-cell (0.1M) whilst, further increase in the concentration from
0.005 M to 0.03 M resulted in the potential decrease. Therefore, 0.01 M was chosen
for further experiments. The potential values of the galvanic cells with different pairs
of electrodes and electrolytes using cotton thread as salt bridges were compared to the

theoretical values which were calculated by using Nernst’s equation as followed.

0.0591
n

= E°

cell =

E

logQ (4.5)

cell

Where EZ,is the standard reduction potential the cell which
can be calculated from the standard reduction potential of each half cell. Q is the
reaction quotient depending on activity ratio of ions in electrolytes employed in the
two half- cells. The activity ratio can be approximated to be the ratio of ion
concentrations. According to the Equation 4.5, values of Eerelative to that of E%.y
depend on Q. If Q is more than, less than, or equal to 1 resulting ES,); less than, more

than, or equal to 1, respectively.
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Any increase in Q of the cell results in reduction of Ece, while
decrease in Q increases Ecen. Thus, Ecen can be tuned by changing Q value which can
be simply performed by varying concentration ratio of two electrolytes used in the cell
[72]. For a galvanic cell prepared using [Zn**] = [Cu?'] = 1.0 M, the Q value is
1 (logioQ 1 = 0). The potential of this cell (Ez,zn2+||cuz+|cy) 1S the same as the cell

potential at the standard state (EOZn|an+”Cuz+|Cu) which is calculated to be 1.10 V, for
instance. When the concentration of Zn?* (aq) is increased to be 10 times of [Cu?*]
(with [Zn**] = 1.0 M and [Cu?"] = 0.1 M), the corresponding Q value is 10 (log10Q =

1). The calculated Ejpzn2+|cuz+|cy 1S decreased to be 1.07 V. If [Zn**] = 0.01M and
[Cu?*] = 0.1M, the resulting Q is 0.1(logi0Q =-1). The calculated Eznjzn?+||cu?*|culS

increased to be 1.13 V. Which corresponded to our experiment shown in Figure 4.2

B).

—8— Zn-Cu
—e— Cu-Fe
—A—7n-Mg
—w—Zn-Al
—4—- Zn-Fe
—»— Al-Mg
—&— Fe-M,

Cell potential (V)

T T T v T T T r T T T
0.005 0.010 0.015 0.020 0.025 0.030

Concentration of Electrolyte (M)

Figure 4.2 (B) Dependence of electrolyte concentration (M) at the fixed volume of
2 mL and fixed of the concentrations of one half cell at 0.1 M and one
half cell at 0.01 M
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4.2.1.3 Effect of solution type use as a salt bridge

The effect of salt types used as salt bridges on the cell potential
was also studied. Although high Ec.i was obtained with the use of 0.01 M NaCl(aq),
the cell lifetime is relatively short (about 0.33 h). 0.01 M KNOs(aq) was observed to
be better salt resulting in very stable cells as well as providing high cell potential, as
illustrated in Figure 4. Potassium ion is remarkably nonreactive, and most potassium
salts are soluble in water [11]. Also noted that NaCl(aq) might not be a good choice
when zinc, silver or lead electrodes were applied, it may be ascribed from the
precipitation with many common anions e.g. ZnCh, AgCl, PbCL [73, 74] and during
the long time of operation NaCl(aq) causes the imbalance of ions in the
electrochemical cell. The results of other studied cells were also in good agreement
with Figure 4.3. Therefore, 0.01M KNO; (aq) was selected for further study. The

other salt types used as salt bridges on the cell potential were shown in appendix As.

1.2

—=— KNO, used as a salt bridge
1.0 5 —e— NaCl used as a salt bridge

0.8 - - - _

3
-CE ooty ——— O —— o @
: hagde
5 -I;__,_.“.__\_’.l‘
g 0.6 4 _
=%
° i
O 0.4
0.2 4
0.0 T T T 1 L
0 1 2 3 4
Time (h)

Figure 4.3 Stability test of the cell prepared with the salt bridge containing
KNO;(aq) and NaCl (aq) of Cu|Cu?*||Mg**|Mg cells concentration
2 mL in 0.01M of electrolyte
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4.2.1.4 Effect of electrolytes lifetime
The lifetime of the developed small-scale cells was investigated
as shown in Table 4.3 for the lifetime of the Cu(s)|Cu?*(aq)||Mg>*(aq)|Mg(s) cell and
the other cells studied also corresponded to Table 4.5 and the other cells as shown in
table A 1(in appendix A) 1. The cell potential values measured in different sets of the
experiments were not significantly different within %RSD < 5, suggesting that the
precision of the developed small-scale cells is high and workable. It could also be

concluded that the reagent can be effectively used up to one month.

Table 4.3 Mean (M), standard deviation (SD) and relative standard deviation
(%RSD) values of Ec, .2+ mgz*mg Using 2 mL and 0.01 M of

electrolytes in both half-cells at different application time

Cell potential (V)
Cell of
Cu|Cu?*||Mg*"|Mg Time ()
1 2 3 4 24 720
Set 1 1.38 1.40 1.39 140 142 1.41 1.43
Set 2 1.38 1.41 1.39 1.37 142 1.38 1.40
Set 3 1.40 1.43 1.42 1.39 144 1.40 1.39
M 1.39 1.41 1.40 139 143 1.40 1.41
SD 0.01 0.01 0.01 0.01 0.01 0.01 0.02
%RSD 0.83 1.08 1.23 1.10  0.80 1.09 1.47

4.2.1.5 Method validation of developed method

The comparison between conventional and the herein developed
cells was illustrated in Figure 4.4 for different half-cell couples. Both methods were
observed to be comparable. According to the t-test, the cell potential of each 7 cell
was not significantly different (tsa= 2.414, toitca= 2.447) at P=0.05. The Cu-Fe, Zn-
Mg, Cu-Zn and Al-Mg celis developed in this study reveals significantly lower Ecep
compared to the conventional cells. However, qualitative analysis of different cells is
considered to be the same using either conventional or herein approaches. With the
benefits of low cost and small scale, it is worthwhile applying the developed cells in
this study as teaching materials in the future.



60

1.6
B2 Conventional method

1.2 2222 Developed method
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Cell potential E? (V)
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Figure 4.4 Comparison of potential values of different cells being developed by

the conventional method and the developed method

4.2.1.6 Application of developed method for batteries

Application of developed method for batteries has been studied.
Battery is a device consisting of two or more galvanic cells that converts stored
chemical energy into electrical energy. A battery is defined as a set of galvanic cells
connected in series. In a series connection, the negative electrode of one cell is
connected to the positive electrode of the next cell. Zn(s)|Zn**(aq)||Cu**(aq)|Cu(s) and
Zn(s)|Zn**(aq)|| Mg?*(aq)|Mg(s) were chosen to study for application of batteries. The
set up was fixed to 3 galvanic cells which were set up as demonstrated in figure 3.5.
For example, Zn(s)|Zn’"(aq)||Cu’(aq)|Cu(s), the cell potential of the batteries was
measured (Econ (obsd)) and compared to the theoretical value (Ecen (theor)) which was
calculated from the equation 4.6 based on the values of the standard reduction of cell
potentials for the two half-cells which was calculated from equation 4.4. As the
connection was fixed to 3 galvanic cells. Therefore, the standard reduction of cell

potential (E°en of Zn(s)|Zn**(aq)||Cu**(aq)|Cu(s) will be 3.30 V.
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Batteries of Zn(s) |Zn**||Cu?*|Cu(s):

E? battery = E%ent + E%em2 + E%ens

E%attery = 1.10 + 1,10 + 1.10

E%atery = 3.30 V (4.5)

The values of the standard reduction of cell potentials, E.n (theor) for
the batteries of Zn(s)| Zn**(aq)||Cu**(aq)|Cu(s) is 3.30 V, while the observed of cell
potentials, Ecen (obsd) was 2.45 V with high stability around 2 h (%RSD <2, Table
4.4). It was found that the Ecen (obsd) values produced by the batteries were
comparable to the theoretical (calculation) values with a good precision of the
triplicate measurements (n=3), indicated by the relative standard deviations (%RSD)
which was lower than 2 %. However, qualitative analysis of different cells is
considered to be the same using either E’y (theor) or Ecen (obsd). With the benefits
of low cost and small scale, it is worthwhile applying the developed cells in this study as
teaching materials in the future.For the Zn(s)|Zn**(aq)|| Mg?'(aq)[Mg(s) batteries was
also demonstrated in the table 4.4.
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Table 4.4 Mean (M), standard deviation (SD) and relative standard deviation
(%RSD) values of Zn(s)|Zn**(aq)||Cu’?*(aq)|Cu(s) and
Zn(s)|Zn**(aq)||Mg**(aq) [Mg(s) using 2 mL and 0.01 M of electrolytes
in both half-cells at different application time

Cell potential
Batteries in 3 series  Set Time (h) E’n
0.33 1 2
Set 1 2.45 2.44 242 3.30
Set 2 2.39 242 2.45 3.30
Set 3 249 245 249 3.30
Zn(s)| Zn*"||Cu*" |Cu(s)
2.44 2.44 2.45 3.30
SD 0.05 0.02 0.04
%RSD  2.05 0.82 1.63
Set 1 2.29 2.28 2.33 4.83
Set 2 2.34 2.31 2.36 4.83
Zn(s)| Zn*'|Mg>* Mg(s)  Set3 2.29 2.35 2.29 4.83
M 2.31 2.31 2.33 4.83
SD 0.03 0.04 0.04
%RSD 1.30 1.73 1.72

4.2.2 The reaction of metals in various solution (oxidation-reduction reaction)

This experiment was studied of the reaction of metals in various solutions.

The result was shown in table 4.3. Considering of R case; R means reaction was

occurred; including corrosion of metals and bubble of gas. In the case of Mg metal

dipped into a solution of Fe (I1) 1ons (iron (II)) sulfate). The possible reactions were
occurred as following:

The oxidation reaction: Mg metals was lost two electrons which reduced by

Fe (II) ions as shown in equation 4.6, since its standard reduction of cell potential is
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higher than Mg (II) ion as demonstrated in appendix A (figure A.2). The results of
this experiment were shown in table 4.3. This reaction was occurred so rapidly, the
particle of iron (Fe) was observed as a black color, rather than the usual gas bubble

(R). For the other reactions of R case were explained by this explanation.

Mg(s) — Mg?*(aq) + 2¢ (Oxidation reaction) Elcey =-2.37V (4.6)

For the half reaction of reduction reaction: The Fe (II) ions were gained two
which oxidized by Mg metal as shown in equation 4.7. Since, its standard reduction of

cell potential is lower than Fe (II) ions.
Fe**(aq) + 2¢” - Fe(s) (Reduction reaction) E%en = - 0. 45 V 4.7
The overall reaction of this R case was demonstrated in equation 4.8
Mg(s) + Fe?* > Mg?*(aq) + Fe(s) (Redox reaction) (4.8)
For the NR case; NR means no reaction. Considering of copper metal dipped
in all electrolytes as shown in table 4.5. Cu metal has no reaction. This case indicated

that Cu is higher standard reduction of cell potential than the other metals, suggesting

that Cu metal cannot reduce to the other metal as shown table 4.5.
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reaction)
Solution Metals
0.01 M,
> mL Cu(s) Zn(s) Mg(s) Fe(s) Al(s)
Cu?*(aq) NR R R R R
Zn**(aq) NR NR R R R
Mg?*(aq) NR R NR R R
Fe*(aq) R R R NR NR
AlP*(aq) NR NR R NR NR

Note: NR means no reaction

R means reaction was occurred; including corrosion of metals and bubble of gas

4.2.3 Study of electron transfer in galvanic cell

This experiment was to study the transfer electron to electrical energy. And

the result of this experiment was shown in table 4.6.

Table 4.6 The cell potential of galvanic cell using 2 mL and 0.01 M of electrolytes

in both half-cells. (n = 3), instant collection of cell potential

Galvanic cells Ecen (theor) Ecen (0bsd) £ SD % RSD
Cu-Zn 1.10 0.78 +0.01 0.74
Cu-Mg 271 1.41 +0.03 1.88
Cu-Fe 0.78 0.55 +0.01 1.06
Al-Mg 0.68 1.10 +0.01 0.45
Al-Zn 0.92 0.38 +0.04 5.05
Mg-Fe 1.93 1.20 +0.04 0.48
Zn-Fe 0.32 0.30 +0.01 431

This experiment was studied of the electron transfer in galvanic cells. The cell

potential of the galvanic cells was measured and compared to the theoretical value

which was calculated from the following equation:
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_ 0 0
Eocell =E cathode — E anode

. olt] [
Eocell =E reduction — E oxidation

The cell potential, Ecen, for the spontaneous chemical reactions is always a
positive value. For example, the galvanic cell of Zn(s)|Zn**(aq)||Fe**(aq)|Fe(s), the

two half cells reaction as following:

Zn(s) > Zn**(aq) + 2¢ (Oxidation) E%en=-0.76 V

Fe** (aq) +2¢ — Fe(s) (Reduction) Een=-0.45V

The overall cell reaction:

Zn(s) + Fe** - Zn**(aq) + Fe(s) (Redox reaction)

E%en = -0.454 V — (-0.76 V)

Elen =031V (4.9)

The values for the half standard reduction of cell potentials were
collected instantly*. E%y (theor) for the cell Zn(s)| Zn?*(aq)||Fe?*(aq)|Fe(s) is 0.31 V,
while the observed cell potentials, Ecai (obsd) was 0.30 V. From the results it was
found that the Ec.u (obsd) values produced by the galvanic cell of developed method
were close to the theoretical values and the reproducibility of the triplicate
measurements indicated by the standard deviations (SD) of the Ecen (0bsd) values was
in the range of 0.00 - 0.03, respectively. Furthermore, it was found that the precision
of the triplicate measurements (n = 3) indicated by the relative standard deviations
(%RSD) of the Ecey (obsd) values was good in the range of 0.45- 5.05%, respectively.

The other cell potential of galvanic cells was demonstrated in table 4.4.

Note: by observing the optimum application time as demonstrated in appendix A.
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4.3 Application
There were four sections of results in this study: 1) students’ scores in the
conceptual tests of electrochemistry, 2) student conceptual categories in the conceptual
tests of electrochemistry, 3) students’ scores in the mental model drawings of a
galvanic cell, and 4) students’ conceptual categories in the mental models of a
galvanic cell.
4.3.1 Students’ scores in the conceptual tests of electrochemistry
Students' conceptual test scores from 28 grade 12 students were divided
into two categories, oxidation-reduction reactions and galvanic cells. The mean pre-
test scores for the first and second tiers and the totals were 6.11 (SD 1.50), 3.12 (SD
1.50), and 9.22 (SD 2.67) respectively for the topic of oxidation-reduction reactions,
and 7.54 (SD 2.70), 2.53 (SD 1.81), and 10.06 (SD 3.81) respectively for the topic of
galvanic cells, as shown in Table 4.8. After the completion of the four small-scale
experiments, the mean post-test scores for the first and second tiers and the totals were
8.11 (SD 0.96), 6.94 (SD 1.40), and 15.29 (SD 2.31) respectively for the topic of
oxidation-reduction reactions, and 12.39 (SD 1.77), 10.35 (SD 2.77), and 23.00 (SD
3.92) respectively for the topic of galvanic cells. The normalized learning gains or
<g> for the first and second tiers and the totals were 0.69, 0.65, and 0.69 respectively
for the topic of oxidation-reduction reactions, and 0.65, 0.63, and 0.65 respectively for
the topic of galvanic cells. The <g> was in the medium gain range of 0.30 and 0.70 in
all cases except the choice tier of the topic of oxidation-reduction reactions (<g> =
0.72, high gain). This arose because the oxidation-reduction reactions topic involves
just one half-cell (one vial or beaker observation), while the galvanic cells topic
involves two half-cells (two vials or beakers) which is more difficult to observe and
understand. Therefore, the students provided clearer explanations in the oxidation-
reduction section than in the galvanic cells section which involves and assumes

knowledge of oxidation-reduction.
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Table 4.7 Students’ scores assessed by the conceptual test of electrochemistry

(n=28)

Avai  pre_test Post-test Gain
Tiers - T

lable mean SD % mean SD % % <g>
Ox. - Red. 18 922 267 5122 1529 231 8494 33.72 0.69 7.78*
- Choice 9 6.11 150 6789 811 09 90.11 2222 0.6915.73*
-Explanation 9 3.12 150 3467 694 140 77.11 42.44 0.6510.28*
Galvanic
cells 30 10.06 3.81 33.53 23.00 3.92 76.67 43.13 0.65 8.28*
- Choice 15 7.54 270 50.27 1239 1.77 82.60 3233 0.65 14.8*
Explanation 15 253 181 16.87 1035 277 69.00 52.13 0.63 14.81*
Total 48 19.29 543 40.19 38.29 5.62 79.77 39.58 0.66 9.08*
- Choice 24 13.64 3.41 56.83 20.50 2.03 8542 28.58 0.66 19.5*
Explanation 24 564 291 2350 1729 3.79 72.04 4854 0.63 15.16*

Note: Statistically different at the significance level of 0.05.

The paired-samples T-test analysis indicated that the differences between

the mean scores of the pre- and post-conceptual tests were statistically significant in

all cases. In the galvanic cells topic, students obtained much higher percentages of

scores in the choice tier than the explanation tier for both the pre- (50.27 and 16.87)

and post-conceptual tests (82.60 and 69.00). This situation arose because sometimes

the students knew the answers without a complete scientific conceptual explanation of

galvanic cells. As a result, they may provide partial understandings, alternative
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understandings, or misunderstandings in their answers [75]. The improvements in the
percentages of the post-test scores indicated that the corresponding small-scale
experiments of electrochemistry in conjunction with the model of galvanic cells were
effective in the enhancement of students' conceptual understandings of
electrochemistry.
4.3.2 Levels of Students' Understanding in the Explanation Tier of

Conceptual Tests of Electrochemistry

The students were categorized into five levels of understanding regarding
their explanations in the conceptual tests. Prior to the involvement of S5E inquiry
experiments and the model kit of electrochemistry, the percentages of students in the
very poor, poor, fair, good, and excellent categories were 37.30, 13.49, 27.38, 17.06,
and 4.76 respectively for the oxidation-reduction reactions topic, and 63.10, 14.52,
15.00, 6.67, and 0.71 respectively for the galvanic cell topic (Table 4.8). After the
intervention, the percentages of students in the very poor, poor, fair, good, and
excellent categories were 6.75, 9.52, 11.51, 16.27, and 55.95 respectively for the
oxidation-reduction reactions topic, and 13.10, 13.10, 8.81, 14.76, and 50.24
respectively for the galvanic cell topic. Notice that the percentages of students
decreased in the less understanding categories but increased in the more correct

categories.
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Table 4.8 Percentages of students in S levels of understanding in the explanation

tier of conceptual tests (n = 28)

Conceptual test Percentage of students (%)
(no. of items) Very poor Poor Fair Good Excellent
Pre-test (24) 53.42 14.14 19.64 10.57 2.23
-Ox.-Red. (9) 37.30 13.49 27.38 17.06 4.76
- Galvanic (15) 63.10 14.52 15.00 6.67 0.71
Post-test (24) 10.71 11.76 9.82 15.33 52.38
-Ox.-Red. (9) 6.75 9.52 11.51 16.27 55.95
- Galvanic (15) 13.10 13.10 8.81 14.76 50.24
Change (24) -42.71 -2.38 -9.82 4.76 50.15
-Ox.-Red. (9) -30.55 -3.97 -15.87 -0.79 51.19
- Galvanic (15) -50.00 -1.42 -6.19 8.09 49.53

4.3.2.1 Examples of Students’ Responses in Conceptual Test

Consider the students’ responses in the explanation tier for
Question 1 in the conceptual test of electrochemistry (see also Figure 3). Please note
that if students did not supply any response in the explanation tier, they were awarded
0.00 point automatically. Some students chose the correct choice (C) but supplied
incorrect explanation such as ‘Fe(s) is a reducing agent because it gained electrons,
while Cu?*(aq) is an oxidizing agent because it lost electrons’. This case was awarded
0.25 point in the explanation tier because it was considered as misunderstood. Some
students chose incorrect choice (A) and provided almost correct explanation such as
‘Fe**(aq) is a reducing agent because its oxidation number increased from 0 to +2,
while Cu?*(aq) is an oxidizing agent because its’ oxidation number decreased from +2
to 0°. This case was awarded 0.75 point in the explanation tier. Although the
explanation about decreasing and increasing oxidation numbers was correct, the
consideration of oxidation number of Fe(s) and Fe?*(aq) was switched from right to
left hand-side of chemical equation (incorrect). Some students chose incorrect choice
(B) but provided correct explanation such as ‘Cu**(aq) is a redﬁcing agent because it
gained electrons and became Cu(s), while Fe(s) is an oxidizing agent because it lost

electrons and became Fe**(aq)’. This case was awarded 1.00 point in the explanation
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tier because the explanation about gaining and losing electrons of reducing and
oxidizing agents was correct.

Students’ alternative conceptions and misconceptions in the
explanation tier of the conceptual tests were consistent with the summarized
alternative conceptions in electrochemistry by Karsli and Calik (2012)[76]. The
alternative conceptions included: 1) the cathode electrode is negatively charged, which
allows an oxidation reaction to occur, 2) the anode electrode is positively charged,
which allows a reduction to occur, and 3) there was a lack of ability to write the
correct cell reactions. The misconceptions were also consistent with the common
misconceptions summarized by Sanger and Greenbowe (1997b) [77], such as the
anode is positively charged and getting smaller because it lost electrons, while the
cathode is negatively charged and getting larger because it gained electrons.

The improvement of students' conceptual understanding and the
conceptual changes to the more correct scientific conception categories are consistent
with the studies by Cullen and Pentecost (2011) [28] and White and Roger (2000) [29]
who found that the use of a paper model of a galvanic cell in conjunction with
electrochemistry laboratory activities allowed students to visualize what happens at the
sub-microscopic level of a galvanic cell. As a result, students gained more conceptual
understanding of galvanic cells.

4.3.3 Students’ Scores in the Mental Models of a Galvanic Cell

Students’ mental models from 22 grade 12 students were analyzed. Prior to
the intervention, students' mean scores for the pre-mental models in the macroscopic
and symbolic (MacSym) and sub-microscopic (Mol) features were 1.68, 1.18, and 2.86
respectively. After the intervention, their mean scores for the post-models were 3.82,
4.75, and 8.57, respectively (Table 4.10). The percentages of the actual gains in their
mental model scores were 42.80, 35.70, and 38.07 respectively. In addition, the
normalized gains for their mental models were 0.64, 0.40, and 0.47, all falling in the
medium gain range. The paired-samples T-test analysis indicated that these changes
from pre- to post-drawings were statistically significant in all cases. Students obtained
a percentage for the pre-mental model score of 37.00 for macroscopic features, much
higher than the 23.50 for sub-microscopic features. An explanation of this may be that

students find sub-microscopic features difficult to understand due to their intangibility
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and/or invisibility [54, 55]. However, after involvement in the corresponding
experiments and models, the percentage in the mean post-mental model score
regarding sub-microscopic features increased to 47.50. This improvement of 35.70
indicated that the small-scale experiments of electrochemistry in conjunction with the
model kit of galvanic cells were effective in the enhancement of the students' mental

models.

Table 4.9 Students’ mental model scores on a galvanic cell (n = 22)

Criteria™ Avai Pre-models Post-models Gain T

(score) -lable mean SD % mean SD %  %Actual <g>

MacSym Al (2) 2 095 071 47.50 193 023 96.5 49.00 0.93 5.89*
MacSym A2 (2) 2 030 0.48 15.00 091 0.40 45.5 30.50 0.36 4.83*
MacSym A3 (1) 1 043 046 43.00 098 0.17 98.00 55.00 0.96 4.96*

MacSym Total (5) 5 1.68 132 33.60 3.82 0.55 76.40 42.80 0.64 6.74*

Mol Bl (4) 4 059 0385 1475 205 0.58 51.2536.50 0.43 7.09*
Mol B2 (4) 4 036 066 900 191 053 47.7538.75 0.43 9.06*
Mol B3 (2) 2 0.23 030 11.50 0.80 0.40 40.00 28.50 0.32 5.38*

Mol Total (10) 10 1.18 1.50 11.80 4.75 1.23 47.50 35.70 0.40 9.22*

Grand total (15) 15 286 239 19.07 8.57 1.44 57.13 38.07 0.47 9.65*

Note: Statistically different at the significance level of 0.05.

4.3.4 Students’ Conceptual Categories in Mental Models of a Galvanic Cell

The students were categorized into five groups regarding their information
expressed in their mental model drawings. When asked to draw mental models of how
they understand what happens at the molecular (or sub-microscopic) level in galvanic
cells, the categorization of the students’ macroscopic and symbolic (MacSym)
information at the pre-stage fell mostly in NU (33.23%), MU (21.83%), and PMU
(14.39%), and their molecular information for the same stage was also categorized
mostly in NU (52.56%), MU (20.58%), and PMU (13.72%), see Table 4.7. This
indicated that prior to the intervention most students accommodate specific

misconceptions at both macroscopic (including symbolic) and sub-microscopic
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features in all scientific cohcepts of galvanic cells (see also Table 4.11). In addition,
there were no students in the SU group at sub-microscopic feature in this stage.

After the intervention, their models moved to more correct conceptual
understanding categories. For macroscopic and symbolic information, most students
were in SU (56.79%) and PU (12.96%) and no students in NU. MacSym A3
(oxidation and reduction half-cells) and MacSym Al (electrodes, solutions and salt
bridges) were criteria that most students obtained sound understanding (81.48%,
81.48%) over partial understanding (5.56%, 9.26%), while MacSym A2 (particles)
was the criterion that most students obtained partial understanding (24.07%) over
sound understanding (7.41%). However, there were some students fell in the MU. The
scientific concepts that many students tended to accommodate misconceptions at
macroscopic and symbolic levels included 1) switching anode and cathode (Mac), 2)
proving incorrect oxidation number for metal ions (Sym), 3) switching oxidation and
reduction half-cells (Mac), and 4) providing total oxidation-reaction equation without

awareness of mole of electrons (Sym).

Table 4.10 Percentages of students in 5 conceptual categories in mental model

drawings (n = 22)

Percentage of students (%)
Mental models

NU MU PMU PU SU
Total pre-test 51.91 23.66 12.98 0.76 10.69
MacSym criteria 33.23 21.83 14.39 5.96 24.59
- MacSym Al 14.81 20.37 29.63 9.26 25.93
- MacSym A2 48.15 27.78 7.41 5.56 11.11
- MacSym A3 36.73 17.35 6.12 3.06 36.73
Mol criteria 52.56 20.58 13.72 5.63 7.50
- Mol B1 51.85 12.96 22.22 5.56 7.41
- Mol B2 57.69 17.31 11.54 5.77 7.69

- Mol B3 48.15 31.48 7.41 5.56 7.41
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Table 4.10 Percentages of students in 5 conceptual categories in mental model

drawings (n = 22) (Continued)

Percentage of students (%)
Mental models

NU MU PMU PU SU
Total post-test ' 0.73 18.61 37.96 11.31 31.39
MacSym criteria 0.59 15.43 14.81 12.96 56.79
- MacSym Al 0.76 1.85 7.41 9.26 81.48

- MacSym A2 0.57 35.19 33.33 24.07 7.41
- MacSym A3 0.43 9.26 3.70 5.56 81.48
Mol criteria 1.28 18.99 51.84 16.99 10.90
- Mol B1 0.00 12.50 53.13 21.88 12.50
- Mol B2 0.00 15.63 56.25 15.63 12.50

- Mol B3 3.85 28.85 46.15 13.46 7.69
Total change -51.18 -5.05 24 .98 10.55 20.70
MacSym criteria -32.64 -6.40 0.43 7.00 32.20
- MacSym Al -14.05 -18.52 -22.22 0.00 55.55
- MacSym A2 -47.58 7.41 25.92 18.51 -3.70
- MacSym A3 -36.30 -8.09 -2.42 2.50 44.75
Mol criteria -51.28 -1.59 38.12 11.36 3.39
- Mol Bi -51.85 -0.46 3091 16.32 5.09

- Mol B2 -57.69 -1.68 4471 9.86 481

- Mol B3 -44.30 -2.63 38.74 7.90 0.28

For sub-microscopic information, most were categorized in PU (16.99%)
and PMU (51.84%), while some of them were in SU (10.90%). Most students obtained
partial understanding over partial understanding with specific misconception in all
criteria of molecular feature. Mol Bl (position of particles) was the criterion that
students tended to have sound understanding over Mol B2 (numbers of particles) and

Mol B3 (transfer of particles). However, there were some students fell in the MU and
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NU. The scientific concepts that many students tended to accommodate
misconceptions at molecular level included 1) numbers of neutral atoms increases in
anode, while decreases in cathode, 2) numbers of metal cations increases in reduction
half-cell, while decreases in oxidation half-cell, 3) proving wrong oxidation number
or oxidation state of metal ions in each half-cell, 4) no transfer of salt-generated ions
from one to the other half-cell, and 5) no electrolytic anions transfer from one to the
other half-cell.

For the conceptual changes, the majority of students moved from the less
understanding (NU+MU) to the more understanding (PU+SU) categories in the
macroscopic features. The order of decreases were MacSym A3 (44.39%), MacSym
A2 (40.17%), and MacSym A1 (32.57%), respectively. On the other hand, the order of
PU+SU increases were MacSym Al (55.55%), MacSym A3 (47.25%), and MacSym
A2 (14.81%), respectively. In other word, the conceptual changes from the less
understanding (NU+MU) to the more understanding (PU+SU) categories of MacSym
A3, Al, and A2 were 91.64%, 88.12% and 54.98%. This finding indicated that this
intervention promoted students’ conceptual changes at macroscopic level in scientific
concepts of MacSym A3 over concepts of MacSym Al and MacSym A2. For the sub-
microscopic features, the order of NU+MU decreases were Mol B2 (59.37%), Mol B1
(52.31%), and Mol B3 (46.93%), respectively. On the other hand, the order of PU+SU
increases were Mol Bl (21.41%), Mol B2 (14.67%), and Mol B3 (8.18%),
respectively. In other word, the conceptual changes from the less understanding
(NU+MU) to the more understanding (PU+SU) categories of Mol B2, B1, and B3
were 74.04%, 73.72% and 55.11%. This finding indicated that this intervention
promoted students’ conceptual changes at sub-microscopic level in scientific concepts
of Mol B2 over concepts of Mol B1 and Mol B3.

The improvement of students' mental models of galvanic cells and the
changes of their mental model categories to the more correct categories may arise
from fact that the model of galvanic cells provided students a chance to access the sub-
microscopic level to direct perception. The students can construct or transform their
own mental models based on the sub-microscopic information obtained from the
model and macroscopic information from the experiments [56-59]. This supported

students to relate macroscopic and symbolic information to sub-microscopic
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information. They then generated reasonable mental (or conceptual) models and used
these models to achieve full understanding of these intangible electrochemistry
concepts [49, 58-60].

Examples of Students’ Mental Models of Galvanic Cells

Consider the mental model drawings of a Ni-Cu galvanic cell of Student
A. Prior to the involvement of the experiment, Student A provided partial
understanding (PU) information that Ni** and Cu®* ions appear in solution, as shown
in Figure 4.5a.

However, she provided incomplete information, no Ni and Cu atoms
presented. After involvement of the corresponding experiment, she noticed her
incomplete information and changed her post-mental model to the more correct
understanding (Figure 4.5b). However, she provided new mis-understanding (MU)
information that Ni** and Cu®" ions transferred from one to the other half-cell and
electron transferred via the salt bridge. She also provided mis-understanding (MU)
information that when Cu?" ions received 2 electrons they became the Cu atoms and
appeared in the solution instead of cathode electrode. She provided partial
understanding (PU) information that when Ni atoms gave two electrons they became

Ni** ions and appeared in solution.



CHAPTER S
CONCLUSIONS

5.1 Conclusion

For the first part of this thesis, the small-scale and low-cost galvanic cells have
been developed and successfully applied as the teaching materials in electrochemistry.
It was found that the developed cells have a potential to reduce the solution
consumption, at least by 15 mL per experiment as well as producing less amount of
waste in the laboratory. The application of this approach is thus environmentally
friendly and worthwhile. Besides the ‘Green’ chemistry aspect, the developed cell
efficiency is comparable to the results obtained from the conventional macro-scale
cells.

The second part, the study results verified that the intervention of the low-cost
and small-scale experiments of electrochemistry in conjunction with the inexpensive,
portable, reproducible, and flexible model kit by using the 5E inquiry learning
approach was effective to enhance students' conceptual understanding and mental
models of corresponding concepts. The students obtained the mean post-conceptual
test score statistically higher than the pre- conceptual test score. The majorities of the
pre-conceptual test were from the choice part but after the intervention, the
~ explanation part played more important role in their post- than in their pre-conceptual
test scores. Before the intervention, most students were in the partial understanding
with specific misunderstanding (PMU) to no understanding (NU) categories, but after
the intervention they moved to the more correct scientific conceptions, partial
understanding (PU) to partial understanding with specific misunderstanding (PMU)
categories. For the mental models, the students obtained the mean post-mental model
score statistically higher than the pre-mental model score. The majorities of the pre-
experiment scores were from the macroscopic part in their mental models, but the sub-
microscopic part played more important role in their post-experiment scores than in

the pre-experimental scores. Prior to the intervention, the majority of students were in
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the partial understanding with specific misunderstanding (PMU) to no understanding
(NU) categories, but they moved to the better scientific conceptions, partial
understanding (PU) to partial understanding with specific misunderstanding (PMU)
categories, after the intervention. The major misconceptions encountered in students’
mental models of galvanic cells included 1) number of neutral atoms increases in
anode, while decreases in cathode, 2) number of metal cations increases in reduction
half-cell, while decreases in oxidation half-cell, 3) identified incorrect oxidation state
for metal cations in each half-cell, 4) salt-generated cations transferred from reduction
to oxidation half-cell, while anions transferred from oxidation to reduction half-cell,

and 5) unaware of transfer of electrolytic anions from reduction to oxidation half-cell.

5.2 Implications

This study may have implications for chemistry instructors in that teaching or
directing students to perform an experiment might be not enough to help students
understand important concepts at the molecular level. Chemistry instructors should
consider using a corresponding model featuring sub-microscopic level or various tools
such as jigsaws, simulations, animations, virtual laboratory (Hawkins, & Phelps, 2013)
or other visualization tools (Osman &Tien Lee, 2014) to help students visualize
concepts at the molecular level and then connect these concepts to the corresponding
macroscopic experiment observations (Doymus, Karacop&Simsek, 2010). The use of
cooperative learning approach should be considered to let students learn and
understand the concepts from their peers (Acar&Tarhan, 2007). As a result, students
may achieve a complete and lasting conceptual understanding (Doymus,
Karacop&Simsek, 2010). It is advisable that numbers of neutral atoms, metal cations,
and electrons should be emphasized in regard of mole concepts.
5.3 Limitations

There were some limitations in this study. One of these was about the use of two-
tier multiple choice test with the open explanation/reason in the second tier.
The researcher found it difficult to encourage students to supply their reasons for their
responses in the first tier. The use of two-tier test with multiple choices or other forms
of test may be considered to diminish this limitation. In addition, using students'

explanations to construct 2-tier multiple-choice items is advisable to avoid this
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limitation. Another limitation was that the same pre- and post-tests were used in this
study. This was considered as a weak methodology because improvements could be
observed with almost any other learning approach. The parallel test or equivalence
test should be used to avoid this imitation. The last limitation was about one group
pre-test/post-test design without control group. This could be questionable about the
effectiveness of this intervention. The design with control and treatment group is

advised to diminish this limitation.
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