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ABSTRACT 
 

The article proposes a critical thinking model for 

nanotechnology students to address both knowledge and 

learning centeredness techniques. Experiments conducted 

in the training involved laboratory production of clean, long 

and good quantity of carbon nanotubes of 0.7 gram/min 

within very low residence time of 9.3 sec at 1100
0
C and 

total gas flow of 1.2ml/min on continuous basis. 

Demographic distribution based on scientific research and 

development, showed supports in the decreasing order of 

age range, level of education, language proficiency, nature 

of institution, nanotechnology attendance and years of 

working experience. It is worth noting that 96% of the 

respondents were attending nanotechnology course for the 

first time, which was a good stimulant for nanotechnology 

awareness and interest. The statistical evaluation of safety, 

health and environment (SHE) survey strongly recommends 

nine out of the twenty nine test statements to be addressed 

by practicing nanotechnologists with regards to SHE. 
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1 INTRODUCTION 
 

Nanotechnology is currently the central focus of numerous 

research groups, whilst hundreds of millions of dollars are 

being directed to funding interdisciplinary, inter-

institutional technologies across nations in efforts to realise 

its full potential. Some of the obvious disciplines are IT and 

computing, imaging, drug delivery, chemical synthesis, 

genetic engineering, biomedical applications, machining 

and manufacturing, etc., which remain a great challenge to 

the 21
st
 century science and engineering. The guest editorial 

report in the International Journal of Engineering Education 

[1] stressed that to maintain the speed at which innovations 

and inventions are generated, there is an unprecedented 

demand of highly educated and trained engineers in the 

field of nanotechnology. It continued to highlight the 

inadequacies in the conventional engineering education 

training in preparing the students for the challenges 

presented by this industry’s dynamic environment, and the 

employer’s criteria in hiring new engineers. The current 

engineering curricula are therefore marked for reformation 

right from the undergraduate level to the graduate degree 

levels to keep the fast-paced researches and current 

educational programmes at close proximity. Thus the 

introduction of nanotechnology into these educational 

programmes and training is imminent to bringing a fair 

partnership between the educational sector, R&D and 

industries alike.  

 In an attempt to circumvent at least some of the 

problems facing the current science and engineering 

education and training, an introductory nanotechnology 

course and training was held at the School of Chemical and 

Metallurgical Engineering of the University of the 

Witwatersrand, Johannesburg, South Africa from 19-21 

October 2005. It was interesting to see that it drew 

delegates from the UK, Netherlands, Nigeria, Federal 

Republic of Congo, Mozambique, South Africa, etc. 

Surveys conducted during the training in nanotechnology 

education and training, safety, health and environment 

(SHE), respectively, indicated not only the hunger for 

knowledge, but also the worries surrounding the 

applications of nanotechnology in industry. The outcomes 

of these surveys provided the basis for this article as to 

address the awareness of nanotechnology education and 

training, and SHE implications and values.  

 

2 TRAINING METHODOLOGY 

The training sessions included lectures and laboratory 

experiments, which were so captivating that delegates 

asked for more days to be devoted to practical experiments 

where carbon nanotubes (CNTs) can be produced from a 

patented continuous CNTs production rig [2] designed at 

this university, and characterisation at the University’s 

Microscope Unit. The questionnaires used for the surveys 

on nanotechnology training/education and HSE impacts are 

presented in Table 1, which were adopted from the Delphi 

[3] method and Glenn [4]. Ten attributes of the 

nanotechnologist denoted as NET 1-NET 10 (NET = 

Nanotechnology Education and Training), and 29 

statements denoted as SHE 1-SHE 29 (SHE = Safety, 

Health and Environment), with five options of responses 

such as (5) strongly agree, (4) agree (3) are neutral (2) 

disagree (1) strongly disagree were used. 

 

3 RESULTS AND DISCUSSION 
 

The swirled fluidised bed chemical vapour deposition 

reactor [2] designed at this university, was run continuously 

to produce CNTs. It was equipped with a vertical quartz 

tube (70 cm long) located in vertically oriented furnace 

(Lenton laboratory & Scientific Equipment), and two 
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cyclones for product collections. Although the equipment is 

yet to be fully optimised in terms of operational conditions 

of temperature, feed flows and pressure, it was able to 

produce clean, long and good quantity of CNTs as shown in 

Figure 1. The feeds are acetylene (Afrox, South Africa) as 

the carbon source, ferrocene (Fluka, Germany) as the 

catalyst Fe precursor, H2 and Ar as the carriers [5]. Figure 1 

shows the CNTs produced which was 0.7 gram/min within 

very low residence time of 9.3 sec at 1100
0
C and total gas 

flow of 1.2ml/min. The critical thinking skill [6] model 

used in the training was modified as shown in Figure 2. 

 

 

Symbol Statement 

SHE 1 Nanoparticles are absorbed into the body through the skin, lungs, eyes, ears, and alimentary canal 

SHE 2 Once in the body, nanoparticles evade natural defenses of humans and other animals 

SHE 3 Immune systems recognise nanomaterials, get them metabolised and eliminated from the body 

SHE 4 Sizes, aspect ratios, and surface activity determinants of nanoparticle would have health impacts on 

living organisms 

SHE 5 Potential exposure routes of nanomaterials are both airborne and waterborne 

SHE 6 The current toxicity tests used for chemicals are appropriate and/or useful for nanomaterials 

SHE 7 Nanoparticles concentrate at critical sites like synapses and tumors, lungs, etc 

SHE 8 Exposure to nanoparticles will affect all life stages, from fetus to old age, and on all major systems, 

including neural and immune systems 

SHE 9 Nanomaterials are able to cross the brain/blood barriers and traversing neural pathways 

SHE 10 There is unique impact on the health hazards of manufactured nanomaterials vs. natural particles of 

similar size 

SHE 11 Nanoparticles can enter egg and sperm cells, and alter DNA 

SHE 12 There is built-in auto destruction mechanism within the nanoparticles which makes their wastes 

environmental friendly 

SHE 13 Carbon nanotube-based structures are biodegradable 

SHE 14 Nanoparticles can enter the food chain by getting into bacteria and protozoa and accumulate there 

SHE 15 Nanomaterials will enter the environment and change when moving from one medium (e.g., air) to 

another (e.g., water) 

SHE 16 Research in nanotechnology should be made more interdisciplinary and international 

SHE 17 Nanotechnologies can be used for post-battlefield cleanup (including biological, chemical, and 

nuclear wastes) so that they do not pollute soil and water 

SHE 18 Present technologies can be used to minimize exposure to nanomaterials 

SHE 19 There are environmental impacts of using functionalised nanomaterials or nanostructured 

membranes or filters for water purification 

SHE 20 Nanotech impacts should be studied on ecological systems and not just on single organisms. 

SHE 21 Compared with the existing weaponry, nano-built weapons will cause much more damage to 

buildings, roads, and infrastructure, and even worst pollution hazards will be created 

SHE 22 Biomaterialists, immunologists, and embryologists have the scientific background to understand the 

physical–chemical and biological interactions of nanoparticles with human life and environment 

SHE 23 Continuous specialised training is necessary to provide the capacity for safe development and 

application of nanotechnology 

SHE 24 Specialised methodologies and protocols are required for environmental pollution and health hazard 

studies for the evolving range of nanotechnologies 

SHE 25 Classification systems should be developed to provide a framework to make research judgments and 

keep track of the state of knowledge about nanotech’s potential pollutions 

SHE 26 Energy consumption can be minimised and waste/pollution be prevented in the manufacturing of 

nanomaterials and products, using green manufacturing of nanomaterials, green chemistry and green 

engineering principles 

SHE 27 Nanoparticles can be made preferentially symbiotic with human hosts, creating a new breed of 

terrorists 

SHE 28 Representative nanomaterials that would be used for testing nanomaterials high exposures are 

inherently hazardous 

SHE 29 The world needs established nanotech-environmental summits to ensure human co-existence with 

her environment. 

Five options for response are: (5) strongly agree, (4) agree (3) are neutral (2) disagree (1) strongly disagree at the 

end of each statement. 

 

Table 1: Nanotechnology safety, health and environment questionnaire Delphi [3] method and Glenn [4] format  
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The delegates who took part in the evaluation exercise, 

rated each statement according to five options for response: 

(5) strongly agree, (4) agree (3) are neutral (2) disagree (1) 

strongly disagree. A 95% confidence level was used to test 

the degree of significance on the mean values of ranking.  

The statements used (SHE 1 – SHE 29) had mean values 

from 2.1 (disagree) to 4.8 (strongly agree) as assessed 

within a 95% level of confidence. Finally nine out of the 

twenty nine test statements were strongly recommended to 

be addressed by practicing nanotechnologists with regards 

to safety, health and the environment. These 

recommendations are numbers SHE 4, SHE 5, SHE 8, SHE 

16, SHE 20, SHE 23, SHE 24, SHE 25 and SHE 29 (Table 

1). Figure 3 presents the demographic distribution on 

nanotechnologist attributes based on scientific research and 

development, being the highest scored. The highest score 

with respect to age range, level of education, language 

proficiency, nature of institution, nanotechnology 

attendance and years of working experience are 31-35 years 

old, equal ranking between BSc and MSc, English 

language, R&D, people attending nanotechnology course 

for the first time, and 6-10 years working experience, 

respectively. It is interesting to note that 96% of the 

respondents were attending a nanotechnology course for the 

first time. 

 

4 CONCLUSION 
 

The study have shown the dire need to bridge the gap 

between the high demand for highly trained engineers and 

scientists in the field of nanotechnology, the current 

educational programmes, and the safety, health and 

environment concerns. This article unveils the readiness of 

a sampled population from different countries to be 

  

Figure 1: CNTs characterization obtained from the equipment (a) Raman spectroscopy with increasing intensity for 

950, 1000 and 1100
0
C, respectively; (b) SEM image; (c) TEM image showing elongated and clean CNT. 

b 
a 

c 

Nanotechnology 

Student

Innovative in Thought

Cultural Awareness

Ethical Integration

Intellectual 

Responsibility

1. Plan promising

experiments

2. Execute the 

experiments as 

research

3. Interprete data and 

integrate information

4. Be optimistic to 

foresee promising 

patterns in the 

experimental results

6. Analyse and criticise the 

quality of the experimental 

results via interdisciplinary and 

international collaboration

7. Defend to 

improve results 

at conferences

8. Confirm results 

and conclusions

5. Develop 

theories from 

experiments for 

classroom 

teaching
9. Translate 

experimental results

into industrial 

applications 

10. Collaborate with 

government and 

private sector for 

commercialisation 

Figure 2: Critical thinking skills model for nanotechnology research and teaching 
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educated and trained in nanotechnology to enable the world 

to tap the acclaimed potentials that nanotechnology could 

offer. The responses of the respondents from surveys 

conducted during the training gave very positive results that 

were appropriately analysed with statistical methods. The 

experimental laboratory CNTs production exercise 

stimulated much interest among the attendees. The 

nanotechnology education and training survey on attributes 

of the nanotechnologist revealed the highest scored for 

scientific research and development followed by innovative 

thoughts; intellectual responsibility, entrepreneurial and 

business development; economic research; ethical 

integration; risk capital and commercialisation; education 

and workforce development; community of interest 

networks and cultural awareness. In job positions, there was 

almost equal ranking between the executive and the non 

executive personnel. These are good measures of the 

awareness and general interest in nanotechnology. 
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 Figure 3: Demographic distribution on nanotechnologist attribute of scientific research and development 
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