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The recovery of gold from refractory ore could guarantee sustainable development in the gold industry. How-
ever, there are many challenges in the treatment of ore, such as environmental pollution and low recovery. In this
regard, the current research focuses on the pretreatment of refractory gold ore and investigates the effect of
microwave power, the role of additives, and water on the oxidation and decomposition of sulfide minerals.
Pretreatment using microwave-assisted roasting with NaClO3 as an additive to the oxidizing agent is a new
method of processing refractory gold ore. Oxidation was studied through sulfur and chlorine mass balance
analysis and the degree of metal extraction from sulfide minerals. SEM analysis was carried out to complete the
study of the phase change of compounds in the oxidation of mineral sulfides. Roasting of refractory gold ore with
a composition of 180 kg NaClO3 and 180 kg water/ton ore reached a temperature of 470 °C at a microwave
power of 400 watts for 30 minutes. Total oxidized sulfur reached 90.6%, while only 10.4 % of the sulfur was
released, and chlorine release was 49.5%. In addition, water leaching was conducted to investigate the extraction
rate of metals after roasting. The results showed that the water leaching extraction of Cu, Zn, Pb, and Fe reached
84.3%, 97.6%, 22.8%, and 8.4%, respectively. Applying microwaves with appropriate concentrations of addi-
tives and water resulted in high oxidation of sulfide minerals (>90%) and low sulfur emissions in roasting re-
fractory gold ore with relatively low power, temperature, and time. Moreover, leaching this roasted gold ore
resulted in gold extraction of 92.5%; however, leaching of refractory gold without pretreatment resulted in gold
extraction of only 47.5%.

1. Introduction refractory gold ores (Ahtiainen et al., 2021). Free milling gold ore

generally has a high gold content and can be processed by direct cya-

The world’s demand for gold has been increasing recently due to its
many applications, including jewelry and electronics, and is foreseen as
an essential metal in the digital economy era (Calvo et al., 2022). Statista
reported the world’s gold demand in Q4 2022, jewelry 602.5, technol-
ogy 72, investment 245.7, and central banks and other institutions 417.1
metric tons (Statista, 2023). The primary source for producing gold
metal is gold ores. Metallurgically, gold ore is grouped into free-milling
and refractory ores (Amaya et al., 2013; Sousa et al., 2022). There are
also other classifications, namely free-milling, complex gold ores, and
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nidation with an extraction rate of more than 95 %. Refractory ores
consist of sulfide minerals such as pyrite (FeS5), chalcopyrite (CuFeS,),
galena (PbS), sphalerite (ZnS), arsenopyrite (FeAsS), and other minerals.
Pyrite and arsenopyrite are generally the gold-carrying sulfide minerals
in refractory gold ores (Ahtiainen et al., 2021; Corrans & Angove, 1991).
Refractory gold ore is classified based on its recovery into mildly (80-95
%), moderately (50-80 %), and highly (less than 50 %) refractory
(Asamoah et al., 2021; Mabwe, 2020).

The world’s gold reserves originating from non-refractory ore are
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906 million troy ounces, while refractory ore reserves are 288 million
troy ounces, with production growth in the 2015-2019 period of 1.5 %
and 3.3 %, respectively (Motta et al., 2021). Gold production from re-
fractory gold ore has increased due to the depletion of free-milled gold
ore (Msumange et al., 2020). The depletion of high-grade gold ore re-
serves also causes high energy consumption and environmental impacts
in the mining sector (Jose-Luis et al., 2019). The reserves of high-grade
gold ore are getting smaller, which has encouraged the gold processing
industry to utilize other sources of raw materials, such as tailings left
over from primary processing (Askarova et al., 2021). The gold mining
industry has also begun processing refractory gold ore (Larrabure &
Rodriguez-Reyes, 2021; Peng et al., 2021). Refractory gold ore resources
are abundant, and effective processing can bring high economic benefits
(P. Zhu et al., 2012). Refractory gold ore is a vital gold resource (Gui
et al., 2022). The processing of gold from refractory ore has become an
essential guarantee for the sustainability of the gold mining industry but
with challenges such as low gold recovery and significant environmental
pollution (Farjana et al., 2019). The chemicals used in leaching gold ore
can harm human health and seriously pollute the environment (Peng
et al., 2021).

Processing refractory gold ore with conventional methods results in
low recovery of gold with high environmental impact (Qin, Guo, Tian,
Yu, et al., 2021). Leaching gold from refractory ore faces obstacles,
including kinetic or thermodynamic barriers to cyanide diffusion, re-
adsorption of preg-robbing gold or silver, and high cyanide consump-
tion (Larrabure & Rodriguez-Reyes, 2021). One of the main problems in
extracting gold from refractory ores is that most particles are smaller
than 10 pm (Amdur et al., 2022). The mobility of gold and silver metals
from refractory ores is deficient because they are encapsulated in sulfide
minerals, arsenic sulfide, carbon, or clay, making it challenging to
extract them (Canieren & Karagiizel, 2021).

Refractory gold ores require pretreatment to liberate the gold from
encapsulated sulfide minerals by decomposing the sulfide minerals into
oxides or other chemical compounds easily soluble in water or other
solvents in the leaching process. Pretreatment and processing of re-
fractory gold ore are becoming increasingly important and an inevitable
trend for gold development due to the depletion of high-grade ores
(Mabwe, 2020). Extraction of gold from refractory gold ore without any
side reactions is a highly desirable process in the future (Qin, Guo, Tian,
& Zhang, 2021). Due to a large amount of mineral waste, the pretreat-
ment of refractory gold ore is a crucial problem (Piervandi, 2023). One
of the significant environmental challenges is arsenic-containing min-
erals processing (Ng et al., 2023). Arsenic is a common pollutant and
impurity in complex gold ores (Liu et al., 2022). Arsenic (As) has been
well-documented as a toxic and carcinogenic element since 1970
(Samouhos et al., 2021). Gold ores that are increasingly complex with
low gold content have encouraged the development of innovations in
their processing (Ahtiainen et al., 2021).

In the conventional process, to overcome the presence of sulfide
minerals, pretreatment is carried out by roasting at a temperature of
around 700 °C (Amaya et al., 2013). Other methods include ultra fine
grinding (UFG) (Biyikli et al., 2022; Celep et al., 2015, 2019; Celep &
Yazici, 2013; Corrans & Angove, 1991; Gonzalez-Anaya et al., 2011),
pressure oxidation (Ahtiainen et al., 2021; Canieren & Karagiizel, 2021;
Dyson et al., 2022; Faraz et al., 2014; Koslides & Ciminelli, 1992; S. Lee
et al., 2022; Liu et al., 2022; L. Zhang, Guo, Tian, Zhong, & Qin, 2022; L.
Zhang, Guo, Tian, Zhong, Li, et al., 2022), bio-oxidation (Berkinbayeva
etal.,, 2023; K. Y. Cheng et al., 2021; J. Lee et al., 2021; Q. Li et al., 2020;
McNeice et al., 2021; Yin et al., 2020), ozonation (Krylova, 2022;
Piervandi, 2023), ultrasound pretreatment (Fu et al., 2017; Gui et al.,
2021, 2022, 2023; Guo et al., 2019; Hu et al., 2020; G. Zhang et al.,
2016) and a combination of these pretreatment methods.

The grinding process is one of the energy-intensive comminution
stages in mineral processing (Adewuyi et al., 2020; Somani et al., 2017).
Comminution is a process stage with low energy efficiency (Napier-
Munn, 2015; Tromans, 2008). The pressure oxidation method requires a
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corrosion-resistant autoclave and is carried out at high pressure. The
bio-oxidation process generally requires a relatively long time, which
hinders achieving production capacity (Gokelma et al., 2016). Ultra-
sound pretreatment requires an external heat energy source and a re-
agent as an oxidizing agent.

Microwave-assisted extraction (MAE) can be an alternative for
treating sulfide minerals in refractory gold ore processing. During pre-
treatment, microwave applications can be used at the comminution
stage (Batar, 2004; Sudarsono et al., 1998) or the roasting as pretreat-
ment stage (Amankwah & Ofori-Sarpong, 2011; Amaya et al., 2013; Cho
et al., 2020; Choi et al., 2017; F. Lin et al., 2021; Lovas et al., 2011; Su
et al., 2011). This method can provide rapid heating radiation (Nan-
thakumar et al., 2007), cause micro-cracks (Adewuyi et al., 2020), and
trigger decomposition reactions of sulfide minerals (Cho et al., 2020).
Microwave technology can also be applied to mineral extraction or
leaching stages with significant advantages, including shorter process-
ing time and lower energy consumption (Cho et al., 2020).

The microwave-assisted roasting method for processing refractory
gold has been studied by several researchers previously. However, there
is no literature addressing the role of NaClO3 additive as an oxidizing
agent during microwave-assisted roasting. Therefore, in this study, the
effect of microwave power and the role of additives on the oxidation of
sulfide minerals in microwave-assisted roasting of refractory gold ore
were investigated. The decomposition of sulfide minerals during roast-
ing has been investigated by analyzing the extraction of metals such as
Cu, Zn, Pb, and Fe, which are soluble in water. The release of sulfur into
the atmosphere and the decomposition of sulfide minerals are indicative
of the oxidation of sulfide minerals during microwave-assisted roasting.
Oxidation can break the encapsulation of sulfide minerals in gold par-
ticles, thereby increasing the leaching yield of pretreated refractory gold
ore. In the final section of this study, the gold extraction rate of the
roasted gold ore was investigated and compared with the gold extraction
rate without roasting.

2. Materials and methods
2.1. Materials

The refractory gold ore sample, mined in the Garut District, West
Java — Indonesia, was kindly provided by PT ANTAM. The gold ore
samples were lump-sized between 10 and 20 cm. The additive sodium
chlorate (NaClO3) > 98 %, from Merck, was used as an oxidizing agent.
Sodium chlorate has been used as an oxidizing agent in extracting
copper and zinc sulfide minerals (Kariuki et al., 2009). Hydrochloric
acid 37 %, from Merck was used as a solvent in extracting gold from
refractory ores with the oxidizer NaClO3 5 % (w/v) (Y. Cheng et al.,
2013). Whatman Grade 5 filter paper was used to separate residue from
the leaching solution.

2.2. Refractory gold ore characterization and preparation

In the early stages, mineralogical analysis was carried out on selected
samples to determine the types of minerals contained in the refractory
gold ore. Mineralogical analysis was conducted using an Olympus CX-
31P optical microscope, USA, and the X-ray diffraction method using
the Benchtop Powder X-Ray Diffraction (XRD) Rigaku Miniflex 600. The
morphology of the mineral grains in the sample was analyzed using the
scanning electron microscope (SEM) with energy dispersive X-ray
spectroscopy (EDS) Phenom ProX G5 by Thermo Scientific.

Bulk samples were prepared through crushing, drying, and grinding
to obtain gold ore with a grain size > 75 pm (Amankwah & Pickles,
2009; Cho et al., 2020; Nanthakumar et al., 2007; F. Zhu et al., 2018).
The crushing was carried out using a laboratory jaw crusher and
grinding using a BICO Mill BM-1, Braun International, USA. Sampling
and sieving were performed using a rotary sample divider and sieve
shaker Retsch AS200Tap, Germany. The elemental gold content of the
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prepared bulk sample was determined by the fire-assay method
(Amankwah & Pickles, 2009; Cho et al., 2020; Nanthakumar et al.,
2007; F. Zhu et al., 2018) and measured by Atomic Absorption Spec-
trophotometer (AAS) Agilent FS 240. Elements other than gold in the
sample were analyzed by the X-ray fluorescence (XRF) method (H. Li
et al., 2018; Nheta et al., 2020; Wang et al., 2019). In this study, the
Rigaku NEXCG XRF was used for elements analysis.

A prepared refractory gold ore of 50 g was added and mixed with
180 kg/ton of NaClOs in the gold ore. Distilled water of 180 kg/ton of
gold ore was added and remixed until it achieved homogeneity. The
mixture was then granulated.

2.3. Microwave-assisted roasting

Prepared gold ore samples were placed into a fire clay crucible and
then heated in a microwave oven for 30 min (F. Zhu et al., 2018), with a
microwave power between 300 and 800 W (Amankwah & Ofori-
Sarpong, 2020). The roasting process used a household microwave,
Sharp R-753GX, China, with a frequency of 2.45 GHz and power up to
1000 W with 100-watt intervals. The roasting process flow and equip-
ment scheme were modified from previous research (Amankwah &
Ofori-Sarpong, 2020; Choi et al., 2017; Su et al., 2011).

Furthermore, the temperature measurement was carried out shortly
after roasting was completed. The temperature generated from micro-
waves was measured with an infrared thermometer KIMO Kiray 300,
Francis. The roasted samples were cooled and weighed to determine
their weight after roasting. Four grams of roasted samples were leached
with distilled water at 50 °C for 60 min. Samples from roasting and
residue from water leaching were subjected to chemical and mineralogy
analysis. Water leaching aimed to determine the level of decomposition
of sulfide minerals through the analysis of metal extracted in water.

Changes in mineral surface morphology before and after pretreat-
ment were investigated by scanning electron method using the SEM
Desktop Scanning Electron Microscope (Phenom ProX G5 by Thermo
Scientific). The thermodynamic analysis of the roasting reaction of
sulfide minerals was carried out with the help of the HSC Chemistry 8
software from Outotec.

During roasting, sulfur dioxide, chlorine, and arsenic compounds
were released into the atmosphere. During water leaching, elements
such as Fe, Cu, Zn, S, and Cl dissolved into a solution. The weight loss of
roasted and leached ore (residue) was compared to their initial weight.
The weight loss on the roasting and water-soluble part during water
leaching was determined by the formula:

WO - WRoa:n’ng

[

Weight Loss (%) = x 100 (@D)]
Wo: Weight of mixed ore and additive before roasting.
Wroasting: Weight of roasted ore

Wroasting — WResidue

Wwater soluvie (%) = x 100 (2)

WRoasring
Whesiaue: Weight of residue after water leaching.
The fraction by weight of an element released into the atmosphere
during roasting was calculated by the formula:

WEReicase = WEy — WERoasting (3)

WEO - WERoasting

WEReicase (%) = WE
0

x 100 (€]
WE,: Elemental weight of initial sample (before roasting).
WERoasiing: Elemental weight of the sample after roasting.

WEReiease: Elemental weight released into the atmosphere during
roasting.
Elemental weight fraction in residue, calculated by the formula:
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WERe:[du(%) = %X 100 (5)

WEResian: Elemental weight in residue after leaching.

The oxidation and decomposition of sulfide minerals were studied by
analyzing the weight loss during roasting and extraction from roasted
minerals during water leaching. Element extraction was calculated using
the formula:

WEO - (WERelmse + WERr:idue)
WE,

Extraction(%) = x100 6)
The mass balance of the elements in roasting and water leaching was
calculated by the formula:

WEReicase (%) + WEgesian(%) + Extraction(%) = 100 )

2.4. Leaching experiment

Leaching aims to compare gold extraction rates from roasted and
unroasted gold ores. Leaching was carried out using a 1000-ml three-
neck flask with 100 mL 3 M HCI as solvent and 5 % (w/v) NaClO3
oxidizer at a temperature of 40 °C. NaClO3 5 % (w/v) was added at a
feed rate of 0.25 mL/minute. After the NaClO3 feeding was complete,
leaching continued for 5 min. After that, the residue is immediately
separated from the pregnant leach solution (PLS). The Au content in the
solution was analyzed using AAS.

Gold extraction rate is calculated using a formula:

Auprs

AUEsiraction (%) = x100 (8)

Uore

Aups: Weight of Au in PLS.
Augr: Weight of Au in gold ore (roasted gold ore).

3. Results and discussion
3.1. Refractory gold ore characteristics

Mineralogical characteristics and surface morphology of the re-
fractory gold ore sample are shown in Fig. 1 - Fig. 3. The optical
mineralogical analysis is presented in Fig. 1. The sample contains
chalcopyrite (Ch), covellite (Cv), galena (Ga), hematite (He), pyrite (Py),
and sphalerite (Sp). The presence of these sulfide minerals was
confirmed in previous studies (Arif et al., 2020; Purwanto et al., 2020;
Yuningsih et al., 2012). Fe;O3 and PbO were confirmed from the scan-
ning results with SEM (Fig. 2). Pyrite is the dominant mineral with a
relatively large particle size. Chalcopyrite, covellite, galena, hematite,
and sphalerite are relatively small, and some are encapsulated in pyrite
grains.

SEM analysis also showed that iron (Fe) and lead (Pb) in refractory
gold ore formed sulfide minerals and some in the form of oxide minerals.
XRD analysis (Fig. 3) identified two main mineral compounds: silicone
dioxide (SiO2) and the mineral sphalerite associated with iron, forming
the Feg.25Zng 758 complex.

The chemical composition of the gold ore samples is presented in
Table 1. The Au content is relatively low at 2.13 ppm, and Ag is 35.05
ppm. Previous studies have shown that the gold content in the ore varies
between 0.04 and 2.18 ppm (Purwanto et al., 2020). Fe content is the
highest metal element, with 22.75 ppm (2.28 %) and a total sulfur
content of 13.95 ppm (1.40 %). Based on the S content in the gold ore, it
can be concluded that it belongs to the low-refractory gold ore (Arif
et al., 2020; Purwanto et al., 2020).

3.2. Effect of microwave power on temperature and weigh loss of roasted
ore

Temperature strongly influenced the oxidation of sulfide minerals in
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Fig. 1. Optical images of refractory gold ore, Ch (chalcopyrite - CuFeS;), Ch-d (chalcopyrite disease), Cv (covellite - CuS), Ga (galena - PbS), He (hematite — Fe;03),

Py (pyrite — FeS;), Sp (sphalerite - ZnS).

3

Element  %-wt
Pb 73.5
0 21.8

%-wt
68.3

Fig. 2. SEM image and EDS mapping of refractory gold ore.

roasting. In general, the higher temperature generated a faster roasting
process. The study of the effect of microwave power on temperature is
presented in Fig. 4a. The higher the microwave power resulted in the

higher roasting temperature. This study showed a significant difference
in temperature rise due to the presence of additives and water during the
roasting process. The roasting of wet pellets with water 180 kg/ton ore
and NaClOs 180 kg/ton ore resulted in a higher temperature rise than
the others. Roasting wet pellets without NaClOs3 also showed a reason-
ably good response. The addition of NaClO3 as an oxidizing agent also
responded well to microwaves, resulting in higher temperatures.

The temperature generated during microwave heating is signifi-
cantly influenced by the mineral types of responses to microwaves. The
refractory gold ore used in this study primarily consists of pyrite, with
smaller quantities of chalcopyrite, sphalerite, and galena. Previous
research reported that pyrite and chalcopyrite minerals generated
temperatures of 670 °C and 780 °C when heated at 900 W for 1 min
(Lovas et al., 2011). During the roasting process, transforming sulfide
minerals into oxide minerals altered their response to microwaves. He-
matite gave a temperature response of 118 °C when heated with a power
of 900 W for 1 min (Lovas et al., 2011), while heating with a power of
500 W for 4 min generated a temperature of > 980 (Haque, 1999). In the
current work, it was observed that heating at 800 W generated lower
temperatures than at 700 W. The generated temperature was related to
the decomposition of sulfide minerals into oxides, especially the change
of pyrite into hematite, where hematite responded less well to very high
microwave power (Lovas et al., 2011).

The increased temperature affected weight loss during roasting, as
presented in Fig. 4b. This loss indicated a decomposition reaction of
sulfide minerals. Weight loss occurs due to the release of gases formed
during roasting. Roasting with NaClO3 (wet and dry) resulted in a higher
weight loss than roasting without additives. The generated temperature
were 129 °C for wet pellets without NaClOs, 232 °C for wet pellets with

A

A SiO,

® Feg 5ZNng 755
>
=
(%]
c
]
L
=

A
Ap A A A
\® e Ae AALAA L
0 10 20 30 40 50 60 70 80 90

20

Fig. 3. XRD pattern of refractory gold ore.
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Table 1
Chemical composition of refractory gold ore.
Elements Fe Cu Al Pb Zn S Au Ag
Content [ppm] 22,750 1,065 14,650 2,995 3,925 13,950 2.13 35.05
700 T 12
ra -t b
600 T 10 +
gsw 1 R
S 400 1 g
- -l
s [ 2071
° I -
g- 300 r %‘ L —a— Wet pellet without NaClO3
8200 | 2 47 —&— Wet pellet with Naclo3
. y —a— Wet pellet without NaClO3 L —e— Dry ore with NaClo3
L —8— Wet pellet with NaClO3 2 I
100 ~——&— Dry ore with NaClO3 L -
o J S S S S S S S S S S 0 —l|A‘{AAAA{IAII{IlllelAAl:llll:lljl

200 300 400 500 600 700 800
Microwave Power (watt)

200 300 400 500 600 700 800 900
Microwave Power (watt)

Fig. 4. Effect of microwave power on (a) temperature and (b) weight loss during roasting; wet pellet (water 180 kg/ton ore), NaClO3 180 kg/ton ore and roasting

time 30 menit.

NaClOs, and 159 °C for dry ore with NaClO3 at 300 W. The resulting
weight loss is 0.62 %, 5.4 % and 1.6 % respectively. At a power tem-
perature of 700 W, weight loss reached 10.6 % because the roasting
temperature achieved the highest, 618 °C.

Weight loss in roasting without NaClO3 was due to the release of
sulfur during oxidation. The reactions include releasing SO, gas through
the reaction Eq. (9) — (14). The roasting process without aeration
resulted in a low quantity of O in the sample; consequently, the emis-
sion of SO, was relatively low. The low release of SO, causes the weight
loss in roasting without additives to be relatively low. The release of SOy
and Cly during roasting with NaClO3 caused high weight loss. The
release of SO, and Cly must be kept as low as possible to reduce the
environmental impact.

4CuFeS; + 90,(g) = 2Cu;S + 2Fe;03 + 6SOx(g) AG(k)) =-0.469 T —
2701.8 €)]

27ZnS + 30,(g) — 2Zn0 + 2S0,(g) AG(kJ) = AG(kJ/mol) = 0.1562 T —
843.61 (10)

2PbS + 304(g) — 2PbO + 2S05(g) AG (kI) = 0.1645 T — 78322 (11)
4FeS, + 1105(g) — 2Fe;03 + 8505(2) AG(K) = 0.3026 T — 3250.7 (12)
FeS, + 0a(g) — FeS + SOx(g) AG(K)) = -0.0751 T — 238.08 (13)
3FeS + 50,(g) — Fe304 + 3505(2) AG(KKJ) = 03799 T — 16193 (14)

Weight loss in both wet pellets (wet roasting) and dry ore (dry
roasting) with NaClO3 may have occurred due to the reaction of released
Cl, and SOy, referring to Eq. (9) - (14), Eq.(22) and Eq. (23). The
decomposition of NaClOg at temperatures higher than 265 °C produced
O, gas, Eq. (15) which reacted with sulfide minerals as shown in Eq. (9)
- (14).

2NaClO3 — 2NaCl + 30(g) AG(kJ) = -0.4044 T — 259.3 (15)

3CuFeS; + 8NaClO3 — 3CuSO4 + 3FeSO4 + 8NaCl AG(kJ) = 0.5118 T —
4964.8 (16)

6CuFeS; + 17NaClO3 + 6H,O — 6CuSOy4 + 3Fe;03 + 6HpSO4 + 17NaCl
AG (kJ) = 1.085 T — 10070 a7)

3ZnS + 4NaClO3; — 3ZnSO4 + 4NaCl AG(kJ) = 0.2039 T — 2544.8 (18)

3ZnS + 4NaClO; + 3H,0 — 3Zn0 + 4NaCl 4 3H,S04 AG (kJ) =0.2041 T —
2262.7 (19)

3PbS + 4NaClO3 — 3 PbSO4 + 4NaCl AG(KJ) = 0.2247 T — 2681.2 (20)

3PbS + 4NaClO3 + 3H,0 — 3PbO + 4NaCl + 3H,SO4 AG (kJ) = 0.2166 T —
2172.1 (21)

6FeS; + 16NaClO3 — 2FeCl3 + 4FeSO4 + 8NaySO4 + 5Clx(g) AG(K]) =
-0.2648 T — 9125.6 (22)

6FeS, + 6NaCl + 240,(g) — 3Fe»(SO4)3 + 3NaS04 + 3Clx(g) AG(K)) =
3.5214 T — 7408.3 (23)

6FeS, + 15NaClO; + 3H,0 — 3Fex(SO4); + 3H,S04 + 15NaCl AG(k)) =
0.6559 T — 9217.8 (24)

3.3. Role of additive on metal extraction

The role of additives and the effect of microwave power on the
decomposition of sulfide minerals in gold ore can be observed from the
extraction rate of soluble metals during the water leaching of roasted
ore. The results of this study can be seen in Fig. 5. Roasting without
NaClO3 with limited O, content resulted in relatively low metal
extraction. Meanwhile, roasting with NaClOs using dry and wet pellets
resulted in higher metal extraction.

In roasting without NaClOs, the extraction of Cu and Zn was rela-
tively low. The minimum amount of oxidizer in roasting without NaClO3
and aeration caused the oxidation reaction of CuFeS, and ZnS to be less
than optimal. In addition, the oxidation reaction without additives also
produced oxide compounds (ZnO, CuS, and Fe;0O3), which were difficult
to dissolve in water leaching. The oxidation reactions without NaClO3
are indicated in equations Eq. (9) and Eq. (10).

Extraction of Cu and Zn reached 84.3 % and 97.6 %, respectively,
when roasting with NaClOs, both wet pellets and dry gold ore, at a
power of 400 W or more for 30 min. Copper and zinc dissolved in water
leaching increased significantly with microwave power from 300 to 400
W (Fig. 5a and Fig. 5b). Decomposition reaction of copper sulfide
minerals is shown in Eq. (16) and Eq. (17). In comparison, oxidation of
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Fig. 5. Effect of microwave roasting power on metal extraction during water leaching at 50 °C, 250 rpm and leaching time 60 min; wet pellet (water 180 kg/ton ore),

NaClO3 180 kg/ton ore (a) copper, (b) zinc, (¢) lead, (d) iron.

zinc sulfide corresponds to Eq. (18) and Eq. (19). At microwave power
higher than 400 W, copper extraction rate decreased (Kamariah et al.,
2022). High temperatures at a power of more than 400 W cause the
decomposition of CuSO4 compounds into oxide compounds at 540 —
730 °C, which were difficult to dissolve in water (Tanaka & Koga, 1990).

In the water leaching of roasted gold ore at 800 W (Fig. 5a), Cu
extraction was slightly higher than at 700 W. This difference can be
attributed to the lower temperature generated at 800 W compared to
700 W. CuSO4 undergoes decomposition at high temperatures ranging
from 540 °C to 730 °C, resulting in the formation of copper oxide. At
800 W with a temperature of 605 °C, the decomposition of CuSO4 into
copper oxide was less extensive compared to 700 W with a temperature
of 618 °C, resulting in higher Cu extraction at 800 W than at 700 W.

At a power higher than 400 W, zinc extraction was as high as the
extraction at a power lower than 400 W (Kamariah et al., 2022). The
thermal decomposition of ZnSO4 was higher than 800 °C (Ingraham &
Marier, 1967; Narayan et al., 1988).

The extraction of Pb and Fe was relatively low compared to the Cu
and Zn extraction for all conditions. The increase in microwave power
from 300 to 800 W did not affect Pb and Fe extraction. The highest Pb
extraction was 24.8 % and 22.8 % for roasting with NaClO3 using dry
and wet roasting methods. The highest Fe extraction reached 13 % in dry
roasting with NaClOs. Previous research also showed that the extraction
of Pb and Fe was relatively low compared to the extraction of Cu and Zn
(Kamariah et al., 2022). Oxidation of iron and lead from sulfide minerals
formed PbO Eq. (11) and Eq. (20), PbSO4 Eq. (21), and Fe303 Eq. (12) or
Fe304 Eq. (14). These compounds had low solubility during water
leaching. Low iron extraction was also due to some of the iron minerals
in refractory gold ore samples as oxide minerals such as hematite,
magnetite, and in the form of limonite (Arif et al., 2020; Purwanto et al.,
2020).

The formation of FeCls Eq. (22) led to an increase in Fe extraction
during water leaching. However, FeCl; decomposed at a relatively low
temperature of 400 °C, and formed Fep,O3 (Kanungo & Mishra, 1996). In
contrast, the formation of FeSO4 Eq. (22) and Fe(SO4)3 Eq. (23) and Eq.
(24) remained relatively stable at high-temperature roasting, as the
decomposition temperatures for FeSO4 Eq. (23) were in the range of 525
— 650 °C and for Fep(SO4)3, they were in the range of 625 — 710 °C
(Masset et al., 2006).

In the current study, extraction of Cu, Zn, Pb, and Fe respectively
reached 84.3 %, 97.6 %, 22.8 %, and 8.4 % in roasting with wet pellets
of refractory gold ore, water 180 kg/ton ore, NaClO3 180 kg/ton ore,
400 W (470 °C) for 30 min. Previous research showed that the extraction
of Cu, Zn, Pb, and Fe was +80 %, +65 %, +15 %, and +25 %, respec-
tively, at roasting temperatures of 400 — 550 °C for 60 min (Kamariah
et al., 2022). Current research showed a higher extraction rate of metals
such as Cu, Zn, and Pb at shorter roasting times.

3.4. SEM analysis of roasted ore and residue

SEM analysis was carried out to study the effects of roasting and
water leaching on the mineral surface morphology and determine the
mineral decomposition during the pretreatment process. Sulfur and
oxygen contents in the sulfide mineral before roasting were 4.7 - 42.7 %
and 16.1 — 21.8 %, respectively. The sulfur content in roasted ore par-
ticles was identified to be between 1.6 — 19.8 %, while the oxygen
content was 23.8 — 46.3 %. Sulfur content decreased, and oxygen
increased due to the oxidation of sulfide minerals and phase changes
from sulfides to oxides (Fig. 6). SEM analysis confirmed cracks forma-
tion in pyrite and sphalerite-pyrite minerals. SEM-EDS mapping analysis
of sphalerite mineral grains and a small portion of covellite showed that
the sulfur content was still relatively high and had not undergone
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Fig. 6. Morphology and EDS of roasted gold ore (wet pellet, water 180 kg/ton ore, without NaClO3, microwave power 700 W and roasting time 30 min).

decomposition.

SEM analysis of roasted ore showed that the sulfur content in sulfide
mineral decreased significantly to 1.7 % — 4.2 %, while oxygen increased
to 16.3 % — 41.2 % at 700 W with NaClOs for 30 min roasting time, as
shown in Fig. 7. Elements of Na and Cl derived from additives were still
identified in mineral grains even though their levels have decreased
relatively compared to the initial content of Na and Cl. The grain surface
morphology, with no visible micro-cracks, looks different compared to
roasting without additives. The identification results with EDS mapping
of roasted grain with NaClO3 at 700 W identified the presence of Fe2O3,
Fe3(S04)3, NaCl and NaySO4 compounds.

The water leaching test has been studied and presented in Fig. 8. SEM
analysis of water leaching samples showed that sulphur was not iden-
tified as mineral grains. The decreasing sulphur content was due to the
dissolving of sulphate compounds during the water leaching process.
SEM analysis of residue also showed that the remaining sulphur in
roasted ore with additives was a sulphate compound. The sulphate
compounds were easily extracted during water leaching. EDS mapping
also showed that the compounds identified in the grains were FezOs.

3.5. Mass balance analysis of sulfur and chlorine in roasted ore and
residue

The released sulfur gases such as SO, due to the oxidation of sulfide
minerals is a critical problem in the roasting of refractory gold ores. The
sulfur release was calculated by mass balance analysis of sulfur in
microwave-assisted roasting. The sulfur release was strongly influenced
by temperature and oxygen concentration in the roasting. This research

also studied the release of chlorine gas due to using NaClOs; as an
oxidizing agent. The mass balance analysis of sulfur and chlorine is
shown in Fig. 9 and Fig. 10.

The mass balance analysis of sulfur on roasting without NaClO3
(Fig. 9a) indicated that the higher microwave power resulted in the
higher sulfur release. The sulfur release increased in correlation with the
roasting temperature (Fig. 4). The sulfur release was measured in
roasting at 400 W or higher. The highest sulfur release was achieved at
700 W, reaching 66.9 %. A minimal sulfur dissolved, with majority
remaining in the residue and not dissolving during the water leaching.
Sulfur in residue reached more than 77 % in roasting without NaClOg3 at
300 -500 W for 30 min. Roasting without NaClO3 corresponds to Eq. (9)
- Eq. (14). Water had no role in the wet roasting process because the
water evaporated before the decomposition of sulfide minerals at tem-
peratures above 100 °C.

The mass balance analysis of sulfur on roasting refractory gold ore
with 180 kg/ton NaClO3 and dry method is presented in Fig. 9b. Sulfur
release occurred at a low power of 300 W, reaching 41.5 % and then
decreased with increasing microwave power. Sulfur release in dry
roasting with NaClO3 was lower than in wet roasting without NaClOs.
Sulfur release in dry roasting with NaClOs is shown in reactions Eq. (16),
Eq. (18), Eq. (20), Eq. (22), and Eq. (23). Sulfur dissolved when water
leaching reached above 60 % in roasting with a power of more than 400
W. In contrast, roasting without additives only achieved an average
lower than 10 %. Water-soluble sulfur was very high at the roasting
power of 400 W, resulting in deficient sulfur remaining in the residue,
<7.9 %. This dissolved sulfur indicates that there has been a decom-
position of sulfide minerals into compounds that are soluble in water
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Fig. 8. Morgphology and EDS of residue after water leaching (wet pellet with water 180 kg/ton ore, NaClO3 180 kg/ton ore, microwave power 700 W, and roasting

time 30 min), leaching temperatur 50 °C for 60 min.

(Amankwah & Ofori-Sarpong, 2020; Ma et al., 2016; Qin, Guo, Tian, Yu,
et al., 2021).

The mass balance analysis of sulfur on roasting refractory gold ore
with 180 kg/ton NaClO3 additive and wet method is presented in Fig. 9c.
The highest sulfur release was only 16.3 % and tended to decrease with
increasing microwave power. Wet roasting with additives is shown in
reactions Eq. (17), Eq. (19), Eq. (21), and Eq. (24). Sulfur release in wet

roasting was lower than in dry roasting. The addition of water played a
role in reducing the release of sulfur into the atmosphere during roast-
ing. In addition, water played a role in increasing sulfur dissolution
during water leaching. This phenomenon indicated the higher formation
of sulfate compounds in wet roasting compared to dry roasting.

Wet roasting of refractory gold ore with NaClO3 reduces the sulfur
release by only 10.4 %, and the sulfur that dissolves during water
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Fig. 10. Chlorine mass balance during the roasting and water leaching process
dry ore with NaClO3 180 kg/ton ore, (b) wet pellet with water 180 kg/ton ore
and NaClO3180 kg/ton ore.

leaching reaches 80.2 % at 400 W of power for 30 min. The temperatures
generated in the 400-watt on wet and dry roasting were 470 and 394 °C,
respectively. The total decomposition of sulfur reached 90.6 %. Whereas
in dry conditions, the total decomposition of sulfur reached 93.1 %, and
the release of sulfur was 25.9 %. Microwave roasting results were higher
than conventional processes, carried out at 550 °C with low aeration,
and only reduced the sulfur content by 50 % (De Michelis et al., 2013) or
lower than 50 % (Dosmukhamedov et al., 2022). Some previous studies
mentioned that the optimum roasting temperature of refractory gold ore
was between 500 — 700 °C (Gonzalez et al., 2021; F. Lin et al., 2021; Y.
Lin et al., 2022; Qin, Guo, Tian, Yu, et al., 2021; Sousa et al., 2022).
Additives played a role in increasing the decomposition of mineral sul-
fides (H. Li et al., 2018; F. Zhu et al., 2018). In the current research,
NaClO3 additives and water also reduced the release of sulfur into the
atmosphere.

Oxidation of sulfur from sulfide minerals significantly influences the
degree of extraction in gold ore leaching. High gold extraction is ach-
ieved at high degrees of sulfur oxidation. Sulfur oxidation correlated
linearly with gold extraction during leaching (Ahtiainen et al., 2021;
Faraz et al., 2014). The degree of sulfur oxidation in the current study
was more than 90 %. The results of this oxidation are expected to in-
crease the degree of gold extraction by more than 90 % during the
leaching process.

Chlorine release was one of the focuses of attention in this study due
to the use of NaClO3 as an oxidizing agent. Mass balance analysis of
chlorine is shown in Fig. 10. Dry roasting of gold ore (Fig. 10a) produced
high chlorine release, between 57.4 % — 75.8 %. Roasting of wet pellets
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of gold ore released chlorine between 46.3 % — 68.4 %, as shown in
Fig. 10b. Wet roasting released less chlorine than dry roasting. In wet
roasting, the increase in power caused a relatively high increase in
chlorine release. Water contained in wet roasting significantly reduced
the level of chlorine released into the atmosphere.

The decomposition of sulfide minerals with the addition of NaClOg in
wet roasting involved chemical reactions that release chlorine (Eq.22
and Eq.23) or those that do not release chlorine Eq. (16) - Eq. (21), Eq.
(24). Sulfur and chlorine mass balance analysis showed that wet roasting
produced low sulfur and chlorine releases with a high sulfur decompo-
sition, 90.6 % at 400 W of power for 30 min. Previous studies mentioned
that the oxidation of sulfide mineral by more than 90 % in pretreatment
could increase gold extraction by more than 90 % in the leaching of
refractory gold ore (Ahtiainen et al., 2021; Faraz et al., 2014).

3.6. Leaching of roasted gold ore

The leaching tests showed that the oxidation degree of sulfide min-
erals greatly influenced the extraction of gold in leaching, as presented
in Fig. 11. Direct leaching of refractory gold without pretreatment
resulted in 47.5 % gold extraction. Previous researchers reported that
gold extraction was relatively low when leaching was carried out
directly on refractory gold without pretreatment (Celep et al., 2019; Qin,
Guo, Tian, Yu, et al., 2021; Salazar-Campoy et al., 2020). Non-cyanide
leaching research conducted by L. Zhang in 2022 on weakening re-
fractory gold without pretreatment only resulted in 7.6 % gold extrac-
tion (L. Zhang, Guo, Tian, Zhong, Li, et al., 2022).

The leaching of roasted gold ore with 70.2 % and 90.6 % sulfide
mineral oxidation resulted in gold extraction of 73.0 % and 92.5 %,
respectively. Previous research reported that the oxidation of sulfide
minerals greatly determined the extraction of gold from refractory
extraction. Sulfide oxidation of 48.4 % and 95.0 % resulted in gold
extraction of 71.1 % and 95 % (Faraz et al., 2014). Other researchers
reported that 97 % oxidation of sulfide minerals achieved 99 % gold
extraction (Ahtiainen et al., 2021).

The results of the leaching test on roasted gold ore showed that
pretreatment is an essential stage in the processing of refractory gold
ore. Gold extraction can be increased significantly from 47.5 % without
pretreatment to 92.5 % after pretreatment with 90.6 % sulfide mineral
oxidation.

4. Conclusions

Wet roasting with water 180 kg/ton ore and without NaClOg at 300 —
800 W for 30 min increased the temperature from 129 to 557 °C. Total
oxidized sulfur reached 12.4 % and 73.3 % at 400 and 800 W for 30 min,
respectively. The sulfur release reached 63.0 % on roasting with 800 W
for 30 min.

Wet roasting with water 180 kg/ton and NaClO3 180 kg/ton ore at
300 - 800 W for 30 min increased the temperature from 189 to 620 °C.
Total oxidized sulfur reached 90.6 % and 93.0 % at 400 and 800 W for
30 min, respectively. The sulfur release reached 10.4 % and 6.3 %, and
chlorine release reached 49.5 % and 66.0 % at 400 and 800 W for 30
min, respectively.

Dry roasting with NaClO3 180 kg/ton ore at 300 — 800 W for 30 min
increased the temperature from 159 to 567 °C. Total oxidized sulfur
reached 92.1 % and 93.0 % at 400 and 800 W for 30 min, respectively.
The sulfur release was at 25.9 % and 6.5 %, and chlorine at 60 % and
62.9 %, at 400 and 800 W for 30 min, respectively.

In the current study, extraction of Cu, Zn, Pb, and F reached 84.3 %,
97.6 %, 22.8 %, and 8.4 %, respectively, for wet roasting of refractory
gold ore, with 180 kg/ton ore, NaClO3 180 kg/ton ore, 400 W for 30
min.

Direct leaching of refractory gold without pretreatment resulted in
gold extraction of 47.5 %. In contrast, leaching roasted gold ore with
90.6 % oxidation of sulfide minerals results in gold extraction of 92.5 %.
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Fig. 11. Effect of sulfide mineral oxidation on Au extraction in acid leaching
with 100 mL HCI 3 M, 14 mL NaClO3 5 % (w/v), 0.25 mL/min NaClO; feeding
rate, 250 rpm, liquid-solid ratio 10 at leaching temperature 40 °C.

Pretreatment of refractory gold ore with microwave-assisted roasting
methods requires optimization to reduce the release of sulfur and
chlorine into the atmosphere, reducing roasting time. The combination
of microwave power and time is critical to increasing the efficiency of
the roasting process.
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