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Abstract: With the decrease in high-grade chalcopyrite resources, the copper extraction from low-
grade chalcopyrite has attracted more and more attention. However, the kinetic rates of chalcopyrite
leaching with traditional oxidants are usually very slow due to the formation of the passivation layer.
In this study, a novel reagent of chlorinated oxidant, trichloroisocyanuric acid (TCCA), was used to
leach chalcopyrite for the first time. The experimental results showed that when the initial oxidant
concentration for TCCA was 0.054 mol-L ™1, the leaching temperature was kept at 55 °C, and the
pH of the pulp was controlled at 1, the oxidation efficiency of Cu can reach above 90% in less than
30 min. Various analyses of chalcopyrite mineral ore and its oxidized residues, such as chemical
composition analysis, X-ray diffraction analysis, scanning electron microscopy analysis and X-ray
photoelectron spectroscopy, were conducted, respectively. No obvious passivation layer was found
on the chalcopyrite surface, though the sulfur product can also be generated during the leaching.
Reaction kinetic analysis results showed that the different influence of surface reaction and diffusion
process on the dissolution of chalcopyrite is little due to the fast leaching speed. After calculation,
the activation energy of the whole leaching reaction is 9.06 kJ-mol~!, much lower than that in other
reports. The mechanism was also proposed that TCCA was hydrolyzed in the solution to form
hypochlorous acid, which is the strong oxidant, and cyanuric acid, which prevents the formation
of a passivation layer. The processing in this study is expected to be applied as a novel method for
atmospheric leaching of chalcopyrite.

Keywords: chalcopyrite; atmospheric leaching; trichloroisocyanuric acid; mechanism

1. Introduction

Chalcopyrite is an extremely important copper-bearing mineral, which represents
nearly 70% of the world’s copper reserves [1]. Although more than 80% of copper is
currently recovered through pyrometallurgy, due to its comparative inferiority with the
continuous decline grade of copper ore and stricter environmental protection require-
ments, more and more technological development has been toward hydrometallurgical
processes [2]. The leaching systems in the previous reports include a sulfate system [3],
chlorination system [4], alkaline system [5], and nitrate system [6], etc. Several common
oxidants, such as trivalent iron, copper ion, methanesulfonic acid, hydrogen peroxide,
ozone, potassium dichromate, ammonium persulfate, and sodium hypochlorite, have also
been researched to enhance the leaching efficiency [7-9].

Chalcopyrite is a kind of mineral that has high crystal lattice energy. Thus, its dis-
solution is very difficult, and the copper extraction is generally low under atmospheric
pressure [1]. Moreover, a passivation layer can be easily formed on the surface of the chal-
copyrite mineral during the leaching process to prevent its further dissolution, especially
in the sulfate system [10]. The components of these passivation layers include elemental
sulfur, polysulfide, or iron compounds [11]. Therefore, one of the research hotspots is to
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study the formation and elimination of the surface passivation layer; for example, using
high-temperature and high-pressure conditions [12], ultrafine grinding of minerals [13]
microwave or ultrasonic-assisted leaching [14,15], adding silver ions for catalytic desulfu-
rization, applying solvents to dissolve sulfur [2], etc. However, these methods are often
limited in economic cost or industrial scale applications.

In order to dissolve the copper of chalcopyrite, the oxidant applied for leaching
chalcopyrite need to have a high potential to oxidize sulfur in chalcopyrite to elemental
sulfur or sulfate. Hypochlorous acid is well known as a strong oxidant for leaching sulfide
minerals, and its oxidizing power even exceeds peroxide, oxygen and chlorate. Ikiz [16]
found that with the optimum leaching conditions that an initial pH of 5, a hypochlorous
acid concentration of 0.2 N for a solid /liquid ratio of 4 g-L. =1, and room temperature, copper
dissolution rose quickly from 40% to 80% in 15 min. They also found that the diffusion
process through the product layer mainly influenced the leaching rate, and its activation
energy is 19.88 k]-mol~!. However, hypochlorous acid and hypochlorite are unstable
and easily decompose, leading to high oxidant consumption and cost. Choubey [17]
found a possible two-step process to selectively leach chalcopyrite, which firstly converted
chalcopyrite into an alkaline solution using hypochlorite solution and then leached the
oxidation residue with dilute acid. However, its efficiency is not high. Therefore, the
application of novel oxidants to overcome the formation of a passivation layer during the
chalcopyrite leaching process and to achieve rapid oxidative leaching is of great significance
to copper extraction.

Trichloroisocyanuric acid (TCCA), chemical formula [1,3,5-trichloro-1,3,5-triazine-
2,4,6-(1H, 3H, 5H)-trione], is a versatile and efficient compound for chlorination and
oxidation reactions. Because of its chlorinating and oxidizing properties, it is used as a
bleaching agent, disinfectant and bactericide [18]. Furthermore, it is more stable than
hypochlorous acid and can provide a continuous high concentration of available chlorine
in the leaching system. Furthermore, it is safe and harmless to the environment [19,20].
The purpose of this work aims at exploring the feasibility of applying the novel oxidant
to leach chalcopyrite so as to improve the extraction of copper under relevant industrial
conditions.

2. Experimental
2.1. Minerals and Reagents

The high-grade massive chalcopyrite ore applied in the leaching experiments came
from a mine located in the Yunnan Province, China. The ore was crushed and ground to
less than 74 pm. The quantitative analysis results through an inductively coupled plasma-
optical emission spectrometry (ICP-OES) (AVIO500, Perkin-Elmer, Waltham, MA, USA)
instrument showed that the main elements were copper, iron and sulfur, and their mass
fractions were 32.23%, 32.51% and 35.10%, respectively. The component content is similar
to that of chalcopyrite. X-ray diffraction (XRD) analysis of the phase (as shown in Figure 1)
suggests that the main phase of the ore specimen is chalcopyrite. The analytical grade
trichloroisocyanuric acid used as the leaching reagent was purchased from Sinopharm
Chemical Reagent Co., Ltd. of Shanghai, China. Analytical grade chemicals H,SO,4 and
NaOH, are used as the reagents for adjusting the acidity of the solution in the leaching
process. Deionized water (resistivity of 18.2 M()-cm at 25 °C) was applied for preparing
the solutions.

2.2. Leaching Experiments

For each leaching experiment, the designed amount of trichloroisocyanuric acid was
firstly weighed and put into a 500 mL three-mouth flask, then the deionized water was
added to dissolve the oxidant and form the solution with a given concentration. After
adjusting the acidity, the flask was placed in a constant-temperature water bath under
magnetic stirring (200 rpm). When the temperature of the system reached a constant value,
a certain amount of ground chalcopyrite powder was added into the solution for leaching
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and timing began. The solid-liquid ratio was fixed at 1g:0.2 L for all of the leaching tests.
To monitor the concentration of copper and iron in the oxidizing process, extractions were
made periodically with the agitation temporarily turned off, then filtered with filter paper
and sampled. After the leaching experiments were completed, the remaining residues were
filtered, washed, and dried for further researches at room temperature. The filtrate was
cooled to room temperature, and then the copper concentration in the oxidizing solution
was measured. The oxygenation efficiency (%) of Cu and Fe were calculated with Cu and
Fe contents in the oxidizing liquid, dividing the mass of copper and iron in the feeding
chalcopyrite. The oxygenation efficiency (%) of sulfur was calculated with S content in the
leached residue dividing the mass of sulfur in the feeding chalcopyrite.
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Figure 1. XRD test result of chalcopyrite sample.

2.3. Characterization and Analysis of Samples

The phase composition of chalcopyrite specimens and residues before and after leach-
ing were determined using X-ray diffraction (XRD) (non-monochromatic Cu of K& X-ray
source; D8 Advanced Bruker, Germany). XRD data were collected in the detection range of
10-90° with a scanning speed of 0.1°s~!. Before X-ray diffraction analysis, chalcopyrite was
ground and sieved to <74 um. The surface images of chalcopyrite mineral and oxidized
residue were determined by a high-resolution field emission scanning electron microscope
(SEM) (TESCAN MIRAS3, Czech). Surface morphologies were observed, employing an
accelerating voltage of 15 kV with different magnifications. A thermo ESCALAB 250
spectrometer (Thermo Scientific, Waltham, MA, USA) was used to measure the XPS of
the chalcopyrite sample. It was conducted at 15 kV and 150 W in an ultra-high vacuum,
with monochromatic Al K« radiation (1486.6 eV) as an excitation source. The narrow scan
energy was controlled at 50.0 eV. The adventitious C 1s peak was used to correct binding
energies to 284.8 eV and the acquired spectra of Cu, Fe, and S were fitted using CasaXPS
software. Atomic absorption spectrometer (AAS) (Agilent AA240FS instrument, USA) was
used to measure the copper concentration in the filtrate.

3. Results and Discussion
3.1. Extraction Curves with TCCA

The effect of reaction conditions (pH value, reaction time ¢, the initial TCCA concen-
tration Cyp, and the solution temperature T) on the Cu extraction was investigated. It was
conducted under one altered condition while the other variables were kept constant. The
experimental results are shown in Figure 2. Cu and Fe extraction curves were found to be
similar in the TCCA leaching systems while differing from the oxidation curve of sulfur
during the leaching processes.
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Figure 2. Extraction curves with TCCA.

It is also shown that the leaching efficiency of chalcopyrite increases significantly from
19.68% to 78.21%, when the concentration of oxidant increases from 0.0054 to 0.034 mol-L~1.
The experimental results confirm the fact that TCCA was the oxidant that strongly reacted
with chalcopyrite. It can also be noted that after the amount of oxidant concentration
exceeded 0.034 mol-L~!, the increase in Cu extraction became slow. Extractions of 90.8%
Cu, 89.6% Fe and 61.1% S were achieved when chalcopyrite was dissolved and when
the TCCA concentration was 0.054 mol-L~!. The extreme use of TCCA with the aim of
increasing the leaching efficiency of chalcopyrite does not seem reasonable.

It is easy to learn that the chalcopyrite dissolves rapidly using TCCA as an oxidant.
The copper extraction obtained 82.64% when the reaction time was only 5 min (min). When
the reaction time is continuously increased to 30 min, the leaching efficiency of chalcopyrite
can reach 90.8 %. It is also apparently observed that after 30 min, the copper, iron and
sulfur extractions begin to stabilize. The leaching efficiency of Cu increased from 90.8 %
to 91.35 % after prolonging the reaction time from 30 to 90 min. The results show that the
leaching speed of chalcopyrite with TCCA is quite fast at atmospheric conditions. The
oxidation reaction can mostly complete in less than half an hour, suggesting that TCCA
is a highly efficient leaching reagent for chalcopyrite. The result is better than the other
oxidants, such as FeCls, in previous reports [1,4].

It is also interesting to learn that Cu, Fe and S extractions decrease steadily with the
pH value increases. The percentage of leached copper was 62.11% when the pH value
was controlled at 6, about 28 % less than that pH at 1. The reason may be that at lower
pH values, the hydrolysis of TCCA becomes easier with water. Thus, more products of
hypochlorous acid and cyanuric acid can be generated and cause the chalcopyrite to leach
faster. This can be proved by the fact that the oxidizing ability of TCCA fell sharply when
the pH value was at 7, and only about 10% copper was extracted from chalcopyrite in
30 min. Therefore, the pH value is also one of the crucial influence factors.

It is noted that the amount of dissolved chalcopyrite first rises and then decreases in
the temperature range of 25 and 85 °C. The maximum leaching efficiency of chalcopyrite
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was obtained when the reaction temperature was at 55 °C. On the positive side, the rising
temperature can enhance the reaction rate and promote the diffusion of ions. However, the
TCCA may decompose at high temperatures, resulting in a decrease in its oxidizing ability.
The maximum difference of Cu and Fe extraction in the whole temperature range is nearly
20%, showing that the role of the temperature is one of the key factors.

3.2. Comparison with Other Common Reagents

To compare with the other traditional methods, various reagents NaClO, NaClOs,
FeCl3 and H,SO,4 were also applied to leach chalcopyrite at the same temperature of 55 °C
and reaction time of 30 min. The dosage selections of the various reagents are controlled at
0.5 mol-L 1. The copper extraction results are shown in Figure 3. It is obvious that TCCA
obtained relative advantages over the traditional reagents, though the reaction conditions
may not be optimal for the other reagents.

TCCA
NaClO
NaClO,
) FeCl,
H,SO,
[
A B C D E
Reagents

Figure 3. The comparison of copper extraction with different reagents: (A) 0.054 mol-L~1 TCCA; (B) 0.50 mol-L~! NaClO;
(C) 0.50 mol-L~1 NaClOj3; (D) 0.50 mol-L~! FeClz and 0.5 mol-L~! HCI; (E) 0.50 mol-L~! H,SOy at the same temperature
(55 °C) and reaction time (30 min).

3.3. Comparison with Pyrite Leaching

As pyrite is a common sulfide mineral in the chalcopyrite ore, the comparison of
leaching efficiency for the pure chalcopyrite and pure pyrite (Fe 45.32% and S 52.95%)
samples, obtained from the same mine located in the Yunnan Province of China, using
TCCA reagent under the same reaction conditions was also studied, and the experimental
results are shown in Figure 4. It was found that the pure pyrite can also be oxidized and
dissolved by TCCA rapidly, which proves that the TCCA is an excellent leaching agent for
the sulfide mineral. Since there is still a lot of refractory sulfide minerals that require new
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leaching methods, it is a promising leaching reagent which can be applied to those sulfide
minerals.
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Figure 4. The comparison of leaching efficiency for chalcopyrite and pyrite using TCCA reagent
under the same reaction conditions.

3.4. Changes of Chalcopyrite before and after Leaching

Leached residues collected after 30 min leaching in the 0.054 mol-L~! TCCA, pH 1
at 55 °C were characterized for X-ray Diffraction (XRD) analyses and scanning electron
microscope (SEM). Figure 5 shows the XRD result of the leach residue specimen. The
pattern was compared with the obtained pattern of untreated chalcopyrite concentrate
shown in Figure 1. For the raw ore, it is concluded that chalcopyrite (CuFeS,) with the
JCPDS card numbers of 01-075-0253 are the major minerals. The intensity of the chalcopyrite
peaks reduced in the leach residue and at the same time a new peak corresponding to
the byproduct sulfur (JCPDS 00-008-0247) appeared. Although above 90% of chalcopyrite
was leached by the strong oxidant TCCA and entered the oxidizing liquid mainly in an
ionic state, the concentration of TCCA on the parts of the mineral surface may reduce
during the late oxidation stage, and the descending oxidation capacity will be the main
reason of the formation of elemental sulfur. Furthermore, the formed elemental sulfur
can hinder the leaching process of chalcopyrite and weaken the TCCA further oxidation.
It is consistent with reports using other leaching reagents, that is, moderate oxidizing
conditions for chalcopyrite forms an elemental sulfur byproduct, while intense oxidizing
conditions converts the sulfide into the sulfate directly [2].

1-CuFeS,
2-S

Intensity (a.u.)

0 10 20 30 40 50 60 70 8 90 100
20 (°)

Figure 5. XRD pattern of leached residue.

SEM images of chalcopyrite before and after leaching experiments are given in
Figure 6. It seems that most of the sample particles with relative uniform grain size of
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about 0.3 pm adhere to each other before leaching (Figure 6a,b). After 30 min of leaching,
there existed significant cavitation on the surface of the particles. The size of the cavity
is even larger than 3 um, as shown in Figure 6¢. The smaller chalcopyrite cores of leach
residue can be found in Figure 6d, and their shapes and sizes differ from one another.
Elemental sulphur and other possible precipitations were hardly observed on the surface
of the residue particles, which is different from other oxidants [1].

Figure 6. Morphologies of chalcopyrite specimens before leaching (a,b) and after chemical oxidation (c,d) as determined

by SEM.

XPS analyses were conducted in order to figure out the evolution of the surface species
on the chalcopyrite samples. High resolution XPS spectra of Cu 2p, Fe 2p and S 2p of
the two chalcopyrite specimens were obtained and are presented in Figure 7. The Cu 2p
spectrum of the unleached chalcopyrite in Figure 7a shows two strong peaks at 2p3/2 (932.3
and 931.2 eV) and one peak at 2p1/2 (951.2 eV). The 2p3/2 peak at 932.3 eV indicates the
presence of Cu(I)-S [21]. The peaks of chalcopyrite after leaching are presented in Figure 7b.
The peak at 2p;,, was moved to 954.1 eV. It is apparent to find that the peak at 2p3/»
(932.3 eV) was changed by the two strong peaks at 935.1 and 945.3 eV. The peak in the Cu
2p spectrum at 935.1 eV could be assigned to the Cu (II)-O species, such as CuO, Cu(OH),
and Cu3(SO4)(OH)4, suggesting that the oxidation conditions of chalcopyrite are very
extensive [20]. The peak at 2p3 /> (945.3 eV), the shake-up satellites in the spectra, confirmed
that characteristic of the Cu (II) species of leached chalcopyrite after the TCCA oxidation.

XPS has also been used to determine the changes in oxidation state of Fe for chal-
copyrite. As shown in Figure 7b, the peak at 707.2 and 710.8 eV indicated the relevant
compounds with the 2ps3 , binding energies of Fe?* and Fe’*, respectively. The result is in
agreement with the effective oxidation state of chalcopyrite being between Cu*Fe?*(S?~),
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and Cu?*Fe?*(S?7),, which was caused by the significant covalent bonding [22]. After
leaching, the peak at 707.2 eV was found to disappear in the leach residue, which confirmed
that Fe?* was oxidized by TCCA and was no longer exited. The sharp peak at 711.9 eV
could be assigned to Fe (III)-SO species.

(a) Cu2p 931,2¢V

935 1eV

931.4eV

942.3eV

After leaching

970 960 950 940 930 920
Binding Energy (eV)
(b) Fe 2p 724.7eV 710.8¢V

719.5eV

Before leachin I\ _
1 |g I I I I I —

725.4eV 711.9eV

After leaching
1 1

1 1 1 1 1
745 740 735 730 725 720 715 710 705 700 695

Binding Energy (eV)

(c)S2p
160.6eV

162.9eV
168.3eV

Before leachﬁg
1

164.0eV

169.0eV
161.1eV

After leaching
1 1 1

175 170 165 160 155
Binding Energy (eV)

Figure 7. XPS spectra showing (a) Cu 2p, (b) Fe 2p and (c) S 2p peaks from the surface of specimens
collected from unleached chalcopyrite and leached residue.

In the S 2p spectrum (Figure 7c), the XPS spectra of unleached chalcopyrite can be
fitted to four peaks at the binding energies of 160.6, 161.8, 162.9 and 168.3 eV, which
were identified to be the peaks of S%2-, S,27, 5,27 and SO42, respectively, suggesting
the existence of Cu(I)-S [23]. The absence of peaks at 160.6 and at 162.9 eV was detected
for the leached residue, while the peak at 164.0 eV assigned to S” appeared in the S 2p
spectrum. The results were consistent with the XRD patterns in Figure 5. The sulfur species
in the leached residue exist in the form of elemental sulfur and chalcopyrite, and no other
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species were identified. Common passivation layers, such as copper-rich sulfide, disulfide

(S2%7), polysulfide (Sh2~) and Fe hydroxy-oxide were not detected for the chalcopyrite
leach residue.

3.5. Changes of Chalcopyrite before and after Leaching

The leaching process of chalcopyrite can be controlled by the surface chemical reaction
(kinetic models Equations (1) and (2))or the diffusion reaction (kinetic models Equations (3)
and (4)) through the product layer.

1—(1—x)3 =kt 1)
—In(l — x) =kt )

1+2(1 —x) —3(1 — x)*/3 =kt (3)
[1-(1—x)" P =kt 4)

In the formula, x is the Cu extraction, t means leaching time, and k corresponds to the
reaction kinetic constants. Figure 8 shows the plots and the fitting lines of kinetic models.
Table 1 presented the kinetic constant (k) and the regression coefficients (R?) calculated
from the experimental dissolution results using the four possible kinetic equations. It is
seen from Table 1 that average R2 changes little from the various models. This may be
ascribed to the high leaching speed and that most of the product was soluble sulfate, which
cannot form a passivation layer. Therefore, both the surface chemical reaction and the
diffusion reaction are easy to carry on. The model Equation (4) was relatively more fitted
to the copper dissolution data due to higher average R? values.

0.7 3.0
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Figure 8. Plots of kinetic models: (a) 1 — (1 — x)!/3 vs. time; (b) —In(1 — x) vs. time; (¢) 1 — (2/3)x — (1 — x)?/3 vs. time;
(d)[1 - (1 —x) /3] vs. time.
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Table 1. The rate constants, k and the coefficients of variation, R? for each kinetics model.

Temperatures k R? R?
Rate-Controlled Steps Models (K) (min-1) Average

298 0.00448 0.9777
308 0.00394 0.9293

1= (1 -x)!° =kt 318 0.00477 0.8664 0.9408
. . 328 0.00392 0.9899

Surface chemical reaction

298 0.01991 0.9841
308 0.01952 0.9224

~In(l —x) =kt 318 0.02489 0.8849 0.9466
328 0.02441 0.9951
298 0.00194 0.9841
308 0.00187 0.9360

1—@2/3x = (1= 0% =kt 318 0.00231 0.8739 0.9459
Diffusion through the 328 0.00195 0.9898
product layer 298 0.00289 0.9842
308 0.00309 0.9479

_ _ 1/3712 _

1-A-07 =k 318 0.00386 0.8644 0.5479

328 0.00405 0.9951

3.6. Discussion of Reaction Mechanism

In general, the amount of leached copper entering into the solution increased with the
extension of leaching time at certain temperatures. To further understand the temperature
effects upon leaching rate, the Arrhenius equation (Equation (5) was applied to determine
the activation energy of chalcopyrite leaching.

k/ =Ae -Ea/RT (5)

In the formula, k” corresponds to the reaction rate constant (k' = dC/dt, C is the copper
content, f is reaction time); A is the pre-exponential factor; E, is the activation energy of the
chalcopyrite dissolution process (J-mol~1); T is the absolute temperature in Kelvin (K) and
R is the universal gas constant (J-mol~1-K~1).

The fitting of the In k’ against 1/T 10~3 was shown in Figure 9 according to the data
collected at the optimum conditions (TCCA concentration 0.054 mol-L~! and pH 1) with the
different temperatures and reaction times. The calculated result of E; = 9.06 k]-mol~! from
the Arrhenius plots confirms that CuFeS; leaching is very fast and prone to be controlled
by a diffusion reaction. In addition, the activation energy is, up until now, the lowest one
compared with that in other previous reports studying chalcopyrite leaching. According to
the above measurement results, it can be considered that TCCA is an efficient lixiviant for
chalcopyrite.

Leaching mechanisms for chalcopyrite with different lixiviants, such as sulfates, chlo-
rides, ammonia and nitrates, have been proposed. At present, the leaching mechanism
researches mainly focus on the product layer formed on the surface of chalcopyrite and the
effects of these surface species on the leaching process [11,13]. Common surface products
of chalcopyrite leaching are sulfur, sulfide and iron oxides.

In a sulfuric acid system, if ferric iron is used as the oxidant, most of S (94 %) can be
converted to S, and the remaining of S in CuFeS; is oxidized to SO4%~ (Equation (6). For the
dissolved oxygen as an oxidant, the product in the leaching of chalcopyrite is also mostly
elemental sulfur (Equation (7)). The formed elemental sulfur on the chalcopyrite surface
will hinder the reaction rate as a passivation coating, as shown in Figure 10. Therefore, only
when the system potential is high or a strong oxidant such as hydrogen peroxide is applied
(Equation (8)), the sulfur in chalcopyrite can then be oxidized to SO4%>~ and enhance the
Cu extraction.

CuFeS, + 4Fe** — Cu?* + 5Fe*t + 280 (6)
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CuFeS, + 4H" + Oy — Cu®* + Fe?* +25° + 2H,0 7)
2CuFeS, + 17H,0, + 2H* — 2Cu®* + 2Fe3* + SO,2~ + 18H,0 (8)
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Figure 9. The relationship between In k" and 1000/T.
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Figure 10. The proposed mechanisms of chalcopyrite leaching in different systems.

In a chloride system, chloride ions change the morphology of the deposited sulfur
layer, and the product sulfur rarely associates with chalcopyrite particles and mainly
appears in the form of isolated spherical pellets with higher crystallinity. In the absence of
chloride, the leached chalcopyrite particles are completely covered by an amorphous or
cryptocrystalline film of sulfur (Figure 10). Therefore, in the presence of chloride ions in
the solution, the leaching of chalcopyrite is much easier. However, when there are enough
chloride ions in the solution, the leaching kinetics becomes less affected by the concentration
of chloride ions. The chloride concentration is greater than 0.5M, and increasing the chloride
ion has little effect on the leaching rate of chalcopyrite [11]. When strong oxidants, such as
chlorate and hypochlorous acid, etc., are added to the chloride system, most of the sulfur in
chalcopyrite can be directly oxidized to SO42~ (Equations (9) and (10)), and the oxidizing
property of hypochlorous acid is higher than that of chlorate [7].

6CuFeS, + 17C10%~ + 6H* — 6Cu* + 6Fe®* + 125042~ + 17C1~ + 3H,0 9)

2CuFeS, + 17HOCI + 2H,0 — 2Cu?* + FeyO5 +4S0,2~ + 17C1 + 21HY  (10)

In the novel TCCA leaching system, TCCA firstly undergoes a dissolution reaction
in the solution to generate cyanuric acid and strong oxidizing hypochlorous acid. The
reaction equation is as follows:

C3N305Cl3 + 3H,0 = C3N303H;3 + 3HCIO (11)
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The formed hypochlorous acid is the main oxidant for oxidative leaching of chalcopy-
rite. However, pure hypochlorous acid is considered to be in a weak acid environment
such as pH 4-5, while for TCCA, it is more beneficial to chalcopyrite leaching as the acidity
is lower. One of the reasons is that low acidity can promote its dissolution and hydrolysis
equilibrium reaction. Secondly, it is obvious that the presence of cyanuric acid has an
important influence on the extraction of chalcopyrite. The possible reasons for its effect are
proposed as follows: (1) cyanuric acid is a stabilizer of hypochlorous acid, which can reduce
hypochlorous acid decomposition consumption, which maintains its sufficient reaction
concentration; (2) similarly to chloride ions, cyanuric acid is not only a complexing reagent
for metal ions but also prevents the agglomeration and accumulation of product sulfur,
and because of its large size, it can achieve better effects than chloride ions. Furthermore,
the reaction chalcopyrite and TCCA-generated hypochlorous acid can also produce a large
amount of Cl-, making it in the chloride system and promoting the chalcopyrite leaching.
From the above results, using TCCA as a reagent for chalcopyrite leaching, a low activation
energy and high reaction rate will be obtained.

4. Conclusions

A common and cheap TCCA was applied to increase CuFeS, leaching efficiency and
copper recovery in the leaching solution. Cu extraction grows significantly with the increase
in reaction time and the TCCA concentration, whereas it falls with the rise of pH value.
The oxidation speed is confirmed to be very high using TCCA. Extractions of 90.8% Cu,
89.6% Fe and 61.1% S were obtained in the following leaching conditions: the oxidant
concentration is 0.054 mol-L !, the temperature is 55 °C, the pH is 1 and the reaction time
is 30 min. It is concluded that the composition of leached residue is elemental sulfur and
unreacted chalcopyrite. Common passivation layers, such as copper-rich sulfide, disulfide
(S227), polysulfide (Sy2~) and Fe hydroxy-oxide were not detected for the chalcopyrite
leach residue. The surface reaction and diffusion process present no obvious difference,
and the activation energy of the whole leaching reaction is calculated as 9.06 kJ-mol~!.
The leaching mechanism infers that the products TCCA hydrolyzed, hypochlorous acid
and cyanuric acid, resulted in the rapid leaching of chalcopyrite. TCCA is expected to be
applied in hydrometallurgical leaching processes in the future.
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