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ABSTRACT

Electronic waste (e-waste) is one of the fastest-growing waste streams with an annual growth
rate of 3-5%. India is the 3" largest producer of e-waste and produced around 3.23 million
metric tonnes of e-waste in 2019. The huge generation of e-waste, presence of toxic
materials, and lack of infrastructure to manage e-waste pose a serious threat to the
environment as well as to human health. On the other hand, e-waste is termed as “urban
mines” as it contains valuable materials such as metals and plastic which account for 75 wt.%
of the total mass. Thus, e-waste recycling provides an opportunity for resource recovery and

its simultaneous conservation.

In the present study, attempts have been made to develop an integrated technology for metal
recovery and the generation of valuable products from e-waste. Waste printed circuit boards
(WPCB) were collected from the local area and were used as a source of e-waste. The
pyrolysis of e-waste was performed at lab scale as well as pilot-scale and an experimental
setup with a capacity to pyrolyze 10 kg/h of e-waste was used for the pilot-scale study.
Initially, the metallic fraction was recovered from WPCB using pyrolysis and chemical-free
green ultrasonication technology at the lab scale. Under optimum operating pyrolysis
conditions i.e. 400 °C temperature and 20 minutes of pyrolysis time, 60 wt.% solid product
was obtained. The solid product was further subjected to a novel ultrasonication process
which resulted in 90 wt.% metallic fraction recovery within 30 minutes. Moreover, the
transfer of precious metals (Au, Ag, Pd, and Pt) was nearly 100% to the metallic fraction.
Furthermore, at the pilot scale study, the yield of solid, liquid, and gaseous products was
approximately 75 wt.%, 5 wt.%, and 20 wt.% respectively at the optimized conditions of 500
°C temperature, 10 kg/h feed rate, and 20 min of residence time. The gaseous product mainly

consisted of H,, CH,4, CO, and CO,, having a heating value of 28 MJ/kg. The liquid product



obtained is majorly comprised of phenol and benzene derivative compounds. The heating
value of the liquid product is around 32 MJ/kg which can be used for the generation of
energy or as feedstock for the recovery of chemicals. Moreover, the present study has
successfully demonstrated the removal of bromine from the liquid product by adding

polypropylene during the pyrolysis process.

Metals are the most valuable components of e-waste and for metal recovery, ammonia-
ammonium sulfate and methanesulfonic acid (MSA) leaching were used. In the case of
ammonia-ammonium sulfate leaching, the maximum recovery of Cu, Ni and Zn was around
100%, 90%, and 75% respectively under the optimized conditions of 90 g/L ammonia, 180
g/L ammonium sulfate, 0.4 M H,0,, 4 h of reaction time, L/S ratio of 20 mL/g, 80 °C
temperature and agitation speed of 700 rpm. Moreover, electrowinning was employed for the
selective Cu recovery which results in the recovery of Cu with nearly 98% purity. In the case
of MSA leaching, almost complete extraction of Cu and Zn was achieved whereas 90% Ni
was extracted under the optimized process condition of 1 M MSA, 0.6 M H,0,, 2 h of
reaction time, L/S ratio of 20 mL/g, 50 °C temperature and 500 rpm stirring speed. In
addition, the recovery of Cu and Zn was performed using the combination of cementation and
electrowinning which resulted in the recovery of Cu and Zn with 99.9% purity. The kinetic

study revealed that metal extraction is a diffusion-controlled process.

The comparative analysis between ammonia-ammonium sulfate leaching and MSA leaching
at optimized conditions revealed that the reaction time, temperature, and stirring speed are
significantly lower in the case of MSA leaching which makes it a more efficient and
economical process. Furthermore, the MSA is contemplated as a biodegradable green solvent
and an aqueous solution of MSA does not evolve any toxic compounds under normal

conditions. These properties make MSA more suitable to develop an environmentally benign



process for the recovery of metals from WPCB. Therefore, MSA leaching is recommended

for the recovery of metals from WPCB over ammonia-ammonium sulfate leaching.

Overall, based on the investigations in the present study an integrated approach consisting of
pyrolysis and MSA leaching is recommended for e-waste recycling. The proposed approach
can efficiently reduce the problem of e-waste disposal along with the generation of valuable
products, energy, and recovery of metals. The economic analysis of the integrated process
was carried out for 1 TPD e-waste recycling plant. Based on the economic analysis the
payback period for the 1 TPD e-waste recycling plant is around 3.05 years and IRR was
calculated as 30.45%. Both processes i.e. pyrolysis and MSA leaching processes are eco-
friendly and therefore, the proposed integrated approach will provide a sustainable solution
for e-waste management along with metal recovery and generation of valuable liquid and

gaseous products.

\
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ZAGRIHD BRI (3-BRT) 3-5% P ANV Jhag aX D 1Y T ool F Fg aral Uy
Terdf 7 § U g, I g T URA §-ak BT k] JaY 98T SdTE® ¢ 3R 2019 H URd
J U 3.23 fferma Hifew o7 3-FHR FT IdeA . 3R fF 98 R W
JATEEHd], Sedd Uardf & IUFRUfA, 3R §-FaRk & UauH & fore gfardt e &t Ht
THTaRUT & TY-H1Y TG W6 & o8 1} 98¢ STHaRS 8. GOl 3R, S-FHaR DI "W
&1 75 wt.% BT €. 3 UPR, 3-(UfRIy uaryf & G<lenor ¥ 9 dHad Tare g- Wit gl §
R 39S WU BT b i quigars.

A T B, - HR Y Ul IUT 3 Yo gerdf & Idied & Y Udhidpd
N s Ria H7 &1 g e ar 8. Uiy gfsd Tfthe a8 (Sseyuidieh) ura &
R & ¥ THA fFU MU SR I HR F AId & U F IuanT fbT 8 Q. SHeR @
TR, TRNTRITCT & H1Y-H1Y Uriee TR UR a1 77 T 3R Uil ®R & e &
foT 10 fobet Ul €T $-HeR B URRIATS S HRA B &HdT Tl Teb TR T2 T
forar T o1, YRy H, TATRITET TR TR Ui SiR g *fed qut waiearv sHgd
TRANDHRA TP BT YA HRh SegUITal ¥ YT U &1 T8, IFAH TR
URRITTR Ryl At 400 °C A9HM iR 20 T & URRIIRIY ¥5g & d8d, 60 wt.%
31 IdTE UG a1 1 AT, 31 ITG DI 3T SfegI-d= Uishan & $efi favam
ford URUIMRa=T 30 e & IR 90 wt.% YT 31 P U 8. SUP SATal, HIFd!

YT (Au, Ag, Pd, 31T Pt) BT RITIARUT 4T 3= H THIT 100% UT. S8 AT, 500 °C

dqar, 20 e 9o, 9uT wie R 10 feaum ufd gl &1 srefaa aRkfRufadr 3,



TS A & 3T H, 31, TRa R TR ITal BT IUST HH: THT 75 wt.%, 5
Wt.%, 3R 20 wt.% ot TRffg Iarg § 487 U ¥ H,, CH,, CO, 3R CO, B1d &, e
JWTAT A 28 AN Wfd fHaim giar 8. I dRa SdTe & o =0 9 fiha SR oA
AT TS AMHA Bd €. TR IAG BT IWTdl A AT 32 BT Ui fpams §
ForTeT IUANT Sl IadTe & g a1 Tl &1 Wiftd & o Wisweis & ¥y H fosar o
THdl §. 3P 3IATT, TAHM &0 | TR Ufehar & SR Uleiurs e shedb
WA IS A SHIA BT g BT Thadgdd e fHar &,

YT 3-H IR & T HeId g g 3R YT Pt U & fore, Srifar-smifam wethe iR
HidTaemIFe thrs (TaTER) AT o1 IuanT fear mar ot sFf-ar-smifam debhe
i< & T |, 90 U Ufd i’ ST, 180 UTH Ufd iR SMHIMTH Aethe, 0.4 HITR
gISsior WRIGSs, Uldfhar 99y 4 °¢, Ta/uq 3ura 20 fidfieier ufd urm, 8o °c
Ao 3R 700 SRUTH St Sale Tfd Bt s iad fRufadl & d&d Cu, Ni 3R zn &
fYHaH UMY HH: TIHT 100%, 90% 3R 75% N. IqF @M, Fadeia-T Bi
TIHS Cu YIS & forg FaifSra fovam mam ot oy aRUMRa= 1 Cu &1 T4 98%
sdl & I I g8, TAUUUE oIl & TNt §, 1 Aok TAUNT, 0.6 AR gI8g o

WRIFES, UfAfhar oy 2 e, Td/T8 3T 20 fcfidiex ufa 7MW, 50 °C AgAM SR
500 SRUNTH 3HTelis T Bt s ford Rufadl & dgd cu 3R zn &7 T guf fAsmeor
gy fobar T o1, Siafs Ni &I 90% W fopar . 9 sramar, WHRA 3R
ST & TS BT STAN BB Cu 3R zn BT Rpad 1 75, e aRumFRaEY
Cu 3R Zn Bt 99.9% TGl & 1 Repadt gs. ol 31eqga I gdT g fob o1 Fem vt



sEfod oRfufedl & smfar-emifag Gethe ofifm iRk wHuaw ifdn & =
AT IRyl ¥ Udl 9a1 § for eHeau ofif & ama & ufafshar 999, aoaE sk
TS Bt T BTH! HH § O 3 P HIQ 3R fH R Ufchar -1 7. 3P e,

THTHY &1 T SAfedsad dH Hicde & U § /T Sl § 3R THIHY &1 Sy °id
g gRRfEEl # fe ot sl 9t @1 faeiia =81 #xdl 3. T 01 THLHT &I
SequTEitel ¥ urqell 1 U & forg uaia—or 1 2P ¥ Sidd ik fad Rid 33 & for
3iferep Iuad s . ST, SMifAar- g Gethe @i &t o # Sseguiiist ¥
YT 1 Ut o forg THURT eftfef g anfed g% &.

$d TR, TAHM 3T H ofid & SHTYR W 5-3(URIY GHh Ul o o aRRITIRE™ iR
THUT AT § god Udbighd DD 10 IFad T 71T &, URATdd qdb-1dh Heda SdTal,
St SR UTgell B Ut & AIY-TY $-H R & (UeH & I &1 Al § HH B
el 8. 1 SIS §-SUfIy Yieh v 07 & T Usbigpd Ufshar o1 offifep faeetwur fopar
. 3nfifes faRawor & SyR wR 1 AdEl $-srufkiy yrdemur woa & for yarad srafy
Y ATHT 3.05 AY & 3R SMSARSAR P TUMAT 30.45 WA & F4 | &t 15 A, a1
yfshary Al TR SR THUET Wi yaiaRul & Sfpd & SR 3Hfey, Udlfdd

Ui db-1dh YTd B! W 3R Hega dRd iR T Iadre) & Idre & JrY-1Y 3-

FHeRT ey & ol T It THTYTE WS B,



TABLE OF CONTENT

Title

Certificate

Acknowledgements

Abstract

Table of Content

List of Figures

List of Tables

Chapter 1: Introduction

1.1
1.2.
1.2.1
1.2.2.
1.3.
1.4.
1.5
Chapter 2 :
2.1
2.1.1.
2.1.2.

2.1.3.

Background

Composition of e-waste
Metal composition of e-waste
Plastic content in e-waste
Hazardous effects of e-waste
Research objectives
Overview of the dissertation
Literature Review
Physical separation

Gravity separation

Magnetic separation

Electrostatic separation

Vil

Page No.

VIl

XV

XX

10

11

13

14

14

15

16



2.1.4.
2.1.5.
2.2.
2.2.1.
2.2.2.
2.2.3.
2.2.4.
2.3.
2.3.1.
2.3.2.
2.3.2.1.
2.3.2.2.
2.3.2.3.
2.3.2.4.
2.3.2.5.
2.4.
Chapter 3 :
3.1
3.2
3.2.1.

3.2.2.

Flotation

Perspective of physical separation processes

Chemical recycling of e-waste plastic

Pyrolysis of e-waste plastic

Catalytic pyrolysis of e-waste plastic

Gasification of e-waste plastic

Depolymerization of e-waste plastic using supercritical fluids
Recovery of metals from e-waste

Pyrometallurgy

Hydrometallurgy

Cyanide leaching

Thiosulfate leaching

Thiourea leaching

Halide leaching

Acid leaching

Research gaps

Experimental Details

Materials

Recovery of metallic fraction using pyrolysis and ultrasonication
Pre-treatment of WPCB

Pyrolysis of WPCB at lab scale

VI

18

19

20

20

27

34

38

41

42

45

45

47

54

60

65

69

72

72

72

73

73



3.2.3.

3.3.

3.3.1.

3.3.2.

3.4.

3.4.1.

3.4.2.

3.5.

3.5.1.

3.5.2.

3.5.2.1.

3.5.2.2.

3.6.

3.6.1.

3.6.2.

3.6.3.

3.6.4.

3.6.5.

3.6.6.

3.6.7.

Recovery of metallic fraction using ultrasonication
Pilot scale study for pyrolysis of WPCB
Size reduction of WPCB

Pyrolysis of WPCB at pilot scale

Metal recovery using ammonia-ammonium sulfate leaching

Leaching experiments

Electrowinning of Cu

Metal recovery using MSA

Metal leaching

Individual recovery of Cuand Zn

Recovery of Cu using cementation

Recovery of Zn using electrowinning
Characterization techniques

Microwave plasma atomic emission spectroscopy
Thermogravimetric analysis (TGA)

Fourier transform infrared (FT-IR) spectroscopy
Ultimate analysis

X-ray diffraction (XRD) analysis

Scanning electron microscopy (SEM) and Energy dispersive X-ray

(EDX)

Raman spectroscopy

75

75

75

76

77

77

78

80

80

81

81

81

82

82

82

83

83

83

84



3.6.8.

3.6.9.

Chapter 4 :

Gaseous product analysis

Liquid product analysis

Environmentally Friendly Approach for the Recovery of

Metallic Fraction from WPCB using Pyrolysis and Ultrasonication

4.1.

4.2.

42.1.

42.1.1.

4.2.1.2.

421.3.

4.2.2.

4.2.2.1.

4.2.2.2.

4.2.3.

4.2.4.

4.2.5.

4.3.

Introduction

Result and discussion

Feedstock characterization

Elemental composition and ultimate analysis of WPCB
Thermogravimetric analysis

Fourier Transform Infrared Spectroscopy analysis
Pyrolysis of WPCB

Effect of temperature

Effect of holding time

Recovery of metallic fraction using ultrasonication
Analysis of solid residue

Mass balance diagram and basis for the pilot scale study

Summary

Chapter 5 : Pilot-scale Study for the Pyrolysis of WPCB and Debromination

of the Liquid Product

5.1

Introduction

84

84

86

86

86

86

86

87

89

90

90

92

93

97

101

102

104

104



5.2.
5.2.1.
5.2.1.1.
5.2.1.2.
5.2.2.
5.2.2.1.
5.2.2.2.
5.2.3.
5.2.3.1.
5.2.3.2.
5.2.3.3.
5.2.4.
5.2.5.
5.2.6.
5.3.
Chapter 6 :
6.1.
6.2.
6.2.1.
6.2.1.1.

6.2.1.2.

Result and discussion

Feed characterization

Metal analysis

Thermogravimetric analysis
Pyrolysis experiments at pilot scale
Effect of temperature on pyrolysis
Effect of feed rate

Product analysis

Solid product

Gaseous product

Liquid product

Py-GC/MS analysis and mechanism of WPCB pyrolysis
Effect of PP addition

Mass balance of the pilot scale study

Summary

Recovery of Metals from WPCB using Alkali Leaching

Introduction

Results and discussion

Extraction of metals from WPCB

Effect of ammonia concentration on metal extraction

Effect of ammonium sulfate on metal extraction

Xl

104

104

104

106

107

107

108

109

109

112

113

114

118

121

122

123

123

124

124

124

127



6.2.1.3.

6.2.1.4.

6.2.1.5.

6.2.1.6.

6.2.1.7.

6.2.1.8.

6.2.2.

6.2.3.

6.2.4.

6.3.

Chapter 7 : A Sustainable Route for the Recovery of Metals from WPCB

Effect of H,0O, on metal extraction

Effect of reaction time on metal extraction
Effect of L/S ratio on metal extraction
Effect of temperature on metal extraction
Effect of agitation speed on metal extraction
Zn extraction

Kinetic study of metal extraction
Electrowinning of Cu

Comparative study

Summary

using Methanesulfonic Acid

7.1.

7.2.

7.2.1.

7.2.1.1.

7.2.1.2.

7.2.1.3.

7.2.1.4.

7.2.1.5.

7.2.1.6.

Introduction

Results and discussion

Extraction of metals from WPCB

Effect of MSA concentration on metal extraction
Effect of H,O, concentration

Effect of stirring speed

Effect of L/S ratio

Effect of time

Effect of temperature

X

128

130

131

132

133

134

135

139

141

144

145

145

146

146

146

149

151

152

153

154



7.2.2.
7.2.3.
7.2.3.1.
7.2.3.2.
7.2.4.
7.2.5.
7.2.6.
7.2.7.
7.2.8.
7.2.8.1.
7.2.8.2.
7.3.
Chapter 8 :
8.1.

8.2.

Kinetic study

Individual recovery of Cuand Zn metals

Cu recovery using cementation

Zn recovery

Pollution prevention, resources recovery, and circular economy
Applications and future research prospects

Comparative analysis of alkali leaching and MSA leaching
Proposed integrated approach

Economic analysis

Capital and operating cost

Net revenue generation

Summary

Conclusions and Recommendations

Conclusions

Recommendations

References

Appendix

Pilot plant images

Pyrolysis product images

Metal recovery images

Biodata

X

155

159

159

162

164

166

168

169

171

171

173

175

176

176

179

180

221

221

222

223

224



LIST OF FIGURES

Figure No.

11

1.2

1.3

14

1.5

1.6

2.1

2.2

2.3

2.4

2.5

2.6

2.7

2.8

2.9

Figure Caption

Classification of e-waste

The global quantity of e-waste generated

E-waste scenario in top 10 e-waste producing nations: (a) E-waste
produced in 2019 (MMT) (b) E-waste produced kg per capita (c)

% E-waste collected and recycled

Overall composition of e-waste

Value of material that can be recycled from e-waste

Plastic composition of e-waste

E-waste recycling using chemical and physical processes

Separation process using corona electrostatic separator

Schematic of eddy current separation process

E-waste plastic conversion technologies

Proposed reaction pathways for thermal degradation of PCBs

Debromination of TBBPA during catalytic pyrolysis

Possible mechanism of Br fixation during catalytic pyrolysis

Application of gasification for e-waste processing

Application of supercritical fluid technology for e-waste treatment

XV

Page No.

13

17

18

20

25

31

33

37

41



2.10

2.11

3.1

3.2

3.3

3.4

3.5

3.6

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

Overall approach for recovery of metals from e-waste using

chemical recycling

Ronnskar Smelter process for metal recovery

Schematic diagram of the experimental procedure for recovery of

metallic fraction

Reactor setup for the pyrolysis of WPCB at lab scale

Process flow diagram of the pyrolysis pilot plant

Typical experimental setup for the leaching of metals

Metal recovery using ammonia-ammonium sulfate leaching

Overall methodology to recover metals from WPCB using MSA

leaching

Thermogravimetric analysis of WPCB

FT-IR analysis of WPCB

Effect of temperature on yield of the solid product

FT-IR analysis of solid residue

Effect of holding time on the yield of solid product

Effect of ultrasonication time on the separation of metallic fraction

Raman analysis of the solid residue obtained at optimum process

conditions

XRD analysis of solid residue obtained at optimum process

bY

42

43

73

74

7

79

79

81

88

89

91

92

93

95

98

100



4.9

4.10

5.1

5.2

5.3

5.4

5.5

5.6

5.7

6.1

6.2

6.3

condition

SEM image of solid residue obtained at optimum process

condition

Mass balance of the process of metallic fraction recovery

Thermogravimetric analysis of WPCB

Effect of temperature on pyrolysis of WPCB

Effect of feed rate on pyrolysis of WPCB

Gaseous product obtained after the pyrolysis of WPCB at 500 °C

Reaction pathway of WPCB pyrolysis based on Py-GC/MS

analysis

Effect of PP addition on the removal of bromine from pyrolysis oil

Mass balance of the pilot-scale study for the pyrolysis of WPCB at

500 °C

Effect of ammonia concentration on Cu and Ni extraction (reaction
conditions: 100 g/L (NH4),SO4, 1 M H,0,, 20 mL/g of L/S, 3 h,

60 °C, 700 rpm)

Effect of ammonium sulfate concentration of Cu and Ni extraction
(reaction conditions: 90 g/L NH3, 1 M H,0,, 20 mL/g of L/S, 3 h,

60 °C, 700 rpm)

Effect of H,O, on extraction of Cu and Ni (reaction conditions: 90

g/L NHs, 180 g/l (NH4),SOs 20 mL/g of L/S, 3 h, 60 °C, 700

XVI

100

102

107

108

109

113

117

120

121

126

128

129



6.4

6.5

6.6

6.7

6.8

6.9

6.10

6.11

rpm)

Effect of reaction time on extraction of Cu and Ni (reaction
conditions: 90 g/L NHj3, 180 g/L (NH;)2SO4, 0.4 M H,0,, 20 mL/g

of L/S, 3 h, 60 °C, 700 rpm)

Effect of L/S ratio on extraction of Cu and Ni (reaction conditions:

90 g/L NHs,, 180 g/L (NH4)2SO4, 04 M Hzoz, 4 h, 60 OC, 700
rpm)
Effect of temperature on extraction of Cu and Ni (reaction

conditions: 90 g/L NH3, 180 g/L (NH;)2SOy4, 0.4 M H,0,, 20 mL/g

of L/S, 4 h, 700 rpm)

Effect of agitation speed on extraction of Cu and Ni (reaction
conditions: 90 g/L NHj3, 180 g/L (NH;)2SO4, 0.4 M H,0,, 20 mL/g

of L/S, 4 h, 80 °C)

Schematic of the metal extraction process based on the shrinking
core model: (a) and (b) initial state at time = 0, and (c) state at time

=t

Shrinking core model for chemical reaction-controlled extraction

of (a) Cu and (b) Ni

Shrinking core model for diffusion-controlled extraction of (a) Cu

and (b) Ni

Arrhenius plot for calculation of apparent activation energy for

extraction of (a) Cuand (b) Ni

XVII

130

132

133

134

136

137

138

139



6.12

6.13

7.1

7.2

7.3

7.4

7.5

7.6

7.7

EDX analysis of the recovered Cu

SEM image of recovered Cu, inset shows the magnified view

Effect of MSA concentration on Cu, Zn and Ni extraction
(reaction conditions: H,O,: 1 M, stirring speed: 500 rpm, time: 3

h, temperature: 40 °C, L/S ratio: 20 mL/g)

Eh-pH diagrams of Cu-H,O, Zn-H,0, and Ni-H,O systems under

similar extraction conditions (40 °C, 101 kPa)

Effect of H,O, concentration on Cu, Zn, and Ni extraction
(reaction conditions: MSA: 1 M, stirring speed: 500 rpm, time: 3

h, temperature: 40 °C, L/S ratio: 20 mL/qg)

Effect of stirring speed on the extraction of Cu, Zn, and Ni
(reaction conditions: MSA: 1 M, H;0,: 0.6 M, time: 3 h,

temperature: 40 °C, L/S ratio: 20 mL/g)

Effect of L/S ratio on the extraction of Cu, Zn and Ni (reaction
conditions: MSA: 1 M, H,0,: 0.6 M, stirring speed, 500 rpm,

time: 3 h, temperature: 40 °C)

Effect of time on the extraction of Cu, Zn and Ni (reaction
conditions: MSA: 1 M, H,0,: 0.6 M, stirring speed, 500 rpm, L/S

ratio: 20 mL/g, temperature: 40 °C)

Effect of temperature on the extraction of Cu, Zn and Ni (reaction
conditions: MSA: 1 M, H,0,: 0.6 M, stirring speed, 500 rpm, L/S

ratio: 20 mL/g, time: 2 h)

Xvill

140

140

148

149

151

152

153

154

155



7.8

7.9

7.10

7.11

7.12

7.13

7.14

Al

A2

A3

Ad

A5

Shrinking core model for chemical reaction controlled extraction

of (a) Cu, (b) Zn, and (c) Ni

Shrinking core model for diffusion-controlled extraction of (a) Cu,

(b) Zn, and (c) Ni

Arrhenius plot to calculate activation energy for extraction of (a)

Cuand (b) Zn and (c) Ni

EDX and SEM analysis of the recovered Cu

EDX and SEM analysis of the recovered Zn

Proposed flow sheet for the recovery of metals from WPCB using

MSA leaching

Schematic of the proposed integrated approach for e-waste

recycling

E-waste pilot plant images

Images of the products obtained from the pyrolysis at pilot scale

Images of the products obtained after ultrasonication

Images of the leaching solution (a) initial and (b) during

cementation of Cu

Photos of recovered (a) Cu and (b) Zn

XIX

157

158

159

162

164

167

170

221

222

222

223

223



LIST OF TABLES

Table No. Table Caption Page No.

1.1 Hazardous substances present in e-waste and their harmful effect on 9

human health

2.1 Difference in densities of different components of e-waste 15

2.2 Summary of research work on the pyrolysis of e-waste in a fixed 26

bed reactor

2.3 Research work carried out on catalytic pyrolysis of e-waste 33
2.4 Pyrometallurgical approach for metal recovery 44
2.5 Recovery of metal using cyanide leaching from e-waste 47
2.6 Thiosulfate leaching for metal recovery from e-waste 50
2.7 Recovery of metals using thiourea leaching from e-waste 57
2.8 Halide leaching for metal recovery from e-waste 63
2.9 Acid leaching for metal recovery from e-waste 67
4.1 Elemental composition and ultimate analysis of WPCB 87
4.2 Recovery of metallic fraction from WPCB 97
51 Elemental and ultimate analysis of WPCB 105
5.2 The metal analysis of solid product obtained after pyrolysis 111
5.3 Liquid product composition obtained at 500 °C pyrolysis 114

XX



5.4

6.1

7.1

7.2

7.3

7.4

7.5

temperature

Volatile compounds obtained using Py-GC/MS analysis at 500 °C

Comparison with previous studies

The standard electrode potential for Cu, Zn, Ni and H,0,

Assumptions for economic analysis

Capital cost for 1 TPD e-waste recycling plant

Operating cost of 1 TPD e-waste recycling plant/annum

Gross income from the sales of products per annum

XXI

116

141

148

171

172

173

174



	Thesis of Prashant Ram Jadhao.pdf



