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Abstract 
An educational workshop is proposed for undergraduate students in chemistry to consciousness-
raising about their environmental responsibilities as future chemists. Since 1990s, green or 
sustainable chemistry has been implemented mainly in research. However, the green chemistry 
principles are particularly relevant in industry and education, since they are focused on 
reduction/removal of reagents and dangerous residues, decreasing the energy consumption in 
chemistry processes and methods. In fact, UNESCO stablished the Decade of Education in 
Sustainable Development during the period 2005-2014. Since pedagogy on green chemistry can be 
the most effective way to awareness-raising to future scientific, teaching and professional community; 
this matter should be taken into consideration in the curricula of undergraduate students. Green 
chemistry teaching can be a challenge due to the complexity of sustainability factors involved, as well 
as socio-economic considerations. In this sense, different metrics that evaluate the greenness of a 
chemical process can be used to conduct different activities and develop values and attitudes among 
students. Specifically, it is proposed the use of analytical eco-scale, developed by Galuszka et al. 

In order to apply the eco-scale, the didactic methodology of workshop was used to seek the active 
participation of students. The planning followed included an introduction to green chemistry, the 
establishment of agreed objectives with the students, group activities for case studies, presentation of 
activities results, evaluation and conclusions.  

In particular, students evaluated some analytical methods from the point of view of green chemistry, 
applying the eco-scale. This tool awards penalty points according to type and volume of reagents, 
required instrumentation, used energy and generated residues. The reached value on the eco-scale is 
calculated as 100 minus the sum of the individual penalty points. Then analytical methods can be 
classified as excellent (> 75 points), acceptable (75-50) and inadequate (<50).  

This type of workshops makes the students understand and be aware of green chemistry when they 
perform laboratory practices, in relation for example with the amount of reagents used or the 
generation of residues. Additionally, undergraduate students work with recently published articles that 
especially motivate them. This application helps students to be critical with the laboratory practice, 
assessing the importance of their work in order to avoid environmental pollution or overspend of 
reagents or energy. 

The proposed activities were highly appreciated by the students, because they can learn themselves 
how to use metrics to assess the greenness of chemical processes. At the same time, it increases 
their motivation to study subjects related with chemistry and environment. 

Keywords: educational workshop, green chemistry, sustainable chemistry, undergraduate students.  

1 INTRODUCTION 
Green chemistry (GC), also known as sustainable chemistry, emerged in the 90s after the trend in the 
sustainable development. The first definition of GC and enunciation of 12 principles of GC were 
outlined by Anastas and Warner [1]. These principles were mainly based on reduction and/or removal 
of reagents and generated hazardous wastes. In summary, the 12 principles are: 1) prevent waste, 2) 
atom economy, 3) less hazardous synthesis, 4) design benign chemicals, 5) benign solvents and 
auxiliaries, 6) design for energy efficiency, 7) use of renewable feedstocks, 8) reduce derivatives, 9) 
catalysis, 10) design for degradation, 11) real-time analysis for pollution prevention and 12) inherently 
benign chemistry for accident prevention. 

These principles are applied mainly in research but can have even more application into industry and 
education [2]. In fact, GC education can be implemented in courses, laboratory experiences and 
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publications. In this regard, UNESCO established the Decade of Education in Sustainable 
Development during the period 2005-2014 [3]. The main objective was to integrate principles and 
practices of sustainable development into education and learning, as well as to reorient education in 
knowledge, values and attitudes in the frame of a more sustainable society. Since education plays a 
decisive role to learn to live and work in a sustainable way, it may benefit future generations. 

Numerous literature, workshops, and educational networks have been reported in this regard [2]. 
Notwithstanding this, GC teaching is still limited. Pedagogy on GC is a way to awareness-raising of 
students that will be future scientific, teachers and professionals. In this sense, different activities 
should be designed to boost the motivation of students. In particular, it should be incorporated in 
curricula of Chemistry. So that chemistry students will be able to design more ecological synthesis 
processes and analytical procedures, first they must know how to evaluate the degree of sustainability 
of them. This last aspect is discussed in this work, using different analytical methods as a basis for 
learning. When GC is applied to analytical chemistry is called Green Analytical Chemistry (GAC) [4].  

Currently, there are available different tools to evaluate the greenness profile of an analytical method. 
The most used are: 

a) The analytical eco-scale, proposed by Galuszka et al. [4], where a score of 100 is initially 
assigned to each method, and according to reagents, conditions, instrumentation and generated 
residues, assigned penalty points (pp) are subtracted. Then, methods are classified according 
to the final score: >75 excellent, >50 acceptable, <50 inadequate. Main parameters to consider 
for the application of the analytical eco-scale and penalty points (PP) are shown in Fig. 1A. 

b) Pictogram of National Environmental Methods Index (NEMI), proposed by Keith [5], consists 
of a circle divided in quarters. Each one corresponds to different considerations: (1) persistent, 
bioaccumulative or toxic (PBTs) reagents; (2) hazard reagents; (3) corrosive reagents (pH<2 
and pH<12) and (4) volume or mass of residues <50 mL (or g). A quarter in green indicates that 
the method meets the particular requirement. If the four quarters are in green, the method is 
considered sustainable. Fig. 1B represents an example of NEMI pictogram. 

c) Raynie and Driver profile, similar to NEMI, but using a pentagon divided in five parts or 
triangles (health, safety hazard, waste, energy and environmental hazard). Each triangle could 
be painted in three colours: green, yellow or red (from the most to the least ecological) [6]. Fig. 
1C shows an example of the pictogram employed for Raynie and Driver profile. 

Among these tools, the analytical eco-scale was selected for its implementation in a workshop for 
undergraduate students. It provides more information than the other tools about the sustainability of an 
analytical method because it involves more parameters. 

2 METHODOLOGY 
To apply the analytical eco-scale, the workshop educational methodology was used. This activity was 
performed in teams (4 students), searching the participation of students and the and improvement of 
their competences of knowledge, know-how and behavior as described in the designing competency 
based training with Bloom’s Taxonomy [7]. Specifically in this workshop, the worked competencies 
were: 

a) Knowledge: learning the concept of GC, and the need to implement greenness profiles and/or 
eco-scales to evaluate lab procedures (in these case analytical methods). 

b) Know-how: related to learn by doing, practicing and having experience on evaluation of 
sustainability of analytical methods. In this case, applying the analytical eco-scale to selected 
analytical methods. 

c) Behavior: associated to individual character or qualities in relation with working in team, for 
example.  

Thus, the planning of the workshop was the following: 

- Introduction in the GC frame to start with the workshop (45 min). 
- Setting the goals reaching an agreement with the students (15 min). 
- Team activity for cases study (40 min). 
- Evaluation and conclusions (20 min). 
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Figure 1. Assessment of sustainability of analytical methods: (A) Analytical eco-scale inspired 
on (Galuszka et al.) [4], (B) NEMI pictogram and (C) Raynie and Driver profile. (AAS, Atomic 
absorption spectrometry; GC-MS, Gas chromatography-mass spectrometry; ICP-MS, 
Inductively coupled plasma mass spectrometry; LC-MS, Liquid chromatography-mass 
spectrometry; NMR, Nuclear magnetic resonance spectroscopy; PP, penalty points).  

To perform the activity, students were firstly distributed in four teams of four students. Then, they 
selected a case (an analytical method from among those chosen by the professor considering 
classical and miniaturized approaches), namely: 

- Case 1. Standard method 5220D for determination of chemical oxygen demand (COD) [8]. 
- Case 2. Miniaturized approach for COD determination [9]. 
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- Case 3. Standard method 5530C APHA for the determination of phenols [10]. 
- Case 4. Miniaturized approach for phenols determination [11]. 

These methods were selected by the teacher trying to demonstrate, from the point of view of 
greenness, that miniaturization improves classical approaches. Thus, showing the necessity of 
development and research in new analytical methods. 

In addition, these methods were chosen due to their interest in environmental and drinking waters. 
The parameter COD is determined in waters to evaluate the degree of pollution by organic matter. It 
involves the measurement of oxygen equivalent to organic matter susceptible to be oxidized by a 
strong chemical oxidant. Furthermore, phenols are hydroxyl derivatives of benzene of natural and 
anthropogenic origin. Their determination is important in domestic, industrial, natural and drinking 
waters. Their levels are regulated in waters. These methods are summarized in Table 1.  

Articles [4, 8-11] were provided for all students. After that, they read, summarized the information, 
adapt and apply the eco-scale in a cooperative way with the aid of the professor. It was also 
necessary to search new information, e.g., about safety of reagents (on safety data sheets or 
pubchem.org) to see and quantify the number of pictograms of hazard and signal words. Then, they 
present the results for all class. Students through a discussion establish their own conclusions.  

Table 1. Procedures applied for the selected analytical methods. 

Case 1. 5220D CHEMICAL OXYGEN DEMAND (COD) 

2.5-10 mL of sample, digestion solution (1.5-6 mL), H2SO4 (3.5-14 mL). Block digester preheated to 150°C and 
reflux for 2 h behind a protective shield. Cool sample to room temperature. Absorbance measurements at 420 
nm or 600 nm. 

Case 2. Miniaturized approach for COD determinations 

6 mL of sample in a quartz tube and 60 μL of H2O2. Tubes were closed and bubbled with N2 for 5 min (0.3 
mL/min) to remove CO2. UV irradiation for 10 min (12 quartz tubes by cycle). Then, a 2.5 μL drop of a saturated 
Ba(OH)2 solution containing 0.1 % (v/v) glycerin was taken with the microsyringe and exposed to the headspace 
for 2 min under stirring (1600 rpm). Absorbance measurements at 275 nm. 

Case 3. 5530C APHA standard method for the determination of phenols 

500 mL phenol standard or water samples, 12 mL 0.5 N NH4OH and adjust pH to 8 with phosphate buffer (about 
10 mL). Transfer to a 1-L separator funnel. Add 3 mL aminoantipyrine solution, mix, add 3 mL K3Fe(CN)6 
solution, mix, and let color develop for 15 min. Extract with CHCl3, (25 mL-50 mL). Shake separator funnel at 
least 10 times, let CHCl3 settle, shake again 10 times, and let CHCl3 settle again. Filter each CHCl3 extract 
through filter paper or fritted glass funnels containing a 5-g layer of anhydrous Na2SO4. Absorbance 
measurements at 460 nm.  

Case 4. Miniaturized approach for phenols determination 

5 mL of sample buffered to pH 9.5 with 150 µL of a 0.5 M hydrogen phosphate/ammonia solution, 50 µL of 1% 
w/v 4-aminoantipyrine and 50 µL of 1.5% w/v potassium peroxodisulfate into a 15 mL tube and left for 10 min in 
a water bath (27ºC). Then, 250 µL of a mixture 1:4 of trichloromethane and acetonitrile was added (50 µL 
trichloromethane and 200 µL of acetonitrile). The tube was centrifuged (5 min, at 3500 rpm). Finally, a 3 µL drop 
of the sedimented organic phase was taken with a 10 µL microsyringe. Absorbance measurements at 460 nm. 

3 RESULTS 
Results obtained by students after application of analytical eco-scale to the different methods are 
summarized in Tables 2 and 3. Penalty points for different items as well as the final score obtained by 
students for each method are reported. It allowed extract a conclusion of the sustainability of the 
considered analytical methods. Since this tool is semi-quantitative, it facilitated arguing and 
discussing, namely, the participation of students. In this regard, ideas that emerged during the debate 
were taken for further reflection. In addition, it allowed the interaction between the four groups. 

1690



Table 2. Application to the eco-scale to the COD determination methods. 

Reagent  Amount (PP) Hazard (PP) Total PP 

  Number of hazard 
pictograms x signal word 

Amount PP Amount x 
Hazard PP for each 

reagent)   

Case 1: 5220 CHEMICAL OXYGEN DEMAND (COD) 

K2Cr2O7 
H2SO4 
HgSO4 

Potassium hydrogen 
phthalate standard 

10.216 g (2) 
167 mL (3) 
33.3 g (2) 
0.425 g (1) 

6 x  2 (Danger) = 12 
1 x 2 (Danger) =2 
3 x 2 (Danger) = 6 
2 x 1 (Warning) = 2 

2 x 12 = 24 
3 x 2 = 6 
2 x 6 = 12 
1 x 2 = 2 

Instrument UV-Vis spectrometer 
Block digester 

0 
2 

Occupational hazard Emission of vapors 3 

Waste >10 mL 
No treatment 

5 
3 

Total penalty points 57  

Analytical Eco-scale 
score 

100 – 55 = 43 Inadequate method 

Case 2. Miniaturized approach for COD determinations 

H2O2  
N2 gas  
Ba(OH)2  
Glycerin 
Potassium hydrogen 
phthalate standard 

60 μL (1) 
1.5 mL (1) 

(1) 
(1) 
(1) 

3 x 2 (Danger) = 6 
1 x 1 (Warning) = 1 
2 x 2 (Danger) = 4 
2 x 1 (Warning) = 2 
2 x 1 (Warning) = 2 

1 x 6 = 4 
1 x 1 = 1 
1 x 4 = 4 
1 x 2 = 2 
1 x 2 = 2 

Instrument UV irradiation 
Microspectrophotometer 

0 
0 

Occupational hazard Closed vessels 0 

Waste 6 mL 
No treatment 

3 
3 

Total penalty points 19  

Analytical Eco-scale 
score 

100 – 19 = 81 Excellent method 
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Table 3. Application to the eco-scale to the phenols methods. 

Reagent  Amount (PP) Hazard (PP) Total PP 

  Number of hazard 
pictograms x signal word 

Amount PP Amount x 
Hazard PP for each 

reagent)   

Case 3: 5530 APHA standard method for the determination of phenols 

NH4OH  
K2HPO4  
KH2PO4 
4-Aminoantipyrine 
K3Fe(CN)6  
CHCl3 
Anhydrous Na2SO4 

Phenol standard 

35 mL (2) 
104.5 g (3) 
72.3 g (2) 
2.0 g (1) 
8.0 g (1) 
50 mL (2) 

5 g (1) 
0.1 g (1) 

3 x 2 (Danger) = 6 
2 x 2 (Danger) = 4 
2 x 2 (Danger) = 4 
1 x 1 (Warning) = 1 
1 x 1 (Warning = 1 
2 x 2 (Danger) = 4 
1 x 1 (Warning) = 1 
4 x 2 (Danger) = 8 

2 x 6 = 12 
3 x 4 = 12 
2 x 4 = 8 
1 x 1 = 1 
1 x 1 = 1 
2 x 4= 8 
1 x 1= 1 
1 x 8 = 8 

Instrument UV-Vis spectrometer 0 

Occupational hazard Emission of vapors 3 

Waste > 10 mL 
No treatment 

5 
3 

Total penalty points 67  

Analytical Eco-scale 
score 

100 - 67 = 33 Inadequate method 

Case 4. Miniaturized approach for phenols determination 

NH4OH  
K2HPO4  
KH2PO4 
4-Aminoantipyrine 
CHCl3 
Acetonitrile 
K2S2O8 
Phenol standard 

150 µL (1) 
150 µL (1) 
150 µL (1) 
<10 g (1) 
50 µL (1) 
200 µL (1) 
<10 g (1) 
<10 g (1) 

3 x 2 (Danger) = 6 
2 x 2 (Danger) = 4 
2 x 2 (Danger) = 4 
1 x 1 (Warning) = 1 
2 x 2 (Danger) = 4 
2 x 2 (Danger) = 4 
3 x 2 (Danger) = 6 
4 x 2 (Danger) = 8 

1 x 6 = 6 
1 x 4 = 4 
1 x 4 = 4 
1 x 1 = 1 
1 x 4 = 4 
1 x 4 = 4 
1 x 6 = 6 
1 x 8 = 8 

Instrument Microspectrophotometer 0 

Occupational hazard Closed vessels 0 

Waste 1- 10 mL 
No treatment 

3 
3 

Total penalty points 43  

Analytical Eco-scale 
score 

100 - 35 = 57 Acceptable method 

Students concluded the activity by ranking the selected methods according to the achieved scores, 
from the most to the least green analytical method (Figure 2). 

The studied standard methods were both inadequate in terms of greenness. The miniaturization is 
effective in achieving a substantial improvement in this context, making the method for phenol 
determination an acceptable method and the method for COD determination an excellent method in 
terms of green and sustainable chemistry. In fact, the use of HgSO4, H2SO4 or K2Cr2O7 is avoided in 
the miniaturized approach for COD determination. Volume of trichloromethane (CHCl3), a toxic organic 
solvent, is reduced from 25-50 mL to only 50 µL for each sample analysis for phenol determination, 
which really had a positive impact on the students. 
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Figure 2. Scheme of scores achieved using the analytical eco-scale to different analytical methods. 

 (COD, chemical oxygen demand).  

4 CONCLUSIONS 
Students performed an evaluation questionnaire where they were asked about their expectations 
before and after the workshop and if they were fulfilled. Additionally, they evaluate the weak and 
strong points, the adaptation to the planning, the materials provided by the professor and they made 
suggestions for improving the workshop.  

In general, students were satisfied with the proposed activity and they valued positively the main goal 
of the workshop, contribution to the sustainable development. Additionally, they found the eco-scale 
an interesting and informative tool since it considers a lot of parameters. Pictograms seem easier to 
apply such as the NEMI and Raynie and Driver profile (a simple view of the pictogram provide an easy 
idea of the greenness of the analytical methodology), but some interesting information of the method 
is not represented in the pictogram.  

In addition, the students valued the miniaturization strategy very positively in order to turn the 
greenness of analytical methods. 

To conclude, this workshop can be easily applied for undergraduate students to introduce them in 
green chemistry with satisfactory results, making them conscious about the environment and 
sustainable development. An increased knowledge of students about miniaturization and modification 
of some parameters in analytical methods can help to reduce the waste or the use of toxic and 
hazardous reagents. 
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