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Abstract: Gold is a significant revenue source for custom copper smelters facing profitability chal-
lenges due to low treatment and refining charges, stricter regulations, and rising costs. Gold is also
often blended with copper concentrates, but precise recovery rates from smelting processes are poorly
documented despite gold critical economic importance. This paper aims to provide the first compre-
hensive estimates of gold first-pass recovery across various operational units within the copper sulfide
concentrate processing flowsheet. It evaluates the effectiveness of different copper smelting and con-
verting technologies in recovering gold. Optimizing gold first-pass recovery is especially important
to enhance immediate financial returns and responsiveness to market dynamics, allowing companies
to capitalize on favorable gold prices without delays. Given the absence of direct measurements for
gold recovery rates, this research develops an estimation method based on understanding gold loss
mechanisms during smelting. This study identifies and analyzes key input and output parameters
by examining data from various copper producers. By correlating these parameters with gold loss,
the research estimates gold first-pass recovery rates within the copper smelting process. Among
integrated smelting-converting routes, the flash smelting to Peirce-Smith converting route achieves
the highest gold first-pass recovery (98.8-99.5%), followed by the Mitsubishi continuous smelting and
converting process (94.3-99.8%), bottom-blowing smelting to bottom-blowing converting (95.8%),
flash smelting to flash converting (95.5%), Teniente smelting to Peirce-Smith converting (95.2%),
and the Noranda continuous smelting and converting process (94.8%). The final recovery rates are
expected to be higher considering the by-products’ internal recirculation and post-processing within
the copper flow sheet. Additionally, superior gold recoveries are attributed to advanced metallurgical
practices and control systems, which vary even among companies with similar technologies. This
research demonstrates that copper smelting can effectively recover over 99% of gold from sulfide
concentrates. Gold accumulates up to 1000 times its original concentration in anode slime during
electrolytic refining, generating 5-10 kg of slime per ton of copper, which is further processed to
recover gold and other by-products. Major smelters operate precious metal plants where recovering
gold from highly concentrated anode slime is both cost-effective and efficient.

Keywords: gold recovery; copper smelting; smelting technologies; economic importance; copper
sulfide concentrate; gold loss

1. Introduction

For a custom copper smelter, there are four main sources of revenue: (1) treatment
charges/refining charges (TCs/RCs), (2) by-products (e.g., HySO4), (3) free metals (e.g., Cu,
Au, and Ag), and (4) premiums (from Cu and Au). Premiums are additional charges or
bonuses that can be added to standard TC/RC rates. These premiums may be influenced by
factors such as the concentrate quality (e.g., high grade or low impurities) and the presence
of valuable by-products (e.g., Au). The revenues generated from TCs/RCs and free metals
play a major role in the profit margins and sustainability of smelters. Figure 1 depicts the
TC index, the CIF Asia Pacific price of copper concentrate from Fastmarkets analysis [1].
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Low TCs/RCs, combined with stricter environmental laws, unpredictable fuel prices, and
rising labor costs, have put pressure on the profitability of custom smelters. In response to
exceptionally low and competitive TC/RC market conditions, custom smelters have been
focusing on improving their operational economy and sustainability by increasing metal
recoveries and generating additional by-products.
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Figure 1. Treatment charges (TCs) of copper concentrate from 2019 to 2024, along with the corre-
sponding annual benchmark rates (data from Fastmarkets analysis [1]).

Gold plays a crucial role in the profitability and sustainability of the copper industry,
benefiting both smelters and miners. Following cyanide leaching, copper smelting emerges
as an attractive method for gold extraction, and due to the ease of extraction and high
recovery rates, smelters often blend gold concentrates with copper concentrates [2,3]. While
it is widely believed, based on industry consensus and anecdotal evidence, that 98-99%
of the gold contained in sulfide concentrates can be recovered, the exact recovery rates
from copper smelting and converting processes are not well documented in the literature.
Most available studies focus on the partitioning of gold between matte or metal and slag
as influenced by process variables, such as matte grade, temperature, and oxygen partial
pressure [4-8]. Here, “matte grade” refers to the concentration of Cu in the matte.

This paper aims to analyze systematically and, for the first time, provide estimates of
gold first-pass recovery rates across various operational units within the copper sulfide
concentrate processing flow sheet. It also evaluates the effectiveness of different copper
smelting and converting technologies in gold recovery. The study offers insights to help
custom smelters optimize their operations in the face of challenging market conditions. The
overview includes global copper production and processing units, copper smelting and
converting technologies, and the significant role of gold in copper smelting. It details the
distribution of gold across different phase streams during copper production and assesses
the efficiency of current smelting technologies in maximizing gold recovery. This evaluation
is crucial not only for the economic viability of copper smelters but also for intelligent
resource utilization, as end-of-life (EoL) materials are recycled through the copper flow
sheet for their precious metal content [9].
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2. Overview of Global Copper Production

Copper is produced through either pyrometallurgy or hydrometallurgy. Figure 2
illustrates the global refined copper production in 2023, which totaled 26.5 million metric
tons (Mt). Of this, 83% was derived from mined copper, predominantly processed through
smelting (80%). The smelting processes were primarily divided between bath smelting,
contributing 49%, and flash smelting, contributing 44%. The remaining 20% of mined
copper production came from heap leaching and solvent extraction—electrowinning (SX-
EW) of oxidized and sulfidic chalcocite ores. Secondary copper production from high-grade
scrap and recycled EoL materials constituted 17% of total copper production. Over the
past two decades, secondary copper production has steadily increased. In 2019, global EoL
waste generation surpassed 50 Mt [10,11].

Global copper production (2023)
26.5 Mt

Mined copper Recycled copper
(83%) (17%)

Smelting Leaching End-of-life
(80%) (20%) products

Bath Flash
smelting smelting
(49%) (44%)

Figure 2. Breakdown of global copper production in 2023, highlighting the share of mined and
recycled copper and the distribution of smelting methods (data from [10]).

Figure 3a shows the world’s major copper mine producers, including Chile, Peru,
the Democratic Republic of Congo, and China, with Chinese smelters contributing about
50%, as illustrated in Figure 3b. China operates around 55 smelters and 60 refineries to
process both domestic and imported concentrates [12]. Despite flat concentrate production,
China is expanding its smelter capacity to respond to the green energy transition [13],
with a projected shortfall of 9.2 Mt by 2027. To address concentrate shortages, Chinese
smelters import a variety of concentrates from countries such as Chile, Peru, Kazakhstan,
and Mongolia, as depicted in Figure 4. In 2023, the total imported concentrate to China
was reported to be 28 Mt [14].

Chinese smelters typically charge treatment and refining charges (TCs/RCs) to miners
for processing their concentrates into final products. The international market for copper
concentrates operates under a TC/RC benchmark, which is negotiated annually between
major miners and smelters. Historically, this benchmark was set by Escondida or Freeport,
Indonesia, in collaboration with Japanese smelters. However, over the past 20 years, China’s
influence in the market has grown, and the benchmark is now primarily shaped by Freeport
and Antofagasta Minerals in coordination with major Chinese smelters [15,16].
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Figure 3. World copper production by origin in 2022 (top 20 countries): (a) mine and (b) smelter (data

from [10]).
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Figure 4. China’s copper concentrate imports by origin in 2023 (in million tons) (data from [14]).

Pyrometallurgical Route of Copper Production

In the pyrometallurgical process, sulfide concentrate is fed into a smelting furnace to
produce matte containing 45-74 wt% Cu. This matte is then converted into blister copper,
which is further refined into anode copper with approximately 98-99.5 wt% Cu. The anode
copper undergoes electro-refining to produce cathodes with 99.99 wt% Cu. During electro-
refining, copper anode slime (CAS) is generated, which is subjected to various treatments
to recover selenium (Se), tellurium (Te), precious metals (Au and Ag), and platinum group
metals (PGMs), including platinum (Pt), palladium (Pd), and rhodium (Rh) [17-20]. An
overview of copper smelting and refining processes is shown in Figure 5.
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Figure 5. Overview of copper-making flowsheet.

3. Gold in Copper Industry

Copper concentrate naturally contains various other metals, including Mo, Co, Zn,
Pb, Ni, Au, Ag, Pt, Pd, and Rh. Approximately 26% of the gross revenue for a custom
copper smelter comes from the sale of these metallic by-products, with Au contributing
the largest share at 6-8% [12]. In some cases, such as with concentrates from Australia,
Indonesia, Canada, Chile, Mongolia, and Brazil, Au contribution can reach up to 30%, as
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listed in Table 1. As a by-product of copper smelting, Au significantly boosts the economic
value of smelter operations, requiring minimal additional effort for its recovery from the
concentrate [12].

Table 1. Revenue share from by-products by metal and region in the copper industry (averaged over
2010-2025) (data from [12]).

Metallic By-Product Revenue Share (%) Region
Au 29.4 Australia, Indonesia, Canada, Chile, Mongolia, Brazil
PGMs 21.0 South Africa, Russia, Canada
Ni 17.2 Russia, Canada, China
Zn 9.0 Peru, Canada, Mexico
Ag 7.4 Peru, Poland, Chile
Mo 7.1 Chile, Peru, USA
Co 49 Democratic Republic of the Congo, Russia, China, Canada
Pb 1.7 USA, Peru, Uzbekistan, Mexico
Gold also adds substantial value for copper concentrate miners. Copper smelters offer
miners a significant payable—typically 90-92% of the gold content in the concentrate—starting
from concentrations as low as one gram per ton. Smelters handling high-grade copper
concentrates generally achieve higher gold recovery rates. Figure 6 illustrates the typical
gold payables in the Japanese market.
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Figure 6. Gold payables for different gold grades in a copper concentrate in the Japanese market.

With high gold concentrations (6-10 g/t) and favorable market prices, Au has become
one of the most significant by-products for copper producers. Its substantial contribution to
profitability has led many copper producers to focus on enhancing operational efficiency at
their precious metal plants. Approximately 85% of all traded copper concentrates contain a
minimum payable Au level of one g/t [21]. According to a published report, the treatment
of CAS accounts for over 40% of China’s total output of precious metals (Au and Ag) [22].
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3.1. Behavior of Gold from Copper Smelting to Refining

Gold is present in copper concentrate either as free gold particles or in solid solu-
tion within chalcopyrite [23]. During smelting and converting operations, gold remains
closely associated with copper throughout the process from matte to blister. Reported
concentrations of gold in matte and blister range from 0 to 0.003 wt% and 0 to 0.004 wt%,
respectively [4,21,24-28]. Gold also closely follows copper into the anode, with concentra-
tions reaching up to 0.03 wt% compared to the original 6-10 ppm in the copper concen-
trate [21,24,25,29-35].

During electro-refining, nearly 100% of the Au accumulates in CAS, with only trace
amounts reaching the cathode and negligible losses occurring in the electrolyte [30,31].
The CAS typically contains a high concentration of Au, averaging 0.60 wt% across various
sources [36—40], which is nearly 1000 times greater than the Au content in the original
concentrate. Due to the relatively low mass of the slime (5-10 kg per ton of anode copper)
and its high Au concentration, the processing costs for the final recovery and refining of
Au are low [21]. The CAS is collected from the bottom of the electrolytic tanks and is sent
to precious metal processing plants after the removal of Cu, Te, Se, and Ni (if applicable).

To determine the Au recovery rate in copper smelting, it is crucial to understand the
mechanisms of gold loss. In pyrometallurgical operations, metal losses can be categorized
into colloid loss, entrainment loss, dust loss, skull formation, and chemical loss. In copper
smelting, the most relevant forms of loss are colloid loss, skull formation, and chemical
loss [41]. Colloid loss or emulsion loss refers to metal droplets entrapped in slag as colloids
and removed with the slag. Skull loss occurs when metal solidifies in cold zones on the
vessel rim or in deslagging equipment. Chemical loss happens when metal dissolves chemi-
cally in slag. This study investigates both chemical and colloidal losses that occur primarily
during smelting and converting processes. For the purposes of this study, colloidal loss
is considered a type of physical loss. During the anode refining stage, slag generation is
minimal, leading to the assumption that there is negligible chemical or physical loss of Au
at this stage. Gold loss during electro-refining is discussed in Section 3.4.

3.2. Chemical Loss

Chemical loss pertains to the oxidation of Au, forming AuO [42], and its subsequent
dissolution into the bulk slag during smelting or converting processes. This type of loss
can be quantified using partition coefficient data between matte and slag in smelting and
between blister copper and slag during converting. Research has examined the effects
of various factors—such as copper matte grade, temperature, and slag composition—on
the partition coefficient of Au between matte and slag [5,6,43]. This partition coefficient is
calculated using Equations (1) and (2) for the smelting and converting stages, respectively,

as follows:
[wt% Au|

m/s _ matte 1
Au (Wt% A”)slug ( )
/s [Z/Ufo/o Au]mpper (2)

A (wt% All) 100

where m, ¢, and s represent matte, copper, and slag, respectively, [5,6,43] denotes the concen-
tration of Au dissolved in the matte (for smelting) or copper (for converting), respectively,
and ( ) denotes the Au concentration dissolved in slag.

3.2.1. Smelting

Henao et al. [44] measured the Au partition coefficient between Cu,S-FeS matte
and Fe-silicate-based slag at 1300 °C under a Psp, of 0.1 atm. The experiments were
conducted using MgO crucibles, with approximately 8 wt% MgO solubility in the slag. The
Au content in both the slag and matte was analyzed using inductively coupled plasma
mass spectrometry (ICP-MS). In a study by Avaarma et al. [6], the distribution of Au
between copper matte and silica-saturated Fe slag was investigated under flash smelting
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conditions at temperatures ranging from 1250 to 1350 °C and a Psp, of 0.1 atm. However,
the electron probe microanalysis (EPMA) detection limit for Au (31 ppm) was insufficient
to accurately measure its content in slag. Subsequently, Avaarma et al. [5] refined their
analytical techniques, incorporating EPMA for matte and laser ablation inductively coupled
plasma mass spectrometry (LA-ICP-MS) for slag, aiming for reliable bulk analyses. The
instrumental uncertainty for EPMA was estimated at +0.5 wt%, and the detection limits
for Au in slag using LA-ICP-MS were reported to be below 1 ppm. Chen et al. [43] used a
high-temperature isothermal matte-slag equilibration technique in a controlled atmosphere
of CO-CO,-50,-Ar gas mixture. Analytical techniques, such as EPMA and laser ablation
high-resolution inductively coupled plasma mass spectrometry (LA-HR-ICP-MS), were
employed for precise measurements. The study explored three types of slags, pure FeOx-
Si0,, FeOx-SiO, with 10 wt% Al,O3, and FeO4-5i0; with 10 wt% Al,O3 and 10 wt%
CaO, to assess the role of AlO3; and CaO in enhancing metal recovery in the matte phase.
Experiments were conducted at 1300 °C, with controlled Pp, and Ps, using MTDATA
software version 6.0.

Figure 7 illustrates the gold partition coefficients (L%S) as a function of the matte
copper grade based on experimental data from the literature. The partition coefficients
range from 100 to over 2000, indicating that most of the Au reports to the matte phase. The
data show that increasing the Cu content in matte from 50 wt% to over 70 wt% leads to a
higher Au partition coefficient between matte and slag, suggesting that higher matte grades
favor Au recovery in the matte phase. This trend is opposite to the behavior of chemically
dissolved copper in slag, which increases with higher copper matte grades. At high matte
grades (greater than 70 wt% Cu), most Cu losses are attributed to chemical loss [45-48].
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Figure 7. Gold partition coefficient between matte and slag versus Cu concentration in matte. [20Che]:
1300 °C, 0.1 atm SO,, ICP [43]; [16Ava]: 0.1 atm SO;, FS, EPMA [6]; [15Ava]: 0.1 atm SO,, FS slag,
ICP [5]; [06Hen]: 0.1 atm SO,, FSM slag, ICP-MS [44]. E, S, M, A, and C stand for FeO, S5iO,, MgO,
AlyO3, and CaO in slag.
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As seen in Figure 7, there is general agreement on the trend of the gold partition
coefficient with the matte copper grade among the data from Avarmaa et al. [5,6] and
Chen [43]. However, the trend observed by Henao et al. [44] differs, as they reported
that the L% ® remains constant up to a matte grade of 63 wt% and then decreases as the
matte grade increases beyond 63 wt%. Celmer and Toguri [49] also observed that the
gold distribution coefficient between silica-saturated FeO-5iO; slags with varying Al,Os
concentrations and a Cu-Ni matte increases with higher copper and nickel concentrations in
the matte at 1250 °C and 0.01 atm Psp,. They used neutron activation analysis to determine
the gold content in slag. Their findings are consistent with those of Chen et al. [43], who
reported that the gold concentration in slag decreases when Al,Oj3 is present in the slag.

As shown in Figure 7, slags with compositions of FeO-5i0,-10 wt% Al,O3 and FeO-
5i0,-10 wt% Al;O3-10 wt% CaO exhibit better Au partition coefficients compared to
silica-saturated FeO-5iO; slag. The temperature does not show a clear impact on the
distribution of gold between matte and slag, as the data appear scattered. Additionally, it is
important to note that the Au concentrations in slag were measured using ICP in the studies
by Avarmaa et al. [5] and Chen et al. [43], whereas in the study by Avarmaa et al. [6], EPMA
was used. The detection limit of EPMA for Au (31 ppm) was not sufficient to accurately
measure the gold content in slag, making the ICP-derived data more reliable.

3.2.2. Converting

Mackey et al. [50-52] measured the gold distribution coefficient between copper and
slag at 1250 °C under a P502 of 0.21-0.3 atm and an Fe/SiO, ratio of 1.4-1.9 using a
pilot-scale Noranda converter. The Au partition coefficient was reported as 300. Toguri
and Santander [53] also investigated the gold distribution coefficient between copper and
iron silicate slag as a function of temperature (1250-1350 °C), Pp, (1078-10~7 atm), and
composition. However, the effect of these variables on the gold partition coefficient was
unclear due to scattered data (at the level of a few 100 ppm). The Au solubility in slag
varied between 0 ppm and 800 ppm. Sukhumlinov et al. [7] explored the high-temperature
isothermal equilibration of metallic copper with alumina-saturated iron silicate slag under
experimental conditions and varying temperatures between 1250 °C, 1300 °C, and 1350 °C
and P, from 107 to 10> atm. The solubility of Au was found to be low in slag at about
0.01 ppm at 1300 °C and Py, = 108 atm. Elemental analysis was conducted using EPMA
and LA-ICP-MS.

Figure 8 illustrates the Au partition coefficients between metallic copper and alumina-
saturated iron silicate slag (qu/;) as a function of logPp,, for temperatures ranging from
1250 to 1350 °C. The L%S values range from 10* to 10, indicating that Au predominately

partitions into the copper phase. As shown in Figure 8, with increasing Po,, the L%S
decreases, suggesting that the Au concentration in slag increases as Po, rises. This implies
that gold undergoes oxidation and dissolves in the slag as AuO [42]. Temperature does not
appear to significantly affect the qu/; values, as the data across different temperatures are
relatively scattered.

Holland et al. [54] measured the gold distribution coefficient between copper and
white metal (WM) (L%WM) within a temperature range of 1250 to 1350 °C, under Psp,
varying from 0.01 to 1 atm. White metal, an intermediate product formed during the
copper converting process, contains a higher copper content (approximately 75-80 wt%)
than matte. The gold concentration in WM and copper was determined using LA-ICP-MS
and EPMA, respectively. The reported distribution coefficient for Au varied between 250
and 333.

Sinha et al. [4] explored the distribution of Au between copper and matte in silica
crucibles at temperatures of 1127 and 1227 °C, utilizing atomic absorption spectroscopy
(AAS). At 1127 °C, the gold concentration in matte was measured at 32 & 6 ppm, while in
metallic copper, it was 3182 £ 535 ppm. At 1227 °C, the Au concentration in matte was
28 + 3 ppm, and in copper, it was 3393 & 432 ppm. This results in an average Au partition



Processes 2024, 12, 2795

10 of 34

coefficient between copper and matte ranging from 90 at 1127 °C to 127 at 1227 °C, showing
an increase of over 200 ppm in Au concentration in copper with rising temperature.
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Figure 8. Gold partition coefficients between copper and slag versus oxygen partial pressure. Experi-
mental data were obtained for alumina-saturated iron silicate slag using LA-ICP-MS (data from [7]).

Figure 9 depicts the Au partition coefficient between copper and matte and copper
and WM (L%m or L%WM ) as a function of temperature. These results indicate that Au
preferentially dissolves in copper compared to matte and WM. During the converting
process, Au becomes increasingly concentrated in copper, with its concentration rising by
approximately 100-fold and 300-fold compared to matte and WM, respectively. The gold

partition coefficient between copper and Fe-free matte was reported to range between 125
and 173 [26,27].
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Figure 9. Gold partition coefficients between copper and matte (diamond) and copper and white
metal (square) versus temperature [4,54].
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3.3. Physical Loss in Slag

As demonstrated, gold closely follows the matte and copper phases during copper
smelting and converting. Therefore, the gold loss can be indirectly determined from
the copper physical loss in slag, and the latter is a known phenomenon in the copper
industry [41]. If matte or copper droplets that are entrained in the slag fail to settle
completely through the slag layer during the process, it is considered a loss to slag. There
are several reasons for matte or metal entrainment in slag [41,55], but only some are
relevant to Au loss. For example, matte or metal precipitated from slag in colder areas of
the smelting furnace [56] does not lead to Au loss, as Au does not dissolve in slag under
common smelting and converting conditions, as mentioned in Section 3.2. Mechanisms
contributing to Au physical loss include the following: when SO,(g) bubbles exit the matte
phase into the slag, a jet may form to fill the void, leading to matte entrainment in the slag;
gas bubbles can carry matte to the slag as they rise; interfacial tension gradients, diffusion,
and stranding mechanisms under mass transfer effects can result in the spreading and
emulsification of matte [56-58]. SO,(g) bubbles are generated via the reaction between
matte and magnetite in the slag during smelting [41] and at the slag-forming stage in
converting, as shown in Equations (3)—(5):

FeS(1) + 3Fe304(s) = 10FeO(s) + SO, (g) 3)
FeS(l) + 1.50,(g) = FeO(s) + SO, (g) (4)
3FeS(1) + 50,(g) = FezO4(s) + 350;(g) (5)

Additionally, intense agitation during the converting step can exacerbate copper
physical loss compared to smelting. The converter slag returned to the smelting furnace
also contains suspended matte droplets [59].

The physical loss of copper, which carries Au in slag, can be explained by the settling
speed, Ugropiet, (m/s) of matte/metal droplets in the slag, as predicted by Stoke’s law, which
applies to laminar flow and rigid spheres. However, because large droplets are not rigid and
the viscosity of matte/copper droplets is much lower than that of slag, internal tension is
created. As a result, Stoke’s equation should be adjusted using the Hadamard—-Rybczynski
equation, given by Equation (6), as follows [41]:

g'dfiroplet' (P - pslag)
3"75111g

(6)

Odroplet =

where g is the gravitational constant (9.81 m-s~2), ddroplet 1S the diameter of the metal droplet
(m), p is the density of matte or copper (kg-m_3), Psiag is the slag density, and 744 is
the total viscosity of slag, accounting for both the liquid and solid fractions. As evident,
increasing the settling speed of droplets in slag can reduce physical 10ss. vy, et 1s inversely
related to the slag viscosity, while it is directly proportional to the square of the matte/metal
droplet size and the difference between matte/metal and slag densities. Additionally, the
interfacial tension between the matte/metal and slag, along with slag mass, affects the
physical loss in slag [60]. The influence of these parameters on matte/metal physical loss
in slag is detailed below.

3.3.1. Viscosity of Slag

Metal physical loss in slag can increase with rising slag viscosity, as suggested by
Equation (6), due to a reduction in particle settling velocity. Slag viscosity is a crucial
parameter because it can be adjusted in practice. Utigard and Warczok [61] developed a
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model to calculate slag viscosity as a function of composition and temperature, given by
Equation (7):

049 51V/VR 4 —3660+12,080VVR

logu(kg/m—s) = T(K) @)
where VR is the viscosity ratio defined by Equations (8)-(10):
VR =A/B (8)
A = (%SiOy) + 1.5(%Cry03) + 1.2(%ZrO,) + 1.8(%Al,03) )
B = 1.2(%FeO) + 0.5(%Fe; O3 + %PbO) + 0.8(%MgO) + 0.7(%Ca0) + (10)

2.3(%Nay0 4 %K,0) + 0.7(%Cui20) + 1.6(%CaFy)

It is observed that temperature and composition significantly influence slag viscosity.
However, the effect of the solid fraction on slag viscosity cannot be directly captured
using the Utigard and Warczok equation (Equation (7)). Instead, the impact of the liquid
and solid fractions of slag on its viscosity can be more accurately determined using the
Einstein—Roscoe equation, Equation (11):

Nslag = Mo* (1 - (PS,slag'D‘) - (11)

where 7, is the viscosity of the liquid slag, ¢; 544 is the volume fraction of solids in the slag,
and « and 7 are empirical constants that depend on the size, distribution, and morphology
of the solids in the slag. These parameters can vary with temperature, making slag viscosity
a temperature-dependent property.

3.3.2. Solids in Slag

According to Equation (11), slag viscosity increases with the rising solid fraction,
which depends on the slag’s composition and temperature. In addition to the solid fraction,
the size and morphology of solid particles in slag also influence its viscosity. The param-
eters & and n in Equation (11) are defined as 0.8 and 2.5, respectively, for spheroidal and
homogeneously distributed solids in slag. For irregularly shaped particles, such as polyg-
onal Fe3Oy spinel in copper slag, these values may differ. Generally, large and irregular
solid particles in slag can lead to increased metal loss by entraining metal /matte droplets.
Among different particle shapes, rod-like, disc-like, and ellipsoidal particles result in the
highest viscosity, respectively [62].

3.3.3. Density

According to Equation (6), a large difference between the densities of matte and slag
enhances the travel speed of matte/metal droplets in slag, thereby reducing metal physical
loss. The density of iron silicate slags (0s1,¢) ranges from 3.3 to 3.7 g/ cm?. In contrast,
the density of matte (oatre) Varies significantly with matte grade from 3.9732 g/ cm? for
pure FeS to 5.2744 g/cm? for pure CuS. A rough linear relationship for Cu,S-FeS matte is
described by Equation (12) [63]:

0Cups—Fes = 3.9732 + 1.3012-Xcy s (12)

An error of about 10% should be anticipated with this equation [63]. Consequently,
higher matte grades have greater densities and settle more quickly. The effect of trace
amounts of Au on matte density is likely negligible given the linear relationship between
matte components and density. It has been reported that matte density changes by approxi-
mately 0.2 g/cm? for every 100 °C variation in temperature. Additionally, metallic copper
droplets, having a higher density than matte, exhibit an increased settling rate during the
converting process [64].
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3.3.4. Other Parameters

Additionally, higher interfacial tension between matte/metal and slag enhances the
separation of matte/metal from slag, thereby reducing physical loss. The interfacial tension
between matte and slag has been reported to range from 0.02 to 0.2 N/m as the matte
Cu grade increases from 0 to 70 wt% CuyS [65]. The effect of temperature on interfacial
tension has been reported to be negligible [63]. Therefore, producing higher matte grades is
advantageous for reducing physical loss [60,65]. Copper/slag interfacial tension is expected
to be higher than matte/slag tension, which facilitates easier copper—slag separation.

Reducing slag mass while maintaining a constant settling speed of droplets decreases
physical loss. However, slag mass must be optimized to balance matte/metal and slag
separation [60]. According to Equation (6), the settling speed of droplets (vg,opiet) is also a
function of the square of the droplet diameter. Increasing the size of matte/metal droplets
reduces their residence time, thereby enhancing their settling rate. Matte particle sizes
typically range from 10 to 20 microns or smaller. However, increasing settling time does
not always translate to higher copper recovery. The attachment of copper-rich droplets to
gas bubbles or spinel particles can hinder the separation of copper droplets from slag [66].
Therefore, minimizing the build-up of spinel at the matte-slag interaction layer is crucial for
improving copper recovery [66]. Additionally, the formation of magnetite in Ca ferrite slag
is less likely than in Fe silicate slag because CaO reduces the activity of Fe;Oj3 in the slag.

3.4. Loss in Electro-Refining

Compared to the few ppm of gold typically found in copper concentrate (ranging
from 6 to 10 ppm), the Au concentration in the anode increases to 45 &+ 38 ppm. In
CAS, this concentration can increase significantly, up to 700-fold, from the anode to the
CAS [30,67]. The composition of CAS can vary significantly [30,36—40,68,69], depending
on factors such as the mineral raw materials, the composition of the copper anode, anode
casting quality, and the technical conditions of the electrolyte [37]. Recovering gold from
highly concentrated anode slime at a precious metal plant is a cost-effective and efficient
process [21].

Tsukahara et al. [67] reported that only 0.11 ppm of Au was detected in the Cu
cathode, yielding a distribution coefficient (Lg’;‘s/ €4y of 24,545, which confirms that Au
predominantly accumulates in CAS (0.76 wt%) during electro-refining. In CAS, Au forms an
insoluble product and is released as tiny particles (<1 micron) in metallic form, collected in
the CAS at the bottom of the electrolysis cell [28]. Figure 10 compares the Au concentration
in the anode, CAS, and cathode in electro-refining.
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Figure 10. Gold concentrations (in logjg in ppm) in several phases in copper anode electro-
refining [30,67]. CAS represents copper anode slime.
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4. Role of Copper Processing Technologies in Gold Recovery

As mentioned, the Au chemical loss in slag during copper smelting and converting is
minimal. Similarly, Au loss during the refining stages (anode refining and electro-refining)
is negligible, with nearly 100% Au recovery expected from these unit operations. Therefore,
the primary route for Au loss occurs through the physical loss of Cu matte or metal droplets
in slag during smelting and converting.

The key parameters influencing Cu physical loss and, thus, Au loss include operational
inputs (concentrate Cu content, gangue content, slag temperature, and slag residence time in
the furnace settling zone), the Cu concentration in matte, the density of copper/matte, and
slag chemical and physical properties (Fe/SiO; ratio, density, and viscosity). Additionally,
matte/slag interfacial tension plays a significant role [65]. Many of these factors are
interdependent and vary with different operational conditions. Since these factors can
change across various technologies, the degree of Cu physical loss—which serves as a
carrier for Au—and, consequently, the Au recovery rate is expected to vary accordingly.
The following sections will introduce copper smelting and converting technologies and
discuss the key parameters that could impact Au recovery.

4.1. Smelting Technologies

Smelting technologies can be broadly categorized into two main types: flash smelting
and bath smelting. Modern smelting furnaces operate continuously and utilize advanced
instrumentation and automation to optimize performance. Over the past forty years,
several innovative smelting technologies have emerged, offering improved capabilities
in SO, capture, impurity management, and EoL product recycling [41]. Contemporary
smelters are adept at producing a range of by-products, including electricity, sulfuric acid,
PMs, and PGMs [17-20,28,70].

Mainstream modern smelting technologies include flash smelting (FS) (e.g., Out-
okumpu and Inco), top submerged lance smelting (TSL) (e.g., Isasmelt and Ausmelt), side-
blowing smelting (SBS) (e.g., Noranda and Teniente furnaces), and bottom-blowing smelt-
ing (BBS) (e.g., the Vanyukov furnace and the Shuangyashan Kiln Stove—SKS). Figure 11
illustrates the different shares of these smelting technologies in global copper production.

3% = Flash
m TSL
» Vanyukov
SKS
® Noranda/Teniente
= Mitsubishi
m Reverberatory

m Others

Figure 11. Production shares of different copper smelting technologies. TSL and SKS stand for top
submerged lance and Shuangyashan Kiln Stove, respectively (data from [71]).

Flash smelting technology is commercially offered by Outotec, a company based in
Finland, occupying a dominant share of the world’s copper production (see Figure 11) [72].
Among various bath smelting technologies, TSL-Isasmelt holds a dominant market share [73].
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Bath smelting technologies are commercially offered by different engineering companies,
such as ENFI, NERIN, and Glencore Technology. In the last two decades, 90% of the world’s
increased copper production has been based on FS and TSL [12].

Major copper smelters, such as Aurubis, JX Metals Smelting Saganoseki, Hibi Kyodo,
Sumitomo, and Rio Tinto Kennecott, widely employ FS technology [37]. In contrast,
BBS has recently gained a substantial market share in China. Both of these advanced
smelting technologies increasingly utilize oxygen enrichment in gas injections, which
significantly reduces fuel consumption and environmental emissions [74]. The higher
oxygen levels released during the copper-making process generate more heat, enhancing
the plant’s capacity to handle revert and inert materials. While oxygen enrichment raises
both operational (OPEX) and capital expenditure (CAPEX) due to the costs associated
with oxygen production, these are balanced by lower off-gas handling costs and increased
plant productivity.

Flash smelting and bottom-blowing smelting each offer distinct competitive advan-
tages. Flash smelting technology is known for its high furnace uptime, reduced external
energy needs, increased productivity, and effective emission control, achieving high sul-
fur fixation and a small carbon footprint. On the other hand, BBS is recognized for its
exceptional adaptability to various raw materials, effective impurity control, high oxygen
utilization efficiency, thermal efficiency, and flexible production capacity. These features
have made BBS increasingly attractive within the copper industry, especially in China [41].

Bottom-blown technology can be operated in various configurations, such as Dongying
Phase I, which employs BBS + PSC + AF, BBS + BBC + AF, or BBS + BBC + BBAF, and
Dongying Phase II, which utilizes BBS + BBCR (PSC, AF, BBAF, and BBCR represent Peirce—
Smith converter, anode furnace, bottom-blowing anode furnace, and bottom-blowing
converter and refining). Zhongyuan Gold uses BBS + FCF instead of PSC, aiming to
maximize gold recovery. Currently, seven smelters in China operate the standard BBS
technology, including Nonfemet Phase I (Dongying), Feishang Copper (FS), Humon Smelter,
Shuikoushan (SKS), Yunnan Yimen, Zhongtiaoshan (ZTS), and Zhongyuan Gold (CG).
Additionally, the double BBS + BBC technology is used by five smelters: Baotou Huading
(BT), Nonfemet Phase II (Dongying), SDIC Jincheng, Qinghai Copper, and Henan Yuguang
Gold and Lead. Globally, there are 18 commercial operations utilizing bottom-blown
technology [71].

Metal Physical Loss

Table 2 lists the reported key operational parameters for smelting furnaces that impact
metal recovery, including copper, which also serves as a carrier for gold. The data were
used for calculating the Au recovery from smelting technologies. These parameters include
concentrate Cu concentration (wt%), generated slag mass (tons), slag SiO, /Fe or CaO/Fe
weight ratio, slag tapping temperature (°C), matte Cu grade (wt%), and generated matte
mass (tons). The reported concentrate Cu grades for various furnace types vary. Mitsubishi,
Teniente, and Noranda furnaces exhibit the highest grades, ranging from 31 to 34 wt%, 27
to 33 wt%, and 26 to 29 wt%, respectively. In flash furnaces, Cu grades vary between 23
and 29.2 wt%. Isasmelt furnaces have Cu grades ranging from 18 to 32 wt%, BBS furnaces
from 18 to 25 wt%, Ausmelt furnaces from 14 to 26 wt%, and Vanyukov furnaces from 12
to 23 wt%. Consequently, after Mitsubishi, Teniente, and Noranda furnaces, FS processes
higher-grade concentrates compared to SBS and BBS technologies.
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Table 2. Key operational parameters for smelting furnaces with respect to metal recovery; (a) flash furnaces, (b) Noranda, Teniente, and Vanyukov furnaces,
(c) bottom-blowing and Mitsubishi furnaces, and (d) TSL-Isasmelt furnaces, and (e) TSL-Ausmelt furnaces [41,43,48,60,75-84].

()
Flash
Operational Data Pasar, Philippines Aurubis, Germany JX Metals Smelting Hibi Kyodo Smelting Co., Sumitomo, Toyo, Rl%zlnt:rﬁgnﬁzog’sl;ah
[41] [41] Saganoseki, Japan [41] Tamano, Japan [60] Japan [41] PP [ 60]g ’
Concentrate (t/d) 2000 3300 2204 2241 3830 4200
Concentrate Cu 23-29 29 28 [60] 29.2 26.3 25.0
(Wt%)
Slag (t/d) 800-900 2000 2700 1326 2973 2100-3100
Slag Cu total 0.63 1.50 0.80 0.74 0.86 0.5-4
(Wt%)
Slag Cu chemical 05 0.45 0.45 0.46 0.44 0.83
loss (wt%)
Slag Cu physical 0.13 1.05 0.35 0.28 0.42 142
loss (wt%)
SiO, /Fe weight 0.87-1 0.82 0.96 0.85 1.13 0.64,0.8
Fe (wt%)
SiO, (Wt%)
CaO/Fe weight
Slag T (°C) 1240 1250 1260 1254 1255 1320
Matte Cu (wt%) 54-56 63.0 63.0 63.5 62.0 66.5-74.5
Matte (t/d) 1080 1500 1650 1129 1753 1800
Fe/SiO, weight 1.07 1.22 1.04 1.18 0.88 1.56,1.25
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Table 2. Cont.
(b)
. Noranda Teniente Vanyukov
Operational del 1 del h Ikhash 1 Isk d Isk
DATA . Codelco Caletones, Codelco Chuquicamata, Balkhash smelter, Norilsk Copper, Sredneuralsky,
Noranda, Canada [41]  Altonorte, Chile [41] Chile [41] Chile [60] Kazakhstan [41] Siberia * [41] Urals * [41]
Concentrate (t/d) 1900-2200 3000-3300 2000-2400 2200-2500 - - -
Concentrate Cu 27.0 26-29 27-29 30-33 12-22 19-23 13-15
(Wt /0)
Slag (t/d) 1300-1450 2450 1400-1700 1550-1800
Slag Cu total 34 7.00 6-8 6-10 <0.9 1.2;0.9;2.0 0.7
(Wt /0)
Slag Cu chemical 0.71 0.71 118 0.94
loss (wt%)
Slag Cu physical 2.79 6.29 5.82 7.06
loss (wt%)
SiO, /Fe weight 0.6-0.8 0.7 0.45-0.59 0.66-0.68
Fe (wt%) 31-38 48,45,25 30
SiO; (wt%) 29-31 29,29,35 32
CaO/Fe weight
Slag T (°C) 1230 1220 1240 1240 1250-1300 1320; 1320; 1250 1280
Matte Cu (wt%) 71-73 72-73 72-75 72-74 45-55 65,55,74 45
Matte (t/d) 650-900 1350.0 800-950 990-1150
Fe/SiO, Weight 1.43 1.43 1.92 1.49
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Table 2. Cont.

(0

Bottom Blowing Mitsubishi
Operational Data [43] [76] [76] [77] Dongying  Baotou CalC[t;l;}tiOl’l Mltlzl:zzll::n fafc:;iﬂs[ 6CO(])rp., Ind(();;::ii:,[w] Onsa[xg,olforea
Concentrate (t/d) 90-100 50 70 230 t/h 2300 2000-2300 2109
Conc(irv‘g/oa)te Cu 20 ) 20-22 18 25 34 317 332
Slag (t/d) 1534 t/h 1300 1450 1331
Slag Cu total (wt%) 3.0-4.0 1.0-3.0 26 2.5-3.8 26 5 7.6 0.7 0.7 0.8
Slag Cu chemical 0.48 0.48 0.58 1.18 0.58 0.71 1.18 0.50 0.50 0.58
loss (wt%)
Slag Cu physical 3.02 1.52 2.02 1.97 2.02 429 6.42 0.20 0.20 0.22
loss (Wt%)
Si0, /Fe weight 0.62-056  0.59-0.67 0.56 0.53-0.71 0.56 0.59 0.63 0.9 0.8 0.9
Fe (wt%)
Si0, (Wt%)
CaO/Fe weight
Slag T (°C) 1080-1180 1150-1170 1190-1210  1150-1180 1180 1200 1250
Matte Cu (wt%) 52-60 50.0 70 75.0 70.0 72.0 74.0 68 68 68.8
Matte (t/d) 80.1t/h 1400 1260 1240

Fe/SiO, weight 1.69 1.59 1.79 1.61 1.60 1.11 1.25 1.11
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Table 2. Cont.
(d)
Isasmelt [60]
Operational Data Mount Isa, Australia Kunming, China Miami, USA Ilo, Peru Sterlite, India Mufulira, Zambia UStiz i?l(el?;iﬁmk’
Concentrate (t/d)
Concentrate Cu (wt%) 22-26 18-22 25-29 25-29 26-31 28-32 22-26
Slag (t/d)
Slag Cu total (wt%)
Slag Cu chemical loss (wt%)
Slag Cu physical loss (wt%)
5iO, /Fe weight 0.85 0.85 0.65 0.75 0.75 0.85 0.8
Fe (wt%)
SiO; (Wt%)
CaO/Fe weight
Slag T (°C) 1190 1180 1185 1185 1185 - 1180
Matte Cu (wt%) 60-63 52-55 55-60 60-65 60-65 60-65 55-60
Matte (t/d)
Fe/SiO, weight 1.18 1.18 1.54 1.33 1.33 1.18 1.25
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Table 2. Cont.

(e)

Ausmelt [60]

Operational Data Zhong Tiao Tongling, RCC, JinJian, Huludao, NCS, Namibia Days, YTCL, Xinjiang, Wuxin,
Shan, China China Russia China China ! China China China
Concentrate (t/d)
Concentrate Cu (Wt%) 17-22 25 14-23 26 22 25 20 22 19
Slag (t/d)
Slag Cu total (wt%) 0.6 0.6 1 0.6 0.6 1 0.6 0.6 0.6
Slag Cu chemical loss (wt%)
Slag Cu physical loss (wt%)
SiO, /Fe weight 0.8 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7
Fe (wt%)
510, (wt%)
CaO/Fe weight
Slag T (°C) 1200-1300 1180 1180 1180 1180 1180 1180 1180 1180
Matte Cu (wt%) 60 50 40 50 50 50 55 60 56
Matte (t/d)
Fe/SiO, weight 1.25 1.43 1.43 1.43 1.43 1.43 1.43 1.43 1.43

* Operational temperatures were taken. Cu% in slag was estimated from Cu recovery to matte (97.3% and 96.2%). Cu chemical loss was calculated from loss as sulfide and oxide from
Furuta et al. [85]. Cu wt% in slag from Isasmelt and Ausmelt was reported after settling.
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The slag mass generated per ton of processed concentrate (t/t-conc) varies from 0.43
to 1.23 and 0.57 to 0.67 in FS and Mitsubishi furnaces, respectively, with JX metals smelting
Saganoseki being an exception, with a value of 1.23. Teniente and Noranda smelting furnaces
generate a higher slag/concentrate ratio, varying from 0.70 to 0.71 and 0.67 to 0.78 (t/t-conc),
respectively. For BBS, the slag-to-concentrate ratio was calculated to be 0.67 [75].

Flash smelting furnaces operate with the lowest Fe/SiO, weight ratio, ranging from
0.88 to 1.56, with a recent average of 1.25 reported for Kennecott. For Mitsubishi furnaces,
the ratio ranges from 1.11 to 1.25. Isasmelt and Ausmelt furnaces follow, with Fe/SiO,
ratios of 1.18 to 1.54 and 1.25 to 1.43, respectively. The Fe/SiO, ratio for Noranda furnace is
1.43. Teniente and BBS furnaces exhibit the highest Fe/SiO, weight ratios from 1.49 to 1.92
and 1.59 to 1.79, respectively [41,43,60,75-77].

The slag tapping temperature for Vanyukov furnaces ranges from 1250 to 1320 °C.
Following closely, Rio Tinto Kennecott operates at the highest reported slag tapping tem-
perature of 1315 °C. For other FS furnaces, this temperature ranges from 1240 to 1260 °C.
Teniente and Noranda furnaces rank third and fourth, with temperatures of 1240 °C and
1220-1230 °C, respectively. Isasmelt and Ausmelt furnaces are fifth and sixth, operating
at 1180-1190 °C and 1180 °C, respectively, although Zhong Tiao Shan operates at a rel-
atively higher temperature of 1200-1300 °C. BBS furnaces have the lowest slag tapping
temperatures, ranging from 1080 to 1210 °C.

The matte grade for Noranda and Teniente smelting furnaces has been reported at
72-75 wt% and 71-73 wt%, respectively. Vanyukov furnaces show a matte grade ranging
from 45 to 74 wt%, while BBS furnaces range from 52 to 75 wt%, with recent operations
achieving the highest range of matte grade. Flash furnaces report matte grades between
54 and 63.5 wt%, with Rio Tinto Kennecott reaching a high of 66.5-74.5 wt%. Isasmelt
and Ausmelt furnaces operate with Cu matte grades of 52-65 wt% and 50-60 wt%, respec-
tively [37,39,68-71].

Figure 12 illustrates the relationship between the slag liquidus temperature and the
Fe/SiO, weight ratio in bulk slag, calculated for iron silicate slags with varying CaO content
under different Pp, conditions using the FactSage 8.3 FToxid database. The figure also
compares these calculated values with the slag tapping temperatures reported for various
smelting operations. It is evident that BBS and TSL furnaces operate with the lowest slag
tapping temperatures, averaging 1163 °C and 1190 °C, respectively. In contrast, FS furnaces
operate at significantly higher temperatures, with an average of 1280 °C [41,43,60,80].
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Figure 12. Liquidus temperatures of iron silicate slags versus Fe/SiO, weight ratio in bulk slag.
Lines from FactSage 8.3 FToxid for different Pp, (in atm) and CaO contents (in wt%), along with slag
tapping temperatures of various smelting furnaces (data from [41,43,48,60,79,80,84,86]).
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9.00

Figure 13 illustrates the total Cu loss to slag versus the Fe/SiO, weight ratio in
bulk slag across various smelting technologies: FS (PASAR, Aurubis, JX Metals Smelt-
ing Saganoseki, Sumitomo Toyo, Hibi Kyodo, Rio Tinto Kennecott, Grupo Mexico La
Caridad, Caraiba Metais, Huelva, Hayden, and Hernan Videla Lira), SBS, including No-
randa smelting (Horne and Altonorte) and Teniente smelting (Codelco Caletones, Codelco
Chuquicamata, and Potrerillos), Ausmelt furnaces (Zhong Tiao Shan, Tongling, JinJian,
Huludao, Daye, YTCL, Xinjiang, RCC, and NCS), Isasmelt (Mount Isa), and BBS (Dongying
Fangyuan, Yuguang Gold, SBF Heding, Chifeng, BYSBF Baiyin Nonferrous Group, and
Baotou) [6,41,43,60,80,87-94]. The data indicate that the total Cu mass in slag is relatively
low in FSF (0.63-3.23 wt%) compared to BBS (0.7-5.0 wt%), Noranda smelting (3.5-7 wt%),
and Teniente smelting (6-8 wt%). Copper in slag from Ausmelt and Isasmelt furnaces as
low as 0.6-1.0 wt% was reported after settling.
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Figure 13. Total copper loss to slag in wt% versus Fe/SiO, weight ratio in bulk slag for different
smelting technologies (data from [41,43,60,76-80,86-94]).

Comparing Figures 12 and 13 indicates that a key factor influencing Cu loss in slag
is the Fe/SiO, weight ratio in the bulk slag and slag temperature. Most FSF operations
maintain an Fe/SiO; ratio below 1.4, with the exception of Hernan Videla Lira and Huelva,
and operate at a higher range of temperature. TSL furnaces also operate at the lower end
of the Fe/SiO; spectrum, with ratios of 1.24, 1.25, and 1.43. On the opposite end, BBS
furnaces operate at a higher Fe/SiO; ratio, ranging from 1.64 to 1.80, and a lower end of
temperature. For most SBS furnaces, the Fe/SiO; ratio varies more widely, between 1.02
and 2.13, with Noranda furnaces operating at the lower end of this range (1.2 and 1.43).
This correlation suggests that lower Fe/SiO, ratios and higher slag temperature in FSF
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contribute to reduced Cu loss in slag, while higher Fe/SiO; ratios and slag temperature,
typical of BBS and certain SBS operations, are associated with increased Cu loss.

Operating significantly below the slag liquidus temperature in BBS and TSL furnaces,
as shown in Figure 12, leads to an increased fraction of solids in the slag. This elevation in
solid content raises the slag viscosity, as shown in Equation (11), consequently increasing
metal physical loss, as depicted in Figure 13. In contrast, FS furnaces typically operate
at higher temperatures, as also illustrated in Figure 12, often exceeding the slag liquidus
temperature, which minimizes metal physical loss in the slag. It has been reported that
FS slag contains no spinel crystals, whereas, in BBS, spinel is stable in the slag, with large
matte droplets becoming entrained between them [43].

4.2. Converting Technologies

Different copper matte converting technologies have been developed over the years,
such as the Peirce-Smith converter (PSC), Hoboken converter, Outotec flash converter (FC),
Noranda continuous converter, Mitsubishi top-blown converter, Ausmelt TSL, Isaconvert,
and bottom-blown converting (BBC) [41]. The PSC, the oldest technology with over
100 years of use, is used for Cu-matte converting by most companies, such as Pasar,
Aurubis, Boliden, Codelco Caletones, Hibi Kyodo, Sumitomo, and JX metals smelting
Saganoseki [37,41]. PSC’s main flaw is large SO, emission, which was the driving force
for developing the above-mentioned technologies [95]. Flash converting is used by Rio
Tinto Kennecott, and Teniente converters are largely operated in Chile [37]. Bottom-blown
converting is the most recent one and is largely used in China.

Table 3 lists the reported key operational parameters impacting the metal physical loss
for some of the converting furnaces used for calculating the recovery of Au [60,75,87,96-99].
These parameters include input matte (ton), generated slag (ton), Cu loss in slag in the
form of chemical and physical loss, Fe/SiO; or CaO/Fe weight ratio in bulk slag, slag
tapping temperature (°C), and produced blister Cu (ton). The generated mass of slag for
1 ton of matte treated is the smallest for BBC (0.14 calculated by Shishin et al. [75]), PSC
(on average 0.28), and Rio Tinto FC (0.33). Among PSCs, Boliden, followed by Hibi Kyodo,
operates with a rather high slag/matte ratio (0.44 and 0.32, respectively). Due to the lack of
information, the slag/matte ratio cannot be calculated for other technologies, including
Noranda, Mitsubishi, and Teniente.

Figure 14 illustrates the Cu physically lost in slag (in wt%) for several converting
technologies: PSCs, including Aurubis (Hamburg, Germany), Boliden (Sweden), Codelco
Caletones (Chile), Hibi Kyodo Smelting Co. (Tamano, Japan), Sumitomo Toyo (Japan),
and JX metals smelting Saganoseki (Japan), FC from Rio Tinto Kennecott, Noranda Horne
(Canada), Mitsubishi (Naoshima, Japan, Gresik, Indonesia, and Onsan, South Korea),
Teniente (Chuquicamata, Hernan Videla Lira, and Potrellos, Chile), and BBC (calculated).
The physical loss Cu content of the slag was calculated by subtracting the mass of Cu
chemically dissolved in the slag from the total Cu mass reported in the slag. An average
mass of chemically dissolved Cu in the slag was selected as 2 wt% for the matte converting
conditions based on the data reported by Shishin et al. [100].
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Table 3. Key operational parameters for matte converting furnaces; (a) Peirce-Smith and (b) Flash, Noranda, Mitsubishi, Teniente, and BBC furnaces [68,69,81,90-93].

(@
Peirce-Smith
Operational Data ‘P.a Say Aurubis, BO liden, Codelco SIr{rizlltﬁ);gg., Sumitomo Toyo, JX metals s¥nelting
Philippines Germany [41] Ronnskar, Caletones [41] Tamano, Japan [41] Saganoseki, Japan =~ Unknown 1 [96]
[41] Sweden [41] Japan [41] [41]
Matte (t/converter, t/d or t/h) 300 350 200 205 215 -
Matte Cu (wt%) 63 58 743 64 [60] 62 [60] 63
Slag (t/converter, t/d, or t/h) 70 140-160 30 65 54
Slag Cu total (wt%) 10-15 4 6 25 52 6.5 8.4 13.3
Slag Cu chemical loss (wt%) 2 2 2 2 2 2 2 2
Slag Cu physical loss (wt%) 10.5 2 4 23 3.2 4.5 6.4 11.3
Si0, /Fe weight ratio 0.55 0.75 - 0.41 0.45 0.46 0.46
Fe (wt%) 411
510, (wt%) 18.9
CaO/Fe weight
Slag T (°C)
Blister Cu (t/converter, t/d or t/h) 260-300 270-310 145 214 208 -
Fe/SiO, (Fe/CaO) weight 1.82 1.33 2.44 222 2.17 217
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Table 3. Cont.

(b)
Flash Noranda Mitsubishi Teniente Bottom Blowing
Operational Data E;i:::;?t Horne Naoshima, Irfil:r?clals(ia %2?:2’ Chuquicamata Unknown 2 Unknown 3 Hernan Videla Potrerillos Calculation
[41] [41] Japan [41] [41] [60] [97] [87] [98] Lira [99] [99] [75]
Matte (t/converter, 1,50 1000 679 1080 1080-1290 1018 80.1
t/d or t/h) ’
Matte Cu (wt%) 67-70 65 67 68.8 74
Slag (t/converter,
t/d, or t/h) 200400 297 290 576 360 11.5
Slag Cu total (wt%) 17-26 13.2 14 13 15 8 7.4 7.2 7.03 8 23
Slag Cu chemical ’ 2 2 2 2 2 2 2 2 2 5
loss (Wt%)
Slag Cu physical 195 112 12 1 13 6 5.4 5.2 5.03 6 21
loss (Wt%)
Si0,/Fe 1.49 0.66 0.98 0.66 1
weight ratio
Fe (Wt%) 39.4 38.11 38
Si0, (Wt%) 26.1 375 24.19 25
CaO/Fe weight 0.24-0.36 0.4 0.4 0.34
Slag T (°C) 1260 1250
Blister Cu
(t/converter, t/d 1100-1500 640 790 850-1000 820 57.2
ort/h)
Fe/SiO, (Fe/CaO)
weight (2.63-5) 0.67 (2.5) (2.5) (2.94) 15 1.0 15 1.0

About 2 wt% Cu was assumed as chemical loss in slag [100]. Some of the reported data are average values.
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Figure 14. Copper physical loss in slag (in wt%) for several converters. Peirce-Smith converters (PSC:
Aurubis, Boliden, Codelco, Hibi Kyodo, Sumitomo, Pan Pacific, and Unknown), Flash converter (FC:
Rio Tinto Kennecott), Noranda converter (Horne), Mitsubishi converters (Naoshima, Gresik, and On-
san), Teniente converters (Chuquicamata, Unknown 2, Unknown 3, Hernan Videla Vira, and Potreril-
los), bottom-blowing converter (BBC: Baotou and Dongying Phase II) (data from [68,69,81,90-93]).

As shown in Figure 14, the Codelco PSC exhibits the highest physical copper loss
in slag at 23 wt%, followed by the BBC at 21 wt%, Rio Tinto Kennecott at an average
of 19.5 wt%, and the Mitsubishi converter at an average of 12 wt%. For most PSCs, the
physical copper loss in slag remains relatively low, staying below 7 wt%. The Fe/SiO,
ratio in PSC generally correlates with copper loss; as the Fe/SiO, weight ratio increases
above 2, copper loss tends to rise. In general, the increase in Fe content in slag promotes the
formation of large magnetite spinel particles, raising slag viscosity (refer to Equation (11)
and enhancing copper loss (see Equation (6)), which also affects gold recovery. However,
the data present some inconsistencies, such as Boliden, with a lower Fe/SiO, weight ratio
of 1.33, exhibiting double the copper loss compared to Aurubis, which operates at a higher
ratio of 1.88. This suggests that factors beyond the Fe/SiO; ratio contribute to metal loss.
Although Teniente and BBC converters operate with relatively low Fe/SiO, ratios, they still
experience high metal losses, indicating the involvement of other influential parameters
that require further investigation. Additionally, FC and Mitsubishi processes operate with
calcium ferrite slags. According to Yazawa et al. [101], calcium ferrite slags are favored
over iron silicate slags due to their lower flux requirements and reduced copper loss to
slag. Davenport [60] further noted that the high activity coefficient of CuyO in calcium
ferrite slags decreases Cu,O solubility, leading to lower chemical copper losses. However,
despite these advantages, the copper loss in the FC of Rio Tinto and Mitsubishi is still
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higher compared to PSC technologies, suggesting that copper is primarily lost through
physical entrainment in the slag rather than chemical dissolution.

4.3. First-Pass Gold Recovery

Slag is treated for the recovery of copper, which is a carrier of gold via (1) pyromet-
allurgical routes, (2) hydrometallurgical routes, (3) flotation, (4) sorting, or (5) hybrid
processes. According to 2004 data, 37% of smelters used electric furnaces, 26% flotation,
6% no treatment, and 5% other techniques, and there is no information for the rest of
26% of smelters [102]. A largely used method is the recycling of the smelting slag in the
slag mill concentrate and converting slag and dust streams into the smelting furnaces,
especially the ones with a calm settling zone, like flash furnaces [103,104]. While internal
recirculation of slag/dust or additional processing to recover Cu can reduce Au losses,
it increases the production lead time without improving the overall recovery rate from
smelting and converting operations. Based on smelter visits, it is estimated that overall gold
recoveries at the Chinese smelter after slag cleaning are between 97.5 and 99%. However,
it is crucial to consider first-pass recovery as a key metric for comparing the effectiveness
of different technologies in recovering Au from Cu sulfide concentrate to final products.
The importance of first-pass recovery becomes particularly significant in the context of
fluctuating Au prices in the market. As Au prices rise, the economic value of even small
quantities of recoverable Au increases, making efficient recovery crucial for maximizing
profitability. If a process requires extended lead times or multiple recirculation steps, it
can delay the realization of revenue from Au sales, which is especially detrimental when
market prices are high. Additionally, inefficiencies in first-pass recovery may result in more
Au being tied up in slag, representing a lost opportunity when prices peak. Therefore,
optimizing first-pass recovery not only enhances the immediate financial return but also
ensures that operations are more responsive to market dynamics, allowing companies to
capitalize on favorable Au prices without unnecessary delays.

As previously mentioned, there are potentially two streams for Au loss during smelt-
ing and converting: the physical loss of matte and copper entrained in slag and loss through
dust. We assumed that Au loss occurs solely through the physical loss of matte and copper
in slag, with no consideration of Au loss in dust. This assumption seems reasonable, as the
high density of matte and copper, which act as carriers of Au, reduces the likelihood of los-
ing Au-containing alloys to dust. Moreover, available data on this topic appear inconsistent
and insufficient. For instance, Chen et al. [43] characterized flue dust from both BBS and FS
processes, reporting annual dust generation of 5-6% in FS compared to 2-3% in BBS. The FS
process, using a dry, fine feed, results in a higher dust entrainment rate than the humid feed
used in BBS. The chemical composition of FS flue dust primarily consisted of Fe3O, and
CuSOy crystals, along with some amorphous phases, like Cu-Zn-FeOy. Conversely, BBS
flue dust was characterized by crystalline phases, such as PbSOj, FesO4, and CuFe50g, with
some amorphous Cu-Zn-S phases. However, Davenport et al. [105] reported that Outotec
FS dust contains 3% of Au in addition to oxides, like CuyO and Fe3O4. These findings
highlight the need for further investigation and characterization of dust to assess their Au
concentration in future studies. Additionally, it is important to note that Au loss to dust via
evaporation is unlikely, as suggested by the work of Avarmaa et al. [5].

The first-pass Au recovery for smelting was calculated using Equations (13)-(17) based
on the data provided in Table 2 as follows:

Auinput(g) = A”Concentrate(ppm)'Concentrate mass (t) (13)

Cllslag (wio)Slag mass (t)
100

Allippur (9)
Atyaste(ppm) = Wm(w "

CuPhysical loss (ton) = (14)

Auts1a¢(8) = Cllpnysical loss(ton)- Attmatte (ppm) (16)
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AuSlug

Gold recovery rate (%) = 100 —
Y ( ) Auinput

1100 (17)

Similarly, the first-pass Au recovery from converting was calculated using the data
reported in Table 3. Primarily, operational plant data were used for calculating Au recovery
rates, except for BBS/BBC technology, where calculated data from Shishin et al. [75] were
considered due to the lack of sufficient data reported in the literature. For BBS, the physical
Cu loss was determined by subtracting the chemical loss of Cu from the total Cu loss,
which was averaged from all reported plant data in the literature. The dissolution of Cu
as oxide and sulfide was calculated based on the Fe/SiO; ratio in the slag, as per the
work of Furuta et al. [85]. It has been reported that the physical loss of matte in slag is
the major contributor to Cu loss at low matte grades (<70 wt%). However, at high matte
grades (>70 wt% Cu), significant Cu losses are attributed to chemical loss [45-47,60,106].
This trend, observed in the data from Furuta et al., was considered in the calculation.
Additionally, it was assumed that the composition of matte and copper entrained in the
smelting and converting slags is the same as the matte/copper collected at the bottom of
the furnace. Liao et al. [107] reported that the matte grade entrapped in slag is consistent
with that settled at the bottom of the FS furnace and collected at the tap-hole.

Figure 15 shows the Au first-pass recovery calculated in this work for several smelting
and converting technologies based on data provided in Tables 2 and 3.
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Figure 15. Gold first-pass recovery (in %) calculated in this work for different smelting and converting
technologies (smelting: blue and converting: orange).

Among the various smelting technologies, the Mitsubishi process achieves the highest
first-pass Au recovery at 99.8%, followed closely by FS (97.9-99.9%), BBS (95.3%), Teniente
furnaces (89-97.1%), and Noranda furnaces (88.6-95.1%). Steinhauser et al. [108] estimated
that in FS, 99% of the Au is recovered in the matte, with only 1% lost to slag, though
dust was not considered in their analysis. Davenport et al. [105], however, reported a
95% Au recovery in matte from flash smelting, with 2-3% lost to slag and dust. Our
calculations, based on various sources without considering possible Au loss to dust, align
with Steinhauser’s findings.

Among converting technologies, PSCs offer the highest Au recovery rates (95.2-99.5%),
followed by Mitsubishi converters (94.3-99.8%), BBC (95.8%), FC (95.5%), and Noranda con-
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verters (94.8%). Integrated smelting-converting routes reveal that the FS-PSC route achieves
the highest gold recovery (98.8-99.5%), followed by Mitsubishi-Mitsubishi (94.3-99.8%),
BBS-BBC (95.8%), FS-FC (95.5%), Teniente-PSC (95.2%), and Noranda—-Noranda (94.8%).
The higher Au recoveries are also attributed to superior metallurgical practices and ad-
vanced control systems, which can vary even among companies using similar technologies.

Mitsubishi and flash smelting demonstrate better metal recoveries compared to
other technologies, like BBS and SBS. Mitsubishi smelting treats high-grade concentrates
(31.7-34 wt% Cu), produces a low slag amount per ton of concentrate (0.57-0.67), oper-
ates with a low Fe/SiO; ratio (1.11-1.25), maintains a high slag tapping temperature
(1300-1450 °C), and achieves a medium matte grade (~68 wt% Cu). The Cu physical loss to
slag is minimal (<1 wt%) due to the presence of three furnaces, including a settling furnace
between the smelting and converting stages. These conditions favor a high gold recovery
rate, although the Mitsubishi process is considered somewhat outdated in modern copper
smelting [60].

Flash furnaces feature low Fe/SiO; ratios, relatively high slag tapping temperatures
(1240-1320 °C), moderate matte grades (~63 wt% Cu), effective copper—slag separation,
low Cu loss (0.63—4 wt%), and high gold recovery. In contrast, BBS processes lower-grade
concentrates, operates with a high Fe/SiO; ratio, and at lower slag tapping temperatures
(1080-1210 °C), which can be up to 100 °C below the slag temperature in FS. This leads to
a two-phase region slag (liquid + spinel) with higher viscosity, negatively impacting the
metal recovery rate.

5. Conclusions

Gold recovery as a by-product of copper smelting significantly increases the economic
value of the custom operation. This is due to the minimal extra effort required to extract gold
from copper concentrates and the high payable rates for gold content. Copper smelters
typically provide a payable rate of around 90-92% for gold content, with gold being
recoverable from concentrates with as little as 1 g/t gold. Over 85% of traded copper
concentrates have a minimum gold content of 1 g/t. This work conducted an extensive
evaluation of the efficacy of different copper smelting and converting technologies with a
focus on gold recovery and the aim to estimate the gold first-pass recovery rate. The main
highlights of the work and some perspectives are provided below:

1.  This study confirms that the chemical dissolution of gold in slag is negligible, with
gold primarily remaining associated with copper throughout the smelting, converting,
and anode refining processes:

e  The gold partition coefficient between matte and slag (L%tte/szag ) ranges from
100 to over 2000, indicating that the majority of gold is concentrated in the
matte phase;

e  The gold partition coefficient between copper and slag (Lf:fz per/slag ) ranges from
10* to 10°, signifying that gold predominantly reports to blister copper;

e  The mass of slag in anode refining is minimal, and gold nearly completely reports
to the anode.

2. Gold loss primarily occurs through the physical loss of matte or copper in slag:

e Lower slag viscosity (achieved by higher temperatures above slag liquidus tem-
perature and rather low Fe/SiO; ratios) reduces physical loss;

e Higher matte grades increase the density difference between slag and matte
and raise slag/matte interfacial tension, improving separation and reducing
physical loss;

e  Reducing slag mass for a constant droplet settling speed decreases physical
loss, though the slag mass should be optimized to enhance matte/metal and
slag separation.

3. The choice of technology significantly impacts gold physical loss, which is primarily
carried by copper:
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e  Among smelting technologies, the Mitsubishi process achieves the highest first-pass
gold recovery (99.7-99.8%), followed by flash smelting (98.3-99.9%), bottom-blown
smelting (96%), Noranda furnaces (~95%), and Teniente furnaces (85.6-89%);

e Among converting technologies, the Peirce-Smith converter offers the highest
gold recovery (95.2-99.3%), followed by the Mitsubishi converter (92.4-99.8%),
bottom-blown converter (95.8%), Noranda furnace (93.4%), and flash converter
(88.1%);

o Integrated routes show that flash smelting combined with the Peirce-Smith con-
verter provides the highest gold recovery (98.3-99.5%), followed by Mitsubishi-
Mitsubishi (92.8-99.8%), bottom-blown smelting with bottom-blown converting
(95.8%), Teniente with the Peirce-Smith converter (95.2%), Noranda—Noranda
(93.4%), and flash smelting with flash converting (88.1%).

4. During electrorefining, gold is found in the anode slime with <<1 ppm reported in
the cathode, suggesting near 100% gold recovery during this stage.

While the study presents an estimation model for gold first-pass recovery, there is a
need for additional validation using real operational data from copper smelters, which
would enhance the reliability of the conclusions. It is essential to address gaps in operational
plant data, particularly for bottom-blown smelting /converting technology, and to validate
data derived from calculations. Specifically, the mass of output streams (such as slag
and matte, relative to the amount of concentrate treated) has not been reported, and no
plant data are available on bottom-blown converting. Future work should also focus on
investigating and characterizing dust from smelters to evaluate the gold concentration
and possible loss more accurately. Furthermore, it is essential to evaluate the energy
demands of each technology, as these have a direct impact on the economic viability of the
entire process.
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