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Abstract
The current study outlines the electrochemical recovery of tellurium from a metallurgical plant waste fraction, namely Doré 
slag. In the precious metals plant, tellurium is enriched to the TROF (Tilting, Rotating Oxy Fuel) furnace slag and is there-
fore considered to be a lost resource—although the slag itself still contains a recoverable amount of tellurium. To recover 
Te, the slag is first leached in aqua regia, to produce multimetal pregnant leach solution (PLS) with 421 ppm of Te and 
dominating dissolved elements Na, Ba, Bi, Cu, As, B, Fe and Pb (in the range of 1.4–6.4 g dm−3), as well as trace elements 
at the ppb to ppm scale. The exposure of slag to chloride-rich solution enables the formation of cuprous chloride complex 
and consequently, a decrease in the reduction potential of elemental copper. This allows improved selectivity in electro-
chemical recovery of Te. The results suggest that electrowinning (EW) is a preferred Te recovery method at concentrations 
above 300 ppm, whereas at lower concentrations EDRR is favoured. The purity of recovered tellurium is investigated with 
SEM–EDS (scanning electron microscope–energy dispersion spectroscopy). Based on the study, a new, combined two-stage 
electrochemical recovery process of tellurium from Doré slag PLS is proposed: EW followed by EDRR.
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1 Introduction

Tellurium is a metalloid element [1], which is currently 
produced primarily as a by-product of copper electrore-
fining via anode slime treatment [2, 3]. It is commonly 
used in solar panels [4–6], production of thermoelectric 
materials [6–8], semiconductors [9, 10] and as an alloying 
element in metals like steel to improve the machinabil-
ity [6, 11]. Although tellurium is mainly produced as a 
side product of a base metal industry [2, 3], the growth of 
large-scale renewable energy generation, particularly use 
of solar panels, has resulted in an increased demand for 
Te [12, 13]. The conventional way to recover tellurium 
metal is to treat the anode slime via a number of combined 
hydro- and pyrometallurgical stages, e.g. pressure leaching 
in an acidic and/or alkaline environment [3, 14–17]. Nev-
ertheless, as the Doré process—normally carried out in a 
TROF (Tilting, Rotating Oxy Fuel) furnace—uses treated 
anode slime as a raw material, any tellurium remaining in 
the slime distributes to the slag and is considered to be an 
irretrievable resource [18, 19]. Due to the increased pres-
sure on the world’s natural resources, it is essential that 
the loss of even minor amounts of critical and valuable 
elements is avoided in order to promote more sustainable 
behaviour. Therefore, the ability to recover even minor 
concentrations of economically significant or critical ele-
ments, like tellurium, is essential according to the princi-
ples of the materials circular economy.

The slag produced in the Doré process typically 
includes B, Fe, Ba, Pb, Na and Si, which originates from 
the added slag formers, whereas Bi, Cu, Se, Te, PM (pre-
cious metals) and PGM (platinum group metals) that result 
from anode slimes are also often found at minor concen-
trations. Consequently, any methodology that leads to 
improved recovery from copper anode slimes could have 
a significant impact on the overall environmental and eco-
nomic sustainability of a base metal smelter process. The 
current study addresses this challenge by focusing on the 
recovery of Te via the application of electrodeposition-
redox replacement (EDRR) and electrowinning (EW). 
These methods—when combined—offer the opportunity 
to decrease Te wastage whilst enhancing the overall sus-
tainability of tellurium production.

During the ED step of the EDRR process, only a very 
thin (porous) layer of a sacrificial metal is deposited and 
this formed metal layer is then spontaneously replaced by 
a more noble metal during the redox replacement (RR) 
step, without the use of any externally applied potential or 
current, i.e. energy. The impetuous for the redox replace-
ment reactions between two or more reactive metals is 
driven by the difference between their standard potentials 
[20–30]. This is not only the basic principle of EDRR 

(electrodeposition-redox replacement) but also of similar 
methods like surface-limited redox replacement (SLRR) 
[29–32] and electrochemical atomic layer deposition 
(e-ALD) [33–36]; the main difference is that in SLRR and 
e-ALD thin, defect free monolayers are formed via under-
potential deposition, whereas in EDRR more porous films 
grow on the surface. In contrast, electrowinning (EW) 
relies on the direct electroplating of the desired metal 
element on the electrode surface—by the application of 
the appropriate potential or current—to produce a surface 
layer. To date, the EDRR method has been employed for 
metal reclamation, including Ag recovery from synthetic 
Zn process solutions [37–39], Au recovery from synthetic 
cyanide-free cupric chloride leaching solutions [39, 40] 
and Pt recovery from synthetic and real industrial nickel 
solutions [41, 42]. Nevertheless, there are no previous 
reports related to the recovery of Te by EDRR, or even 
more, combining the electrowinning (EW) and EDRR 
sequentially to maximise the recovery. This paper dem-
onstrates how both EDRR and EW are employed as part 
of a comprehensive investigation into the recovery of Te 
from a Doré slag pregnant leach solution (PLS).

2  Experimental procedure

2.1  Raw material

The Doré slag leachates, i.e. PLS employed in this work, 
were obtained by treating industrial Doré slag with 30% 
aqua regia following a previously described procedure [43]. 
The composition of the investigated Te-containing multi-
metal PLS was obtained by both ICP-OES (inductively cou-
ple plasma–optical emission spectroscopy, Thermo Fisher 
Scientific iCAP 6500 Duo, USA) and ICP-MS (inductively 
couple plasma–mass spectroscopy, Thermo Fisher Scientific 
iCAP Qc, USA) as shown in Table 1. The analyses were 
performed in triplicate and the average concentrations are 
reported. The 65%  HNO3 and 37% HCl (both VWR Chemi-
cals, Belgium) used were of technical grade, whereas the 
metal content for the synthetic solutions was provide by the 
appropriate AAS standards (Te, As, Ag, Bi, Cu, Pb and Fe, 
1000 mg dm−3, Sigma-Aldrich, USA). All solutions were 
made to the desired concentration using deionised water 
(Merck Millipore, USA). The electrode surfaces after the 
EDRR or EW experiments were analysed by scanning elec-
tron microscope, (SEM,  Mira3 Tescan GM, Czech Republic) 
with coupled energy dispersion spectroscopy (EDS, Thermo 
Scientific UltraDry, USA) using an acceleration voltage of 
15 keV. A total of 6 to 8 point spectra were taken along with 
two to four 25 µm × 25 µm area analyses and averages of the 
spectra obtained are presented as wt% values.
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2.2  Cell set‑up

Electrochemical measurements were conducted with a 
standard three-electrode cell set-up comprised of a refer-
ence saturated calomel electrode (SCE, B521, SI Analytics, 
Germany), 0.1-mm-thick (A = 24 cm2) Pt plate as a counter 
electrode (CE) and 0.1-mm-thick (A = 0.24–0.4 cm2) Pt plate 
as a working electrode (WE, both Kultakeskus, Finland). 
The cell set-up was controlled using an IviumStat 24-bit 
CompactStat potentiostat (Ivium Technologies, The Neth-
erlands) and is described in more detail elsewhere [37–41]. 
N.B. All subsequent potentials detailed are versus SCE 
unless otherwise stated.

2.3  EDRR measurements

The EDRR parameters investigated are outlined in Table 2 
and only one parameter was modified at a time during the 
measurements. The next EDRR cycle started when either 
cut-off time (t2) or cut-off potential  (E2) was reached, which-
ever occurred first.

2.4  EW experiments

The investigated EW parameters are presented in Table 3. 
Additionally, a set of extended EW experiments of 1200-s 

duration were conducted at the same potentials (Table 3) 
using PLS solution derived from the aqua regia leaching of 
industrial Doré slags [43].

3  Results and discussion

3.1  Determination of the EDRR and EW parameters

As it can be seen in Table 1, Doré slag PLS has a complex 
composition due to the presence of a large number of metal 
species. The elements with the g dm−3 concentrations origi-
nate from the slag forming agents (Na, B, As) and anode 
slime (Ba, Bi, Cu, As, Pb, Fe), although other elements pre-
sent in the anode slime are also detected at appreciable ppm 
or ppb levels including Mg, Al, Te and Sb. Prior to electro-
chemical recovery experiments being conducted, cyclic vol-
tammetry (CV) measurements were carried out in individual 
100 ppm synthetic solutions of Te, Ag, Cu, Fe, Bi, Pb and 
As in 30% aqua regia (Fig. 1a–i) as well as Doré slag PLS 
(Fig. 1h), in order to determine the Te deposition/stripping 
peaks and potential sacrificial elements.

As can be seen in Fig. 1a, the deposition of Te com-
mences at approximately + 250 mV versus SCE and has a 
peak centred at + 75 mV versus SCE. These values are in 

Table 1  Composition of investigated Doré slag PLS as determined by ICP-OES (g/L and ppm) and ICP-MS (ppb)

As (g dm−3) B (g dm−3) Ba (g dm−3) Bi (g dm−3) Cu (g dm−3) Fe (g dm−3) Na (g dm−3) Pb (g dm−3)

3.7 3.1 5.1 4.6 3.9 1.4 6.4 1.4

Al (ppm) Ca (ppm) K (ppm) Mg (ppm) Ni (ppm) Sb (ppm) Sn (ppm) Te (ppm)

508 256 77 920 177 365 345 421

Ag (ppm) Co (ppm) Cr (ppm) In (ppm) Mn (ppm) Se (ppm) Ti (ppm) Zn (ppm)

54 9.3 16 6.3 11 1.2 1.8 52

Cd (ppb) Pt (ppb) Ga (ppb) Ge (ppb) Au (ppb) Pd (ppb)

390 30 120 40 115 188

Table 2  EDRR parameters investigated, E1 = deposition poten-
tial, E2 = cut-off potential, t1 = deposition time, t2 = cut-off time and 
n = amount of cycles

Parameter Value

E1 [mV vs. SCE] − 500, − 300, − 100, +100
E2 [mV vs. SCE] − 50, +50, +150
t1 [s] 2
t2 [s] 1000
n 100

Table 3  EW parameters investigated, E = deposition potential and 
t = deposition time

Parameter Value

Te in solution [ppm] 400, 300, 200, 
100, 50, 25, 
20, 15, 10, 1

E [mV vs. SCE] − 600, − 500, 
− 360, − 245, 
+75, +150, 
+250

t [s] 200
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good correlation with the literature [44, 45]. The reduction 
and oxidation peaks of Ag (Fig. 1b) in 30% aqua regia are 
around − 110 and − 25 mV versus SCE, respectively. For As, 

the reduction showed a peak around − 50 mV, Fig. 1c. Iron 
showed a reduction peak around − 100 mV, whereas another 
reduction peak was found approximately at + 400 mV, which 

Fig. 1  Cyclic voltammetry 
(CV) measurements of synthetic 
solutions composed of 30% 
aqua regia and 100 ppm of a Te, 
b Ag, c As, d Fe, e Cu, f Pb, g 
Bi and h Doré slag PLS. (Scan 
rate = 10 mV/s and starting 
potential = 0 mV vs. SCE)
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relate to  Fe0/Fe2+ and  Fe2+/Fe3+, respectively (Fig. 1d). For 
Cu, two reduction peaks around − 150 mV and + 200 mV 
(Fig. 1e) correspond to  Cu0/Cu+ and  Cu+/Cu2+. However, 
as the aqua regia media includes also chlorides, the dis-
solved copper is most likely complexed with chlorides, e.g. 
as  CuCl+ and  CuCl2

−, rather than ions [46]. The reduction 
peak for Pb was determined to be around − 150 mV (Fig. 1f), 
whereas the CV of Bi—shown in Fig. 1g—highlights that 
although the Bi reduction potential is similar to that of 
Pb, the oxidation is at around + 75 mV. In addition, a CV 
was measured using the Doré slag PLS as the electrolyte 
(Fig. 1h) and this shows a wide number of peaks as a result 
of the complex combination of elements within the solution. 
For example, depending on pH, Te has a number of oxida-
tion stages [47, 48] and can form complexes with other met-
als like bismuth, silver and/or copper [7, 8, 49–54]. Based on 
the results from the CV investigations, the E1 (deposition) 
potentials and E2 (cut-off) potentials—outlined in Table 2—
were selected as the EDRR parameters in the multimetal 
PLS electrolyte.

As tellurium electrowinning has been previously investi-
gated under different pH conditions [55–59], this informa-
tion, along with the findings from the PLS CV measure-
ments (Fig. 1h), was used to select the EW experimental 
potentials shown in Table 3. Previous research [55–59] has 
demonstrated that along with pH, the choice of electrolyte 
and presence of other elements all affect the deposition 
potentials of tellurium.

Cyclic voltammograms (Fig. 1a–h) together with exist-
ing literature [41–48] highlight that copper would be the 
most beneficial candidate to act as a sacrificial element in 
EDRR, especially as chloride-based solutions decrease Cu 
reduction potential (− 150 mV vs. SCE, Fig. 1e) due to the 
formation of monovalent  (Cu+) copper chloride complexes. 
This provides a unique advantage in selective Te recovery; 
for example, the reduction potential in the current study 
is ca. 243 mV lower compared to non-chloride solution 
(+ 93 mV vs. SCE, standard electrode potential). Such val-
ues are of a similar magnitude to the calculations previously 
outlined by Lundström et al. [46] (220 mV decrease with 
 [Cl−] ~ 2.9 mol dm−3). This theoretical background highly 
supports the development of electrochemical Te recovery 
in chloride media, as the reduction potentials of Te and Cu 
are not overlapping, but the nobility difference supports both 
direct recovery (EW) as well as the recovery through elec-
trodeposition followed by spontaneous redox replacement 
(EDRR).

3.2  Tellurium recovery by EDRR from PLS

Investigation of the EDRR method to recover Te from Doré 
PLS initially involved the optimisation of the EDRR param-
eters, i.e. deposition potential (E1), cut-off potential (E2), 

deposition time (t1), cut-off time (t2) and number of cycles 
(n). More information about the definition of these param-
eters has been published earlier [37–41]. Five deposition 
times, t1, were studied in the range of 2–10 s, along with the 
four deposition potentials, E1 and three cut-off potentials, 
E2, presented in Table 2. Cut-off time, t2, and the number of 
cycles, n, were kept constant at 1000 s and 100, respectively.

The effect of deposition time, t1, is presented in Fig. 2. 
As can be observed, the content of Te is found to be highest 
when the deposition time is shortest, although after the mini-
mum level at t1 = 4 s, the level of Te steadily increases up to 
t1 = 10 s. In terms of energy consumption, shorter deposition 
times are preferable, particularly as the effect of hydrogen 
evolution can be minimised. Additionally, with the shortest 
t1 the amount of other elements deposited was reduced and 
Te was more evenly distributed across the electrode surface. 
During the RR (redox replacement) stage, on the other hand, 
smaller particles may spontaneously re-dissolve into the 
electrolyte before being redeposited on larger particles via 
Ostwald ripening [60–62], and actually, this re-nucleation 
process enhances Te electrodeposition due to uniform and 
larger Te particle size. Based on these findings, a deposition 
time (t1) of 2 s was selected for further investigation into the 
effect of deposition and cut-off potentials (E1 and  E2). The 
results of these parameters are shown in Fig. 3.

With a more anodic deposition potential (E1 = − 100 mV, 
Fig. 3a), the amount of Te detected is relatively modest 
(< 40%) when compared with experiments conducted at 
more cathodic potentials (Fig. 3b, c). This observation is 
primarily as a result of the increased deposition levels of 
the sacrificial metals that occur as the deposition potential 

Fig. 2  Quantitative SEM–EDS results of the electrode surface 
metal deposits after EDRR experiments at E1 = − 500  mV and 
E2 = + 150 mV versus SCE, t1 = 2–10 s and n = 100. N.B. Pt electrode 
background signal is excluded from the results
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(E1) is shifted more cathodically from − 100 to − 500 mV. 
Consequently, the levels of Te enrichment measured are 
highest when cut-off potential E2 = + 150 mV, as this poten-
tial appears to provide a more optimum cut-off time for 
the redox replacement. At E2 > + 200 mV, i.e. higher than 
the Te stripping potential, any redox-replaced Te present 
on the surface re-dissolves (Fig. 1a), whilst at the lower 
cut-off potential (− 50 mV) there is insufficient time for 
Te to fully replace the sacrificial metal deposited. In addi-
tion, as smaller particles tend to dissolve back into solu-
tion due to Ostwald ripening, a too low cut-off potential 
prevents re-nucleation on the electrode surface prior to the 
next EDRR cycle. Results in Fig. 3 demonstrate that the 
highest level of Te enrichment (approx. 64 wt%) is achieved 
when E1 = − 500 mV and E2 = + 150 mV. Additional meas-
urements that used an E2 value = + 75 mV versus SCE—
the value of Te reduction peak in Fig. 1a—were performed 
(Table 4). However, this cut-off potential only gave rise to 42 
wt% Te, most likely due to an incomplete redox replacement 
process. In order to maximise the Te recovery both in EW 

and EDRR, E = + 75 mV was selected to be used only in the 
EW experiments and a higher potential of E2 = + 150 mV 
was employed in the EDRR experiments.

Figure 3 also highlights that both Ag and Bi behave in 
a similar way to Te, although Ag and Bi are detected in 
lower amounts at the electrode surface. The ratio between 
Ag and Te found on the electrode is similar to that found 
in the original solution, where the Te concentration is ca. 8 
times higher, which suggests comparable electrochemical 
behaviour. The presence of Ag, As, Bi and Cu on the surface 

Fig. 3  Metal recoveries obtained after EDRR experiments at different ED potentials (E1) as a function of cut-off potential (E2): a E1 = − 100 mV, 
b E1 = − 300 mV and c E1 = − 500 mV. t1 = 2 s and n = 100. All potentials are versus SCE

Table 4  Quantitative SEM–EDS results of the electrode surface 
metal deposits after EDRR experiments at E1 = − 500  mV and 
E2 = + 75 mV or +150 mV, t1 = 2 s and n = 100

Pt electrode background signal is excluded from the results

E2 [mV vs 
SCE]

Te (wt %) Bi (wt %) Cu (wt %) Ag (wt %) As (wt %)

+75 41.95 29.19 0.99 4.52 5.92
+150 63.77 20.62 1.89 8.67 0.40
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is probably due to tellurium’s ability to form several differ-
ent alloys with other elements [7, 8, 49–54]. If tellurium is 
deposited as an alloy, the alloying element can be replaced 
with another tellurium ion which promotes tellurium recov-
ery as Te is the most noble element in the solution (with 
the exception of silver) [63]. Consequently, there exist two 
pathways for Te deposition, which occur simultaneously, 
leading to increased levels of Te at the surface: the redox 
replacement reaction of alloying elements resulting in Te 
alloys and redox replacement of metallic sacrificial element, 
resulting in metallic Te recovery. Therefore, the content of 
tellurium detected on the surface is the combination of a 
pure tellurium and telluride alloying, and the possible tellu-
rides could include for example,  Ag2Te [64] and  Bi2Te3 [65].

In the case of Bi, on the other hand, a different behaviour 
is observed: even though Bi concentration in the PLS solu-
tion is significantly higher (4.6 g dm−3), the level detected 
after EDRR is considerably lower relative to Te. During the 
RR phase, one limiting factor is mass-transport of electro-
lyte to the surface of the electrode, whereas at the electrode 
surface, the reaction rate is dictated by the metal reduction 
potential differences—the higher the reduction potential 
difference, the more likely the redox replacement. Conse-
quently as both Te and Ag have similar reduction potentials, 
it is possible that during the RR step, both these elements 
replace the sacrificial Cu and to a lesser extent Bi (see Fig. 3 
and Table 4).

3.3  Tellurium recovery by EW from PLS

The differences in recovery efficiency between EW and 
EDRR were investigated by performing EW over a potential 
range between − 600 to +250 mV. It can be seen that in EW 
operation (Table 5), Te content remains almost constant at 
ca. 3–3.5%, when the deposition potentials are ≤ − 360 mV, 
as the solution is rich in Cu/Bi and the deposition of these 
elements predominates at these more cathodic potentials, 

(Fig.  1e, g). At potentials > − 245  mV, the level of Te 
detected begins to increase significantly—to a maximum of 
55 wt % at—as the deposition of Bi and Cu reduces and Te 
reduction starts to dominate, reduction peak of Te being at 
+ 75 mV (Fig. 1a). At higher potentials, Te reduction is less 
likely, and therefore + 75 mV was selected as the optimal 
potential for EW recovery. Nevertheless, even at the opti-
mal deposition potential for Te, the co-deposition of other 
metallic impurities—in this case Bi—was also observed and 
this is similar to previous findings for other EW processes 
[66–69].

The results in Table 5 demonstrate that although notable 
Te enrichment is achievable by optimised EW operation with 
1200 s duration, the comparative active deposition time for 
EDRR is only 200 s (n = 100, t1 = 2 s) and provides a higher 
level of Te enrichment (Fig. 2). Overall, these findings 
clearly indicate that relatively selective Te recovery from 
Doré slag PLS can be achieved with both optimised EDRR 
and EW methodologies.

3.4  Morphology of tellurium deposits achieved 
by EDRR and EW

During both EDRR and EW, the metals deposited on the 
electrode surface were found to be porous in nature and scat-
tered around the area exposed to the electrolyte. Moreover, 
different metals displayed diverse behaviours, for example, 
Ag and Cu were found to be enriched in separate areas away 
from Te, whereas Bi and As were spread across the whole 
reaction area. This was confirmed by quantitative SEM–EDS 
analysis. Figure 4a shows a SE (secondary electron) micro-
graph after an optimised Te deposition EDRR experiment. 
The bright, elevated areas are mostly comprised of Te (~ 64 
wt%) and Bi (~ 21 wt%)—with some Ag (see Fig. 2)—whilst 
the darker, flat surface is composed of the Pt electrode mate-
rial. As can be seen at higher magnification (Fig. 4b), the 
Te and Bi deposits are porous in nature and tend to form 
dendritic-type structures, as previously is observed for both 
elements in electrodeposition studies [70, 71]. Moreover, it 
is known that the application of an overpotential can lead to 
dendrite growth [72] and in this case, the dendritic growth 
is most likely due to the overpotential applied during the 
electrodeposition of the sacrificial elements (mostly Cu) as 
has been shown previously for copper [72–76]. After the 
deposition of the sacrificial elements, the redox replacement 
process is followed and the dendritic structure remains as 
tellurium replaces the sacrificial elements on the electrode 
surface wherever they have been deposited, i.e. on the inho-
mogeneous surface areas [37, 41, 77]. Nonetheless in this 
case, Te is recovered via redox replacement and therefore, it 
is possible that tellurium can spontaneously forms dendrites. 
Such a phenomenon is fairly unlikely however, as no exter-
nal energy is applied and therefore tellurium maintains the 

Table 5  Quantitative SEM–EDS results of the metals deposits on the 
surface of the employed electrode after EW experiments at different 
potentials and duration = 1200 s

Pt electrode background signal is excluded from the results

Potential 
(mV vs. 
SCE)

Te (wt %) Bi (wt %) Cu (wt %) Ag 
(wt %)

As (wt %)

− 600 3.5 44.0 34.3 0.5 1.2
− 500 3.3 35.8 39.1 0.6 0.5
− 360 2.6 32.8 48.7 0.3 0.7
− 245 12.8 59.3 14.5 1.9 0.5
+75 55.1 17.4 1.6 1.9 2.9
+150 4.3 18.1 0.0 32.2 0.5
+250 0.4 42.2 0.0 10.4 3.7
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same appearance as the sacrificial elements formed during 
electrodeposition step.

Figure 5a, b shows the surface morphology of Te pre-
sent on the Pt electrode an optimised EW experiment 
(E = + 75 mV) after 200-s deposition time—the same time as 
used in the EDRR method. According to SEM–EDS, the Te 
content on the electrode surface was only approx. 8 wt% cf. 
64 wt% achieved with EDRR, although a smaller number of 
similar dendritic-like structures are observed as with EDRR 
(Fig. 4b). Nonetheless, as the magnitude of these Te depos-
its was almost at the limit of visual detection, their appear-
ance could only be observed clearly with the BSE detector 
(Fig. 5a). In contrast, the SE micrograph shown in Fig. 5b 
shows the presence of associated Ag/AgCl crystals on the 
surface, which appear to act as surface initiation points for 
the Te deposition. Furthermore, the dendritic-like struc-
ture formed during tellurium EW is once again observed 
with longer experimental durations due to overpotential 
applied—as has been observed also previously [78–80]. This 
also indicates that the dendritic structure found after EDRR 
is originally formed by the sacrificial elements during the 

electrodeposition step. Moreover, as 200 s was relatively 
short time for EW, a longer experiment was also carried 
out in similar conditions at the same deposition potential. 
Figure 5c shows the surface morphology after this longer 
(72 h) EW experiment conducted at optimised potential. As 
it can be seen, the surface is rather thick and the deposited 
material has grown over the whole area immersed. With a 
longer EW experimental time of 72 h (Fig. 5c), a thick metal 
layer is deposited on the surface that comprises of a majority 
of Te (57 wt%), although relatively high amounts of Ag (29 
wt%) and Cu (6 wt%) were are also detected. However, the 
content of bismuth was rather low, 1.3 wt%.

3.5  Combining EW and EDRR for tellurium recovery 
from Doré slag

Detailed investigations of the EW process for tellurium were 
carried out with synthetic solutions that contained 30% aqua 
regia and Te concentrations between 400 and 1 ppm (Fig. 6). 
It is noteworthy that, in conventional tellurium EW, tellu-
rium solution concentrations are clearly higher and typically 

Fig. 4  Representative SE 
micrographs of the Pt elec-
trode surface after an opti-
mised Te deposition EDRR 
experiment (E1 = − 500 mV and 
E2 = + 150 mV vs. SCE, t1 = 2 s 
and n = 100) at a 1000 × and  b 
7000 × magnification

Fig. 5  SEM–BSE (a) and SE (b) micrographs (magnification 2000 ×) of the Pt electrode after 200 s and SE micrograph of the Pt electrode after 
72 h (c) (magnification 1000 ×) of optimised EW at E = + 75 mV
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vary between a few tens of g dm−3 to several hundreds of 
g dm−3, with impurities like Cu, Bi and Sb that create chal-
lenging process conditions due to their co-deposition with 
tellurium [57, 81, 82] and Table 5.

Results in Fig. 6 show that when the synthetic solu-
tion has approximately the same Te content as the original 
PLS (400 ppm cf. 421 ppm) the level of Te deposition on 
the Pt electrode surface is relatively high after only 200 s. 
However, as concentration is reduced to ≤ 300 ppm Te, the 
amount recovered drops dramatically. As a result, the energy 
efficiency of EW becomes critical when compared to the 
level of tellurium recovered, due to the mass-transport lim-
ited reactions that comprise the EW process, as with more 

dilute solutions longer time is required for a critical mass of 
ions to reach the electrode surface.

Consequently, the EDRR methodology is more effective 
at lower concentrations than conventional EW as the metal 
redox replacement does not require any external applied 
energy, but occurs spontaneously due to reduction potential 
differences. For example, EDRR has already been proved 
to be capable of recovering Pt from acidic, sulfate-based 
industrial hydrometallurgical solutions in the ppb range [41]. 
On the other hand, the energy efficiency of EDRR process is 
reduced by the capacitive double-layer charging that occurs 
at the commencement of each ED cycle, i.e. hundreds or 
thousands of times, depending on the number of cycles 
applied [83, 84]. In comparison, the EW method only under-
goes a short period of capacitive double-layer charging at the 
start of the process.

These findings indicate that it may be beneficial to com-
bine EW and EDRR operation in series, Fig. 7. In the pre-
sented approach, the Doré slag PLS (PLS 1) is subjected first 
to EW (stage 1) until the Te concentration of the solution 
(PLS 2) is too low for EW (≤ 300 ppm) to be energy effi-
cient; EDRR (stage 2) is then performed with PLS 2 in order 
to recover the remaining Te still present within the elec-
trolyte. A number of experiments with extended durations 
were conducted with Doré slag PLS that included EW only 
(96 h, Stage 1), EDRR only (96 h, Stage 2) and a combined 
approach—total duration of 192 h—in which the initial 96 h 
was performed utilising EW and the remaining 96 h with 
EDRR. The duration of 96 h of EW was selected to ensure 
that the tellurium content in the Doré PLS was decreased 
to a level where the EW method was no longer suitable for 
recovery. Similar, long-lasting EW procedures for Te have 
been performed earlier [56, 85], where the total time for EW 
has been several hours. Nevertheless, in those studies the 

Fig. 6  Quantitative SEM–EDS of the metal deposits on a Pt electrode 
surface after EW experiments in a 30% aqua regia/Te only electrolyte 
solution (E = + 75 mV vs. SCE and t = 200 s)

Fig. 7  Schematic of the proposed route for tellurium recovery from Doré slag
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content of Te in the solution was several g dm−3 and EW was 
stopped when the Te content was below g dm−3.

SEM micrographs obtained of the electrode surfaces 
after the three different methodologies used are displayed in 
Figs. 8 and 9. As it can be seen in Fig. 8a (= 96 h EW depo-
sition only), on the macroscale, the surface of the electrode 
is rather smooth compared to the other two (Fig. 8b—96 h 
EDRR only, and c—96 h EW + 96 h EDRR). The difference 
between the two electrodes used in the EW only (Fig. 8a) 
and EDRR only (Fig. 8b) experiments clearly highlights how 
the two electrochemical methods differ from each other and 
Fig. 8b, in particular, demonstrates Ostwald ripening. On 
the other hand, the morphology shown after the combined 
EW-EDRR process in Fig. 8c clearly has aspects of both 
electrochemical methods.

A more detailed morphology of the different electrode 
surfaces is shown in Fig. 9. As can be seen, all show similar 
types of dendritic-like growth, although when EW only is 
employed (Fig. 9a, Stage 1) the tellurium deposits are spread 
across the whole active electrode area, whilst in contrast, 

EDRR from depleted Te solution (Fig. 9b, Stage 2) shows 
more compact areas of deposition. Moreover, when com-
pared to the combined method, Fig. 9c, it is evident that 
tellurium can re-dissolve back to the electrolyte, most likely 
during the RR (redox replacement) step and such dissolution 
can be a limiting factor in an EDRR-based process. As seen 
previously, dendritic-like structures were again observed 
with these long-term EW, EDRR and EW-EDRR meas-
urements and as stated earlier, they are most likely a direct 
result of the applied overpotential where either sacrificial 
elements are deposited on the electrode or, during EW, tel-
lurium is deposited.

Table 6 presents data obtained by SEM–EDS after the 
EW, EDRR and combined EW-EDRR experiments per-
formed with Doré slag PLS. After the 96-h EW experiment, 
the content of Te on the electrode surface is > 60%, whereas 
the levels of Bi and As are below 1 wt%. Furthermore, when 
comparing to EW performed for only 1200 s (Table 5), the 
content of tellurium only increased by approx. 6 wt%. In 
comparison, the EDRR performed for an equivalent duration 

Fig. 8  SEM micrographs of Pt electrode surfaces after a EW, b EDRR and c combined EW-EDRR at a magnification of 8×

Fig. 9  SEM micrographs of Pt electrode surfaces after a EW, b EDRR and c combined EW-EDRR (c) at a magnification of 2000×
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(96 h) in the Te-depleted electrolyte under optimal condi-
tions, resulted in a significantly lower tellurium content than 
that achieved by EW. Nevertheless, when keeping in mind 
that a majority of the tellurium is already recovered during 
the stage 1 (EW), the results clearly demonstrate the EDRR 
(stage 2) technique’s ability to recover Te from solutions 
where only very low levels of tellurium remain.

There are currently only a few studies where tellurium 
recovery has been performed at similar concentrations to 
the one utilised here—e.g. recovery from a solution con-
taining < 100 ppm Te by bacterial leaching [86] or 500 ppm 
by electrochemical methods [71]. Instead, in most cases 
clearly higher initial Te concentrations are utilised, e.g. 
1.9–3.5 g dm−3 industrial solutions [87] or anode slimes 
with ~ 34 wt% Te [88]. Therefore, the combined EW-EDRR 
route outlined here offers an unparalleled method for the 
maximisation of Te recovery from the Doré process that 
enhances the drive towards a more sustainable metal circular 
economy.

4  Conclusions

Tellurium recovery from Doré slag PLS via combined EW-
EDRR has been demonstrated to be feasible and relatively 
selective, even though Doré slag PLS contains notable 
amounts of other elements at high (g dm−3) concentrations. 
Under the optimised conditions, the recovered metal depos-
its on the surface contained more tellurium than any other 
elements combined. The highest tellurium recovery from 
Doré slag PLS via EW resulted in ~ 55 wt% purity in the 
deposits, whereas EDRR resulted in ~ 64 wt%. Based on 
these findings, a new Doré slag treatment circuit for tel-
lurium recovery is proposed.

The working principles and limiting tellurium concentra-
tions were demonstrated with synthetic solutions and the 
results show that above 300 ppm EW is preferred, whilst 
below this threshold value, EDRR should be employed. By 
a combination of EW and EDRR processes, the recovery of 
pure tellurium from Doré slag can be achieved even from 
ppm-level solutions.

Since tellurium is still mainly produced as a side product 
of a copper anode slime treatment, the processing the Doré 
slag with the proposed combined EW-EDRR could increase 

the overall profitability of a copper factory. Moreover, in 
terms of circular economy and sustainable development, the 
recovery of even a small amount (< 300 ppm) of tellurium 
metal circulation for use is crucial with the ever-growing 
demand for metals. Furthermore, the proposed new approach 
can offer potential for selective tailored recovery of strate-
gically important elements in metallurgical waste and side 
stream fractions.
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