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ABSTRACT

ABSTRACT

Electronics 1s an important industry in the UK, as there are many home-grown
manufacturing companies in the areas of optics, electronics and micro-systems. As a
consequence of the growth in this industry, there has been an increase in the
discharges from manufacturing. A process that could reclaim the metals contained in
these wastes 1s desirable because of the increasing costs of raw materials and

environmental compliance.

The aim of this project was to develop a systematic method to determine the
feasibility of metal recovery from aqueous solutions. Waste tin stripping solution
was chosen as a case study. This waste arises from a stage in the manufacture of
printed circuit boards when a protective tin layer 1s stripped from the copper pattern.
The solution 1s mainly nitric acid, but also contains suspension agents, ferric salts
and inhibitors. After use 1t also contains suspended tin oxide and dissolved copper.

It has been suggested that the tin and copper could be recovered from this waste by

electrodeposition.

Initially the thermodynamics of the system were studied, tollowed by experiments to
verify the theoretical work. Pourbaix diagrams were constructed to determine when
the metals would be 1n the solid or liquid phase depending on the concentration of

metal and anion, pH and system potential. This information was then compared to
separation processes to determine or confirm the recovery route. This study showed
that the dissolved copper and suspended tin oxide could be separated by filtration 1f

the pH was maintained between -0.4 and 2.4. The dissolved copper could then be

removed by electrodeposition.

After the metal recovery route has been established, the individual stages are studied
in more detail. In this project the feasibility of copper recovery from the stripping
waste was examined. Copper deposition occurs concurrently with nitrate, ferric and
hydrogen reductions. Using a parallel plate electrochemical reactor, the copper

concentration was reduced by approximately 30%, at a current efficiency of 70%.



ACKNOWLEDGEMENTS

ACKNOWLEDGEMENTS

The author would like to express her gratitude to the following people:

o Protessor Sudipta Roy, for her invaluable support, encouragement and

guidance throughout this project.
 Dr Charles Kerr, for introducing me to the subject and useful advice.

 Rob Dixon, Paul Sterling, Vince Scott, Stuart Latimer, Stmon, Jimmy,

Brian and lan for their patience, advice and assistance.

e Dave Dunbar at the Chemical Analysis Unit, for ICP measurements.

« The Resource Efficiency Network for supporting the work through an

industrial CASE award. The EPSRC and Tin Technology for funding
this project.

11



CONTENTS

CONTENTS
1 INTRODUCTION 1
1.1  Background 1
1.2 PCB Manufacturing 2
1.3  Tin Stripping Process 4
1.4  Reasons for Metal Recovery S
1.5  Proposed Recovery Methods for Tin and Copper 7
1.6 Electrodeposition 11
1.6.1 Copper electrodeposition 12
1.6.2 Electrochemical reduction of nitrate 14
1.6.3 T1in electrodeposition 15
1.7 Electrochemical Reactors for Metal Recovery 18
1.7.1 Typical Reactor Designs 18
1.7.2 Modes of Operation 22
1.8  Project Aims and Objectives 23
1.9  References 26

2 FUNDAMENTAL ASPECTS

2.1 Thermodynamic Theory of Metals in Solution 30
2.1.1 Equilibrium Potential 30
2.1.2 Pourbaix Diagrams 31

2.2  Metal Separation by Electrodeposition 38
2.2.1 Electrode Reactions 39
2.2.2 Mixed Potential Systems 41

2.3 Electrochemical Parameters 43
2.3.1 Overall Deposition Rate 43
2.3.2 Current Efficiency 44

- 2.3.3 Energy Considerations 44

2.4 Electrochemical Reactors 45

2.5 References ~ 49

111



3

3.1

3.2

3.3

3.4

3.5

4

4.1

4.2

4.3
4.4

CONTENTS

EXPERIMENTAL

Precipitation Experiments
3.1.1 Solution Concentrations
3.1.2 Equipment and Method
Electrochemical Characterisation
3.2.1 Electrolytes
3.2.2 Equipment

3.2.3 Electrochemical Techniques

3.2.4 Method

Reactor Recovery

3.3.1 Electrolytes
3.3.2 Equipment
3.3.3 Method

Metal Ion Analysis
3.4.1 Review of Techniques
3.4.2 Ion Selective Electrodes
3.4.3 ICP Spectrometry

References

THERMODYNAMIC ANALYSIS

Pourbaix Diagrams

4.1.1 Copper

4.1.2 Tin
4.1.3 Iron
MINEQL+
4.2.1 Copper
4.2.2 Tin
4.2.3 [ron
Discussion
References

Y

S0

50
51
51
52
33
33
57
58
06
06
67
09
72
72
74
760
78

31

31
32
88
94
100
101
1035
106
108
111



CONTENTS

S PRECIPITATION EXPERIMENTS 113
S.1  Copper 113
>.2  Iron 118
5.3 Tin 121
5.4  Discussion 122
5.5  References 124

6 ELECTROCHEMICAL CHARACTERISATION 125
6.1 Cyclic Voltammograms 125

6.1.1 Copper / Nitrate 1-E data 126

6.1.2 Copper / Nitrate with the Addition of Iron / Tin: 1-E Data 139

6.1.3 Real Stripping Waste 1-E Data 145
6.2 Anodic Stripping Studies to Determine Current Efficiency 149

6.2.1 Copper / Nitrate Stripping Results 149

6.2.2 Copper/Nitrate with the Addition of Iron/Tin: Stripping Results 155

6.2.3 Real Waste Stripping Results 160
6.3  Discussion 163
6.4 References 168
7 METAL RECOVERY 169
7.1 Mass Transfer Studies of Cu(ll) 169
7.2  Ideal Copper Recovery Profile 174
7.3  Copper Recovery from Stripping Waste 177
7.4  Discussion 181
7.5  Cost Effectiveness of Copper Recovery 183
7.6  References 187
8 CONCLUSIONS AND FURTHER WORK 189
8.1 Conclusions 189
8.2 Further Work 192

APPENDICES 193



LLIST OF FIGURES

1

2

3

INTRODUCTION
Figure 1-1 (a) Drnilling of pressed stack (b) Copper plated holes
Figure 1-2 (a) Application of photoresist; (b) Additional copper plating
Figure 1-3 (a) PCB after tin electrodeposition; (b) After photoresist removal
and copper etching
Figure 1-4 Method of Scort et al
Figure 1-5 Method ot Kerr
FUNDAMENTAL ASPECTS
Figure 2-1 Predominance area diagram for copper-water
Figure 2-2 Plot showing regions of stability of the ions and the solid phases
for copper-water
Figure 2-3 Pourbaix diagram for copper-water (298K)
Figure 2-4 Half cell for reaction M" + ¢ — M"
Figure 2-5 Diagram showing concentration profiles according to the Nernst
diffusion layer model
Figure 2-6 Linear voltammogram showing regions of rate control (1) charge
transfer (2) mixed control (3) mass transter
Figure 2-7 Diagram showing mixed potential system
Figure 2-8 Diagram showing current response from multiple reactions
Figure 2-9 An electrochemical cell
Figure 2-10 Batch recycle reactor
EXPERIMENTAL
Figure 3-1 Bi-potentiostat and data acquisition system
Figure 3-2 The H-cell
Figure 3-3 Potential-time wavetform for cyclic voltammetry
Figure 3-4 Cyclic voltammogram plotted as current against time, to show

LIST OF FIGURES

efficiency calculation

\%1



LLIST OF FIGURES

4

Figure 3-5
Figure 3-6
Figure 3-7
Figure 3-8
Figure 3-9

Figure 3-10

Figure 3-11
Figure 3-12

Diagram showing how the efficiency can change with cell

current

Current due to potentiodynamic stripping of copper into 0.5M

HCI, 800rpm, scan rate 10mVs™

(a) Deposition of Cu from 0.05M CuSO4 + 0.2M H,SO, (b)
Copper stripping into 0.5M HCI. Scan rate 10mVs™, 300rpm
Parallel plate flow reactor used for recovery experiments
Reactor configuration for copper recovery

Theoretical copper reduction illustrating how the cell current is
reduced with [Cu]

Diagram of an ISE

Calibration curve for Cu ISE in 0.5M HNOx;

THERMODYNAMIC ANALYSIS

Figure 4-1

Figure 4-2

Figure 4-3
Figure 4-4
Figure 4-5
Figure 4-6
Figure 4-7
Figure 4-8

. Figure 4-9

Figure 4-10
Figure 4-11
Figure 4-12
Figure 4-13
Figure 4-14
Figure 4-15

Pourbaix diagram for copper-nitrate-water system (298K,
ano3z=1)

Pourbaix diagram for copper-chloride-water system (298K,
ac=0.1)

Pourbaix diagram for tin-water (298K)

Pourbaix diagram for tin-chloride-water (298K, ac=0.1)
Pourbaix diagram for tin-chloride-water (298K, ac|=3)

Pourbaix diagram for iron-water (298K)

Pourbaix diagram for iron-nitrate-water (298K, anoz=1)

Copper speciation (0.3M Cu, 1M NO3y')

Effect of NO3™ concentration on percentage ot Cu*

Effect of NO3 concentration on percentage of CuNO;3"

pH change as HNOj is removed from a 0.3M Cu solution
Copper speciation as HNOjs is removed from a 0.3M Cu solution
T1in speciation (0.63M Sn, 1M NO3)

Iron speciation (0.25M Fe, 1M NO3)

Recovery method for copper / tin from stripping solution,

proposed by Kerr

Vil



LIST OF FIGURES

PRECIPITATION EXPERIMENTS

Figure 5-1

Figure 5-2

Figure 5-3

Figure 5-4

Figure 5-5

Figure 5-6

Graphical representation of copper/nitrate precipitation results
(bars = experiments, stars = Pourbaix predictions)

Cu(II) speciation; [Cu]=0.1M, [NO5]=1M

Variation in the proportion of CuNO;" in a 0.01M Cu(Il)
solution with nitrate concentration (a) 2M (b) 1.5M (¢) 1M (d)
0.5M NOj3

Graphical representation of copper/nitrate precipitation results
compared to MINEQL+ runs (bars = experimental, stars =
MINEQL+ prediction)

Graphical representation of iron/nitrate precipitation results
compared to Pourbaix predictions (bars = experimental, stars =
theory)

Graphical representation of iron/nitrate results compared to

MINEQL+ runs (bars = experimental, stars = MINEQL+

prediction)

ELECTROCHEMICAL CHARACTERISATION

Figure 6-1
Figure 6-2
Figure 6-3
Figure 6-4
Figure 6-5
Figure 6-6

Figure 6-7

Figure 0-8

Cyclic voltammogram for 0.3M Cu”* + 1M NO; (Solution 1),
scan rate 10mVs™' (a) 200rpm (b) 600rpm (c¢) 800rpm

Cyclic voltammogram for 0.03M Cu”* + 1M NO; (Solution 4),
scan rate 10mVs™' (a) 600rpm (b) 800rpm (c) 1000rpm

Cyclic voltammogram tfor 0.03M Cu“" + 0.1M NOj5 (Solution
5), scan rate 10mVs™' (a) 600rpm (b) 800rpm (c) 1000rpm
Cyclic voltammogram for 0.003M Cu2+ + 0.1M NO3- (Solution
8), scan rate 10mVs-1 (a) 600rpm (b) 800rpm (c¢) 1000rpm
Linear sweep 1in 1M HNOj, scan rate 10mVs™, 300rpm

Linear sweep 1in 1M KNO3, scan rate 10mVs-1, 800rpm

Linear sweep in 0.4M HNOj + 0.6M KNOs3, scan rate 10mVs™,
300rpm (1nset, zoom on region 0 to -0.25V

Linear sweep 1in 0.04M HNO; + 0.06M KNO;, scan rate
10mVs™, 800 rpm

Viil



LLIST OF FIGURES

Figure 6-9

Figure 6-10

Figure 6-11

Figure 6-12

Figure 6-13

Figure 6-14

Figure 6-15

Figure 6-16

Figure 6-17

Figure 6-18

Figure 6-19

Figure 6-20

Total current obtained by subtraction of background current
0.4M HNO;3 + 0.6M KNOs, scan rate IOmVs'l, 800rpm (a) 0.3M
Cu, 1M NOj (Sol 1) (b) 0.03M Cu, 1M NO;3 (Sol 4)

Total current obtained by subtraction of background current
0.04M HNO; + 0.06M KNO;3; from 0.03M Cu, 0.1M NO3 (Sol
5), scan rate lOmVs“l, 800rpm

Cyclic voltammogram for 0.003M Cu, 0.01M NOj™ (Solution 9),
scan rate 10mVs™', 800rpm (a) without and (b) with solution
resistance compensation

Cyclic voltammogram for 0.3M Cu, 1M NOj, 0.25M Fe’*, Sn
(Solution 10), scan rate 10mVs™' (a) 600rpm (b) 800rpm (c)
1000rpm

Cyclic voltammogram for 0.03M Cu, 1M NO3’, 0.25M Fe3+, Sn
(Solution 13), scan rate 10mVs™ (a) 600rpm (b) 800rpm (c)
1000rpm

Cyclic voltammogram for 0.018M Fe(NOs); + 0.5M H,S0q,
scan rate 10mVs™, 800rpm

Cyclic voltammogram showing Fe data subtraction (a) 0.3M Cu
+ 1M NOj™ (b) theoretical curve (0.3M Cu + 1M NO3 + 0.018M
Fe) — (0.018M Fe + 0.5M H,S04)

Cyclic voltammograms for 0.3M Cu, 1M NOj3™ + x g/l Fe(NO3)s,
scan rate 10mVs™, 800rpm. Fe(III) conc. (a) 0 (b) 1 (c) 4 (d) /
(e) 14g/]

Cyclic voltammograms for 0.3M Cu, 1M NO; + x g/l FeCls,
scan rate 10mVs™’, 800rpm. Fe(IIl) conc. (a) 0 (b) 1 (c) 4 (d) 7
(e) 14¢/1

Cyclic voltammogram for waste Tinsolv 2000, scan rate
10mVs™ (a) 600rpm (b) 800rpm (c) 1000rpm

Limiting current of x g/l Fe(NO3); in 0.5M H»504, scan rate
10mVs™, 800rpm (a) 1 (b) 4 (c) 7 (d) 10 (e) 14g/1

Calibration curve of limiting current against Fe(lll)

concentration

1X



LIST OF FIGURES

Figure 6-21

Figure 6-22

Figure 6-23

Figure 6-24

Figure 6-25

Figure 6-26

Figure 6-27

Figure 6-28

Stripping currents into 0.5M HCI after deposition at -48mA
(Solution 1), scan rate 10mVs™. 800rpm. Deposition time (a)
60s (b) 20s

Stripping currents into 0.5M HCI after deposition at -35mA
(Solution 1), scan rate 10mVs™, 800rpm. Deposition time (a)
30s (b) 20s

Stripping currents into 0.5M HCI after deposition at -47mA
(Solution 10), scan rate 10mVs™, 800rpm. Deposition time (a)
Smins (b) 6mins

Stripping currents mto 0.9M HCI after deposition at -35mA
(Solution 10), scan rate 10mVs™, 800rpm. Deposition time (a)
6mins (b) 8mins

Efficiency comparison between (A ) Solution 1 (0.3M Cu, 1M
NO3') and (m) Solution 10 (0.3MCu, 1M NOs3', 0.25Mfte, Sn)

Comparison of deposition efficiencies between real waste (¢ ),
Solution 1 (A ) and Solution 10 (m)

Diagram showing additive currents in the mixed potential Cu(l1l)
/ NOs / H' system

Polarisations for 0.3M Cu, 1M NOj3 + x g/l Fe(NO3);3, scan rate
10mVs™, 800rpm. Fe(IIl) conc. (a) 0 (b) 4g/]

7 METAL RECOVERY

Figure 7-1

Figure 7-2

Figure 7-3
Figure 7-4

Figure 7-5

Polarisation data for 0.3M CuSO,4 + 1M H,SOy at (a) 6001/hr (b)
8001/hr (c) 12001/hr

Polarisation data for 0.03M CuSOy4 + 0.1M H,SOy at (a) 6001/hr
(b) 12001/hr

Estimation of limiting current from reactor 1-E data

Theoretical plot of normalised Cu(Il) concentration against time
for c(0)=0.3M

Current profile used to recover copper from simulated waste

using a parallel plate reactor



LLIST OF FIGURES

Figure 7-6

Figure 7-7

Figure 7-8

Comparison between experimental results and theoretical curve
for copper recovery using a parallel plate reactor (bold solid line:
theory, faint solid lines: uncertainty bounds, points: experimental
data, dashed line: experimental data trend)

Comparison between experimental recovery (data points) of
Cu(ll) from simulated stripping solution and theoretical curves

with efficiency (a) 100% (b) 40%

Variation of overall current efficiency of copper deposition with

processing time

X1



LIST OF TABLES

LIST OF TABLES

INTRODUCTION

Table 1-1

Dissolved metal concentrations in waste stripping solution

Table 1-2 Deposition conditions for copper from nitrate electrolytes

Table 1-3 Standard potentials (vs SHE) for nitrate reduction

Table 1-4 Deposition parameters for tin from chloride electrolytes

Table 1-5 Advantages and disadvantages of tank reactors

Table 1-6 Advantages and disadvantages of parallel plate reactors

Table 1-7 Advantages and disadvantages of rotating electrode reactors

Table 1-8 Advantages and disadvantages of 3D electrodes

Table 1-9 Advantages and disadvantages of 3D electrodes in moving
reactors

FUNDAMENTAL ASPECTS

Table 2-1 Thermodynamic data for copper — water substances, data from
Pourbaix

Table 2-2 Reactions between dissolved substances for copper-water, all

' potentials vs SHE

Table 2-3 Reactions between solid substances for copper-water (E vs SHE)

Table 2-4 Reactions between solid and dissolved substances for copper-
water (E vs SHE)

EXPERIMENTAL

Table 3-1 Solution concentrations qsed for electrochemical
characterisation

Table 3-2 Values of ionic conductance at infinite dilution in water at 298K

Table 3-3 Composition of Tinsolv 2000 (Atotech UK)

Table 3-4 Composition of simulated waste stripping solution for reactor
recovery experiments

Table 3-5 Dittusion coetticients of 0.3M copper

X11



LIST OF TABLES

4 THERMODYNAMIC ANALYSIS

Table 4-1 Thermodynamic data for copper-nitrate substances (all data
Bard, unless specified)
Table 4-2 Reactions represented in the copper-nitrate-water Pourbaix plot

Table 4-3 Thermodynamic data for copper-chloride substances (data from

Bard, unless specitied)

Table 4-4 Reactions represented in the copper-chloride-water Pourbaix
diagram

Table 4-5 Thermodynamic data for tin-water substances (data from
Pourbaix)

Table 4-6 Reactions represented in the tin-water Pourbaix diagram

Table 4-7 Thermodynamic data for tin-chloride substances (all data Bard,

unless specitied)

Table 4-8 Reactions represented in the tin-chloride-water Pourbaix
diagram

Table 4-9 Reactions between dissolved substances for tin-nitrate-water

Table 4-10 Thermodynamic data for iron-water substances (data from Bard)

Table 4-11 Reactions represented in the iron-water Pourbaix diagram

Table 4-12 Thermodynamic data for iron-nitrate species (data Bard)

Table 4-13 Reactions represented in the iron-nitrate-water Pourbaix diagram

Table 4-14 MINEQL+ inputs for copper pH titration

Table 4-15 MINEQL+ inputs for tin pH titration

Table 4-16 MINEQL+ inputs for iron speciation

S PRECIPITATION EXPERIMENTS

Table 5-1 Copper/nitrate precipitation pH results
Table 5-2 [ron/nitrate precipitation pH results

6 FLECTROCHEMICAL CHARACTERISATION

Table 6-1 Deposition potentials for copper from nitrate solutions vs SCE

(experimental)

X111



[LIST OF TABLES

Table 6-2 Deposition potentials for copper vs SCE calculated from Eq.
(6.1)

Table 6-3 Copper deposition efficiencies from cyclic voltammetry data (%)

Table 6-4 Solution conductivity, ohmic drop and percentage of potential

used across solution resistance

Table 6-5 Deposition currents for copper/nitrate efficiency experiments
Table 6-6 Current efficiencies for deposition at -48mA (Solution 1)

Table 6-7 Current efficiencies for deposition at -35mA (Solution 1)

Table 6-8 Current efficiencies for constant current deposition from

copper/nitrate solutions

Table 6-9 Copper deposition rates from Solution 4 calculated from the
stripping experiments

Table 6-10 Copper deposition rates from Solutions 1, 5 and 9 calculated

from the stripping experiments

Table 6-11 Calculated limiting currents of copper deposition from nitrate
solutions

Table 6-12 Deposition currents for copper/iron/tin efficiency experiments

Table 6-13 Current efficiencies tor deposition at -47mA (Solution 10)

Table 6-14 Current efficiencies for constant current deposition from

copper/iron/tin solutions
Table 6-15 Copper deposition rates from Solutions 10, 13 and 14 calculated

from the stripping experiments

Table 6-16 Deposition currents for real waste efficiency experiments

Table 6-17 Current efficiencies for constant current deposition from real
solutions

Table 6-18 Copper deposition rates from real waste calculated from the

stripping experiments

7  METAL RECOVERY

Table 7-1 Limiting currents for copper deposition from sulphate
electrolytes using a parallel plate reactor
Table 7-2 Mass transport coefficients for copper deposition from sulphate

electrolytes using a parallel plate reactor

X1V



LLIST OF TABLES

Table 7-3 Mass transfer coefficients of copper in nitrate electrolytes
Table 7-4 Predicted copper concentration and corresponding limiting

currents after 15hrs of processing using the parallel plate reactor

Table 7-5 Composition of simulated stripping solution for reactor

experiments

XV



NOMENCLATURE AND ABBREVIATIONS

c O ¢ » &

O,

C

E/E./E’/E,

F
G/G"
/1

T 00 B 3 O oF R TE

Reen / Ry

Re
SC
Sh

activity

area

concentration

COSt

diffusion coefficient

equivalent diameter

NOMENCLATURE

2

m
M

£

m2 g!

m
potential / equilibrium / standard / half wave  V

Faraday’s constant

96485 C/mol

Gibbs Free energy / standard J mol™

current / limiting

1onic strength

current density / exchange

reaction equilibrium constant

mass transfer coetficient
length

number of moles

number of electrons transferred

charge
volumetric flow rate
universal gas constant

cell / solution resistance

Reynolds number
Schmidt number
Sherwood number
time

temperature
velocity

volume of reactor / tank

energy

stoichiometric coefficient

X V1

C

3 -1
Il S

8.314 J mol” K’
C2



NOMENCLATURE AND ABBREVIATIONS

Z valency

Ola / O transter coefficients for anode/cathode

O Nernst diffusion layer thickness m

(> current etticiency Yo

Y activity coetficient

N overpotential Vv

K conductivity Sm’

A 1onic conductance S ¢cm” / mol

A conductance of a salt S cm” / mol

v V1SCOSItY kg m's’

\YWAYA number of positive/negative 1ons in the salt

0 density kg m™

T/ T residence time 1n reactor / tank S
ABBREVIATIONS

[ X] concentration of X

CSTR continuously stirred tank reactor

US EPA United States Environmental Protection Agency

ICP inductively coupled plasma

IPPC Integrated Pollution Prevention and Control

ISE Ion selective electrodes

MSDS material safety data sheet

PCB printed circuit board

PER plug tlow reactor

RDE rotating disc electrode

SCE saturated calomel electrode

SHE standard hydrogen electrode

|SAY ultra violet

X V11



- CHAPTER |

1 INTRODUCTION

1.1 Background

Electronics is an important industry for the UK, as there are many home grown
manutacturing companies in the areas of optics, electronics and micro-systems. In
2004, the electronic component market within the EU grew by 7% to a value of
€47.7bn, with the UK & Ireland market growing by €1lbn [1.1]. However, the
consequence of this growth is a rise in the amount of computer, electronic and

communication hardware in the environment and an increase in the discharges from

manufacturing.

The waste hardware will either be from components at end-of-life, or rejects from
manufacture. The waste 1s composed of polymers, silicon and a range of metals, and
1s usually sent to landfill. If the metals are leached away from the substrate and into
the groundwater, damage to the environment may result. This can happen through a
complex mixture of bacterial action, changing pH due to weather conditions, and the

other constituents of the landfill.

The liquid discharges from manufacturing are usually aqueous solutions, for example
rinse waters in which the concentrations of metal ions are quite low. They can also

contain organic additives, cyanides, nitrates and phosphates which pose a threat to

the environment.

A systematic method to determine the feasibility of recovering the metals contained

in these aqueous waste streams for reuse will be developed during this project. This

presents several challenges:

e The liquid discharges can have very low concentrations of metal ions,

SO may require concentration.

e The metals should be recovered in their purest forms or as usetful

alloys.
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* The organic additives could affect the recovery processes.

* Ideally, the process should be a closed loop, therefore not generate

any eftluent.

It 1s proposed that electrowinning will be used to recover metals from the waste
solutions.  This process runs at low temperature and pressure so the capital and
operating costs are relatively low. It does not require any additional reagents, does
not produce pollutants and can produce metals of high purity. Studies have also

shown that it can be used to recover a wide variety of metals [1.2, 1.3, 1.4].

The systematic approach will be developed by using waste from one source as a case
study. The chosen waste is tin stripping solution; an aqueous solution that arises
from the manufacture of printed circuit boards. The solution is nitric acid based and

contains dissolved copper and iron, and suspended tin oxide.

1.2 PCB Manufacturing

The tin stripping process 1s part of the outer layer circuit formation of a multilayer
printed circuit board (PCB) [1.5]. The manufacture of the outer layer of the circuit
board starts with a rigid stack. This 1s created by pressing the inner layers, whose
circuits are already defined, between sheets of laminate, with a layer of copper foil
on the outside surfaces. Holes are then drilled through the panels to join the

individual layers together (Figure 1-1). The holes are cleaned, made conductive and

then plated with copper to form a complete circuit.

electroplated copper

drilled hole
copper
T l
" l[aminate

Figure 1-1 (a) Drilling of pressed stack (b) Copper plated holes
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The design on the outer surface of the board is formed by pattern plating. A
photoresist is applied and selectively exposed to UV light, creating a negative of the
desired circuit traces. The unexposed resist is then removed, revealing the pattern of

the circuit in copper foil. Additional copper is then electroplated onto the surface to

build up the thickness of the design. These steps are illustrated in Figure 1-2, which
only shows the top layer of the stack.

electroplated

photoresist copper from copper

hole plating

copper foil

(b)

Figure 1-2 (a) Application of photoresist; (b) Additional copper plating

The next stage of the process involves electroplating tin on top of the copper. This
protects the design when the photoresist and excess copper are removed to form the

final pattern. Figure 1-3 shows the top layer of the circuit board after these

processing steps.

photoresist tin |
(in

DM

_E-

copper

(a) (b)

Figure 1-3 (a) PCB after tin electrodeposition; (b) After photoresist removal and copper etching

In the final step, the protective tin (or occasionally tin/lead) coating is stripped from

the circuit board to leave the copper design.
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1.3 Tin Stripping Process

T'1n was plated onto the copper surface of the PCB to act as an etch resist, whilst the

excess copper was dissolved to leave the final pattern. Dissimilar metals in close

contact will often diffuse into each other to form intermetallic compounds. Copper

and tin form two intermetallics: CugSns and CusSn; [1.6]. Thus, in addition to the tin

surface layer, the intermetallic layer which contains copper must be removed during

the stripping stage.

The process of stripping the tin from the copper circuit board is usually carried out

with a nitric acid based solution, although methane sulphonic acid 1s also used. The

solutions are proprietary, but tend to contain the following components [1.7, 1.8]:

Nitric acid. The removal of tin and copper by the acid are redox

reactions; the tin and copper are oxidised, whilst the nitrate 1s reduced.

25n ,, +2HNO, — 25n0, + N,O+ H,0
Cu+4HNO, — Cu(NOy), ., +2NO,,, +2H,0 (Conc. Acid)

3Cu+8HNO; — 3Cu(NO,),,, +2NO,, +4H,0 (Dilute acid)

An inhibitor. Ideally the stripping process will preferentially remove
tin over copper. However, as copper is more readily oxidised than tin,

inhibitors are added to the solution to control the removal of copper

and prevent tarnish.

A ferric salt. In order to remove the tin/copper intermetallic a ferric

salt is added increase the oxidising capability of the solution.

A suspension agent. Tin forms an insoluble oxide (SnO;) when
oxidised, so is in suspension in the waste solution. The additive 1s

used to ensure the oxide does not separate and adhere to the surtace of

the circuit board.

The tin stripping is carried out by spraying or submersing the circuit board in the

stripping solution followed by rinse stages. The process can be operated as a batch

process, or bleed and feed [1.9]. The batch process 1s operated until the metal
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loading and pH go beyond a set range; the solution is then sent to disposal. With the
bleed and feed method, the composition of the bath is kept constant by continually
bleeding off a set volume and replacing it with fresh stripping solution. The metal

concentration in the waste is typically 2-40g/1 Cu and 150g/1 SnO, [1.9].

Our industrial partner, from whom we have received used tin stripping solutions,
operates a two stage stripping process. In the first stage, the majority of the tin is
removed from the circuit board using a solution of Tinsolv 1000 (Atotech). The
solution in the second stage (Tinsolv 2000) has a greater oxidising power than that of
the first, due to the addition of Fe’* 1ons; this removes the remainder of the tin and
the tin/copper intermetallic. Thus the used Tinsolv 1000 contains tin and a small
amount of copper, and the Tinsolv 2000 contains tin, copper and iron. The
maximum amount of copper and iron in the waste Tinsolv 2000 is known from the

process control limits (Table 1-1) and the dissolved tin concentration can be

estimated from thermodynamic data [1.10].

E _Metal Ion Tinsolv 1000 Tinsolv 2000 l

copper 0-2g/1 (0-0.03M) 2-20g/1 (0.03-0.3M)
tin 10°M 10°M

‘ 1ron n/a 4-14¢/1 (0.07-0.25M)

Table 1-1 Dissolved metal concentrations in waste stripping solution [1.11]

Waste tin stripping solution was chosen for this initial work because there are

currently no schemes to recover the metals. At present the metals are precipitated

and sent to landfill [1.7].

1.4 Reasons for Metal Recovery

It is common to recover metals from plating or etching processes, for example by
electrowinning [1.12, 1.13]. However, there are currently no industrially used
methods for recovering the metals from tin stripping solutions [1.7]. One of the
reasons for this is that the tin exists as a very fine suspension of SnO; 1n the waste.

This causes problems for many of the common recovery methods e.g. electrowinning
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or 1on exchange, which require the metal to be in solution. Filtration can also be
difficult as the particle size of the SnO; is very small. There are further problems
with the solution, other than the tin suspension: the additives, being complexing
agents, have been reported to modify the electrochemistry making the deposition
potential more negative and adversely affecting the current efficiency [1.14]. The

acidity of the solution is also a factor, as a low pH will increase the hydrogen

evolution, decreasing the current efficiency.

There are, however, economic drivers towards the recovery of metals in the solution.
In a survey for the US Environmental Protection Agency [1.15], it is stated that on
average, the volume of tin stripping solution to be disposed of is 17 gallons per 1000
board ft° of 4 layer boards (with approximately 0.5kg of tin per litre). If it is

considered that this solution 1s often sent offsite for disposal, with costs of
approximately $3.30/gallon, and the price of the metals is $6.05/kg for copper and
$13.45/kg for tin [1.16], it can be seen that a method to treat the solution and recover
the metals could be viable. In fact, the economics for the recovery are likely to
improve due to the rising price ot copper, which almost doubled 1n 2006 [1.17]. This
rising price 1s thought to be linked to rapid industrialisation in China, where copper 1s

used in the energy distribution network to bring power to new tactories [1.18].

There are also environmental drivers for the recovery of metals from the solution.
The cost of compliance with new legislation can be high, and much of this focuses
on minimising waste. The directives that will have the most impact on the disposal
of the tin stripping solution are the Integrated Pollution Prevention and Control
Directive (IPPC), the Landfill Directive and Landfill Tax [1.19]. The IPPC directive
is being introduced across Europe and will be fully implemented by October 2007. It
covers emissions to air, land and water, which are considered together 1in order to
attain the best environmental protection. One of the ways through which this i1s
realised is the concept of Best Available Techniques. This concept balances the cost
of implementation against the environmental protection acquired, taking into account
consumption of raw materials, energy efficiency and waste minimisation. According

to the guidance notes produced by Defra [1.20], "IPPC aims to prevent emissions and



CHAPTER 1

waste production and where that is not practicable, reduce them to acceptable

levels’.

TI'he Landfill Directive is implemented in the UK through the Landfill Regulations
2002. The regulations aim to reduce the effects of landfill sites by: reclassitying the

sites 1nto 3 categories (hazardous, non-hazardous and inert); reducing the amount of
biodegradable material sent to the sites; prohibiting certain hazardous wastes,

including liquids; and requiring pre-treatment of wastes. Hazardous waste (which

includes tin stripping solutions) must be treated to [1.21]:

e reduce the quantity, or
e make it less hazardous, or
e make it easier to handle, or

e enhance recovery.

Landfill Tax was introduced in 1996 to discourage the use of landfill by charging per

tonne of material disposed of. The rates are set at [1.22]:

e £2 per tonne for inert waste.

e £21 per tonne for all other Waste, rising by at least £3 per year on the

way to a medium to long term rate of £35 per tonne.

1.5 Proposed Recovery Methods for Tin and Copper

The separation of metals from the tin stripping solution has been studied previously,
but a process that can work in industry has yet to be conceived. In general the
separation schemes involve filtration to remove the SnQO,, followed by the

electrodeposition of copper [1.7, 1.14, 1.23].

Proposed Method 1

Scott et al [1.14] suggest two alternative schemes tfor the recovery of metals from tin
stripping solution, which in this case contained lead. In the first of these, the solution

was aerated to ensure the tin was in the form of a hydrated precipitate, which was
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then removed by filtration. The SnO, was then washed and dissolved in HCI and the
tin recovered by electrowinning. The remaining stripping solution, after the
filtration, went to electrowinning stages where first the Cu and then the Pb were

removed. The process is illustrated in Figure 1-4:

Waste stripping

solution

Aeration to form hydrated SnQ, ppt
SH02

dissolved 1n HClI

Cu recovered

Selective Electrodeposition

from cathode
of Cu

Electrodeposition of

Sn

Pb recovered Electrodeposition of Pb
Liquid for SnO, Sn recovered

from cathode
ppt dissolving from cathode

Revitalised stripping

solution for reuse

Figure 1-4 Method of Scoftt et al [1.14]

In the second scheme both the tin and the lead were removed by precipitation and

filtration. As before, the solution was aerated to enhance the tin recovery and then
sulphuric acid was added to precipitate the lead. The precipitates could then be sent

to furnace refineries for further processing. The copper was electrowon from the

filtrate.

Scott et al highlighted some limitations of the proposed recovery processes when
used on waste commercial stripping solutions. The first of these is that tin was
deposited with both the copper and the lead, so that separation was impossible. Also,
the additives in the solution formed complexes with the metals, lowering their
deposition potential and resulting in high energy consumption. These lower
deposition potentials combined with the high HNO3 (5M) content of commercial

stripping solutions meant that the current efficiency was found to be low due to
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hydrogen evolution. The proposed solution to these problems was to use a less
concentrated solution of HNOj (1.4 - 2.1M) with no additives as the stripping fluid.
Although this solution was shown to remove the tin-lead resist with little attack on

the copper, and the tin and copper could be later recovered, this stripping solution is

not used industrially.

Proposed Method 2

Lee et al [1.23] started their process by the extraction of nitric acid from the spent
stripping solution using a solution of tributylphosphate in kerosene. The copper was
then electrowon from the remaining solution, followed by the tin 1ons being
precipitated as Sn(OH), by increasing the pH with Pb(OH),. The lead was then

removed by cementation with 1iron powder.

The method outlined above was based on experiments using synthetic solutions, so
no account had been taken of the effect of the additives in a commercial solution.
The paper also makes no mention of the fact that tin 1s in suspension in the spent
stripping solution. Codeposition of tin with the copper was also found by this group,
although they presumably had a higher concentration of tin in the deposition

electrolyte, as no tin removal stages had been carried out.

Proposed Method 3

The suggested method for the selective recovery of copper and tin by Kerr [1.7] 1s

shown in Figure 1-5. This separation scheme was the outcome of a scoping study

which identified suitable separation technologies and assessed their possible

combinations.
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Spent acid tin stripping solution

Return to
working Ditfusion dialysis (acid reclaim)

solution

Aeration to form hydrated

SHOQ

SnO, ppt Reclaim

Washed in HCI and

Deposition

of copper deposition of tin

Recovered Recovered
metal metal

Figure 1-5 Method of Kerr [1.7]

The method combines the advantages of Methods 1 and 2. It can be seen that the
recovery scheme 1s similar to that of Scott et al [1.14], except that there 1s an 1nitial
acid recovery stage (as 1n Method 2), which will remove hydrogen i1ons. This acid
recovery step will therefore reduce the problem of low current etficiency, caused by
hydrogen evolution. After the acid removal, the solution would be aerated, to
precipitate any remaining tin, and passed onto a filtration stage to remove the SnO;
precipitate. The SnO; could then be dissolved in hydrochloric acid and the tin
electrowon, or sold as the oxide depending on the market. The filtrate would pass to
another electrowinning stage where copper would be recovered. After the deposition
of copper, the solution would be passed through 10n exchange resins to remove 1ron
and any other trace metals. It may then be possible to recycle the water back into a

stage in the PCB manufacturing process. No experimental work has been carried out

to validate this method.

Proposed Method 4

The approach of McKeeson et al [1.8, 1.24] 1s different from those outlined above;

instead of removing the SnO; as a precipitate, they propose adding sodium hydroxide

to ensure the tin is in solution. All the metals could then be electrowon. A problem

10
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of this method is that when the hydroxide is added to the spent stripping solution,

other metals came out of solution; complexing agents were therefore added. Thus,

the consumption of additional chemicals is quite high. Also, the method involves

plating out all the metals together, which could make subsequent recovery for reuse
ditficult.

Evaluation of Recovery Methods

The recovery method proposed by Kerr [1.7], is thought to be the most feasible.
This process has the benefit that the only supplementary chemical required 1s HCI:
this minimises operating costs. Also, because H' ions are removed, the current
efficiency may be sufficiently high that the scheme can cope with a lower deposition

potential caused by the additives. The proposed method also selectively recovers the

metals.

Although the main stages of the process have been determined, there are still

significant challenges to overcome to ensure the process 1s feasible.

e Metals need to be recovered in a usable form, either pure or as alloys. In the
case of tin it is possible that the tin oxide will have a resale value without the

need to process it further.

e The effect of the additives in the spent stripping solution need to be
quantified. These may need removal prior to electrowinning.
e The process should be, as far as is possible, a closed loop and minimise the

use of additional chemicals.

1.6 Electrodeposition

The method of Kerr [1.7], could involve two electrowinning stages: copper from
nitrate solutions and possibly tin from a chloride solution. Literature has been
reviewed so that any potential problems with the metal depositions were revealed,

and also to gain knowledge of the experimental conditions required for the

deposition.

11
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1.6.1 Copper electrodeposition

T'he deposition of copper from nitrate solutions has been reported during
electrorefining [1.25], for the recovery of copper from pickling liquors [1.26], as well
as for copper recovery from stripping solutions as previously described (Section 1.5).
Table 1-2 shows the conditions at which copper deposition from nitrate electrolytes

has been successfully effected, and the resulting current efficiency for the deposition.

‘ Ref. [Cul] [HNO3] | j/mAcm™ | t/hr 0
Leeetal | 0.22-0.005M 0.2M 20-220 20 22% after Shrs
[1.23]

| Choi et al | imtial 0.69M pH kept at 20 72 601.5%
[1.25] - Cu(NO3),; 1.5-1.7 |

deposit 18.6¢g

Mecucci et | 1initial 0.01M 0.5M 43%
al [1.27] | Cu(NO3),

Scott et al | 0.109-0.068M M 14 2 0%
'1.14]
20

Table 1-2 Deposition conditions for copper from nitrate electrolytes

From the table it can be seen that the current densities used for the deposition are all
similar at ~20mA cm™. However, the efficiencies of the copper deposition vary

widely. The efficiency would be expected to decrease as the copper concentration

decreases; this trend 1s not seen. For example, Choi et al [1.25] deposited copper

from a nitrate solution at an efficiency of 61.5% after 72 hours. As they were
electrorefining, the copper content was constant at 0.69M. This can be compared to
the result of Scort et al [1.14] who achieved a current efficiency of 92% when the
copper content was lower, in the range 0.109-0.068M. However, the time period
over which this deposition was carried out was not stated. The etficiency will also
depend on other factors, such as the pH, nitrate concentration and electrode material.
The deposition conditions and efficiencies in Table 1-2 do, however, show that

copper can be electrowon from nitrate solutions with reasonable efficiency.

Several problems have been reported with the deposition of copper from nitrate

solutions: these include chemical dissolution of the deposited copper by nitric acid,

12
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non-adherent copper deposits and concurrent reduction of nitrate with the COpper.

All these problems will lead to lower current efficiency for the deposition.

Antropov et al [1.28] investigated the corrosion of copper in nitrate copper plating
electrolytes. They found that the deposited copper could be chemically dissolved by
the nitric acid. The rate of the copper dissolution increased as the concentration of
nitrate 1ons and the pH increased. However, if the HNO;3; concentration was
maintained below 0.5M, and additives included in the electrolyte, the deposition rate
exceeded the corrosion rate by several orders of magnitude. The main cause of the

decrease 1n copper plating current efficiency was found to be the reduction of

nitrates; this reduction was found to be catalysed by copper ions.

The dissolution of copper was also used by Mecucci et al [1.27] to explain why the
efficiency of their copper deposition fell as the current density decreased and the
HNOs3 concentration increased. They also found that adherent copper deposits were
only obtained from electrolytes containing less than 2M HNO;3;. At higher acid
concentrations the deposit was rough, which was linked to substantial hydrogen

evolution.

As ferric ions are a constituent of the tin stripping solution, it is possible that they
will be in the copper deposition electrolyte. Dew and Phillips [1.29, 1.30]
investigated the effect of Fe(Il) and Fe(Ill) on the efficiency of copper
electrowinning from sulphate solutions. They found that Cu(ll) and Fe(1ll) reduction
occur simultaneously at the cathode, decreasing the current etficiency for the copper
deposition. They also looked at the anodic reoxidation of Fe(ll) back to Fe(III) and
found that this reaction can be suppressed by using a lead-antimony anode [1.29].
Fe(II) concentration was found not to affect the copper deposition efficiency [1.30].
The adverse effect of Fe(III) on copper deposition was also observed by Das and
Gopala Krishna [1.31]. They found that for copper deposition from sulphate

electrolytes, the current efficiency dropped it the Fe(lll) concentration was greater

than 1.0g/l.

13
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1.6.2 Electrochemical reduction of nitrate

As the reduction of nitrate is reported to occur alongside copper deposition,

decreasing the deposition efficiency, it is pertinent to review the literature on nitrate

reduction to attempt to minimise its effect.

T'he reduction of nitrate ions has been studied for many reasons: the analysis of
nitrate in drinking water [1.32], the production of chemicals [1.33], the cleaning of
waste solutions [1.34] and the decontamination of oround waters [1.35]. The
products from the reduction are varied, as there is strong dependence on the electrode
material and preparation, the electrolyte and electrode potential [1.33]. The
electrochemical reduction reactions of nitrate that can occur in acidic media, and

their characteristic potentials, are shown in Table 1-3.

ONO,” +4H"* +2¢~ — N,0,(g) + 2H,0 E” = 0.803

NO,” +2H* +e” — NO,(g) + H,0 E’=0.775

NO, +3H" +2¢” — HNO, + H,O ] E’=0.98
NO,” +2H" +2¢" = NO,” + H,0 E” = 0.835
NO, +4H" +3e” — NO(g)+2H,0
ONO,” +10H"* +8¢~ — N,0(g) + 5H,0 E’=1.116
2NO, +12H" +10e” —> N,(g) +%}izbm E’ =1.246

l NO, +10—1_'{_; +8¢~ —> NH,” +3H,0 . _E()ﬂ? |

Table 1-3 Standard potentials (vs SHE) for nitrate reduction [1.10]

The nitrate reduction reactions have been found to proceed at more negative

potentials than the standard values quoted in Table 1-3 [1.33]. Pletcher and
Poorabedi [1.36] reported a value of Ej; = -0.06V vs SHE for 5SmM NOj in 1M

perchloric acid, and Carpenter and Pletcher [1.32] observed a well formed reduction

wave at Eq{» = -0.38V vs SHE for ImM NOs3;". Both these values are for nitrate

reduction on copper electrodes.

14
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It 1s generally agreed that provided there are sufficient protons in the solution, the
product of nitrate reduction in acidic media on a copper electrode is ammonia [1.36],
following the reaction shown below. If the hydrogen ion concentration is limited, the

end product is dependent on the ratio of nitrate to hydrogen ions [1.32].

NO, +8¢  +9H" —3H.,O+ NH,

The rate determining step in the nitrate reduction has been found by Dima et al
[1.33] to be the first electron transfer during the reduction of nitrate to nitrite. The
NO; 1s then further oxidised to NO and then finally to NH; [1.37] on bulk copper
(the intermediate reactions are shown below). However, NO was oxidised to N,O on

a layer of underpotentially deposited copper on palladium.

NO, +2H  +2¢ —> NO, +H,O

NO, +2H  +e¢” - NO+H,O

Chloride (and other halide) 1ons have been found to suppress the nitrate reduction.
Pletcher and Poorabedi [1.36] discovered that halide 1ons cause the nitrate reduction
peak to shift to more negative potentials where it 1s masked by hydrogen reduction.

De Vooys et al [1.37] suggested that chloride ions block nitrate reduction sites on the

copper, causing a decrease 1n the current.

1.6.3 Tin electrodeposition

Carano [1.38] describes four basic choices when it comes to baths for electroplating

tin; alkaline stannate, acid sulphate, acid fluoroborate and acid sulphonate.

e The alkaline stannate process is based on potassium or sodium stannate, with
potassium being preferred as the salts are more soluble. The process does not

require any organic additives, but does operate at elevated temperature (70-

90°C).

15
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* The acid sulphate bath requires additives to achieve an adherent deposit, but

gives good efficiencies (~100%) and runs at ambient temperature.

e The tluoroborate bath is very corrosive, but has the advantages that it can be

run at high current densities, has an efficiency of ~100% and runs at ambient

temperature.

e The acid sulphonate bath contains methane sulphonic acid and is becoming
more widely used because the wastes require simple treatment, and it can
hold a high concentration of tin in solution. The disadvantage is that the

chemical make up costs are higher than for the other processes.

The electrolytes described above have been designed for plating, rather than for the
recovery of tin from wastes. According to the proposed recovery scheme, SnO,
should be dissolved, so that tin could be electrowon from the resulting solution. If

these baths are examined in the light of the proposed recovery process, problems

with their use arise.

Scott et al [1.14] attempted to dissolve SnO, from waste tin stripping solution using
sulphuric acid. The precipitate was found not to dissolve. H,;SO4 was also trialled
by Stefanowicz et al [1.4] to dissolve a tin containing sludge from the fluoroborate
plating process. They found that after 30 minutes of stirring the sludge 1n 10-25wt%
H,>SOy4, only Swt% of the sludge had dissolved. Sulphuric acid would therefore be an

unsuitable electrolyte for the dissolution and subsequent deposition of tin.

The alkaline bath was also thought to be unsuitable. Stefanowicz et al [1.4]
attempted to dissolve the plating sludge in NaOH. The dissolution occurred slowly,
with two thirds of the sludge having dissolved in 15% NaOH atter a week. Tin was

deposited from this electrolyte at a current etficiency of only 7%.
The fluoroborate process was discounted on the basis that i1t would introduce noxious

chemicals into a stream that 1s being cleaned. This left the acid sulphonate process,

along with the proposed chloride bath.
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Both Stefanowicz et al [1.4] and Scott et al [1.14] tested the dissolution of tin sludge
and SnO;, respectively, in hydrochloric acid. They found that it was possible to
dissolve the tin in 10% HCI solutions, if heated. Chloride solutions were also used
by Pilone and Kelsall [1.39] to leach metals, including tin, from shredded waste
electronic equipment, before deposition. It has been shown that it is possible to
recover tin at reasonable current efficiencies after dissolution [1.4], even from very
dilute solutions [1.40]. The reported conditions required for tin recovery from

chloride electrolytes, and the resulting current efficiency are shown in Table 1-4.

Ref initial [Sn] THCI] t/ hr @

Chaudhary 0.002M 0.4M 25x10™ 8 5.4%
et al [1.40]

Stefanowicz 0.45M conc., 0.05 l 3.17 93%
et al [1.4] diluted 1:1 ,

Scott et al 0.354M ~1M 70 ? l 85%
[1.14]

Mecucc1 et
al [1.27]

B S B B
0.01M 1.5M 7.5 ) ‘ 053% |
| o - |

Table 1-4 Deposition parameters for tin from chloride electrolytes

As a general trend, it can be seen that the current efficiency of the deposition
decreases as the tin concentration decreases, the exception to this are the results from
Mecucci et al [1.27]. Thus, for the most energy efficient deposition the tin
concentration will need to be as high as possible. The concentration will, however,
be limited by the solubility of SnO; in hydrochloric acid. To maintain the highest
possible concentration, Scott et al [1.14] suggest performing the deposition with
some tin in suspension, dissolving as the tin is plated. The current efficiency of the
tin deposition is also affected by the current density. Chaudary et al [1.40] found
that increasing the current density decreases the recovery time, but also the current
efficiency. Therefore these factors need to be balanced to minimise the energy per

unit mass deposited. A possible problem with the deposition from chlorides is that

chlorine was reported to be evolved at the anode [1.4]; this could be solved by

having a split cell [1.14].
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1.7 Electrochemical Reactors for Metal Recovery

Industrially, the electrochemical recovery of metals would be carried out using a
reactor. Electrochemical reactors have been utilised for many years to deposit metals
from aqueous wastes for reuse. Examples include the recovery of silver from spent
photographic fixer solution [1.41] and nickel from the rinse waters of plating baths
[1.12].  Metal recovery via electrochemical reactors has the advantages that:
additional chemicals are not required; the metals can be recovered in their metallic
form; electrolytic processes generally have low operating costs; and the processes

tend to operate at low temperature and pressure.

Electrochemical reactors are often individually designed for a specific application, 1n
order to maximise metal recovery and minimise running costs. Factors that atfect
these include: cell voltage, cell current, electrode area, flow, ohmic drops in the cell

and associated connections, and the required form of the deposited metal (e.g.

powder or sheet).

1.7.1 Typical Reactor Designs

Although many reactors are individually designed, there are several commonly used
reactor types. These designs are described below, along with their advantages and

disadvantages. Typical uses, and possible concentration reductions for metal

recovery, are also reviewed.

Tank Reactors

Tank reactors are of simple design, commonly consisting of vertical electrodes
suspended in a rectangular tank containing the electrolyte. The mass transport

characteristics of the reactor can be improved by agitating the electrolyte. The

agitation is commonly via gas sparging or pumping the electrolyte through the cell

[1.42]. Table 1-5 shows some advantages and disadvantages of this type of reactor.

13
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Advantages Disadvantages

Simple construction — low capital costs Poorly controlled tluid flow and thus
mass transport

Easy to remove the electrodes to recover | Limited space-time yield (i.e. mass of
metal (often as foil) product per unit time that can be

‘ l obtained per unit volume of reactor)

Easy to scale up/down

Table 1-5 Advantages and disadvantages of tank reactors

Tank reactors are often used for electroplating, when the object to be plated and a
soluble anode are placed into the tank, aluminium extraction, and water electrolysis
[1.43]. For metal recovery, tank reactors would only be used 1if the metal
concentration in the solution was high. For example, Campbell et al [1.44]
recovered nickel from a solution of 20g/1 down to 3g/1 (20,000 — 3,000ppm) using a
tank cell. They found that the current efficiency of the deposition decreased rapidly

below concentrations of 7g/l.

Parallel Plate Reactors

Parallel plate reactors consist of many closely spaced electrodes, alternating cathode
and anode. They are often constructed as a filterpress, where the electrodes, frames
(which form the flow channels) and membranes are sealed into a module; these

modules are then stacked together to form the reactor, known as a plate-and-frame

reactor. Some advantages and disadvantages of parallel plate reactors are shown 1n

Table 1-6.

Advantages Disadvantages
Simple construction Low space-time yield
Easy to scale up, as extra cells can be | Small interelectrode gaps are difficult to |
added onto the stack maintain for large area electrodes

. . |
| Difficult to extract solid products from

plate and frame configurations |

Table 1-6 Advantages and disadvantages of parallel plate reactors
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Plate-and-frame reactors with 2-dimensional electrodes are not often used for metal
recovery, but are employed for electrosynthesis [1.45] and in the chlor-alkali industry
[1.42]. However, simple parallel plate reactors, with just one pair of electrodes and
the fluid flowing normal to the current, have been used for metal recovery. Scort and
Paton [1.46] used this type of reactor, with a non-conducting fluidiséd bed in the
cathode compartment, to study the effect of iron on cadmium deposition. They

managed to recover cadmium from a 200ppm solution down to a limit of 20ppm.

Rotating Electrode Reactors

In this type of reactor the electrode rotates in order to enhance the mass transfer of
the metal ions from the bulk solution to the electrode. The most common type is the
rotating cylinder electrode reactor. The cylinder can be either horizontal as in the
case of metal foil production, or vertical as for metal ion removal. In the majority of
cases metal removal 1s effected by removing the electrode and manual scraping,
although blades to continuously scrape powder or foil from the cathode are in use

[1.42]. Table 1-7 shows some advantages and disadvantages of this type of reactor.

Advantages Disadvantages

Can obtain high rates of mass transport Complex design as rotating seals, l
contacts etc are required

Relatively compact

Control of shear forces can be used to
obtain different sizes of metal
powder/flake

Table 1-7 Advantages and disadvantages of rotating electrode reactors

These reactors can be used to recover metals in relatively high concentration in
solution, for example Ragauskas et al [1.41] used a horizontal cylinder in a tank to
recover silver from spent photographic fixer from 20g/l down to 1.3g/1 (20,000 —
1,300ppm). Rotating cylinder electrodes can also be used as a cascade of cells to

reduce metal concentrations down to 1-2ppm [1.43].
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Static Porous 3D Electrode Reactors

These reactors utilise 3-dimensional electrodes to increase the surface area available
per unit reactor volume. There are many types of materials that have been used as
electrodes: woven fabrics and felts, meshes, packed beds, and expanded metal or
carbon foams. These electrodes can be incorporated into many of the reactors

- previously described. The advantages and disadvantages of 3D electrodes are shown

in Table 1-8.

. Advantages l Disadvantages

Porous electrode can act as a turbulence | Non-uniform current and potential
promoter, resulting in moderate mass | distribution throughout the structure:

transter rates - parts of the ‘cathode’ can become
anodic so the metal redissolves

- premature blocking of the matrix with |
deposited metal

High values ot the space-time yield Less range of materials than for 2D
electrodes

| Performance 1s less predictable than for
2D electrode

Can get high pressure drops as the
electrolyte flows through the electrode

Liable to plug with deposited metal

Table 1-8 Advantages and disadvantages of 3D electrodes

These 3D porous electrodes are often used to recover metals from dilute solutions. A
graphite packed bed was used by Campbell et al [1.44] to recover nickel. The
reactor was a modified plate and frame cell where the catholyte frame was packed
with graphite granules. The concentration of nickel in the electrolyte was reduced
from 60ppm down to lppm. The Porocell reactor was developed by EA Technology
and consists of a porous carbon felt electrode, through which the electrolyte flows. It
has been used to recover copper from rinse waters generated during printed circuit
board production. The cell maintains the copper concentration in the rinse tank

between 290ppm and 0.15ppm. The Porocell has also been used to recover silver

from photographic fixers; in initial trials the concentration of silver was reduced

from 3.6g/1 (3,600ppm) to 1ppm 1n a single stage [1.47].
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Moving 3D Electrode Reactors

These reactors utilise the high surface area 3-dimensional electrodes described
above, with the electrode in motion. Examples of this type of reactor are the
fluidised bed, rotating barrel reactor (a rotating cylinder filled with particles) and the
spouted bed reactor (similar to a packed bed, but with a central fluidised section).

Table 1-9 shows some advantages and disadvantages to incorporating the 3D

electrodes into moving reactors.

Advantages Disadvantages

Mass transport rates are higher than for Complex design, due to rotating parts or
the static 3D electrodes fluidised beds

Can continuously remove deposited Non-uniform flow distribution
metal by entraining particles in the outlet
flow

Electrode movement can be used to Non-uniform current/potential
control reaction rates | distribution

Table 1-9 Advantages and disadvantages of 3D electrodes in moving reactors

As is the case for the static 3D electrodes reactors, these moving 3D electrode
reactors can recover metals from dilute solutions to meet discharge consent levels
[1.43]. A spouted bed reactor was used by Shirvanian and Calo [1.48] to recover
copper from an acidic solution. The metal concentration was reduced from
approximately 1000ppm down to 80ppm. They noted that anodic points in the
cathode can be minimised by keeping the voidage in the bed low and decreasing the
bed height. A rotating barrel reactor was used by Avci [1.49] to recover copper from
dilute (2400ppm) acidic copper solutions. The final copper concentration achieved

was 1ppm, but the current efficiency of the deposition decreased sharply when the

concentration reached ~400ppm.

1.7.2 Modes of Operation

The reactor designs described above can be used 1n different operating modes. There

are three main modes of operation for electrochemical reactors: batch, continuously

stirred tank (CSTR), and plug tflow (PFR) [1.45]. In practice many electrochemical
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reactors are hybrids of these extremes. Also, many reactors incorporate a recycle

stream to 1ncrease the conversion or (in the case of the batch reactor) to allow for

ditferent volumes per batch.

In batch mode, all the solution to be processed (in this case for metal removal) is put
Into a single tank, which 1s usually agitated. The reaction will occur in this tank over
a fixed time, after which the solution is discharged from the tank to make way for the
next batch. During the batch time the concentration of the metal will decrease,
although the concentration throughout the tank will be uniform at ay given moment.

This operational mode 1s discontinuous and therefore often used when the solution

for processing 1s generated sporadically.

The continuously stirred tank reactor 1s similar to the batch reactor in that 1t consists
of a stirred tank in which the concentration of any species 1s uniform at any instant.
However, this reactor mode has continuous inlet feed and outlet removal. With
perfect mixing the concentration of species in the tank is the same as that in the
outlet. This 1s achieved in practice by either stirring or electrode movement (as 1n

the rotating cylinder electrode).

In the plug flow mode of operation, the solution flows continuously through a tubular
reactor at constant rate. The species do not mix in the direction of flow, so the

concentration of reactant changes along the length of the reactor.

1.8 Project Aims and Objectives

The increasing volume of liquid discharges from electronics manufacture poses an
environmental threat, as these solutions can contain substances that are harmful, such
as nitrates and phosphates. The wastes also contain dissolved metals which are sent
to landfill sites for disposal, after precipitation from solution. The aim of this project

was to develop a systematic methodology to determine the feasibility of recovering

metals from such solutions.
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T'he methodology involved investigating the recovery of metals from tin stripping
solution; an aqueous waste stream from printed circuit board manufacture. Despite
several studies into the recovery of copper and tin from this solution, none of the

processes are used industrially. This project seeks to answer some of the remaining

questions:

I. It 1s not known whether any of these proposed recovery processes are

thermodynamically feasible, and how the recovery at each stage is
constrained by pH, the constituent metal and anion concentrations, and
potential.

2. There are no studies into how the concentration of the tin stripping
components, such as NOs', Cu(ll) and Sn, affects the metal recovery.

3. Much ot the previous work utilised simulated waste solutions, without the
industrial additives such as ferric ions. How will the proposed recovery

stages be atfected i1f these are in solution?

The first step 1n the method that was used to determine the feasibility of recovering
tin and copper from the waste tin stripping solution involved analysing the
thermodynamics of the system. Once the theoretical conditions for metal separation
were established, the processes (e.g. filtration, electrodeposition) that could be used
were determined. Each separation stage could then be studied in more detail to

verify that the theory was correct and to resolve any practical tssues.

Therefore, to determine the feasibility of tin and copper recovery tfrom waste tin
stripping solution, the thermodynamic stability of copper, tin and iron 1n the presence
of nitrate and chloride ions was investigated. The nitrate 1ons represent the waste;
the chloride ions the tin dissolution stage. The objective of this theoretical analysis
was to ascertain when the metals would be 1n the solid or liquid phase depending on
the concentration of the metal and anions, pH and system potential. This information
was then compared to the modus operandi of the separation processes proposed by

Kerr [1.7]. The thermodynamic study was then verified empirically.
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After the overall route to metal recovery was established, the project focussed on the
copper electrodeposition stage. An electrochemical characterisation study was
carried out to determine whether it is possible to deposit copper from a nitrate

solution with reasonable efficiency, and to find the effect of the stripping additives

and 1ron/tin on this efficiency.

Finally, copper recovery from stripping solution was carried out in a parallel plate
reactor. The objective of this study was to determine the efficiency of the deposition

as copper was recovered using an industrial reactor, and to estimate some of the costs

involved.
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2 FUNDAMENTAL ASPECTS

The aim of this project was to develop a systematic method to determine the
feasibility of metal recovery from aqueous waste streams. The first stage in this
method was to examine the thermodynamics of the system, in order to determine
when the metals would be in the solid or liquid phase. This depends on the metal
and anion concentration, pH and the system potential. The classical approach of
using Pourbaix diagrams was chosen for this study, and the technique for their

construction 1s described in this chapter.

Once the Pourbaix diagrams were established, the processes that could be used to
separate the metals could be determined. The fundamental aspects of metal
separation by electrodeposition are described, along with the electrochemical
parameters used to asses the teasibility of the separation. As the recovery would be

carried out 1n a reactor, the theoretical metal depletion equations are also described.

2.1 Thermodynamic Theory of Metals in Solution

To determine the feasibility of the recovery process, the first stage in the systematic
method was to study the system thermodynamics. This analysis will enable the
phase of the metal to be determined depending on the potential, pH and metal/anion

concentrations in the system. The thermodynamic analysis describes the state of the

system at equilibrium.

2.1.1 Equilibrium Potential

At equilibrium, the electrode potential is dependent on the species in solution and
their concentrations. The equilibrium potential 1s measured with respect to a
reference electrode e.g. standard hydrogen electrode (SHE), which has a well
defined, reproducible potential. Standard electrode potentials versus SHE-for half

cell reactions are widely published in literature [2.1]. These potentials are quoted at

standard conditions where the activity of all species and the fugacity of any gas 1s

unity, and the temperature is 298K. If the activity of ions 1n solution, or the fugacity
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of any gas is not equal to unity, the value of the standard potential E can be

corrected using the Nernst Equation (Eq. 2.1).

pP+qQ+ne — xX +yY

g —po RT (ap)(ay)’ (2.1)

‘f’ nF (ay,)"(a,)’

where E, 1s the equilibrium potential, R the universal gas constant, T the system
temperature, n the number of electrons transferred, F' Faraday’s constant and a the
1on activity. At this equilibrium potential, the forward and backwards rates of the
reversible reactions on the electrode are equal in magnitude. In this case no current

flows through the cell and no net change occurs at the electrodes.

In a real system, the measured equilibrium potential may differ from the potential
calculated using the Nernst equation. This difference 1s due to the electrode taking
up a mixed potential. For example, in a Cu(Il)/Cu system dissolved oxygen can be

reduced, shifting the electrode potential towards the value for the O,/H,O couple.

2.1.2 Pourbaix Diagrams

Pourbaix diagrams represent how the thermodynamic stability ot different species
are affected by pH and electrode potential. They clearly show when a metal 1s 1n

solution, or exists as a solid, and the species it exists as. The diagrams were

developed for the study of corrosion by Marcel Pourbaix in 1945 [2.2]. They give

information on what is thermodynamically possible; in practice these reactions may

not occur due to kinetic limitations.

Chemical Reactions
Pourbaix [2.3] defines a chemical reaction as “a reaction in which only chemical
bodies participate (neutral molecules or positively or negatively charged 1ons)”. An

example of this type of reaction 18 shown below:

Cu® +2H,0 — HCuO,” +3H"
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In general, a chemical reaction can be expressed as:

pP+cH,O— qgQ+mH"

If the system is at constant temperature and pressure and the reaction at equilibrium,

the Gibbs free energy AG of the reaction can be related to the equilibrium reaction

constant K by Eq. (2.2).

AG® =~RTInK (2.2)

q m
W]th K — ]‘—_‘[afxlE :M
! (ap)p(ayzo)c

and AGY = ) xu = q(uy) +m(u,. ) = p(ip) = c(ly o)

where x 1s the stoichiometric constant and u« the chemical potential.

Electrochemical Reactions

An electrochemical reaction 1s defined by Pourbaix [2.3] as “‘a reaction in which
both chemical species and tree electric charges take part (e.g., negative electrons
dissolved 1n a metallic electrode)”. An example 1s the metal deposition reaction,

shown below tor copper.

Cu’t +2¢- — Cu

In general, an electrochemical reaction can be written:

pP+cH,0+ne” — qQ+mH"

If the Nernst equation (Eq. 2.1) is applied to this general reaction, the equilibrium

potential can be determined from the standard potential (calculated from AG” using

Eq. 2.3), the pH ( pH = —loga,, . ) and the other reactant activities.
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