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Abstract

Simulation studies of n-heptane/toluene system were performed using Aspen Plus. The comparative study
of different entrainers: N-Methyl-2-Pyrrolidone (NMP), Phenol, and Sulfolane for separation of this
system was done. Sensitivity analysis was carried out to optimize flowsheets. The criteria to determine the
appropriate solvent for the said system included, the total cost calculated by the Aspen Process Economic
Analyzer, amount of the solvent consumed, cost of the solvent, and purity obtained during the separation

process. For the given system, sulfolane was found to be the appropriate solvent.,
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Abstract— Due to the overwhelming increase in the electrical
and electronic products every year the rate of discarding older or
damaged electrical or electronics products has also increased.
Proper disposal or recycling of the discarded products of
Electrical and Electronic waste is of major concern for research
as it contains some harmful substances. There are several
literatures being reported for extraction of electronic waste using
different methods. Electro chemical, Pyrometallurgical,
Hydrometallurgical and Bioleaching are the most enhancing
methods to extract metals. Among all these methods,
electrochemical is one of the most efficient method reported. (80-
95) % of the metal extraction is reported in former mentioned
method by using different electrolytes. Additionally, different
combinations of electrodes are used to separately extract the
metals from E-Waste after the pretreatment and chemical
leaching of the Waste. To identify the best efficient electro
chemical methods and its challenges for extraction of metals from
e-waste, a literature review of research papers has been carried
out during the period between 2010 to 2019. This work will
conclude the comparative analysis of all these methods for
extraction of metals from e-waste based on some factors like:
Energy efficiency, Environment friendliness, Economical and
Efficient extraction of metals.

Keywords—Electrolysis, Electrochemical, Electrowinning, E
Waste

I. INTRODUCTION

With reference to the advancement of technology use of
Electrical & Electronic products has increased rapidly which
has enhanced the Productivity as well as abundant rate of
Waste materials. World produces 50 million tonnes of E-
Waste in a year which will go up to 120 million by 2050. But
presently only 20% of the waste is recycled [1][2][3]. The
primary element for almost all the electrical and electronic
products are Printed Circuit Board. Composite materials for
PCB contains 40% resin, 30% glass fiber, 30% metal [4][5].
The E Waste is classified into Used and non-functioning but
repairable Electrical & Electronic Equipment, Used and non-
functioning and nonrepairable wasted electrical and electronic
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products. [6]. Handling of E Waste is of foremost priority
because diverse hazardous materials exists in it. It contains
several toxic elements such as Lead, barium, beryllium
cadmium, PAHs and mercury [6][7]. These hazardous
contents have both environmental & human health impact.
Heavy metals are present in several effluents of chemical
processing industries. Metals need to be separated before
discarding it in the environment. Apart from effluents from
industries, a large amount of heavy metals are present in e-
waste. If these metals can be recycled successfully, it can be a
huge savings in the production as well as for the natural
resources.  Electro  chemical [2], Pyrometallurgical,
Hydrometallurgical and Bioleaching [8][9][10] are the
mechanism used for extraction of metals from E Waste shown
in Fig. 1. The Electrolysis process for extraction of metals is
analyzed in this work with various research publications. In
literature it has been found that for the separation of metals
from printed circuit boards, the PCBs are broken into pieces
and chemical leaching is applied to release the metals in the
acids or any other reagents.
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Fig 1. Pretreatment methods for E-Waste. [10]

The pretreatment of E Waste is almost similar for all the
methods. After manual segregation of waste PCBs &CPU
Slots, they are considered for recovery of metal. The
pretreatment follows some steps as shown in Fig. 1 [11][12].
These pretreatment methods help to separate metal and
nonmetal from the waste powder. Nonmetallic parts can be
separated using Eddy Current method, Electrostatic separator
or Density separation [13][14]. Electrostatic separation is
commonly used for segregation of Metallic Parts from
nonmetallic parts. Crushed PCB Boards will undergo the
chemical leaching process so that all the metals get dissolved
in the solution.

After pretreatment wasted printed circuit the powdered waste
will be used for recovery of metals. Table 1 showcases the
presence of Metals in PCB Board [15].

TABLE 1: % METAL CONTENT [14]

Copper 48.8%
Tin 21%
Lead 12%
Nickel 2%
Zinc 1.5%
Gold 0.08%
Silver 0.04%
Other 14.56%

It is evident from the diagram that majorly present material is
Copper, Tin, Lead. Metal concentrations are determined by
Inductively Coupled Plasma Optical Emission
Spectrometry (ICP-OES).[3] [15][16].

II. COMPARISION OF VARIOUS METHODS
TABLE 2 DIFFERENT METHODS TO EXTRACT METALS

Ref. Methods to

No. extract Metal Remarks

Process

The Process is
similar to extract
metals from
natural ores but

The e-waste first
dissolved into the
alkali solutions and

[9] | Hydrometallurgical | then extracted metal dcfntl(;l:)l(e
using precipitation, .
Cementation and &:;‘élggk;ftge
Solvent Extraction.
process more
complex.

The E-Waste is melted
with various flux
components as slag
formatives. The
molten metals are
collected to recover
metal from it.

Pyrolysis of E-
Waste givesrise
the toxic gases
which needs to
deal carefully.

[10] | Pyro metallurgical

This is a bacterial The process is

. . leaching process very slow
[8] Bioleaching where several comparedtothe
microorganisms used. | other processes.
After the Chemical
. Reuse of
leaching of E-Waste,
. Electrolytes can
[15] Electrolysis the metals were
be done to

segregated using extract metals.

electrolysis process.

The Comparison of Various methods [17] shown in Table 2.
The Hydrometallurgical and Pyro metallurgical process which
is more similar to the process of extraction of metals from
natural ores. But due to the complex nature of E-Waste the
process is more complex Acidithiobacillus ferrooxidans,
Acidithiobacillus ferrooxidans microorganisms [8] used to
extract metals in the Bioleaching process. The process is more
ecofriendly compared to the other process but the process
speed is very slow in this case. The Electrolysis process canbe
done in a ecofriendly way to extract metals from E-Waste.

III. MATERIALS AND METHOD

A. Sample Preperation

The PCB Powder obtained from mechanical pre-treatment
methods first dried to 105°C temperature [3]. In few literature
where a particular component has taken, PCB Powders are
dried to 70°C temperature [16]. The process is shown in Fig 2.

| Selection of Electrodes for Electrolysis

N7

| Analyze the different combination of component presents

hd

| Digested liquid was analvzed by Inductively Coupled |

Plasma Optical Emission Spectrometer

Digested with different electrolvte System

N7

| Driedat 105% C for 24 hour

NS

Pretreated Waste Powder

Fig: 2 : The process to prepare the sample
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As shown in Fig 2 the E Waste which obtained by the
pretreatment method will undergone for electrolysis process to
extract metal from it. Selection of the electrodes will be based
on the metal to be extracted.

TABLE 3 DIFFERENT CONCENTRATION OF ELECTROLYTES

Various Electrolytes are used to dissolve the Grinded PCB
Board. The experiments were carried out at different
concentration of solvents [16] to find out more efficient
concentration for better extraction. The solvents generally
used to dissolve the e-waste are HCI, HNOs, NaCl & H,0,.
From Table 3 it can be identified that fourth system HNO;-
H,0,-HF as the best extraction rate when compared to other
system. For this system is the concentration maintained
between 90%-100% then the metal extraction is almost 99%
as reported.

100
98 ——F—
96
94
92
90
88
86
84
82
88 90 92 94 96 98 100 102

% Metal Extraction

% Concentration

—8—[15] [3] —8—[17] —@—[18]

Fig. 3: % Concentration vs. % Metal Extraction

From the Table 3, % Concentration of Solvent Vs. % Metal
Extraction graph shown in Fig. 3. The Graph clearly shows the
highest metal recovery at 100% of concentration. The solvent
used in [17] & [18] gives the extraction efficiency around
100% which consists of HNO;.

B. Electrolysis Process

For the same four systems of Table 3, the electrode
combinations checked with the efficiency of current. In most of
the case polytetrafluoroethylene electrochemical reactor of
approximate 100 cm” area is used. The Selection of electrodes
are based on the metals to be extracted. Membrane cell is used
separate the Anode and the cathode chamber. As a membrane
cell filter cloth is used in maximum cases. The extracted metal
is collected from the cathode chamber.

Table No. 4 shows the summarized analysis for the above
four systems. Metal Extracted in all the cases are copper. It is
seen from the table 4 that to extract a particular metal the same
material cathode enhances the extraction rate.

The cell potential is maintained in such a way that the ion

Paper
Refere | System E“g“lyt A|lB|A|lB| A |B
nce
HI:% | 30%Nacy,
[15] 3 55% HCL 90 88 [ 95 | 91 100 95
HCIO4 -
HF and 5 %
H,0»
HNO:; - 40%
[3] HF- HNOs & 90 | 83 [ 95| 86 | 100 | 90
H,O, 60% H,O,
HNO; - ]
[17] HF- i'lH}II\ICOL 90 |98 | 95| 98 | 100 | 99
HCIO, }
HNO; - 30%
[18] H,O0; - HNOs & 90 [ 99 [ 95| 99 [ 100 | 99
HF 70% H,O,
A % Concentration
B %Metal Extraction

exchange from Anode to cathode should be according to the
electro chemical series for a particular metal to be extracted.

TABLE 4 DIFFERENT ELECTRODE ANALYSIS FOR METAL
EXTRACTION

o Metal
Memb %Curre Extracti
Ref. Anode Cathode embrane nt ractio
Cell . . n
Efficienc o,
0
y
Rhodum- | Figh-— |5
[15] p-ate purtty resistant 88 95
titanium titanium .
filter cloth
plate plate
Installed
Graphite Titanium porous
(3] stick mesh ceramic (50 92 20
pm)
Ruthenium- s o
(171 | plated Titanium | Anti-Acide | o 99.1
S filter cloth
titanium
Copper
Rutheniumeo sheet Double-
[18] ated titanium with layered 95 99.3
99.5% filter cloth.
sheet .
purity

IV. CALCULATIONS

The metal powder which get stuck into the cathode is
collected after every experiment. The collected metal powder is
washed with absolute ethanol for many times, after which it
gets dried in vacuum[15]. The dried metal powder is then
dissolved by the electrolyte system and analyzed by ICP-OES.
To obtain the character phases and morphology of the collected
metal powders scanning electron microscope was used.
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Following calculations was used to calculate extraction rate
and efficiency:

The influence of utilizing the electrolyte again for the
electrolysis process, the extraction rate of metal (X) can be
determine by using the following equation:

X =My + M) Mx * 100%
where
M, is the extracted mass (g) of metal;
Mg is the mass (g) of the metal present in the electrolyte;
My is the weight (g) of the total metal in waste CPU slots.

Separation rate = (M; +M;+Mj)/Metal present in wasted
powder * 100 %

where M1 is the extracted mass (g) of metal from cathode
chamber;

M2 is the mass (g) of the metal present in the electrolyte; and
M3 is initial mass (g) of the cu at the start of the experiment.
Efficiency of energy can be calculated by the efficiency of
current of copper (Y) as copper is the principal extracted
element from the wasted powder.

Y= M4/M5 * 100 %

Where

M4 is the extracted mass (g) of the copper in the cathode
chamber which possess some charge; and

MS5 is the theoretical calculated electrode decomposition mass
of copper (g) by Faraday's law for the similar quantity of
charge as M4, g;

Where Ms=1*t*C

I is the value of current during electrolysis, A;

t is the electrolysis time, h;

C is the electrochemical equivalent of Current efficiency.

V. EFFECT OF CURRENT DENSITY

During the metal decomposition the initial current density is
greater than the limiting dissemination current density. It is
also observed that the efficiency of the current will be low
when the density of the current is at the lower side. This is
because of the discriminatory nature of hydrogen evolution.
On the other side if the current density is increased the
efficiency of the current will also increase and the metal
decomposition in the cathode chamber will increase.

VI. ARTIFICIAL INTELLIGENCE TECHNIQUES FOR EXTRACTION

A mathematical model is proposed to predict the recovery of
Cu from E-Waste using Genetic Algorithm [18] with a
correlation coefficient of 91.46%. For optimize the process
conditions response surface methodology was used.

Artificial Intelligence Techniques can be used to predict the
recovery of metal. With reference to the study [19] conducted
for the prediction of Cu recovery, the author generated two Cu
recovery prediction models using the leaching method. For
both the models, more than 95% of the prediction quality is
achieved.

DISCUSSION

It has been seen from all the work that precious metals are not
frequently recovered using Electrolysis. Mainly all the
research work focuses on recovery of copper. More than 30
metals are present in PCB Boards. It will not be economically
viable to extract only one or two metals instead all available
metals should be recovered. Further research work needs to be
done for this.

The Metal to be extracted should be used as cathode to get
maximum extraction of the metal.

The Current efficiency is maintained around 80-85 % which
indeed effects the energy balance of the process. It can be
increased beyond 90% to regulate the power balance.

Artificial Intelligences method can be used to predict the
recovery of copper for better extraction efficiency of metals.

CONCLUSION

Electrochemical is the most efficient method as it can extract
more than 95% of the metal. Using chlorine component in the
solvent makes the extraction faster. Using Artificial
Intelligence Methods Extraction rates can be predicted which
will help to identify proper concentration of electrolyte for
metal extraction.

REFERENCES

[11 A New Circular Vision for Electronics Time for a Global Reboot, A
New Circular Vision for Electronics: Time for a Global Reboot, World
Economic Forum, 2019.

[2] S. Sthiannopkao, M.H. Wong, Handling e-waste in developed and
developing countries: initiatives, practices, and consequences, Sci. T otal
Environ. 463-464 (2013) 1147-1153.

[3] D. Yang, Y. Chu, J. Wang, M. Chen, J. Shu, F. Xiu, Z. Xu, S. Sun, S
Chen, Completely separating metals and nonmetals from waste printed
circuit boards by slurry electrolysis, Separation and Purification
Technology, 205 (2018), 302-307

[4] L.H. Yamane, V.T.D. Moraes, D.C.R. Espinosa, J.A.S. Tenorio,
Recyclingof WEEE: characterization of spent printed circuit boards
from mobile phones and computers, W aste Manage. (Oxford)31 (2011)
2553-2558.

[5] X.Wangb, Y. Guo, J. Liu, Q. Qiao, J. Liang, PVC-based composite
material containing recycled non-metallic printed circuit board (PCB)
powders, Journal of Environmental Management, 91 (2010), 2505-2510.

[6] D.N.Perkins, BS, M Drisse, MS, T. Nxele,MS, P. D. Sly, E-Waste: A
Global Hazard, 2014 Icahn School ofMedicineat Mount Sinai. Annals
of Global Health 2014;80:286-295.

[7] K. Grant, F. Goldizen, P D Sly, M. Brune, M. Neira, M. Berg, R.
Norman, Health consequences of exposure to e-waste: a systematic
review, Lancet Glob Health 2013, Vol 1 December 2013, 350-361.

[8] J. Willner, Extraction of metals from electric waste by bacterial
leaching., Environment Protection Engineering .J. 2013,39.

[9] A.Khaliq, Metal Extraction process for electronic waste and existing
industrial routes: A review and Australian Perspective, Resources
2014,3, 152-179.

[10] E. Ma, Recovery of Waste Printed Circuit Boards Through
Pyrometallurgy, Electronic Waste Management and Treatment
Technology, 2019, Pages 247-267

[11] Sinha R.; Chauhan G.; A Novel eco-friendly hybrid approach for
recovery and reuse of Copper from Electronic Waste, Journal of
Environmental Chemical Engineering, 2018, 6, 1053-1061.

978-1-7281-7089-3/20/$31.00 ©2020 IEEE 1448

Authorized licensed use limited to: University of Prince Edward Island. Downloaded on May 27,2021 at 00:30:39 UTC from IEEE Xplore. Restrictions apply.



Proceedings of the Third International Conference on Intelligent Sustainable Systems [ICISS 2020]

IEEE Xplore Part Number: CFP20M19-ART; ISBN: 978-1-7281-7089-3

[12] ChuY.; Mengjun Chen M.; Chen S.; WangB.; FuK.; Haiyan Chen H.,
Micro-copper powders recovered from waste printed circuit boards by
electrolysis, Hydrometallurgy, 2015, 156, 52-157.

[13] L. Dascalescu, T. Zeghloul, A. Iuga, Electrostatic Separation of Metals
and Plastics From Waste Electrical and Electronic Equipment, WEEE
Recycling, 2016, 1-32.

[14] R.Jyjuna, Q. Yiminga, X. Zhenming, Environment-friendly technology
for recovering nonferrous metals from e-waste: Eddy current separation,
Resources, Conservation and Recycling, 87 (2014), 109-116.

[15] M. Kaya, Recovery of metals and nonmetals from electronic waste by

physical and chemical recycling processes, Waste Management, 57
(2016) 64-90

[16] X. Yi, Y. Qi, F. Li, J. Shu, Z. Sun, S. Sun, M. Chen, S. Pu, Effect of
electrolyte reuse on metal recovery from waste CPU slots by slurry
electrolysis, Waste Management 95 (2019) 370-376.

[17] A. V. Kavitha, Extraction of Precious Metals from E-Waste, Journal of
Chemical and Pharmaceutical Sciences, Special Issue 3: October 2014,
147-149.

[18] T.P.Bezerraa, A.V. Grillob, B.F. Santos, Optimization of the Copper
Recovery from Printed Circuit Boards Using Artificial Intelligence as
Strategy, Chemical Engineering T ransactions, Vol. 74,2019, 1231-1236.

[19] V. Flores, B. Keith, C. Leiva, Using Artificial Intelligence T echniques

to Improve the Prediction of Copper Recovery by Leaching, Journal of
Sensors Volume 2020, Article 1D 2454875.

978-1-7281-7089-3/20/$31.00 ©2020 IEEE 1449

Authorized licensed use limited to: University of Prince Edward Island. Downloaded on May 27,2021 at 00:30:39 UTC from IEEE Xplore. Restrictions apply.



