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Ahstract

In resource recovery from end-of-life printed circuit board (PCB), the physical processing route
5 considered most environmentally friendly. The =75 um fraction generated during the
comminution assays well above many precious and base metal depaosits, but contributes overall
drop in value recovery. This investigation was aimed at exploiting the versatility of froth

flotation for beneficiation of the PCB comminution fines.

Characterization work shows wet assay of constituents in the sample vary with digestion
condition. Absolute assays as for hazardous constituent thus require comparison of data from
more than one digestion conditions. Comparative assaying of samples from beneficiation
treatments can however use agua regla digestion which ghves less hazardous procedurs
compared to hydrogen fluoride plus microwave and nitric acid treatment, It also gives leach
liguor from which all constituent elements can be analysed, compared to that from total
digestion via sodium peroxide fusion. For this sample total digestion will therefore not always
give better results compared to partial digestion. Findings also show that thermogravimetric
analysis may not be recommended in PCB characterization. It gave no distinct inflexion point to
characterize any constituent. This is due to the very diverse material constituents of the

sample.



Further on characterization, the sample gave loose bulk density lighter than water, and true
density of 3 g/fcm”. This coupled with surface hydrophobicity observed necessitates that pulping
the sample must be done under water, Light optical and scanning electron microscopy showed
particle liberation was very high, but not total. Unliberated fraction at -75 pm can be put at
5000 particles per million. Morphology of the metallic particles was very diverse, with average
circularity shape factor of 0.63, This coupled with the material diversity is 3 major constraint in
sub-sieve size analysis of the sample. As shown by scanning electron microscopy energy
dispersive x-ray spectroscopy, the liberated particles themselves contain more than one
chemical element, being alloys. Beneficiation operation therefore cannot attempt to separate
such particles into constituent elements but some bulk collection of metallic values into a

concentrate.

Reverse flotation of metallic values based on a scheme described as natural hydrophobic
response (MHR) was found successful. Favorable kinetics under the scheme gave about 500 rpm
and 500 ml/min aeration rate, at 300 g sample in a 3.5/ Leeds cell. Without the use of a
collector, natural hydrophobic response was observed. The system also gave stable froth
without the ald of a frother. Investigations (surface tension and dynamic froth stability height
measurements, with general literature) show the NHR froth is a fine particle stabilized froth,
and not surfactant stabilized. Au and Pd, were among the elements best enriched into the sink;
64 % recovery for Au at enrichment ratio of three. Flotation over narrower and coarser fraction

[+106 — 75 pmi} shows the NHR scheme can be successfully applied at this size.,

Chemical conditioning schemes investigated shows very minimal responses to reagents.
Potassium amyl xanthate (PAX) did not condition the metallic particles for flotation remarkably
a5 |t does with native metals, Sulphidation with sodium hydrogen sulphide shows a little
improvement in response to PAX, Sodium mercaptobenzothiazole — a3 selective collector for
tarnished copper and lead minerals — did not show such selectivity in the PCB comminution
fines pulp. 5ome cationic pull with tetrabutyl ammonium chloride towards selective pull of non-
metallic values after NHR pull has subsided was observed, although wvery little also.

Macromalecular depression with carboxyl methyl cellulose did not subdue the natural

wi



hydrophabic response up to profuse percentage dosages. Depression by lowering surface
tension, described as gamma depression, using Betamin 127A (active constituent: ethoxy nonyl
phenol) was effective to wet hydrophobic particles, but still not helpful for selective pull after

chemical conditioning. At the lowered surface tension, frothing sets in with entrainment.

Probable causatives for the poor response to reagents are surface oxidation of the metallic
particles and depression by calcium ions in pulp. Surface studies with field emission scanning
electron microscope and auger electron spectroscopy composition depth profiling, show
presence of organic layers on the surface of the metallic particles. The surfaces were also found
to be oxidized down to about 340 nm depth profiled. None of the surface s pure alloy, but
oocurring in forms that will be relatively inert to reagents. Beside these, from agua regia wet
assaying, the sample contains about 7 % calcium by mass, and ICP-MS trace element analysis of

the process water confirms calcium presence up to 7 ppm equilibrium concentration in the

pulp.

ludging from the responses, the natural hydrophobic response scheme can be well
recommended for PCB comminution fines flotation. Optimization of the performance of the
scheme responds remarkably well to kinetic parameters variation. With the generally low
impeller energy and aeration rate found favourable for PCB CF flotation, and the zero reagent
cost (no collector, no frather) of the NHR scheme, PCB comminution fines flotation shows good

prospects.
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was effective 1o wet hydrophobic particles. but still not helpful for selective pull after chemical
conditioning. At the lowered surface tension, frothing sets in coupled with entrainment.
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electron microscope and auger electron spectroscopy composition depth profiling, show presence
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Mass pull with time for flotation under the NHR scheme at varying kinetic
conditions,

Cumulative Mass Pull data, % (from normalized mass pull, with CMP + Sink as
1065,

Averaged cumulative Mass Pull data, % (as plotied in Figure 6.4},
Stundard error of the means for each data point in Table A4.5a.
First order fitting data of the cunvulative mass pull for the plot in Figure 6.5,

Fraction of float fractions digested in hot agqua regia, % (indicative of metallic
assay ).

Distnbution of total metallic content, %.

Digestion residue analysis data indicative of sink assay and recovery, with sink’s
mass percentage of feed, as Plotted in Figure 6.6.

Mass pull data after impeller modification —~ XNHR condition {Data for Table 6.4)

ICPOES scan assays of select elements from of aqua regia leach solution of size
classified PCB CF samples.

ICPOES raw assays (in ppm) of leach solution from flotation fractions of E2Z1A]
and E21 A2 (repeat) kinetic regimes.

Matrix of conversion factors for calculating actual assay Tor each flotation
fraction in E2 1Al and E2 1 A2,

Cualculated actual assay (%) for flotation fractions from E21 Al and E21A2 (Each
factor in Table A4.8b multiplied by corresponding data in Table Ad.8a).

Depornment of selected elements to each flotation fraction, mg.
Sink and reconstituted feed assays (ppm) and enrichment ratio (ER) under E21A
kinetic regime.

Recovery (%) of elements to sink over time for E2 1A 1.

Recovery (%) of elements to sink over time E21A2.
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Table A3.8: Recovery (%) of elements to sink over time E2 [A (Average for E21A| and
E21A2).

Table A3.9:  Assay (ppm) of elements in sink over time for E21AL.
Table A3.10:  Assay (ppm) of elements in sink over time for E21 A2

Table A3.11: Assay (ppm) of elements in sink over time for E21A (Average for E21A2 and
E21A2).

Table A3.12: Sink's Au recovery (%) versus assay (ppm) over time for the various kinetic
rEgimes.

Table A3.13: Enrichment ratio (ER) versus recovery (Rec, %) for Au in sinks under varying
kinetic regimes.

Table A3.14: Enrichment ratio (ER) versus recovery (Rec. %) for Pd in sinks under varving
kinetic regimes.

Table A3.15: Enrichment ratio (ER} versus recovery (Rec, %) for Ti in sinks under varying
kinelic regimes.

Table A3.16: Enrichment ratio (ER ) versus recovery (Rec, %) for Pb in sinks under varying
kinelic regimes.

Table A3.17: Enrichment ratio (ER) versus recovery (Rec. %) for Cu in sinks under varying
kinetic regimes.

Table A3.18: Enrichment ratio (ER) versus recovery (Rec. %) for Fe in sinks under varyving
Kingtic regimes.

Table A3.1%;  Enrichment ratio (ER} versus recovery (Rec, %) for Ca in sinks under varying
kinetic regimes.

Table A4.1:  Trace element levels in PCB CF flotation process water (ppm).
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L0 INTRODUCTION

In the physical processing stage of matenial recovery from end-of-life primed circuit boards {eol
PCB), metallic and non-metallic values on the boards are separated into different materials
fractions through a series of stage-wise comminution-separations. Various separation
lechnologies are employed in processing the diverse mixiure of matertals that the comminution
operations produce at different stages. These include magnetic separation. eddy current
separation, electrostatic separation, wir tables, gravity air classifiers, air cyclones and shape
screens, among others (Goosey and Kellner, 2003; Li ef al., 2004; Kang and Schoenung. 2005;
Hamos GmbH).

As expected, each separation operation gives optimum efficiencies at specific size ranges. At
smaller sizes, below 2mm, electrostatic separation has been mostly applied for copper recovery
from the grinding mix (Zhang and Forssberg, 1997; luga ef al., 1998; Li et al, 2004, Hamos
GmbH; Kang and Schoenung, 2005). From classical mineral processing. application of
electrostatic separation is known o give poor separalion efficiencies at =100 pm fine sizes
(Wills, 19497), Zhao er af, (2004} demonstrated the application of a type of column air separator
compared to an electrostatic separator, For the =75 pm fractions, copper recovernies of 27.83 % at
a grade of 268 % were obtained from the pneumatic separator while separation from the
electrostatics at that size was declared poor and not reported. The low recovery implies valuable
metal loss at this size range, while such poor grade implies product contamination, thereby
complicating the finishing recovery processes. Overall improvement to the physical processing

stage, in order to produce cleaner fractions, has been emphasized (Goosey and Kellner, 2003 ),

In the cited instance (Zhao er al., 2004), more than 20 % of the product of the hammer mill
grinding from 30 mm feed top size reported o the -75 pm fraction, assaying almost 2.9 %
copper. Less than half copper recovery from this fraction implies that more than 0.29 % of the
ol grinding product by weight, ~2.9 kgfton of copper, will be lost. In NEC corporation
recycling operation, at -300 + 100 pm (Yokoyama and Iji, 1997; lji and Yokoyama, 1997},
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copper rich powder (82%Cu, at =90% recovery) was prodoced from the electrostatic separation,
with the non-conducting fraction containing 64 % glass fibre, 34 % epoxy resin, 2.1 % Cu, and
solders. Some end-use applicatons, such as filler for epoxy resin polymer products, were
investigated for the glass fibre-resin fraction. However, at 2.1 % copper content, the fibre glass-
resin non-conducting fraction assays higher than many natural porphyry copper deposits that ane
being mined and economically processed (Wills, 1997) It therefore deserves further
beneficiation. Moreover, as precions metals are coated to a few microns in the printed circuit
board (PCB ) sockets and slots, and on the edge connectors, abrasion in the event of comminution
15 likely to make this precious metal report to this fine fraction also. With the poor separation
efficiencies of electrostatic separation at -100 pm, these precious metal fraction will mostly
report to the non-conducting fraction {Kelly and Spottiswood, 1989), representing i major loss (o
the economic drive of the whole operation. Traces of noble metal anti-etch materials used during
the printed copper circuit production (Li ef al., 2004) should also be present on the copper traces;
copper particles not recovered carry such to waste, All these underscore the point that the fine
fraction from PCB grinding presents the challenges of low separation efficiency and
contimination of product fractions, while contributing a drop to the overall physical processing

recovery relative 1o coarser size fraclions.

The inefficiency of electrostatic separation in processing the fine fraction has been tolerated by
recycling operations, possibly because of preference for keeping the operations dry. Wet
processes are avoided in most recycling operations. to avoid wash water circuit and treatment
costs, among other reasons (Kellerwessel, 1993). Given the diverse matenial make-up of printed
circuit boards (PCB), chances of hazardous leaching during wet processing may also be
conternplated, However, at this stage of PCB physical processing, the operation need nol be
restricted to dry, Wet processing, and especially froth flotation, appears very promising. Success
in this direction ciin be a pointer to improved processing approach and overall improvement in
PCB physical processing. Density-based applications for wet table and centrifugal separations
have been reported (Galbraith and Devereux, 2002; Xuefeng ef al., 2005}, Froth flotation
exploits distinct surface property of individual particles and it appears very promising for
detailed investigation, more so that there has not been any effort to conduct empirical research
into its applicability. Froth flotation s well explored in minerals and, to some extent, in wasie
processing, Outstanding features of froth flotation are its selectivity, flexibility, throughput and

It
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handling of relatively fine sizes. These make il very relevant to this application. Froth Motation
has been psed for beneficiation of ore bearing native metals and oxides minerals, among others,
Flmation of plastics has also been applied in municipal solid waste treatment (Shent ef al,, 1999;
Alter, 2005). PCB fines consist of a mixture of metals, alloys, ceramics and plastics with distinct
surface properties that should enable selective wetting and make froth flotation separation
possible, This is a broad hypothesis upon which froth flotation can be expected 1o be applicable
for the beneficiation of this material mixture. However, if co-occurrence of three minerals such
as chalcopyrite, pyrite and galena is recognised as complex in conventional minerals processing
{Wills, 1997}, then this sample is really complex, It will present an interesting challenge 1o the
versatility of flotation technigue.

The general objective of this research is, therefore, o investigate froth flotation for beneficiation
of this material mixture, with the aim of being able to conclude on the applicability. In this
connection, characterisation relevant to flotation investigation of the sample will first have to be
done, From the peculiarities of the sample based on the characterisation, along with general
literature survey, and with pointers from tral investigations, logical flotation schemes will be
drawn for the investigations. Toward these ends, a general buckground literature review 18 first
presented, This is followed by a more focused literature-based discourse aimed at drawing the

flotation schemes, and at stating more specific objectives, and approaches o, the investigation.




20 BACKGROUND - PCB PHYSICAL PROCESSING

21 INTRODUCTION

Physical processing is admitted to be the most environmentally-friendly approach among others
such as pyrometallurgical and hyvdrometallurgical processes for materials recovery from end-of-

life (eol) printed circuit boards (PCB), and general waste in electrical and electronic equipment

{WEEE). Table 2.1 summarises the basics of the different techniques.

Table 2.1: A comparison of general e-waste treatment approaches

o the environment.

Treatment | Ciperation Menis [ Demenis

Approach | | |

Landfilling DHrect dumping of | A means of disposal; s | Lesching ol harardous |
clossified wastes in landfills | least  memoves  physical | conaituents; wasteful  dispisal |

jumks of  otherwise  lage  madenal |
| { TESINIRCRE;

Hydni- [ A secondary  processing, | Gives high purily product; : Preconcemdration is important on

meelallurgy entuiling  leaching  and | can handle pmall onnages | complesity of the leaching wnid
winning of feed supply winning. Treatment of |

R - — |_secondary effluent streams |

Py Smwelting in lurnaces, giving | Linke  feed  preparstion: | Heguire consistent high grade

metallurgy three products: noble metals | sixing. remioval of | and guantity of feed; dedicated
repori 0 molien  metal | harardowss  componcenis plant highly capifal inlensive;
phase, metal  with  more | mercury bearing, | leasible where there are existing
stable oxides repon o slag | eapacitors, Fcilities which pooepts eowaste
phase, while medals with a5 seoomdary  fesd  matenads:
high vapor presiure will be recovers zem value for plasic
collected  from  the vapor constituents;, fl-gas trealment;
phase. Esch prodect furiher lucilities nob available i many
trested separately, ) | parts of the world.

Physical Applied mineral processing: | Already relevant in feed | Dust handling in  aggressive |

Processing comminution and | prepamtion for hydro or | prinding  for ol Hberstion:
separation  of  constituent | pymo rowies;  handling of | possible precious metal losses:
matenals by  exploring | varying feed constituenis; | noise; pot very clean frociions,
varistions  in physical | amensble for low or high
propenics. srale operation; least impac
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Major dements of the physical processing option include product fractions that remain largely
ansorted to have best end-values as separate material fractions (Lee er al, 2004). This makes
pyrometallurgical follow-up processing indispensible and extensive (Lee er al, 2004; Shuey, ef
al,, 2006), This paints to the need for cleaner fractions from the physical processing stage.

A background review of PCB physical processing will help to place the various aspects of the
operation into perspective. A characlensation (o appraise the huge material resource and the
diversity in the material stream will be informative. This is followed by a review of the physical
processing operations in almost three decade of this endeavor. This will clarify how

improvement in the beneficiation of the comminution fines can contribute to improving the

operation.

2.2 PCB CHARACTERISATION

221 Oecurrence and Beserve

Printed circuit board (PCBs) mechanically support and electrically conmect electromic
components by using conductive pathways, or traces, etched from copper sheets laminated onto 4
non-conductive substrate (Wikipedia). Alternative names are printed winng board (PWH),
etched wiring board (EWB), Populated PCBs have mounted components, while unpopulated
ones comprise of only reinforced resin and printed copper wiring laminate. PCBs are found in
almaost all electronic applications, spanning personal compulers, lelecommunication equipment,
hospital equipment, cellphones and various consumer electronics. Continuing and rapid advances
in technological innovations result in a high rate of obsolescence of this equipment, leading 1o

large tonnages of PCB going into the WEEE stream,

[n the United States of America (LUSA), for personal computers (PC) alone, 63 million unils was
estimated to be obsolete in 2005 (Figure 2.1; Kang and Schoenung, 2005). At about (.75 kg PCB
per PC unit or 2,75 % by weight, and one PC unit with monitor weighing about 27 5kg (Shuey et
al., 2006), the huge tonnage of materials this translates o can be appreciated. In the UK, about
50 000 toms of waste PCBs are generated per amum (Goosey and Kellner, 2003 ). Of these, about
40 000 tons are populated PCBs, and 10000 tons are unpopulated or associated boards
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manufacturing scrap. The estimate for 2006 is 100500 tons (Shuey er al.. 2006). A year 2000
review in Taiwan claims about 300 (000 scrap PC units per anmum (Lee ef al., 20000, and this had
rizen to 700 000 by 2004 (Lee er af., 2004). With generally few statistics for South Africa, more
than 5 000 PC units are reported dumped per year. Intel South Africa. an original equipment
manufacturer (OEM), has been in business for 35 years and has sold more than one billion CPUs.
This implies a lot of PCs out somewhere (Mackay, 2004). Large undocumented accumulation, or
scatters, of PCBs occur around the world, much due to shipment of used PC 1o developing
countries. A 2005 British Broadeasting Corporation (BBC) report, focused on Nigenia, claimed
that about 400 000 wsed computers are imported to Nigeria monthly, Almost 75 % of these
cannol be used, cannot be repaired economically or resold. The sitvation is typical of many

developing countries (Laurie. 2005 ).

70

G0

PC units (millions)

|@ Shipped M Obsolete |

Figure 2.1: Personal computer shipments and ohsolescence in the United States (Kang and
Schoenung, 2005)

Taking PCBs as a highly valuable polymetallic resource, the foregoing has been an attempt to
present its occurrence and “reserve’. Recognizing the material values il contains (see Section
2.2.3), eol PCB stream can be referred to as a type of ore, rather than a waste stream. Though not

containing specific minerals with definite chemical composition, according to the classical
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definition of an ore, the stream contaings many of the metallic elements in the perindic table, in
proportions greater than many natural deposits of such metals. It therefore deserves better
recognition as a resource stock. PCB processing yields concentrates that feed into metal
production, just like run-of-mines. On this basis, PCBs and other end-of-life electronic
equipment can regarded as a type ore — industrial ores {Castro er al., 2005). This distinguishes
PCB= from natural ore from the mine, because this matenial stream is from the industry after a

service life. In the broad view of cyclic material use, WEEE is essentially a transit title.
222 PCB Structure

PCB structures have varied with lechnological advances over ime, Earlier boards were single-
sided with large components on one side of the board and the soldenng for mechanical support
on the order side. Etched copper wiring makes electrical connections from the soldering side (see
Figure 2.2). All the components had terminals dipping through the board. The top side and the
bottom side were therefore referred to as the component side and the solder side, respectively

{Holm, 2001). This type of boards was used in very primitive circuits,

Double-sided boards are more recent boards having conductor patterns on both sides of the board
with interconnecting electrical ‘bridges’ called vias. Vias (singular: via) are holes in the PCB that
are filled or plated with metal and (ouch the conductor pattern on both sides. Since the surface
availahle for the conductor pattern is twice as large compared to single-side boards, and wiring
can now cross the sides, double-sided PCBs are for more complex circuits than the single-sided
ones: the wiring is thinner and much denser, and the components are usually surface-mounted

chips without leads {see Figure 2.3).
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Figure 2.3: Double-sided PCBs - top (left) and bottom (right) views

Multilavered boards are developments on the double-sided boards and are formed by bonding
together separately etched thin boards such that these boards have trace (wiring) lavers inside the
compact board. Two. four, eight, twelve and sixteen layers boards have been prodoced (Vinod
and Sanjay. 2005: Wikipedia). The conducting traces are connected through vias. Either the
holes are electroplated or small rivets are inserted. Such high-density PCBs have blind vias,
which are visible only on one surface, or buried vias, connecting the imterlayer, and so0 not visible
on either surfaces. In 2005, multlayered boards accounted for about 20 % of wial PCB
production (Vinod and Sanjay, 2005), and manufacturers are confident this will become the
dominant type of board. Rigd flex and flexible printed circoits are other types of boards found in

specialised applications like printers and communication equipment.

Sockets and edpe connectors are common features on the PCBs. The sockels serve to connect
removable components such as memory units to the PCB. Figure 2.4 shows # zero insertion force
{ZIF) socket for mounting a processor, Edge connectors, consisting of small uncovered pads of
copper located along one side of the PCB (see Figure 2.4), are used to connect the circuit on one
board 1o another board (for example, sound or graphic card to the motherboard). Edge connectors

and sockets are nsually plated with precious metals to ensure least junction resistance.
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223 PCE Material Make-Up

The materials make-up of PCB is very diverse. Populated PCBs are reported to contain most of
the elements in the periodic table (Li er al., 2004). Unpopulated boards consists of conducting
copper traces and non-conducting substrate, During production of the printed wiring by etching.,
thin film of metals such as nickel, silver. tin, tin-lead and gold are used as etch-resistant materials
to protect part of the copper layer which will represent the wining from the etchant. The substrate
ix o composite material. It originally consisted of woven glass fibre impregnated with an epoxy

resin matrix containing bromine additive as flame retardant.

The matrix material called FR4 was the industry standard for many vears until environmental

concern started protesting against the use of the material because of its hazardous brominated

flame retardant (BFR) content (Directive 2002/95/EC; D'Silva, 2004), This led to the

development of various halogen-free materials. Phosphorus and antimony additives have been

used for flame retardants. Up to five types of halogen free epoxy resins have been tested

guilified for use in PCB production. These include epoxy resin cross inked with aminophenyl

phosphate (Ehrler, 2002; Mauverer, 2005). There have also been developments toward improving

the Te (glass transition temperature) of the board matenal vsing epoxy resin blends and

alternative resin materials. From the PCB matenals development efforts. quite a number of

plastic materials can now be found in waste PCB (Ehrler, 2002). These include:

* The conventional FR-4.

* Higher Tg FR-4, with a higher content of tetra- or multifunctional epoxy resins in the
formulation (o give greater cross-linking densily in the cured material.

*  Cyanate ester (CE) resin based, also with a relatively high Tg.

*» GETEK"/MEGTRON resin, a blend of 7030 high Tg epoxy und thermoplastic
polyphenylene oxide (PPO), developed by General Electric.

*  Bismaleimide-triazine (BT) based matenal. developed by Mitsubishi Gas Chemical.

*  Hydrocarbon resin filled with fine grained ceramics, designed for high frequency high speed
applications by Rogers.

*  A-PPE resin, in which polyphenylene oxide has been modified into a thermosetting resin
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o Thermount™ reinforced materials: a pars-aramyd polymer fibre reinforced material
developed by Thermount” DuPont Advance Fibre Systems.

Alternative reinforcement materials to glass fibres have also been developed. The paper-like
para-aramid polymer fibre called Kevlar® for Thermount™ is an example. Details about the
thermomechanical and electrical propertics significant for PCB applications, such as the
dielectric constants, dissipation factor. through hole reliability, copper peel swrength, z-axis
expansion, volume resistivity and solder shock laminate, are available in literature (Roesch and

Ehrler, 1997; Ehrler, 2002),

Populated boards have components put in place on them. It s expected to find resistors, chips,
aluminium heat sinks, batleries, switches, capacitors, inductors, transistors (triodes, diodes and
thyristors), fan units. connector terminals/slots. cables. transformers. solders, screws and rivet
fittings, among others. The different components have different material compositions, Many
metals, alloys, ceramics and plastics are used in these components and fittings. For the solders,
more than 100 solder alloys are known (MatWeb). Table 2.2 shows some of these solders and

their compositions.

Table 2.2: Representative solders: Composition, melting point and density (MatWeh)
i"The number in front of the elements is the mass percent in the alloy)

Solders Composition (mass, %) Melting. Point | Specific
|_(°C) . Gravity |

Pb-Sn Eutectic 37Pb 605n 183 8.4
(ASTM B 32 Grade Sn63) 3Ag. Al, As, Zn, Sh, Cd, Cu, Fe) - 1

| 958n-5Ag 95Sn 4.4-48Ag, (Al, As, Zn, Sb, | 221-245 7.5
{ASTM B 32 Grade 5n95) Cd, Cu, Fe) _
935n-55b, ASTM B 321 | 955n, 4.35b, (Al, As, Zn, Sb, Cd, | 234 -240 1.23
Girade 565 Cu, Fe)
AIM47 Fusible alloy 22.6Pb. 44.7Bi, 5.3Cd, 19.1In 8.35n | 47 500
W5363 Lead Free O8.65A0 3055 | 363 137
WS305 Lead Free TBAu 228n 280 - 305 14.81
WS23BA o750 35h 232 -238 9.28
Indalloy" 281 Bi-Sn 58Bi 428n 138 8.56
Indalloy® 227 Sn-In-Ag | 77.25n 20In 2.8Ag 175- 187 7.25
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Leaded solders are expected in earlier boards, while more recent boards may uvse unleaded
solders. Base metals such as iron (in s¢rews, ransformers, electromagnets and rivets), copper (in
inductors, transformers and cables), aluminium (in heat sinks, foils and wrappings) and tin, can
be found in fair bulk sizes on PCBs. Rare metals, such as tantalum, are found in high
performance capacitors. Noble metals, such as gold, silver and palladium, occur in sockets and
edge connector plating and in some high performance components. Gallium and other platinum
group elements can also be found. Lead, cadmium, chromium and mercury are usually
concentrated in batteries. Mercury is also found in relays and switches, while cadmium s found
in some surface-mounted chip resistors, infrared detectors and semiconductors. Ceramics, used
in bridges and slots on the boards, include alumina and beryllium oxide. Silica, other alkaline
earth oxides, mica and barium titanate are also found. Chip components contain elements such as

Ga, In, Ti, 8i, Ge. As, 5b, Se and Te, while semiconductors contain Ge, 5i, Se. Ga and other

elements in small quantities.

Apart from the board resins, other plastics generally found in populated boards are polyvinyl
chloride (PYVC), acrylonitrile butadiene styrene {(ABS) and polystyrene (PS), Varving amounts of
thes¢ plastics may be found on the PCB depending on the socket, slots and cable coating
materials used. Vaneties of plastics that can be found in the populated PCB matenals streams,

including density and critical surface tension of some of the plastics, are presented in Table 2.3,

In general, there are a number of overall material compositions reported for the PCB. Some of
these compositions, as well as one determined in this work. are contained in Table 2.4, The data
for each element can be seen to vary across the different compositions. This s expected as PCBs
material make-up continues o change with technology over time. This makes guantitative
analysis of the stream really difficult, and a ‘typical’ PCB composition may not be presented
rigidly, Unfortunately, the OEMSs are not of help in this context: more thun one manufacturer is
responsible for one populated PCB. while components are ordered according to electronic
functions and not by materials composition. PCB manufacturers therefore do not have complete
information regarding the material composition (Li er al.. 2004). The bulk comes back 1o the
materials processor to determine a composition upon which resource recovery analysis can be

based. There are other implications of PCB material make-up on its physical processing.
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Table 2.3: Plastics obtainable rom PCB materials streams

Plustics Specific Gravity ¥, Critical surface tension
Polyethylene (PE) ' i
“Polycthylene tercphthaiate (PET) 133-1.37 o
Polyvinylchloride (PVC) 16— 1.38 39
i_"ﬁrlyl:lmﬁ uorethane (FTFE) 23-232 T
Nylon .1-135
-Pc;]_}rpmpylene (PF)
.-"vl;‘r_'-r'll:![till'ill.‘ butadiene styrene - ABS .04 35
Fibre reinforced ABS |.286 - 1.45
| (Acrylonitrile butadiene styrena)
| Polystrene (PS) .04 Kk

Cyanate Ester (CE) Resin -~

P-ui:rphl:n:,'i:n: oxides (PPO)Resin

Polyphenylene ether (PPE)

Bismaleimide-Trinzine (BT} Resin

FR-4 Epoxy resin 1.82 47
FE-2 Phenolic resin based

Para-aramid polymer fibre

.14 Physical Processing Implications

The material make-up of PCB has implication both on the comminution and the separation
operations in the physical processing. The PCB structure presented shows that classical mineral
processing comminution equipment such as gyratoryfjaw crushers and tumbling mills will not
apply because brittle cleavage or shatter fracture may not be expected from PCBs. This was
demonstrated by trial comminution in a laboratory ball mill with 35 mm steel balls. The
fragments were only rubbed and beaten smooth after twenty minutes of operation (Ogunniyi,
20065, Shear shredders, which can be considersd as a modification of toothed roll crushers, uare
used mostly for primary crushing, while hammer mills, which employ impact and shear, are
mostly used for the grinding operation { Taylor, 2002; Goosey and Kellner, 2003; Hamos GmbH;
Sander et al., 2004, Schubert and Bernotat, 2004), Grinding in impact eguipment with cryogenic
conditioning 1o enhance the brittleness of the polymer matrix has also been reported

{Kravchencko ef al,. 1983; Goosey and Kellner, 2002), It should be noted that PCB comminution
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need not seck to obtain o characteristic breakage function. For instance, single-sided older
generation boards with a high proportion of fibre glass and low density of the copper trace will
be expected 1o show more overall brittle tendency compared to recemt high  density

multilayereded boards with poly-aramid reinforcement. Populated boards will present more
vaned characteristics.

Table 2.4: Material Compositions of PCB (Weight %)

| Materials %" [ % [ [ % | W " %
[Metals | Cu 20 [ 268 | 10 156 22 | 1785 | Ba7
'J';;’;, LAl 2 [ &7 | 7 = | = | &% [ &3 |
| Ph T3 T= 33T 3% 155 | 49 [ 099 |
[Zn b | 15 | 16 | &8 TR | 151
[Ni 2 [047 (085 [ 028 | o32 | 163 [ 235
e e e
[ Sn 4 ] 3.24 36 | 528 | 154
Sh 04 | 006 - I o
Auwppm 1000~ 80 | 280 | 420 350 | 350 570
| Puppm = = [ - | = [ %6 3
| Agippm 2000 0 3300 | 10 | 1240 [ 1300 3301
[ Pdippm - E e i) = [ 350 204
Cemmics | Si0y 15 15 41.86 LT -
Tﬁ“, [ ALD, 6 2 6,97 = |
i [ Alkaline snd 6 e = Cal)
Alkaling carth 9,95
| ewides Mgl
.48
| Titanates, "I = = = ¥ i =
| Mica, se [
Mastics | Polwethylene 0.9 - - It - -
lM“I | Polypropylene 4.8
MYES il
Polyesters 4.4
| Epooties 4.8
[ Polyvingl- | 24
| ehborde
| Pobytetra- p |
(owroethane
| Mylom ne |

I.Ehl.ﬂ."_'.' et ul., 2006 from Sum. 1991; “Zhao ef al., 2004 from Lehner, 1998; "Cui, 2005 from Fhang and Forsaherg,
1997, “Rim er al, 2004, “Incinersted PCB Product; *Iji and Yokovama, 1997; "Patent Application, 2006; "ICPOES
analysis of cellphone PCH=
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Another consequence of the diversity of valued constituents on PCBs is the complexity of
beneficiation into clean material fractions. Target metallic valoes range from percentages to ppm
proportions, in various forms of man-made ‘occurmrences’ or ‘dissemination’. Among the
valuables are hazardous contents. Lead., mercury, cadmium, hexavalent chromium and
polychlonnated biphenyl (peb) are among the six matenials declared hazardous in the RoHS
(Reatriction on Hazardows Suobstinces) directives (Dhirective 2002M5/EC). Polychlorinated
biphenyl 15 found in some capacitors, while batteries contain cadmium, mercury, lead and
chromium. These components muost nol be ground along with others, but must be removed for
separate treatment (see section 2.2.3). This is why physical processing has to be in stages of
comminution-separation, decongesting the stream as comminution progresses (o finer sizes, and
different values are being liberated. In this manner, the materials variety would have been

significantly reduced before final grinding to liberate the values within the laminates.
2.3 PCE PHYSICAL PROCESSING OPERATIONS

In the 1970 the predominant method of recovery of metals from electronic scrap was via the
blast furmnace in conjunction with secondary copper/flead smelter (Sum, 1991). Details about
physical processing effort were rare until the early 1980s, Figure 2.5 is a typical flowchan of
earlier physical processing of scrap from multi-component REE - radio-electronics equipment
iKravchenko er al., 1983). Scrap REE has now taken om the WEEE nomenclature. Features of
this processing included differentiated disassembly (more recently referred to as selective
disassembly), cryogenic cooling and crushing, airflow classification, stages of magnetic
separptions and, fnally, magneto-hydrostatic separation (MHS). The magneto-hydrostatic
separation density was first set to 2000 kg/m” (2 gfem™), then to 3000 kg/m”. This will cause non-
metallic stuff 1o be floated first, followed by aluminum in the second stage, while copper, lead
and tin were in the sink product,
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Figure 2.5: Flowsheet for reprocessing of multicomponent REE scrap ( Kravechencko ef al.,
1983 - Redrawn)

Magneto-hydrostatic separation, also called ferro-hydrostatic separation (FHS), 15 a technology
that uses colloidally stable and magnetizable fluids. It dates back a few decades, with reporned
application for municipal solid waste processing (Khalafalla, 1973, 1976; Zhan and Shenton,
1980; Vesilind and Rimer, 1981). More recently, Debeers proup reported efforts to apply it 1o
mineral processing {Svoboda, 2000}, A suspension of nanosized magnetic particles (often in
kerosene) forms the ferrofluid whose apparent density can be varied by its surrounding magnetic
field: the apparent density increases with increasing field strength. Under the influence of the
field, the nanoparticles tend to align in space inside the ferrofluid and become stationary. This
tends 1o make the fluid rigid so that particles sink throngh it with greater resistance, making the
density appear higher, In application, the apparent density can be vaned up to a specific gravity
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above 20 in fine steps, making it possible to achieve sink floal separation of a mix to tenths of

specific gravity.

In later operations, eleéctrostatic separation was broadly used in place of the FHS for treating the
fine fractions. Low throughput, high electricity costs for the ficld electromagnets in scale-up and
optimal feed size, identified as limitations of the FHS (Kruger, 2006), could have been some of
the reasons for this trend. By the 1990s, emphases were on the disassembly stage before
crushing. The recovered component would be tested. refurbished and then resold in some second
user specialist marketplace. Design for easy disassembly became an issue for the original
equipment manufacturers (OEMs), and many works were towards automated disassembly, for
components recycling (Feldmann and Sheller, 1995 Stennett and Whalley, 1999).

Figure 2.6 shows the flowchart of the recycling operation of NEC Corporation, Japan
(Yokoyama and Ij, 1997). The operation entails first stage components and solders removal by
heating, impacting and shearing (Yokoyama and lji, 1997). The evacuated board then goes
through pulverising and separation stages. The pulverising stage is considered critical to
hberating copper in multi layered boards. Two types of equipment are used for crushing and fine
pulverising. The first employs a cutting and shearing force for size reduction to 10 mm. The
second employs o pulverizing roller on a table to apply compressive and shearing forces. The
operation has a notable feature of liberating the copper more coarse than the glass fibre and the
resin, due to differences in brittleness, see Figure 2.7 (Higashivama and Asano, 1998). A
gravimetric separator, based on density, is used on the product to produce a 23 wt % copper-rich
residue, This 1s followed by a rotor-type electrostatic separator, producing recovery and grade of

more than 90 % and 60 %, respectively, on the 100 — 300 pm size fraction.

Prior manual disassembly of precious metal bearing parts on the PCB was employed at Noell
Abfall, Germany. and Energietechmk in their 21000 tonnes per annuwm plant in 1996 (Goosey
and Kellner 2002), The plant was specitically intended for redundant telecomunication scrap and
eol PCBs were also treated. The overall methodology deploys a three-stage liberation and
sequentinl separation route with ferromagnetic removal via overhead permanent magnets and
eddy current techniques, because of the effectiveness of the eddy current separation force on the

fractions in the 5 mm to 200 mm particle size range. Air table technigues were used to separate
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particulate fractions in the Smm w I0mm, 2mm to Smm and less than 2 mm ranges

respectively.
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Figure 2.6: Flowchart of the NEC’s recycling process (Yokovama and 1ji, 1997)
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Cosl effective aulomated disussembly, either by ‘look and pick’ or “evacuate and sort’, is a
specialised technology on its own. Il requires a data-intensive object-image recognition
information system for sorting after evacuation; special numerically controlled jaw grippers for
through-hole-device disassembly; vacoum grippers for surface-mounted devices; chemical or
electrochemical dissolution of solders with specialised etchants, among other features (Feldmann
and Scheller, 1995; Stennett and Whalley, 19949; Jianzhi er al., 2004),

Although robotic technology operating on a cost effective component identification and
disassembly was reported in the USA (Goosey and Kellner, 2002), this automation suffered
sethacks in case of old “orphan’ boards with no existing database. Another strong factor against
component recycling is the rapid advancement in production and materials technology. This
makes components obsolete too guickly, not reusable, and new ones much cheaper. More
recently, emphases for selective disassembly reduced greatly (Taylor, 2002). Total feed
comminution in shredders, followed by separation, now substitutes disassembly devices in many

operations. Although some extent of manual dismantling. to single out hazardous component.

can be judged as indispensable because of the complex nature of the stream (www desco.ca, g,

efforts to further disassembly expertise still continue (ERf and Surendra, 2006

In Taiwan, all capacitors on the boards (possibly containing polychlorinated biphenyl) that have
diameters greater than one cenfimetre and a height larger than two centimeters are usually
removed manually from the board before comminution (Lee er al. 2004). Products from
integrated circuit (IC) boards in computer recycling plants are generally classified into three
groups: ferrous, non-ferrous and non-metals — and each fraction sefls atl mimimum of USS 57,
LI5S 743, and USS 43 per ton respectively. The Huei-Chia-Dien Company (Taiwan) has a
dedicated flowsheet for physical processing of scrap IC boards, Figure 2.8 (Lee er al., 2004),
Irom, plastics, fibre glass and resin, alominium and copper fractions are obtained. Except for the
ferrous fraction, the other metallic fractions is wsually a mixture of metals and are sold w

smelters.

VOGT Electronic FUBA, Germany. runs a recycle centre for unmounted PCBs and material
scrap, with 5000 tons per year capacity, adjacent to its PCB manufacturing plant (Goosey and
Kellner, 20002; Gold and Dietz, 2003 ). The operation is fully mechanical and dry (see Figure 2.9).

R e L L L L R ]
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Hammer malls convert the scrap feed into fairly liberated small picces of particles or fragments
for separation, while material separation uses the different specific gravities and electrical
conductivities of the metal, glass and resin. The products obtained consist of copper metal and
two plastic products — fibrous and powdery, The recovered copper is returned to metal smelters,
The glass fibre and resin fraction finds most successful wse in production of pallets for
underground mining and storage. This product tukes advantage of the flame retardant property of
the resin fraction (Goosey and Kellper, 2002). A block diagram of the operation is shown in
Figure 2.9,
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Figure 2.8: Huei-Chia-Dien Company’s physical separation Mlowsheet for recyeling of serap
IC boards {Lee ef al., 2004).
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Figure 2.9: Block diagram of PCB recycling operation at FUBA, GmbH (Goosey and
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A commercial turnkey electronic recycling plant (ERP) for a wide range of electronic scraps.
mcluding populated PCBs, was developed by Hamos recycling and separation technologies,
Germany (Hamos GmbH, Germany). It is an automated and integrated mechamical system,
Figure 2.10, producing three products: a ferrous metal fraction, a mixture of non-ferrous metals
and a mixed fraction of plastics and ceramics. The major stages of the operations involve pre-
comminution for a coarse liberation; magnetic and eddy-current separation of coarse ferrous and
non-ferrous metals; liberation of non-ferrous metals; classification for improved separation;
electrostatic separation of the metal fraction; subsequent comminution of unliberated materials;
dust extraction; and optional gravity or eddy-current separstion of coarse metal fractions (Hamos
GmbH, Germany ).

Figure 2.10: Hamos GmbH ERP - ¢lectronic recycling plant

Noranda Recycling Inc. operates in USA, Canada and Asia. The firm has established smeliing
operations and uses mechanical processing to upgrade general électronic wastes for smelting the
feed (Shuey, 2006). Hazardous components are first removed manually before introducing the
handpicked waste into a series of shredders that reduces the junk to five centimetre-sized pieces.
Separation technologies, such as magnetic and eddy cumrent, are used. In this way, the electronic

scrap is separated into various commaodity streams which are sent to different Noranda
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operations. Fractions rich in copper and precions metals, copper-plastic mixed fraction and
circuil boards are sent o the copper smelling operations to recover copper, silver, gold, platinum,
palladiom, seleniom, tellurium, cadmium and nickel. The steel output from the mechanical
processing goes directly to the steel foundry, while the aluminium fraction goes to an aluminium
smeller, As Noranda's products are dedicated 1o established smellers, the mechamical processing

does not try to achieve the best clean material fractions possible.

In the USA, physical processing is generally applied to electronics waste at MRFs (material
recovery lacilinies) o pridduce three fractions of ferrous metals, non-ferrous metals and plastics.
The unit operations, Figure 2.11, usually involve physical sorting, comminution, screening, and
magnetic, eddy current and density separations (Kang and Schoenung, 2005). The fractions are
then forwarded 1o appropriate material processing plants,

Hesalable pans,
Sorting ::—L‘;I'Frduus minterials,
L mis

Siee reduction

:

Vibraling Scmeen

‘

Magneric separation  ———# = Ferrows metaks

'

Fddy current separation | ———®  Nom-lemous metals

L
Drenzity separation f=————# Plaslics

v

Disposal » Landfills

Figure 2.11: Simplified Mowsheet al a materials recovery facility, MRF (Kang and
Schoenung, Z005)

Researchers at Daimler Benz in Germany developed a process comprising initial size reduction
1o =2 em x 2 em and magnetic separation, Then cryogenic grinding was done by passing —196 °C
liguid nitrogen through a hammer mill. This imparts britileness to the feed, effects provess

cooling, and provides inent atmosphere which prevents oxidation by-products such as dioxins

2 22
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and forans. Sieving and electrostatic separation is applied for material separation of the milled
product (Goosey and Kellner, 2002).

In South Africa, two major recyclers — Desco Electromic Recyclers and Universal Recycling
Company -~ are known in the e-waste recycling industry. Of these, only Desco Electronic
Recyclers is reported to have dedicated PCB processing operation (eWaste Guide, 2006; Finlay,
2005), Another establishment, Reclaim, is considered (o be the largest recycling organisation in
South Africa. It also accepts e-waste, but passes it onto Universal Recycling (Finlay, 2005).
Other minor players basically serve as collectors and pass on the general e-waste (o any of the
two major establishments. African Sky, who also accepts e-waste, carries oul very minimal
processing or value addition before exporting the stock virtually as-received o Ciliraya waste
recycling company in Singapore (Finlay, 2005). Citirava, which now operates as Centillion

Environment and Recycling UK Limited {www.centillion-gr.com;

www researchandmarkets . com), is considered to be one of the world biggest processor of

corporate c-waste and deals with multinationals such as Nokia and HP (Finlay, 2005; eWaste
Guide, 2006).

Desco Electronic Recyclers is reporied to process abont 400 tons of PCBs along with about 2000
tons of other electronic waste annually {eWaste Guide, 2006). Desco sirips the feed manuoally.
disassembles and sorts it inlo separate specific components and material types. Materials for
recycling are not thrown mto the shredder as whole units, This prevents a mixture of plastics,
ferrons and non-ferrous materials being shredded together (www.desco.co.za), Plastics are
separated from the PCBs, producing a relatively clean plastic fraction for the final plastc
recycler clients. The boards are then shredded, followed by pulvensation, and separation stages.

The machinery used is designed and built by Desco. and the details are proprietary.

The operition at Universal Recveling is fully mechanised. without any hand sorting. The stock is
conveyed via belts between different operations. These include shredding. heavy media
sepuration, eddy current separation, sorting, milling, granulation and rotary magnetic separation
{www.urc.co.za). The heavy media separates the comminution products, based on densities in
stages, giving product fractions of plastics, glasses and metals. The water for the heavy media
separation is fully recyeled (Finlay, 2005). The operation, however, handles the feed vs a mixed

_— . ————— T3
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lsad with no specific provision for e-waste or PCBs. Electromcs are simply considered along
with non-ferrous materials. Components such as nickel-cadmium batteries, bearing hazardous
constituents all go through the shredder, but somehow along the line, they are separated (Finlay,
2005). The final products from these operations are sold mostly to Rand refineries, South Africa,

a5 non-ferrous fraction from waste recycling.

All these operations are basically preparatory to finishing recovery via smelting. Consequently,
clean fractions are not paramount. Except for ferrous fractions which can be achieved at fairly
high grade and recovery, optimum reports for copper, for instance, include 60 % copper grade
and W) % recovery in 100 — 300 pm fraction (Yokoyama and 1j1, 1997). FUBA operation reports
2 % copper grade from unpopulated boards, which is a less complex feed. Product grades from
many operations are rare in repons. Zhang and other workers conducted various investigations
on PCB and WEEE physical processing (Zhang ef al.. 1997 Zhang and Forssberg. [997). Using
air table separation, optimum result reported 72 % grade and 76 % recovery for copper in the
I mm to 0.6 mm mill fraction (Zhang and Forssberg, 19497,

Compared to typical assay figures in conventional minerals processing, the copper assays in the
product fractions asppear sahsfactory. Chalcopyrite (CuFeS;), for instance, 13 the main ore
mineral of copper, and the best copper assay from its processing is 34.7 %. Such chalcopyrite
concentrate is amenable to straightforward matte smelting chemistry, oxidizing iron sulphide o
the slag phase and sulphur to the gas phase. leaving metallic (blister) copper (Rosengvist, 1988).
In contrast, for PCB non-ferrous copper rich separation products, st much higher assays, the
smelting and refining processes are much more extensive, This is because for a fraction assaying,
say, 90 % copper, the 10% complementary matter will not be from a single mineral element
i=uch as sulphur alone with copper in chalcocite) or a few definite co-occurring elements, but a
lot of contaminants. This is to say that. while poor separation efficiencies are ohained at non-

optimal size fractions, even the products with best grades still need improving.

From what commonly obtains at present: (i) returns to the independent physical processing plant
are nol maximized (some prices are cited for Taiwan); (ii) overall recycling ratio is low [as
secondary wse of unsorted fraction s limited); and (i) secondary smelting for metallic valoe

recovery requires extensive facilities. Such a smelting facility, Pb-Cu smelter, is cost intensive
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and not available in many parts of the world where PCB and general electronics waste recycling
has 1o be done. In fact the more complex Pb-Cu-Zn smeliers with facilities for recovery of metals
such as zinc from volatiles are the most appropriate. Constructing such a capital-intensive
metallurgical plant specifically for e-waste processing will require a more integrated collection
and shipping infrastructure of the waste stream. Although the pyrometallurgical follow-up route
may nol be avoided outright, the downstream processing chemistry can be simplified

considerably by cleaner fructions from the physical processing.

Improving eol PCBs beneficiation demands that the material complexity involved is recogmised
and an effective beneficiation operation is developed 1o match. While ores containing three larget
minérals are considered comples in classical minerals processing, with extensive beneficiation

operation, commaon eol PCBs beneficiation flowsheet, are generally too brief for the task,
24 IMPROVING PCB PHYSICAL PROCESSING: FINES BENEFICIATION

It can be seen from the review of PCB physical processing presented that, for the -2 mm
comminution products, electrostatic separation is the technology been emploved, In conventional
mineral processing, it is known that separation efficiency of corona or high tension electrostatics
separator drops rapidly below 75 pm feed sizes (Wills, 1997; Kelly and Spottiswood, [989),

Zhao et al, (2004} compared a type of column air separator to electrostatic separator for recovery
of metal values from PCB hammer mill grinding products (Tables 2.5 and 2.6). More than 20 %
of the product of the hammer mill gnnding from 30 mm feed size reported to the =75 pm
fraction, assaying almost 2.9 % copper. Copper recoveries of 27.83 % at a grade of 26.8 wi %
were obtzined from the pnenmatic separator. Separation from the electrostatics at that size was
not reporied, probably because it was too poor. The work concluded thut below 75 pm,
electrostatic separation efficiency 1s poor for PCB grinding fines.

In the NEC"s operation (Yokoyama and Iji, 1997; Ip and Yokoyama, [997), at =300 + 100 pm,
copper-rich powder (82 % Cu, at less than 90 % recovery) was produced. The non-conducting
fraction from the electrostatics separation contained 64 % glass fibre, 34 % epoxy resin, 2.1 %
copper and solders. Some end-use applications, such as filler for epoxy resin polymer product,
were investigated for the glass fibre-resin fraction. But at 2.1 % copper content, the fibre glass-

SRR — 9
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resin fraction assavs higher than many natural deposits being mined and processed economically.
It therefore deserves further beneficiation.

Table 2.5: PCB Grinding Size Distribution (Zhao ¢f al., 2004)

Size Range - _ Weight (%) e
(mm) Open Circuit Hammer | Imm Closed Circuit
Mill Grinding Hammer Mill Grinding
1 15.86 0
-1 +0.5 35.26 40.87
054025 | 10.10 | 1173
025+ 0,125 | 1286 | 15.23
0125+ 0.075 | 4.70 | 5.54
0075 212 | 26.73

Tahle 2.6: Copper recovery and grade versus size range and separation technology (Zhao et
al., 2004}

Size Range Pneumatic Separation | Electrostatic

(A Classifier) (Corona)

Recovery Grade | Recovery | Grade |
=1.0+05mm | 71l 4908 o765 53.75
=500 + 250um | Ghod2 54.66 o788 T1.51
=250 + 125pm | 90.76 449.54 43.78 D062
=125 + 75um | BO.35 2098 3157 O} .S}
~75um | 27.83 268 |- =

Precious metals gre usually coated in a couple of microns in the PCB sockets and slots, and on
the edge connectors. Abrasion in the event of comminution is therefore likely to make them
report 1o the =75 pm fraction. With electrostatics separation, these fine metallic particle will be
poor recovered (Kelly and Spottiswood, 1989), representing a major loss 1o the economic drive
of the whole operation. Traces of noble metals vsed as anfi-etch materials duning the printed
copper circuit production (Li er al. 204) can also be present on the copper particles.
Unrecovered copper theréfore carries such to waste.
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The inefficiency of electrostatics separation with PCB gninding fines could have been tolerated
because (i) the relatively higher assays and better recoveries from the coarser fractions
(Yokoyama and Iji, 1997, Zhao et al, 2004) pay for the operation profitably well; (n) the
metallic products of PCB physical separation are generally being destined to pyrometallurgical
operations (Shuey e al., 2006; Lee et al, 2004), and (iti) dry operations are preferred for
handling the PCBs.

Omly the last point can make the tolerance understandable, Wet processes are avoided in most
recycling operations to avoid wash water circuit and treatment costs, among other reasons
{Kellerwessel, 1993). In particular, because PCBs contains such a wiade diversity of materials,
leaching and oxidation behavioors cannot be absolutely predicted in & wet process. Also, at the
coarse fractions of the comminution-separation operation (with particles of all sorts of shapes)
particle flow will not be good. But ot finer sizes. slurry flow is much better. The issue of
hazardous leaching or material oxidation still remains. It conld, however, be much reduced at the
fine sizes. as many materials from many components, particularly components bearing hagardous
substances, have being removed, Matenals expected will be mostly chippings from metallic
particles, copper trom the traces, solder remains, ceramics used in small resistors and chips, resin
materials like epoxy. remains of plastics used in slots and reinforcement matenal such as glass

fibre.

At this stage of PCB physical processing, the operation need not be restricted to dry. Froth
flotation is a specific wet processing technique that appears very promising for beneficiation of
the fine fraction. Froth fotation, exploits distinet surface properties of individual particles; it is
particularly effective in the =75 pm range; and it can be exccuted via different schemes toward
enhancing selectivity. The prospect therefore deserves detailed investigations. An overview of
how froth flotation can be applied o this material stream will be presented in the next chapter in

order to set oul a detailed methodology for the investigation.
2.5 CONCLUSION

Physical processing of PCB dates to about three decades now - not towlly a pew area of

endeavor, vet not fully developed. Essentially, it remains a stage-wise comminution-separation

2
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operation. Given the peculiar material composition of the printed circuit boards, shear shredders
can be taken as the industry standard comminution equipment used, Separation technologies
employed in the industry mclude magnetic, eddy-current, electrosiatic, dense-medium and air-
classification. Product material fractions are ferrous, non-ferrous, plastics and ceramics, with
different degrees of cross contamination depending on particle liberation and the size at which
the material fraction was obtained. The non-ferrous fraction mostly serves as secondary feed at
gstablished smelters having requisite extensive facilities. Hydrometallurgical follow-up route (o
the physical processing has relative advantiuges over the pyrometallurgical routes, but il reguines
much cleaner material fractions to simplify process chemistry. The —75 um fine fraction in the
comminution products has been observed 10 contnibute a drop to the overall recovery and
separation efficiencies, Loss of precious metals to the fine fraction is also possible, representing
a major economic loss to the operation. Froth flotation appears very promising for investigation

into its applicability for beneficiation of the metallic values deported to this fine size fraction.

24




30 FROTH FLOTATION FOR THE BENEFICIATION OF PCB FINES

il INTRODUCTION

As presented in Chapler 2, the material constituents of the comminution fines will be guite
diverse. This will include copper from the traces; solder remains; precious metals — gold,
palladinm, platinum — relatively in trace proportions; chipped or tom panticles of varous alloys;
synthetic or natural ceramics used in certain resistors, semiconductors, glazed components and
chips; resin matenals like epoxy; particles of plastics used in slots; and board reinforcement
material such as glass fiber, It follows that flotation of native metals, plastics. and ceramics
foxides, conventional minerals) are all of relevance towards evolving logical flotation schemes
for the sample. These and other relevant concepts are reviewed in this chapter. The concepls ure
used to advance probable schemes, and to make more specific objective statements for the
investigation. As this application will traverse a broad spectrum of surfactanis, a brief on

surfactants are presented first.

3.2 SURFACE ACTIVE AGENTS

Surface active agents (surfactants) are organic compounds with a heteropolar molecular
structure. The non-polar hydrocarbon chain group of the molecule prefers to attach to air, while
the polar functional groups prefer squeons phase. The surface activity derives from this propeny.
They can therefore adsorb (accumulate) at air-water, air-mineral andfor water-mineral interfaces.
The specific application of a surfactant is determined by the properties of the polar functional
group, which can be ionic — cationic or anionic, or non-ionic. lonic surfactants are electrolytes.
They can adsorb at mineral-water interfaces, electrostatically and/or chemically, This makes
them nseful as collectors. Non ionic surfactants are non-electrolytes, and they adsorb majorly al
mir-water interface. Table 3.1 shows some common surfactants compounds. The adsorption at
air-water interface lowers the surface tension of the solution. This makes thin films of the
selution metastable and therefore supports frothing. It also creates welhing effects, lowering

overall surface energy and tension,
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Table 3.1; Some common surfactant and applications

Classification | Example Major Application

hanic Sulis al organic ackd | Carlsaxylate salis Saap
| Sodiem alkly sulphonatc Wetting and Detergency
| Alkyl phosphate salt - Wetting and Detergency

 Amine Sats | Primary Amine Collcctors
Sulphydryl | Dithiocarbonates

; Trithiocarbonates
| Dithiophosphates

Hl.l1 Alcahals ! Methyl Faotiaiyl MNewiral Frothéars

ioic | Carbino
| Pine Oil

Hydronylsed  polvelyonsl | Pol ypropedene glyveol miethyl ether
WS , :I'ripniwmpylcﬁty}ml mazthyl ether 7l

| Nomylphenol polyglycol ether.

1
I
Alkoxy substituted Parafins | Multi ethoxylated butane
(RO, H | {1,0,3 T ethony hatane)

|
The reduction in the surface tension of the agueous solution is towards that of the surfactant in

proportion (o the concentration of the surfactant molecules adsorbed at the interface. This can be

described by the Gibb's adsorption eguation in the form:

dy=—8dT - Cdy. . : . ; : ! : 3.1

where dy, S, T, I'; and py are the changes in surface tension, surface entropy, temperature of the
system. adsorption density of specie § and the chemical potential of specie f. respectively, at
constant pressure (Fuerstenan, 1982). Defining 1 = 1 for the solvent specie, then Iy = 0 as the
solvent does not adsorb in itself. Since, dy, = RTd In a;, at constant temperature, as in flotation

process, it follows that:

| g% ]

dy=—RT3 I'dlng, =—RTY.T,'dInC, . ; . : 3.
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where I"' refers 1o the surface excess (adsorption density) of specie i relative to the solvent at the

interface, and a; is the activity of i, which approximates the concentration of i, Cj. in very dilute

solutions.

However, Eqg. 3.2 15 not a continuous function. The surface tension decreases towards a limiting
villue which is that of the surfactant, and C; is defined within the solubility range of the
surfactant, beyond which micelle or droplet formation (phase separation) commences. With
further increase in concentration such droplet will act as antifoamer in frothing application
(Pugh, 2007). The selective wetting achievable by surface tension control is the basis for gamma
flotation separation of plastics (see Section 3.4).

33 FLOTATION OF METALS AND ALLOYS FOR PCH FINES APPLICATION

Many studies have shown that metallic particles can be rendered hydrophobic and floaed. With
higher surface energies (than plastics), metallic particles can react with collector molecules
{chemisorption) forming hydrophobic surfaces. Woods (1996) included the wdsorption of
xanthates on gold, platinum, silver and copper in a detailed review of chemisorption of thiols on
metals and metal sulphides. For platinum and gold, voltamogramms of their electrodes in ethyl
santhate indicate anodic peaks at the region of the reversible potentials of the ethyl
santhate/dixanthogen couple:

20.HOCS" = (CaH ;0005000 + 26 B : . i : 34

Peaks corresponding (o the cathedic reduction of the anodic oxidation product can also be
ohserved on the reverse potential scan, It was inferred that anodic oxidation of ethyl xanthate 1o
dixanthogen and adsorption of the latter occurs on the metals. Tafel slope for the anodic
oxidation, however, indicate that the oxidation to the dimer can proceed vin an initial

chemisorption step:

2C:HOCS:™ = HCHOCS:hads + 26 = (CiHOCS:h 428 - 35

il
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Lins and Adamian (1993} used amyl xanthate as & collector to study the effects of some physical
variables on gold flotation, Good recoveries were obtained for gold from a synthetic mixture of
silica and pold particles over (.16 mm - (L.7] mm size mages. About %0 % recovery and 5 kgfton
gold grade in the float was achieved from a 167 ghon feed with 0,16 mm ds sample at 18% pulp
density (Figure 3.1). The work of Lins and Adamian is notable considering the good Motation of
0.71 mm gold particles that was claimed.
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Figure 3.1: Recovery and grade of gold in concentrate as a function of solids present and
gold size (mm): 3.6 lpm of air, 1200rpm, 167g Aw't feed (Lins and Adamian, 1993),

Dicresyl monothiophosphate (DCMTP) was used to achieve recovery of native gold against
sulphides at a pH above 7 in some specific ores (Nagaraj ef al,, 1991). Basilio er al, (1992)
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suggested that DCMTP does not have effect on the Mloatability of pure gold as such, and infra red
spectroscopic measurement confirming this. The improved gold recovery was linked to silver-
DCMTP interaction in further studies {(Nagaraj er al., 1992). It was shown by X-ray
photoelectron spectroscopy (XPS) that more DCMTP was adsorbed, and higher recovery
observed, when the percentage of silver alloyed with the native gold was higher. Hence, only
silver-bearing native gold will respond o DCMTP. The interesting context here is that
adsorption on the alloy surface is synergistic. It can therefore be projected that alloys in the PCB
mixture will respond to a collector as moch as one of its constituent elements interacts with that

collector,

Forrest ef al. (2001) vsing o range of collectors (Table 3.2) at varying pH on a free-gold bearing
copper-pyrite ore, obtained free gold recovery from the sulphides at dyy of 106 pm, While
chalcopyrite recovery was almost independent of pH in the range 8 - 13, and pyrite recovery
drop with increasing pH over the range (see Figure 3.2), gold grade shot op above pH 115
iFigure 3.3) for aeroflot 7249 and acroflot 208, Selectivity for free gold by these collectors was
concluded for the gold prade increase at pH above 11.5, since pyrite was depressed and

chalcopyrite recovery remained almost the same over the pH range.

Tahle 3.2: Collector reagents in Forrest ef al. (2001)

| Reagents | Chemical Family

+ 5-5688 Dicresyl monothiophosphate

Aero T249 [i-isobutyldithiophosphate/
di-isobutylmonothiophospahte blend

Agrofloat 208 | Dithiophosphate

Aero 66T Di-isobutylmonothiophosphate

PAX Potassium amly xanthate

Although reports on flotation of metals have concentrated more on those that ococur in native
forms which are the real sitwations in flotation operations, many metals and alloys in the PCB
fines that do not naturally occur in native forms can also be expected to respond to collectors.
Auger electron spectroscopy (AES) and XPS studies of the chemisorbed xanthate monolayer on
chalcocite and galena showed the same chemical environment for the metal atoms in the
substrate and the monolayer xanthate (Buckley and Woods, 1990, 1991; Shchukarev et al.,

1994). This indicates direct interaction with the metal atoms in a sobstrate, and implies thai
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under adequate conditions, the metals will interact with collectors and float. However, the
potentials at which a collector compound will form on a pure metal and on ils mineral compound

are expectedly different (Woods, 1996).
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Figure 3.2: Effect of pH on pyrite recovery {Forrest ef al., 2001)
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Figure 3.3: Effect of pH on gold concentrate grade { Forrest e al., 2001)
As in conventional mineral processing, activation with CuS0y should also apply for particles
{such as of zinc) whose collector-metal compounds have fairly high K, (dissociation constant)

which makes their surface product fairly soluble and unstable. Possibility of unselective

activation can be very important in a pulp with such diverse constituent. Mercaptans, such as

s : 34
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sodivm mercaptobenzothiazole (SMBT), are a selective collector of native copper (Wills, 1997}
and it can be expected that this can be applied in obtaining a selective metal fraction.

In the event of cenain alloy particles having tarmished or oxidised surface layer, sulphidation
activation should be applicable as with conventional minerals to make such particle intersct
better with sulphydry] collectors. By addition of sodium sulphide (Na:5). hydrolysis 1o sodium
hydroxide and hydrogen sulphide ocour (Wills, 1997). The hydrogen sulphide dissociates giving
hydrosulphide ions (HS'), These adsorb and dissociate at the surface of the particle, causing

sulphur ions to pass into the crystal lattces:

Maz5 -+ 2ZH0 = 2NaldH + H.5 5 . " 5 * 364
H:S8 = H" + HS ; ; : i : ; = 16h
HS = H'+ 58" . . : ; . ; - 360

This gives a pseudo insoluble sulphide surface, allowing interaction with sulphydryl collectors.
Careful dosage of this sulphidisers 15 very important because excess HS ion at a surface gives
the particle a high negative surface charge. This prevents adsorption of anionic collectors,
causing depression, while too little dosage will not maximize the conditioning effect desired
(Wills, 1997; Lee et al., 1998). The dosage required for a system will depend on the pulp pH. At
high pH values, equation 3.6b and 3.6¢ proceed farther to the right, generating the depressani
ions. Because of the possibility of altering {increasing) pulp alkanility dee to NaOH dissociation
from Equation 3.6d. sodium hydrogen sulphide (NaHS) is preferred to sodium sulphide for

sulphidation.

In the event of comminution, it is possible that the particle surfaces will be tarnished or oxidised,
In this regard, SMBT has been found effective collector for oxidized copper and arnished ores
{Wills, 1997). Also, from general flotation of oxide and silicate minerals, collectors that mainly

physisorbs (interacts electrostatically ), such as amines and sulphonates can be used.




- cossncssnsannnnsssssCligpper 3: Frooh flotation for Beneficiation of PCB fines

Flotation of glass fiber can also be conceived, considening the flotation of quanz from heamatite.
A reverse flotation of heamatite employs amine at pH 6-7, The amine adsorb on the negatively
charged quartz particle to float, leaving the heamatite particles that are relatively neutral at that

pH range (Fuerstanau and Healy, 1972),

Another approach floats quantz activated with calcium ion at pH 11-12 with 4 soap collector,
while using starch to depress heamatite. Soap application which can also have the effect of
gammi depression (see Section 3.5.2.4) is notable here, but isolating the activity or interactions
may not be easy in this very diverse material mixture: depression is already involved, and
influences on other particles exisl. Interwoven and complicated reagent effects are not

unexpected in & sample of this type.

As addressed above, different collectors used with native metal and alloys, and tarmished ores, in
conventional minerals processing and in various investigations, can be expected to interact with
the metals and allovs in the PCB mixture — xanthates, amines, SMBT are all candidate collectors.

However, appropriate pH is critical to reagent-surface interaction,

13.1 Selectivity by pH Control

Pure water has a dissociation constant of 107" in which —log [OH | = -log [H"] = 7. the pH of
neutral water. The concentrations of OH and H™ vary in proportion to maintain the equilibrium
constant at other pH values. In aqueous medium, OH and H are potential determaning 1ons for
particles of oxide minerals and those with bases in their dissociation prodocts. such as carbonites
{Kelly and Spottiswood, 1989). The pH of the medium therefore determines the surface charges
or neutrality {point of zero charge, or PZC) of the suspended particles. Response 1o ionic

collectors is a function of surface charge condition, and hence a function of pH. This 15 a basis of

selectivity by pH control.

Hydration of the surface and the stable surface species similarly depends on the pH. With iron,
for example, the Eh-pH diagram for Fe-O-H system indicates Fe{(OH); as the stable specie for
most of the positive potentials at alkaling pH (see Figure 3.4), This frusirates formation of the
less stable metal-collector compound with xanthate collectors at high pH values. Pyrite, for

example, will therefore float under xanthate only at pH around 4 or below (Wills, 1997). With

e ” %
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lead, the lead-xanthate compound prevails till about pH &, above which the stable lead-H,0
specie predominates and lead or the lead compound, say palena, get depressed.
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Figure 3.4: Fe-()-H potential-pH diagram {Douglas, 1988)

Parallel bases for selectivity by pH variation can be expected for the corresponding metallic
wlloys in the PCB mixture, Surface specie as a function of pH of metallic elements should be as
in the various Eh-pH diagrams. Differences in the systems are, however, notable. The actual
Eh-pH-species diagram that will apply in this multicompenent system will not be the ones for the
single metal-water system. Diagrams or data for a fen-element or more system as the PCB
mixture analysis will require are scarce in literature. This will be a major challenge 1o the casy
prediction of surface species. However, the window of stability of certain species in the general
aqueons svstem al natural potentials and room temperature 15 fairly wide to allow some
projection. The presence of heavy metals, which can activate particles that should not float at

certain pH, remains another source of possible complication in making projections based on pH.

Pulp pH can be varied by the adding acids, bases or salts. Acids are neutral molecules, such as
HC1, H,80,, H,5, CH;CO0H, which dissociate in agqueous solutions giving H™ cations. Bases
are crystalline solids such as NaQOH, KOH, Ca{OH)y, Ba{OH):, whose anion 15 OH °, or neutral

e a7



s e e Cfiggpter 32 Froch flotation for Beneficiation of PCB fines

molecules such as NHa, and CH3NH: that forms proton acceptors and causes increase in the OH
proportion, when dissolved in water. Salts are generally electrolytes whose ions are neither H”
nor OH™, bt there are acid or basic salts whose agueous solution is not neatral because they
cause proton concentration increase or decrease, respectively, on dissolution. NH4ClL for

example, is an acid salt, with NHy" cation, which is a proton donor in water:

NH] + H:0 =NH; + H0" . ; . . ; . ; ; 17

Also Na;COy in agueous solution gives €@, which is a weak base - a reluctant proton acceptor

in water:

COF + Hy = HCO; + OH = : : : i : 38

In flotation practice, sulphuric acid [H;504] and lime |Ca(OH);] are cheap and effective reagents
used to increase acidity and alkalinity. respectively. in pulps. When the depressant effect of lime
at high pH can be conseguential, NaxCO4 is also used instead. Collector stability, as a function of
pH is also of importance in pH control and pH may not be varied unilaterally. In regulating pH
of PCB fines pulp with acids or bases, it is necessary to first establish the natural pulp pH and to
ohserve its stability with time. Varying pH with time, or buffering when trying to regulate the

fines pulp pH from the natural pH, is not impossible in such a complex mixture.

3.4 SELECTIVE WETTING OF PLASTICS FOR PCB FINES FLOTATION
APPLICATION: GAMMA FLOTATION

Plastics are naturally hydrophobic. Selective wetting to effect separation of plastics by flotation

has been demonstrated under four methods (Shent ef al., 1999):

(i)  physical conditioning, in which hydrophilic functionalities such as =0, <OH and ~-COOH,
are grafied into polymer chains at the surface usually by plasma treatment;

(11} selective adsorption of wetting agents or chemical conditioning;
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{ii) selective hydrophobic modification, also a chemical conditioning, im which a surface
conditioning agent is selectively solubilised in the plastics so that it penetrate to a shallow
depth on the surface of some plastics: and

{ivl gamma flotation,

Gamma flotation is the most applied of the four methods and still best understood. Tt is based on
the critical surface lension of wetting of the solids (Buchan and Yarar, 1995), similar to the
original Zisman's critical surface tension concepd (Zisman, 1964 ) described by Alter (20015), The
critical surface tension of wetting for a solid (yc) is the minimum surface tension of a liguid that
will not wet the solid. That is, pure liquids or liquid solutions with sprface tensions below this
value will wet the solid. Hence, by reducing the surface tension of & liguid (y.v), such as water,
to a vilue between the critical surface tension values of two plastic particles in a mix, say. ¥o

and y¢s. so that:

Yoo < Tov < ¥oo. ; : & ; : : : 19

the particles of the plastic with yc = ¥ become wetled, while the particles of the other plastic,
with ¢ = Yo, remain hydrophobic and float with air bubbles. Buchan and Yarar (1995), using
19 ppm methyl isobutyl carbinol (MIBC) as frother, 20 % methanol and 80 % H.0, achieved an
aquénns solution with surface tension of 40.8 dvnes/cm, to effect the Notation separation of PYVC
iyc = 39 dynes/cm) from PET (ye = 43 dynefcm) which was wetted and sank. At the pulp density
of 1.0 % and pH 11, PET recovery to float was 0 %, while the recovery of PVC reached 92 %.

Shen et al. (2002) demonstrated the adsorption mechanism. Methyl cellulose was used for
selective chemical conditioning of the surface of seven plastics, Separation into three groups of
plastics was achieved. Van der Walls attraction-based physisorption between the numerous polar
groups in methyl cellulose and some of the plastcs was used 1o explain the selective adsorption
and wetting, as the polar groups in some of the plastics were oriented towards the aqueouns phase,
Surface tension effect was ruled out as methyl cellulose cannot reduce the surface ension of
waler (o the critical surface tension of wetting, ye, of the plastics wetted (see Figure 3.5). The
conclusions of the explanation may be debated given that a surfuce conditioning depressant

having hydrophobic non-polar group can as well impart flotation {Aler, 2005).
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The work by Fraunholcz er al. (1997a, 1997b) is an extensive fundamental research on plastics
fitation involving five classes of reagents. as shown in Table 3.3, The work concluded that the
effect of non-ionic surfactant on plastic wettability appears 10 be governed mainly by gamma
fotation. It stated further that the inorganic reagents did not affect plastic flotation. while the low
malecular weight complex compounds also do not adsorb sofficiently to effect depression.
Cations (including Na®, Ca®*, Mg™*, Fe™*, Fe'* and H") were said to have significant effect on the
adsorption of the non-ionic weak acid and the anionic macromolecular depressants. Due to the
low reactivity of plastics, the influence of pH over the range of 5-12 on plastic flotation was

reported to be instgnificant (Shibata ef al., 1996).

For the plastics in PCB grinding mixture. non-ionic surfactanis based gamma flotation appears
more straightforward and clearer w apply. The surface tension of the pulp is simply reduced
helow the critical surface tension of wetting for some of the plastic constituents (see Table 2.3).
The non-iomic surfisctants can also contribute (o frothing. As it i8 necessary 1o be able 1o
delineate the effect of reagents addition in a sample, the other physical and chemical
conditioning methods are not straightforward for a complex mix of this sort. As mentioned, the
effects of ionic and weak acid macromolecular depressants depend on many cationic species in
the pulp. These effects will be diffscult to isolate in a complex pulp such as the pulp of PCB

comminution fines, and can even impair flotation of the metallic values afterward.

Equations 3.2 and 3.3 indicate that selective wetting of the plastic particles requires careful
choice and dosage of the non-ionic surfactants. Some surfactant can depress surface tension S0
much that the bulk becomes difficult 1o float. Also; the surfactant type should be such that
desired wetting is achieved with moderate dosage. In the work of Buchan and Yara (1995), 20 %
methanol in water was used to reduce the surface tension (o 40.8 dynefom. This will represent a
significant reagent load and consumption. Moreover, the pulp density of 1.0 % used is too dilute
and reagent dosage may still shoot up at real industrial pulp densities. 'With methyl sobutyl
carbinol, MIBC, about 200 ppm reduces surface tension to 50 dynesfcm (Buchan and Yara,
1995). Figure 3.5 shows Tergitol 15-5-7 to be more effective in reducing the surface tension

below 35 dynesfem at 20 ppm. Such can, therefore, be a better candidate reagent.
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Table 3.3: Reagent investigated by Fraunholcz ef al. (1997)

Class | Mames Abbreviation
1. Bon<ionic surfactants (frothers) Iiacetone alcohol DAL
Muthyl isobuiyl carbinol sIRC
Tripadypropylens glycol metlyl ether PP
[s-octanol 1L
Pine odl (8- Terplmeol j PO
Folyethydene ghycol dodecyl OBy
Monylphenol polyolyeol ether IDED o EQyy
1 Elegtrolytes Ma 0,
Mal’l
MaMi,
Mgl
g
Fell;
FuCl,
H
I
A Inrganic depressanis | Sodium disulphiic ST R
i Sodium hexa meta phosphale MaPh
| Sodium silicwe MaSi
d, Low-muslecular-weigli complex | Malic acid b A
o pernds Tariaric sid TAC
Citric acid CAC
| 1.2 34mhydroxy benzene THH
[ 24.8-4nhwlroxy benzoic acul THREA
| Arabicum gom, composition: menipag_[:1:3:3 | ARG
S Macromlecular welling agenis Ma-carboxymethyl cellulose Ml
Ma-lignin sulfonate Mul5
Potabo starch PST
| Quebracha JUE
Tanme acid ThHA
Polyvinyl alcohol YA
Na-polyacrylic acid MNaPAA
Polyacrylani: Pabd
Polyethylene oxide PEOQ

Different surfactants have been marketed under the trade name Tergitol by Union Carbide
Corporation and Dow®. Dow® produces nonylphenol ethoxylates (NPEs) and secondary alcohol
ethoxylates (SAEs) as Tergitol NP and Tergitol 15-85 senes. respectively, and ethvlenc
oxide/propylene oxide (EQYPO) copolymers as Tergitol L, XD, XJ and XH series (Dow"
Surfactants). Union Carbide Corporation has other codes and series for similar prodocts, sech as
TERGITOL® X-series for the EQ/PO (TERGITOL® XDLW). In case of availability and cost

constraints, these products are generically nonionic surfactants. Other products of these generic
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constituents, such as Betamin 127A and Betamin 65 of Betachem (Pty) Lid., South Africa, are
good candidate materials for investigation. From Betachem material safety and data sheet
{Betachemn MSDS, 2007), Betamin 127A is ethoxy nonyl phenol, while Betamin 65 15 triethoxy
tetradecane (a multiethoxylated alcohol, ie. an alkoxy substituted paraffin). Common soaps
icarboxylate salts) and detergents (alkyl phosphates, etc) will also achieve welting, with cost
advantages, but this are ionic surfactants, and physisorption effect can compound the response.
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Figure 3.5: Surface tension versus concentration of three reagent solutions: Tannic acid,
MC - Methyl Cellulose, Tergitol-15-5-7; 29.4 mg/l MIBC; pH 9.2; 25°C (Shen ef al., 2002)

35  PROBABLE FLOTATION SCHEMES

From the foregoing previews, probable flotation schemes in this application can be divided into

two; natural hydrophobic response and chemical conditioning schemes, These are described as
follows.

151 Natural Hydrophobic Response (NHR) Schemes

The particles in the PCB fines sample being so diverse, it can be expected that some should
exhibit natural hydrophobicity while some will be naturally hydrophilic. This is the hypothesis
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upon which a collectorless flotation can be proposed as a starting scheme for the flotation of this
sample, Relative to water's surface tension, plastics have lower energy surfaces and it can be
projected that the plastics along with other relatively low free surface energy (LFSE) particles
will be hydrophobic and should report to the float, while metals with other high free surface
energy (HFSE) particles will be wetted {(Gupta and Yan, 2006}, and report to the sink. The
scheme will therefore represent a reverse flotation in respect of the metallic values. It will
essentially separate the HFSE from the LFSE particles. Table 3.4 shows representative surface

iension values of some materials.

Table 3.4: Approximate surface tension of some materials at room temperature ( Adamson,
19494}

~ Material | ¥ (Nimy*
Paraffin | D25
Graphite [ 0,110
Halite (NaCl) | 0230
Flourite | 045D
Magnesia (Mg0) | 1,000
Gold 1.80D
Alumina, | 1900
Diamaond 3.600
Water 0072

#1000 Nfm = dynes/cm.
352 Chemical Conditioning Schemes

3.5.2.1 Bulk metallic flotation {BMF)

Based on the recognized interaction of xanthates with metal surface, the projection here is (o
condition the pulp with bulk collector, such as butyl or amyl xanthate, 1o achieve a float of all the
metallic particles into a float fraction. Depending on the extent of recovery ohserved from the
natural hvdrophobic response. this scheme can be applied directlv on the bulk sample or after the
NHR scheme.
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1.5.2.2 Sulphidation activation

There is the possibility that metallic particles surfaces can be tarnished or oxidised in the event of
comminution. The extent of metallic response obtained from the bulk metallic flotation can be
indicative of this. In this case, sulfidation is a conceivable approach o activate such particles to
xanthates. Sulfidation is discussed in Section 3.3 and NaHS can be considered as the reagent of

choice,

1.5.2.3 Selective metallic flotation (SMF)

Depending on clarity of the response to reagent, some selective metallic flotation can be
projected based on reagents known o be  selective of certain metallic  values.
Mercaptobenzothiazole (MBT) 15 recognized ss a selective collector in flotation of tamished or
oxidized lead and copper minerals (Fuerstenau and Raghavan, 1986; Numata er al., 1998). The
copper and lead particles in the PCB comminution fines can also be conceived as tarnished (a
basis for soifidation as explained above), The proportions of copper and lead in the PCB
comminution fines sample are relatively high. These are good rationales upon which to try
selective flotation with MBT. However, the selectivity will depend on the exient of the natural
hydrophobic response. This will determine the order of implementing the selective schemes. The
selective conditioning may have to be carried out on the sink of the NHR or on the float of the
bulk metallic otation. Careful choice and use of depressant may also be needed to enhance the
selectivity. NHR particles, or residuals thereof, may need 1o be depressed o prevent
contamination of intended metallic fraction. Choice of depressant in this type of system will also

demand some careful experimentation.

3.5.2.4 Macromolecular and gamma depression

Achieving selectivity often demands selective depression. Generallv, depressants selection takes
note of the particles in the system versus collector suite. In classical mineral processing,
chemical depressants such as cyanide and dichromate solubilise collector-particle surface
compound and frustrate air attachment (Wills, 1997}, This will not regulate particles floating
under their natural hydrophobicity. Besides, the pulp here is complex enough and reagent
addition must be carefully regulated so thiat more active reagents are not added to the system if it
can be avoided,
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Organic macromolecular depressants, such as starch, tannin and quebracho are non-ionic and can
be regarded as less chemically reactive as they tend to smear and cover particles physically, as in
slime coating. (o insulate them from reagent activation (Wills, 1997), Along this line, the
impression will be that these reagents will be bulk depressants. However, selective
chemisorption has been observed, such as in starch depression of heamatite from quartz activated
to soap collector by caleiom ions &t pH 11 - 12 {(Fuerstenau and Fuerstenau, 1982). Without the

starch, heamatite woold also float under this condition.

The work of Shent ef al. (1999) mentioned in Section 3.4, showed the selective adsorption of
methyl cellulose {anionic) on some plastics, The explanation was based on physisorption by
Vander der wall attraction between the numerous polar groups in methyl cellulose and some of
the ptastics. Broad acid-base interaction is becoming more convincing in explaining
palysacchandes adsorption (Laskowski e al., 2007). In depression of floatable carbonate and
silicate gangues in sulphide flotation. anionic organics, such as carboxymethyl cellulose (CMC)
are mostly used. Non-ionic ones are also used but high dosage levels are required, thereby
depressing the sulphide (Bulatovic, 1999), For possibility of effectiveness st moderate dosage,
without causing bulk depression, CMC can be considered as a probable macromolecular

depressant in this investgation.

From the idea of gamma flotation in plastics (Séction 3.4), redouction in surface tension can be
used 1o achieve depression in the PCB comminution fines pulp. This surface tension (y) based
depression concept can be succinctly described as gamma depression. By lowering the surface
tension of the pulp with appropriste surfactants, wetting becomes more favorable; the higher the
dosage, the lower the surface tension (Equation 3.2), and the higher the overall depression. This
will easily regulate natural hydrophobic flotation. For this purpose, non lonic surfactants (Table
12) can be vsed. This will give the advantage of no further addition of jons into the pulp.
Depression alternatives for the PCB comminution fine pulp may therefore be within these two

options — mactomolecular and gamma depression.

Before this proposition is closed, gamma depression appears to oppose particle-bubble

attachment in the same pulp. Gamma depression requires reduction of surface tension of the
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aguecus mediom to effect wetting of some of the particles, whereas bubble attachment is also

desired to effect Aotation of some particles. The condition for wetting is:
Yeo tYu = ¥ - ; : : ; : . - 310
The opposite s the condition for bubble attachment:

Yoot Yu = Yo - : . . ‘ " ; ;s ER N

where, ¥, v and yep are the liguid-gas, solid-liquid and solid-gas interfacial ensions.

It appears that lowenng of the medium's surface tension yuc to achieve wetting is 1o forfeil
bubble attachment, as it becomes difficult for the sum of v and yo 10 exceed yo; again, Some
clarification is required to sustain the prospect of the projected process.

Plastics generally have low ysq, lower than that of water. This easily satisfies Equation 3.11, so
that they hardly wet. However, the magmtudes of yeg and g for plastics are such that
Equation 3.11 can be easily reversed by halving the yi; for water with surfactants, This will
satisfy the conditions of Equation 3. 10.

For metallic particles and minerals. with much stronger intératomic bonds than plastics, the ysg
is orders of magnitude greater than yg of water, Compare gold to water in Table 3.4 which
shows figures of surface tensions of some materials. Equation 3.10 is therefore easily satisfied
and they normally wet. The value of v for water is relatively insignificant in this case.
regulating it by the absence or presence of surfactant will not reverse Equation 3,10 to make such
particles hydrophobic. This is why hydrophobicity is impaned on high energy surfaces by
directly modifying such surfaces rather than the surface tension of the medium. This is what the
collectors do. By chemically reacting with the high encrgy surface, or clectrostatically attaching
1o it, a pseudo hydrocarbon surface is formed with ys; below that of the medium, This prevents

welling.

The application to gamma depression is that bubble attachment will still occur as long as the
surfactant dosage does not lower yug of the medium so muoch that it s impossible for the
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hydrophobic species adsorbed on the particles to meet the condition of equation 3.11. A useful
but scarce data to regulate the dosage will be surface tension values (ygg) of the surface-collector
species o allow a projection of the minimum yu; of the medium for a specific collector,
However, the non-polar hydrocarbon chains are hydrophobic. Hence, moderate reduction of vy
of the pulp will stll accommadate Nlitation of particles on which such surfactants are adsorbed,
or particles that are of sufficiently low surface tension values (vss). Surfactanis (collectors,
frothers) have always caused some reduction in medium serface tenston, anyway, Ye1, particle

hubble attachment stll occurs in flotation pulps.

1.5.2.5 Cationic conditioning

Al a given pH. particles in a pulp develop positive or negative charges or remain neutral (at their
point of zero charge). Cationic collectors can thereflore be expected to achieve a bulk collection
hused on surface charges, adsorbing on the negatively charged particles to float. This scheme can
be conceived in further beneficiation of the NHR sink. Generally physisorption-based

condittoning 15 considered not 10 be as selective as those based on chemisorption.

However, given the diversity ol particles in this sample, any logical scheme 1s worth a tral. An
ohvious vanable here is the system pH, which can help improve selectivity. Amines are the
popular collector of choice, but with pH considered as a variable, the choice can be restricted to
quaternary amings, The fact s that the onation of primary, secondary and tertiary amines
vanies with pH so that the same dosage of this class of amines will show varying activity as pH
varies, thereby complicating the basis for comparing the response based on pH variation.
Quaternary amines. on the other hand. iomize completely alt afll pH wvalues. Since the
hydrophobicity imparted by these heteropolar organic compounds increases with increasing
hydrocarbon chain length. the choice can be narrowed down to tetrabutlyammonium chloride,

with the long chain butyl groups,

3.6 APPLICABLE RANGE OF KINETIC PARAMETERS AND SAMPLE
CHARACTERISATION

The vanety of the schemes presented underscores the unconventional Notation system this

sample will present. Flotation variables are many - kinetics, reagent types and dosages, In
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conventional mineral flotation investigations, there are known favorable operating regimes, This
helps 10 narrow down the variables. However, this usual range may not be invoked for this
spplication. Success of any of the schemes therefore depends on appropriate kinetics being
estublished first.

In fltation kinetics, the determinants of rate of particle removal by bubbles in a flotation cell
include gas flow rate, bubble diameter, cell volume, twrbulence dissipation energy, fluid and
particle densities, Kinematic viscosity. efficiency of collection {which consists of efficiency of
collision, attachment, and stability subprocesses), and of course the quantity of the particles to be

removed that are present at a time (Pyke ¢r al,, 2003).

Fortunately, these vanables are not all mutnally exclusive, so that not all these need o be
mvestignted. For a broad characterisation or description of the kinetic regime that will be
appropriate for this system and the projected schemes, it will suffice to use three basic
independent variables of air flow rate, impeller speed and pulp density. Other variables such as
bubble size, pulp viscosity., and twrbulent dissipation energy are functions of these basic
vanables. Other specific (material) characterisation that will be necessary here 15 in respect of

liberation and chemical composition analysis of the sample.

Particle liberation in PCB CF reported in literature can be summanzed as very good; 100 %
below 600 pm, 500 ym, and 250 pm, as reported by varous workers (Zhong and Forssberg,
1997; Wen er al., 2005; Zhao er al., 2004). The easy conclusion then is that -75 pm fraction will
consist of sole material particles. This arouses suspicion about the figures guoted in literature.
moreso that various dauthors differ. A basic liberation investigation of the fines will easily
confirm if liberation is total or not in the fines, and provides a working cvidence in this
application. On the other hand, chemical composition charactensation is necessary (0 justfy a

method of choice for assay analysis in this work.

Background fact here is that analytical procedure for this sample are lacking in standard
references (ASTM; ASTM, 2007; 150). Stdies and reviews have recommended and applied
varous  analvtical techniques, such as XRF, XRD, FTIR, Raman spectroscopy,
thermogravimetry, wet assaying and fire assaving (Li et al 2004). While all of these techniques
may not be applicable to this sample, wet spectroscopic techniques appear to be quite relevant
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lor the quantitaive work that beneficiation recovery analyses demand. Assays from wet
techniques are known 10 depend on the extent of the recovery of the target constituent to the
keach liguor. Given the constitution of PCB fines, 100 % recovery of analyles may be difficult.
When little experience is availuble with respect 1o the digestion of a matnx, comparison of a
number of digestion technigoes is recommended (Henryk, 2003). An investigation of
comparative digestion techniques can be informative for the assaying requirements in this

mvestigation.

37  INVESTIGATION OBJECTIVES

From the foregoing discourse, specific objectives towards this investigation are to:

i Carry oul qualitative liberation analysis of the =75 pm PCB comminution fines to
establish if the constituent particles are sole material particles or if composite
particles still persist at this size range of PCB comminution product.

il Carry out comparative wet digestion analysis to establish the effect of relevam
digestion techniques on the wet assuy values of PCB comminution fines.

iii. Carry out tmal and full experiments to establish favourable range of flotation kinetic
parameters applicable in the prospect of PCB comminution fines flotation.

v, Investigate applicability of flotation for the beneficiation of PCB comminution fines
by emploving logically probable flotation schemes that sre based on expected
differences in natural hydrophobicity of particles in the fines sample and on responses

to certain chemical conditioning.

Essentially, the third objective must be pursued simoltancously with the fourth as the kinetics
must be observed under a scheme. This is the rationale for the preliminary trials, which will have
to set oul from uncertain kinetic regime under unproven scheme. Some ancillary investigations
that may ensue in the course of these investigations, towards understanding the behaviour of the
system better, will be attended 1o, while not deviating too much from the set objectives.

In summary. the investigation will offer matenal and kinetic characterisation msights relevant o
PCB CF flotation prospects. It will establish how the sample responds to the reasonable flotation

schemes based on general froth flotation understanding. It will surely provide a basis for pursing
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further interests in this direction. Detailed work approach towards realising these objectives, as

well as secondary investigation objectives that ensued, are presented in the following chapter,




4.0 MATERIALS AND METHODS

4.1 INTRODUCTION

U the basis of the reviews and objectives presented in the previous chapters, the materials and
methods for this investigation are presented in this chapter. Other investigations that are relevant,

consequent upon or supplementary to the primary investigations are also presented.
4.2 PCE COMMINUTION FINES GENERATION

About 250 kg of assorted of eol populated printed circuit boards from PCs, cellphones, radio
equipment and switchboards were obtained, The boards mostly spanned the period 1989 1o 2002,
Pl to PIV and different makes such as Cyrix, Intel Celeron, IBM, Octek, and Socket 3, 7 and ¥.
Most of the boards are multilayered {with maximum of four layers), with few older single-sided
types. Components such as capacitors, liguid crystal displays and batteries which are nsually nch
in hazardous substances (Cui and Forssberg, 2003; EU, 2003) were first removed from the

howrds before comminution,

The boards were first cut with a bench guillotine (employing a shearing action as in shear
shredders) into roughly 4 cm x 6 cm fragments appropriate for the choke of the swing hammer
mill (Efez magnenics MACSA Pedestal Type, Model 300) used for the fine crushing and
grinding. The comminution was basically the result of impacl. with shear, compression and
abrasion. until a particle get below the screéen size in al least two of ik dimensions and
favourably oriented to pass through. The size reduction was done in stages, starting from 20 mm
closed fine crushing. Product from this stage was screened into size classes, The =13200 pm +
1180 pmi fraction was removed from the stream as it consisted of sufficiently hiberated metallic
and plastic pieces that are amenable to eddy current separation, gravity air classifier and

Magnetic separaion,
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The +13200 pm fraction, containing almost bare board fragments po through closed

comminution again at 8 mm. 5 mm and 2 mm screens to liberate the copper traces, solders still
locked in the board vias, pin insertions, board fibres and resins. The =1 180 pm fraction from the
first stage was mixed with the final product from the 2 mm grinding, and the —75 pm fraction
wis screened from the final <2 mm fraction. Hazards associated with this operation were well
appreciated. and adequate personal protective equipment was osed. A docomentary of the sample
generation is shown in Appendix 1.

The total sample obtained was split with vibratory rotary splitters to 12 subsamples of average
mass 5.6 kg (relative standard deviation = 4 %), These baiches were split further down as

required for each investigation.
43 SAMPLE CHARACTERISATION

4.3.1 Particle Size Distribution and Density

With a set of sieves of 105 pm. 75 pm, 53 pm and 38 pm aperture diameters, about 200g true
split samples were shaken vsing Electrolab Electromagnetic sieve shuker, Model EMS-8. at the
maximum power setting of 20. After every ten minutes of shaking, the sieve set was dissembled
to confirm when all the sample has passed through the 105 pm. In this manner a period of 120
minufes was concluded as the proper screening period for this sample at that power setting.
Repeat batch sieving was therefore done over this period to obtain a good representation of the
particle size distribution (PSD} of the sample generated. This also gave fractions with narrower

PSDs of =754+53 pm, =75 pm +38 pm, =53438 pm, and =38 pm, for other investigations.

A column of PCB CF was observed to compact on vibmation. The apparent volume therefore
depends on how packed the volume is. Densities of the generated sample were therefore
determined as true density, also as ‘loose bulk density’ and ‘tapped bulk density” after the
procedure for solids that compact, such as powdered milk (Svarosky, 1987; Niro ASS, 2009),
Loose bulk density i3 based on a given volume loosely and gently filled with the sample and
welghed. while tapped bulk density 15 based on volume compacted by gentle impacts on hard
surface until height in a beaker remains constant. Tapped density 1s also quoted as ° 1000 apped
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density”, although for the PCB CF, the height of the column stabilise well before wpping 104)

mes,

A milliliter-graduated 100 ml cylinder was gently filled with sample to the 100 ml mark. The
volume murk of this sample was obtained after tapping 200 times, and the weight of the sample
finally obtained. For the true density, the true volume of a known mass of sample was obtained
as displaced higquid volume. Samples of 20 g and 10 g were made into suspensions in a milliliter-
graduated (100 ml) namow cylinder, using water from a known volume in graduated cylinder.

The density determinations were done in triplicates.

4312 Liberation Assessment and Particle Shape Characterization

Qualitative liberation assessment of the fines was done by examining polished sections of the
sample in two size ranges of —=75+38 pm and -38 pm. Complememary observations were done
with a Nikon Eclipse MEGD0) light microscope and a Jeol JSM 6300 scanning electron
microscope. The electron microscope was operated at 30 keV 1o generate all useful lines under
energy dispersive X-ray spectroscopy mode, To improve contrast between organic particles in
the sample and the mounting medium in secondary and back-scattered electron modes, iodoform
was embedded in the mounting resin. This increases the electron density of the mounting

medium compared to the plastic particles.

The iodoform, 10 % by weight of resin plus hardener (Gomez er al., 1984), was first dissolved in
the resin before adding the hardener. The resin and hardener used — El-CAST FRF 676 - are
cold serming combination products of Elite chemicals. This resin system was selected as it uses o
slow hardener to prevent vigorous exothermic reaction with iodoform that was observed when
faster hardener systems were first used. Another polished section was obtained from a sample
mounted in clear setting resin to enhance natural colour contrast under light optical microscope.
A micrograph from the clear mounting medium was used for circulanty shape factor analysis of
the particles, using Imagel (version 1.42q). Imagel is a public domain Java-based image
processing program developed at the US National Institutes of Health (NIH, 20097,
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4.3.3 Comparative Wet Spectroscopic Analysis

The total fines sample generated was spht down in stages with rotary vibratory splitters.
Approximately 50 g true split sample was taken, from which, after thorough mixing, samples for
all the investigations were finally taken. This was done to climinate sampling error as much as
possible. A combination of reagent and environment to achieve total digestion was first sought
Hot aqua regia, and two other aggressive combinations were considered: HNO; + HF +
microwave radiation and sodiom peroxide fusion followed by HCI dissolution. The three

conditions were designated as AR, HHM and SPF respectively.

| g sample was laken for AR and HHM digestion. The recipe for SPF is 0.5 g sample with 3.0 g
sodiom peroxide plus 1.5 g sodium carbonate. The mixture was heated over a gas flame in &
airconium crucible. This gives a vigorous exothermic reaction, charring red with a momentary
flame. before it fuses into & hgquid. The whole crucible was then immersed in concentrated HCI
solution (25 ml of 32 % analvtical grade HCI added to 100 ml deionised H+O) to digest the fused
sample totally.

For agua regia digestion, 50 ml acid was added and the sample heated until the brown nitrous
fume ceased and the fume became faint white (steum). The content was evaporated down
slightly. About a total of another 30 ml acid was added and the heating cycle repeated, Heating
to incipient fosion, as in recommended procedures {Babara, 2003; Henryk, 2003) was not done,
becanse this produces fused particles that will not disperse on further addition of acid.

Digestion for each condition was done in duplicate. When necessary, undigested residue was
fillered 1o obtain the analysis liquor. Indectively-coupled plasma-optical emission spectroscopy
readings were done for each solution in triplicale and averaged. Inductively-coupled
plasma-mass spectroscopy was used to analyse for Au, Ag, Pt and Pd separately with solutions
from AR and HHM only. Averages of triplicate readings over duplicate samples were calculated.
The SPF solution was not analvsed for the precions metals, reasons expanded in Chapter 5. All
the analyses were done with ULS Analytical Services, South Africa.
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4.34 Thermogravimetric Analyses for Organic Constituents

Thermogravimetry (TG), along with other thermal technigques such as differential thermal
analysis (DTA), has being reported as applicable to PCB composition analysis (Li er al., 2004).
The extent of applicability may be debated because of the diversity of the constituents. Many
reactions can occur simultanecusly and obtaining precise inflexions to enable useful
charscterisation of constituents may be difficult. However, being well established technigues, an
exploration may be worthwhile. This investigation will thus serve a first purpose of clarifving the
applicability of TG for PCB comminution fines characterisation, upon which it can be adopted in
charucterisation of any of the constituents in this sample. A contrary conclusion will stll be
pseful, so that PCB characterisation etforts will be aware of the techniques that are not applicable
even if such have been well established for other types of samples.

The thermogravimetnc analysis was performed both in air and nitrogen, from room emperature
1o 800 °C, in steps of 10 °Cimin, The plots were presented together with the derivatve plots. The
analysis was done using a Mettler Toledo thermal analyzer with the STARe software, and

sample size of 20 mg.
44 PRELIMINARY MICROFLOTATION INVESTIGATION

A B g sample from a small true-split sample was used for microflotation. This is larger than
about g often wsed in conventional mineral microflotation expenments (Bradshaw and
O'Connor, 1996) to ensure representative sampling of a sample with such wide varety of
material particles. Pulping was meticulously done in a small volume. as the sample tends to form
globules (see section 5.2 and 6.3.1), before transferming the sample into the microllotation cell.
Natural pulp pH was measured over time in a separate pulp every 5 minutes until 60 minutes,
and then at 120, 240 and 360 minutes.

The Onon 3-Star Plus benchtop pH meter of Thermo Scientific was uwsed for the pH
meastrement. The cell volume was 250 cm” and distilled water was used. The peristaltic pump
setting was started at 130 rpm, (Bradshaw and O"Connor, 1996), but the particle wrbulence
observed was too high. The pumping setting was reduced to 100 rpm (Martinovic et al., 2004), It
wis further reduced in stages 10 between 8 mm and 40 rmp, equivalent 1o a pulp circulation rate

....... 35




S, . - Chapter 4 Materialy and Meshods

of 190 mifmin to 1350 ml/min respectively, according (o the pumping rate calibration of the
pump settings. Figure A.2 in Appendix I shows a picture of the microflotation cell employed. Air
wiis used as the flotation gas al a rotameter setting of 4.5, which is 10 em/min (Mantinovic ef al.,
2004), according to the flow rate calibration of the rotameter settings. Preliminary sodium
isobutyl xanthate (SIBX) MNotation at 50, 100 and 200 gfton was performed. This was followed
by collectorless flotation and another conditioning step using SIBX with 0,1 g detergent {sodium
sulphonale active constituent) as wetting agent. Froth was collected at 90, 3(K) and 720 seconds
of aeration. Inferences for detailed investigations were made based on visual and cumulative

mass pull data.

4.5 APPLICABLE KINETIC REGIME AND THE NATURAL HYDROPHORBIC
RESPONSE (NHR) FLOTATION SCHEME

With the backgrounds presented in Sections 3.5.1. 3.6 and 3.7, investigation of favourable
kinetics in the prospect of froth Motation beneficiation of PCB comminution fines was purswed
along with that of the feasibility of the natural hydrophobic response (NHR ) scheme. The kinetic
parameters of interest were narrowed to air flow rate, impeller speed and pulp density. The
interaction of these factors influences other factors such as bubble sizes, pulp viscosity and
trbulent dissipation energy, so that all the parameters need not be individually investigated 1o

establish useful regimes.

A 351 Leeds cell (supplied by University of Cape Town) was used for experimental
reproducibility. The picture of the cell is shown in Figure A3 (in the Appendix I). From the
density characterisation result, a 600 g batch sample was chosen, but the response observed
necessitated smaller sample size of 300 g (Section 6.3.2). Each true split batch sample from the
total sample generated (see Section 4.2) was sphit down to subsamples of about 500 g and 50 g,
followed by splits and combinations, so that each batch flotation sample were true split as much
as possible. Reconstituted assays with regard to the target constituent elements of the flotation
fractions from the investigations (Section 6.3.4, Table 6.2) give good indication of the
representativencss of the batch samples obtmined from the splitting.
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Using distilled water, flotation pulps containing 300 g and 600 g sample were prepared per
batch. This gave pulp solid concentrations of 9 and 18 wi. % respectively, The pulping was done
b first forming a paste of the sample, introducing the paste into the cell, before filling up with
water, This procedure was adopted because the sample floats if it is poured on water, while water
simply displaces it if water is poured over it. This observation is linked to and the rationales
explained in Sections 5.2 (density) and 6.3.1 (surface property). Mo collector was used.

It also wrned out that oo frother was needed (see Section 63,20 Adar flow rates were vaned over
SO0 and 1000 mlfmin and impeller speeds over 300, 400 and 500 rppm for the 300 g. Only one
condition was experimented for the 600 g pulp due to experimental observations {Section 6.3.2),
Designations of the combinations of the experimental conditions are summarized in Table 4.1.
Compared to natural mineral investigations with values such as 1200 rpm impeller speed and |8
to 5.4 {fmin and higher seration (Lins and Adamian. 1993; Forrest er af., 2000; Miller er al.,
2006), the low regimes chosen for these parameters 15 based on initial microflotation (Section

6,21 and Leeds cell mials,

Table 4.1: Designations of experimental conditions for kinetic and natural hydrophobic
response investigation.

Designation | Solid concentration (wi %) = Aeration (mlfmin) = Agitation Speed (rpm)
EllA 18 500 300
E2IA 9 500 300
E2IB 9 500 400
E2IC 9 500 500
E22A 9 1000 300
E22B 9 1000 400
E22C 9 1000 500

Above the range of 500 rpm agitation and 1000 mlfmin aeration, the wrbulence was oo high.
The quiescent zone was destroyed and the pulp surface swirled. The natural pulp pH was
measured in the pulps, for record. Bach experimental condition was run in duplicate and mass
pulls were collected at one, four, 10, 18 and 30 minutes. Scraping was done every 30 seconds for
the first four minutes, every minute from the fourth to the eighteenth minute, and every two

minutes from the eighteenth to the thirtieth minute.




[ e R L P e e R o St o At A AL IS LN (Ve e o T P8 Chaprer 4: Materials and Methods

Fitration of the recovered fractions was not done o avoid loss of trace values to porous filter
medium, Instead, floats were collected in stainless steel bowls while sinks were flushed into
buckets, allowed to settle down (usually overnight), decanted and the sink fraction recovered.
Float and sink fractions were oven dried, and the weight of fractions obtained thereafter, All the
mass pulls were confirmed to repeat within 5 - 10 %, Repeats that fell outside this range, due 1o
procedural imprecision, were rerun Lo ensure all the data conformed to this level of repeatability.
The concentrate mass percent (the fraction of the feed remaining in the sink) was calculated a5 an
mverse indication of the ratio of concentration for the reverse flotation. For a first check of the
conformily of the response (o flotation behaviowr, the comulative muss fraction recovered to float
for all conditions was fitted 1w the classical first-order kinetics model in the form (Kelly and
Spottiswood, 1989; Polat and Chander, 2000):

i T
L o o R T T
where Ry, (%) is the maximum cumulative recovery, k (min') is the rate constant, and R is

recovery at time, 1. in minutes.

Sumples of the fractions were digested in hot aqua regia among other possible digestion rootes
{hased on the comparative digestion analysis, Section 5.4). After thorough mixing, for the
digestion, a 2 g sample was taken for every 50 g float fraction weight, or paris thereof. | g
analysis sample was used for fractions that are well below 10 g in mass. The varation in quantity
of sample twken for digestion 15 to account for vanations in the total quantity. So as 10 ensure
representative sampling of each float fraction, Undigested residue was filtered and weighed,
while the final digestion liquor was made up 1o 250 ml with desonized water and about 5ml agua
regia, A quick assessment of the enfichment of metallic values into the sink was first done using
the fractions of each sink sample digested as an indication of total metallic assay. Indication of
recoveries was ilso computed based on this. Assays of selected elements were analyzed from the
leach liguor with ICP-OES for a better indication of the deportments (concentrations) of the
elements in each Moat fraction. The ppm assay of the leach liquor was converted to actual assay

in percentages of the individual Aoat fraction by using a divisor factor of 40, 80, 160 and 240 for
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every 1 g, 2 g 4 g and 6 g digested sample. respectively. The factors derive from the constant
2500 ml final volume after digestion (see Appendix 1.3).

Specifically Ag, Al, Au, Ca, Cu, Fe, Mg, Ni, Pb, Pd, Pt, 8i, Sn, Ti and Zn were assayed. The
analysis was done on Perkin Elmer instruments with ULS Analytical Services, Centurion, South
Africa. Elemental assays, enrichment ratios (ratio of the reverse flotation concentrate assay to
feed assay) and recoveries over time into sink were computed from these data. Although baich
feeds were obtained as true split samples, to eliminate error that may be due 10 any sample assay

variation, the computations were based on reconstituted feed assays of each run.
4.5.1 Possibility of Formation of NHR Froth by Inherent Surfactant in the Sample

Based on the result from the NHR scheme, it was expedient to investigate the possibility of
inherent presence of surfactant in the sample. Comparison of the dynamic froth stability of the
pulp itself and that of filtrate from the pulp will indicate any frothing effect due 10 surfactant
presence in the pulp liquid. Pulp filirate surface tension measurement was also considered a

necessary complement.

The dynamic froth stability tests were done using & Betschem modified Bikerman test rig
(Bikerman, 1973; Betachem (Pry) Lid., South Africa). The test unit uses & Watson Marlow
peristaltic pump with about 30 mm (external diameter) pipe pumping capacity. The froth column
is marked at a 5 { level for reference pulp or solution height before aeration. A picture of the test
nig is shown in Appendix |, Figure Al.6. A pulp containing 425 g sample in total volume of
3000 ml (the same solid concentration as investigated for the NHR 300 g scheme) and a clear
filvrate from a pulp of the same solid concentration were used for the test. The aeration rate and
the peristaltic pump setting were kept constant when measuring the frothing of the pulp and the
filtrate. The dynamic froth height measurements were done al the constant rotameter setting of
20 {equivalent 1o about 4 [/min, as calibrated) and peristaltic pump setting of 30 on the test rig.

The tests and measurements were repeated three times using different pulp filtrates,

The surface tension of the pulp filtrate was measured vsing the pendant drop technigue in an
automated contact angle goniometer with RHI 2001 imaging software (Rame-Hart Inc., 19949},
Figure A1.7 (Appendix I} shows the goniometer stand. Instances of pendant drop of the filtrate
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almiost detaching from the accessory needle were created in front of the camera. The live image
display around reference lines helped to ensure the needle was exactly vertical. At hydrostatic
and interfacial equilibrium, the imaging software determines the profile of the pendant drop and,
with the liquid type information provided, gencrates the sorface energy valve. The procedure,
being straight forward, was repeated 10 times. Results from these approaches suffice for
necessiry concrete inferences. Higher precision surface tension analysis, such as capillary rise

method, wis therefore annecessary.
4.5.2 Improving the Performance of the NHR Scheme

Based on observed recoveries and enrichment ratios from the NHR scheme, the possibility of
improving on the performance was investigated. The material bulk density being low, the
projection is to reduce turbulence in the pulp by variation or modification of some kinetic
purameters. This 15 expected 1o reduce entrainment and entrapment of sink particles thereby

improving recovery without compromising enrichment,

On this basis, effect of pulp solid concentration on mass pull was studied by varying pulp solid
concentration of 300 g down to 50 g at the same aeration rate and impefler speed as under E21C
condition (see Table 4.1}, From this, a 150 g sample size was chosen, as there was indication that
lower solid content minimises turbulence, but to another extreme lowers overall mass pull
nmicceptably. The impeller speed was kept at the low speed of 300 rpm. and aeration rate at
0.5 Ipm. As this setting, the bubble sizes resulting from this impeller speed were large, with short

residence time, visually bursting through the froth zone.

The aeration pipe of the impeller system was therefore modified as shown in Figure 4.1 to
achieve bubble size reduction at the same aeration rate and impeller speed. The pipe diameter at
the air outlet was reduced from 8 mm in the single acration pipe to about 4 mm in four smaller
outlet pipes, keeping total outlet area and in turn the exit air velocity effectively the same at
constant acration rate. Using the two aeration pipes, frozen frames of the resulting bubbles as
they rise through clean water were taken for a visual indication of the effect of the modification

on bubble sizes. The frames were taken using Sony digital camera DSC W55 at IS0 10040,
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Figure 4.1: Impeller system of the Leeds cell used before (a) and after modification (b).

As trial runs indicated, the resulting kinetics with the modified impeller system achieved
moderate urbulence but resulted in low mass pull rates. Further investigations were therefore
carried out for a flotation period of 48 minutes, collecting Mloat fractions F1, F2 and F3 o 18§, 30
and 48 minntes respectively. The impeller speed was increased to 350 rpm after 18 minutes of
flotation to improve efficiency of collision after a significant fraction has been pulled and mass

pull became very slow with time.

This NHR improvement investigation and proceduore 15 designated XNHR for ease of reference.
Al this kinetics (impeller speed and aeration rate), natural hydrophobic flotation over narrower
PSDs of =3% pm. +38-73 pm and +75—106 pm were done. The necessary data for computing
water recovery for each fraction were obtained following a careful procedure (see Appendix 1.3),
This investigation was used to compare water recovery at varying particle sizes and to conclude
on contribution of particle entrainment in water to the flotation response observed, The
imvestigation also shows the size fraction most favoured by this kinetics. Tt also explores the
possibility of applving froth flotation to larger size fraction (106 + 75 pum) of PCB

comminution product.
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4.6 CHEMICAL CONDITIONING SCHEMES

The rationales for some of the specifics of the chemical conditioning investigations described
below follow from the results and observations from previous investigations, which are
discussed in Chapter 5 and 6. The following procedure applies to all the chemical conditioning

schemes, except for Section 4.6.1, or when otherwise stated.

A sample mass of 150g and aeration rate of 0.5/pm was uwsed. 30 minutes of natural
hydrophobic flotation was first performed before chemical conditioning of the residual sink.
During  the natural hydrophobic flotation, the impeller speed was 300 rpm for the first
I8 minutes, and 350 rpm for the period 18 w 30 minutes. This is the condition used for the
XNHR investigations, It is to maximize reverse recovery of the metallic particles before reagent
conditioning. Conditioning time after each collector addition was five minutes, and when frother
15 added, another two minutes of conditioning was allowed to elapsed before aeration (Forrest ef
al., 2001; Bravo ¢ al. 2004; Martinovic er al., 2004), 10 ensure that the response was not

mmpeded due to short conditioning time.

After conditioning. the impeller speed of 350 rpm was maintained and flotation continued for
another |8 minutes. Skinmming was done every one minute or every two minutes as mass pull
rate changes; one minute for the first 8 minutes, and two minutes for the last 10 minutes of the
scheme. Data to compute water recovery for each fraction were obtained as before, The floats
from conditioned sinks were collected in one fraction as only the bulk recovery and the assay

were of interest

Trial runs were performed extensively to observe the response to each reagent added. Dosage
levels that did not show distinct effects as projected were discarded. The experniments werg run
mostly i iraplicate. Fractions recovered were oven dried and masses of fractions obtained, as
under the NHR scheme. Mass pull was computed based on the mass of float obtained after

conditioning and the final sink fraction. These reconstitute the mass just before conditioning.

Aqua regia digestion for chemical composition analysis, as described, was also done for the float
and sink fractions. The target analytes were Ag. Al, Au, Ca, Cr, Cu, Fe, Mg, Ni, Pb, Pd, P1, Sn,
Ti. V and Zn. For this purpose, inductively-coupled plasma optical emission spectroscopy
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(ICPOES). and supplementary mass spectroscopy (MS) were osed for the elements in relative
trace proporiions, particularly o have more accurste information on the Pt response, Based on
the assay and mass of the fractions, assay of the residual sink after the NHR stage were
computed to obtain enfichment ratio and recovery of metallic values to the float fractions

obtained from sinks conditioned with reagents.
4.6.1 Macromolecalar versus Gamma Depression

Two reagents were investigated for the selective depression of the sample: sodivm carboxyl
methyl cellulose, NaCMC (obtained from Cellulose Derivatives Properiy Lid., SA) as a
macromolecular depressant, and Betamin 127A (see Section 3.4) supplied by Betachem (Pry)
Lud., South Africa, for the gamma depression concept (see Section 3.5.2.4).

The depressants were studied against the natural hydrophobic response at the kinetic conditions
of E21C (500 rpm impeller speed at (0.5 Ipm aeration). Starting at 200 gfton and increasing to
2 kg/t and above. increasing dosages of NaCMC were used 1o observe achievable depressions of
the NHR in the bulk sample. Dosages of 10 and 30 wi. % were eventually used for reported
experiments (see Section 7.2.1). For gamma depression, O, 20, 60, 100 and 150 ppm dosages of
B127A were first used on the bulk sample.

A second set of treatments was intended to establish an effective depressant for residual natural
hydrophobic particles after 30 minutes of NHR flotation — as can be done before collector
conditioning. A NaCMUC dosage of 3.3 wi, % was used with a conditioning time of five minutes

before serating for 18 minuies.

For Betamin 127A, a 30 ppm dosage was used with one minute conditioning before aeration for
18 minutes, Inductively-coupled plasma optical emission spectroscopy and inductively-coupled
plasma mass spectroscopy were combined for assaying of selected elements in the resulting

fractions. The assays were compared and discussed.
4.6.2 Bulk Metallic Flotation { BMF)

The NHR residual sink was conditioned with PAX (potassiom amly xanthate) using two dosages

of 100 gft and 400 ghon, The choice of PAX is intended to achieve maximum bulk collection

iy a8




siais -—--Chapter 4: Materials and Methods

iSection 3.5.2). Other trial dosages were used but these two will suffice in reporting the effects
observed.

These dosages were chosen as the response tends to be negligible at the usual lower dosages.
Collector consumption in excess of 200 g/ton is known in operating plants, specifically those that
treat tarnished sulphides (Bulatovie, 2003). The PAX was obtained from Betachem (Pty) Lid.,
South Africa. It was always freshly punfied before vse by dissolving it in chemically pure
acetone (minimum 98 %, from Merck), followed by filtration and extraction from the filtrate by
adding petroleum ether (AR, from Merck, University of Pretoria) as a desolvent, 1o precipitale

the xanthate as fine faint yellow solid (Rao, 1971
4.6.3 Sulfidation Activation

Amalytical grade sodium hydrogen sulfide {NaSH), supplied by Sigma Aldrich (Cat. # 161527)
was used for the sulfidation scheme. Given the natural pulp pH of the system, which is alkaline
(see Section 6.2), equations 3.6 b and 3.6 ¢ will tend to favour generation of the depressant jons
isee Section 3.3). A minimal dose is appropriate to avoid the depression effect. Hence, a dosage
of 500 g/t was used. This is moderate compared to the 1575 ghon used in controlled potential
sulfidation by Lee er al. (2009), The pulp was conditioned for three minutes before adding PAX
at 400 gt. The pulp was conditioned again for another five minutes before aeration. No frother

wis used.

4.64 Depression followed by PAX Activation

In an attempt (o take advantage of observalions from varions treatments, a scheme intended o

achieve a clean metallic fraction was conceived.

A prolong NHR flotation of 48 minutes was run to exhaust the natural hydrophobic response as
much as possible. Impeller speed was muntained at 3530 rpm for the extended 30 — 48 minutes.
Betamin 127A was then added to the pulp in 2 ppm increments, with trial aeration in between to
observe bubble loading. In this manner, 10 ppm dosage was obtained after which the bubbles
were no longer loaded, the bulk of the NH particle being pulled already.
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Hence, 10 ppm Betamin 127A was added afler 48 munutes of NHR. This was followed by
40K g/t of PAX, five minutes conditioning, 50 ppm methyl isobutyl carbinol (MIBC) as frother, a
further two minutes of conditiomng and aeration for 18 minutes. Designations and a summary of

all the treatments using PAX are presented in Table 4.2,
Table 4.2: Designation and description for treatments involving PAX

| F'AII Eul: mEtEIi:: fiatation scheme with 100 giton PAX '

| PAX2 | Bulk metallic flotation scheme with 400 g'ton PAX ;

| SPAX | Bulk matallic lotation with sulphidation; 400 gfon PAX+500 g'tan NaHS |
CPAX trapmssmt followed by PAX conditioning. than frother: 10 ppm B1274,

400 giton PAX, 50 ppm MIBC

4.6.5 Cationic conditioning

Cationic conditioning, as explained in Section 3.5.2, was investigated using tetrabutyl
immominum chloride, The gquaternary amine was chosen to ensure that pH variation, which is
considered to be a deciding variable in exploring particle surface potential, does not affect the
collector activity (dissociation). The butyl hydrocarbon was used to ensure impartation of higher
hydrophobicity compare to shorter alky] groups. Three pH levels — natural pulp pH (about 8),
pH 4 and pH 1) — were used for the preliminary runs.

Approximately 0.02 M (1.8385 x 10~ M) acid solution, used to lower the pulp pH, was made by
adding 1 em® of 98 % concentrated sulphuric acid (oil of serosol, SG 1.98. 18383 M) supplied
by Merck (Umversity of Pretona) o 1! of distilled water, After addition of appropriate
volumetric proportions. and monitoring with Orion pH meter, the pulp showed a gradual rise in

pH. More acid solution was needed to drag the pH down to desired value.

Anhydrous sodium hydroxide pellet (supplied by Merck, University of Pretona) was used for
preparing the basic solution to regulate the pulp pH to 10, Tetrabutylammonium chloride (AR),
obtmned from Merck, SA. was vsed at 100 gft dosage. Judging from the preliminary tnals (see
Section 7.5), the pH 4 condition was dropped from further investigation and frother addition wis

e A T o e it ; 65



3 e Chapter 4: Materials and Methods

considered necessary for this scheme, Thos, 50 ppm MIBC was added and the pulp conditioned

for two minutes before acration.

4.6.6 Selective Metallic Flotation

As noted in Section 3.5.2, sodium mercaptobenzothiazole (SMBT), supplied by Betachem (Piy)
Ltd., SA. was used for the selective metal flotation investigation. SMBT is a selective collector
of tarnished or oxidised lead and copper minerals (Foerstenan and Raghavan, 1986). The copper
and lead particles in this sample can be conceived as tarnished. This is because the particles are
from end-use alloys that have been exposed to the atmosphere all their service lives. Outcropped
native metals in mineral deposits tarnish simply by being exposed to the atmosphere.

A dosage of 200 gt SMBT was used lor the reported flotation. A very selective fotation was
expected. The natural hydrophobic flotation was therefore carried out for 48 minutes before the
conditioning. The impeller speed was set at 300 rpm for the first 1% minutes, then at 350 rpm for
the last 30 minutes of the NHR flotation. After conditioning, it was maintained at 350 rpm for
the 18 minutes of aeration. Skimming was done every two minutes after the conditioning.

Fractions were recoveéred and anal yses done for selected elements as described above.

4.7 FOLLOW up INVESTIGATION FROM THE CHEMICAL
CONDITITONING SCHEME

The following investigations were carmied out in attempl to substantiate the probable causatives
advanced (in Section 7.6) for explaining the responses observed from the various chemical

conditioning schemes,

4.7.1 Caleium Dissemination in PCB CF

Direct observation of particles of the sample was done in JOEL JSM 3600 scanning electron
microscope in the Industrial Minerals and Materials Research Institute (IMMRI) in the Materials
Science and Metallergical Engineering department, University of Pretoria. A dispersed laver of
the sample was made on carbon tape and the layer was coated by carbon deposition. The
particles were observed in both backscattered electron and secondary electron modes to enhance
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composition contrasts and achievable resolution of surface features. Clearly defined phases and
morphologies were focosed by the electron beam. The energy dispersive X-ray spectra of the
phases were observed to identify-calcium bearing particles. Representative spectra of the

particles in the sample were also taken.
47.2 Calcium Presence in Process Water

For the process water composition study, filtrates of the flotation pulp were obtained and trace
element ICP-MS scan of the filtrate was done 1o establish the elements that leach imo the filtrate.
The scan was for a total of 68 clements: Ag. Al, As, Au, B, Ba, Be, Bi, Ca, Cd, Ce, Co, Cr, Cs,
Cu, Dy, Er, Eu, Fe, Ga. Gd, Ge, Hf, Hg, Ho, In. Ir, K, La, Li, Lu, Mg, Mn, Mo, Na, Nb, Nd, Ni,
O, P, Ph, Pd, Pr, P1, Rb, Re, Ru, Sh, S¢, Se, 5i, Sm, 5n, 5r, Ta, Th, Te, Th, Ti, T1, Tm, U, V, W,
Y. Yb, Zn and Zr. This investigation can also serve to assess hazardous contamination with

elements such as Pb, Cr, Hg and Cd during PCB CF wel processing.
473 Investigation of Particle Surfaces

High resolution observation of the surface of copper trace particles, picked from the fine sample
and mounted on carbon tape, at 1 KV electron energy was done. The Carl Zeiss Field Emission
Scanning Electron Microscope (FESEM) at the Electron Microscopy facilities of the University
of Pretoria, was used for this investigation. Auger electron speclroscopic investigation for

information about the surface make up of metal particles in the sample was also done.

For this investigation, a survey of auger kinelic energics on each surface was first taken, then
profiled for 40 minutes. Surveys were taking every five minutes of profiling. The primary
electron beam was kept at a landing voltage of 5 kV and a 10 nA beam current. The argon ion
gun was operated at 2 kV, 2 pA. giving about 85 A sputter depth per minute (as characterised for
8i0;). The auger electron kinetic energy surveys for all the surfaces spanned 0 - 2400 eV, o be a
comprehensive search for all possible elements. The PHI 700 Scanning Auger Nanoprobe of the
Department of Physics, University of Free State, Bloemfontein, South Africa. was used for this
study.

A total of eight particle surfaces were studied. Three were from assorted particles in the
conducting fraction from corona electrostatic separation of +212 - 300 pm size fraction of PCB
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comminution product. This conducting fraction is very rich in copper particles so that a copper
surface can be easily picked wp from the fraction when inside the microscope. Most of the
particles in the actial —75 pm fine fraction were not metallic particles of interest for the surface
investigation, Searching out the actual metallic particles for observation from such a sample will
involve time-consuming surveys. Moreover, the bulk in the fine fraction is non-conducting and
the majority of the particles will be charging profusely. This is why grains of the actual =75 um
fraction were not used for this purpose, The metallic particles surfaces in the +212 — 300 pm
fraction can be taken to represent that of metallic particles in the =75 pm fraction, since they are
screened from product of the same comminution stage. The particles from the coarser fraction
were therefore used, The five other particles were elongated (Nibre) particles. These were easily
distinguishable in and selected from the <75um fraction.

A portion of the assorted particles (electrostatic conducting fraction) was taken and rinsed in
thstlled water, dromned and allowed to dry in the open laboratory room temperatire for four
hours. Another portion was ninsed in the PCB CF pulp filtrate and a third portion was untreated.
The fibres were also given similar treatments. Table 4.3 summarised the designation and

description of the surfaces.

A few grains from each portion of the assorted particles were carefully placed on separate carbon
tape with a clean spatula. The tape was then blown by pure nitrogen gas to remove particles lying
on top of others and not directly adhering to the tape. This gave a dispersed almost monolayer of

the particles on the wpe. The fibres were also carefully placed on the carbon tape, ensuring that
the particles do not roll on the tape in the process.

4.8 STATISCAL ANALYSES AND ERRORS

Although detailed data for some repeat mns are presented as appendix data, some are reported
directly as averages. For an indication of the scatter of the actual values for the averaged data,

when considered necessary, relative standard deviations of the mean (5,,% ) were computed as:

5., % = 100.8/% =100 [E==2 rx . . . . . . 4.2
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where & is the standard deviation of the averaged data, n 15 the number of runs averaged, (x — ¥)
is the difference between each data valoe and the averaged value. This is tabulated with such
averaged data. The associated errors with the averages were computed as the standard error of
mean () for such data points as:
=&
E= f\."ﬁ 4.3
The standard errors are indicated as negative and positive error bars when plots are made from

averaged data.

Table 4.3: Designation and description of particles surfaces studied by Auger Electron
Spectroscopy

Designation | Description and Surface condition

Pi | From assorted particles as taken.
P2 | From assorted particles soaked in process water (PCB pulp filtrate) and dried in
| open laboratory air.
P | From assorted particles soaked in distilled water and dried in open laboratory air,
Fl | Copper trace fibre particle soaked in process water and dried in open laboratory
air.
| ¢4 Copper trace fibre particle soaked in distilled water and dried in opén laboratory I
air.
'F3 | Copper trace fibre particle as taken from the PCB CF sample.
' F4 A more brownish ti::ms.-i'l'jly Copper) fibre puﬂ.i:‘:lt as taken from the PCB CF
sample.

F3 - A whitish fibre particle as taken from the PCB CF sample.
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50  CHARACTERIZATION OF PCR COMMINUTION FINES FOR FROTH
FLOTATION INVESTIGATION

51  INTRODUCTION

The total printed circuit board comminution fines (PCB CF) sample generated weighed about
T kg (see Appendix 1). Results and discussion of the relevant characterization investigations on
the sample towards the flotation investigations are presented in this chapter. It covers particle

size distnbution, sample density, liberation and comparative chemical composition analysis,
52  DENSITY AND PARTICLE SIZE DISTRIEUTION

Table 5.1 (detailed data is given in Appendix 2) shows the density figures obtained for the PCB
CF sample. The small deviations are from systemic errors resulting from imprecision in
repeatedly fitling the fixed volume with exactly the same mass of sample. The values show that
the fines sample is not very dense, as the loose and tapped bulk density values indicate in
particular. An implication of this property value on flotation is that the sampie will pour unto
water and not inte water during pulping. That is, the bulk sample can float on water. Water can
a5 well simply displace the sample when poured over it in a cell. This, in fact, was the experience
during the preliminary microflotation tnals (see Section 4.4), after which the density
determination was carried out. Sample pulping hence has to be done by first forming a paste of
the sample with a small quantity of water. The paste is then dispersed under water. This is what

was done when determining the troe density,

Tahle 5.1: Density values for the PCB CF sample

| Description Value (gfem’) | Relative Std. Dev, % (triplicate test)
| Loose bulk density 0.54 | 1.4
| Tapped bulk density | 0,90 0.7

True density [ 2.9 2.3
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The true density value of 2.9 gfem’ shows that the actual particles are generally much denser than
what the bulk density (0.9 glem”) indicates. This shows that packing even after 200 tappings is
not perfect, and porosity in the column accounts for the bulk volume. Poor packing is indicative
of very diverse particle morphology (shape) and is clearly confirmed in the liberation study
below,

Figure 5.1 shows the particles size distribution obtained from the <75 to +38 pm sieving analysis
idata for the figure is shown in Appendix 2). This plot i3 only an indication of the sive
distribution, as sub-sieve analyses were not done becawse of the particle morphology and
material diversity constraints. These are addressed below (see Section 5.3).

However, the data generally indicate that a large proportion (66.7 %) passed 38 pm. It follows
that certain PCB components break selectively into very fine particle sizes. Metallic particles are
ductile and cannot be expected to crumble into fines. Instead, grinding into powder can be
expected with brittle comminution of glassy particles, ceramics glazing on certain resistors,
semiconductor diode valves, chips, insulating ceramics (such as mica) and components with

brittie thermosets {see Section 2.3}
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Figure 5.1: Particle size distribution of PCB CF
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Given the peculiaritics of fines in flotation behavior (Pease er al.. 2005), a major influence of
fine particles on the flotation response can be expected (see Section 6.3.1). Sub-sieve analysis
also appears necessary, but the liheration assessment gave important constraints discossed below,

53 MORPHOLOGY AND LIBERATION ASSESSMENT

Figure 5.2 {a - d) shows the optical micrographs of polished sections of the printed circuit boards
mmminution fines. Dark field, compared o bright field, illumination was ased for these images
i enhance colour and relief contrasts in the sample (Murphy, 2001 ). On a conservative analysis,
the white particles are the more reflective metallic particles, the black patches include organic
particles, and plass fibres remain distinetly fibrous. Judging from the reflectivity, the metallic
.paniclu:u are in much smaller proportion, while the fibrous particles are the most common, The
general morphology shows that the particles are present in very random shapes — fibrous,
angular. subangular, partially rounded, and almost cubical.

Leaving the distinctly Ahrous glass palniulm' oul, the circularity shape factors of the other particle
were obtained from the binarised image shown in Figure 5.3. This image is from an optical
micrograph of a polished section (in clear, non-iodised, resin) shown in Figure A2.1, while Table
AL (hoth in Appendix A) shows the shape analysis data for a wtal particle count of 116, Small
pixel-sized specks of particles up to 50 pixel square in area (approximately 16 pum’ from pixel
size 1o scale bar ratio of image) were left out to avoid erroneous circularity of [, which will be

taused by poor boundary and aspect ratio definitions in small particles,

The average circulanty was found to be 0,63, while average solidity was (L85, These conform to
the visible diverse particle morphology in the sections. It is indicative of material diversity. as
well a5 various shear, lensile, impact and complex forces under which the comminution of the
particles was achieved. The glass fibres, on the other hand, produce particles with length well
above the sieve aperture diameter {d,) of 75 pm, as easily seen in the sections.
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Figure 5.2: Optical micrographs of PCB comminution fines polished sections:

0 =T5438 pm, 50 x magnification; b, =75438 pm, 100 x magnification; c. -38 pm. 100 x
magnification; d. —38 pm, 200 x magnification. Micrograph clearly shows diverse particle
shapes.

This diverse particle morphology explains why screening time was so prolonged (see Section

4.3.1). despite the maximum amplitude (vibration energy) used. Some particles have o tumble a
number of times before assuming favorable orientiation to pass throngh the screen. Another
implication of this morphology is its limitation on the effectiveness or applicability of some
commaon techniques for sub-sieve analysis. Although the classification can still easily go a siep
further down with finer cloth screen in 25 pm sieve, the challenge is to do a detailed analysis
down 1w a micron, For example, the result of analysis from the volume-based laser diffraction
technique wsing the Malvern's Mastersizer (Rawle, Malvern Instruments) may not be precisely
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imerpreted. A glass fibre particle in the =38 pm fraction from a mesh sieve analysis certainly has
two dimensions below the dy of 38 pm. If a fibre particle is about 35 pm in diameter. and abouwt
150 ym long {as is common in Figures 5.2b and A2.1), its equivalent sphere diameter (ds) on the
Mastersizer will be returned as 65 pm. This follows from equating the volume of a cylindrical

particle to that of its volume equivalent sphere as:
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Figure 5.3: Binarised image for circularity shape factor analysis of the metal particles.
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where h is the length and dy is the aperture diameter of a cylindrical particle. while ds is the

diameter of the sphere of the same volume. Then,

d. = :E(d.zhj . ) . i 52
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dy and b are then substituted as 35 pm and 130 pm respectively. With such diverse particle
morphology, a PSD based on dg may therefore not make much sense.

The cyclosizer is another good subsieve device. It separates base on mass effect under
centrifugal force, For a sample containing particles of the same material (density), variation in
particle mass is also vanation in particle size, and the mass-based separation therefore gives size
classification. With assorted malerials, particles of the same size can have very different masses,
and therefore separate to different size classes or generally give poor partition. The assorted
material constituents and the diverse particle morphology observed in the PCB CF therefore

present major constraints for its sub-sieve size classification.

As an indication of the composition of the fines sample, it can be observed that the bright
metallic particles have a low proportion compared to the less reflective phases. [t was mentioned
that metals are ductile and will not preferentially repori to the fines. A low metallic assay of the

fines may therefore be expected.

With regard to liberation, Figure 5.2a shows almost total liberation of all the particles in the
~75+38 pm range. However, the close-up in Figure 5.2b (at 100x magnification) shows that
some composite particles can still be found. For -3% pm size particles, such composite particles
could not be found on (four) polished sections at 100 and 200 times magnification (Figure 5.2 ¢
and d).

The scanning electron microscope (SEM) observation provided a more qualitative assessment of
the sections. Although almost all the metallic particles in the sections as observed with the SEM
gre unlocked, unliberated particles could still be found (Figure 5.4a). A close up on such
composite particle is shown in Figure 5.4b. Table 5.2, shows the energy dispersive X-ray
pnalvsis data of the two distinct phases of this particle. From the image and the composition data,
this particle appears to be a copper trace unliberated from solder.

Averaged point counts of such composites relative o totally hiberated particles on a number of
septions gives a ratio of | o 194, implyving a degree of liberation above 99 %. Ax the polished

section may not be considered as being accurately representative of the particles’ relative
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abundance in the sample, this value may be taken as an instance only. The primary purpose here

is to establish whether or not unliberated particles still exist at <75 pm.
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Figure 5.4: SEM back scattered electron images of <75+438 pm printed circuit boards
comminution fines section (a), and a close-up of an unliberated particle (h).

On another note, although this degree of liberation can be taken as almost total (as it will be
readily taken in conventional mineral processing), in a sample where compositions of the varous
constituents range from percentages to ppm (see Section 5.4), the small balance can be critical.
In clearer perspective, a balance of 0.5 % in the degree of liberation (as the actual computation
will roughly give) is equivalent 1o about 5000 composites per million particles. Assuming a
constituent with total assay of 200 ppm is concentrated in the 5000 composite particles, the
response of such constitwents will grossly deviale from normal expectations in a flotation
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Table 5.2: Energy Dispersive X-ray composition analysis of phases in -75+38 pm printed
circnit boards comminution fines polished section.

IP'I'msta- Elementil Lines | Atom ‘E- Element wt %
Composite particle outer | ALK 1.2 0.3
(Figure 5.2h) Sn-L 82.1 T7.0

CaK 0.9 0.3
Cu-K [.9 1.0
Zn-K 5, 07
Phb-L 2.7 20.8

?mnpm'ﬁe particle inmer | Sn-L 0.5 K1}

{Figure 5.2) Ci-K 0.2 0.1
Cu-K 642 633
Zn-K 35.1 15.6
|-TI - Barium  particle | CoL 22 .4
(Fgure 5.2a) | ALK [o7 03
Si-K [ 0.7 0.2
Cu-K [ 23 10
Ba-L | 43.6 67.3
Ti-K | 44.5 24.0

' 70K 12 0.9

| | ZrK 48 49

| Fe-alloy particle (Figure | Al-K n3 02

A | SiK 232 13.2

| Mn-K [07 08
Fek (758 |88
. i':l-ra.sﬁ pa.mn:'.lr {i-'i.gurc 5-.25.&} Sn-L [ 48.2 63.6
FeK 0.8 05
[Cak 05 | 36
| Zn-K 0.4 0.3

Apart from the existence of composite particles, the EDS analysis of individual particles also
showed the liberated particles are made up of alloys. The material make up of liberated particles
certainly will have important implications for beneficiation planning. Table 5.2 shows the
chemical compositions of some of the particles annotated in Figure 5.4. This implies that
beneliciating this sample will, at best, produce fractions that are not cleaner than the alloys. For

example, in a solder particle. lead would be inseparable from either zinc or tin. A realistic

7
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objective in flotation will be 1o recover as much as possible of the metallic values into a bulk
product fraction. This 1% the motivation for the bulk metallic flotation proposal (see Sections
352 and 4.6.2). It was also noted that collector adsorption on alloy surface is symergistic: a
collector will interact with an alloy as much as one of its constiteent elements interacts with that

collector (see Section 3.3). This should assist the response of the alloys to bulk collectors,
54 COMPARATIVE WET SPECTROSCOPIC ANALYSIS

Of the three digestion systems employed, only SPF (sodium peroxide (Na:0:) fusion followed
by HCl dissolution), achieved total digestion of the sample. Agua regia (AR) and HHM
(HF + HNO: plus microwave radiation) gave only partial digestions, Various clements dissolve
to different extents under the partial digestions as the assays indicate. Table 5.3 shows the assay
values for 42 elements from the three digestion conditions. Elements not detected under a
digestion condition are entered as ND. These assays are averages for duplicate digestions, The
repeatability was within 95% for most elements, but 90% was also noted for some. Notably Pd
wis observed to give best repeats, about 1.5 % relative standard deviation, while silicon and
sibver gave about 10 %, This is considered acceptable recognizing that a perfect replicate sumple

from such highly heterogeneous stock may be unrealistic.

Detailed analysis of sampling variance, element by element, over reasonably large population of
samples, while wsing a single digestion technigue, can be informative in this connection.
However, this is outside the present scope. Bearing the possibility of sampling vanance in mind,
only assay differences above 10% are considered significant when companng the effectiveness

of the digestion technigues in recovering a particular element into analysis liquor,

T8




Chapter 5: Characterisation of PCE CF

Table 5.3: Assay values from ICP OES and ICP MS analyses of printed circuit boards
mmmnnmmﬂummmﬂm{w

|
Az | w9 | 189 | . |
Al | a0 | IZH90 | 32922 |
As | 325 | N.D.* | - |
Au | 220 | 124 | - |
B 1RO | 9170 | i |
Ha | 7500 8120 | &140
Bi | 319 237 [ =
Cn | 6400 | B 500 T5400
cd | 17 | 11.2 2 i
Ce | (7 | 48 [ ~
Co | 922 | Db ! =
Cr 160.0 | 323 ' 416
Cu 42700 | 43200 | 42800 |
Fe 2600 | 32300 | 33630 |
Hf | 4 | N - |
K ni | T - |
La 915 | 199 - |
4 303 | 387 o |
Mg k0| 2130 2150 |
Mn 1200 | 1230 i s 1
M 530 | 441 | 134 |
_ Na | 2o | 2050 : - |
i 190K} | 2110 | 2512 |
P no | 110 | - I
P | 231K 2300 | 23530 |
P 158 137 | — |
oo 1.7 53 | —~ |
5 | 555 2750 | - |
s | 2620 3180 I - |
S | ND= N I - |
8 | 4070 11600 | 139300 |
Sn | 20100 29800 I —~ |
S| s 686 I
Te | N.D,* N.D.* | -
™ | 6,00 24 | =
| 3340 4070 2168
mn | M. N.D.* -
| L9 1.9 | = =
vy | 263 | 300 | 3ib I
Y | 465 | 5,80 I - I
Zn | 4890 | 5510 | 6212 |
i S 245 | 7 I - |
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It should be noted that the assays in Table 5.3 are for printed circut boards comminution fines
and do not represent a complete board analysis as in Table 2.4. In general, metallic value
deportment (o the finer fractions in the comminution operation 15 lower than that to the coarser
fractions, because metallic materials are generally ductile and do not shatter into fines during
comminution. It will also be noted that many elements (incloding Au, Ag. Pd, Sh, Sn, and Zr)
were not read from the total digestion solution from SPF treatment. This is because of possible
pronounced matrix effect on these elements under the optical emission spectroscopy (Willard et
al,, 1988), Hence, only solutions from AR and HHM digestions were analysed for all the 42

elements.

From the data, Si gave values that were more than 10 times higher with SPF digestion compared
to AR and HHM digestions. These resalt from the digestion of glass fibres. It is expected that
SPF, which gave total digestion, should give the highest assays, and this is true for almost all of
the elements. Some exceptions are Tor Cu and Mg, which returned highest values from HHM and
AR respectively. However, the values are significantly close for all the three conditions that it
miy nol be said that the recovery of Cu and Mg are lesser under SPF digestion. Au, Ag, Pd gave
higher assays with AR than with HHM. Ag, in particular, is sparingly digesting under HHM
digestion with only 18.9 ppm dissolved, compared 1o 84% ppm in AR. For Pt. HHM digestion
appears 1o give a better digestion recovery (higher assay), compared 10 AR digestion. For other

elements, the assays from AR and HHM treatments are comparably close and within the range of

sampling variations.

These observations confirm that (i) printed circuit boards comminution fines wet assaying will
depend very much on the digestion condition, and (ii) a single digestion condition cannot give
best assays for all the elements combined. While SPF treatments resulted in complete digestion,
many elements could not be analysed from the resulting solution. Readings from AR and HHM
treatments also did not clearly give one condition as better than the other for all the clements.
This reflects the heterogeneity of the sample, as different chemical elements exhibit different

activities at the chemical potential of a digestion system.

In this context. the digestion condition that gives the maximum assay value for a particular

element can be considered as ideal for that element, and the assay obtained from that condition
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can be taken as most indicative of the absolute assay for that element in the fines sample. Assays
from other digestion conditions will only be fractions of this absolute value. For elements such as
An, Ag. Pd and Ti. the AR condition — hot aqua regia digestion — gives the absolute assay, while
for Ni, Fe, Sb and Pt for instance, the absolute assay is from the HHM treatment.

An implication of these obsérvations for a standard approach to eol printed circuit board
composition analysis is that absolute or actual assays of the constituent metallic clements will
have 10 be combined from more than one digestion condition. It may be mentioned that the
moutine of obtaining the absolute assay may be unnecessary excepl in analyses for harardous
constituents as in environmental concems. It may be noted here that no standard procedure vet

exist for PCB chemical composition analysis (ASTM; ASTM, 2007: 150).

In beneficiation investigations, valid inferences can be made based on relative assays of product
fractions obtained from one digestion condition, whether absolute assays were obtamed for all
target values or not. It follows that, the final choice for a particular PCB comminution fines
analysis depends on the target elements and the analytical objective, whether for comparative or
absolute assaying. This implies that prnnted circuit boards wet analysis reports need 1o specify

the digestion condition used. This will help data interpretation and inferences.

In any case. when the data from the three digestion condifions are compared, hol agua regia
digestion appears 0 be the best for general purpose analysis. It is able to give analysis liguor for
all the elements. The procedure is also less hazardous compared o using HF in the HHM
treatment. Hence, for analysis of flotation performances for the present investigation, hot aqua

regia digestion will be used. Tt gives good assays Tor major target values such as Au, Pd and Cu.
53  THERMOGRAVIMETRIC ANALYSIS FOR ORGANIC CONSTITUENTS

Figure 5.5 shows the result of the thermogravimetric analysis, The top plots show the percentage
change in mass with temperature for the air and the nitrogen environment (distinguished by
colour). The lower plots show the derivatives (rate of change of mass with lemperature) in an

attempt 1o accentuate the inflection points.
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The resolt shows final mass in air as 75.62 %. The analytical question is to determine what
constituent fraction the 24.38 % mass loss represent. Certainly there are orgamcs that will be
expecied 1o burn off and contribute to the mass loss, However, the drop in mass was continuous
over the whole temperature range, indicating continuous reactions that cannot be attributed to a
specific organic constituent in the composition. To make the distinetion less obvious, the sample
contains solder particles that could have developed relatively high vapour pressure as
lemperatures rose, with consequent volatilisation loss. This i further complicated by the
possibility of metallic particles oxidising with weight gain. The overall mass loss may, therefore,
not be taken as total but only as net from loss and gain. The mass drop in the air environment

may therefore not quantify any particelar constituent in the sample.
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Figure 5.5: Plots of thermogravimetric analysis and the derivatives for PCB CF sample
under air and nitrogen.

The nitrogen atmosphere 15 considered relatively more inert, and some reactions will be expected
to be absent so that some distinctions in the trend can be expected. The residue in the nitrogen
environment is 7857 %, implying thal combustion loss was lesser than it was in air. The

nitrogen plot lying below that of air between 300 °C and 420 °C acwally confirms that some
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weight gain was compensating for the weight loss in air. The weight loss sloped fuster under
nitrogen, when oxidation weight gain was absent. After this interval, as temperature rose,
combusticn losses appear higher under air and the mass dropped guickly 1o stabilise around 600
‘. This was not happening under nitrogen and, as the negative slope reduced, the rate of mass
loss became very low. This continued slowly and did not stabilise even at 800 "C.

The companson shows that combastion loss under air was pronounced in the sample and can be
taken as responsible for much of the higher weight loss under air. However, the nitrogen
atmosphere either did not characterise any specific constituent in the sample. Early into the
heating program, from about 50 °C, mass loss commenced, and continued with a slope all
through. Again, no position over the whole temperature range gave zero derivative of mass with

iemperature (dMAAT = 0), to charactense a constituent distinctly.

This results show that thermogravimetry may not be recommended for PCB composition
analysis. No concrete qualitative or guantitative information may be extracted for characterising
i given constituent, It appears that more than one reaction or event was occurring simultaneously
over the whole temperature range. This can be attributed to the very diverse material constituent

of the sumple.

56  CONCLUSION

Charactenistics of PCB CF observed under the characterisation investization were interesting and
peculiar. Without the basic understanding of these material charactenistics — the density, PSD,
liberation and the chemical composition — and the implications all of these will have on flotation,

investigating the prospects of flotation application may not be possible.

It was found that the PCB CF loose bulk density is lighter than the density of water, This,
coupled with other peculiar surface properties of the bulk sample, necessitates the careful
pulping procedure that had to be adopted in the Motation investigations (see Sections 6.2 and
6.3.1).
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The wel assaying of the sample was found to be very dependent on the digestion condition, From
the result it was inferred that determining the absolute assays of all constituent elements will
require comparing data from more than one digestion condition. However, il the analytical
ohjective is a comparative assaying of samples from beneficiation reatments, aqua regin
digestion can be recommended for most of the constituents. The procedure is less harardous
compared to HF, microwave and HNO; treatment, It also gives analysis higuor from which all the
elements can be analysed, compared to that obtained from the Na;©O; fusion + HCI total
digestion. Ironically, total digestion has a demerit here doe to the complexity of the sample. The
sample complexity also posed a limitation when applying the thermal analyses technique. The

thermogravimetry analysis gave no distinct inflexion point to characterise any constituent.

Particle hiberation in the sample was found to be very high. It may almost be taken as fully
liberated, as reported in the literature, except that micrographic evidence oblained to the contrary
is too vivid to be ignored. The unliberated fraction can be put at about 5000 particles per million,
The particle morphology was observed to be very diverse and this, coupled with the material

diversity, is a major constraint to sub-sieve PSD analysis,

Based on the mesh sieve analysis, 67 % of the sample generated was found o be below 38 pm.
Pronounced effect of fines on the flotation response of the sample should therefore be expected.
The liberated particles themselves contain more than one chemical elements, being alloys.
Beneficiation operations therefore cannot attempt to separste these particles inlo constituent
elements: realistic schemes can aim only at schieving some bulk collection of metallic valoes

MG 3 comneentrate.




0 NATURAL HYDROPHOBIC RESPONSE SCHEME AND FAVORABLE
KINETICS FOR PCB CF FROTH FLOTATION

bl INTRODUCTION

Results of the investigations based on the natural hydrophobic response scheme are presented
and discussed in this chapter. Useful inferences made from the preliminary microflotation are
mentioned first. The variations in response — mass pull, extent of fit to first order kinetic, assay
and recovery — with the kinetic regimes employed serve both 1o: assess a favourable kinetic
regime for PCB fines flotation; as well as for drawing a conclusion on the applicability of froth

flomtion, and the natural hydrophobic response scheme. in particular, in concentrating the PCB

coamminution fines.
62 PRELIMINARY MICROFLOTATION

During the microflotation experiments, it was observed that 130 rpm (1.8 Ipm) peristaltic pump
setting. commonly used for mineral microflotation investigations (Bradshaw and O'Connor,
1996, produced high torbulence in the cell column. The particles were carried through to the top
of the suspension and the quiescent zone could not be observed. The pump setting had to be
lowered to 40 rpm. It was observed that even [0 rpm would still maintain suspension of the pulp
after aeration. This low energy input required to keep the particles in suspension is
nnderstandable, given the low bolk density of the sample and the large -38 pm proportion
(Section 5.2). This observation informed the choice of the low range of initial impeller speeds

nsed for the flotation investigation in the Leeds cells (see Section 4.5).

The detailed observation of the pulp pH over time is shown in Figure 6.1, which indicated that
the natural pulp pH averages around B.00. It also shows that the natural pulp pH is acceptably
stable with time and a variation of pH over the flotation period will not occur, This ebservation
and clarification is necessary given the diversity of the sample constituents, where the possibility

of slow dissolution of acids or bases may not be ruled out without a definite confirmation.
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Figure 6.1: Natural pulp pH with time for two size fractions

Figure 6.2 shows mass pull data that summarises major observation from the microflotation
treatments. The initial treatment vsing a collector pulled & fraction of the sample well above
50wt %. This fraction being so high reinforced the idea of particles floating under natural
hydrophobic response. This was confirmed, as flotation without any treatment also gave high
mass pulls. A further observation was that mass pull does not tend 1o be higher when a collector
is used compared to when it is not, At 200 gfion dosage. the mass pull even appeared to be
lowered (Figure 6.2), When a collector was used with detergent as @ welling agent {designated
CWA in Figure 6.2), a remarkable drop in the mass pull was observed.

Basically. the detergent acted as an ionic surfactant and lowered the surface tension of the pulp.
It follows that the collectorless mass pull is dee 1o particles floating under their natural
hydrophobicity, and that when the pulp surface tension was reduced certain particles were wetted
and remained in the sink. Collectors as surfactants also generally contribute some decrease in the
liguid surface tension {Section 3.2}, This may explain some decrease in the mass pull that seems

to accompany the SIBX conditioning comparéd to the collectorless flotwon, The distinct
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collectorless response observed encouraged detailed investigations into the prospect of the
nitural hydrophobic response described in Section 3.5.1. The scheme was simultaneously used

for studying the favorable kinetics for PCB CF flotation.

200 pft Collector Collectorbess Wl

Figure 6.2: Microflotation Moat and sink fractions represented in stacked columns sealed to

a todal of 1,

6.3 THE NATURAL HYDROPHOBIC RESPONSE SCHEME

6.3.1 The Natural Hydrophobic Froth

As observed previously, without the addition of any reagent, the pulp pH messurements in the
Leeds cell averaged 8.00 (fr = 1.6%) for measurement in 14 different pulps. Also, for all the
kinetic conditions investigated, and without any frother addition, stable froths formed in the cell.
Figure 6.3 shows a picture of the froth build-up inside the cell (see also Appendix 2.2), This
distinctly shows that the natoral hydrophobic response exists. The observed mass pull was also

generally hagh, above 309% in most conditions (see Section 6.3.2).
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Figure 6.3: PCB CF froth in the Motation cell under natural hydrophobic response

This immediately clarifies the difficulty experienced in pulping the sample. Despite the fact that
the true density should sink the particles, the bulk hydrophobic behaviour kept water out, so that
the sample formed into globules covered by a skin of water. The particles inside the globules
remmned dry. retaimng the loose bulk density (see Section 5.2). The globules thus easily floated
on top of the pulp, Intense agitation simply broke the globules into smaller sizes, while acrating
the pulp at the same time. A scum thus formed on top of the pulp. even before commencement of
flotation. This is a frustration of the operation, as the scum contains tiny globules with trapped
drv sample inside, which does not allow separation of the sink constituent. The way around this
was to form a paste of the sample first, introduce it to the cell, cover the paste with water and
then break the paste under the water with the impeller. This is summarised as a pecularity of this

sumple which demands that pulping must be done under water,

Considering the exient of frothing observed as indicated in Figure 6.3, another issue that needs o
be addressed is the origin of this froth. A possible assumption is for an inherent frothing
constituent in the heterogencous sample. Explonng this assumption, an inventory of organics
present in the sample shows that none of the thermoplastic constituents, PVC, ABS, PET, etc.,

isee Table 2.3) are water soluble. Considering the flame retardant additives in the resins, most
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congeners in this broad class are reported as not being water soluble (D'Silva, 2004). However,
letrabromobisphenol-A (TBBPA), which is a principal epoxy resin used in PCBs, is reported to
show low water solubility (Chemiura, 2005). This makes the analysis more interesting, and this
i% the basis for investigations detailed i Section 4.5.1.

The froth stability tests with the pulp of the sample gave a dynamic froth stability height of 5 cm,
whilst the filtrate of the pulp of the same solid concentration gave no stable froth that could be
measured. The surface tension measurement of the polp filtrate also gave averages aronnd 72
dynesfom — similar to that of deionised water. These two observations tend to indicate that the
ohserved frothing is due to something else, other than a soluble heteropolar organic compound in
the sample. This is further substantiated by the fact that the actual solubility of the suspect
compound (TTBPA) is (L148 mgfl (Chemntura, 2005); a value about one-hundredth of typical
surfactants dosages (Crozier and Klimpel, 1989). Hence il can be safely inferred that the

ohserved frothing is not dee o inherent surfactant constituents in the sample.

Another possibility is that this froth resulted from fine particle stabilisation. In this context, it
may be necessary (o first address some basics of the frothing phenomena. Froth is formed on
serating a solution or a suspension if trapping of air (or gas) bubbles by the liguid film can be
achieved. Froth is therefore a dispersed system; it will want to break down spontanecusly to
lower overall surface and energy (Hams, [982). This s o say, froth is essentially unstable.

Stability of the froth film is, therefore, the major issue in achieving a tangible froth.

In surfactant solutions, overall surface tension is lowered by the surfactant (Secticn 3.2). This
also lowers the free energy difference accompanying surface area reduction. This reduces the
spontancity of breakdown, giving a metastable two-phase froth. In pulps of surfactant solution
{as in mineral processing), it is recognised that the stability of the three-phase froth 15 increased
or decreased by solid particles in the pulp - particle size, concentration, shape and degree of
hydrophobicity of the solid particles being the inleracting factors (Klassen and Mokrousov,
1963; Harris, 1982, Feng and Aldrich, 1999, Pease er al., 2005). With particles of low
hydrophobicity, froth stabilisation occurs when a closed packed monolayer of particles is formed
in the froth film (Harms, 1982). In this case, the particles attached 1o the interfaces cannot be

............ - 9.
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forced out of the film and the two interfaces are kept apart. Flocculation of particles also
prevenis coalescence of bubbles in the froth (Harris, 1982). This sort of reinforces the film wall,

The other extreme that also exists is stability of froth solely by fine particles in surfactant free
pulps. Molecular solutions of compounds such as diacetone alcohol and ethyl acetal (compounds
that do not alter solutions surface tension) have been shown o produce adequate froth with fine
coal (hydrophobic) particles (Lekki and Laskowski, 197%), Three phase froth has also been
generated by aerating a suspension of clean nanosized hydrophilic silica particles in distilled
waler (Bindal er al, 2002). I was sobmutted that the foaminess observed was directly
proportional to particle concentration, inversely proportional to particle size, and the self
crganization of the colloidal particles into a layered structure between gas bubbles provided a

barrier against conlescence, thereby stabilising the foam lamella (Bindal & al., 2002).

This brief about froth phenomena is provided to submit that, hydrophilic and hydrophobic
particles have been observed to stabilise froth; appropriate particle size is what matters. In a two-
phase froth system, lowenng of surface tension 15 a prerequisite, while this 15 not compulsory to
achieve a tangible three phase froth — fine particle stabilisation will suffice. From this standpoint,
it is easy to see the possibility of the observed froth resulting from fine particle stabilisation, The
sample contains about 65 % passing 38 pm. It was pointed oot that the bulk of the finer
constituents will be the brttle glass fiber and thermoset (epoxy resin) constituents (see
Section 5.2). A close-packed layer of fine hydrophobic particles enveloping gas bubbles in the
froth lamella is the major mechanism that can be inferred for stabilisation of the froth. Such
stable bubbles floating around at the pulp froth interface are easily seen from the side of the cell,
The thick bubble interstices seen in the froth (as in Figure 6.3) also suggest flocculation of

particles, thereby reinforcing the bubble walls.

Considering the high mass pull observed (above 50% in most cases, see Figure 6.4), it is also
possible to expect that total froth may not resolt from true flotation due 1o natural hydrophobicity
of some particles alone. Other effects, such as entrainment and entrapment occur in flotation
(George ef al,, 2004), and can be expected under such high mass pulls. Fine particles can easily
entrain with water, even if not hydrophobic. Strands of copper particles from the PCB traces
could also be found in the float fraction, while glass Rbers abounds (See Appendix 2)
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Entrapment within bubble-particle agglomerates under bulk upward mass transfer will be
enhanced by the elongated morphology of such fibrous copper trace and glass particles. For the
pinss fibers, it will be recalled that in PCB production, the fibers were impregnated with the resin
until it sets in place on the fiber. Strong adhesion between the reinforcement and the matrix is o
quality requirement in composites. Hence, flotation doe to air bubble attachment to the resin
impregnated  pseudo-hydrophobic surface can be another strong reason for the glass hbers
transport to the froth. The various kinetic regimes will be expected to promote the true flotation

and other effects differently. This can reflect in how well the responses under each regime it the

first order Kinetics.
6.3.2 Kinetic Response

Figure 6.4 shows the cumulative mass pull with time under varying kinetic regimes. The error
bars wiere plotied as the standard error of the mean of the duplicate values for each data point on
the plot, The markers tend to eclipse the bars for some points, the standard ermors being very
small. Data details for the figure and the error analysis are provided in Appendix 2. The EI1A
comdition (see Table 4.1) shows that at the 18 wi. % solid concentration, the proportion of froth-
phase bound particles in the cell appeared to be too high that mass pull did not stabilise with time
- even after 30 minutes. Driving the rate higher with higher hydrodynamics will simply worsen
entreinment and compromise selectivity. The high proportion of the glass fiber particles and its
tendency to increase viscosity due to the elongated morpholegy will also aid this. The lower

solid concentration was therefore used in subsequent experiments.

With increasing combinations of the kinetic parameters, the mass pull rmte can be seen o
increase until the miss recovery curves show definite asymptotes al the experimental conditions
of E21C, E22B and E22C. As projected (in Section 6.2), it is notable that this prevailing kinetic
condition, which suffice to keep the particles in suspension, corresponds to impeller energy and
acration rate much lower than what is found in conventional flotation of ores that also liberate in

this fines size range. This can be connected o the much lower aggregate density of this sumple.

As expected. the observed mass pull rate vaned over time for the different regimes. Considenng

the regimes with fully defined responses under the time interval (with asymptotes in Figure 6.4),
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Figure 6.4: Cumulative mass pull with time under natural hyvdrophobic response and varying
kinetic parameters.

mass pull under E21C became very faint in the last 18 to 30 minutes; under E22B, mass pull
stopped at around 12 minutes of flotation, For E22C, mass pull ended under 10 minutes
iAppendix A2; Table A2.4). The extent of fit of the responses 1o the classical first order model
(Equation 4.1) is shown in Figure 6.5, Detail of the fitting data is shown in Table A2.6. E22B
clearly shows overall higher kinetics compared (0 E21C, whereas the cumulative plots for the
two regimes give competing performances in Figure 6.4, The higher comelation coefficient
shows E21C conforms more to the first order trend in Figure 6.4, Although the responses under
EX2B and E22C regimes ended earlier due to the higher prevailing kinetics, so that the fits are
fully described with fewer points, yet the responses fit well while they last. In general, all the
conditions gave good correlation, and this indicates that the observed responses conform 1o
describable froth flotation phenomena. However, the reverse ennichment of the desired metallic

values into the sinks will give surer basis for nssessing the performance of the scheme.
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Figure 6.5: First order fitting of PCB comminution fines NHR under various kinetic
regimes

633 Sink Enrichment: Digested Total Metallic Content

Figure 6.6 summarises the sinks’ enrichment based on the fractional digestion data, as described
in Section 4.5, Relevant data and computation details for the figore are shown in Appendix A2,
The general trend shows assay-recovery tradeofl Lypical of beneficiation operations. The low
ennchment levels (assays) indicated for E11A and E21A confirms the inadequate pulp density
and kinetics noted for these conditions. The highest recovery in E11A merely indicates that the
bulk of the feed (concentrate mass being 55% of feed) stll remains in the sink; 100 % recovery
to sink can as well be achieved by camying out no beneficiation. E22C gave indication of the
best metallic assay as being 43 %, but with the worst compromise on recovery, E21C and EI2B
with close performances hased on kinetic assessment, appear to give the best combinations of

assay and recovery, with 42 % and 38 % assays and recoveries of 39% and 4 1% respectively.
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As these responses are based on the natural hydrophobic response, with no collector or frother
and no treatment to alter hydrophobicity. the responses must be explained from the Kinetic
purameters vanabon. From the flotation cell operation, higher impeller speeds, al constant
acration, produce finer bubbles. The figures in Appendix A2.5 show frozen frames that give
visgal indications of sizes at the varions kinetic regimes. Finer bubbles at constant aeration imply
higher bubble surface area, lower buoyancy and ncreased bubble residence time. Increased
turbulent dissipation energy is also a direct effect of higher impeller speed. All these factors
increase the efficiency of particle bubble collision (Duan er af,, 2003; Pyke er al., 2003). With
favourable surface conditions for attachment, higher collision efficiency in twrn gives higher

collection efficiency.

Taken 1o the extreme, this condition (increasing impeller speed and consequently lower bubhble
sizes) cunm also increase turbulent carry-over and entrminment af the expense of the reverse
recovery, Froth interstices, which are conduits for entrainment. increase. Resultant upward

momentum also increases resistance o sinking for otherwise sink-fraction particles. Hence,
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higher mass pull (lower sink concentrate mass) was observed from increasing impeller speeds, s
can be seen in Figures 6.4 and 6.6, when comparing E22A, E22B and E22C, or E21A, E21B and
E2IC. Tt follows that a lower concentrate mass resulted in a lower reverse recovery; this implies
trget valoe loss to the high mass pull. Conversely, assay increased with a lower concentrate
mass and a lower reverse recovery as more froth phase particle could rise at the higher mass pull,

leaving a smaller but richer sink,

The performance across the category can also be resolved on this basis. Studying the response
under E2IC and E22B regimes, the result reflects the interplay of superficial gas velocity
iJg, emifs), the superficial surface area flux (S, s"} of bubbles and the actual bubble sizes (ds,

em) on the observed recovery and rate. Sy 1s a function of Jg, which is a function of aeration rate

(Q), but 8 is also dependent on dy, (Vera et al.. 1999, Schwarz and Alexander, ZU06G):

Sn- = E‘jg dﬂ i = = ] h H i B ¥ 6.

while,
Jg= {?{4 - . ; . : , . ; : 6.2

where & is the cross-section area of the cell.

It follows that increasing Q) increases J; and vice versa, However, if such operation alters dy
simultaneously, Sy will not change proportionately. Under the regimes in focus, in moving from
E21C to E22B, bubble size was increased both by increasing O and lowening the impeller speed.
Table 6.1 gives ratios of these parameters under these regimes at the constant cell cross-sectional

prea and based on the estimates of di in Appendix A2.6.
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Table 6.1: Ratio of some kinetic parameters under E21C and E22B regimes

' Parameters Ratio of parameters under regimes
E2IC Regime | E2IB Regime
Agration rate, O} | 2
superficial gas velocity, J - | .
Bubble diameter, dg, | 25
Superficial surface area flux, 8, | 1.25 I

Connecting this to what was observed, the higher buoyancy of the larger bubbles under E22B,
and the larger Mow rate reflected in the higher rate constant. Bul with a lower residence time of
the much larger bubbles, particle-bubble collision probability became so low after substantial
mass was pulled that mass pull ended around 12 minutes (see Figore 6.4). Under E21C, on the
other hand, the higher residence time of the finer bubbles (at higher impeller speed), with the
high surface area of bubbles flowing through, maintained collision efficiency such that mass pull
persisted after 18 mmnutes. The E21C regime thus compensated for half the air flow rate and
achieved averall higher mass pull over time compared 1o E22B. However, this extra pull turned

oul to be a disadvantage based on the elemental analysis of sink enrichment with time,
6.3.4 Sink Enrichment: Elemental Analysis

Table 6.2 shows reconstiiaied feed assavs of selected elements from the float and sink fractions
from the batch samples for each invesugation, averaged with assay of a direct feed sample. This
gives @ 1otal of 14 assays averaged for each element. The relative standard deviation for each
element in the table gives an indication of how the assays compare in all the batch samples. It
shows that the batch samples were generally representative of the bulk, most of the relative
standard deviations being under 5%.

Obvious extremes are Pt and Ag, showing that the reasons may be more than sampling variation,
Pt reflects the analytical limitation of ICPOES for trace quantities, Ideally, ICP MS 15 supposed
to complement ICP OES with respect to the trace quantities, The analysis al this stage of the
investigation being voluminows, with 135 leach solutions, only ICPOES was used because of
cost constraints, Silver (Ag) showed peculiar analytical challenges possibly due to light

sensitivity of the element and the effects of this on its emission spectra, Ag would have been

L4 . iy oo 06
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better analysed individually using AAS (atomic absorption spectroscopy) ruther than muli-
element analysis. Again, the constraint is the same. However, to account for any possible
variation in feed assays, reconstituted assay for each batch flotation feed was used in all the

recovery analyses.

Table 6.2: Reconstituted feed assay of select elements

Elenszint | a.m'agu .ﬂ;n.ag.- -iiiprnr ' Relutve "}-Hllltvl:ﬂh
Ag fifi2 19.99
:l'lu.l | 14 Hfl.-fl- . il
Au ! w2 5 6f
Ca I 70078 292 '
Cu | 36 TH3 263
Fe , 76 0 |00 120
Mg 2001 1.88
M | 2198 1 285
Pb 26 007 ' 1.19
P 162 _ 1.64
" 2 10008
s I 0 N 1279
Sn 36 855 - 225
i | 2748 ' 2,38
' ' T i 214
Zn 5075 : 3,77

Tuble 6.3 summunses the recoveries and ennchment ratios of specific elements for all the sinks,
while separate plots of the enrichment ratio {ER) versus reverse recovery in the sinks over time
for some selected elements under the different Kinetics are shown in Figures 6.7 w 6.13.
Analytical data and computation details for the figures are presented in Appendix 3. Enrichment
ratio (ratio of concentrate (o feed assays) has been used to give a uniform basis for comparison as
the assays range from ppm o percentage levels for the different elements. In addition, with the
assay scale, a response can lie above another, even at L = 0 (that is, before any enrichment), due
o feed sample assay variations in such heterogensous stock. Feed sample assays for gold, for
instance, in this analysis ranged, from 190 to 219 ppm. while the mnge for Pd was 160 -
165 ppm.

_____ : s Wl
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Considering the response of gold, the best recovery of 79% was obtained al the lowest ER of
172 under E12A conditions. The best ER of 3.65 was achieved with a recovery of 51% under
E22C expenmental condition (Table 6.3), A combination of 64% recovery and 3.05 ER was
obtained under the E22B condition. This can be considered optimum relative o E21C, which
gave a recovery of 58% at almost the same ER of 3.08. This is an actual assay of 626 ppm at
5E% recovery in the case of E21C, with an equivalent concentration of 622 ppm at 64% recovery
for E22B. Trading off such little enrichment for a 6 % higher recovery is a good economic
judgment for precions metals, The picture is made clear in Figure 6.7 which shows the E22B plot
lying well ahead (higher recovery) that of E21C,

For palladium, the EXZ2B plot (see Figure 6.8) also lies clearly ahead and above (higher
enrichment) that of E21C showing a notably better performance, with the final assay being 456
ppm at 58 % recovery under E22B. Ni and Zn are other elements for which EZ2B can be taken as
giving the best performance (see Table 6.3, with actual assays of 5562 ppm and 1.435%,
respectively.

Table 6.3: KRecoveries (Rec) to and Enrichment Ratios (ER) in the sinks for specific
clements

Elements E2l E2IH E2IC EXlA E22H E2XC
[Hee,® | BR [Rec,® | ER [Roc® | ER |Rec,® | ER. [Rec® | BR [ Rec,® | ER
ag | 42 (0@ | 2 [oso | 19 (14| 32 (o™ 8 [oR7 | 17 [L1g
Al [ a6 (099 23 [o7a [ 16 [0BY | 3@ (a9 | 8 [GE8 [ 12 [088 |
Aw | 79 [LIZ | o8 258 | S8 308 | 77 [180 [ 64 305 | 51 | 365 |
ca | 42 (o082 | 19 (063 12 [ose | 35 (087 [ 15 (072 [ 1w [OeT
Co | o6 (144 47 [170 | 38 |[204 [ el .53 [ 41 13 | 31 221
Fe | 61 |135 | 42 [1s1 | 33 (136 | 56 [138 | 35 165 | 27 [193
Mg | 45 [osE | 23 (o [ 17 [os0 [ 3@ (o9 | 2w (093 [ 14 [ L2 |
N | 76 | 1685 | 60 |22 [ S0 {266 | T2 |19B | S4 (256 | 42 297
P | T4 [160 ] S5 |02 | 48 [237 | 67 168 | 48 (220 [ 34 2,40
M | 80 |L74| 64 |237 | 52 274 | 17 181 | 3B | 276 | 46 | 323
Si 37 [os2 [ 27 o3| 30 [157 ] 45 L1 [ 31 14T | 2 [223
Sn ™ (153 [ 51 |1B4 | 40 [212 | & |158 | 42 198 | 30 |209
Ti B (137 72 (2 o6 352 T [19 [ 67 321 | 61 | 431
Za | 73 |15k | % 205 47 [250 [ 68 | L7 | 51 |244 | 43 | 308

o8
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Figure 6.7: Enrichment ratio vs. recovery of Au to sinks under varying kinetic regimes,
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Figure 6.8: Enrichment ratio vs. recovery of Pd to sinks under varying kinetic regimes.
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Figure 6.11: Enrichment ratio vs. recovery of Cu to sinks under varying kinetic regimes.
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Figure 6.13: Enrichment ratio vs. recovery of Ca to sinks under varyving kinetic regimes.

For Ti and Pb, a careful observation of the responses in Figures 6.9 and 6.10 shows that E21C
gave a better performance than E22B. Before 18 minutes of flotation, mass pull under E22B
conditions stopped (Figure 6.4), while under E12C condition, linle mass pull still continued until
the 30th minute of flotation. In this last interval, a disproportionate drop in recovery versus ER in
all the E21C plots in Figores 6.7 to 6.12 can be observed. Plots of Sn and Zn (not shown} also
siow the same trend. Companng the two kinetsc regimes at the end of 18 minutes, E21C gave
better enrichment ratios and better or almost equal recoveries when compared with E22B. This
implies that E21C operating parameters should have run for 18 minutes, as for E22B, in order to

result in better ER and recovery for these elements.

The response for Fe (Figure 6.12}) also shows best performance under E21C, thongh with high
compromise on recovery. dropping down to 37 % at 18 minates. With E2IB and E22C
condition, a worse performance of negative enfichment could even be observed at some stages in
the pulp. This negative enrichment is more pronounced with Ag, Mg and Al (Table 6.3),
showing that these elements prefer the froth phase. Recoveries dropped below 20 % at ER of 0.9
under E21C for Mg, for instance, Ca is of special interest due to its significant proportion -7 %
by mass i the feed (Table 6.2). Consistent reduction in Ca assays in the sink fractions over time
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(negative ER) for all the kinetic regimes can be seen in Figure 6.13, giving less than 15 %
residual recovery in the sink for E21C, Platinum assayvs were (oo low — a few ppm — for purposcs

of reliable analytical figures {see relative standard deviation of Pt assay in Table 6.2).

To explain these responses, it is éxpected that metallic particles reports to the sink. Metallic
particles will have a high surface energy, be hydrophilic (Gupta and Yan, 2006) and therefore
prefer the sink. Density advantage 15 also expected here to enhance the separation between
denser hydrophilic metallic particles and lighter hydrophobic plastic particles. The guestions then
will be: Why is recovery to sink not 100% for such metals, and why do some metallic elements
preferentially report to the froth?

I 15 necessary W appreciate that the elements are contained in particles oceurring as some end-
use alloy or compounds. These particles are present in diverse shapes, and can stll be pant of a
composite particle. Considering the fact that composite particles still exist in this sample (see
Section 3.2), the response of elements occurring in such particles would not be expected to be
perfect. Comminution of ductile metallic matenials generally produces particles with random
shapes {Section 5.2), including flattened pieces that will have a tendency to float around in the
pulp, particularly in this size range. Gold flakes float for this reason in conventional minerals

flotation circoits {Allan and Woodeock, 20010 1.

The split of Cu to the float and sink stream is another example that can be readily attributed 1o
shape influence. Copper particles from the PCB traces remain in elongated forms (Figure A2.5)
that can be easily carried over into the froth by rising masses and bubbles. Hence, shont strinds
of the PCB copper trace were found in the float, as noted previously (see Section 6.3.1). On the
other hand. those from copper nuts, edges, etc., which could have chipped into a more cubical

particle, can resist the upward current and report better to the sinks.

For metals preferring the froth phase, probable reasons could also be the size and shape in which
particles oceur, For instance, Al, Ca, Mg from the oxides {see Table 2.4) will occur more in the
finer sizes from comminution of the ceramics. Separate elemental analysis of =38 pm and
~75438 pny size fractions of the fines sample {see Table A2.11 and Appendix 2) show all the
metals have higher assays in the coarser fraction (allowing for a minimum 10% difference for

significance), except Al and Ca. The brittle ceramics containing Al and Ca would have
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endergone more selective pulverization relative 1o the ductile metallic alloys. The much finer
particles will be entrained with water at the prevailing kinetic condition more easily than the
relatively larger particles. It is expected that favourable kinetics will differ smong particles in the
whole -75 pm size range (Pease er al., 2005). However, fine Al bearing particles can also oocur
as flattened chips from the ductile alloy. Chances are that the flat or foil mini-chips, coupled with
low density of alummmom, can be camried under bulk upward mass transfer of the glass fibers. The
sgme shape factor can be expected to influence Mg, being even lighter than Al

From the foregoing discussions, it follows that the interacting mechanisms that coold be
responsible for the responses observed include: natural hydrophobic response to float and
hydrophilic preference for the sink; presence of hydrophobic material on an otherwise
hydrophilic surface; particle morphology (shape) enhanced carryover under bulk upward muss
transfer; and fine particle entrainment in water to froth. The kinetic regimes investigated were
seen to promote these factors differently as the responses vary with kinetic conditions. To one

extreme of kinetics, recovery can be extremely compromised, and to the other, ennichment.

The actual range of values at which the kinetic parameters will give the most favorable regime o
optimize the performance will of course vary 1o some extent among cells (O'Connor et al,,
|987). In the present observation, the favorable range is 400 rpm impeller speed with
1000 mlfmin aeration to 500 rpm with 500 ml/min aeration (the range for E21C and E22B
regimes). This gives an indication of the low energy (twrbulence) requirement of this sample
relative to conventional mineral flotation. The analysis also shows that the interactions of the
various factors favor enrichment and recovery of Au and Pd o the sink. The response from these
precions metals, which are the economic drivers for PCB resource recovery, shows the scheme

can indeed be prescribed for PCB comminution fines beneficiation.
fd.5 Improving the Performance of the Natural Hyvdrophobic Response Scheme

With the recovery values across the elements from the NHR scheme, performance improvement
i% conceivable. The observed float fraction being so high, it was projected that the kinetics of the
operation should be slowed down o reduce mass pull rate. The intention was thal lower mass
pull rate would allow true flotation to be more pronounced, while entrainment and entrapment

would be minmmized. With about 63% passing 38 pm in this sample, and recognising that the
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same kinetic regime cannot favour all the particles in the -75 pm range (Pease er all, 2005), a
narrower size distnibution was also probable for better performance. Investigations in this regard

are detailed in Section 4.5.2.

The impeller modification indeed gave glaringly smaller bubble sizes at the 300 rpm impelier
speed, compared to whal was obtained before modification (see figures in Section A2S5,
Appendix 2). Coopled with the sample size of 150 g, the turbulence in the cell 1§ much more
moderate, After 18 minutes, mass pull rate at 300 rpm was observed to become very slow in the
initial trial runs, and the impeller speed had to be incredsed to 350 rpm to increase particle
bubble collision and sustain the pull. Investigations with this kinetic regime was designated
XNHR. Table 6.4 shows the averaged cumulative mass pull for triplicate experiments. The raw
data is contained Section A2.7, Appendix 2. Compared to the initial responses, shown in
Figure 6.4, it ciin be observed that the prevailing kinetics after the impeller modification gave
generally lower cumulative mass pulls. The response was closest to what was obtained under
E21A conditions (see Table 6.3). In these two regimes (E21A and XNHR), the effect of smaller
bubble size on the kinetics compensated for lower solid concentration {collision frequency), such

that the cumulative mass pull in the same time interval was compurable,

Table 6.4: Cumulative mass pull after impeller modification

| Time (minutes) | Cum Mass Pull (%) | Standand Deviation
18| 812 | 1.8
i | 525 | 12
i A1 (L4

In the final analysis. the intention was to achieve an: increase in recovery of metallic values o
the sink without compromising the enfichment level obtained; increase in enrichment while
maintaining recovery levels; or increase in both. Table 6.5 shows the enrichment ratio and
recovery levels in the prevaling kinetics compared to what was obtained in some of the previous
conditions, Based on this elemental analysis, the performance is again almost the same as in the
E21A regime and a remarkable improvement may not be inferred. This could show that
equivalent cumulative mass pull over a given time is effectively an indication of similar kinetic
regimes. A more definite difference in performance can therefore be expected if equivalent mass

pull is obtained over a different time interval. On this basis, the performance after 48 minutes can
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be compared to what was obtained in E22A, which gave a comparable cumulative mass pull of
594 after 30 minotes. Still a drastic improvement may not be inferred, becanse the little increase
in recovery appeared Lo be due to the sink fraction being a bit larger and ER dropped off a little

for the morease,

Table 6.5; Companison of reverse metallic recovery (Rec) versus enrichment ratio (ER) before
and after impeller modification

| XNHR - 18 mins | XNHR - 30 ming | XNHR - 48 mins | E21A-30 min ~ E22A - 30 min
Element Rec,% ER Rec,% ER |Rec,%™ ER |Rec,™ ER  Rec,% | ER

Ag | 581 | 101 46.1 | 0,08 408 [ 097 [ 419 [093 [ 31.76 (070
Al | 576 | 08B | 453 098 401 | 085 | 457 099 | 3881 | 0096
Au | 854 [ 146 | 802 | 170 782 [ 188 [ 793 [1.72 [ 7853 [ 190
Ca | 561 | 096 430 | 0.9 74 | 089 423 | 082 | 3511 | 0.87
Cr 635 | 1.08 533 | 113 483 | 115 |- Fe : -
Cu 748 | 127 6B1 | 144 | 647 | 154 | 664 [1.44 [ 6142 | 153
Fe 852 | 1.11 552 | 117 516 | 1.23 619 [1.35 | 55589  1.38
Mg 505 | 1.01 473 [ 1.00 414 [ 090 | 449 (098 | 3878 006
Ni B0 | 1.38 738 [ 157 71.2 [ ©.70 761 [185 | 71.57 [ 1.78
Pb 772 [ 132 69.8 | 1.48 67.0 | 1.80 737 [180 | 67.47 | 188
Pt B25 | 141 | 774 [ 154 751 [ 1.79 - | '

Pd 8B40 | 1.43 78.3 | 1.56 78.0 | 1.8 Bo.1 [1.74 | 7871 |19
Sn 750 [ 128 | 670 [ 1.42 640 | 1.52 704 (153 | 6376 | 1.58
m BB7 | 1.48 822 [ 1.74 [ 800 [ 1.90 B12 [1.77 [ 7002 | 196
v 622 | 1.06 513 [ 108 | 485 | 1.11 536 [1.17 | 465t | 1.16
Zn Bi1 1.38 05 | 1.80 728 | 1.73 728 | 1.58 68.44  1.70 |

The sumnuary observation, therefore, is that if the kinetics is slowed down too much, in an
attempt 1o pull slowly over time, particle bubble collision gets (oo much compromised and even
the natural hydrophobic particles recover poorly, This is what was observed when the impeller
speed had to be increased to 350 rpm under XNHR, otherwise a bulky sink would be obtained
with minimal enrichment. If the kinetics is also to the extreme. the froth phase particle can be
pulled more effectively, leaving a cleaner sink but grossly compromising the reverse recovery.
At the reduced kinetics, when comparing achieved reverse recovery and enrichment. the idea of
minimizing twrbulence and a slower mass pull rate does not appear to improve selectivity, The

bulk flotation behavior of the sample basically remains the same: the higher the mass pull, the
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lower the reverse recovery and the higher the reverse enrichment. In other words, at the lower
kinetics, reverse recovery loss o float still occurs in proportion to the mass pull. The

investigation over narrower PSDs provides useful imsight to reconcile this.

Figure 6.14 shows cumulative pulls over 30 minutes at narrower and varying sample PSDs.
Comparing the mass polls, the —38 pm fraction gave the highest mass puoll, while the
=106 + 75 pm fraction gave the least. At the same sample mass of 150 g, the actual number of
particles in the samples for cach of the size classes certainly differed widely. This translates into
a major difference in the kinetics of particle bubble mass removal, which reflected in clear
differences in the cumulative mass pulls. This again shows that cumulative mass pull over a
given time is a major indicator for effectively different kinetic regimes. Also, the responses
further support the submission on fine particle stabilisation of the NHR froth, as the coarsest size

fraction pulled least mass. With less stable froth, bubbles lose part of their particle load back to
the pulp.
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Fipure 6.14: Cumulative mass pulls after 30 minutes for varying sample PSD=

Table 6.6 shows the recovery and enrichment ratios obtained from the fraction assays, while

Figure 6.15 shows a comparison of the performance for specific elements — Au, Pd and Cu -

o snsu e e ane n : e 107




cemrosmsnsecsen e men e eeee o Clieipter 6 Natwral Hvdrophobic Response and Favorable Kineties

over the different size ranges. Comparnng = 753+38 pm and -38 pm fractions. the coarser size
clearly shows better recoveries and enrichment ratios, For Ao, Pd and Cu for instance (see Figure
6.15), recoveries were 91.2%, 92.8% and 86.3%, with enrichment ratios of 1.6, 1.62 and 1.51
respectively for =75438 pm. For the same elements, recoveries were 64.9 %, 66.5 %, 62.7 % and
enrichment ratios 1.44, 1,48 and 1.39, respectively for —38 pm fraction. The prevailing (XNHR)
kinetics obviously favours the coarser fraction. This implies that operating at narrower PSID and
favourable kinetics for each size fraction will achieve better performance from the NHR scheme,
compared to processing wide PSDs, such as the =75 pm fraction. As can be seen, the recovenes
from the —75438 pm are clearly higher than for the =38 um fraction, without compromising the

enrichment ratios.

Table 6.6: Comparison of reverse recoveries and enrichment ratios for varying sample FSD

Element Recavery, % i Enrichmant Fatio
105-75um | -75pm | 75-38um | -38 um | +1086- Tﬁum 75 um | 75-38 ym | -38 ym
Ag | 933 | 461 | 630 283 | 1.4 0.98 1.10 0.65
Al 798 | 453 | 476 447 | D087 | 088 0.82 0.99
Au 876 | BOZ | oLz B48 | 119 | 1.70 180 | 144
Ca | 750 | 430 | 423 | 482 | o091 | o¢ 0.74 0.96
Cr | o3z 523 | 67.3 02 | 1.4 | 113 | 118 | 142
Cu g77 | 681 | ®83 | 627 | 1319 | t44 | 151 | 139
Fo | sss | sz | es | so | 1 | im | tm e
Mg 80.7 47.3 493 458 | 088 | 1.00 0.88 1.02
N | @984 | 738 | 885 | o84 | 120 | 157 | 155 | 152
Pb 985 | 699 | @82 616 | 120 | 148 1.54 1.37
Pt 082 774 | 831 | s8s | 120 | 184 | 183 | 153
Pd 90.0 783 | @28 | BBS | 121 | 1868 | 162 | 1.48
Sn | ®83 | 670 | S5 | 604 | 120 | 142 | 1.51 1.34
T | o988 | B2z | @28 | 780 | 120 | 173 | 174 1.63
¥ | 903 | 513 | 588 | 512 | 110 | 1.0 | 1.0 1.14
Zn | 978 | 755 | 895 | 700 | 119 | 180 | 157 1.55

This result shows that the higher mass pull at =38 um fraction compared to the -75+38 um
fraction resulted in a lowering of enrichment. This would either be due 1o non-selective
entrainment of sink values with water at the higher mass pull or to pure entrapment and camy-
over under heavier upward mass transfer, The waler recoveries observed over the different size

classes is shown in Figure 6.16. The figure shows cumulative mass recoveries to froth versus
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cumulative water recoveries over 30 minutes of flotation. The result shows that the finer size
fractions recovered less water per unit mass pull compared o the other sizes, as the slopes in the
figure indicate. This tallies with observation during the experiment, as the froth from the finer
fractions wis well drained and drier, with a high dynamic froth height; the coarser fraction was
more like & muddy scum and wet (see Appendix 2.7). It is notable here that stability of the froth
in the finer fraction does not rely on low surface tension liguid film, hence the air bubbles
enveloped by fine hydrophobic particles rising to the froth in the finer size fraction can be
expected (o entrain less water. The froth from the coamse fraction, on the other hand, being less

stable, collapses into a mud that does not allow effective droinage of water trapped within i,
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Figure 6.15: Comparison of NHR performance with varving particle size range
The y-axis is a numerical scale to indicate percentages for the cumulative mass pull (CMP) and
recovery dati, as well as the enrichment ratios (ER) mulsiplied by a factor of 1K (ro accentnare
the differences).

The interpretation that follows from this is that reverse recovery loss due to water entrainment in
the finer fraction should be lower, as this fraction recovers less water per unil mass o froth, The

hagher loss of value to the froth in the finer fraction, which occurs at higher mass pall, should
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therefore be due o non-selective transport of sink particles to the froth phase by carry-over under
the heavier wpward mass transport and entrapment in the froth phase. This effect will be
significant in this flotation system where it is the bulk that is responding under natural
hvdrophobicity and the particles being entrapped constitule a very small proportion.

It will also be noted that the particles nsing to the froth also consisted of glass fibers in the bulk.
Such particles make the flow more viscous and thus tinier particles are easily dragged along. It
follows that the observed bulk NHR response of the sample will be difficult to reverse in [avour
of the metallic particles that are in a much smaller proportion, hence a recovery versus assay
tradeofT occurs readily, as observed when comparing the treatments. The poorest enrichment at
the coarsest fraction that recovers the largest amount of water per umit mass pull is
understandably due to generally low upgrading, as the bulk remains in the sink and may not be
taken as entrainment of the coarse particles with water, The fact that observed recovery at the
coarsest fraction is so high (discussed below) shows that the relatively high water pull per unit

mass was nol entraining values.
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Figure 6.16: Cumulative mass pull versus comulative water recovery under NHR of
samples of varying PSDs.
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On another note, this investigation shows that the natural hydrophobic response could still be
observed at the coarser size of +75 =106 pm. From Figures 6. 14 mass pull can be seen o be least
at this size fraction. The total number of particles was much less and particle bubble collision
efficiency was very low, so that mass pull stagnated after a little pull {18%:).

Although the coarser size fraction also showed natural hydrophobic response, the absence of the
fincs required to stabilise the froth was obvious, The dynamic froth stability was muoch lower
relative to the finer sizes, as indicated by the froth height in the cell (compare Figure A2.2 to
Figure A2.7 in Appendix 2). The lower pull and the heavier coarser sizes also minimised
entrapment (as mentioned) and coarser particles would also be more difficult to drag along. COnly
froth phase particles would, therefore. have best chances of making it to the launder. This gave
rise 10 the high reverse recovery observed: Pd gave a notable recovery of 99 %. Many other
metals gave between 98 and 97, However, enrichment was minimal, as the bulk of the feed was
still left over as the concentrate under the prevailing kinetics. Using different kinetics to enhance
higher mass pull will achieve a cleaner sink. The tradeoff in recovery will depend on how
favourable the kinetics regime will be. In all, it can be said that this scheme will work, even for

this larger size fraction.

6.4 CONCLUSION

It was projected that the particles in the PCB, being so diverse, some should exhibit natural
hydrophobicity and this could be exploitable for a froth flotation scheme, The natural
hydrophobic response was first observed under microflotation and then investigated in detail
with the Leeds cell as reverse flotation with respect 1o the metallic vatues. It was also projected
that enrichment versus recovery (o the sink under this scheme could be opltimised with variation
in the operating kinetic regimes. The range of kinetic parameters appropriate for flotation
gpphication with this sample was observed. Most of the torgét metallic values wet and
preferentially remained in the sink, justifying the reverse flotation approach. Au and Pd, which
are the major economic drivers of PCB processing, were among the elements best enriched into
the sink at optima of 64% for Au at an enrichment ratio above three. Ti achieved an even better
performance, For these metals, which show preference for the sink, recovery loss to the float was

observed o increase with mass pull, and not water recovery, when flotation resulis over varying

11
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PSDx were compared. Such loss will therefore be due more to carry-over under bulk upward

mass transfer and entrapment in the froth. Flotation over narrower size distribution still shows
improvement in the performance obtained for the —=75+38 pm size fraction, compared o the
=75 um wider P5SD.

The results provide the basis to consider froth flotation as applicable for PCB CF beneficiation,
and the natural hydrophobic response scheme to be effective in this regurd.

12




7.0 INVESTIGATION OF CHEMICAL CONDITIONING SCHEMES FOR
FROTH FLOTATION OF PCE CF

71 INTRODUCTION

The investigations into the chemical conditioning schemes are presented and discussed in this
chapter. As outlined in Section 4.6, the collectors used were PAX, SMBT and TBAC; the
depressants were sodiom carboxyl methyl cellulose and Betamin 127A, respectively abbreviated
as CMC and B127A hereafter. Investigations with PAX, described separately in Sections 4.6.2 1o

4.6.4, are presented together herein for ease of comparison of the treatments.
7.2 MACROMOLECULAR VERSUS GAMMA DEPRESSION
721 Bulk Depression

Ax a result of the high response observed under the NHR scheme, application of depressant
appears very relevant in PCB CF flotation. Bulk depression was therefore considered first to
determine wether the high natural hydrophobic pull could be suppressed, prior to chemical
conditioning for selective flotation. Considerations for depressant selection and probable
depressants for this type of sample were discussed in Section 3.5.2, As detailed in Section 4.6.1,
CMC and BI127 were emploved for this investigation. With CMC, preliminary dosages from
200 g'ton in steps up to 2 kgfton did not show any remarkable depression. At these dosages,
steady froth built and cumuolative neass pull remained high. The high mass pull 1o be suppressed
was blamed. Much higher dosages continwed 1o be used, but frothing and high mass pull
continued wp o very high dosages used. At 10 mass percent (100 kgfton) CMC, mass pull of
19.5% was still obtained. At a profuse dosage of 30 mass percent CMC, a 5.7 % mass pull was
still obtained, At this dosage, the pulp viscosity had increased noticeably.

A dosage of 500 gt normally would suffice for effect in normal mineral applications { Bulatovic,
1999}, That mass pulls persist at these extreme dosages basicallv implies that depression of the
NHR response with CMC is ineffective. Only physical coating of particles. as in slime coating.
appears o be occurring. The froth-phase-bound particles are in a very high proportion, with the
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bulk of this at =38 pm. It implies that, without definite chemisorbtion, physical coating with
hydrophilic molecules will require a very large dosage for a remarkable drop in mass pull to be
observed in this system. The idea of total depression, therefore, appears not feasible within
practical CMC dosages.

B127A, on the other hand, shows observable suppression of the natural hydrophobic froth,
however, frothing entrainment sets in. Before aeration, the pulp surface shows evidence of
wetting as faint traces of natural hydrophobic particles that is normally on the pulp surface was
wotally absent, being wetted and sank. Froth loading visibly dropped with increasing dosage, as
the froth changed to a faintly loaded dirty white and eventually 10 a clearly unloaded white frath.
O skimming, the froth released entrained particles to give a high mass pull, as Figure 7.1 shows.
Relative standard deviations (&g, %) of the duplicate CMP data in Table AZ12 {Appendix 1) all
show acceptable spread: the higher spread in the first few minutes of flotation can be allude to

imprecision in float skimming between repeats due to higher mass pull rate in this time interval,
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Figore 7.1: Mass pull over time in PBC comminution fine flotation with Betamin 127A as
depressant at varions dosages,
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Generally, the response shows the ease with which the pulp particles entrain readily with water
after wetting, The low density and fine size of much of the pulp particles also aid this. As can be
observed from Figure 7.1, mass pull increased with dosage, indicating increasing contribution of
entrminmenl. Lower surface tension at higher surfactant concentration (see Equation 3.2) led to
easier frothing, smaller bubble sizes, higher froth volume and more froth interstitials (Harris,
1982; Pugh, 20071, all of which promote entrminment. At 150 ppm, the mass pull rate was
noticeably slower, indicating that extensive wetting of the particles had occurred; natural
hydrophobic response was fully depressed and entrainment was about the only means of particle
transport to froth. The run gave a cumulative water recovery of 105 %. The plot (Figure 7.1)
shows the deviation from classical first order response wwards lineanty with time until 10
minutes (first four data points for the 150 ppm plot). The entrainment slowed down only after

pulp particles neared exhaustion.

Table 7.1: Reverse recovery and sink enrichment ratio for select metallic values at different
Betamin 127A depressant dosages (NHR condition implies Oppm depressant dosage)

MHA 20 ppm 150 ppm

Element | Recovery, % ER, %% Recovery, ¥ Iéh.‘-'@ | Recovery, %% ER, %
Ag 19 104 | 14 084 | 12 1.44 |
Al 16 0.83 15 050 | 7 0.77 |
Au 58 3.08 55 sz | 48 561 |
Ca 12 0.66 12 [ om | 5 059
Cu 38 2.04 a1 [ 1es | 18 2.1
Fe 33 78 | 2 T 13 | 20 229
Mg 17 0.90 18 0os | 7 086
Ni 50 2 65 38 238 | 22 255
Pb 45 237 34 207 | 22 256
Pd 52 274 | 4 [ 28 | 2@ 251
si 30 | 157 | 19 116 | 12 1.42
Sn 40 212 a0 183 | 21 242
Ti 66 352 52 | 315 | 22 255
v 25 135 | 21 120 | 12 1.35
Zn 47 2.50 36 218 | 21 2.41
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It follows that while rying lo subdue one effect of direct mass pull, due mostly to natural
hydrophobicity, another major effect of froth entrainment after wetting was setting in. Table 7.1
shows elemental recovery and enfichment ratios at the extreme dosages of B127TA used (20 and
150 ppm) and at O ppm. The 0 ppm dosage comesponds to the E21C NHR condition, A
consistent drop in recovery upon the wetting agent being added can be observed across all the
elements. The higher the dosage, the more the values entrained. Wetting increased at the reduced
surface tension, depressing natural hydrophobicity, but more froth alse formed, with more
interstices until entrainment predominated. By 150 ppm, reverse recovery of metallic values
compared (o that under NHR showed a sharp decrease.

The assays also showed a consistent decrease for some of the elements, such as Pd, Ph, Ti. Only

Au appeared to show a remarkable assay increase in compensation for the recovery drop, as
shown in Figure 7.2, Cu, also shown in Figure 7.2, shows a minimal assay increase for more than

50% recovery loss compared to recovery at U ppm (as in Table 7.1). In general, the observation
snd analysis show unselective entrainment of otherwise sink phase particles afier welting.
Perhaps a lower dosage of B127 would have reduced the frothing and entrainment as the high
natural hydrophobic pull to be suppressed demands the high dosages used.

5.5
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Figure 7.2: Enrichment ratio versus recovery for Au and Cu at varying Betamin 127A
dosages
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From these observations, attempting to suppress the natural hydrophobic response to allow for
direct chemical conditioning of the sample is not advisable. Given the bulk proportion that wants
to report to the froth on natural hydrophebicity, it is rational o allow and exhaust this natural
response before conditioning. Perhaps a moderate dosage of the depressants will then be
effective 1o subdue any hittle residual natural hydrophobic particles.

722 Depression of Residual NHR

After allowing NHR for 30 minutes, & moderate depressant dosage was investigated to suppress
any residual natural response. The wea was (o ensure a clean undituted response after chemical
conditioming. After conditoning with the depressants, 30 ppm BI127A and 3.3% CMC (Section
4.6.1), the responses obtained further reinforced observation made from the depression of the
bulk sample. With CMC conditioning after 30 minutes of NHR., froth still formed as when NHR
is subsiding, It was lightly loaded, with the particle stabilised froth building up slowly over time.
The total sample recovered over the 18 minutes of aeration was 3.8 g, which is 4.7 % of the sink

mass before the conditioning (L. after the NHR pull).

The B127A conditioning. on the other hand, gave unloaded white froth with small froth hubble
sizes, a&lso building slowly up over time, On skimming, the unloaded froth collapsed 1o release
entramned particles giving, a total of 4.5 g mass pull. This 15 5.7 % of the sink mass before the
condiioning. Under XNHR, in this time interval, the F3 fraction pulled 109 wi % of the
residual sink (see Section 6,3.5). Table 7.2 shows the assavs of select elements from these
fractions with averaged assays of the XNHR F3 (30 to 48 minutes) fraction for comparison, The
aszays tend o show that when CMC 15 compared to NHR. it will slightly lower value pull from
the residual NHR pulp, in the 30 — 48 minutes of flotation. Given that Ag and Al follow trends
opposite to other metallic values in NHR. B127A generally tends to entrain a little more value
into the froth. As explained above, the increased wetting in the bulk causes easy entrainment,
carrying tarpet metalhe valoes along. This same wetting and entrainment effect was sull

observed at the 30 ppm dosage in the residual NHR pulp.

Based on the mass pull, some depression of the NHR response can be inferred, but a defimite
recommendation needs careful consideration. It is notable that CMC dosage was 3.3 %

(33kg/ton). A depressant requinng this dosage level is obviously ineffective and cannot be
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recommended for application, B127A, on the other hand, suppresses particle bubble attachment,
giving clearly unloaded froth. In any case, the overall mass pull difference, with or without these
depressants, after pulling the bulk NHR particles, may nol amount o oo much contamination of
a float fraction after collector conditioning. The final decision to use a depressant along with a
collector, therefore, depends on how the system responds to conditioning with the collector

alane,

Table 7.2: Elemental assays (ppm) of fractions after NHR and depressant treatments

Elements | B127A | CMC | XNHR-F3 |

Ag 504 431 | 513 |

Al | 24250 | 208688 | 23000 |

2 pe e e

Ca | 76375 | 63000 | 74 250 |

Cr 17 115 | 137 |

Cul 16 263 15013 | 15000 |

Fe | 17700 | 13463 | 15000 |

Mg 2103 | 1764 | 2340 |

Ni B30 | 713 | 1065 |

Pb 11925 | 10063 | 13175 |
Pd &0 40 67

= Sn 18713 | 16500 | 20550 |
Ti - gia 570 B45

v 28 | 23 28 |

Zn 2 160 1745 2525 |
7.3 PAX CONDITIONING SCHEMES

PAX conditioning of NHR sink was considered probable for achieving a bulk metallic foat
fraction {see Section 3.5.2). The treatments include consideration for activation with NaHS, as
well as depression with B127A, For ease of reference, Table 7.3 provides the description and
designation of treatments employing PAX (see Sections 4.6.2 to 4.6.5). After conditioning, mass
pull showed a slight increase above that from XNHR in the 30 - 48 minutes. The pulp generally
gave a moderate froth, compared to ordinary NHR in this time interval,

Figure 7.3 shows the mass pulls (%) obtained under the different PAX treatments. Understanding
that the fgures are mass percentages pulled from residual NHR sinks, it shows that the actual

masses pulled were not large. The small masses were obtained with relatively high waler to mass
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recovery ratios. These factors may be responsible for the large spread in these data compared o
the NHR mass puolls such as in Figure (6.14), Increased mass pull with PAX dosage can be seen
with the 100 and 400 ghon dosages. Sulfidation also showed an increase in mass pull at the PAX
dosage of 400 g/ton. JTudging from the visual observation of the foal fraction during Motation and
after drying, the response did not appear to be strictly selective of metallic particles only. Fibre
particles were obvious in the fractions, The elemental assay analysis gave a recoveéry and
enrichment ratio from the treatments as shown in Table 7.4, Recovery here is with respect to the
float and not the sink fraction, as for the NHR reverse flotation analysis. The enrichment ratio
was calculated as elemental assay of the Noat fraction divided by respective elemental assay of

the sink before conditioning (see Section 4.6),

Table 7.3: Designation and description of treatments involving PAX conditioning
{Section 4.6.2).

PAX] Bulk metallic fiotation scheme with 100 gton PAX

PAXZ | Bulk metallic fiotation scheme with 400 gfton PAX

SPAX Bulk metallic fictation with sulfidation: 400g'ton PAX+500g10n NaHS

DPAX Depressant foflowed by PAX condiioning and frofhar: 10 ppm B127A, 400 gion Pak,
50 ppm MIBC

i

30 l ; = —— :
[ |
20 l - : 1

Mass Pull, %

Paxl PAK2 SPaX (BIH |

Figure 7.3: Mass pull under different PAX treatments.
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A general overview of the recovery data shows that the target metallic values did not
preferentially report to the float after the PAX conditioning and the bulk values remained in the
sink. The understanding is that the inital 30 minetes of natural hydrophobic pall at the XNHE
condition is towards maximizing reverse recovery, 5o that some natural hydrophobic particles are
still left in the sink. The NHR scheme (see Section 6.3.2) showed mass pulls up to B0 %
compared (o about 52 % obtained at the XNHR condition for 30 minutes {sce Table 6.3).
Increasing the impeller speed, for instance, would have increased particle bubble collision
efficiency and caused further pull. By keeping the kinetics constant afier the 30 minotes and
conditioning the system with xanthate, only metallic particles are expected (o start floating, since
naturil hydrophobic response had already subsided at the prevailing kinetics. The foat is,

therefore expected to contain more of the targeted conditioned metallic values.

Table 7.4: Recovery and Enrichment Ratio for fractions from the dilferent PAX treatments
(described in Table 7.3)

Elements | Recovery, % Enrichment Ratic
| PAX1 | PAX2 | SPAX | DPAX  PAX1 | PAXZ | SPAX | DPAX
Ag | 30 41 |34 |38 | 141 |130 | 074 | 188
Al | 22 38 |45 | 31 (105 [118 | 098 | 1.36
AU I 12 |21 [T |oal |par 045 | o028
Ca (25 (40 |47 |34 | 145 |[1.25 | 102 | 1.48
Cr | 20 30 |42 |21 |oo2 |o8s |o0s%0 | 091
Cu | 12 22 |50 |[18 |05 |070 [1.07 (078 |
Fe ‘18 | 25 3% |18 | 075 (079 |074 | 071 |
Mg EEE 44. |30 | 108 | 1.15 | 094 | 1.32
Ni ‘s |18 |3 |11 |o41 |048 0E8 | D050
Pb ‘11 i@ |28 |12 | 053 | 061 | 082 | 054 |
Pt 7 16 |28 |12 034 [051 (081 053
Pd A 30 |12 041 055 (064 | 054
Sn 12 20 28 13 Q.57 0.864 080 057
Ti &8 |11 |18 |10 | 027 |035 035 | D44
v 19 (30 |3 |24 o089 (085 075 | 1.0
Fil | 9 17 [ 36 | 15 | 044 | 053 0. 76 084

The recovenes analysis however did mt show this. The enrichment ratios obtained were also
below | {except for Ag, Al and Ca, Mg which always tend to show reverse trends to other
metals from the NHR scheme). This shows that the float is even poorer in the metallic values
when compared to the pulp at the beginning of conditioning, i.e.: the resulting sinks have
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actually been enniched after the treatment. This implies that although the mass pull increased
with an increasing dosage of PAX, as well as on sulfidation, the conditioning appeared to
influgnce other pulp panicles even more than the metallic particles. This increased the
Hoatability of otherwise natural hydrophobic particles at supposedly unfavorable prevailing

kinefics,

However, studying the recovery and assay data closely shows assays and recovery increase
together with increasing dosage of PAX, ie. the response does not show assay-recovery
compromise. Sulfidation also gave higher recoveries and assays, except for Ag, Ca, Al, Mg
inoted for opposite responses). This shows that PAX was actually interacting with the metallic
particles as projected, and that sulfidation was also achieving activation of the surfice 1o
xanthates, Increase in ennchment and recovery as dosage increases shows that these reagents
targel these particles somchow, The problem therefore appears to be that other particles were
activated along with, and even ahead of, the target metallic particles. giving the overall low
recovery and enrichment. Since the other particles are in higher proportion in the float, it shows

that certain mechanism favours flotation of such particles over the target metal particles.

Xanthate conditioning is well studied and understood at least for metals that occur in native
forms (Lins and Adamian, 1993; Woods, 1996, Forrest ef al.. 2001). Formation of metal
sunthates, chemisorption, and/or dixanthogen adsorption on such metallic particles and
activation, as a result, were therefore expected (see Section 3.3). But for the plastics and glass
fibres, study of adsorption of xanthates on these surfaces is very scarce. Mevertheless, given the
low reactivity of plastics, or the negative surface charges of quartz at this pH, xanthate activation

would not be expected for these materials.

A probable explanation for the competing activation of other particles could be modification of
the frothing behavior of the pulp by the xanthate, which assists in stubilizing the froth of the
natural hydrophobic particles when fine particle stabilization has subsided at the prevailing
kinetics. Residual natural hydrophobic particles in the pulp would still float if the Kinetics
changed favourably. For instance, increased bubble surface areas available at higher impeller
speeds andfor aeration rate would maintain particle bubble collision efficiency for effective

transport to the froth phase. At the prevailing kinetics, the surfactant addition could amouont to an
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alteration of the physical chemistry of the pulp and compensate for the slower kinefics,
Xanthates, though dedicated collectors (see Table 3.1), are heteropolar and in essence will have
air-water interface activity, no matter how little relative 10 dedicated frothers. This could be
particularly true of PAX, with the long chain amyl hydrocarbon: the higher the hydrocarbon
length, the more the surfactant effect. Any such little surfactant activity could be effective here,
given that the competing particles are naturally hydrophobic in the first place, needing only the
stihilisation of bubble-particle agglomerates.

Another possible explanation for the response is traceable to the noticeably high proportion of
calcium in the PCB CF sample, and in the NHR float fractions. Lime addition for pH increase is
known 1o have a depressant effect in normal mineral flotation. resulting from Ca™ adsorption or
calcium precipitation prodocts (see Section 3.3.1). Ca80, or CaCO, can precipitate on particle
surfaces (Wills, 1997). In pyrite flotation, when lime is used for pH regulation instead of KOH or
K2CO4, electrostatic adsorption of calcium ion {on negatively charged pyrite at pH > 7) is known
for pyrite depression (Fuerstenau, [1982). If the metallic particles in the PCB CF pulp are
oxidised, as increased recovery due to sulfidation tends to show, the oxide could have negative
surface charges at the natural pulp pH on which Ca™* could physisorb, preventing collector

inleraction,

This explanation appears plausible, given that gold surface in aqueous solutions shows negative
surface potentials down to an isoelectric point at pH 2 (Thompson and Collins, 1992), Judging
from dependence of electrophoretic mobility of the gold particles on pH, coupled with other
reactive inferences, the charge development was attributed to surfuce oxidation and not simple
{chemically less stable) adsorption of OH /H+ species. Other less noble metals would therefore
be expected to oxidize (even if only vp to & few monolayers) and camy negative surface
potentials by the same surface oxide charging mechanism at the prevailing natural alkaline pH of
the PCB CF pulp.

The idea of using a starvation dosage of BI127A, just sufficient for depression of residual NHR,
stemmed from this observation, with a target to subdoe any competing natural hydrophobic
response 1o ensure that only conditioned metallic surfaces were pulled to the froth. After the 30
minutes pull before conditioning with xanthates, 10 ppm BI2TA was found to suffice to subduoe
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residual natural hydrophobic loading of bubbles (see Section 4.6.4). At this dosage, stable froth
wis nol forming. The dosage barely sufficed to achieve the depression without cansing too much
reduction in the pulp surface tension, which would lead to stable frothing, and hindering of
bubble-particle attachment in the pulp. MIBC was added as frother 1o assist in siabilising any
pull after conditioning. having observed that MIBC does not depress the natural hydrophobic
response and does not promote two phase frothing significantly, Trals without MIBC in this
depressant plus collector scheme did not actually form stable froth, No froth loading was also
shown at 30 ppm dosage of B12TA.

After conditioning, the froth loading was light and the froth bailt up slowly over time. The froth
atill did not appear metal selective, and glass fibres could still be seen in the fraction after drying.
The resulting mass pull (see Figure 7.3), showed a drop compared to the PAX2 condition, with
the same 400 g/ton PAX dosage. This was expected as the projection was to have a smaller,
cleaner froth. The recovery and enrichment data, provided in Table 7.4, however, indicate the
response did not show targeted selectivity, The recovery dropped below that obtained under
PAX2 for all the elements. So also 1s the enrichment for some of the elements. Other particles.
apart from the wrgeted metathic values, stll reported (o the small mass pull. Tt generally appedrs,
as earlier explained, that the natural hydrophobic panticles and some other particles that entrain
more regdilv will always compete to report to any froth phase that will be formed in this pulp.
Perhaps sulfidising the depressed pulp could achieve some improvement in the response of the
metallic values; but judging from the data range from these treatments, the response will stall be

a far cry from a remarkable improvement.

74 SMET CONDITIONING

After seration, faintly loaded watery froth was collected, The total mass pull was 9 %_ This 15 a
total average of 6.3 g mass pulled owt of a residoal NHRE sink of 69,7 g before conditioning. The
mass pull was accompanied with 85 g of water (2.4% water recovery) in this interval, i.e. more

than 12 g of water per gram mass pull.

Table 7.5 shows the recovery and enrichment ratio for the select elements from the analysis of
the Moal fraction resulting from this conditioning scheme. The result shows overall poor recovery

and enrichment, Even the pnmary target elements here (Cu and Pb) were poordy recovered.
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SMBT is a recognized sclective collector of tarmished or oxidized lead and copper minerals
{Wills, 1997). The response observed here may be explained by reactivity difference between a
natural mineral and end use alloy particles. The natural pulp pH or potential might not favor the
interaction with the alloyed surface. The calciom depression mentioned above also remains a
possibility here. Since sulfidation appeared 0 show improvement, which tends to indicate
oxidation [/ tarnishing of the metallic values, SMBT conditioning would be expected to give
improved recovery. That this was not observed shows a major depressant presence may have
limited the response. The high dosages of PAX and NaHS used are an indication that a constraint
needed to be overcome for the projected response to be observed.

Tahle 7.5: Recovery and Enrichment Ratio of select elements after SMBT conditioning.

Elements |  Fiecovery (%) | Enrichment Ratlo |

Ag | 8.2 | 1.04
Al | 7.2 | 1.0
Au | 1.7 | 0.24
Ca | 7.8 | 103
Cr ; 6.0 : 0.82
cw | a2 | o5
Fe | 44 | o
Mg | 7.2 | .01
N |27 | om
Pb 3.4 | 0.48
Pt | 29 | 0.42
Pd | 2.8 | 0.40
Sn [ a8 [ 0.51
L 1.7 . 0.23
v | 58 0.84
n [ 3.0 [ 0.42
7.5 TBAC CONIITIONING

The first observation to be noted here is about regulating the pulp pH. Three pH levels were to be
used (see Section 4.6.5). The basic pH of 10 was easy o acheve and it remained stable; but

reducing to pH 4 was difficult. The pulp showed a strong buffering against lowering the pH. On
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addition of acid, while maintaining agitation, the pulp pH dropped and rose again, unlike the
steady natural pH the pulp showed over time (see Figure 6.1). Buffering over more than one pH
umit easily occorred within a minute or twao, pushing the pH back to higher values. Since the pH
was easy (o increase to 10, the polp was not acting strictly as a buffer system. containing an acid-
base conjugate pair (Kotz and Treichel, 1999), Rather, it represents a system with a high weak
base reserve, so that a shift in the pH downwards drives the activity of the base. Acid solution
had to be added well in excess of the normal dilotion ratio to drag the pH down to 4. During
aeration, it still rose close o 5, Continuous compensation for the pH was not done, as no mass

pull was being observed at this acidic pH range.

Figure 7.4 shows the mass pull at the various pH levels. At the natural pH, a mass pull of about
[6 % was observed, which was a bit lower when compared 1o that under PAX 1, despite the fact
that MIBC was used to assist frothing here. XNHR gave an increase of about 5 % in comulative
mass pull in this time interval (see Table 6.3), which 15 equivalent (o about 12% of the residual
NHR sink. At the more basic pH 10, increase in this pull was observed. Tetra buty] ammonium
ions were expected to physisorb on negatively charged particles, and the higher the negative
surface potential. the higher the adsorption expected.

pH 4 pH Matural pH 10

Figure 7.4: Cuomulative mass pull under TBAC conditioning with varying pH
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Particles with negative surface potentials were expected 1o be in higher proportion in this pulp
and the overall mass pull fevel was expected to be higher, Surface hydration, hydroxylation
and/or oxidation with development of general negative charges by the particles were expected at
the higher pH level. Silica (glass fibre) particles were in high proportion and these would be at
negative surface potential over this pH range (Fuerstenan and Fuerstenau, 1982). Many other
oxides were also expected to be present. Metallic particles would be expected to show some
surface hydroxylation/oxidation and acquire negative surface potentials at higher pH valucs,

Based on these projections, the chance of this scheme achieving good selectivity was considered
1o be better towards acidic pH. The projection at the acidic or natural pulp pH was that a very
high mass pull of the silica particles for instance would be obtained, leaving a richer, more
metallic sink. At the basic pH. a higher but less selective pull was expected. 1t tumed out that the
basic pH showed little pull. which increased from the natural pulp pH 8 to the pH 10 condition.
while low (acidic) pH 4 achieved no pull.

Considering this low response to TRAC, the presence of calcium in the sample is still probahle,
coupled with the fact that calcium has been showing high recovery to the NHR float. Calcinm
1on activation of quartz surfuce for soap (aniomc) collector 15 an effective scheme in heamatite-
quartz flotation; heamatite in the scheme being depressed by chemisorbtion of starch { Fuerstenau
and Fuerstenau, 19382). The silica particles in the PCB comminuotion fine pulp could, therefore,
have been conditioned by caleium ions, giving them a positive surface potential, which hindered
adsorption of the butyl ammoniom ions. This reasoning 1s the basis for the imvestigations o
calcium dissemination in the sample and its presence in the process water, detailed in Section

4.7.2. The results are discussed separately in Section 7.6.

Analysis of the float fractions from the natural pH and the pH 10 treatments gave recoveries and
enrichment ratios shown in Table 7.6. The data shows that the recovery of metallic value to the
froth afier the conditioning was penerally low; lower at neutral pH, with a liule increase at pH
10, which obviously derives from the higher mass pull. The enrichment ratios also show broadly
low levels. These indicate that the metallic valoes were selectively rejected to the sink. The slight
increase in recovery from the natural pH to pH 10 was accompanied by some increase in

enrichment (see Table 7.6). As explained, at the higher pH levels, development of negative
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surface charges by the particles was expected. A higher proportion of OH™, which is a potential
determuning ion for oxides, would promote this. It follows that the metallic valves developed

more negative surface charges and hence the increase in their relative response at the higher pH.

Tahle 7.6: Recovery and enrichment ratio of elements under the TBAC condition scheme

i —— Recovery (%) | Enrichment Ratio |
Natural pH pH10 | MaturalpH | pH 10 |
Ag | 280 | 233 | 169 | 096 |
Al | 248 | 268 | 1.50 | .11 |
Au 31 4.8 0.19 | 020 |
Ca | 278 | 329 | 168 | 1.36
Cr | 143 | 20.1 | 087 | 083
Cu | 75 | 10.1 045 | 042 |
Fe | 108 | 16.1 085 | 088
Mg | 243 | 279 | 147 | 115 |
Ni 5.8 10.5 0,35 | 0.43
Pb B.0 10.8 0.36 | 0.45
[ Pt 44 | 74 | 0.27 | 0.3
Fd 5.0 | 8.5 0.30 | 0.35
Sn | B.1 | 12.0 037 | 050
T | 4.4 | 52 027 | o022 |
v | 164 | 22.9 089 | 094
Zn | B4 | a2 038 | 038

Assessing the performance of the TBAC conditioning from the viewpoint of enriching the NHR
sink further with metallic values, the natural pH condition achieved about 16% mass pall. that is,
16% mass reduction of the NHR sink (see Figure 7.4), with about 3% compromise of gold
content in sink, Pd 5 %, Pt 4 % and Cu 4 %. The pH 10 condition showed a higher loss 1o the
float at 21% reduction of the sink mass. The natural or lower pH therefore appear better for
selective rejection of the metallic values to the sink, except that higher mass pull would still be
desired, given the relative proportion of particles desired (o be adsorbed and floated by TBAC.
Yet, higher pH will promote loss of metallic values to the float,

Summing up, particles expected to have a negative surface charge (at the natural pulp pH for
instance) were probably neutral, or depressed by Ca® adsorption.  This impeded TBAC
adsorption and the poll was therefore not as high as expected. The lower pH possibly conditioned
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all pulp particles 1o positive surface charges or generated more Ca™ and this further depressed
particles with negative surface charges. The calcium proportion in this sample was much highes
than that of all the target elements (Table 6.1) to the extent that any effect due to calcium in the
response 1o treatments can be overwhelming, The increase in pull at the more basic pH 10 shows
the system responded to the basic projection of the TBAC conditioning scheme (higher negative
surface potential with increasing pH), albeit very low. As observed, activity of Ca™* remains a
major suspect for the response being observed in this system. Being in such a high proportion,
the conditioning could not subdue its effect. The overall performance indicates the pecoliarities

of a complex flotation system that this sample represents,

7.6 CALCIUM DESEMINATION IN THE PCE COMMINUTION FINES AND
PRESENCE IN PROCESS WATER

As pointed out earlier, calcium ions appear culpable of the observed response of PCB CF w
chemical conditioning. Hence, dissemination of calcium in the samples and its presence in the
process water were investigated, as laid out in Section 4.7, Figure 7.5 shows a backscattered
electron micrograph of dispersed unpolished particles of the sample, showing varions particles
contrasted based on the stomic number gruyscales, The long cylindrical shapes of the glass fibres
also serve as distinct contrast, The SEM-EDS spectra of some of the phases, as marked in Figure
1.5, are shown in Figure 7.6. The spectra confirmed calcium presence inside the glass fibres
particles (PR). In addition. Ca was found in other particles, such as the titantum bearing particle
P, With calciom being constituent of the glass fibres and the high relative abundance of glass
fibres in the sample, the high proportion of calcium in the sample chemical composition (see
Table 5.4 and 6. 1) can b understood,

For the process water analysis, only 25 of the 68 elements scanned were found in the process
water {see Table Ad.1 in Appendix IV). Of these, only the six indicated were in Table 7.7 were
above 1 ppm concentration level. Although distilled water was always vsed for the experiments,
a sample of the laboratory mains water supply was also analysed. as can be seen in the table. The
result shows the presence of calcium in the process water, Other metals, such as sodiom and
potassium, also found in the water form soluble salts and would therefore not depress the way

calciom would do. Given the high content of calciom in the sample, its equilibrium concentration
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in selution will be easily maintained. Any reaction using up calcium from the solution would
therefore be sustmined remarkably. IT calcium ion in the agueous phase 5 forming an insoluble

compound and causing depression in this system, such activity will be sustained by the large

Figure 7.5: Backscattered electron SEM micrograph of dispersed particles of PCB CF
Pl - P8 correspond o particles whose EDS speciva are shown in Figure 7.6

Tahle 7.7: 1CP-MS scan results for elements above 1 ppm concentration in PCB CF pulp
filtrate

| Background | Lab Water (ppm) | PCB CF Filtrate (ppm)

Ca | <001 | 1.47 Z 7.07
K | <001 | 0.78 6.84
Mg | <001 | 0.38 3.09
Na | <001 | 3.24 14,04
Si | w01 | 0.39 : 2,76
Zn | <001 | 0.01 ' 1.28
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Figure 7.6: Sample EDS spectra of particles in the PCB CF.

(The label an each spectra corresponds 1o that of the respective particles it identifies in Figure

.6, except for spectra P9 which ix for an aluminum bearing particle from another micrograph
which (s not xhown. )

calcium reserve in the sample. The depression will, therefore, be overwhelming. Since this

reaction would have taken place well before a collector is mtroduced, it would be difficult for the
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collector o displace the surface compound already formed. This most possibly explams the poor
response to collector ohserved in this system.

7.7 SEM AND AES INVESTIGATION OF PARTICLE SURFACES

Another possibility mentioned for the observed level of response to chemical conditioning by
PCB CF in the froth flotation investigations is the surface condition of the metallic panticles
themselves, Surface investigations were therefore camed oot as detailed in Section 4.7.3.
Observation of the copper traces in the FE SEM gave the micrograph shown in Figure 7.7. The
‘log’ in the figure is & micrograph of a bare copper trace particle about 25 pm in diameter. The
micrograph gave an indication of a surface that is not purely metallic, indicated by the bright
electron charging effect in the micrograph. This effect was observed at a voltage of 1 kY. Total
blur was observed on some fibres at higher voltages, A normal metallic surface would be
conducting and would therefore not accumulate charges at the positive polarity of the sample
stage nside the microscope. This presupposes the presence of a non conducting layer. This can

be an organic coating residoe or an oxide layer,

Also looking at the micrograph. the narmow pully found across the length may indicate a sofi-left
over of the PCB resins on the trace copper particle. This would also hinder collector interaction.
It was mentioned that such lefi-over resin, depending on the extent of surface covernge, could be
responsible for such a particle reporting to float under the NHR scheme (see Section 6.2).
However, the anger electron spectroscopy investigation was more informative regarding the

actual make-up of this surface and other sample surfaces of the particles in the sample.

Figure 7.8 shows a secondary elecitron image (at 1 kV landing voltage of primary beam) of the
particles on carbon tape, as presented for the Auger spectroscopy investigation (see the details in
Section 4.7.3). Figures 7.9 o 7.12 shows the depth composition proliles on the surfaces of
particle P1. P2 and F2, as well as stacks of kinetic energy spectrum at various depths from the
surface on F5. More detailed data from the Auger electron spectroscopic investigation of the
surfaces of various particles, as laid out in Section 4.7.3, are presented in Appendix 4.
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Figure 7.8: Secondary electron image of assorted metallic particles on earbon tape as
presented for the anger electron spectroscopic investigation.
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Figure 7.9: Depth concentration profile from AES surveys on the surface of particle P1 at
various sputtering times indicative of depths from the surface.

In Figure 7.9, for P1. a high proportion of carbon (76.5 %) and oxygen (about 11.5 %) can be
seen on the surface. After five minutes of sputtering, to a depth of about 42 nm (s about
5 A /minute sputtering), the profile shows that the carbon proportion has reduced remarkably to
around |8 %. This continued with a little drop down to about 340 nm (40 minutes of sputtering ).
Oxygen did not show much drop over this depth. A little representation of tin (about 39:)
continued across the profile. while copper fraction increased from below 10% on the surface to
ahove 70 % over this depth,

Interpreting this profile, the bulk particle is copper and the surface tin could be from solder
vapor. The high carbon on the surface can be attributed to a hoge contribution from the
atmosphere, while the smaller fraction down the depth would represent & more tangible layer of
organic material on the sorface, which could even be up to a micron thick, when comparing
depth impressions on Figure 7.7 for instance. The oxvgen profile, at the surface, could be taken
as a contribution from atmospheric adsorption and oxidation of the fraction of the metal on the

surface, Into the surface, the metal concentration increases and so would be the fraction of
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oxygen from metal oxidation. The slight increase in oxygen concentration when metallic fraction
shot up at the fifth minute survey somehow shows this. Away from the surface, the oxidation

shows @ slight decrease, but the layer down to the end of the profile generally remains oxidized.

From this profile on P1. some explanation can already be presented for flotation responses
obtained from copper in this sample. Since the surfaces can be coated by a fairly thick layer of
organic matter, which can be hydrophobic, the more coated a particle is, the more the chances
are that it can float under NHR, and the less the chances are that it will respond to chemical
conditioning — with a range of middlng behaviours in between, This can explain why copper
recovery in the NHR reverse flotation concentrate is relatively low, The surface oxidation down
o a depth above 300 nm would explain the poor response to the xanthate collector, which wis
slightly improved by sulfidation. That the response on sulfidation was not drastic may then be

traced back to the process water ions, such as calcium, as previously discussed,

The profile of P2 is shown in Figure 7.10. This is similar to that of P1, except for some trace
elements such as solfur and chlonne found on the surface. As P2 was soaked in process walter,
these elements indicate that some process waler ions interacted with the surface. It shows, as
mentioned, that species from the sample in the pulp really interacted with the surfaces, and will
bias the behavior of the surfaces, The fact that trace elements can be detected down 1o the depths

profiled shows a possible ingress through porous surface matter such as organics.

The profile for P3 is shown in Figure 7.11. Particle P3 was soaked in distilled water and the
profile does not show such elements from process water ions as found on P2. This profile can be
compared to that of P1.The relatively higher tin may not be taken as P3 is a Cu-5n alloy because
Sn commenced continuous decay after five minutes of sputtering. Rather, the profile shows
possibly how close this particle surface was to a soldered junction or via. In any case, the profile
does show how the flotation response of a supposedly copper particle can be expected to vary
due to deposition of another metal on the surface in the production process.
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Figure 7.10: Depth concentration profile from AES surveys on the surface of particle P2 at
various sputtering times indicative of depths from the surface.
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Figure 7.11: Depth concentration profile from AES surveys on the surface of particle P3 at
various sputtering times indicative of depths from the surface.
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Profiles on the surfaces of the fibre particles Fl, F2, F3 and P4, are effectively alike (see
Appendix 4) and the one for F3 is shown in Figure 7.12. The surfaces show carbon above 904,
oxygen and nitrogen, down through the depth profiled. The particles are from the actual copper
trace wiring of the board which was right inside board resins. The presence of that much layer of
organic on the surface is therefore undersiandable. Such a full organe surface costing would
miake such particles essentially hydrophobic. This explains the presence of such particles in the
NHE float. The relative weight of the fibres, often being quite elongated, can also sever the
attachment in the course of upward transport, such that such particles are also found in the NHR
sink. The response of these trace particles could be expected to depend totally on these
mechanisms - adsorption and detachment and 1o be totally isolated from reagent conditioming, as

the surface compositions did not show any metallic fruction.

Figure 7.13 shows the profile of the whitish fibre particle F5. The profile shows this particle to
be essentially a nickel-copper alloy with surface oxidation, as oxygen dropped from about 17%
on the surface to around 6% at the final depth profiled. The high presence of calcium and silicon
suggest the possible presence of glass fibre partially fused on this particle at this spot during
comminution. Trace tin present is possibly from soldering, Some trace sulphur and nitrogen can
also be seen, presenting the reality of a typical surface in an end use alloy. This type of particle
will most likely report to the sink in NHR flotation, while its response to chemical conditioning
can be difficult to predict.

This surface analysis has shed some light on the reality of the surfaces of metallic particles in the
PCBE CF. In pulp. the atmospheric carbon can be considered washed off. the remaiming surfaces
ranging from totally organic to totally oxide, with a series of middling coverage possible in
between. The observed response chemical conditioning in most of the particles could be as being
explained mostly doe to relative inertness doe to the surface being covered by an organic laver.
Fractional oxide representation of the surface still makes some activation possible, as with
sulfidation to xanthate, but this i8 not remarkable due to the high fraction of the surface that is
inert. lonic species in pulp can also be found to interact with the surface, leaving ions that can
interfere with reagent activity.
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Figure 7.12: Depth concentration profile from AES surveys on the surface of particle F2 ai
various sputtering times, indicative of depths from the surface.
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Figure 7.13: Depth concentration profile from AES surveys on the surface of particle F5 at
various sputtering times indicative of depths from the surface.
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7.8 CONCLUSION

Logical chemical conditioning schemes based on theoretical projections were investigated
towards application of froth flotation for PCB comminution fines beneficiation. The results
obtained will serve the purpose of providing imsight into the response of PCB CF in flotation.
Anionic and cationic collector schemes were used, as well as activation. Conditioning with PAX
for a bulk collection of metallic particles, in line with native metal collection of xanthates, did
not show a strong response. Dosages of up to about 400 gton were used 10 observe some

recovery and enrichment in the float, with little further increase on sulfidation.

SMBT is a very selective collector for tarmished copper and lead minerals. It did not show such
behavior with the PCB pulp particles. Performance of TBAC in this pulp wward further selective
pull of non-metallic values after NHR pull has subsided appears promising. In consideration for
depressant application, it is clear that CMC 15 not an effective dépressant in this system. while
gammia depression is more effective. Betamin 127A as a reagent for gamma depression can

easily depress evervthing, except at dosages below 10 ppm,

Generally, the overall response oblained from the chemical condition is poor and a number of
reasons can be advanced. A higher reagent (xanthate) dosage, for instance, shows the projected
response exists, but the alloy surfaces may be relatively inert. Reactivity of minerals compared to
end use alloy surfaces could be expected to differ. Engineering alloys have gone through definite
tinishing alloying treatment processes to make them stable materials that end-use applications
demand. This would make the surface inert except 1o harsh environment which a flotation system
may not represent. Oxidation of the metallic surface 15 another factor that could be responsible
for the observed response. Oxides are generally expected on the surface of metallic panticles, and

the little improved response observed on sulfidation supports this.

Another strong reason that coold be presented is the high calcium content of the sample. Al
ahout 7% content, far above all other target elements in this sample, any effect due to calciom in
the response to the treatments would be overwhelming. Depression due to calcium is known in
lime application for alkalinity regulation. It would be difficult 10 condition the system 1o respond
in a nunner opposite to the effect of this bulk constituent.
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Follow up investigations on these probable causatives were informative. An ICP-MS trace
element scan of the process water showed a caleium concentration in the process water of up w7
ppm. This is equilibrium level in pulp. If any activity depletes it, it can be restored from the
T wi. % reserve in the sample. SEM investigation of the particles showed calcium present in the
glass fibres, which constitutes the bulk of the sample. Hence, if calcium is depressing anything,
there would be sufficient supply to do this effectively.

Surface investigations, starting from FE-SEM showed surface of metallic panticies o be charging
under an electron beam, indicative of a non-conducting surface coating. This could be an inen
organic layer, the presence of which would hinder reagent activity, Auger depth composition
profiles on many particles of PCB comminution products further confirm this. The surface layers
range from fully organic to metal oxides. None of the surface is pure alloy. Process waler also
leaves species that could interfere with reagent activity on the surfaces. This provides evidence

for explaining the observed responses.

In summary, the prospect of chemical conditioning in PCB CF flotation has been investigated
across logical froth flotation schemes. However, the flotation system that PCB CF presents is an
interesting challenge to the versatility of froth flotation. The results gave indications of what may
or may not work in this prospect. This provides a good basis for funther investigation. Such
mvestigation may first be for pure characteristics or phenomenological quest and not necessarily
for functional scheme. A whole investigation can focus one specific reagent, thereby generating
broader understanding of how the system behaves and its peculiarities. Upon such further

understanding, more functional schemes may then be sought,
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8.0 CONCLUSIONS

Recovery of material resource from end-of-life electronics, and the PCB in particularly,
continues to be a major challenge for material sustainability of technological development in the
face of dwindling natural reserves, This investigation was aimed at exploiting the versatility of
froth flotation for beneficiation of the PCB comminution fines, The investigation approach was
extensive, involving characterisation of the sample. investigation of varions flotation schemes

and many follow-up investigations.

Characterisation work shows the PCB comminution fines has loose bulk density lighter than
water and a troe material density of about 3 gfr:m". This, coupled with surface hydrophobicity
observed in the sample, necessitates that pulping must be done umider water — a procedure that
entails breaking a paste of the sample under water. Wet assaying of the sample was found to be
highly dependent on the digestion condition. Absoclute assays of a constituent element as for
hazardous constituent analysis will require comparison of data from more than one digestion
condition. Comparative assaying of samples from beneficiation treatments can however use aqua
regia digestion. It gives a less hazardous procedure compared to hydrogen Meoride plus
microwave and nitne acid trestment. It also provides analysis liquor from which all constituent
elements can be analysed, compared to that from total digestion via sodium peroxide fusion, It
implies that. for this sample. total digestion will not always give better results compared to
partinl digestion, It was also found that certain analytical techniques, such as thermogravimetric
analysis, may not be recommended in PCB characterisation. It gave no distinet inflexion point to

characterise any constituent. This is due to the diverse material constituents of the sample.

Particle liberation in the sample was found to be very high, but still not complete. An instance of
the unliberated fraction at =75 pm gave sbout 3000 particles per million. The morphology of the
metallic particles was highly diverse, with an average circularity shape factor of 0.63. This,
coupled with the material diversity, posed a major constraint in sub-sieve particle size
distribution analysis. The liberated particles themselves contain more than one chemical element,

being alloys. Beneficiation operation therefore cannot attempt to separate soch particles into
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constituent elements; realistic schemes can aim only @t achieving some bulk collection of

metallic values into a concentrate.

Reverse flotation of metallic values based on natural hydrophobic response (NHR) was proposed
and found to be successful in application to this sample. Microflotation indicated the favourable
kinetic regime in implementing PCB comminution fines flotation would be low compared o
conventional mincrals, A stody of the favorable kinetics under the scheme described as natural
hydrophobic response gave about 500 rpm and 500 ml/min aeration rate, at 300 g sample in a
A5 1 Leeds cell. Without the use of a collector, natural hydrophobic response was observed. This
also gave stable froth without the aid of a frother. The NHR froth was critically discussed purely
as a fine particle stabilised froth and not surfactant stabilised. Au and Pd, which are the major
economic drivers of PCB processing. were among the elements best enriched into the sink at an
adjudged optimal 64% recovery for Au, at an enrichment ratio above three. Ti achieved an even
better performance. Recovery loss of metal to the float was observed 1o increase with mass pall
and not water recovery when resulis of flotation over varying PSDs were compared. Such loss
will, therefore, be due more (o carry-over under bulk upward mass transfer and entrapment in the
troth. The flotation over narrower (coarser) PSD (+106 — 75 pm) also suppors the fine particle
stabilisation mechanism advanced for the NHR froth, as the dynamic froth stability height was
very low compared to that of the finer fraction. It also indicated that the NHR scheme can be

successtully applied at the coarser fraction.

The chemical conditioning of the PCB CF flotation system is quite challenging. Responses (o the
reagents were minimal, Potassium amyl xanthate did not condition the metallic particles for
flotation remarkably as it does with native metals. Sulfidation showed a little improvement in
response 0 PAX. SMBT - a selective collector for tarnished copper and lead mincrals — did not
show such selectivity in the PCB comminution fines pulp. Some cationic pull with TBAC toward
further selective pull of non-metallic values after NHR pull had subsided was observed (although
also very little). Macromolecular depression with CMC achieved virtually no depression of the
natural hydrophobic response within practical dosages. Depression by lowering surface tension
with Betamin 12TA was effective, but sill not very helpful for selective pull after chemical

conditioning. Frothing and entrainment sets in within dosages required to suppress the NHR.
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Surface oxidation of the metallic particles and generally low reactivity of end use alloy compared
to natural mineral surfaces are probable causes for this poor response (o reagent, The complex
flotation system the pulp itself represents cannot be ruled out, pointing to calcium depression as
another possible explanation for the overall depression observed in the system. The sample itself
contains about 7 % calciom by mass. ICP-MS trace clement analysis of the process water
confirmed a calcium presence up to 7 ppm equilibriom concentration in the pulp water. Surface
investigations, with field emission scanning electron microscope and auger eléctron spectroscopy
composition depth-profiling, revealed the presence of organic layers on the surface of the
metallic particles. The surfaces were also found to be oxidised down to about 340 nm depth

profiled. None of the surface is pure alloy, occurring in forms that are relatively inert (o reagents,

Summing up from all the analyses and results from these investigations, the complexity observed
in the chemical conditioning of PCB CF, coupled with the difficulty of suppressing naturally
floating particles, it ¢an be submitted that the natural hyvdrophobic response remains the ideal
scheme that can be recommended for PCB CF flotation, Recovery compromise is 4 major
challenge to the NHR scheme when pulling too high, In a continuous: system, provision for
scavenging and cleaning will improve this. The very low impeller energy and acration rate found
o be favourable for PCB CF fotation will make the cleaning and scavenging inexpensive.
Lastly, it must be noted that the NHR scheme operates at zero reagent cost (no collector, no
frother). Optimisation of the performance of the scheme responds remarkably well 10 kinetie
parameter varation. These are major scorecards which will keep campaigning for the natural
hydrophobic response scheme in consideration of froth flotation for beneficiation of this peculiar

material fraction.
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APPENDIX | Experimentation Documentary - Equipment and Procedure

Al.l Sample Generation Documentary

A documentary of the sample generation operations that follows presents the sample PCBs
used, a pictorial flow of the comminution stages, PCB fines health hazard and PPE, and a

capture of PCB -75 pm fines sample (as generated),

Representative PCBs

Figure A1.1: Representative PCB samples.
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I Comminution Stages

Pictorial summary of the comminution stages is shown in Figure A1.2

Figure A1.2: Pictorial flow of the comminution stages:

Hazardous components first removed from the boards; boards guillotined into fragments;
closed hammer mill fine crushing; liberated metallic pieces separated from beaten bare boards;
final closed hammer mill grinding of bare boards in stages and the final -75 pm fraction

screened from the last -2 mm grinding.
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lL. PCE Fines Health Hazards and PPE

Health hazards associated with PCB comminution derive mostly from glass fiber particles.
Inhaling or ingestion of various types of particles from PCB constituents is a general
occupational hazard for comminution operation, Particles containing hazardous constituents
and elements (such as mercury, polyvinyl chloride, cadmium, cobalt, lead, arsenic, selenium,
brominated flame retardants, antimony trioxide flame retardant, etc.) can be air-borne and be
ingested or Inhaled. Possible effects of these constituents in the human biosystern include:
severe skin jrritation, respiratory problems, insomnia, memory loss, high blood pressure,
cognitive functional loss, psychomotor skill and spatial skill loss, disruption of the endocrine
system, increase risk of cancer im the digestive and the lymph system and neurological
disorders. The recommended PPE for exposure to glass fiber fines (CSAQ, 2005) which cover
respiratory and skin protection, were used during the comminution work (as shown in Figure

Al3).

Figure Al.3: Picture showing full PPE gear employed during hammer mill comminution of PCB.
The gear includes: N95 respirator, eye shield, laboratory coat and trousers, disposable hooded

outer overall, safety shoe and ankle length PVC gloves with fabric inner lining.
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Al.2 Equipment for Flotation Investigation

Figure Al.4; Cell used for the microflotation experiments

Figure A1.5: University of Cape Town Leeds flotation cell
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Figure Al.6: Betachem Modified Bikerman froth stability test rig

Figure Al1.7: Goniometer stand

Al.2 Procedures
Al.3.1 Derivation of conversion factors for leach solution assay to actual sample assay
To ensure representative sampling, varying masses of sample were taken for digestion from

different fractions; higher mass of sample from fractions with higher total mass. For every 50 g
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mass of flotation fraction, a 2 g sample was taken for digestion. In small fractions, much |esser

than 10 g, 1 g was taken.

Final leach solutions were always made up to 250 em’.
Given leach solution assay = y ppm =y mg/l:
i y mg of the element is contained in one liter of such lzach solution.
250 em” contains y/4 mg, which is the total amount digested from the X g of sample.
Actual assay, % = (y/4000x)*100
- For x = 1 g, actual assay, % = y/40.
That is, y divided by a factor of 40 gives the assay in percentage.
For X =1, 2, 4, and 6, the factors follow as 40, 80, 160 and 240 respectively. For E12A, for
instance, all the float fractions were between 10 - 50 g, hence 2 g samples were taken for
digestion. The sink masses were between 100 and 150, and & g sample was taken. The
conversion factor for the leach solutions for all the float fractions from E12A will therefore be
B0, while for the sinks It will be 240, as in Table A3.2.

Al1.3.2 Water Recovery Data and Collection Procedure

Water recovery in batch flotation can be determined as a fraction of the total water in the cell
that is recovered into a float fraction {Zheng et al., 2006). Data for this can be obtained by
determining the amount water of added to the cell to replace the water recovered into the
float fraction. A procedure considered more direct to determine water recovered into a fraction
wias used in the Investigation by obtaining the mass difference between the wet float fraction
and the sample recovered after drying. To do this, the following data were collected for each

flaat fraction:

RW1 = Initial mass of bottle with rinse water

RW2 = Mass of bottle with rinse water after rinsing all the float fraction from the tip of the cell
into the collection pan and fram there into drying pan

RW = Mass of rinse water used = RW1 - RW2




A = Mass of all of wet float fraction, rinse water and drying pan
PS5 = Mass of pan and flotation fraction sample after drying

Hence:

Water Pull into a fraction (W, g) = A—F5—-RW

With cell total water content regularly topped to approximately 3500 ml level for each fraction,
then:

Water Recovery (W, %) = Wp/35

This procedure is considered more accurate, as the actual amount of water recovered with the
sample Is used, compared to the assumption that the top-up water is the amount of water
recovered into the sample, Topping-up exactly to a marked level under a heavily frothing pulp
in a dynamic batch flotation may not be precisely done always. For example, it is easy to top-up
to return the water level to 3490 ml total volume instead of 3500 ml, and the level will still be
almost the same, given the relatively wide cross-sectional area of the cell, Assuming the actual
drop was down to 3450 ml level, then recovered water will be determined as 40 ml instead of
50 ml, based on top-up water volume. Water recovery, in %, will then be computed as 40/35
instead of 50/35. Whereas, if the actual value of 50 ml is used, but the initial water volume is
taken as 3500 mi instead of a possible 3490 ml (due to top-up error), the water recovery, in %,
will be calculated as 50/35 instead of 50/34.9. The error in this latter approach is obviously

guite minimal compared to the former,



APPEMNDIX 2: Results and Analysis —1

A2.1 Characterization

Table A2.1 Density values determination data

Loose Bulk Density (g/cm®)

Tapped Bulk Density (g/cm’)

_Ec:Frstant Loose
Vol {mi). ta fill (g}

Test 100 [ 5333
Test || 100 | 54,88
Testill | 100 [ 53.98

Density | 0.54 {8y = 1.4%)

Vol fem’) after Tapp;:l
tapping 200x Density
57 | 0.94
S | 0.95
[ 57 [ 0.95
094 (6:=0.7%)

b = relative standard deviation of the averaged data.

Table AZ.2: PCB CF particie size distribution data

5i1,=_"..'|.=,I Apertﬁre I.}iame'.ter., jJ.l'I‘I

s
53

38
0

[ 'EI.JI'I'-lL.ﬂ.a'IZi\I'E Ll.ndersiz.é. o

| True Density {g.l'cm:'] |
“Sample | Displaced Vol |
Mass (g} {em’)

| 20 7

| 20 7

[ 30 10

| 2.9 {8y = 2:3%)

Rel. 5t. Dev., % (10 data)
0.4

0.9

1.6

o
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Figure A2.1: Optical micrograph of the binarised image of Figure 5.3 for circularity shape factor
analysiz of the metallic particles.
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Table AZ 3: Imagel shape factor analysis data
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L LK 0.4 Teal 140 el ox 42f  BAT.EG oz 4552 100 124,29 0=
5] TaET o.Eg] 1533 100 144 53] o) 63f  104.87 o44] 71es| oo 153430 03|
6] 107751 0.35] 55.83] 100 1418 o7 T EEED oed| 095|100 12B:66) 0&7|
7] 1zE01E n.24] 9956f 100 BeTs| o7 65|  28.25 o058 1106] 100 1189 0|
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A2.2 MNHR Froth and Mass Pull: Figures and Data

Figure A2.2: Natural hydrophobic froth build up under E21A condition in the first minute of

aeration.
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Figure A2 4: E21C at 28 min of flotation showing clean white unloaded froth
A 58 seconds movie clip showing this froth bursting readily as they are not longer loaded is
Nere.

Figure A2.5: Optical micrograph of a PCE CF reverse flotation concentrate sample showing
printed wiring board copper traces.
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Table AZ.4: Mass pull with time for flotation under the NHR scheme at varying kinetic
conditions

IThe experimental designations in Table 4.1 were given extra notations 1 and 2 representing
duplicate investigations)

Mass Pull CMP CMP +

Experiment Tl LE-!,:Iml'n Tibmia T 38nin | S0t (g} | Sink (g) Sink (g]
E11A | 187 | 239 | 788 749 | 69.2 | 2655 | 9323 | 5978
E21A1 11.7 | 249 471 43.7 | 356 | 1630 | 1354 298.4
E21AZ 118 [ 263 | 453 409 | 323 | 1566 | 1407 2973
E21B1 24.1 67 90,3 35.2 | 68 | 223.4 | 76.4 2998
F2182 | 238 | 666 | 904 346 | 78 | 2232 | 74.7 297.9
E21C1 | 322 | 1053 | 90 14.6 | 16 | 2437 | 557 2994
ey | 3sn0 | sy | 827 17.8 | 19 | 2401 | 57.2 297.3
E2271 = 189 | 363 56,9 428 | 275 | 1824 116.9 299.3
E2282 | 171 | 338 55,7 40.8 268 | 1742 128.7 298.9
€281 | 444 | 13153 | 728 57 o[ 2383 | 60.4 298.7
 E2282 | 430 | w0212 | 778 9.5 | 0| 2324 | 65.6 298.0
E22C1 | 793 [ 1455 34.1 0 | o 2588 [ 407 2995
E22C2 752 | 16 | 328 0 o | 255.1 44.0 299.1

Table A2.5a: Cumulative Mass Pull data, % {from normalised mass pull, with CMP + Sink as 100%)

Expertment 1 min | 4 mins 10 mins 18 mins 30 'mins

 El1A 313 ' 7.13 2031 | 3284 44.41
E21A1 3.92 12.27 28.05 42,69 54.62
E21A2 397 ' 1282 28.05 4181 | 5267
E2181 8.04 ' 30.39 60.51 72.25 74.52
E21B2 7.99 30.35 60.69 72.31 74.92
E21C1 10.75 [ 4593 75.99 B0.86 £1.40
E21C2 11.44 44,64 7413 80,12 B0.76
E22A1 631 5 1244 37.45 | 51,75 60.94
E22A2 [%7] ' 17.03 35,66 49,31 58,28
E22B1 14.86 5347 7787 79,78 79.78
E2282 14.43 ' 48.69 74.80 77.99 | 77.99
E22C1 26.47 - 75.09 | 86.42 86.42 | 96.42
E22C2 25.31 - 7265 85.29 85.29 85.29
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Table A2.5b: Averaged cumulative Mass Pull data, % (as plotted in Figure 6.4)
= from normafized mass pull [CAMP + Sink = 100%]

' Experiment 0 miln 1 miin | 4 min 10 min
E114 0 313 7.13 2031
| E21A 0| 395 12,54 28.05 |
E21B o 8.01 30.36 60.59
[ E21C 0 1109 | 4528 7506
E228 o 602 | 1774 3656
E228 0 14.65 51.08 76.34
E22C o 25.89 73,85 85.86

:lsmln _
:'_!..1.3‘1 '
42,25

72.28
80.49

| a0 mll_'l

50.53 |

78.88
B5.86

Table A2.5c; Standard error of the means for each data peint in Table A2.5a.
= Data used for error bars in Figure 6.4,

| Experiment 'omin | 1min 4 min

E21A ' o 0.024 0.275
E21B 0| ooes| oo:
E21C + B 0.341 0,645
"E22M o o7 | oimw
E22B 0| 0217 | 2.387
E22C ol ose0 | 11m

10 min

SR

0.092

0926

0.895
1.536
0.563

| 18 min

5642 |
0.029
4370
1.220
0.896
0.563

=  Standard error of mean, g, related to standard deviation, &, and sample size, n, s

E="5l,|'1'll.E

30 min

Table A2.6: First order fitting data of the cumulative mass pull for the plot in Figure 6.5

[In Rim/(Am-f} at each time, 1)
' Experiment 0 min
| E11A
E21A

E21R
| E21C
E22A
E22B
Ed2C

oo o alalaia

1 min

0.07 |

4 min
0.17

10 min
0.61 |

el

0.52

082 |

0.35
1.04

1.97 |

0.74
167
2.60
0.95
3.43

18 min
1.34

155
3.42

i o

1.88

44.41
53,65
74.72
8108 |
59.61
TE.88
H5.B6

L ik
0204
0.318
1.331
0.896
0.563 |
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* For E228, E22C regimes the responses are fully defined with fewer points. The first order
expression becomes undefined before 30 minutes elapsed, as R continues to be equal to Rm
after mass pull has stabilized.
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A2.3. NHR Digestion Residue Analysis

F1, F2, F3, M and F5 pertain to float fractions collected at 1, 4, 10, 18 and 30 minutes
respectively.

Table AZ.7: Fraction of float fractions digested in hot agua regia, % {Induca'r.lue of metallic assay)

Experiment | F1 Fi‘. | F3 | F4 F5 SINK

E11A 480 | 98| 1403| 1344 1140 2565
E21A | 1607 | 1156 900 |  970| 1006 | 2250
E218 _I_ 1574 | 12.45 | 11.36 | 13, 83 | 11.37 3B.26 |
E21C 1786 | 1480 1555 | 1706 | 1734 4220
 E22A | 16.61 13.24 | 1274 | 12, 45 1245 | 3057 |
£228 | 1627 | 1417 | 1429 | 1348 | 000 | 37.99 |
E22C [ 16.32 12.18 | 15,35 0.00 | .00 43.11

From fraction digested multiplied by mass of each flotation fraction, distribution of total
metallic contents expressed as percentage was computed for each fraction, This is indicative of
recoveries to each fraction.

Table A2 8: Distribution of total metallic content, %

Experiment | F1 | F2 F3 | F4 'F5 | SINK

CE11A T o7 200 | 9.41 | 857 671 | 72.54
CE21A 3.95 6.22 B74 | 862 7.19 | 65.28
CE21B ' 5.73 | 1368 1836 802 149 51.73
£21C | es2 2446 | 2238 447 | D49 | 18,58
E224 4.95 769 | 1189 | 854 | 560 6122
E22B 1221 2644 1849 175 | 000 411

[ E22C I 7346 | 3242 | 10.26 000 | 000 | 3336
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Table A2.9: Digestion residue analysis data indicative of sink assay and recovery, with sink's
miass percentage of feed, as plotted in Figure 6.6,

Assay, W Recovery, | Cone Mass %

E11A | 2565 | 7258 | 5538

E21A | 2250 65.28 | 46.02

£21R | 38.26 | 51.73 | 25.18

E21C | 42.20 | 38,58 | 18.82

E22A | 30,57 | 5122 ~ la027 ol
E22B | 37.99 4111 | 21.00

E22C 4311 33.86 1212

*  Assay and ﬂem'-'ér',.l extracted from Tables A2.7 and A2.8,
& Concentrate mass % is percentage of feed left in the final sink; percentage complement of
cumulative mass pull after 30 mins In Tabie A2.5b.

A2.4 MNHR ICPOES: Data and Analysis
See Appendix 3.
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A25 Indication of bubble sizes at various kinetic regimes
: 19 d.

L.

Figure A2 6: Frozen frames showing variation of bubble sizes with impeller speed and aeration
rate at: 1000 mipm aeration and (a) 300 rpm (b} 400 rpm, {c) 500 rpm; and at 500 mipm
aeration and [d) 300 rpm, (2] 400 rpm, (f) 00 rpm.
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A2.6 Estimation of Sb and Jg under E21C and E22B kinetic regimes

5 bubble surface area flux is related to I, superficial surface area velocy and dy, diameter of

gas bubble in a flotation systerm as
Sp = 61, /dy

while,
1= /A

where Q is the aeration rate, and A is the cell cross-section area.

By doubling Q (from 500 mlpm to 1000 mipm) at constant A, ig doubles in moving from E21C
regime to E22B, That is,

Lo erra f Jgeane = (1000/A)/(S00fA) = 2
&An estimate of dy follows from the operation of the Impeller system. 8 stator bars breaks the air
flow at the exist pipe per revolution to give the bubble sizes. Agitation speeds of 500 rpm and
400 rpm in E21C and E22B gives 4000 and 3200 stator breakages of air flow per minute in each
regime respectively. All things beings equal, as a rough estimate, in E21C, 500 ml is broken into
4000 bubbles per minute. This gives 1/8 ml sized bubbles. Under E228, 1000 ml air is broken
into 3200 bubbles per minute, giving 5/16 ml sized bubbles. Estimate bubble size ratio under
E22B to E21C therefare gives

dyezze / Ay ez = {5/16) / (1/8) = 2.5
Estimating Sb with these parameter ratios

Swenied Seezae = (60gerue / doenae) / (Bdgezze £ diezan)

= Jgezsc/ Jyezzn) * (dee22n/du e21c)

=% *25=1125
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A2.7 HNHR Improvement

Flgure A2.7: Frozen frames showing bubble sizes at 300 rpm impeller speed and 500 aeration
rate (a) before and (b} after modification of the Leeds cell impeller system.

Figure A2.8: NHR froth for the -75+38 urn size fraction. Low froth height is obvious compared to
Figure A2.2
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Table A2.10; Mass pull data after impeller modification — XNHR condition [Data for Table 6.4)

 Mass Pull, g

“E';':ﬁerl'mént' 18 min A0 min 48 min
Ei e g
| MNHRZ 58.7 184 BA
| MNHR2 638 | 163 6.5
| Cumulative Mass Pull, % - . B
Rl i TS | s
T A A 416 521 575
| KNHRZ g3 516 | 57.5
| MNHR3 - | 428 | 538 | 581
| Averaged Cumulative Mass Pull, % with standard ervors of the mean
P — s M STy
| standard Deviation 18 | 12 | 0.4
| standard Error of the means M| o3| 02

Table AZ.11: ICPOES scan assays of select elements in agua regia leach solution of size classified
PCB CF samples

| Element Assay, B

7538 pm 38 um
Al 2.19 2.56
= 5.38 616
[eu [ 231 [ 171
[ | 189 1.37
| Mg [ paz 029
| Mn [ o | 032
N [ o5 045
F [ 077 " 059

Table A2.12: Relative standard deviation (fg, %) of duplicate CMP data under varying reagent
dosages for gamma depression.

| Experiment 1min | 4min | 10min | 18min | 30min

| NHR 2.07 142 @ 1.23 046 | 039
| 20 ppm 295 [ 277 | 112 086 | 096
| 60 ppm 1028 | 450 | 057 016 [ 018
| 1040 ppm 570 | 2,77 224 1.32 | 1.32
| 150 ppm 1.74 [ 11| 103 005 | 165
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Table £3.1: IC20E€5 raw assays {in ppm| of leach sofution from flotation fractions of E21A1 and E2147 {repeat) kinetic regimes

hactizn A [ dal |Ea L [ i Ph A ™ W w0 ] |
EZIALFE Sa| TEa| O] RIA| M a0 B3A| o] B8]  wdao| W] o3| s
E2IALF 54| 77h| o] 557| aAN] 1650 ] ] ] T L7] 0z M0
EZIAL FI 51| 274| 06| 5| 179| 1540 oSl angs| 43 1620]  75F 03]  xia
12141 F1 B1l | oe] sesl e 1530 osa| oo0s| 40]  asao| 74l 03] 33

17341 FA 1| 7| owi ee] e 13s0 gas| o] 34]  asa0f &8 02} s
EE381 3 87| pa| os) eax| am| aro gs0| o] 3]  weso| 7o) o3  ga7
EEIALS irol wam| @3] 50| 1isa] paao &3 o3| s1] osaol wziel 1o oo
[ EZ3AZ F1 E3] 73| oE] ooa| am| mED B3| w<oin| &3] a0sn| WAl 03] Jaa
| E23A3 2 55 g_:qu___n-.;r__ [ 1 T GS1| oom| L7  agw0| 0B 03] J4a
EZIAZ FI 53] 230 0.6) Gi12| RES| &0 0G| -0BS| IE| iee0| 1| 02| 14D
FZ143 FA 50| 76| o6 Gez|  aea| 1370 045| <G| 28|  a530f @3] 03] 743
E23A2FS g0 zma| os] ean|  ama] 1370 ods| <on| 33| 1430 76| 03] 140
Erians Bo] mam| ve] 30| 1am] medo [RE] oo| sa] 10| we] o3| oo




A1 Sink Assay, Reconsiituted Feed Assay and Ensichament Ratia

Table A3.Z; Matax of converdon factors for caloulsting actual as=ay Tor each fictaticn fraction m £21A3 and E21A2 |obtained a3
explained i Soction 431.3.1).
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Toble &3.3: Calculated actual assay (%]
corresponding data in Table A3.2).

flatatan iors from EX1A1 and EZ1A2 [Each factor in Table #3.1 divided by

Fracton | [

EZIALFL 353751 098 34975 25500] o.18e1] oon3al oaars
EZiAlF2 AEPE] OLO0ED 23135 23750 0.3000
EZLAL F3 3 alG3 1.ELE8 20350 {12656
EZLALF4 34750 LEaTS 13350 3083
EZLALFS LEA7S 13125 omdis| oooee] n3Eme
ETIALS EXTTE] 5 7500 000411 09547}
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EXLAZF2 13635 N0031] 03050
EILAT F3 [7EFE] IEETET OD035] 03000
EILAZ FA 2 G0IES| L0125 T e
|EErE EEE] ; [T GDARI| LIRS 0N 0ane
O flOS11] 54081 O.0s14| Go000| SO841| 36000] 0194 | D1550] 4.0008] 00080] GO00| S5407] G4RDS| LOME|] 0916

T T 1 P e P T T 8 T B S Y B B S S B T B Y 8 5t bl i i b i b (]




Apperadiz M

Daportment of sach alemant te aach float fraction obtainad by mugiplying assay (3] n each fraction with mass of the fraction (gl
With & factor of 1000, this gives the deportimsent inmp. Foe E218, E2TAL snd ETIAT roves i Table AT 3 opssrated on fespective parts
of the calumn data in Table AZ.4 to give Table A3.4:

Table A3.4; DEEI‘H‘H&'I‘IZ of selecied leirents to each Malation ﬁﬂ H
Fractiin
Ez1Al Fl T.HE 4138} 11 2080 ] 3J6EA| 54 (EX] 1Bl ]| 0E 51 2984 i35 ol HE

244
EZiA1Fd 168 ] E435] 0] 13533 Se3d| oimA| S0t | 258 3436| L6 EB| 565 | amn| or] 747
E21ALF F01] 16043 ] 4] MBE3| 1Ms0| a7 | S48 | Ana| S9hi| 34| 36| 9538 | #39] 13| 1ms
[ E21a1 F4 I60) 15186| 30) 33711 | 9833 | 37| #A5| a1a| s1a8| 27| iAT| Waa2| 372 | 13| i33m
7141 F5 10| 12861| za| 124 | 7e1| S6a2| 765 | 333| #0nB| 22| 17| 6453 | 312| 10| amas
ETIALE §5.9 | 713 | 463 | BAGT4 | 70521 | 51565 | 26A7 | G066 | GESA1| 391 | 513 T7EaS | 683 | 55| 12913
ETiAz FI 7B| 4nL7| 11| #9a%| 26A5| 3629 | 13| M35) ABSS| 08| G1)| 33| 129 04| 31
EZ1A2 F1 61| S041| 11| 19824 | G148 | GbrA| 546 | 25| 3646 L6| L11) 623 204 | 08| oz
FIE 303 | 1SBE5| 35| M55 | 10876 | O0G0 | 944 | 467 | SEa9| 27| AkD| 8570 40| 13| 1358
EZ1AZFA 57| 1513.3| 16| 30R30 | Gi03| V004 | 00| 390) 4Esi| 23| ik8| JEL] 3] i3] 137
E21h3 5 BO.0 | LI87.0| 13| TSBAMD| P05 | Gi28 | 03| 208 )| 37| LE| LLE| 5704 | 307| 08| 968
E21A2 & 57. | A795.5| AAd | B1855 | TA533 | S06ad | 2132 | 499 | Geer3| 34| 293 77971 6507 | 53| iisea

The glamanial aasay al each Dalch lead was recorstituled & daporment 1o 8l Traciiang divided by 1otad mase of all ke fractions,
maltiplied by 1[)". o give the assay in ppm Sink elemental assrys was compulled & average of the two repeats & in Teble A3.3,
ronverted o ppm. Enrichment ratio caloulated as sink assay divided by feed assay, This is givos the dats in Table 3.5 for E21A,
which cantaing @nrichment ratho data for EFLA in Table 6.3,

Table AL5: Sink and reconstituted feed assmys {poml and enrichiment ratio (ER] urder E214 kinetic regame
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A2 Recovery of elements b sink ower lime:

llecovery in pereentape of slements bo =0k over tame was compubed as the quatient of (i} deportment to @l Fractions Tor the specilfic
slement kess deportmant 1o fioat fractions =p 10 correspording time and (i) total deporment to all fractions for the specific
element. The resull was express in percentage as i Tabbe A3.6, Data for sach repicates were aversged for each regime a5 in Takile
A2 for E2LA, whers Lhe recovery sl 30 minates edguals linal reconery for EZLA shawn |n Tabis .3,

Tahle &3.5: Recovery [9%] of elements to smk over time for E21A1
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Takike A3.8: Recavery | ¥} of elesnents 10 sink ower tims E7 1A {Average for EZ1LAL and E21AZ)

Tamemin_|Ag _|M |Au_|Ca fu Fe Mg [w Ph__ [ Fd B[ Im W in
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A3.3  Assay of elements in sink aver time

Assay of elesnart I sink oves time was computed a5 10° » quatient of |1} fotal deportmand im @l fractions less deportmant in all mass
pall up to corresponding times and {i) (olsf mass of all fractions hess mass. pull up (e corresponding times

Tabie A3.9: Aszay (ppm) of slaments in sink ower time for E21A1
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Table A3.10: Azsay {pomi| of eloments in sink over time for E2142
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Table A3.11: Assay [ape) ol efesmnents i sink over e lar E2LA {Average for E21AZ and EZLAZ)

Tima 2z | Inu L-ll Wi [Pt IM 1?1 5 l!n_'h J{I‘n lﬂ»ﬂi |
GOz d| 245420] 1o0E a7, 35:-3 17514 :mz__}{ Eﬁﬂm-" 1£34 1L muimm 7 ﬂémq
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#43.4  Enrichment Rato versus Recovery to sink for each efement over time
Computatians sich a5 in 831 = A3.3 dens for each kinsdic regime gaae data for recovanies versies asfays owar tima for the alamants
lor spch regirne as Showm in Table A3.12 below for Au.

Table &3.12: Sink's &u recowery (%] versus assay {pomi] over time for the various kinetic regimes.

214 E11E EIIC EzIA Ezin ETIC

fi-Rep | Auekoswy | M-Rec | Au-danay AR Ai-Aanay fa-gnc ik fny hy-Rar Ai-Agray AirAng Ai-ha
100 190.E 100 034 120 0.5 1 2001 100 2715 EDY Pt
aE 1981 5 2117 o 2151 g7 HTE 51 1354 ™ 1245
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BE 1361 14 15 Bl 4335 3% Pl &5 G6l54 51 7511
ax P L) 5073 Bl 5111 an 353 &4 G765 5l 1
-] 230 & 578 ] Bk 7 AT L] (U] 51 7Ll

Far unifprmity of effoct assessment, the assay scale was comerted to enrichment raties taking the asay at tme waro as the feed
aitay of the bach sample used lor &ach regime. For Al this gived Tabde 4313, whech is the data for Fgure 6.7,




Tabde 3.1 3 Enrichment ratio [ER} wersus recenery (Rec, %) for Au in sinks undar vangi g kinstic regimes

E1LA 218 EZIC [ZET E1zB [FE
Mrhec | AwER | hudec | AwER Aukee | AR AR | AuER Aufiec | MrER | Auker | AuR
120 i T i ioa i ] 1 ] i 1 i
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[ ias ] F¥T) & am [ iz = [T & hiA
7 i7a EE TS 57 35 7 isl [ XS 51 7]

ata for ather alemams for the plats i Figure 6.8 = 6,13 extracied from the analysis Tor all the

following

ragimes are presanted i Tables

Tabl 43 14: Enrichmsent ratio ER| warsus recovery (Rec, % for Pd in sinks snder varying bnatic regimss,
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Table A3.15: Enrichmend ratio (ER) wersus recovery [Bec, %] far Ti in sinks under varging insetic regimes.

EZ1A EXtH End E2TA (&) i
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A Ea6 IT |5 & 278 BT 1.37 &8 3152 il 431
[ 5] L44 i ] 163 L) 343 1] L&T BT 311
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Toble 83.16: Enrichment ratio [ER) versus recovery [Bec, %) for Pb in sinks under varying kinetic regimes.
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Table &3.37: Enrichment ratio [ER) versus recovery (Fec, %) for Cu insinks under varying kinetic regimes.
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Table &3 18: Enrichment ratio [ER) wefsis fecovery [Rec, %) Tor Fe in sinks ursder yarpnng kinslic regimeas
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Table A3.19: Ercichment ratio [ER) wersus recovery [Rac. %) Tar Ca in sinds under varying kinatic regimes
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APPENDIX IV

Process Water and Particle Surface Investigations

Table A4.1: Trace element levels in PCB CF flotation process water (ppm)

Background | Lab Water | PCRCF
<001 <001 <[,k
=001 <001 0LeS
=i 01 =01 <[.01
«.01 <01 <0.01
=001 0.07 0G%
<01 0.08 0.56
=001 <001 «={1.01
=001 =01 <0.01
«0.01 1.47 7.07
<01 <01 ={,01
<001 <001 <0.01
«0.01 «0.01 0.0l
<001 <001 0.01
=001 <001 =0,0k
=01 <01 025
<001 <01 <(0.01
«0.01 .01 «0.01
=001 <001 =00,
=01 0.01 (.53
<[] <001 <1
<001 .01 =001
=001 <01 =001
=001 <01 =[.0]
=01 <01 <001
<01 <01 <001
%0.01 =301 +0.01
=001 <01 <(1.01
<001 0.78 a.84
=001 <01 =0.0]
=001 =01 002
<01 <0l <[l
=001 0.38 3.09
=001 <01 Q.05
=01 <01 <001

Background | Lab Water | PCBCF
<0.01 3.24 14.04
«0.01 %001 .01
.01 <0.01 «0.01
0,01 .01 0,07
«0.01 <01 <001
<0.8 .01 (.06
«0.01 «0.01 0;29
0,01 <001 | <001
<0.01 «0.01 «0.07
<01 <001 <10
.01 1,01 0.01
«0.01 «0.01 0,01
«0.01 <0.01 <01
<0.01 0,00 0.08
«0.01 «0.01 «0.01
of,01 0,01 (0,01
<0.01 0.39 1.76
<0.01 =001 <001
(1,01 0,01 0.16
{01 0.01 (.05
0,01 0,01 %0.01
<001 =.01 <001
<0,01 =0,01 <001
0,01 <0.01 50,01
0,01 w0.01 0.05
<0.01 «0.01 0,01
<{,01 0,01 «0.01
0,01 0,01 %0.01
0,01 20.01 0.0
0,01 <{0.01 «<{,01
«<0.01 «0.01 <0.01
=0.01 <001 =001
«0.01 .01 1.28
«0.01 «.01 0.01




Particles - P1

Figure Ad.1: Secondary electron image on particle P1. Blue square indicates area of Auger
electron spectroscopic analysis.
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Figure A4.2: Comparison of AES survey spectra at various sputtering times on (indicative of
depths from) the surface of particle P1.
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Particles — P2

Figure A4.3: SEM secondary electron image on Particle P2 at 5 kV 10 nA primary beam current:
Blue square indicates area of analysis.
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Figure Ad.4: Comparison of AES survey spectra at various sputtering times on (indicative of
depths from) the surface of particle P2.
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Figure Ad.5: Comparison of AES survey spectra at various sputtering times on (indicative of
depths from) the surface of fiber particle F2.
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Fibres Particle F3:

Figure A4.6: Secondary electron image on fiber particle F3 a1 5 kV 10 nA primary beam current:
Blue square indicates area of Auger electron spectroscopic amalysis.
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Figure A4, 7: Comparison of AES survey spectra at various sputtering times on (indicative of
depths from) the surface of fiber particle F3.
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FIBER PARTICLE F4

e

FOV: 50 um,, 5_5’

Figure A4.8: Secondary electron image on fiber particle F4. Blue square indicates area of Auger

electron spectroscopic analysis,
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Figure A4.9: Comparison of AES survey spectra at various sputtering times on {indicative of
depths from} the surface of fiber particle F4.
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Fiber Particle F5

Figure A4.10: Secondary electron image on fiber particle F4, Blue square indicates area of Auger
electron spectroscopic analysis.

. 1 Filaps

Alter 40 minutes

Adter 30 minutes

After 20 minutes

s

a Adter 10 minutes

1 Surface

P e BOG  BOO 1000 1H00 1400 1E00 1RO MO0 2900 F800
Hinatic Enargy ie¥]

Figure A4.11: Comparison of AES survey spectra at various sputtering times on (indicative of

depths from) the surface of fiber particle F5.
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