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EDITORIAL 

 

MICROSCALE SCIENCE 
 

Temechegn Engida 

Email: temechegn@gmail.com 

 

ABSTRACT 

Microscale science (also called microscience) is becoming the focus of science education in 

many countries. Science has been treated, unfortunately, as a theoretical enterprise. The major reason 

for the limited practical activities is lack of resource/financial burden on governments. As a result, 

many science educators and international organizations have come up with an alternative approach 

called Microscience. [African Journal of Chemical Education—AJCE 9(3), November 2019] 
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Science has been known as the most practical/experimental subject in spite of the fact that it 

is treated as a theoretical subject, mostly in African schools. The major reason for the limited practical 

activities is lack of resource/financial burden on governments. As a result, many science educators 

and international organizations have come up with an alternative approach called Microscience. 

It is argued that microscale techniques (or microscience experiments) help to reduce 

environmental pollution, costs, exposure to chemicals, experimentation time, space, fear to 

chemicals, raw material depletion, etc. They also help to increase environmental awareness, safety, 

savings, experimental variety and easiness [1]. According to UNESCO [2], one of the most direct 

methods of enabling schools and students scientifically is through Microscience kits. Such microscale 

practical approach to experiencing science is a part of the UNESCO Global Microscience 

Experiments Project [3], with centers located in places such as South Africa, Cameroon and Norway. 

The UNESCO Microscience kits are veritable mini-laboratories. The main advantages are 

[3]: 

 cost effective and safe, in so far as pupils never need to use more than a couple of drops of 

chemicals for each experiment. 

 affordable and far cheaper than conventional laboratory equipment and materials. 

 each kit is compact, can be reused and is unbreakable. 

 the small quantities of chemicals used make the methodology environmentally sound. 

 the pedagogical importance of this practical science education tool for capacity building in 

scientific thinking is high. 

 can be very easily adapted to any national curriculum by local specialists. Consequently, they 

can be considered as universal models for easy adaptation for any educational needs. 

 

The main objectives of the UNESCO’s Global Microscience Experiments Project are: 

 To promote practical science experimentation using Microscience as an advocacy tool 

amongst policy makers 
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 To improve science curricula by inclusion of hands-on experimentation for a better 

understanding of science 

 To increase the interest of young people in science so as to promote gender equality, scientific 

literacy and the choice of a scientific career 

 To promote capacity building for science education and enhance development of scientific 

thinking and experimentation for pupils 

 

The scientific community recognized the place of microscience in promoting and enhancing 

science education long time ago. The first International Symposium on Microscale Chemistry 

(ISMC) was held in 2001 in Mexico City. Since then it became a regular event and the 10th in the 

series was held in June, 2019 at the North-West University campus in Potchefstroom, South Africa. 

This event was supported by IUPAC. 

This Special Issue of the African Journal of Chemical Education (AJCE) is devoted to papers 

presented at the 10th ISMC and reviewed by specialist in the field of microscience. 
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N.pdf 
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MICROSCIENCE IN THE IYPT AND THE ANTHROPOCENE EPOCH 
 

 

JD Bradley 

Division of Science Education, Wits School of Education, 

Johannesburg, South Africa 

Email: john.bradley@wits.ac.za 

 

 

ABSTRACT 

The International Year of the Periodic Table of the Chemical Elements recognizes the 

development of the Table as one of the most significant achievements in science. The development 

was achieved by a hands-on, minds-on approach to chemistry, an approach to learning that can be 

facilitated today with microscale chemistry. The development yielded a cornucopia of benefits, but 

the global population is now getting so large that we have gradually moved into the Anthropocene 

Epoch. In this Epoch we have to learn how to live for sustainability, and chemistry education must 

be part of this learning. The importance of microscale chemistry is increased in this context and, 

acknowledging the need for systems thinking, it should evolve into One-World Microscience. 

[African Journal of Chemical Education—AJCE 9(3), November 2019] 
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INTRODUCTION 

Microscale practical activities have been propagated for several years in the teaching of 

chemistry [1]. The continued attention to microchemistry in education reflected the aim of providing 

access to hands-on activities for learners at low cost, whilst minimizing hazards and environmental 

impact. The minimizing of hazards and environmental impact is of special concern in chemistry, and 

the use of microscale experimentation has often been seen as an aspect of green chemistry practice 

[2]. 

In this International Year of the Periodic Table of the Chemical Elements (IYPT) the 

importance of the aim which has been behind the propagation of microscale chemistry can be seen. 

The Periodic Table emerged as a result of hands-on, minds-on activities over an 80-year period and 

this achievement had spectacular consequences. Furthermore, it can be argued that microscale 

practical activities deserve wider attention in the natural sciences now that it is generally 

acknowledged that we have entered the Anthropocence Epoch – one in which human activity 

measurably impacts Earth’s life support systems [3]. 

In this paper, we reflect on the development of the Periodic Table and its consequences for 

human activity in the past two centuries and the emergence of the new epoch, and discuss the 

implications for Microscience.  

 

THE CHEMISTRY BIG BANG I: BASIC CONCEPTS FOR THE PERIODIC TABLE [4] 

Before the middle of the 18th century one might say there was no chemistry. There was much 

practical activity, but there was no successful theoretical framework to guide or interpret it. The 

concepts of element and atom had been around for two thousand years, but they were not defined in 

the way we would today. Speculative lists of elements of the fire, earth, air and water variety provided 

no guidance for practitioners trying to make sense of the properties of materials. 
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Lavoisier (1743-1794) changed all this by the use of mass measurements. He established a 

law of conservation of mass in chemical changes, and relied upon this in arriving at a definition of 

elements. The definition of elements, as substances that cannot be broken down to simpler substances 

by chemical practice, meant that there was a technique for identifying elements (elementary 

substances) and distinguishing them from compounds (compound substances). The breaking down 

was achieved by heating, because in his time current electricity had not been discovered. Hence some 

very refractory substances like silica and alumina were initially not recognized as compounds. 

As a result of such experimentation Lavoisier published the first list of chemical elements in 

his book - Traité Elémentaire de Chimie - published in 1789. We could well recognize the IYPT as 

also marking the 230th anniversary of this first listing! 

In parallel with this breakthrough, he joined de Morveau, Berthollet and Fourcroy in 1787 in 

proposing a systematic nomenclature of compounds based upon their qualitative elemental 

composition. Thus salt became sodium chloride. He knew nothing about the stoichiometry of 

compounds and so calcium chloride was so-named, instead of the more systematic calcium 

dichloride. Their so-called binary nomenclature remains one of the principal nomenclatures of 

chemistry. 

Lavoisier is sometimes referred to as the “father of chemistry” and surely he deserves this 

accolade. Doubtless he would have earned yet more recognition by further experimentation, if he had 

escaped the guillotine in the reign of terror during the French revolution. 

Lavoisier’s breakthrough was the start of the chemistry Big Bang. Twenty years later Dalton 

introduced a new atomic theory. He saw a possible implication of the new chemical element concept 

in atomic terms. Elements were made of atoms that are all the same; different elements had different 

atoms, especially as regards their weight. Atoms of different elements combined in forming 

compounds; he did not countenance the possibility of like atoms combining. He pushed these basic 

ideas further by determining atomic weights by experiment. He assumed that atoms combined in 1:1 

ratio unless otherwise indicated: therefore, when a binary compound was decomposed the ratio of 
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the weights of the products was deemed to be the ratio of the atomic weights. He recognized of course 

that these were relative values, and set the value of H as 1 as it proved the lightest of all he could test. 

Thus the atomic theory now assumed a quantitative aspect, experimentally based upon the use of 

mass measurements, as pioneered by Lavoisier. Once again the publication (1808) of a book – A 

New System of Chemical Philosophy – marked this next phase of the Big Bang. 

 

THE CHEMISTRY BIG BANG II: DEVELOPMENT OF THE PERIODIC TABLE 

The hands-on, minds-on activities of Lavoisier and Dalton initiated a long drawn out period 

of clarification and amplification. The discovery of current electricity by Volta (1800) led to another 

tool in the breaking down of refractory compounds – and hence the identifying of several further 

elements. Furthermore, quantitative studies of electrolysis by Faraday implied that the forces between 

atoms might be electrical and these forces could be linked with the property of valency (or combining 

capacity). In parallel with these electrical developments, the quantitative study of gases and their 

reactions led Avogadro to propose (1811) that equal volumes of all gases at the same temperature 

and pressure contain the same number of molecules. Avogadro distinguished between atoms and 

molecules and proposed that like atoms could also combine to make molecules. 

By the middle of the 19th century then, the big bang had generated a sense of impending 

breakthrough in understanding how the nature of substances might be understood in terms of their 

atoms and their molecules. The breakthrough was however frustrated by contradictions in the values 

of atomic weights deduced from different sources. The 1st International Congress of Chemists held 

in Karlsruhe in 1860 was convened in this context and the most helpful proposals came from 

Cannizzaro and were based upon Avogadro’s reports which had been largely overlooked. Within a 

short time, the majority of chemists came to see how a consistent set of atomic weights could be 

agreed. Mendeleev was the one who first capitalized on the outcomes from the Congress, publishing 

his Periodic Table of the Chemical Elements in 1869. He was able to state: 

“Elements show a periodicity of properties if listed in order of their atomic weights.”  
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And, as he explained: 

 

“The arrangement of the elements corresponds to their valency, and somewhat according to their 

chemical properties (eg Li, Be, B, C, N, O, F).” 

 

As is generally recognized he arrived at this breakthrough by supposing that some elements 

had yet to be discovered and that some atomic weights were inaccurate. 

 

The later developments to the Periodic Table have embellished the basic construct. 

Knowledge of the sub-atomic particles has resulted in atomic number replacing atomic weight and 

the frequent use of descriptors such as s-block and p-block, whilst "valency" has disappeared from 

many chemistry textbooks, being replaced by “valence electrons”. But if Mendeleev were alive today 

he would recognize that he was the father of the present-day Periodic Table. Chemistry textbooks 

and educators today teach some of the features of the present day version, but usually spend little 

time on its roots. As a result, the Big Bang is reduced to a whisper and its significance in the evolution 

of one of the Big Ideas in Science [5], namely “All matter in the Universe is made of very small 

particles”, is lost. Also missing in most treatments is that it represents in one grand structure, the 

macroscopic, microscopic (sub-microscopic), and symbolic aspects of chemistry that permeate its 

entire discourse. [6] 

 

AFTER THE BIG BANG – THE BENEFITS OF CHEMISTRY 

In the decades following the chemistry Big Bang, there was an unleashing of creative 

developments. As the press release by IUPAC (2017), following the UN proclamation of the IYPT, 

emphasizes [7], it proved to be a unique tool for not only deepening understanding of chemistry, but 

in developing applications of chemistry for the benefit of humanity. There was an astonishing growth 

in global GDP per capita, which has been sustained until present times. The following graph, created 
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by Matlin [8], shows this growth and links it with the opening up of new areas of chemical knowledge 

and their industrial applications. The steepening of the curve over time (especially if one notes the 

timescale is not linear) becomes marked after 1870, suggesting the impact of the chemistry Big Bang 

on this global indicator. 

 

 

 

The same message is suggested by the graph showing world life expectancy [8]. Here the 

timescale is linear so we see more clearly the astonishing acceleration of life expectancy in the wake 

of the Big Bang (taken to have been completed in 1870).  
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Once again let us not fail to acknowledge that, behind these indicators of benefits, there has 

been a vast human creative activity which may be characterized as hands-on and minds-on. 

We also must acknowledge that the benefits of chemistry have increasingly been associated 

with some negative indicators. We have been alerted to these aspects during recent decades, and the 

alarm bells have been ringing ever more loudly in the last few years. Chemistry is frequently 

identified as associated with these negative indicators. For example, in the 6th UNEP Global 

Environmental Outlook (GEO-6) (2019) [9] it is stated: 

“Modern society is living in the most chemical-intensive era in human history: the pace 

of production of new chemicals largely surpasses the capacity to fully assess their 

potential adverse impacts on human health and ecosystems.”  

 

It is estimated in the report that 9 million people per annum are killed by pollution (80% 

aerial), but of course the life expectancy graph shows that globally this has still a small impact on the 

total population of the planet. 

More widely realized now is the evidence of climate change. The UN Forum on Climate 

Change recently (2019) [10] reported: 
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“Climate change presents the single biggest threat to sustainable development 

everywhere and its widespread, unprecedented impacts disproportionately burden the 

poorest and most vulnerable…. Urgent action to halt climate change and deal with its 

impacts is integral to the successful implementation of the Sustainable Development 

Goals.” 

 

Such observations make it obvious: the question ‘what are the benefits of chemistry?’  must in 

future become ‘what are the sustainable benefits of chemistry?’ That is the right question as we 

recognize the Anthropocene Epoch has begun. 

 

CHEMISTRY EDUCATION FOR THE ANTHROPOCENE EPOCH 

230 years after Lavoisier’s first list of chemical elements and 150 years after Mendeleev’s 

Periodic Table we face a “crisis of sustainability”. Yet “we still educate at all levels as if no crisis 

existed” [11]. Nevertheless, discussion has begun, and hopefully this will translate into action. Insofar 

as chemistry education is concerned, a number of organizations and individuals have put forward 

views. One of the organizations to do so has been the International Organisation for Chemical 

Sciences in Development (IOCD). In a paper entitled ‘One-World Chemistry and Systems Thinking’ 

[12], it is argued: 

 ‘Chemistry cannot be separated from the context in which it is conducted and 

its practice must be considered in relation to its impacts on many interconnected 

systems’ 

 ‘Chemistry – the “central science” – must become a “central sustainability 

science”’ 

 ‘Both teaching and practice must be informed by systems thinking and 

consequently embrace approaches that cross disciplinary boundaries’. 

 



AJCE, 2019, 9(3)                                                                                                             ISSN 2227-5835                                                                                                                                               

12 

 

Such views may be accepted by many chemistry educators, but there will be uncertainty about 

their implications. IOCD has tried to provide some clarification in this regard, explaining what the 

implications of the concept of one-world chemistry are [13]. 

It is not arguing for the abandonment of teaching individual sciences in favour of an 

undifferentiated ‘general science’. Rather is it arguing for stressing the unity of scientific principles 

and thought processes from the earliest stages of science education. It also argues for embedding in 

chemistry education from a very early stage, a growing awareness of the ways that chemistry 

interconnects with other disciplines. 

The way forward for curriculum developers, that is indicated by the above views and 

clarifications, seems to align with two current science curriculum concepts particularly, namely that 

of Big Ideas of Science and about Science and that of Inquiry-Based Science Education. I look rather 

briefly at these in the following sections. 

 

Big Ideas of Science and about Science 

This vision of a science curriculum for our times emanates from significant organizations 

representing both teachers and researchers at all levels of education – the Association for Science 

Education (UK) (mostly concerned with primary and secondary education), the Inter-Academies 

Project (representing the views of several national Academies of Science) and the National Academy 

of Sciences (USA).  As Harlen explains, they conceive the goals of science education [5][14]: 

‘not in terms of a body of facts and theories, but as a progression towards 

understanding key ideas of relevance to students’ lives during and beyond their school 

years’ 

 

They go on to identify 10 Big Ideas of Science that represent the traditional domains of 

chemistry, physics, biology and geology. As an example, one Big Idea of Science with strong 

relevance to chemistry educators is: 
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‘All material in the Universe is made of very small particles’ 

 

A paragraph of elaboration helps to understand their thinking: 

‘Atoms are the building blocks of all matter, living and non-living. The behaviour and 

arrangement of the atoms explains the properties of different materials. In chemical 

reactions atoms are rearranged to form new substances. Each atom has a nucleus 

containing neutrons and protons, surrounded by electrons. The opposite electric 

charges of protons and electrons attract each other, keeping atoms together and 

accounting for the formation of some compounds.’ [14] 

 

The foregoing paragraph is expanded upon and aligned with the typical age ranges at which 

the progression of understanding might be anticipated. 

Of equal importance in this vision of Big Ideas are those that are about Science. An example 

of one (of the four identified) is: 

‘Science is about finding the cause or causes of phenomena in the natural world.’ 

 

which again has a paragraph of elaboration as: 

‘Science is a search to explain and understand phenomena in the natural world. There 

is no single scientific method for doing this; the diversity of natural phenomena 

requires a diversity of methods and instruments to generate and test scientific 

explanations. Often an explanation is in terms of the factors that have to be present 

for an event to take place as shown by evidence from observations and experiments. 

In other cases, supporting evidence is based on correlations revealed by patterns in 

systematic observation.’ 
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It will be evident that the basic conception of the Big Ideas approach is consistent with the 

IOCD’s argument for ‘stressing the unity of scientific principles and thought processes’ and by 

implication ‘awareness of the ways that chemistry interconnects with other disciplines’. It should be 

evident that the Big Ideas are not the typical curriculum content sections devoted, for example, to 

chemical bonding or to chemical kinetics, although that content would receive attention as part of the 

progression. 

 

Inquiry-based Science Education 

Progressing the understanding of Big Ideas of Science may be seen as resulting from inquiring 

into the natural world. Scientists do this and so also may teachers and learners in a classroom. Hence, 

when teachers and learners inquire in this way, they teach and learn some of the Big Ideas about 

Science. This is not the kind of progression that is predominant in most school systems, when learners 

pass from a lower to a higher grade in each successive year. Such progression is typically like the 

deposition of a new layer of sediment in a lengthy geological process. Instead, this progression is a 

product of seeking answers to questions by collecting data, reasoning and reviewing evidence. 

Inquiry does not necessarily imply practical activities although it often may do so. Data may 

be sourced from printed and electronic sources and modelling may feature too [15].  Inquiry-based 

teaching is demanding of teachers’ skill and of time for teaching and learning. It can lead to greater 

depth in understanding but, as it takes more time, a sharper focus on a limited number of Big Ideas 

is a natural accompaniment. 

School science curricula in most countries are far-removed from the principles embedded in 

the Big Ideas and IBSE concepts briefly reviewed above. Furthermore, a phrase like ‘systems 

thinking’ is likely to be new and evoke at least passive resistance. The case of the South African 

national curriculum for Physical Sciences (a grade 10-12 subject) exemplifies this very well. This 

secondary school subject has a curriculum that is 50% chemistry and 50% physics and hence basically 
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is suited to some systems-thinking and interconnection of disciplines. Indeed, the US National 

Academy of Sciences explicitly endorses such a school subject: 

“The historical division between the two subjects of physics and chemistry is 

transcended in modern science, as the same physical principles are seen to apply from 

subatomic scales to the scale of the universe itself.” [16] 

 

However, the South African curriculum statement reveals absolutely no curricular linkages 

either internally between chemistry and physics or externally with Life Sciences. Furthermore, 

whereas 18,75% of curriculum time was allocated to a knowledge area called Chemical Systems in 

the curriculum introduced in 2003 [17], this was reduced to 4,5 % in the revision implemented in 

2011! [18]  

 

IMPLICATIONS FOR MICROSCALE CHEMISTRY 

When we look back to the chemistry Big Bang and we look forward to the concepts of One-

world Chemistry and Systems Thinking in chemistry education, what are the implications for 

microscale chemistry? 

Firstly, looking back, we saw how the development of the Periodic Table of the Chemical 

Elements happened through hands-on, minds-on chemistry practical work. No period in history 

shows more clearly the impact of this approach on learning and applying chemistry. Inspired by this 

we may engage with inquiry-based science education with some confidence. Microscale chemistry 

fits within this framework by facilitating hands-on, minds-on practical work that is accessible to all. 

Secondly looking forward, we see the writing on the wall – we cannot go on as before -  either 

in our way of life or in our education. Chemistry education, and more generally science education, 

has a highly important responsibility to prepare learners at all levels, to confront the ‘Earth 

Emergency’ [19]. Curriculum change should be embarked on without delay, with the curricula 

preparing new teachers being an obvious priority. Microscale practical work must surely be an 
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important component of the emerging new curricula. The scale of the equipment and chemicals used 

delivers its own tangible message to teachers and learners, whilst the low cost and convenience makes 

it use accessible to all in ordinary classrooms and in the field. Microscale chemistry has been a 

pioneer of practical work that demonstrates sensitivity to environmental impact and the experience 

gained should be incorporated into practical work in other experimental sciences. Microscale 

chemistry should promote its experiences and evolve into One-World Microscience. 
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ABSTRACT 

An experiment is presented to demonstrate the production, capture, and electrochemical 

remediation of H2S in a closed syringe-based system. Final products are its pure constituent elements. 

This experiment is suitable for an environmental chemistry laboratory and it can be completed in 3-

4 h. [African Journal of Chemical Education—AJCE 9(3), November 2019] 
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INTRODUCTION 

There are very few processes in which a pollutant is captured and transformed into its pure, 

constitutive elements. One such a case involves H2S, a dreadful highly toxic, corrosive, and pestilent 

gas that brings about childhood memories of rotten eggs. A member of the so-called reduced sulfur 

gases [1], its decomposition can be achieved by electrochemical, photochemical, plasma, solar, and 

microwave methods [2]. Among these, its electrochemical remediation - the object of the present 

experiment - has been reviewed elsewhere [3]. This normally involves its reactive absorption and S2- 

oxidation [4], followed by the oxidant´s regeneration. Oxidants tested include Fe(III) [5] and I3
- [6]. 

Fe(III) can oxidize S2- either alone or as a Fe(III) chelate [1,7,8]. Another electrochemical alternative 

involves S2- oxidation to SO4
2- [9]. 

We developed an earlier version of an experiment to demonstrate H2S capture by its reaction 

with I3
- as the oxidizer, whereby colloidal S is produced [6]. The resulting I- ions are then sent to the 

anolyte of an electrochemical cell to achieve triiodide ion regeneration, while hydrogen gas is 

produced at the cathode. The global result is the decomposition of H2S into its elements in a very 

pure form, i.e., H2 + S that represents a splendid resource recovery [8]. However, this experiment 

suffered from a major drawback: it was designed to be performed in a beaker, with the concomitant 

need for a fume hood due to the toxic nature of the pollutant. In the present experiment we 

substantially decreased this requirement by performing all the necessary steps in closed plastic 

syringes with the aid of three-way stopcock valves. 
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Figure 1. Three-way stopcock valve. 

 

 

EXPERIMENTAL 

Materials required 

Three 10-mL syringes, three 5-mL syringes, seven three-way stopcock valves, one Millipore 

filter (45 microns or similar), one universal stand, one 3-finger clamp, one 9-V battery, one set of 

alligator clips, two unsharpened syringe needles, 10-cm silicone hose, 1 small plastic cup, powdered 

pyrite, 10-mL of a 0.25 M KI, 0.05 M I2, and 0.05 M HCl solution (called triiodide solution), 5-mL 

of 6 M HCl.  
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Figure 2. Experimental set-up. 1) Ground pyrite storage, 2) HCl solution, 3) H2S collection and 

storage, 4) I3
- solution, 5) Millipore filter, 6) electrochemical cell, and 7) regenerated I3

- solution. 

 

Procedure 

Put together a set of syringes according to the diagram shown in Figure 2. Place 1 mL of 6 M 

HCl in a 5-mL syringe. Place 0.3 mg of powdered pyrite in a small plastic cap. Fit this cap into a 10-

mL syringe. Place 3 mL of the triiodide solution in a 5-mL syringe. Connect two needles to a 10-mL 

syringe; these will work as electrodes. Gradually add the HCl solution to the syringe containing pyrite 

by opening the corresponding three-way stopcock valve. H2S begins to form. Transfer the H2S gas 

produced into an empty syringe. Pay attention to the timely opening and closing of the keys before 



AJCE, 2019, 9(3)                                                                                                             ISSN 2227-5835                                                                                                                                               

22 

 

and after use. Convey the gas into the syringe containing the triiodide solution. This solution begins 

to change color from yellow to milky white (see Figure 3).  

 

 

 

Figure 3. A close-up of the oxidation cell. 

 

When the solution is essentially whitish, pass it through the filter into the electrochemical cell 

(i.e., the syringe that has the needles connected). Connect two alligator clips to a 9-volt battery and 

to the needles (see Figure 4). Allow the electrolysis to occur until the color of the solution changes 

from clear transparent to dark brown (see Figure 5). Disconnect the battery. The brown solution 

contains the regenerated iodine (as triiodide ions). Transfer this solution to a 5-mL syringe. The 

system is now ready for a new cycle. 



AJCE, 2019, 9(3)                                                                                                             ISSN 2227-5835                                                                                                                                               

23 

 

  

Figure 4. A close-up of the electrochemical cell. 

 

 

Figure 5. Oxidant regeneration inside the electrochemical cell. 
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RESULTS AND CONCLUSION 

The schematic reactions are the following. Notes: All species are assumed aqueous, unless 

otherwise specified; also, the sulfur produced may result in different forms. 

a) In solution:  

H2S(g) + I3
- → S(s) + 3I- + 2H+       (1) 

b) At the anode: 

3I- → I3
- + 2e-          (2) 

c) At the cathode: 

2H+ + 2e- → H2(g)         (3) 

d) Global: 

H2S(g) → H2(g) + S(s)        (4) 

 

Therefore, H2 and colloidal sulfur are produced and can be tested in traditional ways. The 

electrochemical route to pollutant remediation is an exciting alternative for the treatment of a variety 

of pollutants. 

 

REFERENCES 

 

1. Petre, C. F.; Larachi, F. Bifunctional redox iron/cerium (hydr)oxide process for H2S removal 

from pulp and paper emissions. Ind. Eng. Chem. Res. 2005, 44, 9391-9397. 

2. Barba, D.; Vaiano, V.; Palma, V.; Colozzi, M.; Palo, E.; Barbato, L.; Cortese, S.; Miccio, M. 

Modeling of an autothermal reactor for the catalytic oxidative decomposition of H2S to H2 

and sulfur. Ind. Eng. Chem. Res. 2019, 58, 10264–10270. 

3. Pikaar, I.; Mejia, E.; Freguia, S.; Keller, J.; Rabaey, K.; Yuan, Z. Electrochemical abatement 

of hydrogen sulfide from waste streams. Crit. Rev. Environ. Sci. Technol. 2015, 45, 1555–

1578. 

4. Dutta, K. P.; Rabaey, K.; Zhiguo Y.; Rozendal, Y. R.; Keller, J. Electrochemical sulfide 

removal and recovery from paper mill anaerobic treatment effluent. Water Res. 2010, 44, 

2563–2571. 

5. Huang, H.; Yu, Y. Recovery of hydrogen and sulfur from hydrogen sulfide. Symposia Papers 

Presented Before the Division of Environmental Chemistry American Chemical Society, 

2005, 378–381. 

6. Ibanez, J. G. Laboratory experiments on electrochemical remediation of the environment. Part 

5. Indirect H2S removal. J. Chem. Educ. 2001, 78, 778-779. 



AJCE, 2019, 9(3)                                                                                                             ISSN 2227-5835                                                                                                                                               

25 

 

7. Piche, S.; Larachi, F. Hydrosulfide oxidation pathways in oxic solutions containing iron(III) 

chelates. Environ. Sci. Technol. 2007, 41, 1206-1211. 

8. Liu, W.; Chu, G. W.; Luo, Y.; Zhan, Y. Y.; Zhang, L. L.; Chen, J. F. Desulfurization of 

offshore natural gas by chelated iron solution in a Higee reactor: A feasibility study. Ind. Eng. 

Chem. Res. 2019, 58, 10629–10634. 

9. Waterson, K.; Bejan, D.; Bunce, N. J. Electrochemical oxidation of sulfide ion at a boron-

doped diamond anode. J. Appl. Electrochem. 2007, 37, 367–373. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



AJCE, 2019, 9(3)                                                                                                             ISSN 2227-5835                                                                                                                                               

26 

 

MICROSCALE CHEMISTRY AND SDGS 

 

Kazuko Ogino 

Tohoku University 

email: oginok@med.tohoku.ac.jp 

 

 

ABSTRACT 
Education is essential for sustainable development. It is important to let pupils understand the key 

issues such as climate change and energy problems through active and positive learning. We have been 

engaging in the development and dissemination of microscale chemistry and green chemistry experiments, 

through which understanding of environmental issues and sustainability can be enhanced. [African Journal of 

Chemical Education—AJCE 9(3), November 2019] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

mailto:oginok@med.tohoku.ac.jp


AJCE, 2019, 9(3)                                                                                                             ISSN 2227-5835                                                                                                                                               

27 

 

INTRODUCTION 

Chemistry has an important role to play in achieving a sustainable human life on earth.  

However, chemicals are sometimes viewed as the main cause of environmental problems by the 

general public.  It is indispensable to let the general public recognize the positive contribution of 

chemistry to the improvement of the quality of life, the effort of chemists in developing 

environmentally friendly chemical products and processes. 

The United Nations Decade of Education for Sustainable Development (ESD started from 

2005. In 2015, the United Nations adopted the 2030 Agenda for Sustainable Development: 

“Sustainable Development Goals” (SDGs) consisting of 17 goals in order to eradicate poverty and 

realize a sustainable world. Many of the goals are related to ESD and chemistry education (Figure 

1). The promotion of ESD is essential for many of the goals of SDGs.   

ESD allows students to acquire the knowledge, skills, attitude and values necessary to shape 

a sustainable future (see Figure 1). The knowledge and attitudes are nurtured through deep 

understanding of environmental issues such as global warming, global energy and resources 

Figure 1 Examples of Sustainable Development Goals closely related to chemistry education 
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problems and sustainability.  Chemistry Education can contribute to solving many of these problems, 

such as energy, global warming and greenhouse gases, air pollution, quality of water, etc.   

   

 

Figure 2   ESD Concept map given by Ministry of Education, Culture, Sports, Science and Technology, 
Japan  http://www.mext.go.jp/en/unesco/title04/detail04/sdetail04/1375695.htm 

 

 

DEEP UNDERSTANDING THROUGH ACTUAL EXPERIENCES: MICROSCALE 

CHEMISTRY 

Education is critical for promoting sustainable development and improving the capacity of 

the people to address environment and development issues. Chemistry education can take an 

important part in the education about environmental issues, especially through laboratory 

experiments, because deep understanding can be achieved through actual experiences. Microscale 

laboratory is suited for such purposes because of following reasons: 

1. The microscale laboratory is environmentally benign and can make students sensitive to pollution 

prevention. 

2. Many microscale experiments can be done in a very short time. A series of experiments can be done 

in one workshop. Thus, we can have time to discuss about the experimental observation and relate 

them to environmental issues and to concepts such as sustainability.  

http://www.mext.go.jp/en/unesco/title04/detail04/sdetail04/1375695.htm
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3. Each participant can do experiment by oneself, as the materials do not occupy big area, and are not 

expensive. Actual experience helps participants to visualize concepts. 

 

We have developed various microscale experiments suitable to the purpose described above.  

In early times, we used disposable materials, such as 12- and 24-well microplates, hypodermic 

syringes, three-way stopcocks. Some of the experiments are published in English on wave site [1].  

However, in Japan it is difficult for schoolteachers to get these materials. 

In 2012, we developed an MC kit with an eight-well plate, with which enormous numbers of 

microscale experiments can be conducted [2].  The kit consists of various small materials.  All the 

materials are accommodated in a plastic box; the size of the box is 28 cm x 20 cm x 3 cm. The kit is 

manufactured and distributed by Dai Nippon Printing Co., Ltd (DNP).  Since then, we have been 

running workshops with this Kit on various topics for K4 to K12 students. 

In the kit, an 8-well microplate, a lid, stopcocks, several syringes, metal electrodes, pencil 

lead (carbon electrode), music chip and some other items are accommodated.  The lid of the 8-well 

plate has holes and slits which fit the insertion of metal electrodes, pencil lead, syringes and filter 

paper. 

In many of the workshops we have been practicing following experiments using MC Kits we 

developed.   

1. Measurement of the volumes of gases evolved by the electrolysis of water: Smallest Hoffman 

Voltammeter in the world   

2. Electrolysis of some aqueous solutions: Copper(II) chloride solution, Sodium sulfate solution 

3. Principle of fuel cells 

4. Electroplating 

5. Daniel cell 

6. Voltaic cells consist of two different metals 

7. Lead-acid battery 
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8. Conductivity of solutions 

9. Acidic, neutral and basic solutions 

10. Indicators, neutralization, acid-base reactions  

11. Indicators from plants 

12. Qualitative analyses of ions. 

 

TYPICAL WORKSHOPS 

In this paper two typical workshops are described. One is on the electrolysis of water and voltaic cells, 

and the other is on oxygen. They can be carried out in two hours.  The workshops consist of several 

microscale experiments. 

1. Workshop on Electrolysis of Water and Voltaic Cells: Workshops to Study Various Forms of 

Energy 

In this workshop 5 microscale experiments are included: a. Electrolysis of water in a pipette, b. 

Microscale Hoffman electrolytic cell, c. Electrolysis of water to form acidic and alkaline 

solutions, d. Principle of fuel cells, e. Construction of Voltaic cells.  The details are described in 

ref.1, in which materials available commercially in most countries are used. 

a. Electrolysis in a pipette 

Materials: Plate, lid, pipette, small pins, red and black lead with clips, 9-V battery, soap solution, 

3 M sodium carbonate solution  

Procedure: 

A plastic 1-mL-pipette is filled with sodium carbonate solution and two small pins are pierced into 

the bulb of the pipette as shown in Figure 3. These pins serve as electrodes. The pipette is placed 

in a well of the microplate.  Soap solution is poured into another well.  The open end of the pipet 

is immersed into the soap solution.  The electrodes are connected to a 9 V battery.   
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Figure 3  A 1mL-pipette is used as an electrolytic cell.  The tip of the pipette is bent so that it is in 
a soap. This is a modification of the experiment by N. H. Zhou [3]. 

 

Generation of gas is observed at each electrode (Figure 3). The evolved gas (oxyhydrogen gas) 

forms bubbles at the surface of the soap solution.  Ignite the bubbles.  You will observe the 

detonation with an astonishing loud sound.  

 Then battery is removed from the pipette, and a hand generator is connected to the two pins 

inserted in the pipette.  When students turn the generator, gas is evolved from the pipette.  Students 

are always concentrated in turning the generator to let bubbles form rapidly (Figure 4).  The foam 

on the surface of the well explodes when the flame is brought nearby. 

 

 

 

Figure 4 Primary school (left) and middle school (right) pupils are turning hand generators to 
decompose water into its elements.  
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From this experiment, students understand that water is stable and energy is required to decompose 

water to hydrogen and oxygen. Through this experiment, we can let students recognize how energy is converted.   

b. Measurement of the volumes of gases evolved by the electrolysis:   

Figure 5 shows the world’s smallest Hoffman-

type electrolytic cell, which is constructed with 0.8-

mL-syringes, disposable stopcocks and a microplate.  

Big pins pierced on the 0.8-mL-syringes serve as 

electrodes. The syringes can be filled with sodium 

carbonate solution by the aid of a hypodermic syringe 

connected to the side arm of the 3-way stopcock. After 

the two 0.8-mL-syringes are filled, electrodes are 

connected to a 9 V battery and electrolysis start. 

Observe the bubbles at the electrodes and measure the 

volumes of gases by reading the graduation.  In a few 

minutes, the formation of bubbles stops.  As the pin 

(electrode) is inserted at the graduation of 0.8 mL, the 

electric continuity does not exist when the gas formation reached to the 0.8 mL graduation. 

Then it is observed the volume of gas formed at cathode is 0.8 mL and that at anode is 0.4 mL. It is 

shown clearly that twice as much hydrogen is formed as that of oxygen as indicated by the equation: 

At cathode:  

2 H2O + 2e- → 2 OH
- + H2      (1) 

or 

4 H2O + 4e- → 4 OH
- + 2 H2                (1’) 

At the anode: 

2 H2O → 4H
+
  +  O2 + 4 e

-    
(2) 

Overall cell reaction: 2 H2O → O2 + 2 H2      (3) 

From the results, students understand that water can be decomposed to form molecular 

hydrogen and oxygen in 2:1 ratio 

Figure 5  Small Hoffman electrolytic cell. The 
electrolysis comes to an end in 3 minutes, and shows 
the H2:O2 ratio is 2;1 in volume. 
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The following two experiments (3 and 4) can be carried out successively in 20 seconds. 

c. Electrolysis of sodium sulfate solution:  

Add ca. 2 mL of sodium sulfate solution and 3 drops of BTB into a well. The solution should 

be green.  Separate the well into two parts (the anode and the cathode compartments) with a piece of 

filter paper.  Insert one carbon rod (electrode) in one side, and another carbon electrode in the other 

side. Clip electrical leads to electrodes and 3 V direct current electric source. Observe carefully the 

electrode surface for the evolution of gas and changes in color of the solution around each electrode: 

blue around cathode and yellow around the anode. These phenomena can be understood by Eq.1 and 

Eq.2. 

The solution in the anodic compartment becomes acidic changing the color from green to 

yellow, and the solution in the cathodic compartment becomes alkaline changing the color from green 

to blue. 

 

 

d. Principle of fuel cell 

Disconnect the clips from the dry cells as soon as the changes have been observed. Connect 

the clips to a music chip.  Then music can be heard (Figure 7).  Now the electrolytic cell has become 

a battery. 

Figure 6 Electrolysis of water in sodium sulfate solution containing BTB (bromothymol blue). The well was 
green before electrolysis. It turns to blue in the cathodic compartment and yellow in the anodic 
compartment 5 seconds after electrolysis. 
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The molecular hydrogen and oxygen formed at the cathode and the anode respectively now 

constitute a Voltaic cell: 

Cathode:  O2 + 4H+ + 4 e- → 2H2O       (4) 

Anode:  2 H2 → 4H+ + 4 e-                     (5) 

Overall:  2 H2 + O2 → 2H2O 

 

These reactions are the same as those taking place in a hydrogen fuel cell.  Here, we can 

explain the principle of actual fuel cell, though fuel cells are not batteries because they are not self-

contained systems—the fuel must be continuously supplied to generate electricity. 

 

 

They understand hydrogen is a kind of fuel. We can let participants discuss why fuel cells are 

environmentally friendly, and how it is used now in society. 

 

 

 
Figure 7 After the electrolysis shown in Figure 6, disconnect the battery and connect a music chip to 
the electrodes. Then you can hear music 
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e. Construction of Voltaic cells:  

In our microscale kit, strips of copper, zinc, iron and lead are accommodated.  Therefore, 

various voltaic cells, model of lead acid battery can be constructed easily.  Some of them can be 

included in the 2-hour-workshop.  In most workshops, the most popular cell is one constructed with 

a cherry tomato, copper and zinc strips.  

2. Workshops on Oxygen 

Recently, we found the Oxygen sensor invented by Mistuo Takahashi [4] is very useful in 

workshops of primary school pupils. It uses zinc–air batteries and oxygen concentration in the range 

10 – 50 % can be measured easily.   Monitoring oxygen consumption in respiration and photosynthesis 

is possible. The following experiments were included in our workshops. 

a. Oxygen concentration in expiratory air: 

Breathing of participants, plants, etc. 

b. Oxygen concentration of the air in a bag containing some plants under sunshine: Photosynthesis 

c. Some microscale experiments on gases: Different behaviours of CO2, O2, and H2 can be 

recognized by experiments though all these gases are colourless, tasteless and odourless. 

 

Through these experiments, students are interested in the difference of oxygen concentration 

of the inhaled air and the expired air.  We can let students think about the following questions: 

 Which atmospheric gases support our life? 

 Why oxygen concentration remains almost constant in the air?  

 Why atmospheric carbon dioxide has increased in the last 100 years? 

 

RESULTS AND DISCUSSION 

In our workshops, we provide one Kit to every student.  For most students, it is a first 

experience to do experiments by her/himself.  At first many students seem to hesitate to start an 
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experiment.  However, once they started, they become concentrated and worked very actively.  It 

maybe because our experiments are accompanied by dramatic changes which are perceptible by eyes, 

ears and nose. 

As microscale experiments can be carried out in a short time, students can experience a 

systematically arranged series of experiments on some topics in one workshop.  They could have 

deepened their understanding of various concepts such as energy and transformation of energy (e.g. 

from chemical to electrical, from mechanical to electrical, etc.), electrolysis, electrochemical cells, 

merits of fuel cells. In some cases, physics, biology and earth science are integrated.  Students 

enjoyed such meaningful experiments. Students seem to feel that chemistry is related to various 

aspects of daily life, and sustainable society. 

The workshops could have stimulated students’ interest toward science. Students’ interest and 

understanding on energy and environmental issues can be enhanced.  Our microscale experiments 

are useful in ESD and understanding of SDGs.   
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ABSTRACT 

A test of education students’ understanding of electric circuits, written before their lectures 

on the topic began, led to practical work with micro-scale circuit apparatus that was designed to 

further probe and challenge the students’ misconceptions. Response data from one of the lab pracs 

revealed one very common misconception, that the current through a component was the cause of the 

potential difference across it. A practical activity based upon the Volta pile was designed to show 

that current is not the cause of voltage, and that voltage is to be traced to the chemical reaction inside 

the cells. While some aspects of the activity were successful in a workshop at 10th ISMC, others 

were not. Our reflections on the outcome lead us to the conclusion that it is necessary to engage with 

the chemical events inside the cell, in order to understand how it works. Systems-thinking may be 

the way forward. [African Journal of Chemical Education—AJCE 9(3), November 2019] 
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INTRODUCTION 

A test of the concepts of current electricity held by Physical Sciences III students in a BEd 

physics course during 2018, uncovered several problems in their understanding of electricity [1] 

(Bradley, Khulu, Moodie and Mphahlele (2019)). The misconceptions had been previously reported 

in the extensive physics education literature on the topic, which includes reports from studies with 

student teachers in South Africa and other countries (e.g. Gaigher (2014)[2]; Gaigher and Moodley 

(2019)[3] ; Küçüközer & Demircir (2008)[4]). 

As our accompanying paper [1] reports, we decided to focus our attention on one widespread 

misconception – namely that current in a DC circuit causes the potential difference across it (and its 

components). To chemistry lecturers this misconception borders on the incredible: to such lecturers 

it is beyond question. The chemical reaction inside the cell drives the current in the circuit and the 

cell potential (V) allows the lecturer to state the energy (J) per coulomb of charge transferred. It is 

true that the energy transfer can happen only if there is a current, but the cell potential nevertheless 

quantifies this energy. Lecturers can even reassure themselves about the energy transaction involved 

when the same reaction takes place in a beaker; they can use thermodynamic tables with enthalpies 

and free energies of formation to calculate overall enthalpy and free energy changes. There is no 

mystery for those preparing future teachers of Physical Sciences as to what is meant by phrases like 

‘the cell as a source of energy’. 

For our Physical Sciences students however, it seems their understanding of the roles of the 

cell is very confused. Furthermore, as reported [1] they specifically hold onto their misconception 

about current as a source of potential difference, even in the face of contrary evidence from a practical 

activity. This may be partly a result of not seeing any alternative that is more plausible, intelligible 

and fruitful [5]. We therefore decided that we needed to develop such an alternative and chose to trial 

our preliminary approach at a workshop at the 10th ISMC. 

                          



AJCE, 2019, 9(3)                                                                                                             ISSN 2227-5835                                                                                                                                               

39 

 

TOWARDS A NEW PRACTICAL ACTIVITY THAT ADDRESSES THE 

MISCONCEPTION ABOUT THE ORIGIN OF THE POTENTIAL DIFFERENCE 

Our first attempt at designing practical activities for this purpose led to the workshop held at 

the 10th ISMC. The participants in the workshop were all experienced educators, principally at tertiary 

level, but with extensive and varied experience of working with school science teachers and/or 

student-teachers in a number of different countries. The workshop used components from the 

microelectricity kit shown below, together with other components needed to construct a voltaic pile. 

Details can be found in the workshop handout, a part of which forms an appendix to this paper.   
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We had combined the microscale electricity kit with extra 

components such as copper coins, zinc-plated washers and paper 

soaked in salt water; with these the participants made Volta piles 

as shown in Appendix 1. A key step was to make a single cell and 

measure the p.d. across it. See Figure 2.  

The worksheet text attempts an explanation for the 

observation that the two dissimilar metals set up a potential 

difference; the explanation used the notion of electronegativity 

difference between the metals because this concept is a part of 

the senior school Physical Sciences syllabus and it appears for 

each element in the periodic table that is supplied to the exam candidates.   

The intention of the workshop was to receive the participants’ expert views on whether the 

lab tasks focused the students’ attention on the battery and its reactants as the source of the energy 

and the reason for a potential difference across a resistance in a circuit, even if that resistance was 

very high, such as in the case of an air gap. 

We got the expected advice from the workshop that electronegativity difference is not an 

adequate basis for explaining the potential differences of the cells used in the workshop. But in the 

event, the workshop participants gave us enough information to make us reconsider other points in 

the worksheet.  

Previous experience with practicing teachers had told us that they are surprised to see that 

such a simple combination of two metals and salt water can produce a reading on the voltmeter. 

Before that observation, they tend to see the copper, salty water and zinc as simply conductors and 

do not think of them as chemicals that can react, at least not when the topic is in physics! 

Constructing the Volta pile was, for the practicing teachers mentioned above, an interesting 

novelty and raised the question about the chemical reactions going on and how these components are 

1Figure 2  A figure 

from the worksheet. 



AJCE, 2019, 9(3)                                                                                                             ISSN 2227-5835                                                                                                                                               

41 

 

similar to the components in a commercial battery. It appeared to be an interesting novelty also for 

the ISMC workshop participants. 

The further activities in the worksheet invited the ISMC participants to compare the effect of 

making the cell with combinations of other metals such as copper and magnesium or zinc and 

magnesium. 

The worksheet attempted to explore the reasons for electron transfer in the cells, but we 

decided that this had complexities that were unsuitable for the activity intended for our B.Ed. III 

students. It was enough if they believed a chemical reaction had happened inside the cell. 

 

REFLECTIONS  

It seems to us reasonable to say that making one’s own Volta pile and using it to make an 

LED light up, is definitely going to bring the importance of the cell in DC circuits to the attention of 

students. It is more evident and plausible that a chemical reaction is behind its role. But still, until 

one sees how it works, it does not take students much beyond the kind of statement we find in the 

grade 8 national (CAPS) curriculum document [6] 

“cells/batteries are chemical systems that are sources of energy – cells store chemical 

substances (potential energy) – when the circuit is completed, the chemicals react together to 

produce an electric current – an electric current is the flow of charges (kinetic energy) along 

a conductor” 

In the case of the self-constructed Volta pile, it is not obvious what the reaction is and what 

is the role of each chemical component – the zinc, the copper and the salty water. Students are familiar 

with the idea of chemical reaction but do not see how in this pile (or indeed in cells generally) the 

reaction “produces an electric current”. How does it work? How can we get meaning out of those 

curriculum statements?  

The challenge is then, not to explain why electron transfer may occur between reactant 

particles, but how do we get this to happen through an electric circuit. Electronegativity differences 
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are then not only of doubtful explanatory value, but they are addressing a question that is not the 

priority. The priority is ‘how does it work?”. This question, it is interesting to note, was reportedly 

voiced strongly by 14-15-year-old Greek pupils when exposed to a new teaching approach which 

presented voltage as a primary concept in teaching about DC circuits [7]. 

This argument means that there is no alternative: we have to look inside the cell and find the 

answer there. For PS III students this is not necessarily difficult. After all they have reached the 3rd 

year of BEd studies, following their matriculation. They should therefore be comfortable with the 

key idea, namely that the electron donor is kept separate from the electron acceptor and electron 

transfer can only then take place via the external circuit. The oxidation half-reaction is linked with 

the reduction half-reaction via the electronic conductor that is the circuit. However, whilst this is 

essential, it is not sufficient. Electron transfer implies development of charge imbalance, and unless 

this imbalance is rectified, further transfers are inhibited. This is the role of the salty water in the 

Volta pile (in the familiar description of electrochemical cells (voltaic!) this is the role of the salt 

bridge). 

We therefore think that having constructed a Volta pile and observed its ability to light up an 

LED, our students need to explore how the cell works as follows: 

1. Do chemical tests on a Volta cell to find out what has been produced after it has been operating 

(for a considerable time). Our expectation is that the salty aqueous solution will show zinc 

ions and hydroxide ions are present. Another observation would be that there are no traces of 

the familiar blue colour of the hydrated copper ions. These tests indicate that the two half-

reactions are: 

Zn(s)  Zn2+(aq) + 2e-   and   2H2O (l) + 2e-  H2(g) + 2 OH-(aq)  

This cell could also be established in a microwell plate if the scale of the Volta cell used in 

the pile is too small for satisfactory chemical testing. 

2. To deduce the role of the salty water the simplest approach would be to construct a Volta cell 

using pure water instead of salty water, and very clean electrodes. We think there will be no 
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current in the external circuit (maybe a very short-lived one?). The ion movements constitute 

a current inside the cell. Yet there is no evidence from the chemical tests of the sodium 

chloride being a reactant. Hence we can argue its role is to assist the charge imbalance 

handicap to continuing reaction. We could replace the salt (NaCl) with other ‘neutral’ salts 

(and we could try sugary water to emphasise that it’s the ions we need). 

3. Our students should be able to construct for themselves then a complete picture of ‘how it 

works’. They will see why continuity of the electric circuit is to be understood as a circuit in 

which the charge carriers are partly electronic and partly ionic. They will already appreciate 

that when a chemical reaction occurs energy is usually lost from the system and transferred 

to the surroundings. This is also the case in this special system and the transfer of electrons 

through the external circuit becomes the mechanism of this energy transfer. However, this 

function will not suggest to them that electrons are consumed. The electrons not only originate 

from one terminal but must enter the other terminal in equal numbers, otherwise there is no 

chemical reaction at all. 

IMPLICATIONS 

We started upon this project with the aim of improving the worth and purposes of practical 

activities in the BEd Physical Sciences III content course. 
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So far we have confirmed the strong case for trying to achieve this. What has become clear 

as we have advanced our thinking and experiences is that this aim is one that requires systems 

thinking. To clarify our meaning in saying this, it is important to refer to earlier use of the term 

‘system’ in connection with electric circuits: thus Hӓrtel [8] long ago (1982) argued for a new 

approach to teaching this topic by treating the electric circuit as a system. This however, did not 

include the events inside the cell! Our vision of systems-thinking, requires the kinds of insights that 

traditionally originate in physics education together with those that traditionally originate in 

chemistry education. The cell as a component of a DC circuit should not be marginalized in physics 

teaching because it leaves big gaps in the understanding of the circuit. Likewise, the treatment of 

electrochemical cells in isolation from their practical applications in DC circuits (that is an exclusive 

emphasis on the equilibrium thermodynamics with little or no reference to kinetics), as is frequently 

the case in chemistry teaching, should not continue. 

Furthermore, fuel cells deserve attention in this regard, as they directly illustrate the link 

between exothermic redox reactions and potential difference and current in DC circuits. A specific 

example of a microscale activity that illustrates the principle of the fuel cell can be found in the paper 

Microscale Chemistry and SDGs (Ogino 2019) [9]. 

 

CONCLUSIONS  

In order to implement the ideas set out above, we therefore envisage the development of a 

physical sciences unit in our student-teacher curriculum, devoted to electrochemical systems and 

their application. The reason for expressing our intention in this way, is that our existing Physical 

Sciences III curriculum comprises two quite separate sequential courses – one in chemistry and one 

in physics. Thus the mention of a physical sciences unit, means a topic that cut across the established 

separate courses.  It remains to be seen if this will be supported by the powers that be. 

We are not ready to set out the philosophy, content and intended outcomes of such a physical 

sciences unit in this paper, but our findings thus far lead us to believe that BEd lectures on physics 
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and chemistry must be complemented by practical activity that requires students to apply lectured 

concepts to real systems. We believe that students may recognize their need for conceptual change if 

the physical sciences unit draws on related concepts from both disciplines; they may see that one 

phenomenon, such as the potential difference of a cell, must have mutually compatible explanations 

in both physics and chemistry.  Our underlying philosophy is that science learning consists in making 

connections between concepts and extending one’s network of concepts so that a particular problem 

can trigger several relevant and useful concepts that are associated in that network. 

Our experience of using the micro-electricity kits to probe students’ ideas about circuits, 

together with much previous experience with microchemistry kits, suggests that microscale practical 

work, with suitable preparation and questioning, will enable all the students to personally engage 

with the concepts and be challenged in their thinking about them. 

REFERENCES  

1. Bradley, J.D., Khulu, S., Moodie, P., and Mphahlele, M., (2019) Exploring pre-service 

teachers’ misconceptions in electric circuits using microscience kits. AJCE 9 to be published. 

2. Gaigher, E. (2014) Questions about Answers: Probing Teachers' Awareness and Planned 

Remediation of Learners' Misconceptions about Electric Circuits, African Journal of 

Research in Mathematics, Science and Technology Education, 18:2, 176-187, DOI: 

10.1080/10288457.2014.925268. 

3. Moodley, K., &  Gaigher, E. (2019). Teaching electric circuits: Teachers' perceptions and 

learners' misconceptions about electric circuits. Research in Science Educ., 49(1), 73-89. DOI 

10.1007/s11165-017-9615-5. 

4. Küçüközer, H., and Demirci, N., (2008). Pre-service and in-service physics teachers' ideas 

about simple electric circuits. Eurasia J. Maths, Sci.,& Tech. Educ., 4(3), 303-311. 

5. Posner, GJ., Strike, KA., Hewson, PW., and Gertzog, WA., (1982). Accommodation of a 

scientific conception: Towards a theory of conceptual change. Science Educ., 66(2), 211-227. 

6. Department of Basic Education Curriculum and Assessment Policy Statement (2011): Natural 

Sciences, Senior Phase Grades 7-9. Pretoria: Government printing Works. 

7. 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. 

8. Hӓrtel, H. (1982). The electric circuit as a system: a new approach. Int., J.,Sci, Educ., 4(1), 

45-55. 

9. Ogino, K. (2019) Microscale Chemistry and SDGs. AJCE, 9, to be published. 

 

 

 

 

 



AJCE, 2019, 9(3)                                                                                                             ISSN 2227-5835                                                                                                                                               

46 

 

The problem we are addressing 

Our research has shown that our Bachelor of Education (Physical Sciences) students have a 

number of misconceptions about basic d.c. electric circuits; these are similar to some of those 

reported in the physics education literature. We have chosen to focus on one misconception that 

seems to be held by 82% of a sample doing a third-year course in physics. This is the idea that the 

current in a circuit is the cause of the p.d. across the components. It is often revealed in the student 

viewpoint that if a component that normally carries current is removed, then there is no p.d. across 

the points. We will discuss this in more detail in the presentation paper tomorrow. 

This practical is intended to focus the students’ attention on the battery and its reactants as the 

source of the energy and the reason for a potential difference across two points in a connected 

circuit. 

The broader background is that students have come to accept a separation of physics from 

chemistry as normal; their lectures are given like that and they will treat physics and chemistry in 

the same way when they are teaching their students, passing on the idea that there is little or no 

connection between the two forms of endeavour. We would like to draw the chemistry closer to 

physics in at least this lab practical, and then look for further opportunities as the B.Ed. curriculum 

development continues. 

Some of the demonstrators (the demmies) in the lab have a physics background and some have 

chemistry. So they will have another version of this task with answers and added information. 

The questions for the workshop are then: 

Page 1 

What do you think of the activities: engaging, trivial or under-exploited? 

Do the activities focus students’ attention on the reason for the energy difference that drives the 

current? 

Could they be improved? 

Which of the questions really hit the spot? Which distract students from thinking about what 

happens in a battery? 

Appendix 

A section of the trial worksheet prepared for the 10th ISMC. 

 

A workshop to generate advice about an undergraduate lab practical 
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B.Ed. Physical Sciences III B Trial Prac 3 

Historical background 

In 1800, an Italian academic constructed a device which 

looked like the one you see in the picture. Alessandro 

Volta piled zinc and copper discs on each other, 

separated by discs of cloth soaked in salt water. Between 

the two electrical points you see on the apparatus, he was 

able to get a tiny spark. Most importantly, he was able to 

make a current of electricity flow steadily for some time. 

Nowadays we call his device a battery and say that there 

is a potential difference (p.d.) between the contacts. 

A potential difference is also known as a voltage. 

A pause for thought: How did Volta know that 
there 
was a current flowing? Ammeters did not exist, neither 

did the knowledge of how a current could deflect a 

magnet. 

Activity 1 Make your own Volta pile 

you need the materials you see in Figure 5[]. 

6 copper-coated coins; 6 zinc-coated washers; 6 paper towel discs; 

croc leads; electricity well-plate; propette; bowl of salt solution; 2 
springs; LED; 3 dowel sticks or straws; conductive strip of aluminium. 

Take one zinc washer, one copper coin and a paper towel 
disc; use the propette to put a few drops of salt solution onto 

the paper towel and make your first cell. Put the zinc washer 

onto the conductive aluminium. 

Use the voltmeter probes to measure the p.d. between the 

zinc and the copper. 

Swop the positions of the red and black probes and 

measure the p.d. again. 

Q 1  Are the readings the same when you exchange the 

red for the black lead? Describe what you see. 

Make 9 more cells like the first one. Lay out a row of zinc 

washers, put paper towel pieces on each of them, and wet the 

paper towel with salt solution. Put the copper coins on top of 

the wet paper towel. 

Now push the three dowels into the well-plate, and put a 

Figure 3 Measure the p.d. 

between the zinc and the copper. 

strip of aluminium on the well-plate as you see in Figure 4[]. Now stack the cells on each 

other. Insert the aluminium into the spring as you see in the Figure. 

Page 2 

Figure 2 This is your first cell. 
 

Figure 1 A replica of Volta’s “pile”. 
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Add another strip of aluminium to the top 
and hold it down with an extra coin. 

Connect it to the other spring. 

Q 2  Measure the p.d. from your Volta pile. 
This measurement is called the open- 

circuit p.d. [It will be about 4 V 

initially but rises to about 6.5 V] 

Connect the LED in the springs, as you see 

in Figure 5[]; the LED should light up. 

Q 
3 

Measure the p.d. again when the LED 
is lit. [it will be about 1.8 V ] 

Now take out the LED and watch the 

voltmeter reading for about a minute. 

Q 
4 

Describe the change in the voltmeter reading. [The voltmeter reading increases slowly 
from 1.8 V, back to about 6.5 V] 

Is there still a p.d. across the springs when there is no LED passing a current? [This 
tries to address the misconception that if the circuit is open there is no voltage 
across the gap.] 

Q 
5 

Questions about what’s happening in the 
pile 
Q 
6 

When the LED glows, it is because 
electrons are passing through it. Where 

have all these electrons come from? 

Write as much as you know about this. 

What is the cause for the electrons 

moving in the same direction? [student 

answers may include that the 
positive terminal is pulling them; 
the zinc has too many electrons; 
copper has too many electrons; this 
is a first approximation answer ] 

The electrons clearly transfer some 
energy in the LED, but then what 

happens to them? [Student may say 

they return to the copper, to the 
zinc, or that the electrons have 
turned into light and heat ] 

Figure 5 Measure the p.d. again when the LED is 
glowing. 

Q 
7 

Q 
8 

Q 
9 

Suggest a reason why the voltmeter reading drops when you connect to the LED. 
[students have usually done internal resistance at school. In Q they will be 
asked for reasons for internal resistance ] 

A red LED will glow when the p.d. across it is about 1.8 volts, and the current is about 0.02 
ampere. 

Q 10 If the current through the LED is 0.02 ampere, how many electrons are passing though the 
LED in each second? [0.02 coulomb/sec and 1 coulomb is the charge of 6.25 
x 1018 electrons so 0.02 coulomb/sec represents 0.02 x 6.25 x 1018 

electrons/sec.] 

Q 11 How many joules of energy are being transferred to the LED by this current, in each second? [ student’s reading is e.g. 1.8 V; perhaps physics student will begin 
from p.d. = work done/unit charge or V= W/q = joules of energy per coulomb of 
charge. W = V x q;. In each sec, work done is the p.d. x coulombs = 1.8 x 
0.02 = 0.036 joules in each sec. Point out that this is the same as the power, 
calculated below using the 

Page 3 

Figure 4 This is what you are making . 
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formula P = IV. The point of doing it this way is to emphasise the energy transfer 

caused by the p.d.] 

Q 12 How many watts of power is the LED producing? [P = IV = 1.8 x 0.02 = 0.036 W] 

Q 13 What will make this process stop, assuming the circuit stays connected? [This 
question forces the students to think about the chemical changes in the battery. 
The reactants will reach equilibrium when the zinc has reacted with the salt 
water. Ask them to examine one of the zinc washers for the condition of its 
surface. Some roughness or discolouration will show after about 15 minutes. 
Have a washer from a previous group 
- it will show rust where the zinc has gone into solution. ] 

At this stage the students have experience of the reaction but not yet an 
understanding of what drives it. 

Volta knew that his battery would not work unless the two metals were different in some way. 
But what was the difference? So we pause to revise some of your Grade 12 chemistry. 
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The remainder of the worksheet has been omitted deliberately because it pursued an 

unfruitful path and that section would distract readers from the focus of the paper 
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ABSTRACT 

University courses preparing students to teach school science should be models of good 

practice rather than reflections of accepted behaviour in schools. At the same time the requirements 

of the national school curriculum and the real difficulties faced by teachers must be catered for. 

Such thoughts led us to revise a course in chemistry for final (4th) year student teachers of Physical 

Sciences. The revision is continuing, being informed by experiences so far, which we report upon 

here. Extensive adoption of microscale activities enabled greater student access to hands-on, 

minds-on experiences, whilst improving safety and reducing environmental impact. [African 

Journal of Chemical Education—AJCE 9(3), November 2019] 
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INTRODUCTION 

The context of this paper is a fourth-year course in the Wits University BEd curriculum for 

future teachers of the secondary school subject Physical Sciences. In designing this course 

attention was paid to the national school curriculum for the subject, which specifies the content 

and assessment of that curriculum [1]. A section (2.5) of the current curriculum document is 

devoted to ‘Overview of Practical Work’ where it is stated: 

“Practical work must be integrated with theory to strengthen the concepts being taught. 

These may take the form of simple practical demonstrations or even an experiment or 

practical investigation….Some of these practical activities will be done as part of 

formal assessment and others can be done as part of informal assessment. Below is a 

table that lists prescribed practical activities for formal assessment as well as 

recommended practical activities for informal assessment across grades 10 to 12.” 

Elsewhere in the document (2.2 Specific Aims of Physical Sciences) the first sentence of 

the above paragraph is explicitly confirmed: 

“Practical activities as used in this document will refer to practical demonstrations, 

experiments or projects used to strengthen the concepts being taught.” 

The reference to prescribed practical activities being for formal assessment carries with it 

the implication of a contributory weight to the overall assessment of the learner, which is 15%. 

This is quite a significant weight, when it is realized that the final examination in any one year 

counts 75%. Furthermore, if the practical activities really do strengthen the concepts being taught, 

then learners benefit twice (firstly by marks gained directly when doing the practical activities, 

and then secondly, by improved exam marks). 
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A framework for practical activities in secondary schools in South Africa is then clearly in 

place and encouraging. However, the realities are less encouraging. Many schools lack resources 

for the practical work, and have teachers who are not competent to manage it and use it for the 

principal purpose, lack technical support and maybe overloaded with teaching duties. They are 

also under pressure from all sides (department officials, the school principal, parents and the 

media) to improve the pass rate. The implication of this is the familiar exam fixation, and when 

this is coupled with doubts as to whether concepts can be strengthened by practical activities, the 

consequence may be that these activities are either minimized in the teaching program, or in some 

way are fudged. In a nutshell, compliance characterizes the obligations of practical work in many 

secondary schools. 

 

THE AIMS OF PRACTICAL WORK 

Although the South African curriculum document for Physical Sciences is explicit about 

the purpose of the practical activities (especially the prescribed ones), other aims are also often 

identified for practical work. Indeed, numerous authors over some decades, have written not only 

about the aims but also about the meaning of practical work. A recent review of this field of debate 

by Wei and Li (2017) argues that “practical work is essentially a special kind of science practice 

that provides a special situation and an educative environment in which newcomers can learn 

science”. [2] This very broad description of meaning is something our student teachers should be 

aware of, but at the same time they need to be clear about the focus required by national policy.  

For the latter purpose we have found the short list of aims put forward by Woolnough and Allsop 

[3] more than 30 years ago, to be a manageable framework for our purposes. In shortened form 

this is: 
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1. Motivation 

2. Developing practical skills 

3. Learning the scientific approach 

4. Gaining a better understanding of theoretical aspects of the subject. 

Nivalainen, Askainen and Hirvonen [4] adopt a similar short list (but adding “enhancing 

social and learning skills”) in their recent research into third year pre-service physics teachers’ 

views. 

There are many reports in the literature suggesting that teachers often have confused ideas 

about the aims of practical activities they plan. They may recognize all four of the Woolnough and 

Allsop aims and include a number of them in their lesson plans. This tends to result in unrealistic 

expectations of learner achievement, especially as regards the fourth aim of better understanding 

of concepts [5] [6] [7] [8]. 

 

TOWARDS BETTER UNDERSTANDING THROUGH PRACTICAL ACTIVITIES 

In a conclusion to their study, Abrahams and Millar [7] suggested that the cognitive 

challenge of linking observables to ideas [9] has not been adequately recognized. This suggestion 

has been taken to heart in more recent research on the learning of concepts through practical 

activities, and much positive light has been shed on what it takes to achieve the aim of better 

understanding. This research has come from several different countries and contexts. [10] [11] 

[12] [13][14] 

Taken together the outcomes suggest that to achieve better understanding of theoretical 

aspects through practical work ‘laboratory overload’ must be avoided, implying: 
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 learners should be as well prepared as possible 

 instructions should be as simple as possible 

 manipulations should be as easy as possible 

 there should be ample time for reflection. 

It may be noted that avoiding ‘laboratory overload’ might not only improve learning of 

concepts, but improve attitudes to the course [15] 

 

PHYSICAL SCIENCES TEACHER PREPARATION IN A BEd IV COURSE 

As part of the final year course for prospective Physical Sciences teachers at our university, 

students engage in practical work in chemistry for one 3 hr session per week over about 10 weeks. 

Arising from observations of these sessions and of the lectures over the same period gave rise to 

concerns: 

 practical activities were sometimes weakly-related to lecture content; 

 practical activities did not match the prescribed practical activities in the school 

curriculum; 

 most of the supervision of the lab session was by post-graduate students who did not give 

or participate in the lectures; 

 student lab reports from a session were only submitted in the following week, and marking 

of these was only completed the following week; 

 the conduct of labs could be characterized overall as ‘compliance’, just as found in many 

secondary schools; 

 ‘integration’ of labs and lectures was weak and the course was failing to prepare students 

to implement the national policy statement in the classroom. 
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Following discussion between the course lecturers, post-graduate student demonstrators 

and technical staff, it was decided to constitute a project to address the shortcomings we had 

observed. The general desirability of pre-laboratory preparation by university students was clear 

[15][16]. We also took into account the suggestions arising from recent research towards 

improving the likelihood of achieving a better understanding of theoretical concepts. The 

initiatives we were able to take in the first year and a half of the project are briefly outlined below: 

 

Alignment of practicals with lectures, tutorials 

This implied paying attention to the actual content and objectives of the lecture component 

of the course, achieving consistency in terminology and emphases, and also addressing the relevant 

concepts in the same week. Practicals, wherever possible, also reflected prescribed practical 

activities in the school curriculum. Practicals were referred to in the lectures both before and after 

the relevant lab session, to an extent dependent on the case. 

 

Computer-based pre-lab testing 

Multiple-choice questions were designed which focused on the specific content and 

concepts relevant to the practical concerned. In the first year of the project (2018) students were 

required to score a minimum of 60% (by repeated attempts if necessary) for admission to the lab 

session. This policy was amended in 2019, with the score on the pre-lab test being included in the 

mark for the practical. 
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Converting to microscale 

The conversion to microscale was motivated by the objective of easier manipulation and 

shorter time for completion. Other expected benefits were cost-savings and improved safety, as 

well as reduced environmental impact. The specific kits used were the RADMASTE Advanced 

Microchemistry kits. [17][18] 

 

Lab supervision and reporting 

Lecturers collaborated with technical support staff and demonstrators to achieve a simpler 

and more focused lab experience for students. Lecturers undertook supervision to a greater extent, 

students were required to submit lab reports within 2 days of the lab session, and demonstrators’ 

marking was completed in time for the next lab session. 

 

Tests and exam 

Prac-related questions were included in class tests (2019) and the final exam (2018). This 

did not mean a need to recall specific features or details, but simply that the lab experience would 

sometimes be the context for a question about particular concepts – more like a prompt to say 

please recall you worked with these concepts in a lab session previously, so you should find this 

question rather easy. 
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OUTCOMES 

Structured interviews were conducted with 9 (out of 36) volunteer students at the end of 

the course in 2018. The interviews took place after the final exam for the course had been written 

and marked. The research questions were characterized as: 

A. Link of prac work to lecture content 

B. Online features of the practicals 

C. Format of the practicals 

As may be deduced there was no attempt at this stage to measure the impact of the practical 

activities on student understanding. 

Our analysis of the responses in the interviews yielded the following: 

 

A. Link of prac work to lecture content 

Students clearly saw the linkage and volunteered this observation under B as well. Included 

in this section were questions about an exam question and its relationship to one of their practicals.  

  

 
Figure 1: Responses on alignment between practical work and examination (9 students) 

 

As shown in the Figure 1 above, all the participant students (n=9) could recognize the 

relationship between examination questions and concepts covered during laboratory experiment 



AJCE, 2019, 9(3)                                                                                                             ISSN 2227-5835                                                                                                                                               

58 

 

sessions.  Commenting on the nature of examination questions, seven students linked the simplicity 

of questions to familiarity from the laboratory sessions, two students related the difficulty of exam 

questions to the conceptual questions involved, whilst five students linked their difficulty to 

inability to figure out appropriate formula for calculations. We discuss this further after dealing 

with B and C below. 

B. Online features of the practicals 

Students supported the pre-lab tests commenting  

 important for lab preparation 

 successfully aligned with both pracs and lectures 

 “a bridge between content and pracs” 

 some wanted more chances to re-do the tests, after the lab session. 

 

 

 

Figure 2: Responses on online features of the practicals 

 

C. Format of the practicals 

Students made mostly positive comments on the ‘format’ – a term covering a number of 

aspects as the following points show 
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 lab manual clarity 

 questions embedded in the lab instructions 

 easy procedures 

 micro-kits easy to use (students had extremely limited previous experience) 

 lots of potential for the micro-kits in schools (but anxiety about learner discipline) 

All of these majority comments are encouraging, and we have continued to refine the 

initiatives of 2018 during the same course in 2019. The overall impression so far is that the students 

definitely saw the practical activities as an integral component of the course. They imply that it 

has been a benefit for them in their understanding of the course content: however, the quantitative 

information that might confirm this is yet to be acquired. 

In the meantime, we are carrying forward a disappointment as regards the exam question 

mentioned above. This was a question that was answered badly by the students, despite its obvious 

relationship with a practical activity that they had recently completed. 

It is worth giving some of the details on this because in the end it has re-taught us a lesson (see the 

4 points of advice listed earlier). 

The practical activity to which the question referred was concerned with an acid-base 

titration. It had 3 stages (i) preparing a standard solution of oxalic acid, (ii) standardizing a given 

sodium hydroxide solution with the oxalic acid solution, (iii) using the sodium hydroxide solution 

to determine the concentration of acetic acid in a commercial vinegar. All of these are prescribed 

practical activities in the grade 12 school curriculum. Traditional scale equipment was used, but it 

soon became evident that very few of the students had prepared a standard solution or done a 

titration before, despite the prescribed nature of these activities in the school curriculum. The 

majority of students did not complete all three parts even though the lab session ran into extra time. 
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In writing up their lab reports, students had (i) to calculate the concentration of the oxalic 

acid solution they had prepared and then (ii) they had to use this information, together with the 

results of the titration with sodium hydroxide, to calculate the concentration of the latter. Finally, 

they had to use this calculated concentration in order to work out the concentration of acetic acid 

in (iii) in the sequence. 

In the related exam question the calculation under (i) was applied using a given mass of 

oxalic acid dihydrate (formula given). Then the calculation under (ii) was applied using given 

average titration volumes. They were required to write a balanced chemical equation for the 

titration reaction. Finally, (iii) there was a question about why the given indicator 

(phenolphthalein) was chosen. It was of course, a strong base-weak acid titration (but not so-

identified in the exam question) and they had used phenolphthalein in the practical activity. 

The marks assigned to these three questions in the exam are compared with the class 

average mark obtained in the table below: 

 

Exam Q no.       (i) (ii) (iii) 

Full mark 2 3 2 

Class average  1.30 0.56 0.81 

 

Considering how closely the exam questions follow the first two stages of the relevant 

practical activity, the outcome is disappointing. We may highlight the task of writing a balanced 

chemical equation as particularly surprising: 

 

1. only 6 (out of 36) students recognized the required mole ratio of 2 NaOH: 1 Oxalic acid; 

2. 11 students wrote the formula of the oxalic acid dihydrate in the equation, not realizing that 

the hydrate nature of the solid is irrelevant in aqueous solution; 

3. 18 equations showed ‘crazy’ products. (eg 2 NaCO2 + 3 H2O; 2H2O + 2 NaCOOH). 
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It should be noted that the 2:1 mole ratio of the titration reaction was frequently referred to 

in the lab manual, although the balanced equation was not given. A question in the lab manual 

however, specifically required them to write the balanced equation of H2C2O4 (aq) with NaOH 

(aq), and there were related sub-questions (eg How many protons are transferred by one oxalic 

acid molecule? What name do we give to an acid that transfers these many protons per molecule?). 

The balanced equation was of course required, in order to make the necessary calculation of the 

concentration of the sodium hydroxide solution. Marking of lab reports should have corrected 

mistakes in this regard; perhaps they were but students paid no attention. We plan to explore the 

feasibility of online assessment of lab outcomes, along the lines described by Whitworth and 

Wright. [19] 

The widespread appearance of ‘crazy’ products suggests that the entire basis of acid-base 

chemistry is very weak and that their previous experience of formula and equation writing has 

been narrow. This revelation is echoed by other evidence in the exam answers in relation to 

electrochemical reactions.  

In the context of a fourth year course for Physical Sciences teachers-to-be, one can argue 

that the actual laboratory context should not have been important for the students in the exam. The 

substance of the exam questions is quite normal and a good outcome could be expected without 

any benefit from the practical experience. It was definitely not the case that success depended 

absolutely on having done this practical. This might imply that the lab experience was so negative 

that it actually handicapped the students when answering the exam questions. Johnstone has 

reported instances suggesting such an effect [20]. This could explain why some earlier research 

has queried the benefits of practical work for gaining a better understanding [21]. Whatever the 
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truth of the matter, we can draw one definite conclusion from the outcome: we must avoid 

‘laboratory overload’ as, of course, we had planned to do! 

 

CONCLUSIONS 

 

Our transition from compliance to integration in the context of a BEd course in chemistry 

continues to take place. Students support the initiatives taken so far in this regard, although 

substantive evidence of improved understanding is yet to be gathered. Their support suggests that 

they appreciate at least the potential benefits of the integration. We can clearly do better and avoid 

mistakes. It is also evident that changing several of the practical activities from traditional scale to 

microscale helped students gain hands-on experience. We were able to reduce the number of 

students per group to two, in place of the three or four that previously had been the standard. 

Despite the lack of familiarity with this equipment they had no difficulty with using it, as we have 

found in other contexts too. 
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ABSTRACT 
 I have worked as a Technician at CLEAPSS for a number of years. CLEAPSS is an 

advisory service, providing support and advice for all aspects of practical work in schools and 

colleges across England, Wales and Northern Ireland. Our aim is to promote safe and effective 

practical work in Science, Design &Technology and Art. We run training for science teachers and 

laboratory technicians, both in the UK and abroad, and we write guidance for our members in line 

with any relevant legislation regarding safety and the environment. Part of our work at CLEAPSS 

is to look at particular practicals that pose problems and through our contacts with teachers and 

technicians, as well as exam boards and other specialist organizations, we are in a unique position 

to gather information.  We have developed a protocol, using information from these various 

sources as well as through trialing in our laboratory, to look at amylase activity and the effect of 

pH in particular. This microscale method is simple to carry out, requires minimal resources and 

gives reliable results. [African Journal of Chemical Education—AJCE 9(3), November 2019] 
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INTRODUCTION 

 The microscale approach has been shown to have many benefits for Chemistry and is an 

effective teaching method for a number of reasons: there is less load on students’ working memory 

and students can work individually, rectifying mistakes quickly,  pupils seem to concentrate more 

on the observations and there is greater control of the class as experiments can usually be carried 

out sitting down, the procedures can be carried out in less time than more traditional procedures, 

allowing more time for discussion of the subject and it’s applications. 

 From a logistical point of view work can often take place in a non-laboratory room 

(although a bucket of water can be useful!). These practicals are safer, using fewer solutions and 

lower concentrations than traditional methods, and they are easier to prepare and clear away with 

simple disposal – most chemicals can be wiped off with a paper towel which can then be placed 

in a bowl of water or straight into the bin. 

 The question is can this approach be used to make practical experiments in biochemistry 

more accessible? 

 One topic that has always struck fear into the hearts of many technicians (and I suspect, 

teachers as well) is enzyme practical work. Enzymes are biological catalysts. They control 

chemical reactions and are notoriously problematic for practical work because they are affected 

by a number of variables: temperature, pH, concentration of substrate, enzyme and product, 

possible effects of cofactors, source of the enzyme and even the age of the enzyme. 

The enzyme amylase provides a good model for studying enzyme activity and it can be used to 

investigate the impact of different conditions. In addition, amylase is often used for assessment 

activities. 
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BACKGROUND TO THE PROCEDURE 

 Amylase catalyses the hydrolysis of the glycolytic bonds in starch, breaking it down to 

produce smaller chain molecules such as glucose and maltose.  

We can detect the presence of 

starch using Iodine solution which 

turns blue / black in the presence of 

starch.  

 As the starch is broken down, 

the iodine no longer gives this colour 

change.  

 When all the starch has gone 

we have reached the endpoint of the reaction. 

Previous methods have used test tubes or expensive dimple tiles to investigate amylase 

activity. These only allow a few samples to be tested at a time and comparison between test runs 

is difficult. The microscale method uses a customizable worksheet placed inside a simple and 

cheap plastic wallet (obtainable from office 

suppliers). Drops of Iodine solution are placed on 

Dropping 

tile 
Plastic sheet with 

worksheet inside 
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the plastic surface of the wallet.  The reaction mixture of enzyme and substrate is mixed in a test 

tube and drops of this are added at intervals to the drops of iodine on the plastic sheet. The time to 

reach endpoint (when all the starch has been broken down and no color change occurs) under 

different conditions can be investigated. 

The plastic sheet is a cheap replacement for dropping tiles and allows a larger number of 

results to be obtained, easily displayed and compared side by side. In addition, low concentrations 

and minimal amount of chemicals are needed, typically using only 1 - 2 ml of each component per 

test run. 

Amylase can be purchased from a number of suppliers but human salivary amylase is an 

extremely reliable (and free!) source of the enzyme and can be used safely providing students only 

work with their own saliva and correct hygiene procedures are followed.  This also gives an 

opportunity to look at basic hygiene as a separate teaching topic in the classroom. 

The following protocol has been published by CLEAPSS and is available to our members on our 

website, along with a number of other related documents.  Normally this sheet is behind a 

password, but CLEAPSS has given permission to publish it in this Journal. 

 

Investigating the effect of pH on amylase digestion 

Why do this? 

This procedure demonstrates that the activity of the enzyme amylase is affected by changes 

in pH.  

Method with control measures (including Personal Protective Equipment, PPE) 

Note that enzyme powders can cause sensitisation if inhaled. 

Wear eye protection when using buffer solutions. 
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Procedure 

1. Label each test tube with a different pH and fill the first tube with 1 ml of the corresponding 

buffer solution 

2. Add 1 ml of 1% amylase into the first tube and mix  

3. Label each column of the spotting sheet with the different pHs and number each row with the 

time starting with 0 and every 30 seconds thereafter.  

4. Place a drop of iodine solution in each ‘spot’ of the first column on the spotting sheet. 

 

   

5. When ready add 1ml 

of 1% starch solution to 

the test tube. Mix well, 

immediately start the 

timer and take your first 

sample by placing a drop of the mixture using a dropping pipette onto the 0 spot for the 

corresponding pH. Avoid contaminating the pipette with the iodine. 

6. Return the remainder of the liquid in the pipette to the test tube 

7. At 30 second intervals place a drop of the sample of the mixture onto the next iodine spot 

8. Continue until the sample no longer produces a colour change on the iodine spot. This is the 

end point for the test. You may need to add more iodine spots. You may decide to stop the test 

if there is no change after a set time period e.g. 10 minutes. 

9. Repeat steps 1-8 for the other pHs to be tested 



AJCE, 2019, 9(3)                                                                                                             ISSN 2227-5835                                                                                                                                               

69 

 

Disposal 

  Wipe the spots off the sheet with paper 

towels and bin, then wipe clean with wet 

paper towels 

 Flush away the unused enzyme and starch with lots of water 

This document is intended to support teachers when planning practical activities. It is not designed as a worksheet for classroom 

use. 

Expected observations/results  

Iodine turns blue-black in the presence of starch. As amylase hydrolyses the starch into 

sugars the iodine spot will change colour. The reaction will continue until all the starch has been 

broken down and the iodine spot remains the same colour after the sample has been added. This is 

the end point.  

In trials conducted at CLEAPSS, we obtained the following results. 

 

 

Termamyl (alpha amylase) has an optimum pH of 7 so the range of pH4 – 

pH9 was tested.   

The results of testing 0.1% Termamyl (alpha amylase) showed that the 

action of Termamyl worked fastest at pH6 & pH7 in 90 seconds. Below 

pH5 and above pH9 the enzyme action was inhibited. 

 

 

Disposal notes: 

 If saliva is used as a source of amylase any 
equipment used with saliva needs to be 
immersed for 10 minutes in a 1% solution 
of Virkon (a multipurpose disinfectant) 
before washing up 
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Salivary amylase has a broad spectrum of pH use so the 

range pH2 – pH10 was tested. 

The results of testing 12.5% salivary amylase showed that 

the action of salivary amylase worked fastest at pH6 in 60 

seconds. Below pH5 and above pH9 the enzyme action was inhibited by the pH. 

 

Science notes 

Different enzymes will require different starting concentrations and produce different end 

points. It is best to trial the enzyme beforehand.  

Adding amylase to the buffer first introduces the enzyme to the different conditions before 

any substrate is added. This will allow any effects of pH to take action immediately.  

Suggested apparatus and materials  

 0.1 - 1% amylase  

 1% starch  

 0.01M Iodine solution  

 Buffers adjusted to produce a 
suitable range of pH solutions 

 Small vials or test tubes 

 Spotting sheet in a file pocket or 
laminated (template provided) 

 Stop clock or timer 

 Plastic dropping pipettes 

 Permanent marker 

 Beaker of water for rinsing 

 

Apparatus and materials notes 

 Adjust the concentration of amylase between 0.1 – 1% to suit 
the time frame or activity of the amylase  

 Enzyme should be made just before use 

 Find out the optimum pH from the enzyme information sheet 
and choose at least 2 pH units either side of the optimum 

 Saliva can be used as a source of amylase. Dilute to 10 – 15%  

 Spotting tiles & microwell plates can be used instead of the 
spotting sheet 

 A glass rod can be used for transferring the sample to the 
iodine spot. This will need to be cleaned between sampling 

 Ensure that the reagents have reached much the same 
temperature before use 

 Iodine evaporates from spots quite quickly at room 
temperature, so carry out one pH trial at a time 

 

This document is intended to support teachers when planning practical activities. It is not designed as a worksheet for classroom 
use.  
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Template for a 5-column, A4 spotting sheet 
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DISCUSSION 

As mentioned previously one of the most effective and free amylases is that found in saliva. 

Previous trials used a dilution of between 10 – 15%, however my saliva needed diluting to 4% to 

give results in a measurable timescale.  This illustrates the need for trialling enzyme experiments 

generally, whatever the source, as the concentrations needed to give reliable results within a class 

timescale will vary considerably.  This drop method does allow you to try out different 

concentrations quickly.  Under optimal conditions for the amylase you would look to get an 

endpoint within 2-3 minutes of adding the amylase to the starch.  Less than optimal conditions 

may take 4-7 minutes and the extreme conditions may not reach endpoint at all (at least not within 

a set time limit, e.g. 10 minutes, when the experiment could be terminated) 

CLEAPSS advisors have looked at the safety aspects of using human saliva and the 

guidance given is that as long as proper hygiene is followed then the risk of spread of infection is 

low.  Students should only use their own saliva and rinse out their own equipment which can then 

be placed in a solution of sodium chlorate(I), NaOCl, for 30 minutes or in 1% Virkon disinfectant 

for 10 minutes. Equipment can then be washed in hot soapy water. Hands should be washed 

afterwards and the bench disinfected.  As a separate teaching topic this use of human saliva could 

be used to teach aspects of hygiene and infection control as well as digestion. 
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SUMMARY 

As shown previously, 

drop chemistry lends itself to 

biological studies but there are 

other Microscale Chemistry 

techniques that might also be 

adapted. Determination of 

Vitamin C levels by titration 

with DCPIP could be carried out 

using the microscale gravimetric method – an alternative to the traditional titration method - 

involving small balances for weighing and accurate Berol dropping pipettes. 

Microscale chemistry already borrows from biology with its use of Petri dishes so perhaps 

other small scale techniques could have applications in chemistry. In certain biological 

experiments sodium alginate is used to make beads of immobilised yeast / enzymes / algae. This 

microscale technique uses small quantities that can be reused. One possible use would be to 

immobilise catalase in yeast or potato and use the beads to produce oxygen from hydrogen 

peroxide instead of using manganese oxide. This would be a much greener option. 

In the past we have looked at an idea from Norway using Lego bricks and LEDs to make 

a simple colorimeter.[1]  Working with our Physics colleagues to understand how LEDs generate 

a low voltage when light shines on them, we have used the colorimeter in Chemistry applications 

to measure concentrations of solutions (e.g. copper chloride) There may be applications in 

Biochemistry e.g. action of lipase on the breakdown of fats in a milk suspension or the 

measurement of glucose with Benedict’s solution or DNSA. 
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Increasingly we see a blur between the lines of the Chemistry / Biology / Physics 

disciplines.  Microscale techniques have a lot to recommend them. With microscale you don’t need 

a lot of expensive resources and relatively simple techniques can be adapted. With a bit of 

imagination, collaboration and ingenuity we can borrow techniques from one discipline to develop 

ideas in another. 
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ABSTRACT 

Third year BEd students in a Physical Sciences content course answered a questionnaire 

about basic concepts of electric circuits, prior to attending lectures and practicals on the subject. 

Several well-known misconceptions were found to be prevalent. This led us to design a Predict-

Observe-Explain (POE) practical activity, using microscience kits. The results from this activity 

confirmed the prevalence of misconceptions, but also the reluctance of the student-teachers to 

change them. Our discussion of one important misconception, namely the confusion between 

current and potential difference, suggests that treating the cell as simply a store of energy and a 

source of energy without explanation may be the cause of the confusion. A chemist’s approach to 

this part of physics could avoid the misconception. [African Journal of Chemical Education—

AJCE 9(3), November 2019] 
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INTRODUCTION 

The South African national curriculum (since 2011) provides for teaching about electricity 

from Grade 5 onwards. In the school subject Natural Sciences grades 4-9, there is a content strand 

called Energy and Change within which all the electricity-related content is developed. Beyond 

this level, in the school subject Physical Sciences grades 10-12, there is a strand called Electricity 

and Magnetism, within which the great majority of electricity-related content is developed further. 

However, in these higher grades another strand called Chemical Change deals, amongst other 

things, with redox reactions (mostly grade 11) and electrochemistry (in grade 12).  In preparing 

new teachers to teach these subjects, it is a priority for our BEd science content courses to ensure 

that the students leave with a correct understanding of all the electricity-related concepts embodied 

in the curriculum statements. 

This seemingly obvious expectation is however questioned by literature reports of the 

conceptions about electricity held by pre-service in in-service teachers in both primary and 

secondary school in South Africa [1-4]. 

It was therefore apparent that we should investigate the situation within our BEd content 

courses and, depending upon the outcome, make changes to our courses accordingly. 

 

LITERATURE REVIEW  

The well-known advice “find out what students know and teach them accordingly” [5] has 

inspired a wealth of research into the science conceptions held by learners. No domain of science 

education can surely offer a better example of this than that of electricity. All students encounter 

electricity in their daily lives and are thereby exposed to the conceptions held by the general public. 

Furthermore, all students completing primary school are taught some of the basic understandings, 
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and thereafter a diminishing but substantial number continue to study this domain more deeply. 

The wealth of research devoted to the teaching and learning about electricity therefore makes 

sense. Despite this, there is abundant evidence in the literature that misconceptions about 

electricity continue to abound. 

There are many reasons for this disappointing state of affairs, amongst which we have to 

consider teacher education and the school curriculum as prominent. Thus although early research 

was dominated by investigating the conceptions held by school learners, there has been increasing 

attention given to teaching strategies and teacher conceptions. 

Early research showed great similarity in the misconceptions held by school learners in 

different education systems [6]. This study reported marked similarity across five European 

countries as regards belief in the consumption of current, the cell as a constant source of current, 

and the failure to differentiate current from voltage. Such research was undertaken also in other 

regions and countries, such as Australia and South Africa [1], Turkey [7], [8], and Israel [9] and 

included pre-service and in-service science teachers as well as students. In all cases the same 

misconceptions were found to be prevalent. 

A number of the research studies made use of written questionnaires [9-11, 6], but there 

have also been individual interviews [8]. 

The identification of several common misconceptions has stimulated debate as to faults in 

curriculum design and teaching and learning strategies. For example, early in the history of this 

field, [12] argued for a new approach that stressed the electric circuit as a system, saying that the 

traditional sequential introduction of concepts (starting with current and concluding with voltage 

and resistance) was perhaps the underlying cause for the widespread commonality of 

misconceptions. The system approach proposed by Hӓrtel is accompanied by a model in which an 
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‘electroparticle’ features. Psillos, Tiberghien and Koumaras [13] have stressed that the traditional 

sequence in which current appears first is in any case a mistake: voltage should be the primary 

concept. The development of their teaching approach, was aided by pupils who were asked their 

views about this before, during, and after its implementation. Interestingly, pupils “demanded to 

know how the battery works” (page 40), an aspect of DC circuit teaching that seems universally 

to be ignored. With reference to the argument that the electric circuit should be presented as a 

system [12], the pupils’ demand seems very appropriate! Garnett and Treagust [14], starting from 

their research into conceptual difficulties experienced by high school students of electrochemistry, 

by implication would agree. 

The models used in teaching and learning about DC circuits have been reviewed and related 

to the historical development of textbooks on the subject [15]. Subsequently (1996), the same 

authors also compared the models used by novices with those used by experts [16]. Arising from 

these analyses, macro-micro relationships emerge as an important consideration [17-18], partly 

because they help link electrostatics with electrodynamics – something that is traditionally missed 

out and which, Eylon and Ganiel suggest, “may explain why students cannot conceptualize the 

electric circuit as a system”. Borghi, Ambrosis and Mascheretti [19] have described in detail a 

teaching and learning sequence aimed at establishing this link. 

Apart from debate on how best to teach the topic, there is the urgent need to develop 

strategies for correcting what has already gone wrong. Practical activities have often been 

embodied within a predict-observe-explain strategy as proposed by Gunstone and White [20] and 

Liew and Treagust [21]. Both Zacharia [22] and Jakkola, Nurmi and Veermans [23] have reported 

on the efficacy of practical activities in this regard and found limited benefits. However, when 

offered in parallel with computer simulations there are indeed significant benefits. 
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RESEARCH DESIGN 

We decided to focus on the third year course for Physical Sciences in our 4-year BEd 

curriculum. At the present time this course attracts about 80 students. These students took Natural 

Sciences and Physical Sciences in secondary school and, formally at least, this was a requirement 

for entry to the Physical Sciences option in the BEd. In their first year of the degree, they have 

three lectures on electricity, covering some of the high school content. Their next exposure to 

electricity is in the third year, when they have nine lectures on electric fields and circuits, and two 

lab pracs on circuits. Our research began just before the students had lectures on electric circuits. 

It is very important to note that the Physical Sciences course is not taught as physical 

science but taught in the traditional separation of physics and chemistry, each with its own time 

allocation in the academic year. The lecturers own academic background is generally either 

physics or chemistry and so it is no surprise that the lectures are based on the frameworks of ideas 

that are most useful in either physics or chemistry.  We discuss the implications of this below.  

We designed and administered a questionnaire on circuits in advance of the start of the lecture 

course (in September 2018), to identify the students’ understandings of basic electricity concepts. 

In this way we hoped to identify actions that could be taken almost at once within the lectures and 

practicals that were to follow. 

Anticipating that we would find misconceptions among the students, we planned to use the 

practicals as an important context in which to address these. In particular, it seemed likely that we 

might adopt a Predict-Observe-Explain (POE) approach using simple hands-on experiments with 

microscale electricity kits. Using these kits, we were able to prepare for students to work in pairs 

and thus approach the personal commitment level of engagement the POE method requires. The 

diagram below shows the kit components. The traditional circuit board of large-scale kits is 
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replaced by a plastic microwell-plate that is also used in the RADMASTE micro-chemistry kits. 

Springs placed in the smaller wells (see Figure 2) act as connectors for battery leads, bulb-holders, 

etc. and multimeter probes. 

 

 

The students, before the lab practical, were able to watch a video showing how to connect 

series and parallel circuits and take measurements of voltage and current using the multimeter. 

(https://youtu.be/B6aQYEOXkTU )   

The making of this video was funded by ESKOM, the South African electricity utility.  

 

 

 



AJCE, 2019, 9(3)                                                                                                             ISSN 2227-5835                                                                                                                                               

81 

 

Figure 2 A screen shot from the RADMASTE training video 

 

In the following sections we describe firstly, the design of the questionnaire and the results 

derived from its administration, and secondly, the design of the POE activities in the practical 

sessions that followed subsequently and the results arising from these. 

The Questionnaire 

The questionnaire was constructed from 14 questions drawn from the literature. An 

important source was the 29-item questionnaire designed by Engelhardt and Beichner [9] which 

was used in a study of American high school and university students. They reported discrimination 

indices for their test items which helped in our choice of 6 questions with high indices from this 

source. Other questions were derived from papers [9, 11, 24]. 

The 14 chosen questions were of the true/false or multiple-choice type, with 3 of them 

requiring reasons for the choice made. 45 students completed the questionnaire, prior to them 

beginning the course on electric circuits. 
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THE RESULTS 

We found strong support among these students for the idea that a cell supplies current and 

that the current is consumed in the circuit. For example, Question 1 asks them whether they agree 

with the statement A new battery stores a certain amount of electric current. As you use the battery, 

the current will be consumed by appliances such as bulbs, loudspeakers and motors. 

This statement is translated from a probe by researchers in Germany. In that research 85% 

of 13 to 15 year-olds agreed with the statement but more to the point, 40% of 36 university students 

planning to become physics teachers also agreed with it [24]). So the 68% agreement with the 

statement we found among third-year aspirant science teachers is disturbing but not totally 

surprising. The prevalence of this mental model remains a serious conceptual problem: these 

students using the model do not have a mental picture of electrons being conserved as they drift 

around the circuit, and we may expect to find this misconception as a component in other mental 

models they have. 

A second mental model that was evident from the questionnaire was the idea that the 

potential difference across a component was the result of the current through that component. The 

questions that elicited this idea were drawn from a questionnaire by Cohen, Eylon and Ganiel [9]. 

We probed this in more detail as we will discuss further on in the paper. 
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Table 1   Incidence of misconceptions among B.Ed. students in the sample 

Description of the misconception     The misconception is often 

a cluster of ideas that are applied selectively to each problem; 

these ideas act like a mental model.  

No.  of 

questions  

Incidence in this  

group      N = 45 

A consumer model: The current is consumed by components in the 

circuit; the cell is like a tank that stores current until it runs empty. 

2 questions  68% 

An attenuation model: the current/electricity is consumed, and it is 

thus attenuated at each resistor in sequence, so that very little 

returns to the cell.  

5 questions 31% 

A sequence model: the current upstream doesn’t know what it will 

meet downstream; any changes at a circuit component (e.g. letting 

the circuit branch into parallel resistors) take effect only after the 

current passes that point  

5 questions 32% 

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.  

3 questions 53% 

 

We were naturally concerned that this set of misconceptions is held by students who will 

soon be employed to teach science pupils in the final years of school. We followed up the 

questionnaire with a lab practical, aided by the video described above, that allowed students to 

familiarize themselves with the micro-electricity kit. They had to connect series and parallel 

circuits and take measurements of voltage and current. Our interaction with them and their lab 

reports afterwards showed that they had a reasonable ability to use the micro-kit in these ways. 

The second lab prac was designed to probe their understanding and misconceptions more 

deeply.   

 

 

 

 



AJCE, 2019, 9(3)                                                                                                             ISSN 2227-5835                                                                                                                                               

84 

 

The POE Activities in the second lab prac 

The POE (Predict-Observe-Explain) methodology followed that described by Gunstone 

and White [20] and Liew and Treagust [21]. The prediction worksheets we designed are shown in 

the appendix. Students first worked singly, writing their predictions on the worksheet. Having 

completed this, they were given the microelectricity kits to use and to work with in pairs. The 

circuits and questions in the practical tasks (also shown on the task sheet in the appendix) were the 

same as those in the prediction worksheet; thus they were able to test each prediction by 

observation and compare the result with the predictions they had made initially. 

 

Results of the POE activities  

In this paper we focus on one particularly troubling misconception, namely that a current 

through a component of a circuit is the cause of a potential difference across the component. This 

was the subject of Question 6 on the worksheet.  

Figure 3 shows Question 6 from the prediction worksheet 

 

In the 35 lab reports we have as data, 82% of the students predicted that the potential 

difference, VPQ , across the terminals P and Q would become zero.  The observed VPQ across P 
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and Q was about 1.2 to 1.4 volts, but this was not always the value the student recorded. In several 

cases, the students insisted that they measured VPQ and found it to be zero. 

The following sample of responses is taken verbatim from the students’ lab reports. 

Response 5  

Q6.1 There is no work done between point P and Q, thus potential difference is zero  

[Comment: this is a variation on the idea that a flow of charges (on which work is being done) 

causes the PD. The student misses the point that potential means work could be done on a charge. 

Or the student could just be grasping at a definition of PD without understanding it] 

Response 17  

6. In Figure 3, we predicted that if PQ is removed the voltage across the contacts P and Q will be 

zero. We thought that because there will be no current flowing across it.  

After our connection we found out that it is true, there were no readings.  

[Comment: students may "find" what their conceptual model tells them to find; measurements 

don’t always challenge preconceptions. Probably the student took measurements in such a way as 

to confirm his prediction]  

Response 18  

6.1    The voltage (p.d.) is zero because there is no resistor (bulb) across P and Q so their resistance 

is zero therefore p.d. will be zero since they are directly proportional. 

[Comment: This is a new version of the reasoning that V=R x I = R x 0 = 0; student states that if 

R is zero then V= 0 x I and so V = 0. Student does not see the gap at PQ as a resistance; there is 

indeed no resistor in the gap at PQ but the air is a super-high resistance in that gap. ]    

The students in most cases (apart from response 17) did not explicitly say that they believed 

a current was the cause of a PD but we infer that this is what they believe. Such responses, above, 
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are consistent with the view of Eylon and Ganiel [17]: “Students tend to be ‘current minded’ rather 

than ‘voltage minded’ (Cohen et al. 1983 [9]), thereby confusing cause and effect.” 

In using the POE method, we intended that in cases where a misconception had led to a 

wrong prediction, students would feel challenged and adjust their mental model. In fact this was 

not always the response, the students often explaining discrepancies by some insubstantial 

argument. Such behavior confirms that the misconception concerned exists and is tenaciously held. 

 

DISCUSSION 

This outcome requires a response from us and from our institution’s curriculum designers. 

Our results from the POE intervention indicate that solving this problem is not going to be easy. 

At the third year level, our students have a variety of conceptions built up over maybe 15 years or 

more of formal education, together with the informal education they have obtained from their 

everyday environment. Changing concepts is well known to be difficult and our students are not 

unusual in showing their resistance. 

It is argued [9] that many students are introduced to electric circuits in primary school 

where teachers predominantly use the notion that a complete circuit is necessary for current to 

flow. In our experience this is a common approach in schools – voltage is not mentioned in lower 

grades and there is no significant exploration of the insides of a cell. In junior high school, the 

voltage concept is troubled by its ratio definition, which typically goes as follows: 

The voltage or potential difference is the energy transferred per unit charge. 1 volt = 1 joule 

per coulomb; in other words, 1 V = 1 J/1 C  
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This definition is usually enough incentive for the teacher to avoid the definition and even 

the topic of voltage as much as possible and stick to the notion of current, for which there are 

analogies such as water in pipes. 

In the South African national curriculum, the topic of the voltaic cell occurs formally only 

in the second half of Year 8, in a physics context with passing references to chemical reactions. 

To quote:   

• cells/batteries are chemical systems that are sources of energy 

-- cells store chemical substances (potential energy) 

-- when the circuit is completed, the chemicals react together to produce an electric current  

-- an electric current is the flow of charges (kinetic energy) along a conductor 

So while there are (unexplained) references to energy, the emphasis remains on the concept 

of current, to the detriment of the voltage concept. 

This pedagogic state of affairs results in a simplistic view of the cell as merely a current 

source; the effects of the current, such as high or low voltages, are the result of electron flow. 

The particular misconception which we focus upon in this paper, namely that current is the 

cause of PD, by any reasonable judgment is a fundamental or primary misconception about 

electricity. In our view, it seems to point to ignorance about the cell. It is here, one may argue, that 

it all begins (as it did for Volta some 200 years ago!). The PD of the cell is an expression of the 

energy change associated with the chemical reaction inside the cell; the electric current in an 

external circuit is a demonstration of that reaction (an electron transfer reaction) taking place inside 

the cell. Traditional physics course introductions to current electricity only say the cell is a store 

and a source of energy; they do not say the reactants change to products because the potential 
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energy decreases; they do not say that the chemical reaction involves electron transfer between 

reactants and, because of the way the cell is constructed, this happens through the external circuit. 

These omissions may hinder development of a concrete model relating current and PD in 

which it is abundantly clear that PD causes current and not the other way around. Chemistry can 

help to make the correct link between these two most basic concepts in current electricity. 

One must bear in mind that the students in our study have done and are doing chemistry as part of 

their Physical Sciences course, yet their ideas in chemistry remain separate from what they learn 

in physics. 

Chemists, even when dealing with macroscopic observables, refer continually to models 

of molecular, atomic or electronic behavior. Physics instructors at school and undergraduate level 

do this much less often; of course they do describe current as electron flow but soon move to the 

conventional current direction that defines all electromagnetic theory and many circuit symbols 

such as diode symbols. Current in physics then is a “flow of charge” (where charge can be either 

positive or negative) and they treat conduction and PD of batteries as macro phenomena, with 

ammeter and voltmeter readings standing for the unseen activity of electrons. 

We intend to work on a proposed new piece of the BEd curriculum that would not be called 

Physics or Chemistry but Physical Science, in which chemistry concepts and models of electron 

movement, oxidation/reduction and energy changes in reactions are drawn all the way through 

physics topics such as potential difference, energy transfer in components, electrical power and 

internal resistance of batteries.  In the accompanying paper in this journal (Bradley, Khulu, 

Moodie, Mphahlele [25], we outline our basis for one of the lab practicals in such a Physical 

Science unit, using components from both microchemistry and microelectricity kits. 
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APPENDIX 

B.Ed. III Prac 4 19 September 2018 

Practical 4 Learning parallel circuits and voltage dividers with the 
micro-electricity kit 
 
Name or student number: _____________________________________________ 
 

The kits you are using were developed here in the Wits RADMASTE Centre and you will find them in most 

schools where you might teach, because they were supplied in large numbers by several provincial 
Education Departments. (The video is at https://youtu.be/B6aQYEOXkTU ) 

 

In this lab prac we use the POE approach; POE stands for Predict – Observe – Explain. You will 
make some predictions on this sheet, copy them to the task sheet, hand in this prediction 
sheet, and then receive your group’s kit. 
 

PREDICTION SHEET 
 
Draw a circle around the (a) (b) or (c) as usual, but copy the circles to your lab task sheet. This 
is because you must hand in all the group’s predictions to your demonstrator. Then you will get 
your kit (it has your group’s names on it). 
1 In Figure 1, what is the resistance in the circuit? 
Assume the battery has no internal resistance. 
(a) 1 ohm 
(b) 3 ohms 
(c) a ohm (0.33 ohms) 
 
Fig. 1 
 

 
 
 
2 In Figure 2, the bulbs all have the same resistance. You 
will add extra bulbs, one at a time, between points PQ 
and ST. As you add the bulbs, the ammeter reading will: 
(a) increase 
(b) decrease 
(c) remain constant 
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Fig 2. 
 

 
 
 
3 In the same circuit you see in Figure 2, as you add extra 
bulbs, the voltage across MN 
(a) increases 
(b) decreases 
(c) stays constant 
(d) becomes significantly smaller than the voltage 
across PQ 
 
Fig. 3 

 
 
 
 
4 Figure 3 shows a circuit with bulbs of the 
same resistance. Predict the voltages 
Figure 4 . 

EF = volts 
MN = volts 
PQ = volts 
5 In Figure 3, if the bulb at PQ is removed, 
(a) bulb EF will go out 
(b) bulbs EF and MN will both go out 
(c) bulb EF will become brighter 
(d) both bulbs EF and MN will become dim 
6 In Figure 3, you are going to remove bulb PQ. Then the voltage (the p.d.) across the 
contacts P and Q will 
(a) increase 
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(b) remain the same 
(c) become zero 
7 In Figure 4, predict the currents I1 and I2 through 
the 22 ohm and the 44 ohm resistors. 
I1 = mA 
I2 = mA 
 
Fig. 4 

 
 
 

LAB TASK AND REPORT 

 Have you copied your (a), (b) or (c) predictions onto this sheet? Draw a circle around 

your predictions, to remember what they were. 

 You can complete your lab report at home, but record all measurements of voltage and 

current, brightness or dimness before you leave. 

1 In Figure 1, what is the resistance in the circuit? Assume 

the battery has no internal resistance. What was your 
prediction? 
(a) 1 ohm 
(b) 3 ohms 
(c) 1/3 ohm (0.33 ohms) 

Circle O the answer that you predicted. 
Fig. 1 
 

 
 
You don’t have 1 ohm resistors so use the 22 ohm resistors 
instead. 
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Q1.1 The resistance you measure across the parallel circuit is close to . . . . . . 
Q1.2 Imagine a learner asks you, “Why is the circuit resistance not 22 ohms?” Write an 
explanation (don’t quote a rule). 
Q1.3 What would the resistance be if you removed one of the 22 ohm resistors? Predict, then 
try it and see what you get. Write your prediction . . . . . . . . . . . . . . . . . and your actual 
measurement . . . . . . . . . . . . . . . . . . . . Explain the measurement, as though to a learner. 

2 In Figure 2, you will add extra bulbs between points PQ 

and ST. The bulbs all have the same resistance. As you 
add the bulbs, one at a time, the ammeter reading will: 
(a) increase 
(b) decrease 
(c) remain constant 

[what did you predict? Draw a O] 

 
Fig. 2 

 
Set up a circuit like this and 
Q2.1 record the current each time you add a bulb. . . . . . 
Q2.2 What is the reason the ammeter shows this? Write an explanation to a learner (that is, 
don’t answer by quoting a rule.) 
Q2.3 Why are bulbs PQ and ST just as bright as MN, the first bulb? Answer by using the 
concept of potential difference. 

3 In the same circuit you see in Figure 2, when you add extra bulbs, the voltage across MN 

[what did you predict?]: 
(a) increases 
(b) decreases 
(c) stays constant 
(d) becomes significantly smaller than the voltage across PQ 

Keep your circuit as in Figure 2 and measure the voltage (the p.d.) across MN with one, then 
two 
and then three bulbs in parallel. 
Q3.1 Record your findings here. . . . . . . 
Q3.2 You probably found that the p.d. across MN drops a little as you add bulbs; explain this 
using the concept of the battery’s internal resistance. 
Q3.3 Compare the potential differences ( p.d.) across MN, PQ and ST; write a true statement 
about them. 

4 Figure 3 shows a circuit with bulbs of the same resistance. What voltages did you predict? 
EF = volts; MN = volts; PQ = volts 

Set up the circuit and measure the voltages 
EF = . . . . . . volts 
MN = . . . . . volts 
PQ = . . . . . . volts 
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Fig. 3 

 
 
Q4 You could predict the voltages without knowing the resistance of the bulbs. How? 

5 In Figure 3, if the bulb at PQ is removed 

(unscrewed), you predicted 
(a) bulb EF will go out 
(b) bulbs EF and MN will both go out 
(c) bulb EF will become brighter 
(d) both bulbs EF and MN will become dim 

Q5.1 Set up the circuit and observe bulb EF when you unscrew PQ. 
Q5.2 Measure the p.d. across EF before you unscrew PQ and again after you unscrew PQ. . . . .  

Q5.3 Explain why EF changes like that when you remove bulb PQ. Use the concept of terminal 
voltage and potential difference (p.d.) across in your answer. To help you, the circuit in Figure 3 
has been redrawn in this diagram. Think of MN and PQ as a single resistor that can change 
value. 

 
 

6 In Figure 3, if bulb PQ is removed, you predicted that the voltage across the contacts P and 

Q will 
(a) increase (b) remain the same (c) become zero 

Q6.1 Measure the voltage (the p.d.) across P and Q when the bulb is out of its holder. Explain 
why the p.d. is like that. 

7 In Figure 4, you predicted the currents I1 and I2 through the 22 ohm and the 44 ohm 

resistors. 
I1 = mA and I2 = mA 

Q7.1 How will you get a 44 ohm resistor? 
Q7.2 Set up the circuit and measure the two currents. 
I1 = . . . . . mA and I2 = . . . . . . . mA 
Fig. 4 
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Switch the multimeter to the “off” position. 
Take the black wire from the battery and tie a loose knot in it so that it is shorter than the red 
wire. 
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ABSTRACT 

In order to be accepted as a useful 

technique in practical chemistry, the microscale 

technique has to offer more to the teacher and 

students than the traditional method. This account 

of diffusing precipitates shows that the 

understanding of the mechanism can be enhanced 

with extremely simple equipment. The technique 

uses worksheets which are laminated or inside a 

polypropylene folder, so the student can see the 

instructions, while at the same time placing 

puddles of water or solutions on the plastic 

hydrophobic surface. Salts are added to the 

puddle, dissolve and migrate via diffusion to form a line of insoluble salt. An examination of the 

mechanism for precipitation incorporates a discussion on the Johnstone Triangle, encompasses 

many of the core ideas of chemistry developed by Professor Peter Atkins and the amazing videos 

produced by Roy Tasker. It shows how even the wording of exam syllabuses can be influenced by 

descriptions of events at the nano-level, and the relevance of precipitation to students. The 

evidence of solvated ions is demonstrated by a simple conductivity indicator. This article is based 

upon a keynote lecture given at the 10th International Symposium on Microscale Chemistry 

(ISMC) held at the University of the North West, Potchefstroom, South Africa. [African Journal 

of Chemical Education—AJCE 9(3), November 2019] 
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INTRODUCTION 

The simple procedure, using “puddles” allows teachers and students to carry out “test tube” 

reactions on an inexpensive polymer surface such as, 

 a polypropylene folder in which the instructions are inserted, 

 a laminated card (or paper) encapsulating the instructions, or  

 a polystyrene Petri dish on a mostly white background. 

This article concentrates on the formation of precipitates when two soluble salts in water 

are mixed together and another salt suddenly appears as solid, so that the liquid is no longer 

transparent. Other chemical reactions such as displacement and acid/base can also be carried out 

in puddles and given the same comprehensive treatment that precipitation receives here. 

 

THE MICROSCALE APPROACH 

There were originally 4 strands to the microscale approach. These are shown in the first 

column of Table 1. As teachers and technicians in the UK tried these methods, further advantages 

soon became apparent as shown in the second column. As one teacher said during the 10th ISMC 

in South Africa “I felt really focused on what I was doing and in the chemistry taking place!” Other 

comments made in another workshop that resonated with me were “In a little I can see a lot”, “That 

is just beautiful” and “That saves me doing a lot of washing up”. 

 

 

 

 



AJCE, 2019, 9(3)                                                                                                             ISSN 2227-5835                                                                                                                                               

99 

 

Table 1 

Initial reasons for microscale 

techniques 

The added attractions of carrying out microscale 

procedures 
1. It improves safety in science education 

2. It reduces costs in equipment in materials 

3. It assists in instigating green and 

environmental concerns 

4. It promotes practical science in 

developing countries 

 It improves classroom management 

 Students are more focused 

 It helps to reduce overload on the short-term working 

memory so students work efficiently allowing the 

teacher more time to teach.  

 It is visually very pleasing 

 It helps students develop improved understanding of 

difficult chemical concepts  

 New and original experiments are available 

 

 

What is a puddle? 

The puddle is formed by adding several drops of water or an aqueous solution onto a 

hydrophobic surface such as a polypropylene sheet where the contact angle is over 90° (Fig 1). 

The angle is slightly smaller with plastics such as polystyrene, polythene and polyesters (the 

covering on laminates) but the experiments still work. 

The addition of organic reagents reduces the angle making the puddle spread out. The 

contact angle for water on glass is as low as 15ᵒ, so the droplet really spreads out. 

 

 

 

Fig 1 A puddle of 1 M copper sulfate solution on polypropylene  

showing the contact angle just greater than 90ᵒ. 

Contact angle 

is a little more  

than 90ᵒ 



AJCE, 2019, 9(3)                                                                                                             ISSN 2227-5835                                                                                                                                               

100 

 

A simple precipitation reaction (uses in ion analysis)  

Simple precipitation reactions are straightforward to perform on the plastic sheet. In Fig 2, 

a puddle of 0.1 M copper sulfate is placed on the surface of the plastic. This is achieved using a 

dropping bottle or a plastic transfer pipette. A small test tube, taped to a bottle to hold the pipette, 

reduces cross-contamination between bottles when using transfer pipettes. Beneath the plastic are 

the instructions. The printed square on which the puddle is placed is half-grey and half-clear. This 

means the student can see any white precipitates. Two drops of 0.4 M sodium hydroxide solution 

are added and the blue precipitate of copper(II) hydroxide appears. 

 

 

 

 

Fig 2 A simple precipitation reaction carried out on a plastic sheet showing the formation of the 

precipitate of copper(II) hydroxide 
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Fig 3 shows the full sheet, which includes tests for the ions specified by one English exam board 

. 

Fig 3 The full sheet showing test on positive ions 

Steps 1, 2 and 3 introduce the technique. Students can then use the technique on the other 

salt solutions providedii. That Step 8, to test for ammonium ions, produced a result, was a surprise 

to me. If there is no precipitate, it could be an ammonium salt. Traditional methods require boiling 

the salt solution in sodium hydroxide and the gas evolved is ammonia, which is alkaline. However, 

the reaction can proceed at room temperature. Alkaline ammonia gas diffuses onto the moist red 

litmus to change the colour to blue. If none of these tests provide a conclusion on an unknown 

solution, then sodium or potassium ions are present. A similar approach can be carried out with 

testing for negative ions such as chlorides, sulfates, etc.iii 

The procedure can also be used to establish solubility rules for salts. 
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Why should teachers in the UK care about this approach? After all, they are lucky enough 

to have all the right equipment in their schools. In order to be accepted over any traditional 

methods, the microscale approach has to offer more. 

By seeing and reading the instructions directly, the student is focused into the experiment 

and teachers in the UK have found classroom management easier. This style of instruction sheet 

is called an Integrated Instruction Sheet [1] as it brings together diagrams and numbered, limited 

instructions together rather than a list of written instructions. It is thought it reduces the load on 

their short-term working memory, allowing the student to work on their own without asking the 

question “what do I do next”? Also, teachers should see a green agenda as there is less waste. 

A More Advanced Technique for Precipitates (Uses in Challenging Misconceptions) 

To students seeing the precipitation reaction for the first time, it must seem like magic: two 

colorless liquids on mixing suddenly produce a white (and sometimes a colored) solid. Teachers 

spoil the student by making up solutions, which are transparent and often have no color, for them 

to simply add together. To most students, the colorless, transparent solutions appear to be water, 

nothing else – it is what they are familiar with. (This is the long term-memory providing the student 

with information of what they are seeing.) 

In this microscale procedure, the student actually inserts the solid at each end of the puddle 

and students see the solid “disappear” as it dissolves. 

Fig 4 shows the work sheet for this procedure. Any pairs of solids which dissolve in water 

and when mixed form a precipitate can be used. (Powdered sodium hydroxide can be used but it 

is a very corrosive solid and absorbs water quickly so better not used by students.) 
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Fig 4 A worksheet, with integrated instructions and diagrams, which is inserted into a plastic 

folder or laminated 

 

Figs 5 to7 show some photos of what students see.  

 

The crown bottle tops in Fig 5 have had the plastic 

burned away by heating them over a Bunsen Burner in a 

fume cupboard or in an outdoor campfire. These are 

stuck on labelled cardboard. Only a few milligrams of 

solid are required. The bottle tops make very useful 

receptacles for chemicals 

I wanted to see if there was a difference between adding 

sodium carbonate or sodium hydrogen carbonate 

(bicarbonate) to copper(II) sulfate solution. 

The wooden splints or stirring sticks are cut to a point, 

dipped into the puddle, then into copper(II) sulfate and 

one of the carbonates so that some of the solid sticks to 

each pointed splint. The points are then inserted into the 

opposite edges of the puddle. If a mistake occurs, then 

wipe the puddle away with a paper kitchen towel or 

damp cloth and start again. 

 

 
Fig 5  

The solid copper(II) sulfate particles and sodium 

carbonate and hydrogencarbonate particles are dissolving 

and seem to disappear. They are invisible to us but they 

must be there because in less than a minute, a blue line 

(Fig 6) begins to appear, instead of the precipitate 

suddenly appearing as in Fig 2.  

(Some text books suggest that sodium carbonate 

produces copper(II) carbonate, whereas the more 

alkaline sodium carbonate produces the supposedly 

 
Fig 6 
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deeper blue basic copper(II) carbonate. I am not 

convinced; they seem the same color.) 

 

Fig 7 shows the formation of the silver iodide, which is a beautiful cream/yellow color. 

The line of silver iodide forms very quickly. Silver iodide is very insoluble in water and only tiny 

amounts of silver nitrate and potassium iodide (two expensive chemicals) are required. 

  

 

Fig 7 Producing the precipitate of silver iodide 

 

The student has seen two salts dissolve and then another salt appear as a band in the puddle. 

Already the microscale approach is showing more than just adding two clear liquids together. More 

information can be obtained when questions are asked about how and why this happens. 

 

If teachers feel this is too difficult for 

students, (it isn’t, they will like you and me 

make mistakes), the “diffusing precipitate” 

can be projected onto a screen using a USB 

microscope (Fig 8) connected to a 

computer. A web cam will also work. A 

visualizer is a luxury.  

The slow appearance of the precipitate on a 

5 meter-square projection screen has been 

known to bring gasps from the audience. Fig 8 
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This procedure for showing precipitates was 

first demonstrated at the 8th ISMC in 

Mexico City. Professor Bruce Mattson saw 

how it could be used with his first year 

university students and subsequently 

produced a paper for the Journal of 

Chemical Education. [2] We were honoured 

on having the procedure featured on the 

front page of the May 2019 issue (Fig 9). 

 
Fig 9 

 

 

Now text books will quote formulae in equations to represent the reactions: 

KI(aq) + AgNO₃(aq) → AgI(s) + KNO₃(aq) 

CuSO₄(aq) + Na₂CO₃(aq) → CuCO₃(s) + Na₂SO₄(aq) 

 

These equations representing precipitation reactions lead to all manner of explanations 

from students such as “the salts want to change partners”. Giving particles human attributes is 

known as anthropomorphism. Energy changes drive chemical reactions, not romantic liaisons. 

Research has shown that state symbols such “(aq)” are very confusing to students. Water is at the 

center of these reactions and links the Explanation of these reactions with the Representation. 

Interlude 1: The Johnstone Triangle 

Students enjoy seeing and hopefully 

performing chemical reactions. When I 

started learning chemistry at school and 

university, we learned by memory, the 

preparation and properties of gases, 

chemical equations, mathematical 

methods, etc. Now, the syllabuses 

demand a greater understanding but that 

can have a negative effect on the student. 

Alex Johnstone recognized this with his 

famous triangle model. [3](Fig10)  Fig 10The Johnstone Triangle 
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Experienced teachers of chemistry will move around the Johnstone Triangle with ease, 

changing from the macro event to representation with equations, working out yields, etc and to 

explaining the situation with ions, solvation and diffusion, etc. Students will not be able to do this 

and after the initial joy of chemistry through macro observations, they will find the going tough at 

first. 

I believe the microscale approach assists with “Explanations” and “Representation”. First 

water, the substance often missing from equation but necessary for the reaction to work, needs to 

be addressed. 

 

Water 

Students have to come to terms with several initially difficult concepts which fly in the 

face of common-sense, that deep-seated reservoir of facts set in our long-term memory. Matter 

consists of very tiny particles (Peter Atkins’ Core Idea number 1 in Interlude 2), yet ice is a solid 

block and diving into water can hurt. How can water and ice possibly be made of small particles? 

Fifty years ago state symbols in equations were not used in school teaching; we would 

write equations as  

KI + AgNO₃ → AgI↓ + KNO₃ 

and the downward arrow (↓), representing the precipitate, was not always required either. 

Now state symbols, in this case “aq” and “s”, need to be added. The ionic equation is often 

required and students need to understand that potassium and nitrate ions remain in water as 

“spectator” ions, taking no actual part. 

I-(aq) + Ag+(aq) → AgI↓(s) 
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Teaching this material is not easy. There is also the recurring question from some students, 

“Why do I need to know this?” (See Interlude 4) 

Visualizing water at the sub-micro or nano level is very difficult but the computer 

simulations by Roy Taskeriv, in Fig 11, help. The screen shot shows ice with water molecules in a 

rigid but vibrating structure, the random movement in the liquid and faster moving molecules in 

the vapor along with the formula and state symbols. If the 0.9 cm3 (Fig 1) puddle suddenly became 

a vapor, it would occupy a cube with sides about 11 cm long. That is 1,333 times the volume of 

the puddle. The particles are, in comparison to their size, very far apart, the particles themselves 

do not expand (a common misconception)! That there is nothing between these particles in the 

gaseous phase is also difficult to grasp. 

Fig 11 Models of water molecules 

 

Water consists of tiny particles called molecules 

The water particles are called molecules and these contain smaller particles, hydrogen and 

oxygen atoms in the ratio 2:1 (H₂O). The volume of the puddle (Fig 1) is about 0.9 cm3.That puddle 

will contain 0.3 x 1023 molecules; a huge number of molecules. It is a number which we all find 

hard to visualize. There are far more molecules of water in that puddle than the number of stars 

you can see from our planet! 
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Water molecules are moving 

In ice, the molecules are fixed in position but vibrating; in the liquid and gas they are 

vibrating, rotating and moving. The puddle of water might appear stationary but inside there is a 

seething environment of motion, with energy taken in from the surroundings and spread amongst 

the various states of energy (See Fig 12). Some molecules have so much energy that they break 

away from the surface. Liquid crystals which change color with temperature can be incorporated 

into the plastic surface on which the puddle stands. What happens to a puddle of water on this 

plastic? See Fig 12. 

 

 

The temperature range of these 

thermochromic plastic sheets, from red to 

blue, is 5ᵒC. This is within the 20 - 25ᵒC 

range. 

Fig 12. The Puddle of water on thermochromic plastic. Room temperature is “green”. At 

the edge of the puddle is a “red” cooler area as energy is drawn into the water. The puddle 

itself is cooler still as energetic particles leave the puddle (evaporation). Over 24 hours, the 

puddle would “disappear” due to evaporation. 

 

Water molecules are polarized (Fig 13) 

If an electrostatically charged acrylic rod, rubber balloon 

or even a comb (after combing your hair) is brought close to a 

stream of water, the path of water is deflected. Distortion can also 

be seen in a puddle (Fig 14).  

So there is a side richer in electron density (slightly -ve or 

δ-) and a side which is poorer in electron density (slightly +ve or 

Fig 13: A model of the water 

molecule illustrating polarization 
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δ+). Water molecules are attracted to the opposite charge on an acrylic rod or nylon comb and the 

stream of water deflects or the puddle is distorted. This electrostatic attraction is between two 

particles of opposite electrical charge. It is energetically more stable. Reduction in the energy of a 

system is a part of the reason why chemical reactions occur (the other concerns entropy). (These 

are Peter Atkins’ Core Ideas number 6 and 7 in action) 

Polarization is explained by assuming the electrons in the bonds in a bent water molecule 

are not shared equally, they are polarized (These are Peter Atkins’ Core Ideas number 3 and 4 in 

action and it leads to Core Idea number 5) 

 

 

 

 

Fig 14a: Deflection of water by a rubbed 

acrylic rod 

Fig 14b: The rubbed acrylic rod will distort 

water in a puddle. As the rod approaches 

the water, the puddle wobbles. 
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Water dissolves many chemicals 

These pictures in Fig 15 from Roy Tasker’s website show 

how the water molecules surround the ions. For sodium 

ions, the oxygen atoms (with a slight excess in negative 

charge) in the water molecules surround the positive 

sodium ion. The hydrogen atoms in water molecules 

surround the negative chloride ion.  

A substance like calcium carbonate has ionic bonding but 

is not soluble in water. In this case the attraction between 

the ions far outweighs the energy of attraction between the 

ions and water molecules.  

There are non-ionic solids which are soluble in water. The 

obvious ones are glucose and sucrose. These molecules 

contain numerous –OH groups and water molecules solvate 

these groups breaking up the crystals. 

There is one notable difference between sugar solution and 

salt solution; the ability of salt solutions to conduct 

electricity. 

 

Fig 15: Solvation of ions by 

water 

 

Interlude 2: Peter Atkins’ Core Ideas of Chemistry [4] 

1. Matter is atomic 

2. Elements display periodicity 

3. Chemical bonds form when electrons pair (and the pair of electrons are not always shared 

equally even forming charged species called ions) 

4. Molecules have shape 

5. There are residual forces between molecules 

6. Energy is conserved 

7. Entropy tends to increase 

8. There are (kinetic) barriers to reaction 

9. Reactions occur when electron(s) falls into a hole (Atkins discusses 4 types of reaction but 

ultimately admits there is just one. When a negative electron falls into a positive hole, there is a 

reduction in potential energy to a more energetically stable state.) 
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Using a Conductivity Indicator for more evidence 

The CLEAPSS Conductivity Indicator (Fig 

16) is made by placing a battery (I use a 9V 

battery) in series with a suitable resistor to 

protect the LED. The electrodes are 2mm-

diameter carbon-fibre rod, which is much 

more robust than graphite electrodes, but 

copper wire or metal paper clips can be 

used. The prongs can then be placed on 

solids or in liquids (puddles) to see if the 

LED lights up to indicate the conduction of 

electricity.  

Fig 16: The CLEAPSS Conductivity 

Indicator 

 

 

The extract on the right (Fig: 17) is from a 

worksheet I use in teacher workshops.  

The paper is inserted into a plastic folder. 

Grains of salt are placed on the black 

rectangle. A puddle of distilled water is 

placed in the circle. When the carbon-fibre 

prongs of the indicator are placed in the 

water, there is no light on the LED. A 

pointed wooden splint is wetted, placed in 

the salt and a few crystals are inserted in the 

edge of the puddle. No light appears at first 

but within a minute, the LED gets brighter 

and brighter and bubbles appear at each 

electrode; this is electrolysis. 

A Video is availablev. Fig: 17 

 

Here you have direct evidence that solvated ions from the dissolving ionic solids allow 

electricity to pass through the solution by means of electron transfer (redox reactions, specifically 

electrolysis) reactions at the electrodes. The influence of the electrode is very localized (See 

Interlude 3). 

An issue to be resolved now is whether the solid salt consists of neutral molecules or 

charged atoms (ions). An important piece of evidence suggesting that the solids are ionically 

bonded is that salts conduct electricity when molten. It is traditionally a difficult procedure in 
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schools but the microscale approach makes it accessiblevi. Further evidence has been supplied by 

X-ray crystallography.  

Interlude 3 

Fig 18 

The Statement in Fig 18 is from an English  

Examination Board Chemistry syllabus for 

students up to 16 years oldvii.  

 

The statement is mistaken in emphasizing 

that the electricity causes the ions to move 

to the electrodes. The solvated ions are 

already free to move about the solution. 

The statement has arisen because writers of 

the syllabus have taken the macro 

observation of electrolysis and applied it 

directly to the explanation at the nano-level. 

Teachers’ knowledge of what happens at 

electrode surfaces is not well founded. 

Helmoltz double layers are hardly taught, 

even in University courses, but the range of 

influence of the charge on the electrodes on 

diffusing water and solvated ions away from 

the electrode, is as low as 10-5mm, ie, 10nm; 

it does not span the whole distance between 

the two electrodes. 

 

How does the Diffusing Precipitate (Fig 7) occur? 

Electrostatic attraction 

The precipitation reaction is an example of the interplay between electrostatic attractions 

between ions and water molecules at the nano-level. Electrostatic attraction between oppositely 

charged or partially oppositely charged particles is fundamental in understanding 

chemistry. It may become more sophisticated and more mathematical but in schools, the 

foundations have to be laid. Electrostatic attraction is present between sub-atomic particles, in 

covalent, ionic and metallic bonds, in solvation between ions and solvent molecules, complexes 

between ligands and metal ions, in attraction between molecules (eg, hydrogen bonds and dipole 

attractions) and even between molecules of inert gases. 
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Water 

The structure of water is fundamental to dissolving (Martin Chaplinviii). The bent structure 

of the molecule, lone pair of electrons and the electrostatic attraction of electrons towards oxygen 

in the O-H bonds all come together to make the molecule have a dipole. Evidence for this can be 

shown in deflecting a narrow stream of water by bringing a rubber balloon close to it after rubbing 

the balloon on a woollen sleeve to develop an electrostatic charge on the balloon. 

Macro event 1: 

The solids are outside the puddle of water 

Nano-level explanation 

The solids comprise of charged particles called 

ions. (Evidence; when molten, these salts 

conduct an electric current). The ionic bonds 

are represented in 2 dimensions in Fig 19.  

Potassium +ve ions(blue) and iodide –ve ions 

(mauve) are in a crystal structure held together 

by electrostatic attraction between ions. 

Silver +ve ions(grey) and nitrate –ve ions 

(yellow) are in a crystal structure held together 

by electrostatic attraction between ions. 

 

Fig 19 

Symbolic representation  

KI(s), AgNO3(s). Perhaps a better representation is K+I-(s) and Ag+NO3
-(s)? This symbolic 

representation was once tried in the UK but then seemed to fall out of fashion. It was just too 

difficult for the majority of students to understand. The words “atoms” and “molecules” are even 

familiar to primary school children and so fully established in their long term memory. The term 

“ions” is not and introduced in secondary education. This seems to make acceptance difficult. 

Macro event 2:  

The solids are pushed into the puddle from either side and the solids “disappear”.  
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Nano-level explanation 

There is no magical disappearing; the solids dissolve! The electrostatic attractive forces 

between the water particles and the charged particles (ions) overcomes the electrostatic 

attractive forces between the ions in the solid. This is represented in Fig 20. 

This comes as a big surprise to many students as ionic bonds are often described as strong 

bonds requiring lots of energy to break them apart because they have high melting points. 

Fig 20 

Symbolic representation  

  K+(aq), I-(aq) , Ag+(aq), NO3
-(aq) 

The “(aq)” symbol is used to show the solvated ions. It is possible to work out the ratio 

between the number of water molecules and the ions. 

Let us say we use 5 mg of potassium iodide (M(KI)=166 g mol-1) and 5 mg of silver nitrate 

(M(AgNO3))=170 g mol-1). That is 3 x 10-5 mole of each salt as they have nearly the same molar 

mass. Each salt will produce 6 x 10-5 moles of particles. With 2 salts present, there are 12 x 10-5 

moles of ions present in the puddle when they dissolve. How much water is there in the puddle? 

The molar concentration of pure water (1 liter is 1 000 g) is 1000/18 or about 55 mole per liter. 

Our puddle has a volume of about 1 cm3 so 0.055 moles of water present. So there are 0.055/(12 

x 10-5) or a ratio of 460 water molecules per each ion.  

Those close to the ion are held quite strongly by electrostatic attraction. If I were to put 

those water molecules on the diagram of Fig 20 it would be quite a mess so I leave them out but it 

can cause a false impression in visualizing what is happening. The concentration of these salts in 

the solutions is in the region of 0.03 M. 
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Macro event 3:  

A yellow solid appears down the centre of the puddle (Fig 21).  

Nano-level explanation 

To obtain the precipitate line, the charged particles, 

surrounded by water molecules (ie, solvated ions), MUST be 

moving through the other water molecules in the puddle. It is a 

random movement driven by energy taken from the surroundings and converted into kinetic 

energy. It is called diffusion. 

Fact from a students’ long-term memory: Salt (sodium chloride, NaCl(s)) dissolves in water. In 

fact, group 1 salts are soluble in water. So the 

precipitate must be silver iodide. 

The electrostatic attractive forces between 

the silver and iodide ions MUST be stronger than 

electrostatic attractive forces between the silver and 

iodide ions and water. (It is the only way we can explain the yellow line.) So it comes out of the 

solution as a solid. There is a problem for you with 

Fig 22. I have not put any water molecules in the diagram. I try to show the situation with water 

present in Fig 23 it is now getting very complicated. 

Symbolic representation  

K+(aq) +I-(aq) + Ag+(aq)+ NO3
-(aq)            AgI(s) + K+(aq) + NO3

- (aq) 

Figure 21: The precipitate of 

silver iodide 

Figure 22: A model of the precipitate of silver iodide 
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Muddying the waters 

There is a saying in the United Kingdom “Muddying the waters”. It means to make a 

situation unnecessarily complicated and less clear. To ensure that Fig 22 is clear and not 

complicated, all the water molecules have been omitted. In this case, though, water “muddies” the 

vision we have in our minds of what is happening. Even Fig 23 with water molecules added is 

simplified as it is drawn in 2 dimensions. The atoms are not circles but spheres and there are tens 

of water molecules more that have been missed out. The center shows the silver iodide precipitate 

with water attached to the surface and around them are the spectator ions. 

 
Fig 23: 
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CONCLUSION 

Alex Johnstone (Interlude 1) said that when introducing a topic, only deal with two corners 

of the triangle at any one time until you get to revision time. Teachers should be able to move from 

corner to corner because of their knowledge and experience. In doing so you bring together all of 

Chemistry into a holistic science as shown by Peter Atkins’ core ideas (Interlude 2). It is very easy 

for students, teachers and even exam-question setters to be side-tracked from what is happening at 

the nano-level by the macro event and to give particles human characteristics (Interlude 3). 

Norman Reid wrote an appreciation of Alex Johnstoneix. In it he states “The aim was to allow the 

young learners to look at the world around from the perspective of chemistry and to see what 

insights and understandings chemistry offered in making sense of their world.” [5] (See Interlude 

4)  

I started teaching chemistry in 1970 when we made precipitates by mixing two liquids 

together. On starting the microscale chemistry project, I became more focused into the micro 

events happening, and I began to understand the nano-level interpretation. I doubt that most 

students at school level will ever get this far, but teachers need to. Teachers need to be ahead of 

the game. There will be some students who do understand and they may be the ones to go on to be 

chemistry teachers, chemists at University or in Industry. One of the pleasures in teaching is after 

40 years, former students come back and say, thank you. It may only be a few but it makes the 

profession so rewarding. 

 

Interlude 4: Why is precipitation of solids in chemistry important? 

“Why do we have to know about this?” is a cry from students. Water is necessary for life. 

Our bodies are on average between 57 and 60% water and as high as 70% in infants. Any water 
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we consume needs to be free of biological and chemical additives so that humans and animals are 

not poisoned. Precipitation is used to clean water of chemicals, both natural and polluting, such as 

heavy metals from naturally occurring rocks, land water and in the sewer system. The sea 

precipitates out carbon dioxide as calcium carbonate and keeps the pH reasonably constant. A 

decrease in sea-water pH affects coral growth and affects the ecology of the system. 

Precipitated mordants are used in the dye industry. They are used as pigments in paint. 
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i Bob Worley, FRSC, MSc, BSc, PGCE is the (semi-retired) chemistry advisor for CLEAPSS 

(http://science.cleapss.org.uk/) in the UK. He studied chemistry at the University of Sheffield. He then taught 

students for 20 years, 16 years as Head of Department at Norwich School.  

In 1991, he joined CLEAPSS as the Chemistry advisor. 

In carrying out these duties, Bob gained an interest in miniaturising experiments. His enthusiasm was supported by 

CLEAPSS and the family of international chemists who support the International Symposia on Microscale 

Chemistry. 

You can see more about these procedures and how they help students understand chemistry on 

www.microchemuk.weebly.com . 
ii Iron(II) sulfate is a green solid. Do make sure it is green. When damp it oxidises to brown iron(III) salts. Some text 

books recommend dissolving the green solid in 1 M sulfuric acid. To obtain the precipitate, extra sodium hydroxide 

solution needs to be added to neutralise the acid. I prefer making the solution in water immediately before the 

students use it. 
iii If readers would like a copy of these sheets, then please send a communication to bob.worley@clepass.org.uk 
iv http://www.scootle.edu.au/ec/pin/HVFJXB?userid=71715  
v https://youtu.be/JxXDKk6H-NQ  
vi The evidence that salts contain electrically charged atoms (ions) is their ability to conduct electricity when molten. 

You can find a microscale version of the electrolysis of molten lead bromide (0.5 g used) on 

https://youtu.be/LwwmRP8Zpaw. If lead salts are banned from use by your employer, then silver bromide may be 

used in place of lead bromide. 
vii https://www.aqa.org.uk/subjects/science/gcse/chemistry-8462 
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https://youtu.be/JxXDKk6H-NQ
https://youtu.be/LwwmRP8Zpaw
https://www.aqa.org.uk/subjects/science/gcse/chemistry-8462
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viii http://www1.lsbu.ac.uk/water/martin_chaplin.html (go to site index). This site is a most comprehensive website 

about water. 
ix A tribute to Professor Alex H Johnstone (1930–2017) His unique contribution to chemistry education research 

Norman Reid, https://doi.org/10.1515/cti-2018-0016 
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ABSTRACT 

In order to simulate basic features of the natural cycle of photosynthesis and respiration, a 

model experiment called Photo-Blue-Bottle PBB has been developed. According to the title of this 

paper, the experiment will be presented and interpreted in accordance to basic contents from 

science education. An extended version of the PBB experiment also enables the evolution of 

hydrogen. This is a key step towards a prospective technological scenario with solar light driven 

production of “green fuels”. The concept of electronically excited state, the “heart of all 

photoprocesses” (N. J. Turro), will be completed by further teaching experiments and concepts 

concerning the up-to-date topic of photoactive molecular switches. [African Journal of Chemical 

Education—AJCE 9(3), November 2019] 
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INTRODUCTION 

A fundamental demand on science education today is to communicate core principles of 

chemistry, physics, biology and computer sciences in close combination with everyday life 

experiences of students as well as in combination with convincing applications from modern 

science and technology. Photochemical and photophysical processes are par excellence suitable to 

fulfill this requirement. Therefore, research in science education is challenged to develop 

experiments, concepts and teaching materials which help to interpret and communicate 

photoprocesses in a manner that is exciting and understandable. Doing so, research in chemical 

education contributes in bridging the gap between the state of the art in advanced science and 

technology and science education in schools and universities (Figure 1). 

 

Fig. 1: Internet platform “Chemistry with Light” provided by the Chemical Education Research 

Group from the University of Wuppertal [1] 

 

 

The “big five” global challenges in the 21st century 

In view of the “big five” global challenges in the 21st century that are related to the terms 

energy, food, water, climate and mobility, mankind has to replace energy from fossil fuels step by 



AJCE, 2019, 9(3)                                                                                                             ISSN 2227-5835                                                                                                                                               

122 

 

                                                                                                                                                             

step by renewable energies. Solar energy is definitely not only the most abundant one of them, but 

also the cleanest. Accordingly, the contribution of solar energy in the global energy mix is 

estimated to increase until the end of the 21st century to more than 60% [2]. In addition to 

photovoltaics and solar heat, artificial photosynthesis of “green fuels” is a promising option for 

exploiting the enormous supply of solar radiation on our planet. In regard to the topic light for 

green chemistry, there are mainly two different scenarios being discussed (Figure 2). 

 

• One scenario intensively debated and investigated suggests carbon containing fuels, 

prepared by CO2 sequestration and subsequent photocatalytic reductive conversion with water 

using solar light into carbon containing fuels such as methanol or hydrocarbons.  

• A different route includes molecular hydrogen either as an intermediate or as the target. 

Indeed, hydrogen produced directly by solar irradiation is an excellent “green fuel”, that can be 

used in different ways to regain the energy stored. 
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Fig. 2: “Artificial photosynthesis for sustainable fuel and chemical production” - title and chart 

from Angew. Chem. Int. Ed. [3] 

 

Microscale Chemistry - versatility and sustainability in chemical education 

With respect to the philosophy of Microscale Chemistry, chemical education is challenged 

to focus on the basic principles of green chemistry and to exploit the advantages of sustainable 

microscale-sized experiments. In this sense, the topic of artificial photosynthesis and adequate 

experiments using small reaction containers, harmless chemicals, and inexpensive LED-torches or 

sunlight are not only scientifically relevant but also highly motivating for young people. Teaching 

experiments for artificial photosynthesis should mimic and point out bio-inspired strategies of 

natural photosynthesis. First of all, they have to illustrate the reaction type of a light driven 

endergonic reduction providing for clearly observable and coherently interpretable phenomena. 

Accordingly, science educators should feel guided by A. Einstein’s statement elaborated in 1955: 
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“A pretty experiment quite often is more precious than twenty equations bred in the thinking 

retort.” 

A “pretty” experiment   

The experiment proposed here is called Photo-Blue-Bottle PBB. The reason for this is the 

production of a blue compound by irradiation of the PBB solution (Fig. 3). This is caused by the 

endergonic, light driven reduction of a colorless substrate to a blue reduced species. However, the 

reaction occurs only with the aid of a visible light absorbing photocatalyst (see chemicals below). 

The reduction, as well as the re-oxidation of the reduced species with oxygen from air, realized by 

shaking the vial, are visualized as color changes from yellow to blue and vice versa. The 

phenomenological cycles yellow-blue-yellow (reduction-oxidation cycles) can be repeated more 

than 20 times, using just 3 mL of the PBB solution in a 10 mL vial, as is shown in Figure 3. 

 

Fig. 3: Basic version of the Photo-Blue-Bottle experiments; irradiation and shaking of the PBB 

solution as Screenshots from video-supplements provided via Ref. [4] 

 

In order to prepare the PBB-solution, dissolve: 

 1 g of EDTA (ethylene-diaminetetraacetic acid disodium salt, Merck/Sigma-Aldrich, CAS 

No. 6381-92-6),   

 561 mg of ethylviologen (1,1′-Diethyl-4,4′-bipyridinium dibromide, Merck/Sigma-

Aldrich, CAS No. 53721-12-3), and  
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 15 mg of proflavine (3,6-Diaminoacridine-hemisulfate, Merck/Sigma-Aldrich, CAS No. 

1811-28-5) 

in 500 mL of distilled water. The yellow solution should be stored in a brown glass flask with 

screw cap. The solution remains stable and usable for several months in such a container and 

suffices for at least 15 groups of students if they use microscale equipment. 

A simplified explanation for the color cycles in the PBB experiment can be given by the 

coupled reaction cycles depicted in Figure 4. The color of the PBB solution changes from yellow 

(caused by PF+) to deep blue (caused by EV+) by irradiation. If oxygen is introduced into the blue 

solution (for instance by shaking the vial), EV+ is re-oxidized into the colorless EV2+. The 

endergonic reduction of an ethylviologen dication EV2+ to a monocation EV+ is photocatalized by 

proflavine PF+. 

 

 
 

                
                                       
                                                               Fig 4: Coupled reaction cycles in the PBB 
                                                               experiment (top).               

                     Formula of the substrate ethylviologen EV2+ and 
the 
                                               photocatalyst proflavine PF+ (below). 



AJCE, 2019, 9(3)                                                                                                             ISSN 2227-5835                                                                                                                                               

126 

 

                                                                                                                                                             

     
The excited state of the proflavine monocation PF+* initially generated by blue light absorption 

(λmax = 445 nm) acts as reducing agent for EV2+, oxidizing itself to PF2+ in the process. The 

photocatalyst monocation PF+ is regenerated from PF2+ by electron capture from the sacrificial 

donor EDTA. Consequently, EDTA is irreversibly consumed during irradiation, whereas 

proflavine goes through many reaction cycles, that is photocatalytic oxidation-reduction cycles, 

without being consumed. (Note that the concentration of proflavine in the PBB solution is 

approximately only 1% of the concentration of ethylviologen). 

In order to understand why the PBB experiment works as described above, the redox 

potentials of the involved redox pairs have to be considered (Figure 5).  

 

 
Fig. 5: Redox potentials of redox pairs in the PBB experiment 

 

Since E0(EV+/EV2+) = − 0,48 V, a redox pair with E0 < − 0,48 V is needed for the reduction 

process EV2+ → EV+. This becomes available after the electronic excitation PF+ → PF+*, because 
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the redox potential of the photocatalyst changes dramatically by electronic excitation from 

E0(PF+)/PF2+) = + 1,1 V to E0(PF+)/PF2+)* = − 0,6 V (see the yellow arrow in Figure 5). The 

electronic excitation by absorption of a photon is actually always the very first elementary process 

of every light driven reaction or multistep cascade of reactions. The numbered redox reactions in 

Figure 5 correspond to the reactions taking place in the coupled cycles shown in Figure 4. It should 

be emphasized that except for the initial electronic excitation 1, all other elementary processes 

consist of a reduction/oxidation pair. These are the pairs 2/3, 5/4, and 7/6 highlighted in Figure 5. 

Obviously, there are some similarities between the reaction cycles in the PBB experiment 

and the natural cycles of photosynthesis and respiration:   

 the carbon cycle in natural photosynthesis and respiration is similar to the ethylviologen 

cycle in the PBB experiment,  

 the photocatalyst in the experiment works like chlorophylls and other pigments in green 

leaves,  

 the photocatalytic active species are colored, they absorb visible light, 

 all reactions occur in aqueous solution,   

 oxygen from the air is the oxidizing agent in both cases, and 

 light is the driving force for the endergonic reduction.  

However, no evidence has been given that the photoreduced substrate is an energy storage 

system similar to the sugar produced in natural photosynthesis. So we felt compelled to develop 

another suitable experiment that can be used to determine whether energy is converted and stored 

in the system or not. The question was how to design such an experiment. 

The breaking through idea was, to take into consideration the Nernst equation for the 

couple of the substrate EV+/EV2+. In general, the redox potential should become more negative, 
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if the concentration ratio of the reduced species in a redox pair increases. Consequently, the 

experiment was designed like a photoelectrochemical measuring device connected to a digital 

voltmeter as indicated in Figure 6. 

 

    

Fig. 6: Scheme and photo of a concentration cell with PBB solution; a video-supplement is 

provided via Ref. [4] 

 

Indeed, simultaneously with the blue coloration a voltage is generated and increases up to 

300 mV and more. Even after the lamp is switched off, neither the color nor the voltage changes. 

But it falls down and the color turns back to yellow, if air or oxygen is introduced.  That’s the 

evidence that in the PBB-experiment light energy is converted into chemical energy and stored in 

the reduced substrate. Actually this system works like a “solar rechargeable battery”, like a “solar 

accumulator”. 

Nevertheless, it’s still unsatisfactory, that the reduced species EV+ from the PBB 

experiment is not a veritable green fuel as glucose or other sugars from natural photosynthesis. 

How can we come closer to nature? Can we produce a veritable green fuel such as hydrogen using 

the PBB experiment? 
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The idea for an attempt to realize that, looks like this: Try to collect electrons from the 

reduced species EV+ in the reaction pot containing the PBB solution, transfer them via an exterior 

electric conductor to a Pt-electrode immersed into an hydrochloric acid solution in a second pot 

and connect the two pots with a salt bridge (Figure 7).  

 

 

Fig. 7: Concept of a 2-pot photogalvanic cell for hydrogen production via PBB 

 

In contrast to the PBB versions mentioned above, this 2-pot-photogalvanic cell is an open 

system because the produced hydrogen gas escapes the reaction mixture. 
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Fig. 8: The 2-pot-photogalvanic cell using PBB solution; video-supplements showing hydrogen 

evolution and hydrogen-oxygen explosion test are provided via Ref. [4] 

 

By using the setup shown in Figure 8, 0.2 mL of hydrogen could be generated within 30 

minutes. Although it is not much, it is enough to perform a hydrogen-oxygen explosion test.  

Compared to former published versions of the PBB experiment [5, 6], the microscale 

design as well as the hydrogen production refine and enhance the suitability of this “pretty” 

experiment for teaching chemistry with light. 

How much theory is necessary? 

Repeatedly, teachers and students get afraid when they try to anticipate the theoretical 

background necessary for teaching photochemistry. But when you actually look at what is needed 

to begin understanding photochemisty, is just the following simple concept at the level of a 

paradigm, i.e. a pattern of thinking:  

“The ‘photo’ part of molecular photochemistry is a historical prefix and is now too 

restrictive. It is now clear that electronically excited states of molecules are the heart 

of all photoprocesses. The excited state is in fact an electronic isomer of the ground 

state”.  

This paradigm has been formulated by N. J. Turro in 1978 [7]. Actually, it is suitable for 

the explanation of all photoprocesses in a didactically reduced, but scientifically consistent 

approximation. In general, the excited state A* emerges from an electronic excitation of a molecule 

by absorption of a photon (Figure 9). 
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Fig. 9: Generation of the excited state A* and deactivation routes without and with chemical reaction 
 

But according to Turro’s statement, the excited state A*, is not necessarily generated by 

light irradiation, it can also emerge from an exergonic chemical reaction as well as by supplying 

of electrical energy. Actually, A* can deactivate or react in very different ways too. So we get a 

veritable “zoo” of photoprocesses stretching across different types of luminescence, photovoltaics, 

energy transfer, isomerization and redox reactions (Figure 9).   

 

A molecular switch for fascinating photochemistry 

Compounds that undergo reversible isomerization reactions by irradiation with light of 

different wavelengths belong to the class of photoactive molecular switches. The isomerization is, 

in general, accompanied by changes of macroscopic properties. The commercially available 

spiropyrane (Figure 10) can really be considered a dream compound for chemical education as 

starting material for a variety of microscale experiments. 
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Fig. 10: Molecular switch spiropyrane/merocyanine 

Experiments using the isomer pair spiropyrane/merocyanine in different nano-

environments (solvents and/or rigid matrices) at different temperatures and with different light 

sources (different wavelengths) serve for introducing, expanding and differentiating basic concepts 

of general chemistry and photochemistry, for instance: 

 the phenomenon and the concept of a photoactive molecular switch, that is switching a 

property ON and OFF by remotely controlling it using light only, 

 the relation between the molecular structure and the color generated by a compound, 

 the relation between the molecular structure and the reactivity of a compound by irradiation 

at a given wavelength, 

 the different reaction pathways of a photochemical reaction in contrast to a thermal 

reaction, 
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 the temperature-dependence of the reaction rate of a photochemical reaction in contrast to 

that of a thermal reaction, 

 the phenomena and concepts of photochromism and solvatochromism, 

 the functional principle of logic gates  

 the phenomenon and concept of aggregation induced fluorescence, 

 similarities and differences between the thermodynamic (chemical) equilibrium and the 

photosteady (photostationary) state, 

 the conceptual design of devices that work as optical logic gates following the rules of 

Boolean Algebra. 

Even though the paradigm of excited state of molecules, the “heart” of all photoprocesses, 

is basically the only additional theory needed to teach all these contents at a reasonable level for 

high school and college, further theoretical background as well as the connection to common 

contents of general chemistry are given in recently published papers [7-8].  

 

  
Fig. 11: Writing and erasing on the “intelligent” foil containing the molecular switch 

spiropyrane/merocyanine; short videos are provided via Ref. [4] 

 

 

Several tutorials and model animations concerning experiments with the molecular switch 

spiropyrane/ as well as the concepts enumerated above, are provided on the internet platform [1]. 
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ABSTRACT 

In this study we used small-scale chemistry kits (MYLAB) in order to promote small-scale 

experiments as a pilot project in two Ethiopian secondary schools.   Laboratory conditions and 

experimental practices were assessed by interviews with the school principals and questionnaires 

to grade 10 students and the chemistry teachers. The teachers were given a hands-on training. 

Experimental and control group of students were selected based on their grade 9 chemistry 

performances. Both groups were given a pre-lab talk; thereafter experimental group students 

conducted the experiments. The laboratory condition assessment revealed problems with 

chemicals, equipment, apparatus, electric installation, running water and technically-trained staff. 

The introduction of the kit into the schools and the hands-on training were considered a great 

achievement by the school principals and the teachers in alleviating the problems of chemistry 

practicals in the schools. [African Journal of Chemical Education—AJCE 9(3), November 2019] 
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INTRODUCTION 

Every science learner should have practical scientific experiences. However, the reality in 

most Ethiopian schools involves learning sciences through pictures in books, drawings on the 

blackboard and questions in examinations. The gap between ideal learning and the real situation 

is basically due to shortages in budget, laboratories, equipment, chemicals, and the problems 

related to repairs and maintenance. These problems could be alleviated using the small-scale 

approach because experiments are in a small-scale. 

The chemical education in Ethiopia is not up to the level expected. One of the many 

possible reasons is inability to do practical activities in the primary and secondary schools syllabi. 

Therefore, this study aimed at making use of small-scale chemistry kits (MYLAB) in order to 

alleviate the long-standing problems of chemistry practicals in two secondary schools. 

The study was conducted in Dilla and Wenago secondary schools, which are situated South 

of Hawassa, the capital of South Nations and Nationalities Peoples Region (SNNPR), Gedeo Zone, 

Ethiopia. The schools were selected on the basis of proximity to the researchers’ residence, the 

school type and standard.  

 

LITERATURE REVIEW 

It is not realistic to think about effective chemistry education without including 

experimentation. As Bradley (2001) asserts, the following quote reflects a universal opinion and 

expectation: “Chemistry is fundamentally an experimental subject … education in chemistry must 

have an ineluctable experimental component” [1]. However, for years, the very high cost of 

constructing and equipping laboratories has prompted many schools and even some universities in 

Africa to adopt a theoretical approach to science teaching [2]. The concept of small-scale science 
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kits appears to have been conceptualized in 1993 by the RADMASTE center (Centre for Research 

and Development in Mathematics, Science and Technology Education) of the University of the 

Witwatersrand in Johannesburg, South Africa [2]. “The underlying assumption of small-scale 

chemistry experimentation is less is more: less costs, less demand on chemicals and equipment, 

less ‘chalk and talk’ teaching, for more understanding, more motivation, more safety, and more 

‘hands-on and minds-on’ learning activities” [3]. 

Small-scale chemistry refers to an approach or technique for carrying out experiments on 

a reduced scale using small quantities of chemicals and often with simple equipment [4-5]. Small-

scale chemistry involves scaling down of chemical reagents to the minimum rather than those used 

in traditional laboratories; and shifting from glassware to modern polymer or plastic materials [6]. 

The concept of small-scale chemistry was introduced to many African countries through 

workshops. The workshop is usually conducted in such a way that a hands-on experience is 

interspersed with discussions. On top of that a videotape demonstration is usually included. As 

Bradley pointed out, in workshops teachers smiled, and kept on smiling to the end and found 

students smiling while conducting small-scale experiments in the classrooms [7]. In South Africa 

the small-scale science concept found its way into many different workshops. The impact was 

consistently positive, everyone succeeded in using the new small-scale equipment. Furthermore, a 

majority of students were able to experience chemistry firsthand as the need for a traditional 

laboratory was removed and chemistry education might be revolutionized worldwide. It was 

therefore considered by school teachers, science inspectors and a few university lecturers as a 

promising solution to the problem of practical work provision [8]. 
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METHOD  

This small-scale study included three phases. The first included a context analysis and a 

literature review. The context analysis was meant for gaining insight into the practical teaching 

and learning chemistry in the two secondary schools with more emphasis to implementation 

challenges. The literature review aimed at gaining insights into small-scale chemistry as a 

promising example of low-cost methods for promoting practical work in chemistry teaching. The 

second phase involved development of small-scale chemistry experimentation student’s worksheet 

and testing out its feasibility. The third phase of the study was focused on the hands-on training of 

the teachers and the introduction of the small-scale (MYLAB) kits into the selected secondary 

schools.  

Participants and setting 

80 grade 10 students (40 experimental and 40 control groups) were selected for this study, 

in the schools. However, the number of students who replied to the questionnaires was only 31 

and those who answered were all from the experimental group. The number of students 

participating throughout the course of the study was 43 (22 from control and 21 from experimental 

group). Of these 25 were male and 18 were female, aged between 15-18 years. The technique used 

to select students was a purposive sampling method. As the study was a pilot, two groups 

(experimental & control) in each of the two schools were organized. Students were selected for 

the two groups on the basis of their grade 9 chemistry performances such that 5 students had scored 

below 50% (slow learners), 10 students in the range 50-70% (average students) and the remaining 

5 students in the range 71-100% (fast learners) in grade 9 chemistry subject. Pre-laboratory talks 

were given to experimental & control groups equally by the researchers for each experiment. 
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Students in the experimental group conducted the experiments under the guidance of the 

researchers and the school chemistry teachers. 

Two secondary schools in Dilla and Wenago towns were selected on the basis of proximity 

to the researchers’ residence, the school type and standard. Wenago secondary school is a typical 

government school whereas Donbosco secondary school is a private (Catholic Church) school and 

is of better standard. 

All chemistry teachers (3 from Wenago and 1 from Donbosco) and the school principals 

of the two schools participated in the study. All teachers were male with teaching experiences (at 

the currently working schools) ranging from 1 to 10 years and total teaching experiences ranging 

from 6 to 16 years. All teachers in Wenago had bachelor of education degrees in chemistry whereas 

the teacher in Donbosco had an MSc degree in chemistry. A three days hands-on training was 

given for all four of them.  

 

Instruments 

Instruments of data collection included questionnaires, interviews, quizzes, checklists, 

assessment of grade 10 chemistry textbook & school laboratory, and focused group discussions. 

Separate questionnaires containing open- and close-ended questions were prepared for chemistry 

teachers and the grade 10 students (experimental groups), in order to gain insight into the practical 

teaching and learning of chemistry in the schools, with an emphasis on implementation challenges. 

Unstructured interviews were prepared for the school principals. The same types of quizzes were 

given (for both groups) before the pre-laboratory talk in order to examine the impact of small-scale 

chemistry approach on students’ cognitive learning. Students in the experimental groups were 

made to make a self-evaluation on the various aspects of the experiments, by using the checklist 
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from the MYLAB kit. A grade 10 chemistry textbook (2010 edition) was assessed and a student’s 

worksheet for each of the 16 small-scale experiments prepared for use with the MYLAB kits. The 

feasibility of the experiments in the worksheet was tested twice by the researchers, and 

amendments were made accordingly. The schools’ laboratory conditions were also assessed by the 

researchers. Separate discussions were made before (on the purpose and aim of the study and the 

roles of participants) and after introduction of the kits (on the reactions and opinions) into the 

schools with grade 10 students, chemistry teachers and school principals. 

The students’ data (from questionnaire) were converted into percentile and discussed and 

the results were briefly presented. Data from the school principals’ interviews, researchers’ 

laboratory assessments and discussions with students, chemistry teachers and school principals 

were analyzed qualitatively. Data obtained from the teachers’ questionnaires were analyzed 

quantitatively as well as qualitatively. 

 

RESULTS AND DISCUSSION 

First Round Discussion with Students  

A 30 minutes’ discussion was made with the students in each school on the purpose of the 

project and their roles therein. Some issues raised by the students were: what would be their 

benefits from the project, if the marks they were scoring on the quizzes were to be part of the total 

mark or not, and whether the control group could be allowed to do the experiments somehow? To 

these issues we explained the benefits they could get by doing the experiments and that we would 

give prizes for the first three high scoring students in both groups. The control group students were 

promised to be allowed to do the experiments after the experimental group students had completed 

them. The idea of giving certificates for the active participants in the project came from students’ 
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side and was a novel idea. Otherwise all we did was trying to help them understand the short and 

long term benefits of the study in their schools in particular, and at the national level in general. 

After the discussions students came to a consensus to participate in the study.  

Students’ Questionnaire  

Only one student in Donbosco School did not get the opportunity to do or demonstrate 

experiments in the various grade levels up until grade 10 (Table 1). The reason given by the student 

was lack of the necessary chemicals and apparatus in the school laboratory. 

Table 1 Responses given by students to the questionnaire 

 

No 

 

Question 

 

Response 

Respondents 

(Donbosco) 

Respondents 

(Wenago) 

Number % % Number 

 

 

1 

 

 

How much do you like learning 

chemistry subject? 

    Very much 7 41.2 57 8 

    I like it 4 23.5 28 4 

    Fairly 6 35.3 15 2 

    Very little 0 0 0 0 

    I don’t like it  0 0 0 0 

 

2 

 

Is there functional laboratory in 

your school? 

    Yes there is 17 100 0 0 

    No there isn’t 0 0 78 11 

    I don’t know 0 0 22 3 

3 If you have functional laboratory 

in your school, have you done 

some experiments from the grade 

10 chemistry textbook? 

 

    Yes I do 

 

17 

 

100 

 

0 

 

0 

 

 

    No I don’t 

 

0 

 

0 

 

100 

 

14 

 

4 

 

Has your chemistry teacher done 

or made you do experiment(s) in 

the classroom? 

 

    Yes he/she did 

 

13 

 

76 

 

0 

 

0 

 

    No he/she didn’t 

 

4 

 

24 

 

100 

 

14 

 

5 

 

Has your chemistry teacher 

demonstrated (for you) or made 

    Yes he/she has      

    done and made  

    me do 

 

16 

 

94 

 

71 

 

10 
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you do experiments at any grade 

level in the school(s) you have 

attended up until grade 10? 

    No, he/she 

neither    

    did nor made me  

    do 

 

1 

 

6 

 

0 

 

0 

 

    I don’t 

remember 

 

0 

 

0 

 

20 

 

3 

 

 

The experience in Donbosco School in relation to students’ intake was that most of the 

students came from the second-cycle (grade 8) of the same (catholic) school. Very few students 

join the school from neighboring government schools. On the other hand, students in Wenago 

School came from the various second-cycle schools in Wenago town or the surrounding areas, 

where the possibility of having functional laboratories is almost nil. 

Second Round Discussion with Students 

A 20 minutes’ discussion was made in order to evaluate the students’ reactions to their 

results and to the MYLAB kits. All of them agreed on the usefulness of the kit in helping them get 

better chemistry practicals. Most of the students were pleased on getting the opportunity of not 

only looking but actually for doing experiments. They did not deny the fact that handling the small-

scale apparatuses was very challenging. The second challenge was lack of time to come to school 

only for this purpose (Wenago School). All of them were happy for having conducted 15 

experiments, which would otherwise have been impossible.  

First Round Discussion with Chemistry Teachers 

Discussions with teachers were made in the schools on the aim and their roles in the project. 

Information on each of the three days of hands-on small-scale training was also given. After the 

discussion, the teachers agreed to participate in the study.   

Teachers’ Questionnaire 
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In Wenago school there appears to be no building for laboratory purpose. In addition, 

getting chemicals for grade 10 chemistry experiments is a particular problem. The reasons 

mentioned were that no attention was given to procuring chemicals because the laboratory is non-

functional, as well as that the cost of chemicals is high and the school does not have enough budget 

to buy these. 

In Donbosco School many of the chemicals already available in the laboratory were not for 

the experimental activities in grade 10 chemistry and this was one explanation for not having 

conducted more than 41-60% of the experiments in the grade 10 textbook. Another reason for not 

having completed more experiments in Donbosco was that, at the time the questionnaire was 

collected, only half of the school year had elapsed. 

Except for one teacher in Wenago, all teachers agreed on the inability of doing experiments 

in the classroom as the experiments were designed in such a way that they could only be done in 

a laboratory. However, the agreement on the presence of many experiments that could be done in 

the classrooms by the other two teachers from Wenago and the teacher in Donbosco, revealed their 

weakness even though they reasoned there was insufficient time allotment for teaching chemistry 

including practical activities. In the Ethiopian secondary schools’ laboratory schedules are not 

included in the time table of the normal teaching and learning process. Therefore, it is up to the 

teachers and the students to arrange laboratory schedules usually either in the other shift or on 

Saturdays and Sundays. This is not being considered as part of the proper load for the teachers and 

hence no teacher is encouraged to do so.   
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Table 2 Teachers responses to questions in the questionnaire 
No Question Response  Wenago Donbosco 

1 Is there functional laboratory in your school? Yes -  

No 3 - 

2 If you have nonfunctional laboratory in the school, what does it 

lack? You can choose more than one. 

Running water 3 - 

Electricity 3 - 

Proper workbench 1 - 

Some of the basic apparatuses  
3 

 
- 

Some of the necessary chemicals  

3 

 

- 

3 Is there any problem of getting chemicals for the experiments in 
grade 10 chemistry in your school laboratory? 

Yes 3  

No - - 

I don’t know   - - 

I am not sure - - 

4 

 

 

Have you assessed your laboratory facilities (e.g. chemicals, 

apparatus, etc) with regard to the possibility of doing experiments 

in the grade 10 chemistry textbook? 

Yes -  

 

 
No 

 

 
3 

 

 
- 

5 If your response for question number 4 is “Yes”, what percent of 

the experiments could be done in the school laboratory? 

91-100 % - - 

81-90 % - - 

61-80 % - - 

41-60 % -  

30-40 % - - 

Below 30 % - - 

6 
 

If there is a functional laboratory, have you done experimental 
demonstration(s), in grade 10 chemistry for the students? 

Yes -  

 

No 

 

3 

 

- 

7 If your response for question number 6 is “Yes”, how many 

experiments have you done from the grade 10 chemistry 
textbook?  

1-3 experiments - - 

4-6 experiments -  

7-9 experiments  - - 

More than 9 experiments - - 

8 Can you do some experiments in the classroom for students in 

your school based on the procedure set in the grade 10 chemistry 

textbook?  

Yes 1 - 

No 2  

I don’t know - - 

9 How do you rate the interest of students towards doing 
chemistry experiments? 

Very high -  

High 2 - 

Medium - - 

Low - - 

Very low     - - 

It is difficult to rate  1 - 

 
 

 

10 
 

 

 
 

 

Which one, do you think, is right? 
 

All of the experiments in the grade 10 
chemistry textbook can only be done in 

the laboratory 

 
2 

 
- 

Many experiments can be done in the 

classroom from the grade 10 chemistry 
textbook 

 

1 

 

 

11 Have you ever heard about small-scale experimentation? Yes - - 

No -  

Yes I do but I am not clear about it  
3 

 
- 

12 Are you ready to get training on small-scale experimentation so 

that you can do experiments, in small-scale? 

Yes 3  

No - - 

I am not sure - - 

Though it is difficult to accept the rating of students’ interest as very high and high by the 

teachers in Wenago School as the students did not do any experiments, the teacher in Donbosco 

School having seen students do experiments testified it as very high. However, it is very difficult 

to accept this as the teachers rated them having not seen students do many experimental activities. 
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Absence of enough knowledge of small-scale experimentation was reasoned out by the 

teachers saying that they did not come across the concept of small-scale experimentation in their 

educational career. It is true that the teachers did not come across the concept of small-scale 

experimentation as it is not familiar in the Ethiopian secondary schools, colleges and universities, 

so that the chemistry teachers showed interest to get training on small-scale experimentation.  

A Hands-on Training 

Three chemistry teachers (from Wenago) and one chemistry teacher (from Donbosco) were 

given a three days training by the researchers in Dilla University. In the training, they conducted 

all the 16 experiments in the student’s worksheets. In addition, they were briefed on the historical 

background, significance and advantages of small-scale experimentation. 

The teachers did not believe that the apparatus in the MYLAB kit would enable them do 

experiments in secondary schools, when they actually saw them for the first time, because of the 

small size. However, as they started conducting the experiments they began smiling. On the second 

and third day they enjoyed this thoroughly and were pleasantly surprised by the good results they 

obtained in the experiments. Above all they showed a very promising progress of small-scale 

experimental skill.  

Students’ Evaluation 

Data obtained from students’ quizzes and learner’s self-evaluations are analyzed 

hereunder. 

(1) Students’ Quiz Scores 

Quizzes that contained multiple-choice, fill in the blank spaces, short answer and true-false 

items were administered, in order to evaluate the learning gained in the experimental groups and 

the result is presented as follows. 
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The average achievement difference observed (in the quiz scores) between the 

experimental and control group students in Wenago was 15.17% (Table 3) and in Donbosco it was 

16 % (Table 4). If all of the experiments in the textbook were done throughout the academic year 

and by considering the scores of students as part of their total mark, differences greater than this 

could have been obtained. It is not difficult to imagine how much experimental skills were gained 

from doing the experiments.  Besides observation of unexplainable chemical phenomena, during 

the course of experimentation, is the other important chemical knowledge gained through 

experimentation. 

Table 3 Quiz scores and the difference of the average scores between experimental & control group 

students (Wenago) 
Group Score (%) Average score (%) Difference (%) Average score (%) Score (%) Group 

 

 

 
 

 

Experimental 

83.2  

 

 
 

 

650/11 = 59.09  

 

 

 
 

 

59.09 - 43.92  
= 15.17 

 

 

 
 

 

527/12 = 43.92 

63.4  

 

 
 

 

Control 

78 62.4 

74.9 61.4 

70.7 57 

69.7 54 

65.5 53 

59.3 51 

52 45.8 

50.9 39.5 

45.8 39.5 

35.4 37.4 

- 36.4 

The above results support previous work in small-scale chemistry (Vermaak, 1997 [9]; 

Towse, 1998 [10]) and seem to be consistent with other research which shows that students’ 

participation in practical activities leads not only to greater understanding but also to greater 

interest in the study of chemistry (Demircioğlu et al., 2005 [11])  

Table 4 Quiz scores and the difference of the average scores between experimental & control group 

students (Donbosco) 
Group Score (%) Average score (%) Difference (%) Average score (%) Score (%) Group 

 

 

 
 

 

Experimental 

97.4  

 

 
819.8/10 = 82 

 

 

 
82-66 = 16  

 

 

 
658.6/10 = 66 

78.5  

 

 
 

 

Control 

96.6 73.9 

89.9 71.4 

87.4 68.9 

82.3 64.3 

80.6 64.3 

77.3 63.4 

75.6 61.3 

73.9 58 

58.8 54.6 
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(2) Learners’ Self-Evaluation 

The learners’ self-evaluation checklist was directly taken from the grade 10 student’s 

worksheet, prepared in North West University, South Africa. The intention of the self-evaluation 

was to evaluate the feasibility and ease of using the apparatus in the MYLAB kit, the clarity of 

procedures and observations on the worksheet, and related aspects of experimental activities. On 

their responses students showed their agreement as it is presented hereunder. 

66 % of students did not agree on the sufficiency of their background knowledge to answer 

the background knowledge questions in the worksheet (Table 5). Most (85.5%) students found it 

not difficult to know the experimental procedures in the student’s worksheet. For some students 

the names of the apparatus and preparation of the setups became challenging and they were 

observed seeking for help in the first few experiments. 

Most (85.2 %) of the students agreed that they could easily see the experimental 

observations that were indicated on the worksheet. It is a common practice for students to be unable 

to see experimental observations easily as they were not preparing themselves very well before 

conducting experiments. 

Table 5 Students response for the learner’s self-evaluation 

 

Area of evaluation 

Agree 

completely 

 Agree Agree with 

reservations 

 

Undecided 

Don’t 

agree 

Definitely 

don’t agree 

 

My background knowledge was sufficient to answer the 
background knowledge questions 

 

0% 

 

0% 

 

18.5% 

 

15.5% 

 

22% 

 

44% 

 

I had difficulty in knowing the experimental procedures 

 

2.9% 

 

1.4% 

 

7.3% 

 

2.9% 

 

60.3% 

 

25.2% 

 

I could easily see the experimental observations 

 

51.4% 

 

33.8% 

 

1.4% 

 

4.4% 

 

0% 

 

9% 

 

It was difficult to reach conclusions from the experimental 
results 

 

1.4% 

 

1.4% 

 

4.4% 

 

5.9% 

 

54.4% 

 

32.5% 

 

I could easily relate the experimental result with my 

theoretical knowledge 

 

55.9% 

 

33.8% 

 

5.9% 

 

1.4% 

 

0% 

 

3% 

 

I could not see the relationship between the experimental 

results and my everyday life 

 

4.4% 

 

10.3% 

 

13.2% 

 

11.8% 

 

35.3% 

 

25% 
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In the actual experimental work some students were observed repeating experiments to see 

the observations clearly. 

Most (86.9 %) of the students agreed that it was not difficult to reach conclusions from the 

experimental results that were listed on the worksheet. Actually reaching conclusions from 

experimental results needs good understanding of the experimental activity and getting the 

anticipated result. However there were no evidences that could prove to  us if their testimonies 

were genuine.  

Almost 90 % of the students showed complete agreement on the ease of relating the 

experimental results with their theoretical knowledge. Normally experimental results were 

discussed both in their normal classroom discussions as well as in the pre laboratory talks. 

Henceforth, it will not be difficult for them to relate the experimental results with their theoretical 

knowledge. 

Most (60.3 %) of the students agreed on seeing the relationship between the experimental 

results and their everyday lives. The decrease in the percentage of students that agreed on seeing 

the relationship between the experimental results and their everyday lives compared to the other 

agreements on the various aforementioned points seems genuine. This perhaps is partly due to 

inability to recognize the different chemical phenomena happening in their everyday lives. In 

addition to this most students do not realize the materials they are using in their daily lives were 

chemical substances or the results of a certain chemical process. In addition, they might not 

recognize most of the techniques they are using in their everyday lives as experimental techniques, 

perhaps thinking that chemical processes can only be seen either in chemical laboratories or in 

industries. 

Table 6 Students’ self-evaluation on the ease of following experimental procedures and becoming 

more familiar with handling apparatus 
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It is easier to follow experimental procedures and I am more familiar with handling apparatus 

than in previous experiments 

 

Experiment 

Agree 

completely 

 

Agree 

Agree with 

reservations 

 

Undecided 

 

Don’t 

agree 

Definitely 

don’t 

agree 

4 & 5 46% 30.8% 0% 7.7% 15.5% 0% 

6 & 7 71.4% 14.3% 0% 0% 14.3% 0% 

8 & 9 36.4% 63.6% 0% 0% 0% 0% 

10, 11 & 12 87.5% 12.5% 0% 0% 0% 0% 

13, 14 & 16 88.9% 11.1% 0% 0% 0% 0% 

 

In table 6 above, the ease of following experimental procedures and becoming more 

familiar with handling apparatus than in previous experiments is clearly seen. It is true that at every 

experimental session student got more exposure towards handling apparatus as they must touch, 

screw, unscrew, heat, tie, untie, manipulate, the different apparatus and prepare setup, etc.  As they 

become more familiar with handling the apparatus, it becomes easier to follow experimental 

procedures. 

Table 7 Lesson obtained from the experiment about nature and industry  

This experiment taught me something about nature and the industry that I did not know before 

 

Experiment 

Agree 

completely 

 

Agree 

Agree with 

reservations 

 

Undecided 

 

Don’t agree 

Definitely 

don’t agree 

1-3 46.2% 30.8% 7.7% 15.3% 0% 0% 

4 & 5 61.5% 15.4% 7.7% 15.4% 0% 0% 

6 & 7 57.2% 28.6% 7.1% 7.1% 0% 0% 

8 & 9 45.5% 45.5% 9% 0% 0% 0% 

10, 11 & 12 75% 25% 0% 0% 0% 0% 

13, 14 & 16 66.7% 22.2% 11.1% 0% 0% 0% 

The less percentage of students that showed agreement to the lesson they have got about 

nature and the industry that they did not know before (see Table 7) in experiments 1-5 is perhaps 

due to the laboratory preparation of the compounds (for example ethane, ethene and ethyne) and 

chemical reactions of some compounds (for example toluene and alcohols with active metals). In 

experiment 7 they have prepared soap and hence they could get a lesson about the way soap 

industries prepare soap. 

Though 9% of students agree with reservation learning about nature in experiments 8 & 9, 

the percentage of agreed students increased very much, and no student was unable to decide unlike 
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the previous experiments. In experiment 8 they were supposed to test for acidity and basicity of 

the oxides of substances like sulfur and magnesium. In experiment 9 they have done the effect of 

acids and bases on indicators using acids like HCl, H2SO4, HNO3, the base NaOH and lemon juice. 

Therefore, it is quite obvious that these experiments could teach them about the nature of the 

substances they have used. 

In experiments 10-16 (except 15), the percentage of students who learned about nature and 

industry showed slightly more than the rest of the experiments. The experiments were: the 

reactions of metals and acids (10 & 11), conductance of aqueous acid solutions (12), pH of 

solutions of common substances like lemon juice, vinegar solution, tonic water and tomato juice 

(13), which of course would teach them a lot about nature. The last two experiments are about 

conductivity of electrolytes like distilled water, table salt, sugar solutions, acids and bases (14) and 

constructing simple galvanic cells using tomato, lemon, and solutions of zinc and copper sulfate 

with the various metal electrodes (16), that could teach them about industrial processes through 

which electrolytes get prepared. 

 

Table 8 Becoming up to date with the laboratory techniques and safety precautions 

I am up to date with the laboratory techniques and the safety precautions necessary for this 

experiment 

 

Experiment 

Agree 

completely 

 

Agree 

Agree with 

reservations 

 

Undecided 

 

Don’t 

agree 

Definitely 

don’t agree 

1-3 46.1% 53.9% 0% 0% 0% 0% 

4 & 5 53.9% 46.1% 0% 0% 0% 0% 

6 & 7 57.1% 28.6% 7.15% 0% 7.15% 0% 

8 & 9 36.4% 63.6% 0% 0% 0% 0% 

10, 11 & 12 87.5% 12.5% 0% 0% 0% 0% 

13, 14 & 16 88.9% 11.1% 0% 0% 0% 0% 

 

In all experiments students showed 100% agreement on becoming up to date with the 

laboratory techniques and the safety precautions necessary for the experiments, except in 

experiment 6 & 7 where 7.15% agreed with reservation and another 7.15% did not agree. This is 

perhaps because in experiment 6 they were supposed to prepare an ester (from acetic acid and 

ethanol) and detect the production of the ester by its aroma. However the excess acetic acid in the 
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reaction mixture was an irritant to their nose, and they were observed complaining about that 

during checking out the product formation. There should have been some precautionary statement 

that makes students take care while detecting the product. 

 

Second Round Discussion with Chemistry Teachers 

A discussion was held after completing the experiments and the teachers revealed that it 

had been totally unexpected that they themselves and their students had actually got to do most of 

the experiments in the grade 10 chemistry textbook. They were so happy about this hands-on 

experimental training. All of them recommended the schools to acquire the MYLAB kits so that 

students in other grade levels could benefit too. They requested us to extend the project, and were 

happy with our response as we are not going to quit our project at grade 10 only. As University 

chemistry teachers we have a long term plan of activating the practical teaching of chemistry in 

the nearby secondary schools, as part of the community service rendered by the university. 

 

Discussions with the School Principals 

Discussions were made twice with the school principals. The first was simply a brief about 

the aim of the pilot project to which they responded very positively, allowing us to use all the 

school facilities for the project’s implementation. They also became curious to see the result. In 

the second discussion, after the students had completed the experiments, principals were briefed 

about the knowledge gap between the control and experimental groups, the students’ self-

evaluation results (on the small-scale experiments) and the teachers’ recommendations on getting 

the MYLAB kit. As a result, they have shown interest towards acquiring the MYLAB kit.  
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Interview with the School Principals 

Wenago secondary school principal: According to the principal’s testimony the chemistry 

teachers were last observed doing experiments five years ago. Several reasons were put forward 

to explain this lack of experimental activity. One was the introduction of experimental activities 

through plasma television into the school, which stopped the teachers from doing experiments. 

Another he explained, was the current condition of the laboratory where the water pipelines were 

damaged, and the electric lines were in place but disconnected from the main power. Some 

chemicals were available in the school, but whether these were adequate for grade 10 or other 

grade levels were unknown. The school budget was anyhow too small to cover the cost of 

laboratory facilities. The principal also explained that there is a school grant from funding sources 

other than the government, but this was not sufficient to fulfill the laboratory needs. He was glad 

to allow us to introduce the MYLAB kit to the school. 

Donbosco secondary school principal: According to the principal there is a functional 

laboratory in the school. However, he was not sure if all of the experimental activities were done 

satisfactorily. His doubt was due to the fact that the chemistry class schedule in the normal school 

time was meant only for theoretical learning and experiments were supposed to be done on 

Saturdays, where both teachers and students were not obliged to come to school. According to his 

understanding the laboratory is well facilitated and there were no problems of chemicals, 

apparatus, workbench etc. The school is supported by volunteers from Italy and there is no serious 

budget problem. His willingness to allow us introduce the MYLAB kit to the school was very 

promising.  
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 Assessment of the Schools’ Laboratories  

The laboratory in Donbosco School has the basic facilities like running water, electric 

power, apparatus, chemicals and one workbench (for demonstration purpose). It appears to be 

possible to do some of the experiments with the apparatus available. However, we are not sure if 

the chemicals allow them to do many experiments as most chemicals came from Italy and are 

labeled in Italian. 

The “laboratory” in Wenago School did not possess a proper workbench, electric power, 

running water and there was no proper sewerage. There are very few chemicals, and those which 

are there might have deteriorated. Very few test tubes, beakers and some broken glassware were 

also there. Clearly it is quite impossible to use the room as a chemistry laboratory in the present 

condition. The room was never intended as a laboratory, and to upgrade it to a functional laboratory 

would be very costly. 

 

CONCLUSION 

The school laboratory assessment revealed the existence of a “laboratory” room with very 

few chemicals, equipments, apparatus, no electric power, no proper workbench and no running 

water in Wenago Secondary School and hence the students were unable to do experiments. On the 

other hand, in Donbosco Secondary School, there is a functional laboratory and the students had 

done some half of the experiments in grade 10 and some from the lower grades and in addition the 

teacher had conducted some demonstrations. However also in Donbosco, there appears to be a 

problem due to lack of some chemicals, apparatus and a laboratory technician and the separate 

laboratory scheduling in the school. 
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In both schools there was no clear understanding about small-scale experimentation up 

until this pilot was conducted. Giving hands-on training with the small-scale equipment, to the 

four chemistry teachers, was an opportunity that equipped them with the necessary skills. The 

preparation of student’s worksheets in small-scale experimentation is also a great achievement that 

many secondary schools might use in the future. The introduction of the small-scale kit (MYLAB) 

into the schools was successfully done. Its achievement in motivating the chemistry teachers, the 

school principals and grade 10 students towards a meaningful teaching-learning process of 

chemistry was significant. Beyond the cases studied, the use of small-scale experimentation (such 

as MYLAB) can alleviate the deep-rooted problems of experimental activities in other Ethiopian 

Secondary Schools. 
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APPENDIX 

 

This paper was originally prepared in 2011 in connection with a conference presentation. It was 

however never published. Nevertheless, others working in the same field in Ethiopia were aware 

of the draft paper and of the work it reported. Indeed the work was referred to by GM Tesfamarian 

in a paper presented at ACRICE-1, held in Addis Ababa in 2013 (5-7 December): 

 

‘Microscale chemistry (MSC) experimentation for Ethiopian secondary schools: Development and 

evaluation’ 

 

Subsequent to this an important paper, published in AJCE in 2014, expanded upon this and 

formally included the paper in the list of references (number 42): 

 

G. Tesfamarian, A. Lykknes and L. Kvittingen (2014). Small-scale chemistry for a hands-on 

approach to chemistry practical work in secondary schools: Experiences from Ethiopia. AJCE 

4(3), 48-94. 

 

Around this time, and subsequently, there have been other papers in AJCE from Ethiopian 

researchers, which have added to the picture regarding practical science activities in Ethiopian 

schools: 

 

Yitbarek, S (2012). Low-cost apparatus from locally-available materials for teaching and learning 

science. AJCE 2(1), 32-47. 

 

Engida, T (2012). Development of low-cost educational materials for chemistry. AJCE 2(1), 48-

59. 

 

Maleta,T and Seid, M., (2016) Factors affecting implementation of practical activities in science 

education in some selected secondary and preparatory schools of Afar Region. AJCE 6(2), 123-

142. 

 

Shitaw, D., (2017) Practices and challenges of implementing locally-available equipment for 

teaching chemistry in primary schools of North Shawa zone in Amhara region. AJCE 7(1), 17-30.  
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It is interesting to note also that UNESCO, in cooperation with the Federal Ministry of Education, 

hosted a Microscience Training Workshop in Debre Zeit on 29-31 March, 2011. Teacher trainers 

from across the country (42), as well as curriculum developers participated. This was part of the 

official marking of the UN International Year of Chemistry. The workshop was conducted by JD 

Bradley, M Lycoudi and J Ovens and covered biology, chemistry and physics (electricity) 

experiments, using microscale kits designed by the RADMASTE Centre, University of the 

Witwatersrand, Johannesburg. 

 

In summary, it is clear that around 2011 there was considerable activity in Ethiopia around 

practical work conducted on a small scale or on microscale, and that trial implementation took 

place not only then, but in subsequent years. Nevertheless, it is also evident that interest in locally-

available or locally-produced low cost equipment continued, indicating the reality that, despite the 

interest several years ago, practical science activities are still the exception in Ethiopian schools. 

Publishing this ‘lost’ paper of Tegene and Hussein here, serves to indicate its primary importance 

in the history of the development of practical work in Ethiopian schools. 

 

JD Bradley and T Tole 
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ABSTRACT 

The development of microscale laboratory (ML) over the past 30 years is outlined, 

indicating the extent of support the concept has received during this period. The importance of the 

concept is linked with the aims of green chemistry as well as with a general enhancement of the 

quality of science education. A series of National ML Symposia has been held, the latest (10th) 

being held in Macau in 2019 with some 80 participants. [African Journal of Chemical Education—

AJCE 9(3), November 2019] 
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State of Microscale Laboratory in China 

Thirty years ago, I introduced ML into China, focusing on solving the problems that 

students do little or no experiments. Practice shows that ML not only realizes that each student has 

a set of micro-apparatus, but also can carry out experiments, which strengthened students' practical 

ability. 

ML has also aroused interest in motivating positive learning, fostering environmental 

awareness, and stimulating innovative thinking. ML is not a simplification or miniaturization of 

normal experiments, but an innovative change of chemical experiments under the guidance of 

green chemistry and quality education. 

Innovation runs through the design and development of both micro-apparatus (hardware) 

and ML schemes (software). For example, my colleagues have designed a variety of micro-

apparatus and different experimental schemes for the generation and properties of gases 

specifically. 

Among the various micro-apparatus, those with good results have been included in the 

teaching equipment catalogue of the Ministry of Education for primary and secondary schools, 

requiring schools to prepare the equipment in China. This provided a solid physical condition for 

the promotion of ML. 

Since1990, we have held 10 National Symposia on ML (NSML). Among them, the largest 

was the 4th NSML held at Hangzhou in 1998, which was attended by more than 240 scholars in 

China, including from four places across the Taiwan Strait. Professor T.S. Ma, the International 

Editor of Microchemistry, and Dr.Zvi Szafran, member of the American ML Center, also 

participated. The proceedings of the conference were published in the Journal of Hangzhou 

Normal College and the Collection of Normal Education. At the same time, Mr. Dai Anbang, a 
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professor of Nanjing University and academician of the Chinese Academy of Sciences, now aged 

97, who has always attached importance to chemical experiment teaching, wrote an important 

inscription about the vigorous implementation of ML in middle schools throughout the country, 

which gives us great encouragement. 

So far, more than 1700 academic articles and 40 books related to ML have been published 

in China. Some of them are about micro-experiments of physics and biology in middle and primary 

schools. That’s why, we adopt ML. 

There are many teaching projects with ML as the core component. Eight of them have won 

the National Excellent Teaching Achievement Award. The 10th NSML was just recently (2019) 

held in Macao. This year marks the 150th anniversary of Mendeleev's discovery of the periodic 

table of the elements, the International Year of the Periodic Table of the Chemical Elements of the 

United Nations (IYPT2019), the 70th anniversary of the People's Republic of China, the 20th 

anniversary of Macao's return to the motherland, and the 130th anniversary of Peizheng Middle 

School. In these festive days, the 10th NSML was successfully held in Macao from 23 to 25 July, 

with the full cooperation of the Chinese ML Center, the Macau Peizheng Middle School and the 

Macau Society of Science and Artificial Intelligence Education. More than 80 scholars and 

teachers from four places across the Taiwan Strait participated. The conference included “ The 

Course Establishment of Microscale & Semi-Microscale Organic Chemistry Experiments”, 

"Innovation Three-in-one Model: let ML Blossom in Chongqing", "Promotion of ML Exploration 

in University Chemistry Teaching", "Sustainable Development Education and ML", "Creative 

Interesting Physics and Chemistry ML" ,”The Development and Application of ML Resources in 

Middle Schools”, “The Application of Digital Sensors in ML”,”STEM education in Hong Kong 

and DSE Chemical Innovation ML”, and “The 10th International ML Symposium Briefing ” 一 
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comprising the nine thematic reports and the presentation of ML instruments, experimental 

demonstrations, and talks with poster papers.The progress of ML in four places across the Straits 

in recent years was vividly described, shown and communicated effectively. The main content of 

the meeting is presented in the book “Progress of ML in the Past 30 Years”, which has just been 

published. In addition to the selected papers, the book also contains the inscriptions and messages 

about ML by five predecessor scientists such as Academician Diane Bong. In memory of Mr Dia’s 

outstanding contribution to Chinese chemistry, the participants were deeply inspired and educated 

by his 128-word inscription on the significance and requirements of ML development. 

We have doubled our confidence. We must continue our work of ML, which is beneficial 

to our country, and will do better, so that ML can truly become an effective way to practice the 

construction of an ecological civilization and implement quality education. The book also 

illustrates the ML instrument developed in China, the development process of ML in the past 30 

years and the status of academic exchanges. It fully reflects the struggle process of the ML project, 

winning eight national excellent teaching achievement awards and a number of provincial and 

ministerial awards. These achievements are the result of ML's attention and support from 

educational administrations at all levels and the Chinese Chemical Society, and the Macao Bureau 

of Education and Youth also gave great support to the meeting. Macau Peizheng Secondary School 

and Macau Society of Science and Artificial Intelligence Education have carefully organized and 

implemented the agenda of the conference in accordance with the norms of international academic 

conferences, which made the delegates of the conference generally feel that they had opened their 

eyes and gained a lot. A group of young ML researchers emerged at the conference, which shows 

that there are successors for ML in China. 
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Recently, we have optimized the design and put into operation a new six-holes well plate 

with multiple functions, which will further promote the popularization of ML. 

We look forward to making the research and application of ML to a higher level through 

communication and cooperation with international counterparts. 
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ABSTRACT 

This paper introduces the principles of pH measurement by antimony/copper(II) combination 

electrodes, use of an innovative mini “salt-plug” and details for the construction of the electrodes 

and an electronic sensor. Raw e.m.f. signals generated by the combination electrode are amplified 

by the sensor which is pre-set to give an analogue output voltage of 10 mV per pH. The voltage 

displayed by a commercial low-cost digital multimeter (DMM) can be treated as the pH value. 

The “DMM display” technique works for measurements of conductance and colour intensity as 

well as pH, provided that suitable sensors are used. [African Journal of Chemical Education—

AJCE 9(3), November 2019] 
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INTRODUCTION 

Quantitative measurement of pH of aqueous solutions is essentially the measurement of 

change in e.m.f. of a chemical cell formed by electrodes immersed in the solution. Today, most 

commercial pH meters employ the H+(aq) ion sensitive glass membrane electrode coupled with a 

silver/silver chloride reference electrode. However, fabrication of the glass electrode is costly and 

schools with resource constraints cannot afford multiple sets of pH meter for student use and, 

needless to say, glass electrodes have limited lifetime and are vulnerable to breakage. In fact, it 

had been shown, at the beginning of last century [1], that antimony metal in aqueous solution as a 

half-cell electrode also generates an e.m.f. that depends on the concentration of H+(aq) ions in 

solution. This offers another means of quantitative measurement of pH [2]. Recently, the antimony 

electrode was re-discovered as surgical equipment for pH measurement, primarily because of its 

ability to be miniaturized [3].   

pH measurement:  Antimony electrode vs Glass electrode  

The mechanism of the glass-membrane hydrogen ion sensitive electrode has been well 

documented. On the other hand, the antimony electrode, because of its drawbacks, was not adopted 

for advanced scientific measurements. We have no up-dated information on the mechanism of the 

dependence of half-cell e.m.f. of antimony electrode on concentration of hydrogen ion. However, 

judging from the pH range most school-based quantitative experiments encounter and considering 

users’ level of instrumental competence, the accuracy of pH measurement by antimony electrode 

is not a major problem. 

Antimony electrode 

From standard electrode potential literature, we have the following data [4]: 
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(A)  With reference to standard hydrogen electrode (E  = 0.000 V) 

Medium Reduction half equation E/V 

Alkaline SbO2
- (aq) + 2H2O(aq) + 3e-  Sb(s) + 4OH-(aq) -0.639 

Neutral or slightly 

acidic 
 Sb2O3(s) + 6H+(aq) + 6e-   2Sb(s) + 3H2O(l) +0.150 

Acidic SbO+ (aq) + 2H+(aq) + 3e-  Sb(s) + H2O(l) +0.204 

 

Clearly, according to the Nernst equation, the half-cell formed by oxidation state (III) 

species SbO2-, Sb2O3 and SbO+ involves H+ or OH- and generates an e.m.f. which depends on 

the concentration of H+(aq) over the entire pH range. 

Usually, the commercial reference electrode for full cell pH measurement is the Ag/Ag+(aq) 

reference electrode. For the experiment, we use a less expensive alternative which is a low-cost 

Cu/Cu2+(aq) half-cell. 

 

(B) With reference to standard copper/copper (II) ion electrode (E  = +0.340 V) 

 

Medium 
E/V, w.r.t. standard 

hydrogen electrode 

E/V, w.r.t. standard Cu/Cu2+ 

standard electrode  

Alkaline -0.639 - (+0.340 + 0.639) = - 0.979 

Neutral or slightly 

acidic 
+0.150 - (+0.340 - 0.150) = - 0.190 

Acidic +0.204 - (+0.340 - 0.204) = - 0.136 

 

 

The chemical cell formed during pH measurement is therefore: 

-                                            + 
Sb(s) | Sb(III) | H+ (aq) || Cu2+ (1M) | Cu(s) 

                 

Theoretically, a chemical cell formed by the Sb/Sb(III) half-cell and a Cu/Cu(II) reference 

half-cell will generate a potential difference covering the most commonly encountered pH range 

of 1 to 13, with Cu as the positive pole, from 0.136 V to  0.979 V. 
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Summary of pros and cons in using a glass electrode and an antimony electrode to measure 

pH 

Antimony electrode Glass electrode 
 

* Almost linear relationship between cell emf 

and pH, from pH 2 to 12 

 
 

*  Low cell internal resistance. Conventional 

plug and socket input will suffice. 
 

*  Slow response, less sensitive to low pH  

ranges 

 

*  Readings reproducible and stable 

 

 

 
 

*  Measurement principle explainable at 

school level 
 

*  Sturdy 
 

*  Lifetime dependent on mass of electrode 
 

*  Liable to chemical corrosion 
 

*  Easy fabrication 
 

*  Low-cost 
 

 

 

*  True linear relationship between cell emf 

and pH, from pH 0 to 12, except the  

acidic and the alkaline error ranges [5] 
 

*  Extremely high cell internal resistance. BNC 

plug and socket input are required 
 

*  Fast response, sensitive to all regions of the 

linear pH range. 

 

*  Today’s high-tech high impedance input 

fabrication enables reproducible and stable 

readings, but still liable to external 

interference  
 

*  Advanced measurement principle 

 
 

*  Fragile 
 

*  Limited glass membrane lifetime 
 

*  Resistant to chemical corrosion 
 

*  High-tech fabrication needed 
 

*  Expensive 

 

Examination of the advantages and disadvantages between antimony and glass electrodes 

reveals that the antimony electrode is a better choice than a glass electrode for school use. 

 

Innovative “Salt-plug” 

A small piece of freshly prepared filter paper strip wetted with saturated KNO3 solution is 

usually employed as a salt bridge for school use. In the experiment, an alternative way is used 

which involves a small section of wooden toothpick soaked with sat. KNO3 solution and let dried. 

A number of such small pieces of home-made instrument are readily available as innovative “salt-

plugs”. Using them is very simple: First fill the reference electrode glass tubing chamber with 1M 
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CuSO4 solution, and then insert the “salt-plug” into the opening of the glass tubing chamber. Air 

bubbles in the chamber are not allowed as they may cause the copper metal and the copper(II) 

sulfate solution  to be  out of contact (Fig. 1, 2, 3 and 4). Lower the finished reference electrode, 

together with the antimony electrode, into the testing solution for pH measurement. 

“Salt-bridges” need to be freshly prepared for each measurement. However, “salt-plugs”, 

after rinsing, can be used repeatedly until the end of the experiment. 

 

    
Fig. 1 

Use a micro-tip plastic 

pipette to fill the small 

chamber with 1M CuSO4 

solution  

Fig. 2 

Solution should be filled to 

the top of the small tubing. 

Slight excess as judged by 

an almost overflow.  

Fig. 3 

Insert the “salt plug” 

 

Fig. 4 

Prepared copper 

/copper sulfate 

electrode with no     

air bubbles 

 

 

 

Practical pH measurement by antimony / copper(II) combination electrode 

Theory of measurement  

 

Although the raw cell e.m.f. vs pH graph as shown on page 5 is a straight line, it does not 

pass through the origin and hence the raw e.m.f. is not directly proportional to pH. The graph 

shows an OY axis intercept of 0.097 V, and subtraction of this value of voltage from each raw 

e.m.f. reading will bring the adjusted e.m.f. exactly proportional to pH. That is to say the raw e.m.f. 

vs pH straight line is converted to one which passes through the origin and achieves a 0 pH (in) / 

0 V (out) condition. Even if this has been done, each adjusted reading still has to be amplified by 
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a fixed voltage gain (“one-point” calibration) so as to achieve the desired display of 10 mV per 

pH e.g. 35 mV for pH 3.5; 66 mV for pH 6.6 etc.  

Voltage gain is calculated as follows (referring to the graph of Fig.5, 6): 

Consider pH 7.00:  Adjusted voltage = (0.46 – 0.097) V = 0.36V.   This value of     

voltage has to be amplified to 0.70V. Voltage gain = 0.70/0.36 = 1.94 

An electronic device (sensor) is needed to do both jobs, i.e. (i) raw e.m.f. subtraction and 

(ii) voltage amplification. The circuit of the sensor will be described in details later. The treatment 

reatment of raw cell e.m.f. so far can be summarized as follows: 

 

pH Raw e.m.f./V Adjusted e.m.f./V 

2 0.21 (0.21 – 0.097) = 0.11 

4 0.31 (0.31 – 0.097) = 0.21 

7 0.46 (0.46 – 0.097) = 0.36 

10 0.61 (0.61 – 0.097) = 0.51 

13 0.80 (0.80 – 0.097) = 0.70 

 

 

 

Fig.5   Raw and adjusted e.m.f. Fig.6  “One-point calibration” with amplified voltage  

plotted against pH 

 

             

pH 
Adjusted 

e.m.f./V 

“One-point” 

calibration 

Amplification 

ratio 

Amplified 

voltage/V 

Attenuated 

(output) 

voltage/mV 

Interpreted 

pH 

2 0.11 --- --- 
(0.11 x 1.94) 

= 0.21 
21 2.1 

4 0.21 --- --- 
(0.21 x 1.94) 

 = 0.41 
41 4.1 
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7 0.36 0.70V 0.70/0.36 = 1.94 
(0.36 x 1.94) 

 = 0.70 
70 7.0 

10 0.51 --- --- 
(0.51 x 1.94) 

 = 0.99 
99 9.9 

13 0.70 --- --- 
(0.70 x 1.94)  

= 1.36 
136 13.6 

 

 

Buffer solutions of pH 2, 4, 7, 10 and 13 are used for calibration. A 0.100 M NaOH solution 

can be regarded as a pH 13 buffer solution. 

 

Sensor circuit and description 

 
 

                                                    Fig.7   Sensor circuit 

 

(i)   Power supply 

The sensor circuit employs two power supplies. One (3 V) for the adjustable voltage 

regulator LM 317 [6] to generate a negative voltage reference, and the other (6 V) for the Vcc of 

Op Amp LM 358 [7]. They are readily supplied by using three button-type 3 V lithium batteries, 

two of which are connected in series to obtain 6 V (Fig. 10). Adjustable voltage regulator LM 317 
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is used because the chip can handle low input voltages (i.e. 3V). Linear dual Op Amp LM 358 is 

chosen for the amplification stage because this IC needs only a single power supply (i.e. it does 

not need a negative power supply). 

 

(ii)  Negative voltage reference 

Adjustable voltage regulator LM 317 is connected by peripheral resistors to output a 

regulated voltage. The 400 resistor (or suitable adjustment) taps a reference voltage of + 0.097 

V. This positive voltage reference source is then connected to the ground of the power supply (6 

V) of Op Amp LM 358. In this way, the separate ground terminal (3 V) which generates the 

reference voltage becomes - 0.097 V. By applying this negative voltage, raw e.m.f.s are “set” and 

“corrected” for direct proportionality.  

Pin 3 of LM 358 (non-inverting input) is connected to the positive pole (Cu) of the Sb/Cu 

(II) chemical cell used for pH measurement. The negative pole (Sb) is connected to the - 0.097 V 

reference voltage source. This results in summing the two voltages [8], i.e Ecell and -0.097 V and 

the effective e.m.f. of the Sb/Cu chemical cell becomes (Ecell – 0.097) V. Theoretically, the 

effective e.m.f. straight line graph should pass the origin. This adjusted e.m.f. (blue line, Fig. 6) is 

then amplified by a resistor network at pin 2 and pin 1 so that the final voltage displayed by the 

DMM is directly proportional to pH e.g. 100 mV per pH (red line, Fig. 6).  

 

(iii)  Amplification of adjusted e.m.f. and “one-point” calibration 

Adjusted e.m.f. is fed to the non-inverting input (pin 3) of LM 358. A resistor network 

between pin 2 and pin 1 amplifies it by a ratio gain which is controlled by adjusting the variable 

10 kresistor. 
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Immerse the antimony combination electrodes in a pH 7 buffer solution. Set the DMM’s 

display range at 2000 mV FS. Turn the knob of the variable resistor, i.e. adjust the 10 kvariable 

resistor, until a voltage of 70 mV is displayed. A display of 70 mV is interpreted as a value of pH 

7.0. In this way, voltage output of the sensor is literally directly proportional to pH. The position 

of the knob is then fixed and the sensor is said to be calibrated – “One-point” calibration. (Fig.6, 

Fig.16). After this calibration procedure, the instrument is ready for pH measurement. 

 

Sb/Cu (II)

combination

electrode

DMM set at 2000 mV 

FS so that e.m.f.s 

displayed is treated as 

pH values

Sensor designed to 

output 10 mV / pH

 
 

Fig. 8  Flow chart of pH measurement 

 

An attenuating resistor ladder (9: 1) at pin 1(output) of LM 358 sets the final output to the 

required condition of 10 mV per pH. Absence of this attenuating resistor ladder will result in an 

output of 100 mV per pH. This is not desirable as the instrument is designed to have a pH 

accuracy of one decimal place, not 2 decimal places.   

(iv)  A completed homemade sensor 

Using available electronic components, the circuit as shown in Fig. 7 can be soldered onto a semi 

PCB (Fig. 9 and 10). The fabricated body can be housed in a plastic utility box measuring 10 cm 

x 6 cm x 2.5 cm (Fig. 10 and 11)  

 

   
Fig. 9 

Electronic components soldered 

onto a semi PCB 

Fig.10 

Exposed interior of utility box 

(three 3V lithium button-type 

batteries are labeled as 1, 2 and 3) 

Fig. 11 

Finished utility box with all 

components installed  
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Fabrication of copper/copper sulfate reference electrode and antimony electrode  

 

(1)  Copper/copper(II) sulfate reference electrode 

The copper/copper(II) sulfate reference electrode is 

constructed by using a short section of glass tube, one end of 

which is sealed with epoxy glue, leaving a protruded thick 

copper wire and forming a small chamber for filling with 

copper(II) sulfate solution  (Fig. 12). A small “salt-plug”, 

constructed by using a toothpick bit, replaces a conventional 

filter paper salt bridge.  A “salt- plug” is simply a small section 

of wooden toothpick soaked in sat. KNO3 solution and allowed 

to dry. Air bubbles are not allowed in the chamber, otherwise 

solution conductance will become unstable (Fig. 13) 

 

 
 

Fig.12   

Copper electrode 

and “salt-plug” 

 
 

Fig. 13   

Finished Cu/Cu(II) 

reference electrode 

(2)  Antimony electrode 

 

Antimony metal of A.R. grade was strongly 

heated in a crucible (inside a fume cupboard) until 

it melted (Fig. 14). The molten metal was 

withdrawn upward, with the help of a pipette filler 

or syringe into a small glass tube. The hot liquid 

antimony solidified inside the glass tube and the 

solid metallic rod was taken out by breaking the 

glass tubing.  The antimony rod formed is brittle 

and breaking it to yield a small bit is easy. The bit 

is soldered onto a thick copper rod as lead. The 

major part is insulated by 2 layers of heat-

shrinkable plastic tubing, leaving the two ends for 

conduction (Fig.15).  

 

 
 

Fig.14   

Melting antimony metal  
in a crucible 
 

 
 

Fig. 15 
   Fabricated electrode 

 

The antimony electrode and the copper/Cu(II) reference electrode, together with the cable 

leads, are placed together. The two cables are then fixed by heat-shrinkable plastic tubing 

to form a complete pH combination electrode (or using any suitable way). 

 
  

Fig. 16  pH 7.0 “One-point calibration” 
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EXPERIMENTAL RESULTS 

Traditional pH titration curves can be performed with the design in a micro-scale setting. 

Materials required are: 24 well plate, micropipette, 0.1 M solution of HCl, CH3COOH and NaOH, 

phenolphthalein indicator, Sb/Cu combination electrode, sensor and a DMM. 

 

Plots of  (i) 0.1M NaOH vs 0.1M HCl and (ii) 0.1M NaOH vs 0.1M CH3COOH are illustrated as 

follows: 

 

 
 

 Fig.17  Titration curve of 0.1M NaOH vs 0.1M HCl  Fig.18  Titration curve of 0.1M NaOH vs 0.1MCH3COOH  

 

 

CONCLUSION 

Antimony metal in aqueous solution forms a half-cell whose e.m.f. varies linearly with pH 

over a commonly used pH range. A Cu/Cu(II) reference half-cell is used for pH measurement. The 

reference half-cell is fabricated by incorporating an innovative “salt-plug”. A commercial low-

cost digital multimeter is used for cell e.m.f. measurement. Display of pH is achieved by using a 

self-devised electronic sensor which limits an analogue voltage output of 10 mV per pH. 
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