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ABSTRACT 

Our recent exploration of the ideas of student-teachers about DC electric circuits and 

electrochemical cells has shown the prevalence of numerous misconceptions previously reported 

in the physics education and chemistry education literature. Our students have developed their 

concepts throughout the period from grade 6 to BEd III in two separate streams – one essentially 

in chemistry and the other in physics – despite the reality that a cell and circuit together constitute 

a system. The potential benefits of adopting a Systemic Approach supported by two Big Ideas of 

Science Education in addressing the needs of our future science teachers are explored. A joint 

physics-chemistry topic devoted to the cell and circuit system in the BEd curriculum is proposed. 

[African Journal of Chemical Education—AJCE 11(1), January 2021] 
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BIG IDEAS AND THE SYSTEMIC APPROACH TO TEACHING AND LEARNING 

SCIENCE 

In a previous paper (Bradley and Moodie, 2017) [1] we argued that the potential link 

between the Systemic Approach to teaching and learning chemistry (Fahmy and Lagowski, 1999) 

[2] and the Big Ideas of Science Education (Harlen, 2010) [3] deserved to be explored. Using one 

strand (Matter and Materials) of the South African Natural Sciences curriculum (grade 7) as an 

example, we showed how content specifications in the national curriculum could readily serve to 

build awareness and comprehension of one Big Idea. The Big Idea chosen was the one about 

particles: 

“All matter in the Universe is made of very small particles” 

We have concluded [4] that the Systemic Approach provides an over-arching teaching and 

learning idea that, in conjunction with the Big Idea construct, could help: 

(a) create stronger coherence in an existing national curriculum, 

(b) strengthen its role as preparation for further study, 

(c) establish a more useful framework of understanding for future citizens, 

(d) develop systems-thinking. 

More recently we have investigated an important component of another strand in the 

Natural Sciences curriculum, namely Energy and Change, starting with a study of the conceptions 

held by student teachers at our university (Bradley, Khulu, Moodie and Mphahlele, 2019a) [5]. 

The focus of our study was that of cells and DC circuits, a topic introduced in the Natural Sciences 

curriculum in grades 6 to 9. (The topic is taught further in grades 10-12 in the school subject 

Physical Sciences.) The outcomes were disappointing in the sense that student teachers of Physical 

Science in a third year physics class for the BEd held many misconceptions about cells and DC 
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circuits. The physics education literature is replete with reports of such problems for school 

learners and their teachers, as well as for student-teachers, so we were not greatly surprised. The 

chemistry education literature regarding student conceptions of electrochemical cells is also 

extensive, and a subsequent study of our fourth year BEd students in a chemistry class, showed 

again that they held many of the previously reported misconceptions.   

Although we use the phrase cells and DC circuits, it is important to note that in a sense DC 

circuits are traditionally viewed as a physics topic whilst cells (electrochemical cells) are viewed 

as a chemistry topic. The curricular overlap of the two is very limited, despite the fact that DC 

circuits (in physics) necessarily include a cell and electrochemical cells (in chemistry) necessarily 

include an ‘external circuit’. This very limited extent of overlap exists within both the school 

subjects Natural Sciences (grades 4-9) and Physical Sciences (grades 10-12), and it continues in 

our current BEd curriculum. Yet any electrical circuit is clearly one system (Härtel, 1982) [6], and 

so teaching about this system as two separate domains might well be expected to run into 

difficulties, unless substantial efforts are made to bridge the two especially in the earlier stages of 

science education. 

In this paper we explore the need for a Systemic Approach to the teaching and learning of 

cells and circuits, as a way of helping student-teachers overcome the burden of misconceptions 

they bring from school. This approach would best be implemented as a formal topic within the 

BEd curriculum for student teachers of Natural Sciences and Physical Sciences. We envisage an 

important role for two Big Ideas within this approach, namely the ‘particle Big Idea’ cited above, 

and the Big Idea concerning energy, namely: 

“The total amount of energy in the Universe is always the same but can be transferred from one 

energy store to another during an event.” [7] 
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Our hope is that room can be made to accommodate such a topic in the BEd curriculum, 

even though the physics and chemistry teaching are currently separate and in sequence. 

 

SOME DIFFICULTIES IN UNDERSTANDING CELLS AND CIRCUITS REVEALED BY 

STUDIES OF MISCONCEPTIONS  

The development of our approach consciously aims to take into account the extensive 

research into student misconceptions. The literature regarding misconceptions comes both from 

physics education and chemistry education research. A selection of these follows: 

P. From physics education research [8], [9], [10]: 

(i) The current is consumed by components in the circuit; the cell is like a tank that 

stores current until it runs empty. 

(ii) The current/electricity is consumed, and it is thus attenuated at each resistor in 

sequence, so that very little returns to the cell.  

(iii) The current is the cause of the potential difference across a resistor. If there is no 

current through a part of the circuit, then the PD across that part is zero.  

C. From chemistry education research [11], [12], [13]: 

(i) Electrons flow not only through the electric circuit but through the cell itself. 

(ii) The cell stores electric current and releases it when the circuit is completed. 

(iii) The + and  –  labels on the cell terminals represent the charges they bear. Inside the 

cell cations move towards the - electrode, whilst anions move towards the + 

electrode. In electrolytic cells the signs are reversed. 

Reflecting upon these lists it should first be noted that they also are divided into two. We 

are not aware of published reports bringing the two together in order to draw inferences about the 
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system of cells and circuits. Secondly, it should be noted that these are widespread misconceptions 

held by substantial fractions of students and teachers according to the reports. We are therefore 

looking at a substantial problem in science teaching that student teachers (as in our BEd courses) 

need to overcome. Our thinking is that to some extent this problem derives from the existence of 

two curricular silos of knowledge and the teaching and learning about them, when in reality there 

is one system. 

Taking into account the World-wide curricular separation of cells and circuits, we felt the 

need to describe in the following sections some of the specific features of a topic curriculum for 

student-teachers, which is designed to bring coherence and understanding to cells and circuits. 

 

TOWARDS A TOPIC FOR STUDENT-TEACHERS ABOUT CELLS AND CIRCUITS 

1. Finding a Starting Point: The Cell as a Source of Energy 

Faced by all the misconceptions and the aim to address them effectively in the context of 

our BEd curriculum, we thought to go back to ‘the beginning’ (Bradley, Khulu, Moodie and 

Mphahlele, 2019b) [14]. By this we mean, where did cells and circuits start? This is quite clear; it 

goes back to Volta and his discovery of current electricity arising from a ‘pile’ – that is pieces of 

different metals interleaved by moist, salty paper – which he reported in 1800 approximately. At 

that point in time there could have been little doubt that the ‘cell’ (represented by the two different 

metal pieces and salty interface) caused the current. However, it was a matter for speculation as to 

what flowed in the ‘external circuit’.  

It was also evident that the ‘cell’ was a source of energy. Apart from what Volta himself 

observed, a very striking, different illustration of the cell as a source of energy came swiftly: the 
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electrolysis of water.  The decomposition of water, with two different products appearing at the 

two electrodes, had far-reaching implications for the understanding of the nature of substances.  

These discoveries were reported at much the same time as Dalton re-launched the Atomic 

Theory, giving huge impetus to establishing the ‘particle Big Idea’. 

Identifying the cell as a source of energy is easy to say and acknowledge as an observed 

event. But the question is, how does it work? Traditional physics teaching about DC circuits almost 

always avoids answering this question. Most rely on the ‘source of energy’ mantra, and then focus 

on current and the continuity of the electric circuit. Some models of DC circuits even propagate 

the erroneous idea that the electronic current is continuous through the cell and the circuit [15] 

[16]. Some authors who have advocated a priority attention on ‘voltage’ rather than current (Psillos 

et al, 1988) [17] in teaching about circuits, have found themselves challenged by thoughtful 

students as to what is happening in the cell. Regrettably the crucial understanding that the cell 

voltage (or emf) directly reflects the energy change of the cell reaction on a per coulomb basis is 

not often clear. The little silo that is DC circuits, nurtures its own culture, with the links to more 

general science concepts weakly evident. It may be correctly said that the cell is a source of energy, 

but it would be more meaningful to say that the cell chemical reaction is a source of energy.  

2. Sources of Energy and How They transfer Energy 

There are other sources of energy in everyday experience: most notably we have 

combustion of fuels. These do not look to have anything in common with a cell at work. However, 

in commercial cells of today, we see the ingredients of a chemical reaction. Volta and other 

scientists of his time, were well aware of chemical reactions as energy sources, but would not have 

been able to explain what happens in ways we could understand today. 
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In today’s language we could describe the combustion of fuels, as a reaction between the 

fuel and oxygen, usually forming carbon dioxide and water. The reaction is described as 

exothermic, meaning energy is released from the reaction mixture, as reactants form products. The 

energy is transferred to the surroundings mostly by molecular collisions. (High KE product 

molecules collide with lower KE molecules in the surroundings.) We do not see this spectacle 

(fire, flames, explosions) when the cell transfers energy in a circuit. Indeed, transfer of energy by 

the cell is not by molecule-molecule collisions in the circuit but by electron-molecule collisions. 

3. Why is Combustion of Fuels a Source of Energy? 

Many (even most) chemical reactions are exothermic, but some are more exothermic than 

others. Amongst those with high exothermicity, it is the oxidation-reduction (redox) variety that 

are noteworthy. These are reactions in which electrons are transferred between reactant molecules. 

Oxygen is an element with atoms that have a relatively strong attraction for electrons (ie high 

electronegativity) – indeed the electronegativity of O atoms is second highest in a list of the atoms 

of more than 100 elements. Electrons associated with other atoms have a higher energy than those 

in O atoms; when these move to (or even towards) O atoms they decrease in energy and energy is 

transferred to other atoms and molecules. It is this electron transfer from one atom (of low 

electronegativity) to another (of high electronegativity (eg O) that is the origin of the exothermicity 

of combustions and makes them sources of energy. 

[It should be noted that to state that fuels are a source of energy is wrong; it is their 

combustion which is.] 

4. Cells as a Source of Energy 

Cells have the ingredients of a redox reaction in them. In the fuel cells that increasingly 

appear in our daily lives, combustion of fuels is the type of reaction used. The fuel is often 
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hydrogen, the combustion of which produces water, a product with no pollution problems! But in 

the ordinary cells that are used in classroom DC circuits and in countless consumer appliances, the 

reactants are not so simply related to the familiar fuel combustion. 

Looking first at the hydrogen-based fuel cell, the reaction is: 

                     2 H2(g)  +  O2(g)  =  2 H2O (g) 

It is evident in this equation that the original bonds are non-polar because the atoms in 

these molecules are identical:            H – H and O=O   (or   H:H   and  O::O ) 

By contrast in the water molecules they are not:     H-O-H      (or   H:O:H) 

and in these molecules the O atom draws the shared electrons of the bonds away from the H atoms 

towards itself. 

In the very common 1,5 V cell, the reactants are more complicated: 

Zn(s)  +  MnO2(s)  + H2O(l)  =  ZnO(s)  +  Mn(OH)2(s) 

But one can spot the change of Zn to ZnO very easily as the equivalent of the H2 going to 

H2O in the fuel cell. The MnO2 may be visualised as the source of the O atom. 

5. How Can Electron Transfer Take place Through an External Circuit? 

In a typical cell, one reactant is located around one electrode, spatially separate from the 

other reactant located around the other electrode. With a metal wire (electronic conductor) 

connecting the two terminals, electrons may be transferred from the one reactant to the other. There 

is a flow of electrons from the terminal with the – sign to the terminal with the + sign. This electron 

flow is the current (or electric current). It takes place because the electrons decrease in potential 

energy as they go from the one reactant at the – electrode to the other reactant at the + electrode. 

The current is caused by this PE difference, not the other way around. Electrons are not lost in the 
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process but they do experience collisions with atoms in the wire as they move through it. These 

collisions result in energy transfer from the electrons.  

This process cannot be sustained without a mechanism inside the cell for restoring charge 

balance. Loss of electrons from the – electrode leaves positive charges at that electrode. Gain of 

electrons at the + electrode results in negative charges at the + electrode. Further transfers of 

electrons are increasingly inhibited by these charges. Inside the cell therefore provision is made 

for positive ions to diffuse away from the – electrode and for negative ions to move away from the 

+ electrode. This ion movement is intrinsically slower than the electron movement in the circuit, 

and if the current in the circuit is too large (flow of electrons too fast) then the internal resistance 

of the cell will increasingly limit the current.  

6. How the Source of Energy is Quantitatively Described 

When describing the energy changes in chemical reactions, this is commonly done in units 

of kJ/mol. Whilst this is in principle possible to do when the reaction takes place inside a cell, this 

is not common practice. Instead the energy characteristic of the cell is described using the unit 

Volt. This is equivalent to J/C. This is the energy change per coulomb of charge transferred. Each 

electron bears a charge of 1,6 x 10-19 C, so I,5 V corresponds approximately to 145 kJ/mol of 

electrons. For consumers, this equivalence is just a distraction, but for science teachers it can help 

bridge the gap between physics and chemistry. 

The implicit message about cells of different sizes, all of which are labelled 1,5 V, is that 

they all deliver the same energy per coulomb but the bigger the size of the cell the more is the total 

energy available. Also when a 9 V battery is considered, this is a battery of six 1,5 V cells in series. 

(Correct usage of the descriptors cell and battery is important in avoiding wrong messages being 

received!) As a consumer it is surprising that when buying a cell, you do not have a direct statement 
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of how much energy you are getting for your money. Nor, if you compare cells of different sizes, 

whether it is better to buy a big one rather than a number of small ones. (Of course the device for 

which you are making your purchase determines the size you must buy.) 

 

RE-VISITING SOME OF THE MISCONCEPTIONS REPORTED IN THE PHYSICS AND 

CHEMISTRY EDUCATION LITERATURE 

Let us be direct and address each misconception in the light of the above paragraphs. 

P (i) A current is a flow of something. Air and water are early experiences of what ‘current’ means. 

A current of electricity is no different in that it is a flow of charges. Current does not flow; it is the 

flow. Hence it cannot be stored and it cannot be consumed. Flow rate can be altered. A cell stores 

chemical reactants and as long as they remain there can be a current when the cell is connected to 

a circuit. 

P (ii) Components in a circuit affect the current; it may be relatively large or small. But it is not 

consumed or lost; it is a flow of electrons being transferred from one terminal to the other as the 

cell reaction happens. No electrons are lost.  

P (iii) There is a potential difference between the cell terminals. The origin of this is the energy 

change of the chemical reaction that will take place inside the cell when the terminals are connected 

with an electronic conductor. The term electromotive force is less helpful than the recognition that 

the cell ‘voltage’ is joules of energy per coulomb of charge transferred. The current is not the cause 

of the voltage; it is the obverse. 

C (i) Electrons are transferred between reactants via the circuit external to the cell. The electrons 

concerned decrease in PE and they will not spontaneously go back to where they started from. 

Nevertheless, their transfer has created a charge imbalance inside the cell between the two 
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electrode regions. Ion movement (anions towards the anode, cations towards the cathode) takes 

place towards the re-establishment of charge balance.  

C (ii) There is no chemical reaction inside the cell without electronic connection of the terminals. 

The flow of electrons that occurs when the terminals are connected is an electric current. In any 

case a current cannot be stored; it is a flow. 

C (iii) The signage associated with cells is problematic for obvious reasons: in our minds a + sign 

is often directly linked with a + charge, and similarly a – sign with a negative charge. Explaining 

the functioning of electrochemical cells often invokes this linkage erroneously. There are no 

charges on the terminals. The – sign on a cell casing indicates the terminal from which electrons 

will enter the circuit, whilst a + sign indicates the terminal at which electrons will enter the cell. 

Inside the cell, ion migration occurs as described in C (i) but this is to restore charge balance in 

the electrolyte not because there is a negative charge or positive charge associated with the 

respective electrodes. 

Explaining electrolytic cells embodies many of the same ideas as those involved with 

voltaic (galvanic) cells. However of course the chemical reaction inside the cell is not a source of 

energy; it absorbs energy (or it is not exothermic, but endothermic). Hence it is driven by an 

external source of energy. Nevertheless, apart from this, similar concepts arise. There is no electron 

migration inside the cell. Electron transfers occur at each electrode. Electrons enter the cell at the 

+ electrode (and reduction occurs); electrons leave the cell at the – electrode (where oxidation 

occurs), and these symbols do not imply the respective charges on the electrodes. 
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A SYSTEMIC APPROACH TO TEACHING AND LEARNING ABOUT CELLS AND 

CIRCUITS 

Around the World most science curricula are structured to develop knowledge and 

understanding of cells and circuits through two separate streams. In SA the story opens in grade 7 

in the strand Energy and Change and it is continued to grade 9 in this strand. The cell is identified 

as a store of energy and a source of energy, and current in the circuit is defined as a flow of charges. 

The basic effects of current flow are exemplified as heating, lighting and electrolysis. Although it 

is acknowledged that there is a chemical reaction inside the cell there is essentially no explanation 

of how it works. This is inevitable because of the lack of development of chemical reaction 

concepts. Concepts of chemical reactions are developed in the Matter and Materials strand but 

energy is not even mentioned in the curriculum description for that strand. Atomic structure is 

included in this strand whilst electrons are associated with electric current in the Energy and 

Change strand. But the terms oxidation and reduction are not mentioned anywhere, even though 

reactions between elements and oxygen is a grade 9 topic.  

In these circumstances introducing a Systemic Approach to teaching about cells and 

circuits in the school Natural Sciences curriculum (grade 4-9) is problematic for teachers. At 

present, and for the forseeable future, school learners who choose not to study Physical Science in 

grades 10-12, probably leave school with no understanding of how the cells, which they will use 

for much of their life, function. School learners who do choose to study Physical Science are 

unlikely to have much better understanding because electrochemical cells belong to the chemistry 

half of the curriculum, and circuits belong to the physics half of the curriculum, and the overlap of 

the two is zero (unless an initiative is taken by individual teachers). 
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This lends further weight to the need to address the legacy of consequences in the BEd 

curriculum, using the Systemic Approach and Big Ideas outlined above. Our student-teachers will 

hopefully be some of the individual teachers who take the initiative. We also hope that existing 

science teachers may be tempted by an in-service Short Course with a similar curriculum. 

 

ACKNOWLEDGEMENT 
We thank Dr E Mushayikwa for supporting the initial POE investigation in his class. 

 

REFERENCES 

1. Bradley, J.D., and Moodie, P. (2017). The systemic approach to teaching and learning 

chemistry and the big ideas of science education. AJCE, 7(3), 45-56. 

2. Fahmy, A.F.M., and Lagowski, J.J. (1999). The use of a systemic approach in teaching and 

learning chemistry for the 21st century. Pure Appl. Chem., 71(5), 859-863. 

3. Harlen, W. (ed) (2010). Principles and Big Ideas of Science Education. Hatfield: 

Association for Science Education. 

4. Bradley, J.D., and Moodie, P. (2020). Researching the pre-service education of Physical 

Science teachers: Implications from INSET. In: Teacher Education in Germany and South 

Africa (Hofmann, E., Mavhunga, E., Bohl, T., and Maringe, F., eds). Tübingen: Tübingen 

University Press. (submitted for publication). 

5. Bradley, J.D., Khulu, S., Moodie, P., and Mphahlele, M. (2019a). Pre-service teachers’ 

misconceptions about current and potential difference in electric circuits – using 

microscience kits in a POE activity. AJCE 9(3), 75-96. 

6. Härtel, H. (1982). The electric circuit as a system: A new approach. Europ. J. Sci. Educ., 

4(1), 45-55. 

7. Harlen, W. (ed) (2015). Working with Big Ideas of Science Education. Trieste: IAP 

(Science Education Programme). 

8. Moodley, K., and Gaigher, E. (2019). Teaching electric circuits: Teachers’ perceptions and 

learners’ misconceptions about electric circuits. Research in Sci. Educ., 49 (1), 73-89. 

9. Pardham, H., and Bano, Y. (2001). Science teachers’ alternative conceptions about direct 

currents. Int.J. Sci. Educ., 23 (3), 301-318. 

10. Cohen, R., Eylon, B., and Ganiel, U. (1983). Potential differences and current in simple 

electric circuits: A study of students’ concepts. Amer. J. Physics, 51 (5), 407-412. 

11. Garnett, P.J., and Treagust, D.F. (1992). Conceptual difficulties experienced by senior 

high-school students of electrochemistry: Electrochemical (galvanic) and electrolytic cells. 

J. Res. Sci. Teaching, 29 (12), 1079-1099. 

12. Ogude, N.A., and Bradley, J.D. (1994). Ionic conduction and electrical neutrality in 

operating electrochemical cells: Pre-college and college student interpretations. J. Chem. 

Educ., 71 (1), 29-34. 

13. Karamustafaoğlu, S., and Mamlok-Naaman, R. (2015). Understanding electrochemistry 

concepts using the POE strategy. Eurasia J. Maths, Sci. Tech. Educ., 11 (5), 923-936. 



AJCE, 2021, 11(1)                                                                                                             ISSN 2227-5835                                                                                                                                               

14 

 

 

 

14. Bradley, J.D., Khulu, S., Moodie, P., and Mphahlele, M. (2019b). Using microscience kits 

to address a student-teacher misconception in electric circuits: at the interface between 

chemistry and electricity. AJCE 9(3), 37-45. 

15. Stocklmayer, S.M., and Treagust, D.F. (1994). A historical analysis of electric currents in 

textbooks. A century of influence on physics education. Science and Education, 3, 131-

154. 

16. PhET Interactive Simulations (no date). University of Colorado, Boulder, USA. 

https://phet.colorado.edu/en/simulation/legacy/battery-resistor-circuit (accessed 

23/10/2020) 

17. Psillos, D., Tiberghien, A., and Koumaras, P. (1988). Voltage presented as a primary 

concept in an introductory teaching sequence on DC circuits. Int. J. Sci. Educ., 10(1), 29-

43. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://phet.colorado.edu/en/simulation/legacy/battery-resistor-circuit


AJCE, 2021, 11(1)                                                                                                             ISSN 2227-5835                                                                                                                                               

15 

 

 

 

BOND FORCES VERSUS ELECTRON PAIRS – 

TWO CONCEPTS FOR CHEMICAL BONDING 
 

Hans-Dieter Barke, Nina Harsch 

University of Muenster, Germany  

Corresponding Email: barke@uni-muenster.de 

 

 

ABSTRACT 

In chemistry there are two equivalent ways of describing chemical bonding between atoms 

in a molecule: On the one hand there are bond forces and on the other hand there are electron pairs. 

In order to introduce chemical bonding already in early chemistry class without having to relate to 

the nucleus-shell model of atoms, standard bonding abilities can be defined – e.g. four bonds in 

case of the C atom within a CH4 molecule or two bonds in case of the O atom within a H2O 

molecule. Accordingly, proposals for Chemistry education are discussed and ways of instruction 

compared. [African Journal of Chemical Education—AJCE 11(1), January 2021] 
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INTRODUCTION 

In the 1990s, our working group [1] developed and later redesigned [2] a special didactical 

periodic system of elements (PSE) which shows atoms and ions (see Fig. 9 in this paper). It now 

forms a part of curricula of some of the German federal states [3] and has also been internationally 

recommended within Senior-expert projects and teacher trainings abroad. 

By indicating the ions and their corresponding charge numbers, the PSE facilitates the 

students to determine formulas of salts on their own by simply taking electro neutrality into 

account [1]. In case of the non-metal atoms, their respective quantities of bond forces are indicated 

(e.g. 4 for a C atom and 2 for an O atom). Regarding the N atom, two corresponding numbers are 

discussed: 3 for the N atom within a NH3 molecule and 5 for the N atom within either a HNO3 

molecule or a nitrate ion. These numbers can be referred to standard bonding abilities: They 

indicate the quantity of directional forces of non-metal atoms of one type that can be bonded by 

another atom [1]. 

The number 5 on the N atom (see Fig. 9) has often been criticized because the "indication 

of 5 bonds for the N atom is incompatible with the noble gas rule" [4]. That number 5 actually 

seems abnormal for anybody focused on electron pairs and the octet rule. The numbers 3 and 5, 

however, do not relate to electron pairs but to the quantity of bonding forces or standard bonding 

capacities [1]. In order to successfully distinguish the main differences, historical facts regarding 

both ways of describing the homopolar (covalent) bond are being summarized within the following 

paragraph. 
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HISTORICAL MODEL OF BONDING FORCES 

Measuring "equivalent weights of elements in compounds" in the early 19th century led to 

the conclusion that an atom is always attached to a special number of other atoms. In 1860, Kekulé 

[5] and other scientists of his time introduced the term valence: They realized that the C atom is 

tetravalent in relation to its attachment to H atoms, the “tetravalent C atom” binds either four H 

atoms to a CH4 molecule or two O atoms to a CO2 molecule. 

When Kekulé discovered the ability of carbon atoms to form chains and rings of C atoms, 

the “fruitful work in Organic chemistry” began [6]: Two-dimensional formulas were created and 

applied on the discussion of isomerism problems (Fig. 1a). Furthermore, a variety of structures of 

the benzene molecule [5] were proposed (Fig. 1b).  

__________________________________________________________________________ 

 
_________________________________________________________________________ 

Fig. 1: a) Isomerism problems with CH2 Cl2  molecules [6], b) Kekulé's benzene structure [7]  

 

Van t'Hoff [8] solved isomerism problems through the spatial tetrahedral concept of a 

methane molecule, he consequently proposed corresponding three-dimensional structural formulas 

and finally discovered the asymmetric C atom (Fig. 2). "The findings about the connecting forces 

or valences of atoms became basic prerequisites for the elucidation of the structure of most 

important hydrocarbons" [6].  
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Fig. 2: Tetrahedron model for mirror image isomerism according to Van t'Hoff [8] 

 

All these basic ideas went without the electron concept which was not defined until the end 

of the 19th century, and by 1920 – 1930 firstly related and closer defined to chemical bonding. Yet, 

the 21st edition of the textbook of Holleman (later Holleman-Wiberg) from 1937 [9] exclusively 

mentions the valences of the atoms instead of centring the now common electron term for chemical 

bonding. Therefore – just as still in 1955 by Remy [10] – structural formulas of important acid 

molecules were defined with valences; the N atom could thus quite well be "pentavalent" with 5 

bond valences (Fig. 3). 

____________________________________________________________  

 
______________________________________________________________ 

Fig. 3: Molecular structures for acids in textbooks until 1955 [10]  

 

In the foreword of the Holleman-Wiberg edition of 1943, it says: “In Inorganic chemistry, 

the valence line formulas have proven to be largely inadequate, and in numerous cases even false 

and misleading. Nevertheless, by far most of the inorganic textbooks still revert to this aid” [11]. 

Assuming from their known tradition, many authors mingled formerly new ion formulas with the 

misleadingly provided hyphens in molecule formulas (Fig. 4). It was, however, clear since Laue 
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and Bragg (1912) that the molecular term is not applicable to salts, because of their different 

constitution – namely ionic bonding in an ionic lattice.  

 ________________________________________________________________                       

 
________________________________________________________________ 

Fig. 4: Ionic symbols versus molecular formulas of solid salts until 1943 [11]  

 

It is well known that the physicists (not the chemists!) have always followed the 

experimental aim to gain more and more insights of the interior of atoms. A successful model was 

developed by Bohr in 1913. The bottom line of this model was that the so-called electrons in the 

atom where assigned with different energies, which are characterised by different spectra. Since 

for physicists, "orbits" of the Bohr model symbolize energy levels of the electrons, it seemed 

logical to regard the "external, energy-richest" electrons for binding atoms in molecules and to 

expect a stable energy minimum for the entire electron system. This thought was the starting point 

for successful energetic calculations based on quantum mechanics. Nowadays, the calculation of 

bonds and molecules is standard among theoretical physicists and chemists. In the simplest cases, 

the energy minimum in the calculation symbolizes the four electron pairs. These were welcomed 

by chemists as the ordering principle for describing the homopolar bonding and designated as the 

"octet rule”.  

  After introducing chemical bonding on the basis of electron pairs, Holleman and Wiberg 

state [11]: “Every shared electron pair, i.e. every atomic bond, is identified by a valence line 

starting from the atom in question. In many cases it is useful to reproduce free electron pairs by 
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means of cross-directed lines” (Fig. 5). This notation was later incorrectly extended to ionic salt 

compounds, such as chlorates, sulfates, phosphates and silicates (Fig. 6). 

 

 
Fig. 5: Valence lines for bond forces, bonding and free electron pairs in molecules [11]  

 

    

         

 
Fig. 6: Valence lines also for structural formulas of ionic lattices of salts [11]  

 

 

 

________________________________________________________________________ 

 
_______________________________________________________________________ 

Fig. 7:  Limiting structures for nitrate ions and nitric acid molecules [11] 
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__________________________________________________________________ 

 
_________________________________________________________________ 

Fig. 8: Limiting structures and bond numbers [11]  

  

In Holleman-Wiberg editions of 1943 to 2017, such "salt molecules" are corrected by 

newly introduced formulas for “limiting structures” with Mesomerism double arrow [11] – this 

should express that the true structure exists between those others. The N-atom within nitrate ions 

and in nitric acid molecules is thought to be tetravalent, so that octet rule and noble gas rule are 

fulfilled (Fig. 7). In order to fulfil the octet rule, young learners are exposed to these complex 

limiting structures. 

Meanwhile, in addition to limiting structures, the edition of 1976 also strongly focusses on 

bond numbers and with this, both concepts of chemical bonding are mixed with each other (Fig. 

8). The correct way, however, is to assign bond numbers to valence formulas. For example: The 

bond number 1,5 indicates that all SO-bonds in sulphate ions are equal in length and that there are 
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no single bonds located next to double bonds (Fig. 8). The same applies to C-C-bonds in the 

benzene molecule.  

It can be seen that the valence lines from the 19th century are tacitly used for electron pairs 

and thus provoke the confusion that there should not be an N atom with five valences. The 

didactical periodic table (Fig. 9), however, consistently refers to the model of standard bonding 

abilities – and correspondingly the 5-bond N atom. Based on this, the next chapter explains the 

manner in which the didactical PSE of atoms and ions can be used [1]. 

 

THE BOND MODEL OF VALENCES FOR TEACHING AND CLASS 

After introducing the properties and initial reactions of various substances, school curricula 

usually introduce Dalton’s atomic model and first atomic and molecular symbols: C and O,  H2 

and O2, H2O and CO2 etc. Since salts and salt solutions are also introduced at an early stage, it 

would be appropriate to use the ion term – nonetheless, it is argued that this is impossible before 

the introduction of the core-shell model of atoms.  

With the didactical PSE (Fig. 9) and the definition of the ion as an electrically charged 

particle with a certain ionic charge, it is possible to argue professionally about salt crystals and 

their ionic structure. Combinations of positively and negatively charged ions in accordance with 

the law of electro neutrality allows the derivation of salt formulas: Na+Cl-, Ca2+(Cl-)2, Al3+(F-)3 or 

(Al3+)2(O
2-)3 as well as NaCl, CaCl2, AlF3 or Al2O3 [12]. 
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Fig. 9: Didactical PSE of atoms and ions, combination rules and combined ions [2] 

 

Analogically, non-metal atoms should be combined with each other according to simple 

rules (with exceptions). For this purpose, standard bonding abilities are assigned to them. These 

are based on experimental data and depend on their group affiliation – for example: 4 for C atoms, 

3 to 5 for N atoms, 2 to 6 for O atoms (or their homologs) and 1 to 7 for F atoms (or their 

homologues). However, the bonding ability of 1 is known exclusively for H atoms and F atoms, 

while O atoms - with exceptions – have the bonding ability of 2. 

Since the N atom now also establishes five standard bonding abilities for e.g. the HNO3 

molecule, both numbers 3 and 5 are placed above the N symbol (Fig. 9). Now learners can derive 

the molecular structures that are usual in class and describe many organic substances with formulas 

[12]. In particular, 2-dimensional structures for acid molecules can be created, e.g. the HNO3 
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molecule with 5 bonding abilities of the N atom (Fig. 10), as well as the structure of the benzene 

molecule (Fig. 11). For deeper understanding, 3-dimensional models should be supplied through 

molecular model kits – see examples of sulfuric acid and nitric acid molecules (Fig. 12, see also 

sphere packings of face-centred cubic structures like Cu-type and the NaCl-type). Apart from that, 

all those models should be discussed or even to be constructed by learners: they can build up their 

mental model in the cognitive structure [12].  

 

___________________________________________________________________________ 

 
            HNO3-Struktur        

      

___________________________________________________________________________ 

Fig. 10: Structural symbols of some acid molecules [1] 

_______________________________________________________ 

 
_______________________________________________________ 

Fig. 11: Structural symbols of the benzene molecule [1] 

 

 

If learners are told by means of measurement results that bonding lengths in a molecule 

qualitatively represent the strength of the bonding between atoms, then rising force indicates rising 

standard bonding abilities. Between atoms of the same type, it can be noticed: The smaller the 

distance, the greater the force and thus, the greater the bonding strength. 
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Fig. 12: Sphere packing models for Cu and NaCl lattice, ball-and-stick models of H2SO4 - and 

HNO3 molecules [13] 

 _____________________________________________________________ 

  

 
____________________________________________________________ 

Fig. 13: Chemical bonding through bond numbers in carbonate and nitrate ions [1] 

  

 

Since all distances of C atoms within the benzene molecule are equal, the historic model 

of "oscillating single and double bonds" can be avoided and broken bond numbers should be 

chosen: The number 1.5 is represented by 1.5 standard bonding abilities between each two   C-

atoms (Fig. 11 b). Carbonate or nitrate ions can also be correctly described with broken numbers 

of 1.33 and 1.66 (Fig. 13).  

The complexity of limiting structures in the electron pair model has already been visualized 

in Fig. 7. In this respect, the model of standard bonding abilities is well suited for initial lessons 

and can be successfully followed by learners. In the advanced instruction about the core-shell 

model of atoms and ions, the electron pair model can be usefully expanded by interpreting the 
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valence lines in the simplest case as binding electron pairs and only free electron pairs should be 

explained additionally. 

 

IMPLICATIONS FOR CHEMISTRY LESSONS 

With these embodiments, there are three options regarding molecule structures which a 

teacher has to choose for their particular learning group: 1) the exclusive introduction of binding 

abilities, 2) the introduction of both binding abilities and electron pairs or  3) the exclusive 

introduction of electron pairs. 

Option 1) In this case the didactical PSE of atoms and ions is introduced. With the help of metal 

atoms “left and left in the PSE”, metal and alloy structures [1] can be developed easily. With the 

help of ion symbols “left and right in the PSE”, formulas of solid salts and corresponding ionic 

lattices [1] can be deduced, sphere packing models should be discussed.  

The PSE even provides the structure and charge numbers of some combined ions or 

“ionized ions” in hydroxides, nitrates, carbonates, sulphates and phosphates (Fig. 9).  

The numbers above the symbols of non-metal atoms are helpful for 2-dimensional 

representations of many molecular structures, while 3-dimensional models can be supplied through 

molecular model kits (Fig 12).       

For short trainings, for introductory courses of adult education or for chemistry class at 

school with only one hour a week, a basic comprehension of chemistry can be imparted – without 

extensive atomic models, its differentiated electron shells and octet rule and also without the 

complex electron theory of chemical bonding. 

Option 2) After introduction of bonding forces (see option 1), the core-shell model of the atom is 

introduced with the aim of reinterpreting the already known binding lines as bonding electron 
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pairs, while adding free electron pairs to the concept. Based on this, the octet rule is applied to the 

N-atom – such as for other non-metal-atoms – and complex limiting structures are implemented 

into discussion (Fig. 7 and 8).  

Accordingly, the students have to deal with two models and discuss the question, which of 

them is “the right one”: A comparison of the models as well as a discussion of similarities and 

differences of both concepts is mandatory. In doing so, however, learners can study the 

development of knowledge in science and understand the extension of models for the structure of 

matter: Starting from tiniest particles like atoms, ions or molecules up to the core-shell model and, 

if necessary, the electron cloud model and to atomic and molecular orbitals. 

Option 3) If the bonding model of electron pairs is the only model to be taught, then chemical 

bonding can only be reflected quite late in the lessons of grades 10 or 11 after having developed 

enough knowledge of the differentiated atomic model. Until then, the usual formulas are written 

and learned more or less by heart without knowing the structures of the ion lattices and molecules: 

Misconceptions about possible arrangements of atoms in molecules can arise, for example 

"HHSOOOO" for the H2SO4 molecule. Not to mention the structure of salts such as NaCl or CaCl2: 

Ideas of “Na-Cl-molecules” or “Ca atoms and Cl2-molecules in calcium chloride” have been 

empirically proven [15]. Lessons according to option 3 should therefore work with many spatial 

structural models such as 3D ionic lattices and 3D molecular models to overcome such 

misconceptions and to build up a scientific mental model in the cognitive structure of young 

learners [16]. 

In all cases, standard bonding abilities and electron pairs have to be regarded as two 

equivalent models for the description of chemical bonding and they should be discussed with 

learners – none of the models is right or wrong! If you want to provide qualitative information, 



AJCE, 2021, 11(1)                                                                                                             ISSN 2227-5835                                                                                                                                               

28 

 

 

 

you should choose standard bonding abilities; if you want to calculate energies of chemical 

bonding, you must choose electron pairs! 
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ABSTRACT 
This paper presents a possible use of rocket chemistry (propellants) as a generating theme 

for teaching chemistry. The well-known “rocket candy” (sucrose-potassium nitrate propellant), 

KNSu is prepared and it is suggested as his combustion can be employed as a generating theme 

for teaching chemistry. [African Journal of Chemical Education—AJCE 11(1), January 2021] 
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INTRODUCTION 

 As is well known, the presence of playfulness (ludic) in the teaching-learning process can 

greatly facilitate the assimilation of content by the student. In addition, activities that favors 

multidisciplinary (content integration) are certainly also very beneficial. 

As was pointed out by Bulunuz [1]: The best predictors of developing a positive attitude 

toward science learning and teaching were playful activities in the methods course made learning 

easier and playful activities relieved boredom. McDonald and co-workers [2] Reinforces this 

statement:  Teachers’ attitudes toward science and teaching science are crucial factors influencing 

effective science education in the primary school years. The impact of negative teacher attitudes 

has been shown to hinder student learning, and ultimately diminish students’ attitudes toward 

science due to dependence on transmissive pedagogies resulting from a lack of confidence in 

teaching science, and providing fewer opportunities for students to learn by devoting less time to 

teaching science in the curriculum. 

Using the words of Professor Thomas A. Logothetis [3]:  Study without desire spoils the 

memory, and it retains nothing that it takes in.” remarks Leonardo da Vinci and Albert Einstein adds 

that “Learning is experience; everything else is just information.” First and foremost, chemistry is a 

practical science and it is my pleasure offering such an experience for our students ensuring they 

achieve education rather than receiving it – and so kindling this desire.  

Of course, motivation of students is a key factor in any learning situation/process. In this 

connection, to create more meaningful and engaging learning environments is a purpose to be 

constantly pursued by teachers, especially in elementary and secondary education, in which the 

student does not yet have (as, it is thought, will have at the University) the exact notion of the 

relevance of what is being taught. 
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In this article we bring the use of rocket chemistry (propellants) as a generating theme for 

teaching chemistry. 

 

METHODOLOGY 

 The prepared propellant was the well-known “rocket candy” (sucrose-potassium nitrate 

propellant), KNSu. Both reagents can be found very easily in supermarkets (sucrose) and stores 

that sell gardening and agriculture items (KNO3). 

 The “ideal” proportion (m/m) is 65 g of KNO3 to each 35 g of sucrose (C12H22O11). Both 

reagents must be mixed mechanically and then heated until the melting of sucrose, forming a light 

brown (a darker one if the sucrose starts to decompose) viscous mass that can be shaped. On 

youtube, there are many videos showing how to prepare this propellant [4]. 

This viscous mass (the propellant) can then be used to fill a small cardboard tube, which 

will be the "engine" of our rocket. In our case, the "engine" was glued to the top of a cart (a small 

hammer), creating our “Hammer rocket” (Figure 1). A "wick" can be placed on the back of the 

rocket to start the ignition. 

 

Fig. 1. The “Hammer rocket” 
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Using a small rocket, as shown in Figure 1, the amount of smoke released is relatively 

small. Taking the necessary precautions, the experiment can be carried out even in the classroom 

or outdoors (without the need to have a laboratory available; Figure 2). 

 

 

     

Fig. 2. The “Hammer rocket” been “launched”. 

 

 Since the discovery of fire, that humanity has an atavic attraction by fire, explosions and 

so one. The chemistry teaching based on the chemistry of propellants explores such attraction, of 

course. 
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RESULTS AND DISCUSSION 

 For KNSu, the stoichiometric balanced equation is: 

C12H22O11 + 6.3 KNO3 → 3.8 CO2 + 5.2 CO + 7.8 H2O + 3.1 H2 + 3.1 N2 + 3.1 K2CO3 + 0.3 KOH  

 Hence, the first challenge for students is to show that the 65g: 35g ratio is in line with the 

balanced equation. 

 After combustion, in addition to black residues, the presence of white residues (K2CO3 and 

KOH) can be noticed. A portion of the residues can be removed, dissolved and tested with a 

phenolphthalein solution, checking the basicity of the residues formed. 

 Why is the role of sucrose? (combustible) and potassium nitrate? (oxidant). Why should a 

rocket load its own oxidizer? Answer: because in space there is no air (and, consequently, there is 

no oxygen) so that it is not enough to load the fuel (as we do in a car or plane, for example), it is 

also necessary to take the oxidizer. 

 The relation with physics is obvious: Newton´s third law explain the impulse provided by 

the rocket to the hammer and the law of motions could be, of course, applied to describe the 

“Hammer rocket” dislocation.  

 Of course, as the student can see, such reaction releases a lot of energy (an exothermic 

reaction). Taking into account the balanced chemical equation, can we calculate the enthalpy of 

such reaction?  Answer: of course, by using the respective (reactants and products) formation 

enthalpy values:  

 

                        ΔHreaction = ΣΔHf (products) - ΣΔHf (reactants)                                (1) 
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 In this case, we have: ΣΔHf (CO2, CO, 7.8 H2O, H2, N2, K2CO3, and KOH) - ΣΔHf 

(C12H22O11 and KNO3), each value, of course, multiplied by the respective stoichiometric 

coefficient:  

[(3.8 x -393.51) + (5.2 x -110.53) + (7.8 x - 241.82) + (3.1 x 0) + (3.1 x 0) + (3.0 x -1150.1) + (0.3 

x - 424.72) - [-2221.2 + (6.3 x -494.5] = -2197.5 kJmol-1.    

 Potassium carbonate melts at 900º C [5], and at high temperatures, it decomposes, 

according to the reaction: 

K2CO3 ↔„  K2O + CO2 

 

Thus, an analysis of the rocket residues after combustion will help us to estimate the 

temperature reached: if K2CO3 is still present, the temperature reached was probably below 900ºC. 

Since the carbonates react with HCl (forming the respective chloride and releasing CO2: bubbles 

formation) promoting the reaction of the residues with a diluted aqueous solution of HCl possibly 

(depending on the amount of residue used in the analysis) will allow us to know if the carbonate 

is present. 

 Since K2CO3 and KOH are solids (remains in the rocket after the reaction) it is easy to 

show that are only the gases formed (CO2, CO, H2, N2 and H2O) that are responsible by the 

impulse/movement of the “Hammer rocket”. Hence, a good opportunity to introduce or remember 

the properties of gases specially the relations volume/pressure/temperature.  

 Since the temperature inside the rocket is much higher than the ambient temperature, the 

gases inside the rocket experiences very high pressures and then “escape” to an environment with 

lower pressure, suffering expansion, and such expansion promotes the “Hammer rocket” 

impulse/movement. 
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ABSTRACT  

Chemistry is a field of study in which a lot of experimentation is involving. An experiment 

is a test carried out under controlled conditions to demonstrate a known truth, to examine validity 

of a hypothesis and to determine the efficacy of something new. Laboratory experience also gives 

students an opportunity to observe chemical systems and to gather data useful for the development 

of principles subsequently discussed in the textbook and in class. However, experimental work is 

a fundamental part of any science course and this is especially true for chemistry courses. It is vital 

to know that any one in chemistry should be able to conduct practical work effectively. This paper 

seeks to offer an overview of the current situation in higher education, and explores what might be 

the aims for today. It also argues that laboratory work in higher education cannot be seen in 

isolation. For most students it follows school laboratory experiences which are rapidly changing, 

and has to relate to material taught in lectures and tutorials. But, learning chemistry by doing 

practical work at Debre Markos higher education preparatory secondary school is not organized in 

such away. So, the researcher needs to conduct this study to explore all things that are happened 

there. The study employed in both qualitative and quantitative research approaches. The researcher 

used descriptive research strategy and data were collected by using questionnaire, interview, 

document analysis, FGD and observation. The sample size of this study is 221; 212 students and 

8 teachers, the school administrator and the delegated lab technician were also considered. It was 

analyzed by percentage, mean value, t-test and one-way ANOVA by SPSS program version 20. 

The main challenges of DMHEPSS practical works were lack of teachers’ interest and 

carelessness, lack of wise school administrator, lack of professional lab technician, lack of 

conducive lab environment were the main challenges that the researcher was discovered. 

Therefore; motivating and encouraging teachers, training teachers, creating awareness of students 

on practical works, employing professional lab technician and improving the attitudes of school 

administrator were solutions to be taken there. [African Journal of Chemical Education—AJCE 

11(1), January 2021] 

 

 

 

 

 

 

 

 

mailto:ds827319@gmail.com


AJCE, 2021, 11(1)                                                                                                             ISSN 2227-5835                                                                                                                                               

37 

 

 

 

INRODUCTION 

Background of the study  

Chemistry is a field of study in which a lot of experimentation is involving. An experiment 

is a test carried out under controlled conditions to demonstrate a known truth, to examine validity 

of a hypothesis and to determine the efficacy of something new. A laboratory work can give rich 

learning experiences to students and acts as a bridge from the conceptual to the actual and from 

the molecular scale to the macro scale. Literatures show that the problem in lab work is that 

students do not academically prepare themselves for the laboratory work and presence of lab risks. 

The other problem is due to bulk number of students in lab, some individuals are restricted to be 

engaged in reviewing the literature, in deciding a suitable reading or observation by his/her 

interest[1]. In some cases they are not even aware with the objectives of the experiment[2].   

However, experimental work is a fundamental part of any science course and this is 

especially true for chemistry courses[3]. For effective practical work, there are different activities 

to be carried out. The first activity for effective laboratory work is knowing the objective and  

principles before the actual lab is started[4].  Second  use different guides containing different 

activities to be carried out in lab such as to organize learning resources [5]. The original reasons 

for its development lay in the need to produce skilled technicians for industry and highly competent 

workers for research laboratories [6]. This paper seeks to offer an overview of the current situation 

in higher education, and explores what might be the aims for today. It also argues that laboratory 

work in higher education cannot be seen in isolation. For most students it follows school laboratory 

experiences which are rapidly changing, and has to relate to material taught in lectures and 

tutorials. Together, these may enrich and enhance the whole laboratory experience, and enable it 

to contribute more effectively to the overall learning of students in chemistry. 
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But, learning chemistry by doing practical work at DebreMarkos higher education 

preparatory secondary school is not organized in such away. So, the researcher needs to conduct 

this study to explore all things that are happened there. 

Statement of the problem 

Science education is the developing of technologically literate citizens who understand 

how science, technology, and society influence one another and who are able to use this knowledge 

in their everyday activities. Several different types of laboratory-based teaching exist. By far the 

most common among these is the expository or ‘recipe-style’ laboratory class. Practical work has 

had a central and distinct role in chemistry education (from school to university) for more than a 

century. One of the features of chemistry as a subject in school or university is that it involves 

practical work in the laboratory. On the other hand, at secondary school or elsewhere practical 

works were not conducted in such a way. Especially at Debre markos higher education preparatory 

school practical laboratory works are in problem. That is why the researcher tries to conduct this 

research. Some of the issues that will be considered are:  

 To assess each practices and challenges of laboratory works.  

 To suggest how experimental activities were efficient and effective. 

 To provide equivalent solutions how to organize the lab.  

 To inform the management body and other stake holders about the status of chemistry 

laboratory.  

In order to have detail, clear and comprehensive information, it would have been good if the 

study takes place at most throughout Ethiopia or in Amhara region and at least in East Gojjam zone 

higher education preparatory secondary school; however, to make the study manageable and to 
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complete the study within the time limit, it was restricted to Debre Markos higher education 

preparatory secondary school at East Gojjam zone. 

 

RESEARCH METHODOLOGY 

Research Design and setting samples 

The main aims of the study was: to assess each practices and challenges of laboratory work, 

to suggest how experimental activities were efficient and effective, to  provide equivalent solutions 

how to organize the lab; in chemicals, apparatuses and professional lab technician and to inform 

the management body and other stake holders how to support teachers in conducting experimental 

works. 

The research uses descriptive way of study and qualitative and quantitative data analysis. 

Debre markos higher education preparatory secondary school was selected purposefully. This was 

because; the researcher has been working in the school since 2001E.C, the school was grand and 

there were many experience teachers in it. At the study area, there were 968 natural science 

students with 16 sections. Of these 16 sections 8 sections were grade 11 & the remaining 8 were 

grade 12. A total of 4 grades, 2 from each grade level were selected by random sampling selecting 

method. So, 212 of them were participated in the study. And all chemistry teachers (8) and the 

school administrator were included by using target group sampling method. 

Data collecting instruments and analysis 

To assess the practice and challenges in teaching chemistry at Debre Markos higher 

education preparatory secondary school and to answer the basic research questions the researcher 

used: Questionnaire, observation, document analysis and FGD as data collecting instruments. 
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The data were analyzed using both qualitative and quantitative method. Accordingly, 

percent, mean, t-test and ANOVA were used for analyzing data collected by questionnaire. 

Moreover, the responses on observation, document analysis, open-ended items and FGD were 

organized and analyzed on the basis of common themes in each category of items. The use of 

qualitative analysis was in supplementing the quantitative data. 

 

RESULTS AND DISCUSSION 

Demographic Characteristics of the Respondents  

This section represents the main characteristics of the study’s population- sex, age, 

educational status and experiences. 

Table 1: Demographic characteristics of teachers 

 
  frequency Percentage 

Sex M 5 62.5 

F 3 37.5 

T 8 100 

Educational level First degree 3 37.5 

Sec degree 5 62.5 

Total 8 100 

Experience 5-10yrs - - 

11-15yrs - - 

16-20yrs 2 25 

>20yrs 6 75 

Total 8 100 

Training 
None 2 25 

Once 4 50 

Twice 1 12.5 

Three times 1 12.5 

Total 8 100 

 
The study includes 5 males and 3 females, a total of 8 chemistry teachers. 3(37.5%) were first 

degree holders and 5(62.5%) were second degree holders.  This was achieved 62.5% of the standard 

of MOE (2001). In addition, 6(75%) were highly experienced and 2(25%) were not trained.      
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From Table 1, one can understand that training concerning practical work was not given to 

teachers adequately. This concept was strongly supported by the researcher’s observation and 

teachers’ interviewing. 

Table: 2 Teachers’ representativeness (to be lab technician) 

 
  frequency Percentage 

Being lab representative 

 

Yes 2 37.5 

No 6 62.5 

Total 8 100 

Why you do not to be lab representative? I am not interested 6 75 

No good condition to be - - 

I am not invited to be 2 25 

Once someone is delegated, 

he/she stayed for long period of 

time.   

- - 

Total 8 100 

 

This implies that teachers were not interested to be lab representative and did practical 

work. Those teachers who are motivated to do practical work will always find ways to do so even 

if they are in poorly resourced schools but those who are not motivated will not do practical work 

even when they have access to the best of resources 

Background information about school laboratory 

Table 3: school information and lab conditions 

 
  frequency Percentage 

Lab  status Not equipped 1 12.5 

Moderately equipped 6 75 

Well equipped 1 12.5 

Total 8 100 

School administrator’s helps Nothing 5 62.5 

Accordingly 3 37.5 

Properly - - 

Total 8 100 
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From Table 3, the school was 6(75%) moderately equipped, 1(12.5%) well equipped and1 

(12.5%) not equipped. From this information, it can be concluded that the school was, 87.5% 

convenient to do experiment. And the school administrator could not assist and helps the school 

laboratory. This was   almost 100%. 

From the observation: the school administrator, the assigned lab technician and teachers 

were not cooperatively worked. For instance, there was no regular time table which governs all 

stakeholders to do their activities properly.  

When the teacher’s time is over, another teacher has to come in which in most cases forces 

teachers to stop without attaining required results or learners understanding the topic. 

From the open ended questions of both teachers and students and FGD of students the 

above idea were strongly supported.  

Table 5: Activities to be done before experimental works (Teachers) 

 

No 

  

  Item  

                      Response   

mean 

 

Standard 

deviation  
Never  Rarely  Some 

times 

Frequently  always 

F % F % F % f % F % 

1 How often you read different 

experimental activities before 

practical work? 

1 12.5 2 25.0 2 25.0 - - 3 37.5 1.375 1.58 

2 How often you read lab manuals 

before practical work? 

2 25.0 2 25.0 2 25.0 1 12.5 1 12.5 2.63 1.41 

3 How often you prepare flow charts 

for practical works? 

4 50.0 3 37.5 - - 1 12.5 - - 1.75 1.04 

4 How often you test the 

experiments before your work 

with students? 

2 25.0 - - 1 12.5 3 37.5 2 25.0 3.375 1.60 

5 How often you discuss on the 

activities with other teachers and 

laboratory technician? 

2 25.5 - - 2 25.0 2 25.0 2 25.0 3.25 1.58 

6 How often you check and balance 

all necessary chemicals and 

apparatuses for the intended 

activity? 

2 25.0 - - 2 25.0 1 12.5 3 37.5 3.38 1.67 

7 How often you check the neatness 

arrangement and functionality of 

the laboratory? 

1 12.5 3 37.5 2 25.0 2 25.0 - - 2.75 1.06 
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From Table 5, generally teachers didn’t overcome all their responsibilities that were done 

before the real experimental works. In addition, the researcher discovered the following events 

through deep rooted observations. These were: 

 Teachers didn’t give any attention to activities which were conducted before the real 

activities. 

 Teachers had not any time table which shows their pre experimental activities there.  

  Table 6: shows activities to be done during experimental work (teachers) 

8 How often you give laboratory 

manuals to student before practical 

work?  2.302 

7 87.5 1 12.5 - - - - - - 1.13 0.35 

9 How often students use (ask) 

manuals to read before real work? 

6 75.0 1 12.5 1 12.5 - - - - 1.38 0.74 

10 How often you group and arrange 

students before they are coming to 

laboratory room?  

4 50 2 25 - - 2 25 - - 2.00 1.31 

 

No 

    

Item  

                      Response   

mean 

 

Standard 

deviation  
Never  Rarely  Some 

times 

Frequently  always 

F % F % F % f % F % 

1 How often you set up apparatus 

and arrange chemicals for 

activities? 

- - 2 25.0 1 12.5 2 25.0 3 37.5 3.75 1.31 

2 How often your students ask 

questions during they perform 

activities? 

- - 2 25.0 2 25.0 2 25.0 2 25.0 3.5 1.28 

3 How often you follow and 

supervise students when the 

perform activities? 

- - - - 3 37.5 2 25.0 3 37.5 3.50 1.20 

4 How often you prepare extra 

samples for unsuccessful works? 

2 25.0 3 37.5 3 37.5 - - - - 4.00 0.93 

5 How often you remind the 

accidents (risks) to your students 

in each activity. 

- - 2 25.0 3 37.5 - - 3 37.5 2.12 0.83 

6 How often you work with the lab 

technician during performing 

activity? 

3 37.5 - - 5 62.5 - - - - 2.25 1.31 

7 How often you check and 

supervise the functionality of 

networks like light, water lines, 

gas pipe? 

1 12.5 1 12.5 2 25.0 3 37.5 1 12.5 3.25 1.04 
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From Table 6, generally, teachers didn’t do their work effectively and efficiently when they 

come to the real experimental work in the lab room. In addition, they were not work cooperatively 

with the assigned lab technician and had no regular time table.   

From the researcher’s observations: 

 The lab room was not well arranged and apparatuses were not well assembled. Because of 

unassembled apparatuses and un accessed chemicals, the invited students got back to their 

class. 

 Throughout the whole activities, only students & their class teacher were participated in 

the experimental work. Means the lab technician not there yet. 

 Almost students were not participated on the activities conducted there. Means the teacher 

demonstrates them simply. 

 Most of the time, the teacher waits only 40 minutes for the lab activity whether it needs 

long or short period of time. 

 The class lesson and the lab activities were not match and many activities were conducted 

within 40 minutes.  

 Generally, the class size, classroom management, the lab technician responsibilities and 

the school administrator support during experimental work were not good. 

8 How often the laboratory 

technician helps and assists 

students on their activity? 

1 12.5 2 25.0 3 37.5 2 25.0 - - 3.25 1.28 

9 How often you promote and 

encourage students to take notes 

on each event? 

- - - - 3 37.5 4 50.0 1 12.5 2.75 1.04 
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Table 7: Teachers’ activities to be done after experimental work  

 

 

From Table 7, the same performances were observed after experimental works. So, 

teachers have lots of problems in performing practical works. 

From the researcher observations: 

 Almost all students work (reports) didn’t get back to them. 

 Feedbacks, comments and activities which were failed were not given again. 

 Teachers were not discussing their findings together.  

From the interviewing of the assigned lab technician; 

 Teachers were not interested to do experimental activities. 

 Even though they come to the lab class, they did experiments very carelessly. 

 They were always reasonable for not doing experiments. 

 

No 

    

Item  

                      Response   

mean 

 

Standard 

deviation  
Never  Rarely  Some 

times 

Frequently  Always 

F % F % F % f % F % 

1 How often you check appropriate 

accomplishment of your students’ 

work?  

- - 3 37.5 1 12.5 2 25.0 2 25.0 3.78 1.30 

2 How often you evaluate your 

students’ work in accordance with 

the theoretical facts?  

- - 1 12.5 4 50.0 1 12.5 2 25.0 3.50 1.07 

3 How often you check your 

students’ interpretation, 

conclusion and recommendations? 

2 25.0 1 12.5 2 25.0 2 25.0 1 12.5 2.87 1.45 

4 How often you check your 

students’ report consisting all 

formats allowed scientifically? 

- - 2 25.0 2 25.0 3 37.5 1 12.5 3.37 1.06 

5 How often you give feedbacks to 

all your students work? 

3 37.5 - - 4 50.0 1 12.5 - - 2.37 1.19 

6 How often check whether the lab 

report is individual work or group? 

2 250 1 12.5 4 50.0 - - 1 12.5 2.63 1.30 

7 How often you took any 

corresponding measures if 

students are not work properly? 

3 37.5 1 12.5 3 37.5 1 12.5 - - 2.25 1.16 
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From  FGD of students: 

Students discussed deeply on the issues forwarded to them about teachers’ general 

performances on doing experimental works and the researcher summarizes their ideas as follows. 

 Students were in doubt on teachers’ attitude, skill and responsibilities on practical 

works. 

 Students thought that teachers were superior to the school administrator and that is why 

they did things only if they need. 

 In addition, students claimed on teachers’ approach to their students, which was not 

fatherly and motherly. 

 Even they come once per semester or per year, they did more activities without 

considering their students’ degree of understanding. 

 Generally, teachers were boredom (dislike) to work there.  

From document analysis: It is well known that every activity that can be done by somebody 

should be recorded and documented. So, teachers’ activities should also document and recorded.  

But, their works of the three consecutive years summarized as follows. 

 

Table 8: Document analysis of grade 11 teachers performance 

Year  Teacher   No of planned activities Performance (in day) 

 

 

2010 

A  23 3 

B  23 - 

C  23 - 

D  23 - 

2011 E  23 4 

F  23 4 

G  23 4 

2012 G  23 2 

X  23 2 

B  23 2 
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Table 9: Document analysis of grade 12 teachers’ performance 
Year  Teacher   No of activities per yr Performed per yr 

 

 

2010 

E  22 6 

F 22 4 

D  22 4 

H  22 2 

2011 A  22 4 

G  22 6 

B  22 4 

C  22 4 

2012 E  22 3 

A  22 2 

F  22 2 

 

The above document analysis shows that there were more than twenty activities planned 

per each grade levels. On the other hand, teachers’ performance on average was less than half 

which was too poor performance.  

From open ended questions, teachers were suggested the following information on the 

delegated lab technician: 

The lab was moderately equipped; therefore, there were enough chemicals, apparatuses, 

and materials. These were not arranged based on their function, properties, and their use of life 

time. 

This is because: 

 No well-trained, professional and full time worker lab technician. 

 The lab room is only one and it serves as both store of chemicals and apparatuses and 

demonstration. 

 Most of the time, the delegated lab technician was not available at school. 

 The delegated lab technician only brings chemicals and apparatuses. But, he/she hasn’t 

help and assists teachers yet. 



AJCE, 2021, 11(1)                                                                                                             ISSN 2227-5835                                                                                                                                               

48 

 

 

 

 The lab technician has no his/her own time table. 

The above results of questioners, observation, document analysis, interviews and FGD 

were supported by another ways of data analysis called T-test &ANOVA as follows. 

Table 10: T-test analysis of teachers 
 

Items  N  Mean  Sta.dev. T Df P 

Sex Male  5 72.6 24.93 -0.236 6 0.682 

Female  3 76.7 20.79 

Education  

level 

First degree 3 61.66 28.98 -1.302 6 0.211 

Second 

degree 

5 81.60 15.46 

 

Independent sample t-test was used to examine the difference between male and female 

teachers on their implementation of practical works and it was found that there was no significant 

statistical differences between male and female teachers this was because (p>0.05) and there was 

also no statistical significant difference between first degree and second degree teachers on their 

implementation of practical works. This was because (p>0.05) as shown in Table 11. 

Without change in the above conclusion teachers’ performance before, during and after 

real experiment was displayed below. 

 

Table 11: T-test for teachers’ performance before, during and after real experiment (education 

level) 

Ed.level 

Before 

 

 

 N Mean St dev T Df P 

First degree 3 23.00 14.42 -0.398 6 

 

0.201 

Second degree 5 26.00 7.4 

During  First degree 3 24.00 7.54 -2.15 6 0.136 

Second degree 5 31.8 2.86 

After  First degree 3 14.66 7.23 -0.062 6 0.490 

Second degree 5 23.80 5.54 
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Table11, the researcher was concluded that whatever the teachers have got different 

educational levels there was no significant impact on practicing practical works there at 

DebreMarkos higher education preparatory secondary school before, during and after the real 

experimental works. This was because; from the observation of the researcher, teachers have no 

consistent interests to do so. In addition, the T-test results of sex, lab representative had similar 

findings. 

Table 12: T-test for teachers’ performance before, during and after real experiment (sex) 
 

Before 

 

Sex N Mean St dev T Df P 

M 5 24.4 12.11 -0.166 6 0.08 

F 3 25.66 5.77 

During M 5 28.4 6.87 -0.265 6 0.924 

F 3 29.66 5.58 

After M 5 19.8 7.19 -0.264 6 0.682 

F 3 21.33 9.29 

 

Table 13:  One-way ANOVA value of experience & training of teachers 

 
Items  N  Mean  Sta.dev. Df Mean 

square 

F P 

Experience  5-10 - - - 2 11.39 0.576 0.596 

11 -15 1 6.7500 2.06 

16-20 3 10.125 3.09 

>20 4 13.500 4.12 

Training  None  2 2.125 1.03 3 4.51 1.262 0.400 

Once  4 4.250 2.06 

Twice  1 6.375 3.09 

Three 

times 

1 8.500 4.12 

 

 

Table 13, implementing practical work based on experience, the value of significant level 

is greater than 0.05(p>0.05). It shows that there was no significant difference among chemistry 

teachers in their experience. And implementation of practical work based on training also has no 

significant difference (p>0.05). But, it was logically accepted that experience and training have 

their own impacts on practical works at any level of education.  
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What makes different my findings than other researchers is that: most of them used only 

questionnaire or interviews to collect their data and analyze descriptively. But, I used interview, 

document analysis, and FGD instruments for data collecting method and my study was 

quantitatively supported by using SPSS analysis.  

Table 14: ANOVA analysis of teachers’ training effect before, during & after experimental work 

Training experience 

 

 N Mean St dev T df P 

 

Before 

Once 4 2 1.23  2 0.39 

Twice 2 

Three & above 2 

During Once 4 2 1.02  2 0.62 

Twice 2 

Three &above 2 

After Once 4 2 0.85  2 0.61 

Twice 2 

Three & above 2 

Table 14, shows that all the discussed results were correctly explained in each case. Means 

the value of p>0.05 which shows whatever the teachers got different trainings about lab works; 

they didn’t show significant difference before, during and after real experimental works. But, as it 

was discussed above experience, training and educational level must bring change. So, the 

researcher concludes that teachers had attitude, skill and knowledge problems. 

In both ANOVA analysis, general and specific the results were the same. 

NB: the same result was observed on teachers’ experience before, during and after experimental 

works. 

Table 15: students’ background information 
 Item Frequency Percentage 

Sex Male 122 57.5 

Female 90 42.5 

Total 212 100 

Grade level 11 93 43.9 

12 119 56.1 

Total 212 100 
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From Table 15, by default the sex composition of males was greater than those of the 

females. In addition, from the expected respondents (212); about (119, 56.1%) were grade twelfth 

and the remaining (93, 43.9%) were grade eleventh students. So, the researcher observed that a 

better feedback was given from grade twelfth students. This was because; they have better 

experience and information than grade eleventh students.  

Table 16:  students’ activities before experimental works 
 

 

No  

 

Items  

                             Responses  

Never Rarely  Some times  Frequently  Always  Mean  Std 

dev 

F  % F  % F  % F  % F  %   

1 Have you 

laboratory manuals 

in hand? 

77 38.3 39 18.4 67 31.5 20 9.4 9 4.2 2.27 1.17 

2 How often you 

read any manuals, 

written documents 

before laboratory 

class? 

37 17.5 64 30.2 62 29.2 35 16.5 14 6.6 2.65 1.14 

3 How often your 

teacher encourages 

you to read more 

on activities to be 

performed in the 

future? 

44 20.8 28 13.2 68 32.1 45 21.2 27 12.7 2.92 1.3 

4 How often you 

discuss with your 

friends on the 

activities you will 

perform? 

43 20.3 61 28.8 57 26.9 27 12.7 24 11.3 2.66 1.25 

5 How often your 

teacher gives 

information how 

you will perform 

activities in the 

laboratory?  

11 5.2 27 12.7 45 21.2 66 31.1 63 29.3 3.67 1.18 

6 How often your 

teacher gives flow 

chart to perform 

the activities 

easily? 

75 35.4 56 26.4 34 16 26 12.3 21 9.9 2.35 1.34 
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From Table 16, the researcher summarized as; almost students were doing nothing before 

they come to the real lab class. This had a negative impact on practical works of students. 

Table 17: students’ activities during experimental works 
 

 

No  

 

Items  

                             Responses  

Never Rarely  Some 

times  

Frequently  Always  Mean  Std 

dev 

F  % F  % F  % F  % F  %   

1 How often 

you are 

interested to 

perform 

activities?  

24 11.3 22 10.1 37 17.5 36 17 93 43.9 3.72 1.41 

2 How often 

you are 

working in 

convenient 

laboratory 

room?  

75 35.7 54 25.5 45 21.2 20 9.4 18 8.5 2.3 1.27 

3 How often 

your friends 

work with you 

at all time of 

the activity 

cooperatively? 

19 9 33 15.6 57 26.9 52 24.5 51 24.1 3.39 1.26 

4 How often 

your teacher 

works with 

you at all time 

of the 

activity?  

22 10.4 31 14.6 48 22.6 64 30.2 47 22.2 3.39 1.26 

5 How often 

you took short 

notes on your 

activities what 

are observed 

and 

happened?  

16 7.5 32 15.1 56 26.4 51 24.1 57 26.6 3.48 1.24 

6 How often 

you work 

again if your 

70 33 49 23.1 33 15.6 42 19.8 18 8.5 2.48 1.35 
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experiment is 

failed? 

7 How often 

you check 

your results, 

to be 

consistent 

with the 

theoretical 

facts or not? 

36 17 49 23.1 43 20.3 33 15.6 51 24 3.07 1.43 

8 How often 

you wear 

safety 

goggles, eye 

goggles, 

gowns and 

other safety 

equipment in 

doing so?  

141 66.5 14 6.6 17 8 19 9 21 9.9 1.9 1.41 

 

From Table 17, it indicates that students did experiments in fragmented ways. Here a little 

bit some activities were conducted in a better way than they did activities before the real 

experiment. 

Table 18: students’ performances after experimental works 

 
 

No  

 

Items  
Responses 

Never Rarely  Some times  Frequently  Always  Mean  Std 

dev 

F  % F  % F  % F  % F  %   

1 How often you discuss 

the results with your 

friends?  

52 24.5 48 22.6 69 32.5 21 9.9 22 10.4 2.59 1.25 

2 How often you 

prepare laboratory 

reports on the 

experiments you did?  

29 13.7 47 22.2 48 22.2 53 25 36 17 3.09 1.3 

3 How often you get 

feedbacks on your 

laboratory reports and 

the activities you did?  

35 16.5 40 18.9 57 26.9 43 20.3 37 17.5 3.03 1.33 

4 How often your report 

consists all 

components of the 

laboratory report 

formats?  

23 10.8 45 21.2 71 33.5 52 24.5 21 9.9 3.01 1.14 
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5 How often you discuss 

on the given feedbacks 

with your friends or 

groups? 

49 23.1 52 24.5 48 22.6 40 18.9 23 10.8 2.7 1.31 

6 How often you did re-

work on activities 

which were failed? 

58 27.4 41 19.3 42 19.8 44 20.8 27 12.7 2.72 1.39 

 

 

From Table 18, in the same way, students didn’t work their activities properly after 

experimental work. And their performances were too poor. 

From teachers’ open ended questions, students’ interest & attitude towards practical work 

was less. In addition, from the researcher’s observation the students’ participation and ethics were 

reduced during practical works. 

 

This was because: 

 Teachers’ interest was decreased. 

 No hope for their future. 

From FGD; students’ interest and attitude were decreased approximately with the same 

reason as discussed above. 

Generally, students’ performance before, during and after the real experiment was very 

weak. From the descriptive analysis of the data, the mean values of students’ performance were 

2.6, 2.9 and 2.8 before, during and after experimental work respectively.  

The above discussions were supported by T-test analysis as follows. 
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Table 19: T-test analysis of students (sex) 

Items  N  Mean  Sta.dev. T df P 

Sex Male  122 56.95 11.38 -0.665 210 0.423 

Female  90 57.96 10.44 

Grade level 11 93 2.79 10.42 -1.38 210 0.716 

12 119 2.88 11.35 

 

Independent sample t-test was used to examine the difference between male and female 

students on their implementation of practical works and it was found that there were no significant 

statistical differences between male and female students this was because (p>0.05) and there was 

also no statistical significant difference between grade 11 and 12 students on their implementation 

of practical works. This was because (p>0.05) as shown in Table 10 above. 

On the other hand, students’ practical performance was described before, during and after 

the real experimental work as follows. 

Table 20: students’ performance before, during and after real work (T-test on sex) 
 

Before 

 
 

Sex N  Mean St dev T Df P 

M  122 16.54 3.85 0.096 210 0.86 

F  90 16.48 3.96 

During  M  122 23.48 5.72 -0.708 210 0.42 

F  90 24.02 5.11 

After  M  122 16.92 4.73 -0.841 210 0.300 

F  90 17.45 4.23 
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The researcher didn’t found different results than the general output of T-test conducted on 

Table 20.  

Table 21: students’ performance before, during and after real work (T-test on grade level) 
   

Before 

 
 

Grade N  Mean St dev T Df P 

11 93 15.65 5.3 -2.90 210 0.17 

12 119 17.19 4 

During  11 93 23.41 5.4 -0.68 210 0.90 

12 119 23.94 5.5 

After  11 93 17.12 4.7 -0.06 210 0.31 

12 119 17.16 4.3 

 

Table 21, also shows no significant difference was observed when T-test of students’ grade 

before, during and after the real experiment. 

Generally, students’ less performing of all activities was directly and indirectly related to 

their teachers’ performances. This is because; they were the role model of their students. Students 

may in lack of skills, knowledge and attitude. Poor understanding and grasp of practical concepts 

by learners: this was attributed to stem from student’s entry behavior. As such due to poor grasp 

and under-standing of practical concepts by learners these goals are hardly achieved.  

CONCLUSIONS  

Based on major findings, the following conclusions were drawn: 

 Debre Markos higher education preparatory secondary school was moderately and well 

equipped in chemicals, apparatuses and other imputes. And the teachers who taught there 

are well experienced and well educated. But, their performance in implementing 

experimental works there was too poor. 
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 The teachers as well as the students defined that the lab technician had no any assistance 

and support on the experimental activities conducted there. 

 The school teachers were not combined and use their knowledge, experiences and good 

opportunities to work many practical works and brings teaching chemistry more tangible, 

attractive and easy for their students. 

 The lab technician had also lost lots of his/her responsibilities in managing, directing, 

coordinating and controlling teachers and their students to achieve the intended goals of 

the country and to increase students’ performance and quality of education. 

 In addition, school administrator never supervises, organizes and facilitates teachers and 

students to conduct experimental works there. 
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ABSTRACT 

The paper is a continuation of Part (II) of the article [1] published in AJCE Vol 10 No.2, 

July, 2020. It also advocates the use of “DMM display” technique in which a single piece of 

instrument, a digital multi-meter (DMM), is used as a terminal display for more than one type of 

experiment. Sensor circuit design aims at providing a “unit-free” display situation in which 

students feel less threatening, i.e. a “user-friendly” situation for school-level experimentation. The 

designed electronic sensor, coupled with an innovative miniature conductivity probe, a combo-

well plate and a commercial DMM, is able to numerically display electrical conductivity of 

aqueous solutions ranging from non-conductive like deionized water as 0 to highly conductive 

such as 1M H2SO4 as 81, with a complete conductance calibrated at 100. The design allows digital 

display of conductivity measurement of aqueous solutions without the conventional reading unit 

of “S/cm”. [African Journal of Chemical Education—AJCE 11(1), January 2021] 
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INTRODUCTION 

The conductivity meter consists of a miniature probe made of two insulated nichrome wires 

(commonly known as heater wire), a home-made sensor (Fig. 1) that employs an electronic circuit 

to generate pulsing current for preventing electrolysis (Fig. 4) and a commercial digital multimeter 

(DMM). The conductivity meter is first calibrated by short-circuiting the two electrodes of the 

probe with a metal wire and by adjusting the calibration knob of the sensor so that the DMM, 

which is set at the 2000 mV range, displays a value of 100 mV. This is taken as the full-scale 

calibration of 100 and the knob is kept stationary for the rest of the experiment (Fig. 2). After this 

simple calibration procedure, the setup is ready for quantitative conductivity measurement.  

 

FEATURES OF THE INSTRUMENTAL DESIGN 

(i) The “DMM display” technique employs commercial low-cost digital multimeter (DMM) 

to act as a common terminal display. Instruments employing the “DMM display” technique 

is very suitable for school level quantitative measurement of reaction variables such as pH, 

solution conductivity or colour intensity of aqueous solutions. Principle of measurement is 

based on probes for these reactions output electrical signals, which after suitable 

amplification, can be nicely handled in the DC millivolt range measurement by all kinds 

of DMM which provide at least an input resistance of 10 M ensuring almost no loss 

of source signal. 

(ii) Commercial conductivity meters commonly use “ S/cm” as reading unit. Meaning of the 

unit is usually not taught in school-level lessons.  The design aims at doing away with such 

kind of reading units. When the conductivity probe is connected to the sensor which in turn 

connected to a DMM set at the 2000mV range, and by short circuiting the two electrodes 
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of the probe, the sensor outputs a pre-set maximum voltage of 100 mV and this value is 

treated as full conductance (i.e. 100). If a value of 29 mV is displayed when an unknown 

solution is tested, the electrical conductivity of this solution is looked upon as having 

29/100 strength of full conductance (Fig. 3). This offers a “user-friendly” and less 

threatening situation for dexterity less competent school students.  

(iii) Circuit design gives an output voltage around 500 mV which can be attenuated to 385 mV 

(for details please go over page 7) and this means we can set the full scale to a higher 

voltage, say 300 mV, or a full scale of 300 instead of 100 (Fig. 22). The advantage of using 

this method is that one more digit of voltage can be displayed. For instance, using this way 

of calibration set at 300, a display of 123 can be achieved compared with a value of 41 

employing the full-scale calibration set at 100 under the same condition. In other words, 

this method increases the sensitivity of measurement.  

 

  
 

(Fig. 1) Miniature conductivity probe 
                     and sensor 

 

(Fig. 2) Experimental setup for setting full    
scale by short-circuiting the probe  

  with a thread of metal wire 
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        (Fig. 3)   A testing solution showing 

29/100 conductivity  

 
     (Fig.4)   Absence of electrolysis during 

conductivity measurement 

 

(iv) Primitive home-made school level conductivity tester using a 9V battery, a metallic probe 

and a single LED is incapable of quantitative investigation of solution conductivity and 

suffers from the drawback of electrolysis during measurement. Improvement using a bar-

graph LED and a LM 3914 Dot/Bar Display Driver IC [2] can semi-quantitatively display 

solution conductivity by brightening or dimming an array of 10 LEDs [3], [4]. However, a 

true quantitative digital display should be able to display digits 0, 1 to 9 arranged in selected 

combinations. A readily available DMM suits the purpose nicely.  

(v) The design uses an Op-Amp relaxation oscillator to generate a single frequency alternating 

square wave signal source for electrical conductivity (Fig. 14). This way avoids electrolysis 

of the testing solution, as shown in Figure 4.   

(vi) The sensor employs a voltage follower circuit [6] for a unity gain output with no voltage 

inversion. This kind of buffered circuit is ideal for obtaining a stable, interference (noise) 

free and drift-free output voltage.  
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INSTRUMENT CONSTRUCTION 

(A)  The probe 

One type of commercial conductivity probe (Fig. 5) is made in the form of concentric 

cylindrical metallic electrodes.  

 

 
 

                   (Fig. 5) A commercial conductivity probe 

 

The construction (Fig. 6) ensures even distribution of AC electric field developed 

between the 2 concentric cylindrical plates so that by measuring the conductivity of 

the solution, it is possible to calculate the solution’s concentration. Instead of using 

concentric cylindrical plates, parallel rods (Fig. 7) can also be used, but the electric 

field developed between the parallel rods will not be even.  
 

 

(Fig. 6) Evenly distributed electric field 

developed between 2 cylindrical 

electrodes A and B 

(Fig.7) Unevenly distributed electric field 

developed between electrodes C 

and D in rod form 
 

                                                                                                                                                                                                      

As shown in Figure 6, when immersed in solutions, electrical conductivity between 

concentric cylindrical plates A and B varies evenly and linearly with applied AC potential. Upon 

calibration, concentration of a testing solution can be calculated mathematically by conductivity 
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measurement (limited by a range of low concentration and at a fixed temperature, actual 

mathematical relationship involving all mobile ions of opposite charges is quite advanced, internet 

search). Commercial conductivity meter incorporates built-in electronic calculation mechanism 

and display final solution conductivity in “ S/cm” unit. On the other hand, parallel rods C and D 

under the same condition form curved lines of electric field as shown in Figure 7. If the same 

calibration is attempted, mathematical calculation of concentration of a sample solution is difficult. 

However, graphically and not mathematically, a non-linear calibration line in this case is equally 

good for the determination of relative concentration of sample solutions. (Note: to avoid 

electrolysis, AC voltage should be used instead of DC voltage, and that is exactly the main job of 

the sensor). 

Parallel rod type electrodes are much easier to construct than concentric cylindrical plate 

type electrodes. A simple mini-conductivity probe (so that it can be dipped into the small wells of 

a combo plate) is made by inserting two insulated nickel-chromium wire (i.e. wire used in electric 

heaters) into a small length of glass tubing, exposing a small section of the bare-wire end to act as 

testing area, and the rest of glass tube end region is sealed by epoxy cement, a connecting cable is 

attached to the other end of the bundled electrodes as shown in the following photos (Fig. 8 and 

9). Nickel-chromium wire is selected as electrode because it is highly resistant to corrosion. 

 

  

 

(Fig. 8) Size of the tip of the probe  

           (compared with a toothpick) 

(Fig. 9) Finished conductivity probe 
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(B)  The sensor 

(i)      Relaxation oscillator 

The important part of the sensor circuit is a signal generator. Unless you are involved in 

academic studies of electronic circuits, amateur electronic hobbyists usually use the “black-box” 

approach to design circuits and ignore their advanced working principles. For this design, the 

“black-box” approach concentrates only on the input/output requirements. We have Op-Amp IC, 

capacitor and resistors at our disposal and we want to have a continuous chain of propagating AC 

electrical signals of frequency 5000 Hz. When your PC is connected to the internet, if you key in 

the keyword “relaxation oscillator” you will find the following typical relaxation oscillator circuit 

diagram in many available URLs (Fig. 10).  

 

C1

R1

R2R3

1

V+

+

-

VOUT

V-

 

 

(Fig. 10) A typical relaxation oscillator circuit diagram 

 

         The generated frequency is represented by the following equation: 
 

                                              

z H)
R

R
)(

CR

5.0
(   f

3

2

11



  
 

        All you need to do is to choose a certain combination of C1, R1, R2 and R3 to achieve 

the desired frequency. For example, if C1= 0.1F, R1 = 1.5K, R2 = 150K, R3 = 

100K, the generated frequency is calculated to be 5000 Hz. Usually C1 is fixed as   

0.1 F 
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(ii)   Circuit diagram 
 

 

 (Fig. 11) Sensor circuit diagram 

 

(iii)    Circuit description 

  

The sensor circuit (Fig. 11) seems complicated. However, it can be broken down into 

3 basic parts: (i) left part of the circuit is a relaxation oscillator. It provides a chain of 

square wave signals by one half unit of dual Op-Amp LM 358 [5]. In short, a high 

frequency AC source. (ii) An AC rectification in the middle part, converting the AC 

signals to DC voltage and (iii) an unity gain voltage follower (i.e. input voltage equals 

output voltage, this kind of voltage follower design [6] reduces voltage error and noise 

caused by source loading) on the right by the other half unit of dual Op-Amp LM 358. 

Resulting output is fed to a DMM, set at the DC 2000 mV range.  

 

The analogue circuit is traditional. The good point about it is that the idea works from 

first principle. Circuit board is used to solder various electronic components together 

at different junction points (Fig. 12 and 13). A similar design of home-made 

conductivity meter for school use was published in Chem. Educator 2019 [7]. 

  

        (Fig. 12) Front view of soldered circuit board (Fig. 13) Back view of soldered circuit board 
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Frequency of the square wave is calculated as: 

 

                

 Hz5000   Hz)
100

150
)(

0.000001x  0.1x  1500

5.0
(   f 

 

 

Oscillating voltage generated is measured across pins 1 and 3, not pin 1 and the ground. 

The reason is that LM 358 is a single power supply Op-Amp, negative supply voltage is not 

required and the ground is the – pole of the 6V supply voltage. A “pseudo” ground (in fact +3V 

w.r.t. ground) i.e. pin 3, for the oscillating part of the circuit has to be generated as the neutral 

reference of the propagating chain of oscillating voltage. It is done by short-circuiting the + and – 

poles of the 6V power supply (two button-type lithium 3V batteries connected in series) by two 

100 K  resistors and tapping the middle of the resistor array as the neutral reference of the 

generated chain of square waves, as shown in the photo below (Fig. 14). A square wave pulse with 

a frequency of 4.8K Hz is detected and not the theoretical 5K Hz, this is due to % error of printed 

values indicated by the components. 

 

         

 
 

(Fig. 14)   Measured square wave frequency by a portable scope tapping at pins 1 and 3 
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The output of this AC signal generator (relaxation oscillator) is fed through capacitor 470 

F to one end of the electrodes of the conductivity probe. The other end of the bundled electrodes 

of the probe (in which the probe is totally immersed in the testing   solution) is connected to a full 

wave bridge rectifier and converts the AC voltage to a half-wave form which can be regarded as a 

crude positive DC voltage as the frequency of the generated AC signal is high. This voltage is fed 

through the 3K resistor to the unity gain voltage follower formed by the other unit of dual Op-

Amp LM 358. The output voltage of 500 mV through pin 7 is attenuated by a resistor ladder 

consisting of a 1.5K resistor connected in series with a 5K variable resistor and taps 385 

mV by the 5K variable resistor (500 x 
5

(1.5+5)
  mV or 385 mV). y adjusting the 5K 

variable resistor, a full conductance (i.e. placing a metallic conductor between the ends of the 

probe) display of 100 mV, 200 mV and 300 mV can be achieved. The procedure is exactly the 

calibration for a FS of 100, 200 or 300. For experimentation, by setting at a FS of 100, if the sensor 

registered a voltage of, say, 40 mV for a testing solution, then this value represents 40/100 of the 

full strength of conductance, or simply 40 % strength.  In this way, there is no need to use unit 

such as S/cm to indicate experimental results, thus demonstrating the usefulness of the “DMM 

display” technique.  

Except when short-circuiting the probe for calibration, bottle-neck of current consumption 

is the small amount of high frequency AC current through the electrolytic solution. Owing to this 

factor, coupled with a buffered voltage follower sensor circuit and the use of a high input resistance 

DMM, the design offers a steady numerical output display overtime. 
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(iv)   Complete sensor construction 

The case of the sensor is a small plastic utility box measuring 100 mm (length) x 60 mm 

(width) x 25 mm (depth). Holes are drilled for accommodating the 5K variable resistor, the 

pilot LED and the push-on/push/off mini-switch (Fig. 15, 16).  

 

                                                                                                                                                                                                                                                                                                                                                                                                                    
 

(Fig. 15) Utility box 
 

(Fig. 16) Utility box with drilled 

holes of various sizes 
 

  Battery housing is designed as follows: 

 

As the whole circuit draws little current, the power source is supplied by 2 button type 

lithium dry cells (CR 2032), each offering a voltage of 3V (Fig. 17). A special holder for such dry 

cells is used (Fig. 18), as they occupy limited space. Two such holders connected in series are held 

together by an acrylate strip with the help of a few drops of trichloromethane (Fig. 19).  It is placed 

freely inside the plastic box with the rest of the instrument components holding it and making it 

quite stationary because the box is small enough (Fig. 21). 

 
 

  

(Fig. 17) CR 2032 lithium 

button cell 

(Fig. 18) Button cell holder (Fig. 19) Holder combination 
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The 5K variable resistor is fixed onto the lid, completed by capping the axle with a 

turning knob. The soldered pre-assembled circuit board (you can do it yourself, if you have skills 

of soldering electronic components) is connected to various junction points of the circuit and is 

kept stationary by the wires joining the circuit board (Fig. 20). The output jack socket (to be 

connected to the DMM) and the input jack socket for the conductivity probe are fixed by hot glue 

to the bottom part of the utility box (Fig. 21). 

 

            
 

 

(Fig. 20) Bottom view of the lid cover 

 

  

(Fig. 21) Interior of the sensor box housing 
all components 

 

Assembly of (probe + sensor + combo well-plate + DMM) for conductivity measurement 

is shown in Figure 3. The basic experimental requirement is that electrolysis of the testing solution 

should not be allowed to occur (Fig. 4). 

SUGGESTED STUDENT EXPERIMENTS 
 

Expt. 1   Micro-scale investigation of electrical conductivity of solutions  

Objectives 

(i) To identify electrolytic or non-electrolytic solutions 

(ii) To identify strong or weak electrolytic solutions 

(iii) To propose a pattern for the relationship between conductivity of electrolytic solution and 

concentration 
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Experimental results 

(A) Identification of electrolytic or non-electrolytic solutions  

Table (1), using small wells of a combo plate 

 

 

Small well no. 1 2 3 4 5 6 7 8 

Substance 

8 drops 

of 
deionized 

water 

8 drops 

of 20% 
glucose 

solution 

8 drops 

of 95% 

ethanol 

8 drops 

of 1M 
ethanoic 

acid 

8 drops 

of 1M 
sulphuric 

acid 

8 drops of 

1M sodium 

hydroxide 

8 drops 

of 1M  

ammonia 

8 drops 

of 1M 
sodium 

chloride 

DMM 

reading/

mV 

Full scale 

300 
0 2 2 15 243 222 14 184 

Full scale 

100 
0 1 1 5 81 74 5 61 

 

  

(Fig. 22) Full Scale adjustment at 300 mV (Fig. 23) Testing conductivity of solution 

 

(B) Effect of dilution on strong electrolytic, weak electrolytic or non-electrolytic solutions 

Table (2), using large wells of a combo plate 

 

Substance 

No. of drops of 

sat. NaCl 
40 35 30 25 20 15 10 5 

No. of drops of 

deionized water  
0 5 10 15 20 25 30 35 

DMM 

reading 

/mV 

Full scale 300 185 190 188 186 182 179 169 146 

Full scale 100 62 63 63 62 61 60 56 49 
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Table (3), using large wells of a combo plate 

 

Substance 

No. of drops of 

1M NaCl 
40 35 30 25 20 15 10 5 

No. of drops of 

deionized water  
0 5 10 15 20 25 30 35 

DMM 

reading 

/mV 

Full scale 300 157 149 142 135 128 116 92 73 

Full scale 100 52 50 47 45 43 39 31 24 

 

 

Table (4), using large wells of a combo plate 

 

Substance 

No. of drops of 

100% ethanoic 

acid 

40 35 30 25 20 15 10 5 

No. of drops of 

deionized water  
0 5 10 15 20 25 30 35 

DMM 

reading 

/mV 

Full scale 300 2 2 10 14 21 22 22 18 

 

Table (5), using large wells of a combo plate 

 

Substance 

No. of drops of 

1M ethanoic acid 
40 35 30 25 20 15 10 5 

No. of drops of 

deionized water  
0 5 10 15 20 25 30 35 

DMM 

reading 

/mV 

Full scale 300 18 17 16 15 14 12 9 8 

 

         Note: The “continuous variation method” is adopted for dilution which avoids volume 

change on adding deionized water.  

 

Treatment of data 

Manipulate all the collected experimental data by displaying, in each case, plots of relative 

conductivity vs times of dilution using a suitable spreadsheet software (Fig. 24). 
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(Fig.  24) Effect of dilution on the conductivity of strong, weak and non-electrolytic solutions 

 

CONCLUSION 

(1) Electrolytes are substances that conduct electricity when dissolved in water. Ionic or polar 

substances are electrolytes. 

(2) Non-electrolytes are substances that do not conduct electricity when dissolved or partly 

dissolved in water. Covalent or non-polar substances are non-electrolytes. 

(3) Strong electrolytes are substances in which their aqueous solutions conduct electricity much 

better than weak electrolytes under the same conditions. 

(4) In general, electrical conductivity decreases with increase in dilution. However, with some 

soluble covalent compounds, such as 100% sulphuric acid, conductivity increases with 

increase in dilution. This is due to ionization of covalent compounds on adding deionized 

water. 

(5) Electrical conductivity of aqueous solutions is due to mobile ions of opposite charges. 
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Expt. 2   Conductometric titration 

Objectives 

(i) To perform a micro-scale acid/alkali conductometric titration.  

(ii) To determine the concentration a provided sample of sulphuric acid by titration against 

0.01M Ba(OH)2(aq). 

 

No. of drops of approx. 

0.1M H2SO4 
0 1 2 3 4 5 6 7 8 9 10 

Conductivity (FS 200 mV) 27 24 20 16 12 9 20 28 35 40 45 

 

                          Ba(OH)2(aq)  +  H2SO4(aq)   BaSO4(s)  +  2H2O(l) 
 

(50 drops of 0.01M 

placed in a large well) 

(~ 0.1M from 

a dropper)    
 (white ppt) 

 

  

(Fig. 25) Calibrate the sensor by adjusting 

to 200 mV 

(Fig. 26) Conductivity measuremant 

during titration 

 

 

RESULT AND CONCLUSION 

By placing 50 drops 0.01M Ba(OH)2(aq.) followed by 2 drops of phenolphthalein indicator 

solution into a large well of a combo plate, plot of relative conductivity vs no. of drops of ~ 0.1M 

H2SO4 added is shown below:  
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(Fig. 27) Titration curve 

 

By inspecting the plotted graph (Fig. 27) and eye observation of disappearance of  the red 

coloration, equivalence point of titration was reached when 5 drops of the acid had been added. 

Simple stoichiometric calculation showed that the given sample of sulphuric acid had a 

concentration of 0.1M. 

For school level micro-scale conductometric titration experiment, concentration ratio of 

titrant : reactant to be titrated is normally kept at 10:1 . This is to avoid significant increase in total 

volume which could greatly affect ionic conductance.  
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ABSTRACT 

The aim of this work is illustrating a possible example for explaining the upcycling of 

waste, hence producing value from it, for possible future use e.g., as viscose in the fashion industry. 

This has been performed by comparing the results obtained from different cellulose waste, 

especially yield of the product and its apparent quality. The first objective of the experiments is 

explaining the chemical procedure to recover cellulose waste for further use. After this, the 

cellulose extracted is characterized as concerns its morphological structure in terms of dimensions 

of the fibers obtained. Then, infrared analysis data are compared with those available from 

previously analyzed cellulose with known composition. Through this experience, the students are 

introduced to the importance of upcycling in general terms, starting with examples of though they 

are also presented with the very variable quality of the product obtained from cellulose waste, so 

to be able to make considerations about the possibility to proceed with the experiment and 

eventually developing it to an industrial level. [African Journal of Chemical Education—AJCE 

11(1), January 2021] 
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INTRODUCTION 

In recent years, the extraction of cellulose crystals from waste is a widely followed strategy 

to increase the purity of the material and its crystallinity in order to confer to it an added value, 

which would discourage disposing of it just in energy recovery terms. The latter option in fact 

would also create additional environmental problems, in particular for the treatment by chlorinated 

agents, typical of bleaching in cellulose-based products, such as those intended for use in the paper 

sector [1].  

As a matter of fact, a number of sources have been used for the extraction of cellulose of 

high crystallinity to its micrometric or even nanometric dimensions; here, from literature reviews 

a large number of possible raw materials can be mentioned, some of which are of larger availability 

and widespread diffusion and therefore easier to be found as waste for disposal [2-3].  

For educational purposes, in a school environment, leading down to nanometric dimension 

can present some obvious difficulties; therefore, the idea was to extract cellulose at a micrometric 

level, to compare the yield of different waste sources.  

The issues, but also the educational content related to this process is multifold: to start with, 

they include the preparation of the reagent and its relation with the yield obtained in terms of 

cellulose crystals over weight of the waste used. After this, the consideration for the type of raw 

material, which is disposed of, is also important, and the comparison, at least qualitative, between 

cellulose obtained from different materials is of paramount significance.  

In this study, the process of cellulose extraction from waste is considered as a wider theme 

of chemistry education, which would involve a number of sub-themes, including the preparation 

of different solutions for extraction, the relevant value of the different waste types for the 

operation, compared against control materials, and the final result, which allows selection 
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depending on the specific type of situation and quality of final material obtained. Evaluation is 

carried out through the use of different experimental techniques; in particular, some examples of 

measurements, performed using Fourier transform IR spectroscopy (FTIR) and optical 

microscopy, are presented. 

 

EXPERIMENTAL 

The experiments illustrated were carried out on class formed by 20 students aged 16, of the 

chemical section of IIS “Fermi-Sacconi-Ceci”, in Ascoli Piceno (Italy), whose background already 

included general and analytical chemistry and were starting to approach organic chemistry. The 

experience required 3 hours a week on an average, for a period of about 20 weeks, from November 

to April, together with some theoretical lectures, around once every two weeks. 

In particular, the objective of the work was aimed at explaining how cellulose waste can 

be recovered. The polysaccharide is first recovered from a chemical matrix, including the waste 

material, a characterization phase then follows, using instrumental chemical analysis, and then the 

cellulose obtained is compared, according to the waste material used, with respect to two control 

materials, which are recognized to be made of almost pure cellulose, in practice hydrophilic cotton 

and microcrystalline cellulose (MCC). The specific waste materials used are orange peels, scrap 

paper, a worn out tablecloth, and end-of-life jeans trousers. To compare the four waste materials, 

a weight of 20 (± 2) grams of each waste has been disposed. 

The waste has been cut, using scissors when necessary, in small pieces and immersed in 

100 ml of Schweizer’s reagent, prepared by precipitating copper (II) hydroxide from an aqueous 

solution of copper sulfate using sodium hydroxide (Figure 1). This is followed by a decantation 

phase, after which ammonia is added to dissolve the precipitate (Figure 2). The aspect of the four 
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samples with precipitate once immersed in the solution is shown in Figure 3. The four samples 

collected are examined in a dilute solution of sulfuric acid (5% vol.) at 80°C (Figure 4a), where 

H2SO4 acts as a dehydration catalyst, for cellulose [4]. The excess liquid was removed by pressing 

the sample between filter papers, the amount of remaining solution was determined by weighing, 

and the sulfuric acid content was calculated as a percentage to cellulose weight. After this, the 

formation of a gel-like cellulose suspension was obtained with a 10% vol. glycerol suspension 

(Figure 4b). The following characterization phase was performed by first measuring the length and 

diameter of the cellulose segments obtained, from observations under the optical microscope. Also, 

FTIR-ATR “Spectrum Two” Perkin Elmer spectroscope has been used to analyze the presence of 

functional groups typical of cellulose.  

 

RESULTS AND DISCUSSION 

A number of observations, developed here below, can summarize the educational content 

of the experience.  

First, a theoretical part of the experience was carried out, in which the students familiarized 

themselves with the issue of extracting microcellulose from different kinds of waste and with the 

problem of different yielding of the process, which makes it practicable, in economical and 

environmental terms. Although only qualitative evaluations of the yielding have been carried out, 

its dependence on the aspect of the raw material has been clearly identified, and, as for an order of 

magnitude, it has been suggested that the material extracted, though pure and crystalline, does not 

exceed a few percent of the raw one. 
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The educational questions that the experience poses are in particular: 

 Use of “control” samples (from microcellulose acquired on market) and comparison with the 

experimental ones (from orange peel, tablecloth, paper waste, and end-of-life jeans) 

 Chemical methodology (preparation of the Schweitzer’s reagent, decantation, yielding of the 

transformation process) 

 Morphological characteristics of the microcellulose obtained, as reported from optical 

microscopy examination, as reported in Figure 5, with measurement of the length and diameter, 

and observation of the thickening nodes, presence of loose parts and straightness of the fiber. 

This study has been performed in view of possible insertion in polymer matrices, with the idea 

to create polymer nanocomposites, on which some indications have been offered to the 

students, such as those reported in [5]  

 Interpretation of FTIR spectra with respect to the material obtained (purity of the cellulose, 

presence of non-polysaccharide materials), which are depicted in Figure 6. 

Following this, the infrared analysis (FTIR-ATR) was carried out to characterize the 

obtained cellulose and compared with data from MCC and hydrophilic cotton available from 

previous analysis. In Figure 6, the spectra of the residue after centrifugation and washing with de-

ionized water are reported, with the aim not to alter the composition of the sample system. 

In FTIR spectra, the characteristic peaks of a carbohydrate are observed: the one around 

3300 cm-1 relative to the stretching of hydroxyl group -OH, at around 2900 cm-1 the peaks of -CH2 

and -CH groups stretching, while at 1635-1655 cm-1 some peaks characteristics of -CH, -CH2 

bending and a peak at 1000-1050 cm-1 defined by the stretching of the single bond C-O. These are 

the main peaks observable, from the large literature available on FTIR analysis of carbohydrates, 

for example in [6]. 
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In general terms, from FTIR the extracted residue has approximately the same functional 

characteristics. However, it needs also to be noticed that in the sample originated from table cloth 

a further peak has been observed, on which the students’ attention has been drawn. This peak at 

circa 1740 cm-1 is characteristic of a carbonyl C=O stretching mode, this suggests that in the 

condition used a partial extraction of a small amount of a polyester fiber has also been carried out. 

This indicated that the tablecloth was made in a typical cotton/polyester (normally Polyethylene 

terephthalate, or PET) blend, on which equally the attention has been reported, since FTIR 

spectroscopy appears as an essential tool to start evaluating the effectiveness of recycling this kind 

of textiles [6]. 

This process exposes the difficulty in obtaining an effective upcycling (i.e., revalorization) 

of the material, as defined in [7], on which some indications have been given to the students in the 

theoretical lectures. This issue is significant in this case especially for the large difference in the 

yield and quality of cellulose obtained from the waste material. This would in some cases 

discourage the recovery of the material in this form, yet this choice is once again part of the 

evaluation to be carried out. Future developments could involve the modification of cellulose 

molecules to functionalize them, which may be the objective of further educational projects. 

 

CONCLUSIONS 

The experience reported possessed an educational content both in general terms, as to 

illustrate how working with cellulosic waste can practically lead to the extraction of very pure and 

oriented microcellulose fibers. This included laboratory experiments and measurements and 

enabled practicing, other than with preparation of solutions and further processing, also with 

different techniques of wide use in chemistry practice, such as microscopy and IR spectroscopy. 
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Some limitations to this approach are recognized to the need to be concentrated in a short 

period, due to the time possibly dedicated during the school year. On the other side, they can be 

resumed at a later stage during student education, for example concentrating on film production 

including microcellulose extracted from waste.  
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Figure 1 Preparation of Schweizer’s reagent 
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Figure 2 Decantation phase 

 

 

 
 

Figure 3 Samples examined 
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Figure 4 Examination of samples using sulfuric acid and glycerin 

 

 
 

Figure 5 Microscopic observation of microcellulose fibers extracted 
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Figure 6 FTIR spectra of the different types of microcellulose 
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ABSTRACT 

The performance of virtual laboratory practice in the Metallurgy Engineering of the 

Technological University José Antonio Echevarría, Havana, Cuba, is described. The experience 

presented was developed in a second-year group, and two laboratory practices were done with 

satisfactory results. With this activity, the students achieved the skills they need through virtual 

experimentation. In addition, it was possible to motivate the students to consider the importance 

of physical-chemical analysis showing the link with computing. [African Journal of Chemical 

Education—AJCE 11(1), January 2021] 
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INTRODUCTION 

Virtual laboratories are an essential complement to those performed in traditional facilities 

and contribute to better development of individual skills, typical of this type of academic 

instruction. They should not replace real practices. It is necessary to search for an adequate 

pedagogical balance between both modalities, making a better formation of the students [1]. 

There are some experiences in this area. Woodfield et al. [2 and 3] described and evaluated 

Virtual ChemLab with 1 400 students enrolled in freshmen level chemistry courses. They found 

that if effectively used it provides practical experience by connecting the theory taught in the 

classroom with the real world of the laboratory, provides a realistic learning environment for 

different learning styles, and teaches the cognitive processes (or analytical skills) that form the 

foundation of chemistry and other laboratory sciences. Later, Tatli and Ayas [4] examined the 

effect of a virtual chemistry laboratory student achievement among 90 students from three different 

ninth-grade classrooms and established that the developed virtual chemistry laboratory software is 

at least as useful as the real laboratory, both in terms of student achievement in the unit and 

students’ ability to recognize laboratory equipment. While, Davenport [5] describe ChemVLab+, 

a set of online chemistry activities. This study, with more than 1400 high school students, in 

California, found that students using online activities demonstrated increased learning. On the 

other hand, Blackburn et al. [6] integrated into a first-year laboratory module at the University of 

Leicester, a series of laboratory themed simulations. They observed high student engagement and 

very positive results to prepare the students before doing real experiments. 

Model ChemLab is a chemistry lab simulation software mainly created for an educational 

purpose that has been mentioned by its utility [7, 8, 9, 10, 11, 12, 13, 14 and 15]. Luque et al. [16] 
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classify it as excellent, and González et al. [17] catalog it as one of the most complete. Rodríguez 

et al. [18] clarify that it can be easily integrated into a General Chemistry course at the university. 

Vidal and González [19] evaluated the potential of the Model ChemLab simulator pedagogically. 

They concluded that although it does not promote the development of general cognitive skills and 

does not promote the active learning of chemistry, it can be advantageous if it is used in the 

university in the framework of a teaching-learning process conceived as directed research, 

fundamentally in the execution of experiments that replace the real laboratory. Currently, there are 

some positive testimonials about the utility of ChemLab inclusion in the courses of some 

universities [20]. 

In the experience of Cabrera de Vera [21], 11 simulated analytical techniques practices of 

the Analytical Chemistry course were carried out with students from Chemical Engineering and 

Food Engineering. The compilation of the results was made through surveys and interviews 

between the periods 2014 to 2017, giving positive results to both teachers and students. 

On the other hand, the second semester of the second year of the Metallurgy and Materials 

Engineering (Metallurgy) of the Technological University of Havana has eleven subjects. One of 

them, the Physical-Chemical Analysis [22], has no final exam, which means that students, often 

overwhelmed by a large number of subjects in the semester, do not prioritize it with the consequent 

lack of motivation for the subject [23]. 

The 54 total hours of Physical-Chemical Analysis semester are distributed in 12 hours of 

lectures, 6 hours of practical classes, 12 hours of seminars, and 24 hours of laboratory practices. 

The lab practices are arranged in 4-hours sessions per week of experiments of gravimetry, 

volumetry, potentiometry, two of spectrophotometry and one of analytical chromatography. 
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The physical-chemical analysis requires a high number of laboratory practices and needs 

to exercise different parameters that are not possible or feasible to use in real laboratory conditions 

[24]. One alternative solution to cover this need could be to conduct virtual laboratories that are 

an easily handled educational tool for universities and help to develop quick and effective decision-

making [9]. Moreover, the subject of physical-chemical analysis has as a proposal, within its 

educational objectives, to develop habits and skills in the use of computing [20]. 

This paper aims to describe the experience of implementing the training requirements of 

the subject Physical-chemical Analysis of Metallurgy through virtual laboratories using ChemLab 

as an alternative to the lack of own teaching laboratory. 

 

METHODOLOGY 

In order to comply with the formative requirements of the subject Physics-Chemical 

Analysis of Metallurgy and so that the students could acquire the proper knowledge of the methods 

and techniques of analytical chemistry, to extend, deepen, consolidate, generalize and verify the 

theoretical foundations of the subject through the simulation, it was proposed the execution of two 

virtual laboratory practices with the use of the ChemLab simulator, as a didactic strategy. Also, 

students carry out an extra-class work. Students received a random mass of the compound to work 

on the simulator. With it, they had to carry out the two virtual experiments and then compare their 

results. 

Organized laboratory practices are shown in Table No.1. In the laboratory practices, the 

content of the Physical-Chemical Analysis of two of the six subjects studied in the course was 

taken into account. The method to be used was the bibliographic search and the experimentation, 

and the documentation to be reviewed was ChemLab's user guide. As there were only two pertinent 



AJCE, 2021, 11(1)                                                                                                             ISSN 2227-5835                                                                                                                                               

89 

 

 

 

practices available in the simulator, gravimetry and volumetry were selected. That was the reason 

why the extra-class work was indicated after the execution of these two real practices in the course. 

The first experiment, gravimetric analysis of chloride, shows how to determine the 

composition of an unknown chloride salt by reacting chloride and silver ions to produce a silver 

chloride precipitate. This precipitate should be filtered out and weighed. Based on stoichiometric 

ratios, the students should determine the amount of chloride initially present in the test sample. 

The other experiment, volumetric analysis of chloride, tries to determine the composition 

of an unknown chloride solution by measuring the volume of required reacting silver ions that 

produce a silver chloride precipitate. Potassium chromate serves as an indicator of the reactions 

end-point, changing the solution to a yellow color. Using the equivalence law, the students should 

determine the chloride composition initially present in a test solution. 

The group was divided into two semigroups, one practice per each one. Students should 

develop the labs independently on their personal computers. After opening the software, they 

should select their experiment, its apparatus, chemicals, and required amounts through menus and 

dialogues following the correspondent ChemLab test procedures. ChemLab lets the students 

distribute the apparatus in the work area and locate them in suitable positions. 

Table 1. Laboratory practices performed 

 Subject Tests Bibliography 

2 Gravimetric Gravimetric analysis of chloride 
ChemLab test procedure 

3 Volumetric Volumetric analysis of chloride 

 

The report of the practice with the results of the determination had to be sent by email or 

delivered printed. For evaluating the practice, we take into account the content, consistency, degree 

of fulfillment of the objectives, and the clarity in the communication of results. This experience 

was carried out during the second semester of the academic year 2015-2016. 
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In order to receive feedback about the application, we performed an evaluation study. The 

objective was to evaluate the technical aspects (ease of use) and the pedagogical aspects (facilitated 

learning). Feedback of the students about the use of the simulator was evaluated through 

questionnaires. Questions were of two types: How easy was the application to use? Did it help to 

understand the course and, did the students like it? Answers were based on a 5-point Likert scale 

[25]. The mean value was calculated in order to obtain a relative ranking of the activities. A total 

of 20 students used the simulator, and a total of 13 answered the questionnaire. Students were from 

a mixed-sex group (15 males, six females) with a chemistry background. 

 

RESULTS AND DISCUSSION 

The task systems used to expand proximal development zones include tasks of activity and 

communication [26]. In that sense, selected students performed the exercise individually without 

the participation of the teachers. Students generally formulated the objectives of the practices, 

satisfactorily conducted the virtual laboratories, analyzed the results, and presented the 

conclusions. 

Using the virtual laboratory, the students were able to do the experimental operation 

sequences that lead to the measurement of the physical property that allows the analytical 

determination. Those experiments had not been possible to perform in real laboratory conditions 

experimentally. 

There were some deficiencies in work with units, and the interpretation of the results. As 

it was the first time that the students used the simulator, they had to execute a creative use of the 

time, one of the most distinguished manifestations of the development of the organizational 

abilities [26]. The skills exercised by the students in this study have the function of generating a 
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generalized efficacy, particularly of learning to learn. Since all the skills cannot be covered, 

developing the remaining practices in the quality control laboratory of the metallurgic industry 

must be evaluated. 

In general, a simulator was valued as reasonably helpful to understand the course providing 

evidence of facilitated learning. It was also partially possible to motivate the students to pay 

attention to the subject's Physical-chemical analysis showing the link with the computing given 

that the core values of the first answer. The evaluation results are shown in Table 1. 

Table 2. Evaluation Results: Likert Values 

1: Not at All - 5: Very Much 

Items Mean 

Simulator helped me to understand the course  3.3 

It was difficult to interpret the simulator results 2.3 

It was difficult to work with the simulator 2.1 

I found the simulator stimulating 3.8 

 

There was, as well, a clear consensus that it was not difficult to interpret the simulator 

results or to use the simulator. The simulator was also considered moderately stimulating since 

these values are only slightly higher than the median of 3. 

 

CONCLUSIONS 

The training requirements of the subject Physico-chemical Analysis of Metallurgy were 

covered through two virtual laboratories with the use of ChemLab as an alternative solution to 

overcome the limitations in real laboratory testing conditions. During this experience, laboratory 

practices had satisfactory results. This activity also helped students to get the required knowledge 

and abilities through virtual experimentation. Through this work, it was possible to link to the 

subject of Physical-chemical analysis with the subject of computation. He also contributed to the 



AJCE, 2021, 11(1)                                                                                                             ISSN 2227-5835                                                                                                                                               

92 

 

 

 

development of three of the personality development skills: understanding and seeking 

information, communication, and the temporary organization of life. In all cases, the groups 

submitted their reports and clearly showed that they had acquired the working knowledge in the 

chemical laboratory. 
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ABSTRACT 

Students at College level struggle with organic chemistry concepts. This problem starts 

from the very first course offered to them at the introductory level indicating the mysterious nature 

of concepts in it. This investigation explored college level pre-service chemistry teachers’ 

conceptual understanding in aliphatic hydrocarbon concepts through conceptual change 

instructional approach (CCIA). Conceptual change texts (CCTs)- based –instruction as one variety 

of conceptual change approaches was used during the intervention in the experimental group. 

Eighty-seven pre-service chemistry teachers (Mean Age=20.01 yrs) in Arbaminch College of 

Teacher Education, Southern Nations, Nationalities and Peoples Regional State (SNNPRS), 

Ethiopia took part in the study in 2017 G.C. Two classes taking introductory organic chemistry I, 

were randomly assigned as experimental group and comparison group. The data collection 

instrument was Aliphatic Hydrocarbon Diagnostic test (AHDT). A non-equivalent pre-test-

posttest control group design was used to investigate pre-service chemistry teachers’ conceptual 

understanding in aliphatic hydrocarbon concepts. Data were collected from pre-service teachers 

and analyzed using independent samples t-test and paired samples t-test. A pre-test established that 

CCIA group and conventional instructional approach (CIA) group were alike at the 

commencement. Analysis of students’ response showed that students in the CCIA group scored 

significantly higher than those in the CIA group in AHDAT after intervention. A significant or 

meaningful result was obtained in the experimental group confirming the preeminence of CCIA 

through the use of CCTs over CIA. [African Journal of Chemical Education—AJCE 11(1), 

January 2021] 
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INTRODUCTION 

Chemistry in general and organic chemistry in particular are effort-intensive. Due to this, 

students are expected to think critically with understanding rather than memorizing ideas [1]. 

Understanding problems are quite ubiquitous and rampant among students [2] during instructions 

in classroom settings. Research endeavors [3] [4] indicated that students’ understanding of organic 

chemistry concepts is shallow and with alternative conceptions. Duffy [5], in her thesis work, 

clearly stipulated that informing students to avoid memorization alone does not suffice. She 

suggested that instructors should go beyond stating the disadvantages of memorization and teach 

towards conceptual understanding. Also, Sendur [6] in her study on alkene concept, made a call to 

make understanding related studies through investigating learners’ understanding levels and 

misconceptions using teaching strategies like conceptual change texts (CCTs). The clear meaning 

of conceptual understanding and the approaches to be followed in this line are open to debate [7] 

as there are diverse approaches to address students’ conception problems. However, until now 

conceptual change is a prevailing agenda in science education literature. 

Traditional science texts are tricky for student to learn meaningfully because most are full 

of technical terms, which are very difficult to comprehend [8]. This is associated with the problem 

of text book writers [8]. Choosing the right strategy such as the use of CCT is suggested in science 

education literature [9] [6] [10]. Preferring the right strategy to be used in the organic chemistry 

courses at college level may require applying the constructivist approach to bringing conceptual 

understanding. This entails using texts, which can make learning more meaningful and discuss 

their alternative conceptions overtly. Conceptual change instruction can be of assistance for 

students to conquer misconceptions and learn intricate concepts in all subjects [11]. Instruction 

based on constructivist approach focuses on students’ ideas, encourages students to think about 
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situations, and use their knowledge and share their ideas-making students active in the learning 

process [12] [13] [14]. Conceptual change texts (CCTs) with alternative conceptions of learners, 

reasons for correct responses, justifications for alternative or nuanced ideas and sufficient 

examples [15] satisfy the requirements of constructivists’ view. CCTs present new theories to 

refute the old ones [9]. CCTs are particularly effective in promoting conceptual change. These 

texts contrast common alternative conceptions with scientific conceptions. It is imperative to 

examine conceptual change text-based strategy that may enhance students’ learning with 

understanding in organic chemistry domain such as aliphatic hydrocarbons. 

Documents from study site and experience of the principal researcher have attested that 

students’ performance in the organic chemistry courses at college level is poor. Many organic 

chemistry concepts are generally abstract to students [2], the problem starts with functionality 

chemistry which encompasses aliphatic hydrocarbon concepts. In different studies [16] [17], it has 

been reported that aliphatic hydrocarbon concepts are among key areas of worry for students. 

However, there is little research work focusing on aliphatic hydrocarbons [10] through the use of 

conceptual change approach (using conceptual change texts). Therefore, effects of CCTs based 

instruction on understanding of aliphatic hydrocarbons needs investigation. 

 

Objectives of the Study and Research Questions 

The prime purpose of this study was to investigate effects of conceptual change 

instructional approach on conceptual understanding of pre-service teachers’ in aliphatic 

hydrocarbon concepts.  To attain the above major purpose of the study the following research 

questions were framed: 
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1. Is there statistically significant difference between experimental and comparison group in 

reference to Pre-understanding diagnostic test mean scores? 

2. Is there statistically significant difference within experimental and comparison group in 

reference to Pre-and post-understanding diagnostic test mean scores?  

3. Is there statistically significant difference between experimental and comparison group in 

reference to Post-understanding diagnostic test mean scores when CCIA is used in aliphatic 

hydrocarbon concepts? 

 

METHODOLOGY 

Design Type 

The study design employed in this study was the Pretest-Posttest Nonequivalent-Groups 

quasi-experimental Design. The quantitative quasi-experimental approach with nonequivalent 

control group design with pretest and posttest was selected in this study with intact classrooms.  

 

Study Site, Population and Participants 

The study was conducted in Arbaminch College, Southern Nations, Nationalities Regional 

State, (SNNPRS), Ethiopia. The college has an enrollment capacity 3,500 regular Diploma pre-

service teachers. Eighty-seven pre-service chemistry teachers aged 18 to 24 years (Mean 

age=20.01 years) took part in this study in the academic year 2017 G.C. The participants were the 

pre-service chemistry teachers registered in Introductory Organic Chemistry I course in the same 

college in regular Program. 
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Instruments 

The instrument used in this study was Aliphatic Hydrocarbon Diagnostic Test (AHDT). 

The purpose of AHDT was to measure overall understanding and progress of students.  This test 

was partly developed by the principal researcher based on procedures of the development of the 

diagnostic tests [18]. In addition, the principal researchers used literature sources for some items 

[6] [10]. The AHDT (See Appendix-A) covered the main topics of aliphatic hydrocarbons. The 

AHDT was developed for pretest and posttest in relation to conceptual contents in aliphatic 

hydrocarbon concepts. 

 

Reliability and Validity of the Instruments 

The internal consistency reliability was checked based on appropriate literature [19] [20].  

To ensure validity the AHDT was checked by three senior Chemistry lecturers of the study area. 

Also, construct validity was checked by running correlation of pilot data with students’ previous 

chemistry result [21]. 

 

Pilot study 

Piloting is important in any study. The same thirty-three participants took part during 

piloting of AHDT. The AHAT had 20 two-tier multiple-choice items. Item analysis was carried 

out for all the twenty items in the AHDT.  Based on the item analysis, from 20 AHDT only 13 

items retained (Appendix-A) for the main study. All items were dichotomously scored as zero for 

not answering both tiers correctly and one for answering both tiers correctly.   Also, from the pilot 

test the reliability Kuder-Richardson -20 (KR-20) of this tool was found to be 0.71 which is 



AJCE, 2021, 11(1)                                                                                                             ISSN 2227-5835                                                                                                                                               

99 

 

 

 

acceptable [19] [20].  Also, the conceptual change instructional approach through using CCTs 

(Appendix-B) was piloted as it is an approach that is not familiar to study area. 

 

Procedures of the Data collection 

To assess the difference between groups after intervention, the principal investigator 

assigned intact groups to experimental and comparison treatments, administered a pretest to both 

groups, conducted experimental treatment activities with the experimental group only, 

administered a posttest to judge the differences between the two groups, and finally comparison 

of the mean scores of groups was made. These steps were accomplished consequently. 

 

Data Analysis 

In this study data was generated from scores of the AHDT.  The AHDT (Pre-and post) was 

normally distributed based on skewness and Kurtosis values [22]. After normality check the 

researcher used independent t-test and paired samples T-test to analyze and interpret the collected 

data on AHDT (Pre-and post). For the purpose statistical analysis SPSS 20 version was used. 

 

RESULTS, DISCUSSION AND CONCLUSION 

Results 

Comparison of Pre-AHDT Mean Scores of Experimental and Comparison Groups 

Before examining the effect of conceptual change approach on pre-service chemistry 

teachers’ understanding in aliphatic hydrocarbon concepts, an attempt was made to ensure 

equivalence of Experimental Group (EG) and Comparison Group (CG). For this purpose, an 

independent sample t-test was performed on the pretest AHDT. 
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Table-1: Independent-samples t-test results for PRE-AHDT with respect to groups 

Treatment Variable N M SD SE df t p 

 Pre-AHDT    .42 64.8 .978 .332 

EG  44 4.18 2.49     

CG  43 3.77 1.29     

 

Independent samples t-test analysis shows the differences between the AHDT mean scores 

of the groups (MEG =4.18, SDEG =2.49, NEG =44 and MCG= 3.77, SDCG =1.29, NCG = 43; t(85)= 

.978, p>0.05). The Pre-AHDT scores of the groups were not significant (p=0.05), implying that 

prior to the intervention the groups were comparable. 

 

Comparison of Groups in terms of Pre-and Post-AHAT 

A paired samples t-test was performed to check if there was a change in the mean scores 

due to CIA in the comparison group and CCIA in the experimental group.  

 

Table-2: Paired Samples T-test result of groups 

Group  Paired Differences t df P 

M SD SEM 

CG 
Pair 1 

PRE-AHDT - 

POST-AHDT 
-1.16 2.48 .38 -3.08 42 .004 

EG 
Pair 1 

PRE-AHDT - 

POST-AHDT 
-2.25 2.41 .36 -6.19 43 .000 

                                 M=Mean, SD=Standard Deviation, SEM=Standard Error 

Mean 

             

 

As indicated in Table-2, compared to the pretest scores the comparison and Experimental 

group post test scores for understanding test were found to be significant (p<0.01 for CG and 

P<0.001 for CG). This confirms the existence of evidence to prove change in the mean scores after 
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implementation of CIA and CCIA. However, this does not confirm that the CCIA is better than 

CIA since the two treatments show significant difference using paired samples t-test.   To check if 

there is a significant difference exists in scores of understanding test independent samples t-test 

was employed on post test scores of groups. 

 

Table-3: Independent-samples t-test results for Post-AHAT with respect to groups 

Group Variable N M SD SE df t p 

 Post-AHDT    .48 85 3.15 .002 

EG  44 6.43 2.31     

CG  43 4.93 2.13     

 

Independent samples t-test was used (as the Post-AHDT data were normally distributed) 

to measure the effect of treatment on pre-service chemistry teachers’ understanding (Post-

AHDT). Independent samples t-test analysis (table-3) shows that the differences between the 

AHDT mean scores of the groups (MEG =6.43, SDEG =2.31, NEG =44 and MCG= 4.93, SDCG =2.13, 

NCG = 43; t(85)= 3.15, p<0.01) implying that after the intervention the groups were different. Thus, 

a significant difference for treatment was obtained for Post-AHDT, p<0.01, d=0.68. This is of 

medium effect size for Post-AHDT [23]. This result indicated that the groups differ significantly 

after intervention in favor of CCIA.  In addition, the column- graph below depicts the difference 

between groups in terms of Post-AHDT.   
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Figure-1: Column-graph of Post-AHDT score as compared to pre-AHDT Score to depict the 

change after intervention 

 

Discussion 

Before the treatment, in this study, an independent sample t-test was carried out to test 

significant difference between the groups on pretest mean scores. The groups were not significantly 

different based on the pre-AHDT mean score. The pretest data showed that at baseline the two groups 

were alike.  This means, before treatment the effectiveness of the instructional approaches on pre-

service chemistry teachers’ understanding could not be attributed to prior knowledge difference. In 

addition, a paired samples t-test was performed to check if there was a change in the mean scores due 

to both types of intervention. Compared to the pretest score the comparison group post test score for 

understanding test was found to be significant. Similarly, compared to the pretest score the 

experimental group post test score for understanding test was found to be significant. These confirm 

the presence of evidence to prove change in the mean scores after implementation of CIA and CCIA. 

However, this paired samples t-test result does not confirm whether the CCIA is better than CIA or not. 
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To check this independent samples t-test was employed. The independent samples t-test result 

showed that the CCIA group pre-service chemistry teachers’ score is significantly higher than the CIA 

group pre-service chemistry teachers’ score. This is due to the use of conceptual change texts in the 

experimental/CCIA group. The reason for the change can be ascribed to the nature of texts used and 

the interactive nature of the CCIA class. The texts used in the study took students alternative 

conceptions in to account and the classroom of the intervention group was with productive interactions 

(teacher-student interaction and student-student interaction). This finding is consistent with the 

findings in other studies [24] [25] [6] [10] and support the fact that when students are exposed to 

conceptual change instructional approach their understanding increases significantly. For instance, 

Ceylan and Geban [24] in their recent study found that students in conceptual change-

oriented instruction group scored significantly higher than those in the traditionally 

designed chemistry instruction group with respect to the understanding of matter and solubility 

concepts. 

 

CONCLUSIONS 

The principal purpose of this study was to investigate effects of conceptual change 

instructional approach on conceptual understanding of pre-service teachers’ in aliphatic 

hydrocarbon concepts. After intervention, data was gathered using the AHDT and analysis was 

made. Though a thorough understanding of concepts is difficult [26] [27], intervention showed 

improved understanding. Analysis of the result revealed that the experimental group outperformed 

the comparison group in understanding test with medium effect size magnitude. In this study, a 

more significant or meaningful result was obtained in the experimental group confirming the 

preeminence of CCIA over CIA.  
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APPENDICES 

Appendix-A:  Sample Aliphatic Hydrocarbon Understanding Test Items 

Directions: For questions below, select the correct answer from alternatives given for the 

content knowledge tier (first tier) and the reasons for content response or understanding tier 

(second tier). After selecting the answer, encircle your choice for both tiers.   

1. Given the structure: 

 

 

 

The IUPAC Name of the Compound is  

I. 4-bromo-3-ethyl-2-pentene  

II. 2-bromo-3-ethyl-3-pentene  

The reason for my answer is because 

A) when C = C precedes alkyl groups and halogens in the numbering of the main carbon 

chain of alkenes, the C = C takes the lower number 

B) when alkyl groups and halogens appear with C=C double bond in naming alkenes, the 

C = C takes the highest number.   

C) in numbering the main carbon chain, the alphabetical order of the groups attached to 

the carbon chain is given priority. 

D) the main carbon chain starts with the C atom to which the halogen atom is attached, 

priority is given to the halogen in assigning numbers 
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2. Given the condensed structural formulas of two compounds below, 

H3 C CH2 CH= CH2    and H3 C CH= CH CH3  

What can be said about these two compounds? 

I. they are position isomers of each other 

II. they are geometric isomers of each other 

     The reason for my answer is because 

A) both can show cis and trans forms regardless of groups attached to the double bond 

containing carbon atoms 

B) they have the same molecular formula but they differ in the position of the double bond 

C) they have similarity in both structure and functionality 

D) both can show cis and trans forms when a halogen atom attaches to each of the double bond 

containing carbon atoms 

 

Appendix-B: Sample Conceptual Change Text: Naming Alkynes 

                     

What is the IUPAC name of the following Alkyne? Explain.  

 

 

 

 

 

(I) 4,4-dimethyl-2-pentyne 

(II) 2,2-dimethyl-3-pentyne 
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  Naming alkynes with bond-line formula 

 

Thus, the above molecule is 6,6-dimethyl-3-heptyne 

 

  Examples:  
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ABSTRACT 

In science education, the inquiry has two distinct sides: 1) teaching and learning science 

by inquiry, 2) Science as inquiry. Teaching and learning science by inquiry involves the means by 

which students acquire scientific knowledge. On the other hand, science as inquiry focuses on 

science as a method by which facts are obtained. This study focused on teaching and learning 

science by inquiry. Specifically, the purpose of this study was to determine inquiry levels in the 

Examination Council of Zambia chemistry 5070/3 practical examinations for the period ranging 

from 2008 to 2018. Both questions in chemistry 5070/3 practical paper for each year were analyzed 

for levels of inquiry using analysis framework and procedures. Analysis framework and 

procedures involve two processes; categorizing sentences as experiential and further analyzing the 

experiential sentences for inquiry potential by considering the four levels of inquiry (confirmation, 

structured, guided, and open inquiry). An inter-rater agreement coefficient for analysis of the 

chemistry 5070/3 practical examination was calculated using Cohen’s Kappa (Cohen, 1960). The 

percentage agreement between the two raters for the chemistry 5070/3 practical examination past 

papers analyses ranged from 75 to 100% with the corresponding Kappa values from 0.421 to 1.00. 

This means that there was a high degree of agreement between the two raters in categorizing the 

levels of inquiry. The results showed that the experiments in chemistry practical examinations 

were mostly at the structured level of inquiry. The period under review had no experiments 

focusing on higher levels of inquiry such as open inquiry. These results have implications on 

science teaching, learning, assessment, and teacher education. [African Journal of Chemical 

Education—AJCE 11(1), January 2021] 
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INTRODUCTION 

The desire to produce a scientifically literate society has been at the heart of science 

education worldwide [1]. With the current exponential increase in scientific knowledge, new 

technologies and more complex societal challenges the world over, much demand is placed, and 

the emphasis is laid on the teacher, the learner, the curriculum and the environment in the entire 

process of teaching and learning of science. Science education curriculum reform efforts around 

the world emphasize the importance of developing abilities to do inquiry [2]. Studies show that 

chemistry is a very important school subject in the context of science education and its importance 

in the scientific and technological development of any nation has been widely reported [3, 4]). 

Other than natural resources, the development of any country relies on the scientific literacy of its 

citizenry. 

Chemistry plays a major role in solving the challenges that face our planet and the 

development of every nation [5]. Hence, adequate preparation of learners in chemistry classes is 

required so as to have future chemists that will be able to offer solutions to existing and new 

problems in society. This means developing a new curriculum and new methods of teaching 

chemistry so that citizens can become chemically literate and be able to provide solutions to 

societal issues. The inquiry appears to be one way to learn both skills and curriculum [6, 7]. It is 

quite promising that most African countries have changed and revised their curriculum from a 

content-based curriculum to a competency-based (CBC) or Outcome-based curriculum (OBC). 

The justification for this change is to make the curriculum more effective and responsive to societal 

needs by providing relevant knowledge, skills, and real-life competencies for the learners [8]. 

The Zambian education curriculum was revised in 2013 in a bid to produce learners who 

are life-long learners, creative, innovative, analytical, productive, and cooperative in their 
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communities and the nation [9]. The new curriculum was themed ‘Empowering Learners by 

Putting Theory into Practice’. One of the education guiding principles in this document is outcome-

based (or competency-based) education. This means learners must be provided with practical 

experiences during the teaching and learning process that assist them to gain life skills [10]. While 

this change is appreciated, it is important to realize that the actualization of the curriculum depends 

on the conformity of assessment goals and learning outcomes in the national examinations and 

school-based assessments and syllabus to its goals. Besides, its implementation largely depends 

on teachers, though other stakeholders are equally important as well. 

To date, the new national chemistry syllabus and chemistry practical examinations 

(5070/3) have undergone six cycles of implementation since their introduction in secondary 

schools. However, chemistry 5070/3 practical examinations, in particular, have not been evaluated 

to determine which of the four levels of inquiry emphasized in science education they conform to: 

Confirmation, Structured, Guided, or Open inquiry level. This lack of evaluation of the national 

chemistry (5070/3) practical examination papers for the four levels of inquiry justifies this study. 

Literature shows that inquiry has four different levels. The lowest level of inquiry is 

confirmation. During confirmation inquiry level activities, learners are required to confirm or 

verify concepts by providing them with a question, procedure, and a known solution or answer to 

the question. Structured inquiry level activities require learners to find the answer to a given 

problem by following a given procedure. Guided inquiry level activities require learners to design 

their procedures in order to answer a given question. Finally, Open inquiry level activities allow 

learners to formulate their questions or problems or hypotheses, procedure, and conclude the data 

collected. 
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Studies show that practical examinations (Physics, Chemistry & Biology) are dominated 

by structured inquiry while inquiry activities in science textbooks are dominated by confirmation 

[11]. The advantages of lower levels of inquiry as reported by many authors include: Learners 

experience less confusion and frustrations when the question and procedure are given [12]; learners 

acquire procedural knowledge and manipulative skills which are necessary for advanced inquiry 

activities [13]; easy to grade learners’ reports in that standard marking keys can be used by teachers 

[14]; motivates learners to learn science [15] and less time consuming thereby enabling learners 

to complete inquiry activities on time [12,16]. However, the teaching and learning that focuses on 

higher levels of inquiry is effective in helping learners understand concepts and support their 

success [17].  Thus, finding out the inquiry levels in Zambian secondary school chemistry 

examinations is significant to both Zambian science educators and to other science educators 

worldwide who intend to implement or are already implementing similar chemistry practical 

examinations at the senior secondary school level. 

 

PROBLEM STATEMENT 

The motive behind the current chemistry curriculum is well-intended and is in line with 

Zambia’s vision ‘Becoming a Prosperous Middle Income Country by 2030’. Therefore, increased 

effective inquiry teaching, learning, and assessment in chemistry are important if Zambia is to 

meet this aspiration [10, 18]. Studies show that a conceptual understanding of chemistry is 

enhanced if learners are taught through inquiry [19-21]). Bell and Wheeler [17] accentuate that 

teaching and learning that focuses on higher levels of inquiry is effective in helping learners 

understand concepts and support their success. Also, inquiry teaching, learning and assessment 

that focus on higher levels of inquiry allow learners to develop sophisticated inquiry skills such as 
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hypothesizing [22]. Both the lower and higher levels of inquiry can be reflected in the assessment 

activities given to learners. 

However, the levels of inquiry focused in the Examination Council of Zambia school 

certificate chemistry practical 5070/3 for the years ranging from 2008 to 2018 are still unclear 

amid the implementation of the new curriculum. In particular, the primary purpose of this study 

was to determine the levels of inquiry focused in ECZ chemistry practical (5070/3) examinations 

and the extent to which the inquiry levels are examined. In addition, it sought to determine whether 

there was a balanced representation of inquiry levels in chemistry practical (5070/3) examinations. 

 

Research Questions of the Study 

This study was guided by the following research questions: 

1. What are the levels of inquiry focused in chemistry 5070/3 practical examination for the 

period ranging from 2008 to 2018? 

2. To what extent are levels of inquiry in chemistry (5070/3) examined?  

3. Is there a balanced representation of inquiry levels before and after implementation of the 

new national chemistry curriculum? 

 

METHODOLOGY 

A case study approach employing a mixed methodology for purposes of data triangulation 

was the research design adopted [23]. A case study is a single entity such as a program or a course 

[24]. It is a design where a researcher may be involved in the analysis of documents [24-26]. A 

case study design was suitable in this study in that the study involved the analysis of chemistry 

course materials (chemistry 5070/3 practical examination past papers). 
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The research instruments were chemistry 5070/3 practical examination past papers which 

were administered to secondary school learners between 2008 and 2018. Chemistry 5070 paper 3 

examination consists of two experimental-based questions. Thus, it is a laboratory-based 

examination. A total of 22 experimental-based questions were analyzed to determine the levels of 

inquiry that are focused in the examination. Inquiry levels in the chemistry 5070/3 practical 

examination past papers were determined by using analysis framework and procedures. Analysis 

framework and procedures was developed by Tafoya, Sunal and Knecht [27]. Since then, many 

researchers have used this tool to determine the inquiry levels in curriculum materials. Analysis 

framework and procedures involve two main processes; categorizing sentences or assertions as 

experiential and further analyzing the experiential sentences for inquiry potential by considering 

the four levels of inquiry (confirmation, structured, guided and open inquiry). 

Questions, procedures, tables, and content statements were analyzed for inquiry potential. 

Two experienced chemistry teachers were taught how to use analysis framework and procedures. 

Thereafter, the two chemistry teachers separately analyzed the chemistry paper 3 examination past 

papers to determine the levels of inquiry. An inter-rater agreement coefficient for analysis of the 

chemistry 5070/3 practical examination was calculated using Cohen’s Kappa [28]. This coefficient 

factor represents a measure of inter-rater reliability. The percentage agreement between the two 

raters for the chemistry 5070/3 practical examination past papers analyzed ranged from 75 to 100% 

with a corresponding range of kappa values from 0.421 to 1.00. This means that the agreement 

between the two raters was high. Values above 75% suggest that percentage agreement between 

two raters was excellent while kappa values below 0.4 denote a poor inter-rater coefficient [29]. 
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RESULTS OF THE STUDY 

Levels of Inquiry focused in ECZ chemistry practical (5070/3) examinations 

Table 1 presents data that was obtained after the analysis of ECZ chemistry practical paper 

3 (5070/3) for the years 2008 to 2018. 

Table 1. Percentage of Inquiry Levels per Year 

Year                                                                     Levels of Inquiry 

                                     Confirmation              Structured                  Guided                Open 

2008                                     27                               73                                0                         0 

2009                                     27                               73                                0                         0 

2010                                     44                               56                                0                         0                                                                                       

2011                                     36                               64                                0                         0 

2012                                     36                               64                                0                         0 

2013                                     40                               60                                0                         0 

2014                                     23                               77                                0                         0 

2015                                     27                               73                                0                         0 

2016                                     36                               64                                0                         0 

2017                                     36                               64                                0                         0 

2018                                     44                               50                                6                         0 

Average                              34.2                            65.3                             0.5                       0 

                                                                      Source: ECZ chemistry paper 3 (5070/3) past papers 

 

Table 1 shows that Experiments in chemistry practical examinations were mostly at 

structured inquiry level (65.3%), followed by confirmation level of inquiry (34.2%) and guided 

inquiry only had an average of 0.5%. However, there were no activities at the open inquiry level. 

These results suggest that the ECZ has not considered an equal proportion of inquiry levels in 

chemistry 5070/3 practical examinations. Generally, the focus is on the lower levels of inquiry 

(confirmation & structured). Furthermore, Table 1 reveals that the inclusion of structured inquiry 

from 2008 to 2018 has been above 50.0% while confirmation inquiry has been below 50%. 
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The Extent to which the Inquiry levels are examined 

Table 2 shows the levels of inquiry levels that are examined in Chemistry 5070/3 practical 

examinations and their corresponding overall percentages. 

Table 2. Overall Percentage of Inquiry Levels for the Period Ranging From 2008 to 2018 

Levels of Inquiry                                                                                                   Percentage 

Confirmation                                                                                                             34.2                             

Structured                                                                                                                  65.3                              

Guided                                                                                                                         0.5                        

Open                                                                                                                            0 

 

From Table 2, the results show that confirmation and structured inquiry levels have been 

consistently covered for the period under review. However, the focus has been more on structured 

inquiry and less on confirmation inquiry level. Generally, the results in Table 2 suggest that the 

inquiry levels are being examined up to structured inquiry in the chemistry 5070/3 practical 

examinations. 

 

The Representation of Inquiry Levels Before and After Implementation of the New National 

Chemistry Curriculum 

Table 3 shows the representation of inquiry levels before and after the implementation of 

the new chemistry curriculum. 
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Table 3. Representation of Inquiry Levels in Chemistry Practical Examination Under the Old and 

New Curriculum 

Inquiry level 

Representation (%) 

      Old curriculum (2008 -2013)         New curriculum (2014-

2018) 

Confirmation                                              35                                                     33.2 

Structures                                                   65                                                     65.5 

Guided                                                        0                                                        1.2 

Open                                                           0                                                        0 

 

In Table 3, the inquiry levels that were represented before implementation were 

confirmation and structured inquiry without there being the representation of guided and open 

inquiry. This means that the representation of these inquiry levels was unbalanced. In addition, 

Table 3 shows that only confirmation, structured, and guided inquiry were represented after 

implementation of the new curriculum. This means that after the implementation of the new 

curriculum there was still an unbalanced representation of the levels of inquiry emphasized in 

science education. 

 

DISCUSSION AND IMPLICATIONS  

The primary objective of this study was to find out the levels of inquiry focused in ECZ 

chemistry paper 3 (5070/3) examination for the period ranging from 2008 to 2018. The results in 

Table1 have revealed that experiments in chemistry paper 3 practical examinations were mostly at 

confirmation and structured inquiry levels. These findings agree with the views of Chabalengula 

& Mumba [11] who reported that Zambia’s practical exams lack both curriculum and instructional 

validity concerning the inquiry levels emphasized in science education. On the other hand, they 

contradict the views of Wheeler and Bell [17] that inquiry activities that focus on higher levels of 

inquiry are effective in helping learners understand concepts and support their success.  
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For example, results in Table1 indicate that the ECZ chemistry paper 3 (5070/3) 

examination does not include practical activities at open inquiry level and barely includes practical 

activities at the guided inquiry level. This means that the focus is more on the lower levels of 

inquiry than the higher levels of inquiry. 

Furthermore, inquiry teaching, learning and assessment that focus on higher levels of 

inquiry allow learners to develop sophisticated inquiry skills [22]. However, inadequate coverage 

or complete absence of higher levels of inquiry in chemistry 5070/3 practical examinations, as 

revealed in this study, has the potential of influencing inquiry teaching and learning of chemistry 

in the classroom as learners are prepared for examinations. There is likelihood that teaching and 

learning may focus on lower levels of inquiry thereby denying learners opportunities to develop 

higher-level inquiry skills. 

The findings in Table 3 show the unbalanced representation of inquiry levels in Zambian 

chemistry practical examinations before and after implementation of the new chemistry 

curriculum. The findings indicate that there has been more representation of lower levels of inquiry 

and barely any representation of higher levels of inquiry. However, the appearance or the 

representation of the lower levels of inquiry was consistent before and after the implementation of 

the new national chemistry curriculum except in 2018 where there was an inclusion of guided 

inquiry level in 2018. These findings are similar to the findings of the previous study by Mumba, 

Chabalengula and Hunter [30]. For the period ranging from 2001 to 2006, the aforementioned 

authors also found that there was an unbalanced representation of inquiry levels in chemistry 

5070/3 practical examinations. Therefore, the findings of this study imply that the chemistry 

5070/3 practical examinations are not fully aligned with the four levels of inquiry emphasized in 

science education. 
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According to the findings of this study, the period under review had no experiments 

focusing on higher levels of inquiry such as open inquiry. Mumba, Pottmeyer and Chabalengula 

[22] point out that such finding suggests that learners are having no opportunities to develop 

hypothesizing or questioning skills and other higher-level inquiry skills. Besides, such findings 

imply that learners may lack a deep understanding of concepts [17].  For this reason, ECZ and 

science educators must strive to include all the four levels of inquiry in their assessments so as to 

deepen learners' understanding of chemistry concepts. 

 

CONCLUSIONS 

It can be concluded that structured inquiry is the main level of inquiry focused in the 

Examination Council of Zambia (ECZ) School Certificate Chemistry Paper 3 (5070/3) 

Examination. This is followed by confirmation. Other levels of inquiry receive little or no focus. 

Also, the study revealed that a structured inquiry level is an extent to which inquiry levels are 

usually examined in chemistry practical examination. Hence, there has been an unbalanced 

representation of the four levels of inquiry. 

 

RECOMMENDATIONS FOR FUTURE STUDY 

The research should be extended to other practical examinations such as Science 5124/3, 

Biology 5090/3, Physics 5054/3 and other teacher-developed practical assessments. This will bring 

to light the depth to which inquiry levels are covered in teaching, learning, and assessment of 

chemistry by inquiry. In addition, this will confirm whether the four levels emphasized in science 

education are being appreciated or embraced by ECZ and science educators in all subject areas. 
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ABSTRACT 
"Sodium chloride consists of sodium and chlorine". This sentence shows a common 

laboratory jargon statement that experts understand because they know that sodium and chloride 

ions are meant. Young learners, who learned about sodium and chlorine as dangerous or poisonous 

substances in their initial lessons, look in vain for gray sodium metal and yellow chlorine gas in 

common salt: They cannot know what is meant. If we establish on the substance level that sodium 

and chlorine can be obtained from sodium chloride by melt electrolysis, the statement would be 

correct. Once ions are known, the correct answer would be on the particle level: "Sodium chloride 

crystals consist of sodium and chloride ions arranged in an ionic lattice". The article will show 

more examples of jargon regarding acid-base reactions, will ask professors about using the jargon 

in their lectures, gives advice for improving Chemistry education. [African Journal of Chemical 

Education—AJCE 11(1), January 2021] 
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INTRODUCTION 

By a multiple-choice test [1] well-known laboratory jargon statements on acid-base 

reactions were offered to students of Muenster University in Germany. Different studies [1, 2] 

show that many participants adhere to jargon statements such as "NaOH molecules dissociate in 

water to form Na+ and OH- ions" instead of ticking off the answer: “Solid sodium hydroxide 

consists of ions and water molecules separate them from each other in solution”. In a new study 

[3], JOLINE BUECHTER examines statements in scientific literature and interviews professors and 

lecturers of our Department of Chemistry who are involved in teaching Chemistry teacher students. 

 

LABORATORY JARGON IN SCIENTIFIC LITERATURE 

If one starts out from the hypothesis that incorrect statements can already be found in usual 

scientific literature, then one cannot reproach students and later young learners at schools for 

formulating imprecisely. For this purpose, the topic "acid-base reactions" is chosen and 

investigated as an example. In particular, one has to pay attention to whether, in the sense of  

Johnstone’s Triangle [1], macro, submicro and symbolic level are described separately and not 

mixed up arbitrarily, whether theories of Arrhenius and Broensted are presented in a professional 

scientific manner.   

 
Fig. 1: Submicro-level: Beaker model before and after neutralization [1] 
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An example: The neutralization of hydrochloric acid by sodium hydroxide solution is often 

described as „HCl(aq) + NaOH(aq)  Na+(aq) + Cl-(aq) + H2O“ – and it is omitted that both initial 

solutions also consist of ions. Either all involved particles are named at the submicro level:      

“H+(aq) + Cl-(aq) + Na+(aq) + OH-(aq)  Na+(aq) + Cl-(aq) + H2O” – and, if necessary, beaker 

models are additionally provided (Fig. 1). Or, at the symbolic level, one formulates only the usual 

chemical symbols without specifying particle types. At the macro level, the equation by substance 

names should be formulated: "Hydrochloric acid + sodium hydroxide solution  sodium chloride 

solution + water" – so the three levels are not mixed. 

Textbook by MORTIMER and MUELLER [4]. In chapter 15.4 "Arrhenius acids and bases" the acid 

is described as a "substance which dissociates to form H3O
+ ions when dissolved in water", the 

usual HCl-H2O example has been provided (Fig. 2). But the offered equation represents the proton 

transfer according to the Broensted theory – dissociation should be described by the equation „HCl  

  H+  +  Cl- “, H3O
+(aq) ions are not part of Arrhenius’ theory.  

If it is important that students learn both theories in a factually correct way, dissociation 

and corresponding equations should be argued in the sense of Arrhenius’ theory, protolysis and 

proton transfer in the sense of Broensted’s theory. On the other hand, according to Broensted, 

molecules or ions react as acid particles or base particles: HCl molecules give off a proton to H2O 

molecules – reacting particles must always be specified. Arrhenius acids may be described as 

substances that contain H+-ions.  

Therefore, in Chapter 18 of the textbook the following sentences are also problematic: 

"Acid is a compound that gives off protons", "Acid is a substance that can give off protons". If the 

learner interprets "compound" as a substance, he or she will arrive at familiar laboratory jargon, at 

statements such as "hydrochloric acid gives off one proton, sulfuric acid gives off two protons". 
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In diluted hydrochloric or sulfuric acid there are H3O
+ ions giving off protons, in pure sulfuric acid 

there are mainly H2SO4 molecules which are proton donors – in any case there are acid particles 

and not substances.  

Chapter 18.2 states that "acetic acid (CH3CO2H) plays the role of an acid" – here too, acetic 

acid molecules should be named for the proton transfer. This statement applies only to pure acetic 

acid, but not to acetic acid solutions: Because of the equilibrium between molecules and ions, there 

are two types of acid particles, the H3O
+ ion and the HAc molecule – both species can transfer 

protons to base particles, such as OH- ions or NH3 molecules. 

__________________________________________________________________ 

__________________________________________________________________ 

Fig. 2: "Arrhenius acids and bases" according to MORTIMER and MUELLER [4] 

 

In the following statement, one finds again a direct change from the submicroscopic level 

to the substance level: "There are many molecules and ions that can occur both as acids and as 

bases; in the reaction with acetic acid, water occurs as a base". On the one hand acetic acid 

molecules and water molecules should be named, on the other hand the learner is confused by the 

laboratory jargon "water as a base": Water as a pure substance with a pH value of 7 cannot 

suddenly be a base with a pH of 9 or 12! If the authors would describe H2O molecules as 

amphoteric that can react both as an acidic and as a basic particle, depending on the reaction 

partner, the learner would be able to understand the statement and will not develop misconceptions. 

The further statement "Ammonia is a base compared to water" represents a laboratory jargon of 
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the same category: "The NH3 molecule react as a base with an H2O molecule as an acid ", would 

be a scientifically correct statement.  

Chapter 19 begins with the statement: "Water dissociates to a small extent to H+(aq) and 

OH-(aq) ions, the equilibrium constant is the ionic product of water". Already on the next page the 

"dissociation of water" is formulated with the Broensted equation H2O + H2O    H3O
+ + OH-. 

Why don't the authors stick on Broensted’s theory and write about the "protolysis among H2O-

molecules"? How should young learners imagine the "dissociation of water as a substance "? – a 

classic laboratory jargon! 

 

Textbook of RIEDEL [5]. In chapter 3, the author first describes the Arrhenius theory with 

applicable equations, although he emphasizes the "dissociation of hydrogen chloride" – instead of 

HCl molecules. He introduces Broensted’s theory with the laboratory jargon: "Acids are 

substances that can split off H+ ions (protons), bases are substances that can take up H+ ions". Why 

it’s not accepted worldwide that this theory only works with acid and base particles? – with 

molecules or ions and not with substances! 

An example continues like this: "The compound HCl is an acid because it can split off 

protons". Does the "compound HCl" refer to the substance hydrogen chloride or the solution 

hydrochloric acid? In the first case HCl-molecules would be acids, in the second case H3O
+ ions 

in acidic solutions would be acid particles.  

In a second sentence one can read: "The Cl- ion created in this process is a base, because it 

can take up protons. Cl- is the conjugated base of the acid HCl". In this case, the author correctly 

identifies the chloride ion as a base, why not the HCl molecule as the conjugated acid?  
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Textbook by VOLLHARDT and SHORE [6]. In Chapter 2.2 the authors choose the usual model 

(Fig. 3) and note for explanation: "The red oxygen atom of water is protonated by the blue 

hydrogen atom of the acid to form the blue hydronium ion and the green chloride ion". In addition 

to non-existent "colored particles”, the formulation "oxygen atom of water" highlights problems 

of mixing macro and submicro level: Meant is the oxygen atom of one water molecule. With regard 

to the names of species, the authors cannot avoid in Figure 3 the correct terms "hydronium ion and 

chloride ion" – why do they not properly call the first two models in their visualization "H2O 

molecule and HCl molecule"? 

 

_________________________________________________________________ 

 
water        hydrogen chloride                 hydronium ion               chloride ion 

________________________________________________________________ 

Fig. 3: Proton transfer example according to VOLLHARDT and SHORE [6] 

 

Later, conjugated acids and bases are mentioned according to Broensted’s theory, but then 

authors are switching to Arrhenius’ theory: "HCl is a strong acid because the equilibrium is very 

favorable for its dissociation into H+ and Cl- ". If one would have referred to the HCl molecule as 

a strong acid and postulated full protolysis, learners would immediately correctly associate the 

transfer of protons and recognize H3O
+ ions as a protolysis product. 

As can be seen from the above-mentioned examples of the acid-base topic, the authors 

make no effort to consistently separate Arrhenius and Broensted theory, nor do they make any 

effort to name acid and base particles when describing proton transfers in sense of Broensted’s 

theory. Students would have to be very well instructed to recognize relevant jargon statements and 
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correct them independently. We will be happy to send a copy of this paper to the publishers of all 

authors, so that the laboratory jargon in their books can be corrected. 

 

INTERVIEWS WITH LECTURERS 

After textbook analysis the next step should be to ask Chemistry professors and lecturers 

of our University who are involved in the training of teacher students, about their attitude towards 

the laboratory jargon problem. For this purpose, lecturers of our Chemistry-education institute are 

familiar with most of our publications [7, 8] which explain the students' language problems and 

the distinction between Johnstone’s three levels of reflection. Especially possible misconceptions 

of students are well known and problematized.  

_________________________________________ 

                                                                                                                                
           pure acid                    diluted acid                                                                          

_________________________________________        

Fig. 4: Misconception of “molecules” in diluted sulfuric acid [8] 

 

An example: Students in upper grades of various high schools were asked which particle 

types occur in pure and diluted sulfuric acid. In addition to the misconception cited (Fig. 4), verbal 

answers include the term "dissociation" – but diluted sulfuric acid was correctly stated with 

involved ions. However, many participants were not aware of ions that are separated from each 

other, but rather assumed “acid molecules” in diluted sulfuric acid (Fig. 4).     
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On the background of those misconceptions the interviews of lecturers should give an 

answer to the question to what extent laboratory jargon can produce such errors in teaching, to 

what extent professors are aware of mistakes by the jargon. The essay "Laboratory jargon among 

lecturers and misconceptions of students" [1] was distributed to eight lecturers who were willing 

to be interviewed. Interviews were realized about three weeks after the essay was distributed and 

took 20 - 30 minutes. 

The topic-centered interview according to MISOCH [9] was chosen as a suitable method 

and this catalog of eight questions was designed: 

1. Have you ever heard of "laboratory jargon" before reading the article?  

2. Did you discuss the article or topic of laboratory jargon with your colleagues? 

3. Before the article, have you ever consciously dealt with your language as a teacher?   If so, 

how? 

4. Can you confirm that you have used or are using laboratory jargon among colleagues, no matter 

how frequented? 

5. Do you believe that you use laboratory jargon in your teaching, even if unconsciously and 

without meaning to? 

6. Do you think that students imitate the teaching of lecturers, their scientific language and 

methods? 

7. After the research in my bachelor thesis I discovered that about 50 % of students have problems 

to correct given laboratory jargon statements, although they could choose and mark the offered 

right answer between four alternatives. What should be changed in future teaching, whether at 

university or at school, so that chemistry teachers do not create students’ misconceptions?  

8. In your opinion, what are the biggest problems that students have with chemistry? 
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Results. Regarding teaching at university level, it was expected that lecturers knew the existing 

laboratory jargon before the article was published, but did not discuss jargon problems in more 

detail with their colleagues. In this case, it was suggested that there should be a difference between 

pure chemists and chemistry educators – those in particular are consciously dealing with their 

language in teaching prior to reading the distributed essay.  

The first question, whether lecturers have already heard of "laboratory jargon", was 

answered by about 90 % of participants with "yes", only one teacher said "probably rather not". 

The majority of lecturers have heard concrete examples of laboratory jargon from Prof. BARKE, 

and the topic of jargon also came up again and again during the correction of scientific articles or 

doctoral theses’. One person even stated that she had dealt with it in her own doctoral project. 

Overall, laboratory jargon is therefore well known.  

Many lecturers did not directly address this issue but pointed out that there are deliberate 

language shortcuts in their own teaching. About 40 % of faculty indicated no direct exchange with 

colleagues on this issue but did consciously examine their own scientific language.  

Participants admit to using laboratory jargon among their colleagues. Some of them are 

rather less aware of this, while others very consciously defend the opinion that laboratory jargon 

is necessary in order to present complex content in an abbreviated manner – after all, the 

counterpart knows what is meant. Some do use the jargon, but they always reflect on it critically. 

Only one participant claimed not to use laboratory jargon. 

Furthermore, it was important to find out whether lecturers use the jargon in their teaching, 

even if this may happen unconsciously, especially since lecturers use the lab jargon among 

colleagues. All instructors, except two, reported using the jargon in their teaching, even if 



AJCE, 2021, 11(1)                                                                                                             ISSN 2227-5835                                                                                                                                               

130 

 

 

 

unconsciously. The majority of respondents make an effort to address the problem of imprecise 

language in order to prevent misunderstandings regarding chemical terminology. 

It could not be answered whether students adopt the way of speaking or presenting content 

from their instructors. However, there was often the opinion that a lecturer acts as a role model 

and that students accept the content conveyed as correct – but incorrect ways of expression could 

be unconsciously adopted and later transferred to students at school. 

What could be changed in teaching in order to create fewer misconceptions of learners in 

the future was answered very differently. The reflection on one's own language according to 

differentiate levels of substances, particles and chemical symbols should be addressed. However, 

one person doubted whether anything concrete has to be changed at all, whether misconceptions 

can actually be created. Some flexibility should be maintained, since jargon is everywhere, at least 

in the laboratory. In addition, it is important that lecturers are aware of the audience they have in 

mind: One may adapt the language accordingly.   

Regarding the question about the biggest problems students have with chemistry, it was 

found that many lecturers see difficulties in the level of abstraction regarding chemical theories. 

The bad reputation of chemistry according to environment problems was also mentioned. 

Furthermore, it seemed to be problematic that different models are used to illustrate certain theories 

and students may be overwhelmed here. It is also a problem that theories are no longer sufficient 

to explain phenomena at a certain time and then have to be discarded or expanded.  

In addition to their expertise regarding Johnstone's levels of communication, Chemistry 

educators showed a very high level of interest in these problems. However, pure scientists were 

also mostly open-minded, at least acknowledging the problem of laboratory jargon. Only one 
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participant has not yet strongly addressed the issue, and another was generally reluctant towards 

our investigation. 

In further studies, it would be possible to specifically examine the language of professors 

in their lectures and seminars. Subsequently, the language of participating students could be 

questioned, for example in their seminar papers or exams. Here, however, interviews would have 

to be conducted before and after to find out why certain jargon statements are adopted from 

lecturers. 

 

CONCLUSIONS 

Examples from textbooks have been used in this article only for the acid-base topic – of 

course, the laboratory jargon can also be found for redox reactions, mole terms and other topics 

[3]. Since it is usually difficult for teachers and learners to argue consistently at the submicro level 

of smallest particles, it seems beneficial to introduce a "Didactical periodic table of atoms and 

ions" (Fig. 5) into teaching and learning. In particular, the existence of ions – and "ionized 

molecules" – is vividly conveyed without introducing the entire nucleus-shell structure of atoms 

or ions and matching numbers of protons, neutrons and electrons [7]. 

____________________________________________________________________________  

_____________________________________________________________________________ 

Fig. 5: PTE – Didactical periodic table of elements like atoms and ions [10] 
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First, learners can formally understand metals and alloys from the combination of metal 

atoms (left in PTE) into metal lattices, and the combination of nonmetal atoms (right in PTE) into 

molecules [11]. On the other hand, the ion concept comes more successfully into the awareness of 

learners by combining ions (left and right in PTE) into ion lattices and finding ionic symbols such 

as Ca2+(Cl-)2 or (Al3+)2(O
2-)3 independently according to the electro neutrality rule [12]. Most 

observed misconceptions exist about the concept of ions [8] and could be eliminated by working 

with this Didactical periodic table [12]. 

With a solid knowledge of ions, it would be easier for learners at universities and schools 

to argue consistently with ions in addition to usually familiar atoms and molecules, and to avoid 

mixing substances with particles, also terms of Arrhenius and Broensted theories. A laboratory 

jargon would not develop at all – understanding of Chemistry could be optimized. 
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ABSTRACT 

In this article, it is shown that absolute chemical hardness can be employed to easily 

show/explain/prove that d5 and d10 electron configurations are indeed more stable than all (from 

d1 to d10) configurations. Hence, absolute hardness can be employed to explain the apparently 

“anomalous” and “baffling” Cr and Cu electron configurations that are sometimes “tricky” for 

many high school and undergraduate basic chemistry students. [African Journal of Chemical 

Education—AJCE 11(1), January 2021] 
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INTRODUCTION 

 Electron configuration is one of the most “tricky” and “baffling” themes for high school 

and undergraduate basic chemistry students.  

 Based on quantum mechanical results, the well-known electron distribution sequence 1s 2s 

2p 3s 3p 4s 3d… is memorized and then must be remembered that from scandium (Z = 21) on, the 

sequence is, indeed, 1s 2s 2p 3s 3p 3d 4s… 

 Such fact can be illustrated as in Figure 1, and the explanation is that as Z increases, the 

“weight” of Z values on the electron wavefunctions turns closer and closer (in energy) the 4s and 

3d levels and, from scandium on, 4s “surpasses” 3d. 

 

 

Fig. 1. Electron levels (and sublevels) as a function of atomic number (Z). 
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 However, based on such reasoning/sequence, one must expect that Cr (Z= 24) could have 

the electron configuration [Ar] 3d44s2 but it is, in fact, [Ar] 3d54s1. Using the same reasoning, one 

could expect [Ar] 3d9 4s2 for Cu (Z= 29), but it is, in fact, [Ar] 3d10 4s1. Such “inversion inside the 

inversion” generally confuses the student. 

 The “official” explanation is that the half-filled subshell 3d5 (Cr) of full d subshell 3d10 

(Cu) is most stable than the 3d94s2 or 3d44s2 electron configuration since in 3d5 and 3d10 electron 

configurations there are more “spherical”, “symmetrical” distributions of negative charges around 

the nucleus and that in such cases the total energy of the system (nucleus and electrons) is downed, 

making it most stable. 

 The student ends up accepting (not without some reluctance and disbelief) this explanation. 

So, how to prove such reasoning? In this article, it will be shown that absolute chemical hardness 

can be employed to, easily, to show that 3d5 and 3d10 electron configuration are indeed the most 

stable ones. 

METHODOLOGY 

 Absolute hardness can be calculated as η = (I-A)/2 [1] where I is the ionization energy and 

A is the electron affinity (both in eV). The necessary data can easily be obtained in handbooks or 

in reliable websites, such as RSC periodic table [2].   

In Table 1 are shown the electron configurations and the absolute hardness values to some 

M2+ cations, from Sc2+ to Zn2+ [3]. Figure 2 illustrates the obtained correlation. 
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Table 1: Electron configurations and the absolute hardness values 

Cation Electron configuration η/eV 

Sc2+ [Ar] 3d1 5.98 

Ti2+ [Ar] 3d2 6.96 

V2+ [Ar] 3d2 7.33 

Cr2+ [Ar] 3d4 7.23 

Mn2+ [Ar] 3d5 9.02 

Fe2+ [Ar] 3d6 7.24 

Co2+ [Ar] 3d7 8.22 

Ni2+ [Ar] 3d8 8.50 

Cu2+ [Ar] 3d9 8.27 

Zn2+ [Ar] 3d10 10.88 

 

 

Figure 2. Absolute hardness (eV) values as a function of the number of d electrons to 2+ cations 

(from Sc2+ to Zn2+).  

 

RESULTS AND DISCUSSION 

 As can be easily seen from Table 1 data and is graphically shown in Figure 1, a half-full d 

subshell (d5) or a full d subshell (d10) exhibits the higher absolute hardness values from all 

configurations (from d1 to d10).  

0 2 4 6 8 10

6

7

8

9

10

11

Zn

Mn


/e

V

Number of d electrons



AJCE, 2021, 11(1)                                                                                                             ISSN 2227-5835                                                                                                                                               

137 

 

 

 

As is well known, higher absolute hardness values are associated with a minor frontier 

orbitals (HOMO and LUMO) energy difference [1] i.e., a minor polarizability.   

In simple terms, in d5 and d10 configurations, the electrons are more “tightly” bond to the 

nucleus, making the system (nucleus and electrons) most stable from an energetic point of view.    

 As a convincing argument, the teacher could show, to the “reluctant” student, Figure 2. As 

people say, “A picture is worth a thousand words”. 
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ABSTRACT 

This research depended upon the importance of conceptual understanding in bringing about 

meaningful learning. Accordingly, this research was designed to assess students’ knowledge 

regarding basic and fundamental concepts in Chemistry: atomic structure, bonding and bonding 

energy. Therefore, some of year I, II, III Bachelor of Science in Chemistry (BSc (Chem)) and year 

I life sciences university students were enrolled in this research. According to Novak’s theory of 

meaningful learning, students were taught first before being tested. Therefore, both year II (n=20) 

and III (n=14) chemistry students were tested in their first semester, while year I (n=61) chemistry 

and life sciences students were examined at the end of second semester. The results from the 

interview with students indicated that almost 94% drew electron cloud and Bohr’s model as their 

mental image of atomic structure. Furthermore, they used classical mechanics ideas to explain 

electron cloud, and probability language to explain Bohr representation. Results from 

questionnaire indicated that, while a fairly good proportion of BSc (Chem) year II and III students 

involved in this study showed an appreciable level of scientific literacy, more than 50% of the life 

sciences students had problems in understanding these concepts. Furthermore, this paper discusses 

misconceptions as revealed in the interview and questionnaire results. [African Journal of 

Chemical Education—AJCE 11(1), January 2021] 
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INTRODUCTION 

Generally, students seek to connect what they already knew and what they need to know. 

If a student, because of prior knowledge, misinterprets information (regardless the source), then 

the understanding becomes flawed, according to Novak’s theory of meaningful learning [1-4]. 

Many studies on students’ conceptual understanding of chemistry have indicated that students are 

not developing a satisfactory conceptual understanding. Many of the researches revealed 

difficulties students face in connecting basic concepts, principles, representations, and reality. 

Prior knowledge plays a vital role in making decisions about behavior of atoms. It was 

shown that the knowledge students possess about atomic structure is predominantly descriptive 

and simplified [5]. The group further showed that students had their alternative visions about 

atomic structure basing on their understanding about Rutherford or Bohr model of the atom rather 

than the current scientific model of the atoms [5]. The knowledge claims used by students are not 

often well grounded by relevant associations of concepts. Many studies on students’ 

misconceptions have revealed inconsistencies in knowledge possessed by students. Leading to a 

conclusion that students’ knowledge mostly consists of separate facts, formulas, equations that are 

poorly organized [5-10]. However, the common factor (conclusion) in most of these studies is that 

identification of and addressing students’ prior knowledge is key for bringing better understanding 

[5-10]. 

Most of the studies exploring students’ understanding of atom were conducted at secondary 

schools [11-18]. Furthermore, there are few reports on studies conducted on university level 

students’ understanding of atoms [6-10]. There are scanty reports regarding understanding of 

university science students on atomic structure, and its application in bonding and bonding 
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energies. Therefore, the research reported herein describes the understanding of some of the year 

I, II, and III BSc (Chem) and year I life sciences students in the mentioned concepts. 

 

METHODOLOGY 

According to Novak’s theory of meaningful learning, individual student must possess 

relevant prior knowledge about the concept before being able to establish substantive connections 

among concepts [1-4]. Accordingly, year II and III BSc (Chem) students were examined in 

semester I and year I BSc (Chem) and life sciences students were examined in semester II. That 

is, students were exposed to the concepts for 2 years and 1 year for year III and II BSc (Chem) 

respectively, while year I BSc (Chem) and life sciences students were exposed for one semester. 

The study involved 95 participants from BSc (Chem) =21, 20 and 14 for year I, II and III 

respectively, and life sciences year I = 40 at the University of Dar es Salaam (UDSM), in Tanzania. 

The research involved interview with responders before administering the questionnaire, this 

aimed at getting the ideas of the atomic structure that student’s best identify with, and establish to 

what extent have the students connected these ideas to bonding and bonding energy. 

The interview was in line with Johnstone’s explanation that there are three levels at which 

one understands chemistry. These levels are symbolic which includes equations/diagrams, 

particulate which includes invisible molecular level and lastly macroscopic consisting of tangible 

and visible. Therefore, as students gain knowledge, the expectation is that connections in the three 

described levels will be established. The challenge as revealed through research is that students 

face difficulty in making connections between the stated levels [19-21]. In line with that, the 

interview was designed to establish the extent at which students understood the electronic structure 

of the atom in both the particulate and the symbolic levels. Therefore, in the interview, each 
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responder was asked to draw any representation considered to best fit the mental image of the 

structure of an atom (symbolic), and describe its essential features (particulate). 

The [22] questionnaire was modified following the results from the interview, therefore 11 

multiple choice questions targeting at evaluating the mentioned learning categories (1 and 4 below) 

was formulated and administered to students to evaluate the nature and quality of their 

understanding in these key concepts (atomic structure, bonding and bond energies). 

Overall, the interview and questionnaire were designed to measure student’s knowledge 

and understanding of the mentioned concepts. Therefore, learning categories that were under 

testing included: 

1) Atomic structure (measured from the drawings from each student, and questionnaire); 

2) Representation of an atom (measured by quality of illustration given by each student); 

3) Knowledge of atomic models (measured by the description concerning the illustration 

given by each student); 

4) Connection of the atomic structure to bond formation/breaking and their associated energy 

changes (measured through questionnaire). 

 

Description of sample and their respective curriculum 

This research was conducted primarily on undergraduate students at UDSM, therefore, 

some of year I to III Bachelor of Science in chemistry (BSc (Chem)) and year I life sciences 

students were involved in the research. Table 1 indicates basic statistics of the students involved 

in this study. 
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Table 1: Basic statistics of the students involved in the study 

Degree program Year of study Semester No. of students Gender 

BSc (Chem) I II 21 5 females/16 males 

BSc (Chem) II I 20 4 females/ 16 males 

BSc (Chem) III I 14 3 females/11 males 

Life sciences I II 40 73 females/ 127 males 

 

As their core courses, BSc (Chem) students involved in this research, study the 

fundamentals of physical chemistry including kinetics, thermodynamics, quantum chemistry, and 

spectroscopy. However, with students enrolled in life sciences programs, general chemistry is 

taught in second semester of year I, covering concepts such as atomic structure, chemical bonding, 

and nuclear energy and its effects on matter. Each of these courses are taught by different 

instructors, and upon their consent, students in these programs were involved in this study. Table 

2 summarizes the courses related to the concepts offered to BSc (Chem) year I – III and life 

sciences year I. 

Table 2: Courses related to atomic structure, bonding and bonding energy 

Program Course Core/Optional 

Life sciences Year I Atomic structure and chemical bonding. 

Nuclear radiation and its effects on matter.  

Core 

 

BSc (Chem) (Year I) Introduction to electronic structure and 

spectroscopy 

Basic Analytical and Physical Chemistry 

Core  

BSc (Chem) (Year II) Chemical thermodynamics 

Chemical kinetics and electrochemistry   

Core 

Core 

BSc (Chem) (Year III) Organic spectroscopy Core  

 

Purpose 

The research topic evaluated in these investigations was the knowledge of students in 

atomic structure, bonding and bonding energies. As explained by [23], individual that is “well 
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informed, cultured, literate individual” must know these topics after being taught for two years in 

advanced level secondary schools, instructors at the university level expect that students already 

have some ideas concerning the topics. Therefore, the researcher’s goals were to find answers to 

the following research questions: 

(1) What were the learning outcomes of the courses dealing with atomic structure, bonding 

and bonding energies? 

(2) What misconceptions were apparent? 

To answer these questions, interview with students and questionnaire were designed and 

carried out/administered to BSc (Chem) year I, II and III, and year I life sciences students. 

 

Data collection and analysis 

The interviews with responders were conducted in English, and after they were taught the 

subject. All students who participated in this study, signed consent forms, and the interview lasted 

for about an hour. Questions were asked where the descriptions given were not clear, therefore, 

important notes were taken by the researcher when explanations were given. Papers with drawings 

and interpretations, and the notes taken were collected for further analysis. Results from interviews 

were analyzed by comparing the information gathered from students amongst themselves (constant 

comparative analysis [24-25]). Therefore, each student’s representation and interpretations were 

compared to one another, allowing analyses for their similarities and contradictions. Lastly, all 

student’s representations and interpretations were compared to the literatures. The results reported 

herein, refer students by their ‘fake names’. 

The questionnaire was administered to BSc (Chem) I, II and III years of study, and year I 

life sciences students, and their responses were thoroughly analyzed quantitatively and 
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qualitatively. Therefore, most common misconceptions about the topics were identified, and the 

results presented herein are in number/percentage of students. 

 

RESULTS AND DISCUSSION 

Results from interviews with students 

A total of 95 undergraduate students doing BSc (Chem) and life sciences courses were 

involved in this research. Therefore, in the interview, each student was asked to draw any 

representation considered to be the mental image of the structure of an atom (symbolic), and 

describe its essential features (particulate). Students’ most drawn diagrams that suitably 

represented their mental image of atoms were put into three categories as shown in Figures 1, 3 

and 5.  

As it is observed in Fig. 2, 58% of the students indicated diagrams in category A (shown 

in Fig. 1) as the ones that best fit their mental image. Major features indicated by these students 

included nucleus, the reason being ‘it is an important feature, it is a reference point of an atom, it 

holds the atom together, it determines the identity of an atom/element’. This diagram agrees with 

the quantum model of the atom. 

                 
Fig. 1: Category A drawings 
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Fig. 2: Number of students (%) that indicated category A diagrams 

 

Students interpreted the first and second drawings indicated in category A (Fig. 1) as 

consisting of a region (darker) which many said that it is the most probable ‘area’ or ‘region’ to 

find electrons. Fewer students indicated this area to represent different energy levels, others 

compared it with the attraction of electrons to the nucleus, and how likely it is to find electrons in 

that given area. Specifically, Indigo indicated that the darker area is shells and the lighter showed 

‘lower possibility’ of finding electrons, “…like hydrogen has one electron, and it will be closer to 

the nucleus because it must fill that shell first” (Indigo, year II BSc (Chem)). 

It is interesting to note that first and second diagrams in category A are in fact similar, by 

showing electron probability. Also having very few students draw the second diagram in the series 

does not correlate with the fact that it has been ubiquitously used in chemistry textbooks. Most 

students that indicated this diagram as their mental image of atom, understood that the dots 

represented “places to find electrons, locations of electrons over time”. Few interpreted as multiple 

particles, or what makes the inside of an atom (protons, neutrons and electrons).  
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The third diagram was indicated by an appreciable number of students, and the description 

being ‘the diagram indicates the equal possibility of finding electrons anywhere in the region 

outside the nucleus’ (Yellow, year III BSc (Chem)). 

On the other hand, an appreciable number of students (36.8%) indicated category B 

diagrams (Fig. 3) as the ones that best represents their mental image of an atom, as indicated in 

Fig. 4. 

                 
Fig. 3: Category B drawings 

 

Students that indicated these diagrams as the ones that best fits their mental image of atom, 

explained that the well elaborated nucleus is the one that captured their minds. However, additional 

comments such as ‘it is easy to count and see the electrons’, and ‘it is familiar’ (seen in text books 

and in high school) were given in these drawings. These diagrams agree with classical model of 

the atom. These findings are not very different from the ones previously reported by [7, 11-12, 16-

18, 26-27] who indicated that students would prefer to draw a representation that resembles Bohr’s 

model.  

Some students thought that the ring represented the path for the movement of electrons, 

and manner at which electrons move around the nucleus, and others thought of it as an ‘orbit’ of 

electrons. The diagram represented Bohr’s model, it is interesting to note that one of students said 

“electrons move randomly, and therefore they could be anywhere, and not rotating around the 

nucleus, but I find it hard to understand,… it’s easy to understand that they go round the 
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nucleus…” (Red, year I life sciences). Another student went further by saying “electrons move so 

fast that one can’t tell its speed and location at the same time, …one can neither know how it 

moves nor the direction…. (referring to category B)” (White, year I BSc (Chem)). It is interesting 

to note that students misinterpreted Heisenberg uncertainty principle thus leading to the idea that 

electrons must be moving randomly. It is observed that, some students knew something about the 

quantum model but mixed with classical theories. These results coincide with the reports by [28-

30], who indicated that students used terms from quantum theory to explain Bohr’s model. 

The fact that the two categories of drawings (A and B) were drawn by many (94.8%) as 

their mental images of an atom implied that students have preference for quantum and Bohr 

models. These results coincide with the ones reported earlier by [26] who indicated that students 

strongly preferred both quantum-like models and the Bohr model, and often mixing features of the 

two very different models.  

 
Fig. 4: number of students (%) that indicated category B diagrams 
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Diagram in category C (Fig. 5) was indicated by 3% of the students as indicated in Fig. 6.  

                   
Fig. 5: Category C drawings 

 
Fig. 6: number of students (%) that indicated category C diagrams 

 

Many students interpreted their diagrams (in category C) as nucleus of the atom, one said 

‘nucleus is everything.’ (Pink, year I life sciences), ‘it is the one holding the atom together’ (Green, 

year I life sciences), and another said ‘it determines the identity of an atom/element’ (Blue, year I 

BSc (Chem)), these concurred with [12] results that students compared ‘ball model’ to the nucleus 

of the atom. Others said the spherical nature shows the equal probability of finding electrons 

anywhere in atom (Grey and Brown (BSc (Chem)) year I and II respectively). This argument 

indicated that although the idea of probability was to help students develop an accurate mental 
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image of atom, students failed to understand that the main idea in the diagram they proposed was 

to show the overall spherical nature of atom.  

Overall, it is observed that students couldn’t distinguish features of diagrams they drew to 

represent their mental image of atom. Therefore, concur with the previously reported observation 

that students face difficulties in differentiating the atomic models, sub-microscopic level and actual 

atoms [31-32]. 

 

Results from questionnaire 

All the 95 participants were involved in this session of the research, therefore filled the 

questionnaire, there was no time limit, but the session lasted for about 20 minutes to half an hour. 

The questionnaires were collected and thoroughly analyzed, the results are hereunder discussed. 

Table 3 represents the number of students with correct responses in each question. 

Table 3: Number of students with correct responses in each question 

Question 

Students with correct responses 

BSc 

(Chem)-I 

BSc 

(Chem)-II 

BSc 

(Chem)-III 

Life 

Sciences 
Total 

% 

1 4 5 5 10 24 25.3 

2 4 6 7 11 28 29.5 

3 5 4 6 10 25 26.3 

4 5 8 7 18 38 40 

5 8 9 8 20 45 47.4 

6 5 8 8 12 33 34.7 

7 9 10 8 14 41 43.1 

8 9 9 8 12 38 40 

9 8 10 6 15 39 41.0 

10 7 5 6 13 31 32.6 

11 5 8 8 10 31 32.6 
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Fig. 7: Proportion of students with correct responses in each question 

 

 

Generally, the proportion of students with correct responses as observed in table 3 and 

figure 7 has been very low, where less than 50% students exhibited scientific literacy in the 

concepts investigated. However, superior scientific literacy in the concepts was demonstrated by 

year III BSc (Chem) students, while, a comparable literacy has been shown by year I BSc (Chem) 

and Life sciences responders. 

A closer look at the number of responders with correct responses in questions 1, 2 and 3 in 

the administered questionnaire as shown in Table 3 and Figure 1, indicates that <30% of the 

responders in year I and II BSc (Chem) and life sciences showed the required scientific literacy. 

The comparison of results between the four groups indicated that year I BSc (Chem) and life 

sciences responders have shown lower scientific literacy with respect to other groups. This is 

probably because both year I BSc (Chem) and life sciences students are in their first year of study, 

and were taught for one semester, therefore, have lesser exposure to the concepts than year II and 
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III BSc (Chem) groups. A comparable scientific literacy was demonstrated by both year I BSc 

(Chem) and life sciences groups in questions 9, 10 and 11, indicating the same level of conceptual 

understanding concerning energy changes during bond breaking and formation. 

Generally, it can be concluded that life sciences and BSc (Chem) year I students have lower 

conceptual understanding concerning these concepts, this might be due to the fact that both groups 

have been exposed to these concepts for one semester, and also life sciences’ curricula covers 

general chemistry, that is only basic ideas about bonding and energy concepts are covered. BSc 

(Chem) year III have shown superior conceptual understanding throughout all questions, this might 

be due to longer exposure to the concepts knowledge. 

 

Analysis of students’ responses in each question 

The section below will summarize the analysis of responses for each distracter in each 

question. Irrespective of their degree programs, responses of the responders are summarized in 

Fig. 8. Analysis of selected distracters by responders in their respective degree programs are 

presented in in Table 4. 

 
Fig. 8: Proportion of responses for each distracter in each question 
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Table 4: Analysis of selected distracters by responders in their respective degree programs 

Question Distracters BSc (Chem)-I BSc (Chem)-II BSc (Chem) -III Life sciences 

1 A 5 6 3 3 

B 6 6 3 14 

C 4 5 5 10 

D 6 3 3 13 

2 A 1 3 2 2 

B 9 9 4 13 

C 7 2 1 14 

D 4 6 7 11 

3 A 1 0 1 4 

B 5 4 6 10 

C 7 6 2 8 

D 8 10 5 18 

4 A 5 4 3 12 

B 2 0 0 2 

C 5 8 7 18 

D 9 8 4 8 

5 A 1 2 1 2 

B 8 9 8 20 

C 5 4 2 7 

D 9 5 3 11 

6 A 3 1 0 3 

B 5 8 8 12 

C 9 10 4 15 

D 4 1 2 10 

7 A 4 2 1 10 

B 3 1 0 3 

C 9 10 8 14 

D 5 7 5 13 

8 A 9 9 4 13 

B 1 2 1 7 

C 2 0 1 8 

D 9 9 8 12 

9 A 3 4 4 15 

B 2 1 3 9 

C 8 10 6 15 

D 8 5 1 1 

10 A 7 9 3 14 

B 7 5 6 13 

C 2 1 1 4 

D 5 5 4 9 

11 A 2 2 1 12 

B 0 1 1 5 

C 14 9 4 13 

D 5 8 8 10 
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Question 1 

Which of the following best fits your mental image of an atom?  

A. The atom has a proton which is found inside the very small nucleus. The electron appears 

and disappears randomly in a cloud that surrounds the nucleus. 

B. The atom is circular with a small center and lots of empty space - just like a marble in the 

middle of a football field. The proton is inside the nucleus and the electron is a smaller 

particle that is orbiting around the nucleus. 

C. The atom is a fuzzy sphere in which the electron can be found anywhere outside the 

very small nucleus which is in the middle. The nucleus consists of one proton. 

D. The atom consists of a very small central core, which is the proton. The electron can be 

found in an orbital and moves around the core in a spherical path. 

Question 3 

Why do two atoms form a molecule?  

A. An atom has a low atomic number and mass. Thus, two atoms need to be together to 

increase these properties. 

B. As two atoms approach each other, the electron from each atom starts to be attracted 

to the nucleus of the other atom producing a molecule. 

C. An atom is electropositive and wants to get rid of its valence electron to reach its most 

stable state. Therefore, it will give up its valence electron to another atom so that they both 

can reach their most stable state. 

D. Both atoms might have a spot to accommodate another electron. Therefore, the two atoms 

share electrons and form a very strong covalent bond. 

 

Questions 1 and 3 addresses misconceptions observed in the interview, such as an orbital 

is a shell in which electrons are placed; orbitals are electrons' trajectories arranged around the 

atomic nucleus where electrons rotate; an orbital is an energy level of the electron; the use of Solar 

System Model or a simple nucleus-electron shell model to explain the structure of atom; electrons 

rotate around the nucleus like the planets around the sun; and orbitals are equivalent to orbits or 

shells. The same misconceptions were reported by [29, 33- 34]. As it can be observed in question 
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1, >55% of responders selected distracters B and D, thinking of atomic structure as a solar system 

in which electrons like planets orbit around the nucleus in a circular manner. In question 3, a 

significant number of responders do not have a clue that there are no fixed positions for electrons, 

but they can be found anywhere outside the nucleus.  

Question 2 

What really happens when a bond is formed between two atoms? 

A. The electrons of the two atoms are attracted to each other because electrons like to be paired 

up, thus holding the two atoms together. 

B. A single bond is formed by the electrons making a solid connection between the two 

hydrogen atoms, like a stick joining the two atoms together. 

C. As the electron of one atom approaches the nucleus of the other, energy is transferred from 

the electron to the nucleus which forms the bond. 

D. As the atoms move closer together, there is an attraction between each electron and 

the nucleus of each atom making the two atoms stick together. 

 

Large proportion selected distracter B as best answer. What happens when two atoms are 

brought together? A BOND is formed, what is student’s mental image of a bond? ⁓37% think that 

it is a solid connection visualized as a stick joining the two atoms. 

Question 4 

What happens when two monoatomic atoms form a diatomic molecule?  

A. When two monoatomic atoms reach a distance that is most stable, a bond is formed which 

requires energy. The electron from each monoatomic atom is attracted to the nucleus of the 

other atom. 

B. There is sufficient energy between the two monoatomic atoms to be bonded together. If 

there were not enough energy then the two monoatomic atoms would not be able to form a 

diatomic molecule 

C. When a bond between two monoatomic atoms is formed the potential energy of the 

system decreases, making the system more stable. 

D. The diatomic molecule is more stable since it contains a lot more energy than a free-roaming 

monoatomic atom. 
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Distracter A was chosen by 25% of the responders, although it is true that electron from 

each hydrogen atom is attracted to the nucleus of the other atom, it is not true that there are most 

stable distance during bonding. Here a misconception of a bond like a stick between two atoms; 

and a solid connection between two atoms is observed. 

Question 5 

What happens if you try to push the atoms in a diatomic molecule closer to each other? 

A. The electrons get closer to each other resulting in a greater attraction between them. 

Because of this increased attraction, the two atoms are held together even more strongly. 

B. The potential energy of the system drastically increases as the electrons and nuclei of 

the two atoms repel each other. 

C. The potential energy of the system increases to form bond energy which causes the two 

atoms to be more strongly held together. 

D. Initially, potential energy is required to push the two atoms closer to each other; however, 

after being brought very close together the potential energy of the system is released to the 

surroundings. 

 

Although it is true that once un-bonded atoms are bought closer, electrons from each atom 

are attracted to the nucleus of the other, neither ‘electrons are attracted to each other’, nor 

‘attraction of electrons forms a bond between two atoms’ are true, therefore, >50% of responders 

had difficulty with these concepts. 

Question 6 

Consider the following reaction, which statement describes the energy changes? 

 
A. The energy of the products must equal the energy of the reactants because energy can 

neither be created nor destroyed. 

B. Energy is needed by the system to break the four bonds. 
C. The potential energy stored in the reactant molecule is released when the reactant is 

converted into atomic gases. 

D. Since heat energy is added to the CCl3F, the compound boils and the bonds to break. 
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Although distracter A “Since energy can neither be created nor destroyed, the energy of 

the products must be equal the energy of the reactants” is not necessarily wrong, but it is not 

appropriate for the question. Therefore, a significant number of responders (40%), did not opt for 

it, but instead they had the generalization that energy is released when breaking bonds.  

Question 7 

Consider the reaction below, which of the statements describes the energy changes?  

 
A. The reaction requires energy to combine the atoms to form NaCl. 

B. The energy of the system will increase when bond formation occurs. 

C. The reaction produces energy when the atoms bond to form NaCl. 
D. The energy is absorbed from the system to create the bonds in the product. 

 

It is observed that distracters A and D indicated that energy is absorbed during the reaction 

were chosen by a significant number of responders (about 50%), however, the fact that the reaction 

involved no bond breaking indicates that energy is not required. 

Question 8 

Which of the following statements best fits the energy changes involved in this chemical reaction? 

 
A. When breaking the bonds in the reactants, energy is released which will be used to make 

the bonds in the products. 

B. Energy is released from the system because more bonds are broken than are formed. 

C. Energy is neither created nor destroyed when the reaction occurs. It is only transferred from 

the reactants to the products. 

D. Energy must be added to the system break the bonds in the reactants and is released 

from the system when bonds are formed in the products. 

Question 9 

During bond breaking, which of the following statements describes the energy changes involved?  

A. When bonds are broken, the energy stored in them is released to the surroundings as heat. 

B. When a bond is broken, depending on the energy difference between the reactants and 

products, energy is either released or absorbed.  

C. Energy is needed to break bonds, this is because when atoms bond to each other they 

are more stable than the separate atoms. 
D. Energy is required to break bonds because bonded atoms have more potential energy than 

separated atoms. 
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Question 8 and 9 are in fact similar, they are targeted to elicit misconceptions like “during 

bond formation, energy may be absorbed/released depending on the atoms involved in the reaction; 

since energy is conserved, there are no change in energy during reaction; and energy is required to 

form bonds and therefore stored in the bonds”. As it is observed, 60% of the responders fell into 

the mentioned misconceptions. 

Question 10 

Statements below describes energy changes when chemical bonds are formed, which one best 

describes the process? 

A. When bonds are formed depending on the type of atoms that are present in the bond, energy 

may be absorbed or released. 

B. Energy is released, when chemical bonds are formed and the system becomes more 

stable. 

C. Energy can be neither be created nor destroyed, therefore no overall energy changes. 

D. Energy is required to form bonds in the products of a reaction. That energy is stored in the 

bonds. 

 

The shown data indicates that ⁓60% of responders had no clue that a stable system is the 

one with lower energy. 

Question 11 

During bond formation and breaking, which of the following statements describes the energy 

changes of the process?  

A. During bond breaking, energy is released as heat while energy is required to keep bonds in 

place. 

B. Broken bonds release energy to the surroundings for an exothermic reaction. 

C. Since energy can neither be created nor destroyed, the energy that is required to break bonds 

is equal in magnitude to the energy released when bonds are formed. 

D. When bonds are broken energy must be absorbed by the system, but when bonds are 

formed energy is released. 
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As it is observed, >60% selected distracters A-C, indicating that they had no clue that 

during bond breaking, energy must be absorbed by the system, but when bonds are formed energy 

is released. 

 

CONCLUSIONS 

In this study, some of year I, II, and III BSc (Chem) and year I life sciences students were 

involved. The study explored their understanding on atomic structure, bonding and energy as 

interrelated concepts in chemistry by interview and questionnaire. The results from the interview 

with students indicated that almost 94% drew electron cloud and Bohr’s model as their mental 

image of atomic structure. Furthermore, they used classical mechanics ideas to explain electron 

cloud, and probability language to explain Bohr representation. Moreover, it is indicated that as 

students are continually exposed to the concepts concerning the stated topics, their literacy level 

increases, this is shown by BSc (Chem) year III students in both interview and questionnaire. 

However, the life sciences and BSc (Chem) year I students involved in this study showed 

comparable literacy, this might be because both groups were exposed to these concepts for one 

semester only. Overall, as indicated in questionnaire results, it can be concluded that more than 

50% of those involved in this study could not show an expected scientific literacy level related to 

these concepts. This study indicates that students’ understanding of atomic structure affects their 

understanding of bonding and energy. 
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LIMITATIONS AND RECOMMENDATIONS 

This research has got limitations such as 

1. With small number of students involved in this research, determination of inter group 

differences could not be detected, thus, a study with larger sample is proposed. 

2. Although the research tool was able to indicate the extent of some misconceptions, a study 

involving students from different universities in Tanzania to develop inventory questions 

is proposed. This is because the tools used in this study might have left some 

misconceptions that need to be addressed. 

The author recommends a thorough research to be done to explore atomic structure, 

bonding and energy conceptual understanding of students in advanced level secondary schools in 

the country. Since universities enroll students after completing and passing this level of education, 

the proposed research will reflect the common misconceptions in this level of education that might 

have been carried to university level.  
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ABSTRACT 

Colloids are an important component of physical chemistry and physical pharmacy 

curricula. In pharmacy, colloidal systems and concepts are encountered in dosage forms (e.g., 

suspensions, emulsions) and many drug delivery systems (e.g., nanoparticles). Since colloids may 

appear rather theoretical in nature and may be difficult to grasp when taught to students for the 

first time, practical activities are invaluable in teaching this topic. This paper presents some useful 

activities for classes on colloids that may be incorporated in physical pharmacy and physical 

chemistry courses. [African Journal of Chemical Education—AJCE 11(1), January 2021] 
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INTRODUCTION 

Colloids are systems comprised of at least two distinct phases – a dispersed phase and a 

continuous dispersion medium. They are distinguished from solutions and coarse dispersions by 

the size of their dispersed phase which is predominantly in the range of 1 – 1000 nanometers. A 

classic example of a colloidal system is a dispersion of oil in water, i.e., an emulsion. Colloids are 

important in physical chemistry due to their broad applications in numerous fields including 

biology, foods, paints, agriculture, water treatment and the environment. In physical pharmacy, 

they are an integral part of teaching curricula as they form the basis of many formulations and drug 

delivery systems such as suspensions, creams and nanoparticulate drug carriers. The study of 

colloids also helps convey a deeper understanding of other important concepts in physical 

chemistry such as particle size and interfacial phenomena. This paper presents some concepts and 

simple activities that the author has found to be helpful while teaching colloids as part of a physical 

pharmacy course to pharmacy students. 

 

METHODOLOGY/EXPERIMENTAL 

The teaching activities were incorporated into lectures on colloids for pharmacy students. 

For the activity on the preparation of butter, heavy whipping cream was obtained from a local 

supermarket and used with a 150 mL polypropylene plastic container with a screw-top type 

closure. The container is partially filled (e.g., 1/3 to 1/2 of capacity) with the cream at the beginning 

of the activity. 
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RESULTS AND DISCUSSION 

The goal of these activities is to make the concepts relatable to products and systems that 

students are already familiar with or encounter on a regular basis. Table 1 is used in the first slides 

of an introductory lecture to show that colloids are present in many tangible areas. Showing that 

colloids are all around us illustrates that the topic is not an esoteric one and is important in day to 

day life. This helps the learner appreciate the value of understanding the basics of colloids. 

Students can be asked to name the type of colloid as well as the dispersed and continuous phases 

in the examples given. 

TABLE 1. COMMON EXAMPLES OF COLLOIDAL SYSTEMS 

Field Examples 

Foods Milk, cream, butter, ice-cream 

Environment Clouds, river water (with silt), dust, motor vehicle headlight beams at night 

(Tyndall effect), air quality (particulate matter – PM 2.5 and PM 10)† 

Pharmaceuticals Antibiotic suspensions, powders for reconstituion, Scott’s emulsion, aerosols 

Cosmetics Creams, lotions 

† fraction of particulate matter (PM) of a particle size less than the specific numerical (m) value 

 

Puzzles are an activity that many students find interesting and they can be used as practice 

exercises on key scientific terms that students have not previously encountered. They can be easily 

prepared using various free online crossword makers and customized to the specific material that 

has been taught. An example of a crossword puzzle based on introductory lectures in colloids is 

shown in Figure 1. In addition to being appealing as a problem-solving activity, crosswords can 

be used as a group activity. They are also a useful teaching tool in helping students to recall key 

terms and definitions. A number of studies have reported the utility of crosswords in enhancing 

learning and revision in chemistry courses [1, 2] as well as in other fields [3–6]. 
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Environmental air pollution is an aspect of modern life, especially in large cities, that 

everyone can relate to. This pollution arises from activities that involve combustion such as the 

burning of firewood, coal, fuels as well as motor vehicle emissions. Air pollution to a large extent 

comprises of solid and liquid particles from combustion processes that are suspended in air, 

thereby forming a colloidal system. Using internet-based sites that monitor air quality, students 

can observe the air quality at various locations in their country or around the globe [7]. Some air 

quality monitoring sites also indicate quality parameters as a function of time (e.g., on an hourly 

basis) which may be observed to vary at various times throughout the day. Students can be asked 

why this occurs. For example, it may coincide with times of increased or decreased man-made 

emission producing activities (e.g., peak rush hour, factory work shifts). 

The final activity is a practical demonstration that can be conducted in class with the use 

of a container (preferably plastic) and some heavy whipping cream. The whipping cream is placed 

in the container which is closed and then vigorously shaken for a few minutes. This causes it to 

change in consistency from a thick liquid to a thick foam. Shaking the foam vigorously for a few 

more minutes then results in phase separation with the formation of a semi-solid (butter) and a 

liquid (water) (Figure 2). It is probably useful (more challenging) not to initially reveal to the 

students that they are making butter – rather they should be asked what the final product (Figure 

2b) is, given that the starting material is cream. 

As the product goes from a cream to a foam and finally to butter (each is a different 

colloidal system) there is noticeable difference in the sound made by the shaking of the container. 

The students can be asked to describe the differences in the material as it undergoes the physical 
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changes (e.g., the dispersed and continuous phases for each product) and the reasons why these 

changes occur. 

 

CONCLUSIONS 

 The article has presented a number of simple yet practical activities that can be easily 

incorporated into classes on colloids as part of a physical chemistry or physical pharmacy class. 

By providing practical and hands-on activities, students are better able to understand and 

appreciate a topic that many may otherwise find to be highly theoretical and sometimes 

challenging to comprehend. 
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Figure 1. An example of a crossword based on an introductory lecture on colloids 
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Figure 2(a) foam formed after shaking heavy cream for a few minutes; (b) butter formed after 

shaking the foam for a few more minutes. 
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