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Abstract. Nowadays, the usage of electronic devices such as computers and mobile phones are 
crucial in the daily life especially with the growing internet usage globally. The worldwide e-waste 
production is anticipated to be around 20 to 25 million tonnes per year and is expected to rise 
through the decade.  Increasing amount of e-waste will become a major concern due to its harmful 
impact to the environment as well as human health. Investigations on the impact of e-waste 
recycling process in terms of flammability parameter is currently lacking. The objective of this 
work is to develop an inherent safety assessment index focusing on the flammability parameters 
assessment of e-waste recycling process. The inherent safety assessment index developed focused 
on the flammability value of every chemical used in e-waste recycling process particularly the 
hydrometallurgy and pyrometallurgy processes. Logistic function was used in developing the 
scores for flammability evaluation of e-waste processes. In this scoring index, higher flammability 
score indicates higher hazard. A simple case study was conducted to compare the flammability 
level of two e-waste recycling process, namely Process A and Process B. Process B has higher 
Total Flammability Score than Process A indicating it as more hazardous due to the existence of 
hydrochloric acid and cyanide in the process than Process A with only hydrochloric acid as its 
flammable chemical in terms of flammability level. This indicates that the inherent safety 
assessment index produced can be used to conduct preliminary evaluation on the flammability 
level of chemicals involved in an e-waste recycling process particularly the hydrometallurgy and 
pyrometallurgy processes. However, to achieve a more comprehensive inherent safety assessment, 
this index needs to be equipped with several others inherent safety assessment parameters for 
example explosiveness and toxicity. 
Introduction  
Nowadays, the usage of electronic devices such as computers and mobile phones are crucial in the 
daily life especially with the growing internet usage globally. These devices after some time will 
reach their end-of-life and degrade into a complicated waste matter which are referred to as e-
waste [1]. Every year, an estimated 20 to 25 million tons of e-waste are generated globally [2], and 
the volume of e-waste will continue to increase in tandem with technological improvements [3,4]. 
Globally, 44.7 million metric tonnes of e-waste were produced in 2016 [5], an astounding rise 
from 20 million tonnes per year in 2006 [4]. The worldwide e-waste production is anticipated to 
be around 20 to 25 million tonnes per year and is expected to rise through the decade.  Increasing 
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amount of e-waste will become a major concern due to its harmful impact to the environment as 
well as human health [6] if it is not properly managed. Human health is impacted by e-waste 
through food chain in which the toxic substances end up entering the food chain and direct impact 
to workers who work in the e-waste pre-treatment plant. The impact of e-waste towards human 
health has been discussed by various works for example in the assessment of carcinogenic risk 
involving heavy metals in e-waste [7], detection of copper and lead in scalp hair samples [8] and 
detection of PCBs in human milk samples [9]. However, investigations on the impact of e-waste 
recycling process in terms of flammability parameter is currently lacking. The objective of this 
work is to develop an inherent safety assessment index focusing on the flammability parameters 
assessment of e-waste recycling process. The scopes involved in this work are;  

1. The inherent safety assessment developed focus on the flammability value of every 
chemical used in hydrometallurgy and pyrometallurgy processes. 

2. Logistic function is used in scores assignment for each flammability value. 

There are many e-waste processing methods exist for example pyrometallurgy, hydrometallurgy, 
centrifugal separation and vacuum pyrolysis also surface passivation. However, this work only 
focuses on assessing inherent safety parameter of hydrometallurgy and pyrometallurgy processes. 
In hydrometallurgy process, e-waste collected will be dissolved in the appropriate solvent or liquid 
for the extraction of valuable metals through leaching in acidic or alkaline medium. Then further 
refining the target metal which is extracting it from the solutions using its chemical properties, 
either through currents and voltage such as electrolytic cells or simply through precipitation [10]. 
Pyrometallurgical processes have been used for the processing of metals from various waste 
materials over the last two decades. Smelting in furnaces, incineration, combustion, and pyrolysis 
are common e-waste disposal techniques. State-of-the-art smelters and refineries can extract 
precious metals efficiently and of isolating hazardous substances. These recycling facilities would 
close the loop for precious metals and reduce the effects of large volumes of e-waste on the 
environment. E-waste recycling is dominated by pyrometallurgical paths, while the steel industry 
embraces ferrous fractions for iron recovery and the secondary aluminium industry takes over 
aluminium fractions. Pyrometallurgical processes work with steps of release, separation/upgrading 
and purification that are basically like those of mechanical or hydrometallurgical routes. However, 
the release of precious metals is achieved not by leaching, crushing, or grinding, but by smelting 
in furnaces at high temperatures. E-waste/copper/lead scrap is fed into a furnace in these 
pyrometallurgical processes, whereby metals are collected in a molten bath and a slag phase is 
formed by oxides [11]. 
Development of Flammability Scoring Index for E-Waste Recycling Process 
i. Brief Description on Flammability Parameter 

Heikkila [12] defines flammability as how easily a material burns in air. In this work, flash point 
of a liquid is used to measure the flammability of the chemicals involved in the e-waste recycling 
process. The flash point of a liquid refers to the lowest temperature at which the liquid emits 
sufficient vapour to form an ignitable mixture with air [13]. Thus, chemicals with lower flash 
points present greater hazard risks compared to chemicals with higher flash points. Similar 
flammability value was used in the Numerical Descriptive Inherent Safety Technique for inherent 
safety assessment of flammability parameter in petrochemical industry [14], Inherent Benign-ness 
Index (IBI) [15], and Prototype Index for Inherent Safety (PIIS) [16].  
 
ii. Brief Description of Logistic Function 

The flammability scoring for the proposed inherent safety assessment index is developed through 
the application of logistic function. Equation 1 shows the general equation of logistic function 
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[17]. Equation 1 is supported by Equation 2 and 3. y variable in Equation 1 represents the 
flammability score for every flash point value, while x variable in Equation 1 indicates the flash 
point value to be evaluated. There are three main constants in Equation 1 namely C, B and A where 
C refers to the maximum score limit in which the y value will always be less than or equal to C. 
This feature of logistic function makes it suitable to be used in a scoring index. As an example, if 
the C value is set to 100, the maximum value for output y is 100. Equation 2 determines parameter 
B via the m value while Equation 3 determines parameter A via the k value.  
 

𝑦𝑦 =  
𝐶𝐶

1 + 𝐴𝐴𝑒𝑒−𝐵𝐵𝐵𝐵
 

 
(1) 

𝐵𝐵 =  
4𝑚𝑚
𝐶𝐶

 
 

(2) 

𝐴𝐴 =  𝑒𝑒𝐵𝐵𝐵𝐵 
 (3) 

 
Research Methodology 
a) Data Collection 

Information on the types of chemicals used in hydrometallurgy and pyrometallurgy processes was 
conducted. Resources used from the available literatures such as journal papers and reports. Then, 
data on the flash point values for the chemicals identified were collected. Table 1 shows the 
chemicals identified in hydrometallurgy and pyrometallurgy processes along with their respected 
flash point. 
 

Table 1  Chemicals Involved in Hydrometallurgy and Pyrometallurgy Processes 

Chemicals Flash Point (°C) 
Carbon Monoxide -191 

Nickel -25 
Hexane -22 
Cyanide -18 
Acetone -18 
Thiourea -9.3 
Methanol 9 
Lithium 18 

Phosphorus 30 
Acetic Acid 39 

Hydrochloric Acid 48 
Tri-N-Butyl Phosphate 145 

Di-(2-ethylhexyl)phosphoric Acid 168.5 
Ascorbic Acid 214.6 

Raw and Modified Palm 250 
Fructose 274.9 
Sucrose 343.9 

Zinc 680 
Sodium Sulphide 950 
Sodium Chloride 1413 
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b) Data Analysis 

The data collected as shown in Table 1 was then divided into several range as shown in Table 2 
and analyzed to identify the frequency and cumulative frequency of each range. Then, a cumulative 
curve of the flash point range versus cumulative frequency is plotted as shown in Figure 1. A linear 
trendline is plotted on the cumulative curve to identify its slope. According to Figure 1, the slope 
identified is 2.57. This value is used as the basis value in developing the flammability score using 
the logistic function in the next step. 

Table 2 Frequency Analysis 

Chemicals Flash 
Point 
(°C) 

Flash Point Range (°C) 
< -50 -49 to 0 1-50 51-100 101-150 151-200 >200 

Carbon 
Monoxide 

-191 x       

Nickel -25  x      
Hexane -22  x      
Cyanide -18  x      
Acetone -18  x      
Thiourea -9.3  x      
Methanol 9   x     
Lithium 18   x     

Phosphorus 30   x     
Acetic Acid 39   x     
Hydrochlori

c Acid 
48   x     

Tri-N-Butyl 
Phosphate 

145     x   

Di-(2-
ethylhexyl)
phosphoric 

Acid 

168.5      x  

Ascorbic 
Acid 

214.6       x 

Raw and 
Modified 

Palm 

250       x 

Fructose 274.9       x 
Sucrose 343.9       x 

Zinc 680       x 
Sodium 
Sulphide 

950       x 

Sodium 
Chloride 

1413       x 

Frequency 1 5 5 0 1 1 7 
Cumulative 
Frequency 

2 7 12 12 13 14 21 
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Figure 1 Cumulative Curve 

 
c) Development of Flammability Scoring using Logistic Function 

There are three values that need to be determined first before the logistic function as shown in 
Equation 1 can be used for score development. The first value is the C value which refers to the 
maximum score to be assigned in the logistic function. In this work, the C value is set as 100 
indicating 100 as the highest score available for the flammability scoring index. The second value 
is the k-value which indicate the middle score of the scoring index. As 100 is the maximum score, 
50 is taken as the k-value. The third value is the m value which can be used to determine coefficient 
B as shown in Equation 2. The slope value obtained from the cumulative curve in Figure 1 is used 
as the first m value to obtain coefficient B. After the B value was obtained, coefficient A value can 
be obtained using Equation 3 and lastly the final flammability score can be obtained using Equation 
1. Equation 1 is used to produce a logistic curve, specific for flammability parameter of e-waste 
processing. The m value needs to be adjusted (either by reduction or addition, for this work the 
adjustment was done through reduction) so that a smooth logistic curve can be obtained as the final 
product. 
Results and Discussion 
Equation 4 shows the final logistic function developed while Figure 2 shows the final logistic curve 
developed for the flammability scoring of e-waste processing. In Equation 4, xFP refers to the flash 
point of the chemical to be evaluated. If a user wanted to identify the flammability level of a 
chemical involved in e-waste processing, the user must insert the flash point value of the chemical 
into Equation 4 and can directly obtain its flammability score. This is similar to the approach taken 
by Ahmad et. al. [14] in the development of inherent safety assessment index for petrochemical 
processes. In addition, the user can also use the flammability score curve in Figure 2 to graphically 
obtain the score of the chemicals. Figure 2 can also be used in identifying the root-cause of 
flammability hazard in an e-waste recycling process as discussed by Ahmad et. al. [18]. In this 
scoring index, higher flammability score indicates higher hazard.  

𝐹𝐹𝐹𝐹𝐹𝐹𝑚𝑚𝑚𝑚𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑦𝑦 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑒𝑒 =  100 ×
1

1 + 2.7182𝑒𝑒−0.02𝐵𝐵𝐹𝐹𝐹𝐹
 

 
(4) 
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Figure 2 Logistic Curve for Flammability Scoring 

If there are several chemicals involved in a process, the score for each chemical can be totalled 
up (Equation 5) to produce a score that can represented the whole process. 
𝑇𝑇𝑆𝑆𝐹𝐹𝐹𝐹𝐹𝐹 𝐹𝐹𝐹𝐹𝐹𝐹𝑚𝑚𝑚𝑚𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑦𝑦 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑒𝑒 =  �𝐹𝐹𝐹𝐹𝐹𝐹𝑚𝑚𝑚𝑚𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑦𝑦 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑒𝑒𝑖𝑖

𝑖𝑖

 

 
(5) 

Application of the Developed Index to a Case Study 
A simple case study was conducted on two e-waste recycling process namely Process A and 
Process B to identify the flammability level of the chemicals involved in both processes. The 
purpose of the case study is to illustrate the usage of the scoring equation developed as shown in 
Equation 4. Process A involved four chemicals namely sulfuric acid, hydrogen peroxide, 
magnesium chloride, and hydrochloric acid while there are three chemicals involved in Process B 
which are nitric acid, hydrochloric acid, and cyanide. After identifying their flash point values, it 
was identified that sulfuric acid, hydrogen peroxide, and magnesium chloride in Process A while 
nitric acid in Process B are non-flammable which are assigned as having 0 flammability score. 
This is aligned with the score’s assumption used in this scoring index in which higher flammability 
score indicates higher flammability hazard. The identified flash point values were inserted into 
Equation 4 to produce the flammability score for each chemical. Table 3 shows the chemicals 
involved in both processes as well as their flash point values and designated flammability scores.  

 
Table 3 Chemicals involved in Process A and Process B 

Process Chemical Involved Flash Point (°C) Flammability 
Score 

A 

Sulfuric Acid Non-flammable 0 
Hydrogen Peroxide Non-flammable 0 
Magnesium Chloride Non-flammable 0 
Hydrochloric Acid 48 51 

B 
Nitric Acid Non-flammable 0 
Hydrochloric Acid 48 51 
Cyanide -18 80 
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Individually, cyanide is deemed as the most hazardous in terms of flammability compared to the 
other chemicals used in Process A and Process B. Comparison can also be made between Process 
A and Process to identify which process possessed the most hazardous flammability level. This 
can be done by totalling the flammability scores using Equation 5. Table 4 shows the comparison 
between Process A and Process B in terms of their flammability level. According to Table 4, 
Process B has higher Total Flammability Score than Process A indicating it as more hazardous 
than Process A in terms of flammability level. Comparison of both processes indicates Process B 
as the most hazardous due to the existence of two flammable chemicals namely hydrochloric acid 
and cyanide. 
 

Table 4 Comparison between Process A and Process B in terms of Flammability Level 

Process Chemical Involved Flammability 
Score 

Total 
Flammability 

Score 

A 

Sulfuric Acid 0 

51 Hydrogen Peroxide 0 
Magnesium Chloride 0 
Hydrochloric Acid 51 

B 
Nitric Acid 0 

131 Hydrochloric Acid 51 
Cyanide 80 

 
This inherent safety index developed specifically for flammability parameter needs to be equipped 
with several other inherent safety parameters, such as explosiveness, toxicity, and operating 
conditions, for a more comprehensive inherent safety evaluation. Furthermore, relationships 
between flash point and operating pressure of the process might also affect the inherent safety level 
of the process indicating its necessity for future investigations. 
Conclusions 
In conclusion, the inherent safety assessment index scoring equation produced can be used to 
conduct preliminary evaluation on the flammability level of chemicals involved in an e-waste 
recycling process particularly the hydrometallurgy and pyrometallurgy processes. Assessment on 
simple case study of two e-waste processing methods namely Process A and Process B were 
conducted. In process A, out of the four chemicals involved, hydrochloric acid is the most 
flammable represented by the highest flammability score of 51. Meanwhile, cyanide is identified 
as the most hazardous in Process B in terms of flammability parameter due to its highest score of 
80.  Comparison of both processes indicates Process B as the most hazardous due to the existence 
of two flammable chemicals namely hydrochloric acid and cyanide. However, to achieve a more 
comprehensive inherent safety assessment, this index needs to be equipped with several other 
inherent safety assessment parameters for example explosiveness and toxicity.  
Acknowledgement 
Special thanks to Universiti Teknologi PETRONAS (UTP) for the support received in completing 
this manuscript under STIRF research grant (cost center: 015LA0-022). 
References 
[1] P. Tanskanen, Management and recycling of electronic waste, Acta Materialia. 61 (2013) 
1001-1011. https://doi.org/10.1016/j.actamat.2012.11.005 



Sustainable Processes and Clean Energy Transition - ICSuPCET2022 Materials Research Forum LLC 
Materials Research Proceedings 29 (2023) 370-377  https://doi.org/10.21741/9781644902516-42 
 

 
377 

[2] M. Abul Hasan, T.A. Abbasi, R.P. Mahapatra, S. Ahmed, M.S. Abbasi, Ewaste management 
and hazardous effect on environment, In Proceedings of the 4th National Conference; 
INDIACom-2010 Computing for Nation Development. (2010) 
[3] A. Ibitz, Environmental policy coordination in ASEAN: The case of waste from electrical 
and electronic equipment, Austrian Journal of South-East Asian Studies. 5(1) (2012) 30-51. 
[4] B.H. Robinson, E-waste: An assessment of global production and environmental impacts, 
Science of the Total Environment. 408(2) (2009) 183-191. 
https://doi.org/10.1016/j.scitotenv.2009.09.044 
[5] C.P. Balde, V. Forti, V. Gray, R. Kuehr, P. Stegmann, The Global E-Waste Monitor, United 
Nation University (UNU), International Telecommunication Union (ITU) & International Solid 
Waste Association (ISWA), Bonn/Geneva/Vienna. (2017) 
[6] G. Song, J. Li, A Review on Human Health Consequences of Metals Exposure to E-Waste in 
China, Environ.Pollution. 196 (2015) 450-461. https://doi.org/10.1016/j.envpol.2014.11.004 
[7] M. Xue, Y. Yang, J. Ruan, Z. Xu, Assessment of Noise and Heavy Metals (Cr, Cu, Cd, Pb) in 
the Ambience of the Production Line for Recycling Waste Printed Circuit Boards, Environ. Sci. 
Technol. 46 (2012) 494-499. https://doi.org/10.1021/es202513b 
[8] T. Wang, J. Fu, Y. Wang, C. Liao, Y. Tao, G. Jiang, Use of Scalp Hair as Indicator of Human 
Exposure to Heavy Metals in an Electronic Waste Recycling Area, Environ. Pollution, 157 
(2009) 2445-2451. https://doi.org/10.1016/j.envpol.2009.03.010 
[9] G. H. Xing, J. K. Y. Chan, A. O. W. Leung, S. C. Wu, M. H. Wong, Environmental Impact 
and Human Exposure to PCBs in Guiyu, an Electronic Waste Recycling Site in China, Environ. 
International, 35 (2009) 76-82. https://doi.org/10.1016/j.envint.2008.07.025 
[10] Chemistry: The Central Science. (Accessed: 14/05/2022) 
https://chem.libretexts.org/Courses/University_of_Missouri/MU%3A__1330H_(Keller)/23%3A
_Metals_and_Metallurgy/23.3%3A_Hydrometallurgy 1212 (2020). 
[11] M. Kaya, Recovery of Metals from Electronic Waste by Physical and Chemical Recycling 
Processes. World Academy of Science, Engineering and Technology. 10 (2) (2016) 232-243. 
[12] A. M. Heikkila, Inherent Safety in Process Plant Design an Index-based Approach, PHd 
Thesis, Helsinki University of Technology (1999). 
[13] D.A. Crowl, J.F. Louvar, Chemical Process Safety Fundamentals with Applications, 2nd 
Ed., Prentice Hall, New Jersey, 2002. 
[14] S. I. Ahmad, H. Hashim, M. H. Hassim, Numerical Descriptive Inherent Safety Technique 
(NuDIST) for Inherent Safety Assessment in Petrochemical Industry, Process Saf. Environ. 
Protect. 92 (2014) 379-389. https://doi.org/10.1016/j.psep.2014.03.009 
[15] R. Srinivasan, N.T. Nhan, A statistical approach for evaluating inherent benign-ness of 
chemical process routes in early design stages. Process Saf. Environ. Protect. 86 (2008) 163-174. 
https://doi.org/10.1016/j.psep.2007.10.011 
[16] D.W. Edwards, D. Lawrence, Assessing the Inherent Safety of Chemical Process Routes: Is 
There a Relation Between Plant Costs and Inherent Safety? Trans IChemE, Vol. 71 (B) (1993) 
252-258. 
[17] R.J. Larsen, M.L. Marx, An Introduction to MathematicalStatistics and Its Applications, 
third ed. Prentice-Hall, NewJersey (2001). 
[18] S. I. Ahmad, H. Hashim, M. H. Hassim, A graphical method for assessing inherent safety 
during research and development phase of process design, J. of Loss Prevent. In the Process Ind. 
42 (2016) 59-69. https://doi.org/10.1016/j.jlp.2015.09.018 


	Development of inherent safety assessment index for e-waste recycling process: flammability parameter
	Introduction
	Development of Flammability Scoring Index for E-Waste Recycling Process
	Research Methodology
	Results and Discussion
	Conclusions
	Acknowledgement
	References


