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the PCBs. The presence or absence of a collector can influence 
the different copper and iron alloy phases formed, as well as the 
copper and iron levels. Copper ore contains iron oxides and the 
raw PCBs also contain iron, resulting in iron in the formed alloys. 

The varying and complex compositional characteristics of 
the feed PCBs also plays a significant role in the phases that can 
form. Although a typical composition of the feed PCB is provided 
(Table I), the relative enrichment in Pb of tap A relative to taps 
B and C (Table II) may point to compositional variability in the 
feed PCB batches used to generate each tap sample. Larger and 
more abundant Pb droplets formed in tap A compared to taps B 
and C (Figure 3 and Figure 4), in which much smaller and less 
abundant lead droplets formed. Tin and silica were also present in 
the feed PCBs and hence in the formed tapped alloys.
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Table IV lists the average elemental compositions of the phases 
identified by SEM, as determined by EPMA. The full set of 
raw data is available on request. It is important to note that 
concentrations below detection were assigned a value of zero for 
the purpose of calculating the average concentrations, which will 
be underestimated as a consequence. 

The Cu-Sn (L) phase, present in all three taps, has an average 
Cu content of between 85.27 and 93.04 wt%. Tin content is 
generally below 6.00 wt%. The Cu-Sn (H) phase, found only in 
tap B, has a Sn content of up to 22.10 wt%.

The Fe-Si phases of taps B and C have Fe contents of 63.00 
wt% and 85.24 wt% respectively. The Fe-Si phase of tap B has a 
higher silica content of 32.63 wt% compared to tap C (9.41 wt%).

The Pb-rich phases of taps A and C contain some Cu (up 
to 6.73 wt%). whereas the Pb phase of tap B contains some Sb 
(1.46 wt%).
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Gold and silver concentrations were quantified in the Cu-rich, 
Fe-rich, and Pb-rich phases of the three tapped alloys using 
LA-ICP-MS (Table V). As mentioned in the LA-ICP-MS method 
section, the Pb phase of tap C could not be analysed due to the 
laser providing insufficient energy at small spot sizes (< 2 µm). 
Full data-sets are available upon request.

Gold and silver were found to be most enriched in the Pb 
phase of tap A, with average Au and Ag contents of 2 802 ppm 
and 10% respectively.  Silver is also most enriched in the Pb 
phase of tap B, with an average Ag content of 7 582 ppm. 

The two Cu–Sn phases, Cu–Sn (L) and Cu-Sn (H), are more 
enriched in Au and Ag than the Fe phases (Fe-Si and Fe-Cu). The 
Cu-rich phases contain average Au contents in the order of 10 to 
100 ppm, whereas the Fe-rich phases contain in the order of 1 to 
10 of ppm Au. 

The Cu-Sn (L) phase of tap B is more enriched in Au, with 
an average Au concentration of 257.8 ppm, and tap A the least 
enriched (39.9 ppm). The Cu-Sn (H) phase is more Au-enriched 
than the Cu-Sn (L) phase, with the Cu-Sn (H) phase of tap B 
having an average Au concentration of 329.3 ppm. 

Silver concentrations in the Cu-rich phases are in the order of 
1000 ppm. The Cu-Sn (L) phase of tap B has the highest average 
Ag content of 7 189 ppm. 

The Fe-rich phases are the least enriched in Au and Ag, 
especially the Fe-Si phase of tap C. Gold and silver contents are 
in the low ppm ranges in these phases (3.9–23.8 ppm for Au, 
9.2–358.3 ppm for Ag).

Analysis by LA-ICP-MS revealed the presence of Ag and 
Au in all identified alloy phases but one (the Pb phase of tap 
C). Gold and silver are heterogeneously distributed across the 
various alloy phases, with the Pb phase being the most enriched 
in Au and Ag followed by the Cu-rich phases. Au and Ag are 
heterogeneously distributed not only across the alloy phases, 
but also in a given alloy phase as indicated by the large standard 
deviations around the averages (Table V). 

The partitioning of Au and Ag into Pb, Cu, and Fe can be 
explained by referring to the Au-Fe, Au-Cu, Au-Pb, Ag-Fe, Ag-
Cu, and Ag-Pb binary phase diagrams of Federov and Volkov 
(2016), Lee, Oh, and Lee (1994), Martienssen (2007), and 
Predel (1991). According to these authors, Au will preferentially 
partition between Cu and Pb phases, whereas Ag preferentially 
partitions into Pb phases, on the basis of density.
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Gold and silver deportment was calculated, using the LA-ICP-MS 
results, to determine the contribution of each alloy phase in terms 
of Au and Ag and to determine the total Au and Ag contained 
in each of the three tapped alloy samples. For tap C, the Au and 
Ag deportment does not include the contribution from the Pb 
phase as it could not be analysed with the laser. Deportment 

Figure 3—Backscattered electron image of tap B alloy illustrating the  
different alloy phases identified by SEM

Figure 4—Backscattered electron image of tap C alloy illustrating the  
different alloy phases identified by SEM
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calculations were done by using the average Au and Ag 
concentrations and the modal proportions of the different phases 
determined by image analysis. 

Figure 5 and Figure 6 illustrate the contribution of each alloy 
phase, in ppm, in terms of Au and Ag for each of the three tapped 
alloys as well as the total Au and Ag for each alloy. Figure 7 and 
Figure 8 illustrate the Au and Ag deportment, in per cent, as pie 
charts. 

For tap A, the majority of the Au (29.8 ppm) and Ag  
(1 153 ppm) is contributed by the Cu-Sn (L) phase (Figure 5 and 
Figure 6). This corresponds to 58.2% of the total Au and 60.9% 
of the total Ag (Figure 7 and Figure 8). The Fe-Cu phase hosts 

   Table IV

  Average elemental composition (in wt%) of the different alloy phases in the three tapped alloys as determined by EPMA
   Phase	 Tap	 n	 Al	 Si	 Ti	 Mn	 Fe	 Ni	 Cu	 Zn	 Sn	 Sb	 Pb	 Total

   Fe-Si	 B	 12	 0.93	 32.63	 b.d.l	 1.11	 63.00	 2.03	 0.35	 0.04	 b.d.l	 b.d.l	 0.09	 100.15
		  C	 19	 0.09	 9.41	 b.d.l	 0.37	 85.24	 1.86	 2.96	 b.d.l	 b.d.l	 b.d.l	 0.12	 100.02
														            
   Fe-Cu	 A	 15	 b.d.l	 1.86	 b.d.l	 0.03	 86.41	 2.19	 9.19	 0.04	 b.d.l	 b.d.l	 0.08	 99.71
														            
   Cu-Sn (L)	 A	 38	 b.d.l	 0.05	 b.d.l	 0.03	 1.03	 0.54	 93.04	 0.22	 5.00	 0.40	 0.10	 99.95
		  B	 36	 5.45	 2.40	 b.d.l	 0.40	 0.08	 0.21	 85.27	 0.17	 5.79	 0.30	 0.11	 100.21
		  C	 50	 0.50	 0.50	 b.d.l	 0.35	 2.02	 0.35	 91.82	 b.d.l	 4.09	 0.27	 0.15	 100.01
														            
   Cu-Sn (H)	 B	 18	 3.14	 1.17	 b.d.l	 0.22	 0.34	 0.27	 70.45	 0.13	 22.10	 1.84	 0.19	 100.00
														            
   Pb		 A	 7	 b.d.l	 b.d.l	 b.d.l	 b.d.l	 1.11	 0.05	 2.20	 0.05	 0.16	 0.06	 96.33	 99.87
		  B	 10	 b.d.l	 b.d.l	 b.d.l	 0.03	 0.04	 0.03	 0.69	 b.d.l	 0.77	 1.46	 96.36	 100.33
		  C	 16	 0.14	 b.d.l	 0.04	 0.02	 0.59	 0.03	 6.73	 b.d.l	 0.07	 b.d.l	 92.30	
   DL			  0.03	 0.03	 0.01	 0.02	 0.02	 0.02	 0.03	 0.03	 0.03	 0.03	 0.07	

b.d.l below detection limit, n total number of spots analysed, DL detection limit

   Table V

  �Average Au and Ag concentrations and ranges (in ppm) 
of the different alloy phases in the three tapped alloys 
as determined by LA-ICP-MS

   Phase	 Tap no.	 n	 n*Au	 n*Ag		  Au	 Ag

   Fe-Si	 B	 30	 12	 23	 Av.	 24	 358
						      SD	 86	 819
						      MDL	 0.09	 0.30
					     r	 ange	 b.d.l–455	 b.d.l– 3 778
		  C	 30	 30	 30	 Av.	 4	 9
						      SD	 4	 16
						      MDL	 0.02	 0.11
						      range	 1–18	 0.3–80
   FeCu	 A	 30	 30	 30	 Av.	 4	 50
						      SD	 2	 5
						      MDL	 0.05	 0.16
						      range	 2–26	 0.4–988
   Cu-Sn (L)	 A	 30	 30	 26	 Av.	 40	 1 646
						      SD	 17	 1 728
						      MDL	 0.34	 1.05
						      range	 11–66	 663–9 626
		  B	 30	 30	 30	 Av.	 258	 7 189
						      SD	 19	 3 565
						      MDL	 0.11	 0.35
						      range	 223–306	 4 735–24 793
		  C	 30	 30	 30	 Av.	 99	 1 224
						      SD	 16	 416
						      MDL	 0.08	 0.20
						      range	 71–130	 603–2 611
   Cu-Sn (H)	 B	 30	 30	 30	 Av.	 329	 2 941
						      SD	 27	 319
						      MDL	 0.10	 0.35
						      range	 288–385	 2 292–3 526
   Pb		 A	 30	 27	 30	 Av.	 2 802	 94 806
						      SD	 4 069	 114 451
						      MDL	 7.53	 121.09
						      range	 124–11 985	 b.d.l–380 956
		  B	 20	 20	 20	 Av.	 80	 7 582
						      SD	 210	 4 663
						      MDL	 0.45	 3.36
						      range	 2–946	 3 474–22 435

Av. average concentration, SD standard deviation at 1 sigma, MDL average minimum 
detection limit, n total number of spots analysed, n*Au = total number of spots Au was 
detected in, n*Ag total number of spots Ag was detected in

Figure 5—Au deportment (in ppm) for each of the three tapped alloys  
showing the contribution of each alloy phase

Figure 6—Ag deportment (in ppm) for each of the three tapped alloys  
showing the contribution of each alloy phase
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the least Au and Ag (1.7% of the total Au and 0.6% of the Ag). 
Although the Pb phase contains the highest average Au and Ag 
concentrations (Table V), it makes up a small percentage of the 
total sample and hence its contribution is lower than that of the 
Cu-Sn (L) phase. Forty per cent of the total Au, and 38.5% of the 
total Ag, is contributed by the Pb phase. In total, tap A hosts  
51.1 ppm of Au and 1 893 ppm of silver.

For tap B, the two Cu-Sn phases are the main hosts of gold 
and silver with 97.0% of the total Au and 97.5 % of the total Ag 
present (Figure 7 and Figure 8) in these phases. The Pb phase 
contributes the least Au (0.2%) and Ag (0.5%) to the total Au 
and Ag, owing to its low modal abundance in the alloy. The Fe-Si 
phase is also a minor contributor of Au and Ag with 2.8% of the 
total Au and 2.0% of the total Ag being hosted by this phase. In 
total, tap B hosts 231.8 ppm Au and 4 886 ppm Ag. 

For tap C, a similar trend is visible with the Cu-Sn (L) phase 
hosting the majority of the Au and Ag. In terms of percentage 
contributions, 99.8% and 99.9% of the total Au and Ag are 
contributed by the Cu-Sn (L) phase respectively (Figure 7 and 
Figure 8). The Fe-Si phase is a minor contributor, with 0.24% 
and 0.13% of the total Au and Ag being contributed by this 
phase. The Au and Ag contribution of the Pb phase could not be 
determined due to this phase being too small to analyse.  
The modal abundance of the Pb phase is low (< 0.1 wt%) and 
hence its contribution will be minor. In total 256.4 ppm Au and  
1 047 ppm Ag are hosted in tap C.

Deportment calculations show that the Cu-Sn (L) phase of 
each tapped alloy contributes the most to the total gold and silver 
budget. For tap B, the Cu-Sn (H) phase is also a dominant host. 
The Pb phase of tap A is also a major Au and Ag host. All three 
taps host more Ag than Au, which is as expected. 

Bulk chemical assay results of the tapped alloys (Table II) 
show that tap A is less enriched in gold and silver than taps B 
and C. Gold deportment results are in agreement with the bulk 
chemical assay results in that taps B and C contain higher total 
Au than tap A. Bulk chemical assay results show that tap C 
contains the highest total Ag and tap A the lowest total Ag. Silver 

deportment, however, shows that tap B has the highest Ag and 
tap C the lowest. The reason for this discrepancy between bulk 
chemical assay results and deportment using LA-ICP-MS data is 
the heterogeneous nature of the tapped alloys, which in turn is 
due to the heterogeneous nature of the feed PCBs. Different sub-
samples from the same tapped alloy were analysed by the two 
techniques and cross-checks of the total Au and Ag are therefore 
difficult. 

Discussion
The results have shown that all of the alloy phases in the three 
tapped alloys, except the Pb phase of tap C, are hosts of Au and 
Ag, i.e., Au and Ag partitioned into all of the alloy phases but 
more dominantly into specific (Pb and Cu) alloy phases. Silver 
concentrations are generally higher than Au, which is to be 
expected since PCBs generally contain more Ag than Au (Khaliq 
et al., 2014). 

Results further indicate that Au and Ag migrated towards 
and partitioned mostly into the denser lead phase, and to a lesser 
extent into the Cu and Fe phases. Lead is used as solder in PCBs 
(Jha et al., 2012) and Au and Ag were therefore not originally 
present in the Pb phase. 

The LA-ICP-MS results confirm the Au-Fe, Au-Cu, Au-Pb, 
Ag-Fe, Ag-Cu, and Ag-Pb binary systems and thermodynamics 
identified by Federov and Volkov (2016), Lee, Oh, and Lee 
(1994), Martienssen (2007), and Predel (1991). The technique 
not only confirmed the thermodynamics of the binary diagrams; it 
also quantified the Au and Ag in these binary phases. 

The Au and Ag deportments indicate that the Cu-Sn (L) 
phase of the three tapped alloys contributes the most Au and 
Ag to the total Au and Ag for each tapped alloy. The Pb phase 
of tap A is also a major contributor of Au and Ag, as well as 
the Cu-Sn (H) phase of tap B. For tap B, the Pb phase makes a 
small contribution to the total Ag, despite it having the highest 
Ag concentrations. This is due to its low modal abundance in the 
tapped alloy. The Fe phases make a minor contribution to the 
total Au and Ag for each tapped alloy. The Au and Ag deportment 
informs the pyrometallurgist on precious metals partitioning in 
the furnace.  

Gold and silver vary in concentration in each alloy phase. The 
large standard deviations and wide concentrations ranges of Au 
and Ag further supports this heterogeneity in distribution. 

Due to upgrades in the design and functions of electronic 
products, PCBs are constantly changing in composition 
(Chancerel et al., 2009). Due to the heterogeneous and complex 
nature of a batch of PCBs obtaining a representative sample, as 
well as the chemical analysis of the sample itself, is challenging 
(Ogunniyi, Vermaak, and Groot, 2009). 

The heterogeneous nature of the tapped alloys is a result of 
not only the heterogeneous nature of the feed PCBs, but also 
the different pyrometallurgical recipes (factors such as cooling 
rate, temperature, fluxes, collectors added, etc.) used in the 
smelting process. The composition of the feed PCBs and the 
pyrometallurgical recipe used, in turn determine the alloy phases 
that form and how much of these will form. 

Electrorefining and leaching tests may be performed on the 
copper alloy for the recovery of Cu and Au. For electrorefining, 
a pure Cu metal will be produced and the PM (Au, Ag, PGM) 
and other metals (Pb, Sn, Sb) concentrated into the insoluble 
anode sludge. Leaching is then performed on the anode sludge 
in chloride media to recover the PM. Leaching efficiency/recovery Figure 8—Ag deportment (%)

Figure 7—Au deportment (%)
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may be variable depending on the leach process, as well as 
host phase distribution, composition, and contribution to the 
PM budgets. Alloys with different compositions have different 
leaching behaviour/kinetics. A designed flow sheet should be 
flexible to accommodate the heterogeneous nature of the tapped 
alloys.

Conclusions and recommendations for further work
The results have shown that Au and Ag in alloys produced 
from the smelting of PCBs can be successfully located and 
quantified using a combination of SEM, EPMA, and LA-ICP-MS. 
Initial studies to detect and quantify gold using only SEM were 
unsuccessful due to the concentrations of Au being below the 
detection limit of the SEM. LA-ICP-MS however, with its much 
lower detection limits, were successful in locating and quantifying 
gold and silver. The data can be used to understand Au and Ag 
distribution in alloy phases, and the contributions of each phase 
to the total Au and Ag content in the alloy. Deportment studies of 
this type allow for improved pyrometallurgical (and subsequent 
hydrometallurgical) processing for precious metals recovery from 
PCBs. The heterogeneous nature of the alloys produced can be 
addressed through prudent sampling, e.g., atomization to produce 
smaller particle sizes from which representative samples can be 
taken.  

For the LA-ICP-MS method, suitable reference materials 
containing Au and/or Ag are needed to properly assess the 
accuracy of Au and Ag analyses of in the alloy phases. The use of 
smaller spot sizes (< 5 µm) also needs to be assessed further.
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