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Abstract: Leaching of blended slag (BS) was investigated in a microwave oven using hydrogen peroxide and acetic acid. The BS
was a mixture of converter and flash furnace slag containing 51% Fe,03, 3.8% CuO, and 3.2% ZnO. The important variables that
influence the metal extraction yield were leaching time, liquid-solid ratio, H,O, and CH3;COOH concentrations. The preferred
leaching conditions were as follows: CH;COOH concentration 4 mol/L; H,O, concentration 4 mol/L; microwave power 900 W;
leaching time 30 min; liquid-solid ratio 25 mL/g BS; leaching temperature 100 °C. Under these conditions, the metal extractions of
95% Cu, 1.6% Fe, and 30% Zn were obtained. The results were compared with the traditional leaching results. It is evident that
microwave heating causes a reduction in the leaching time. Also, the extraction yield results indicate that selective leaching of BS can
be achieved under the preferred conditions. The dissolution kinetic of BS in hydrogen peroxide with acetic acid is controlled by a
shrinking unreacted core model equation. The apparent activation energy and reaction order were found to be 16.64 kJ/mol and 1.09,

respectively.
Key words: slag; copper; microwave; selective leaching

1 Introduction

Copper is produced mostly from sulfide ores by
pyrometallurgical techniques. Typical copper ores
contain from 0.5% Cu (open pit mines) to 1%—2% Cu
(underground mines). Chalcopyrite contains the least
copper compared with other copper minerals [1,2]. The
copper concentrate is typically fed to a smelter which
includes  melting—converting—refining—electrorefining
stages. During the pyrometallurgical processing, various
types of slags are generated containing significant
amounts of some valuable metals such as Cu, Zn and Co.
Slag containing valuable metals is generated during
smelting and converting. The copper content of the slag
is significant (average 4%) when the copper grade of the
ore is considered.

Due to economical reasons, there has been growing
interest in hydrometallurgical processes to recover the
valuable metals from slag. In these studies, efforts have
been mainly focused on the hydrometallurgical recovery
processes. Recovery of valuable metals from slag can be
classified as oxidative leaching [3—10], and roasting with
various reagents [11—15]. The purpose of these research

efforts is to offer an alternative hydrometallurgical
method for slags because of selective leaching and low
cost.

Although pyrometallurgical routes are available, the
valuable metals from slags cannot be recovered
economically. Also, it is difficult to recover valuable
metals from these slags using froth flotation. The copper
slag used in this study is a blended slag (BS) that is
generated during flash smelting and converting. After
cooling/solidification, these two slags (BS) are crushed,
ground and treated by flotation. However, for reasons
mentioned above, flotation recovery of valuable metals
from BS is not effective with existing plant facilities.
Therefore, treatment of the slag by a hydrometallurgical
method involving microwave heating by hydrogen
peroxide oxidation is considered.

Microwaves are electromagnetic waves. They are
governed by the same physical laws as other waves (i.e.,
radio or radar waves), and therefore are reflected,
transmitted or absorbed by materials. Microwaves
cause molecular motion by migration of ionic species
or rotation of dipolar species. The extent to which a
material absorbs energy is primarily
determined by its conductivity. Materials with low
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conductivities, such as insulators, are -effectively
transparent to the incident waves and thus, do not store
any of the energy in the form of heat [16]. However, the
permittivities of most materials are related with several
variables such as the moisture content of materials, the
frequency of the applied electric field, the temperature
and the density and the structure of materials [17].

Compared to conventional heating, microwave
heating offers a number of advantages which supplies
non-contact heating, energy transfer (no heat transfer),
rapid heating, material selective heating, heating start
from interior of the material body. Materials which are
excellent absorbers of microwave energy are easily
heated and are classed as dielectrics [18].

The influence of microwaves on various
hydrometallurgical processing has been widely reported
in Refs. [16,19-22], also for sulphide ores [23—26]. The
main reasons for using microwave energy are to reduce
processing cost, process time, rapid heating of materials,
and use of a controllable clean energy source.

As an oxidant, hydrogen peroxide is a good
oxidizing agent for leaching studies because its oxidation
potential (1.77 V) is adequate for oxidizing almost all
metal sulfide minerals. The oxidative action of hydrogen
peroxide in acidic solution may be represented by [27]

H,0,+2H +2e==2H,0 (1)

Furthermore, hydrogen peroxide can also behave as
a reducing agent:

H202\=02+2H++2e (2)

Hydrogen peroxide is an unstable compound, whose
decomposition can be catalyzed by certain factors such
as the presence of acid, base, mineral surface or soluble
ions. Due to rapid exothermic decomposition of
hydrogen peroxide in solution, isothermal leaching
conditions may disappear and the active oxygen may not
be sufficiently used for oxidation of sulfide minerals in
the leaching system. To avoid rapid decomposition of
hydrogen peroxide, some stabilizers have been used such
as glycol, phosphoric acid, oxalic acid, citric acid, and
acetic acid in the leaching solution [28—33]. However,
acetic acid is known to be a good complexing agent as
well as a stabilizer for hydrogen peroxide and reduces
the rate of decomposition.

The aim of this study is to investigate the leaching
of blended slag (BS) with microwave energy in the
presence of hydrogen peroxide and acetic acid.

2 Experimental

2.1 Materials

Blended slag (BS) was obtained from the Karadeniz
Copper Plant, Samsun, Turkey. The BS used in these
experiments was from converter and flash furnace slag.

First, the BS was cooled in air by water. The cooled
material was crushed, ground and fed to froth flotation to
recover precious metals. Although it was intended to
reduce the economic losses, the BS material thus
prepared was floated with a low yield.

For the research program, the BS sample was
crushed, ground, and sieved to <0.074 um. Constant
particle size was used in all experiments because it
represented similar size in flotation plant. Subsequently,
this sample was dried in a furnace, and it was stored in a
closed vessel for later use.

2.2 Characterization of sample

Chemical analyses of the BS were carried out by
AAS in clear supernatant that was obtained by the
digestion process. Also, the results of chemical analysis
were supported with XRF, to quantify the chemical
composition of the oxidized metals. The results of the
chemical analyses are shown in Table 1. BS contains
various mineral phases as shown from the XRD analysis
(Fig. 1). As seen in Fig. 1, there are mostly copper and
iron—sulfur compounds in BS. The presence of these
mineral phases indicates that non-oxidized minerals are
collected in slag phase during copper production process.
On the other hand, the presence of silicon is observed in
some parts of SEM image in BS. SEM result of BS is
shown in Fig. 2. Mapping and EDX analysis show that
iron and silicon are dominant phases; however, these
analyses did not provide information about the
liberalization of metals. Particle size distribution
measurement of the BS was carried out by using the laser
scattering technique. According to particle size
distribution analysis, dy, dos and dyo values are 4.939,
32.056 and 77.161 um, respectively (Table 2).

Table 1 Chemical analyses of BS (mass fraction, %)
F6203 A1203 SIOZ SO3 Kzo CaO TlOz CuO ZnO

51 3.5 32 24 05 07 01 38 32

=— CuS
v *— CuS0,-Cu0O
g s+ — Si0,
v v—_ FCZSO4

M »— Cu,S

* M F6203
*— Fe,Sq

*=— Cu,S,

20 30 40 50 60 70 80 90
20/(°)

Fig. 1 XRD pattern of BS
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Fig. 2 SEM, mapping and EDX analysis of BS
Table 2 Particle size distribution of BS
dy,/pm do.s/pm doo/pm
4.939 32.056 77.161

As seen from BS characterization studies, the
dominant element is iron which plays an important role
in choosing a selective hydrometallurgical leaching
method. It is desired to select a selective leaching
method that limits the release of iron to solution.

2.3 Leaching method

The microwave oven used in these experiments is a
kitchen type having a capacity of 34 L and 900 W of
microwave output power (LG, MP-9485S Model). The
dissolution experiments in the microwave oven were
carried out in 50 mL Teflon containers. The desired
amount of BS was added to the Teflon container
containing a mixture of hydrogen peroxide and acetic
acid solution, followed by placement in the microwave
oven. The effects of selected leaching variables were
investigated, and except for the stirring speed-
experiments, were performed under non stirring
conditions. At the end of the desired leaching period, the
Teflon containers were rapidly cooled and the contents
were filtered.

Conventional leaching experiments were carried out
in 03 L flasks under reflux conditions. These
experiments were performed under atmospheric

conditions by using a conventional magnetic multi stirrer
(Velp Scientific MultiStirrer 15). As before, at the end of
leaching period, the contents were cooled and filtered.

The filtered solutions were analyzed for copper, iron,
and zinc using an AAS (Perkin Elmer-Analyst 400).

Hydrogen peroxide (35%, Merck 1.08600) and
acetic acid (100%, Merck, 1.00063.2511) were used in
the experiments. All chemicals were used as received,
without any further purification. Double distilled water
was used in all experiments.

3 Results and discussion

Based on the BS characterization studies, it can be
said that copper in BS is present as sulfide phases having
various stages of oxidation. The sulfide mineral phases
of the BS suggest that an oxidant is necessary for
dissolution.

Oxygen formed during the decomposition of
hydrogen peroxide can be useful for oxidative leaching.
Nevertheless, fast decomposition of hydrogen peroxide
in the leaching studies is undesirable due to excessive
reagent consumption. For these reasons, acetic acid was
used as a stabilizer and for complexing the dissolved
copper. When hydrogen peroxide and acetic acid are
used together the expected dissolution reactions can be
written as follows:

CuS+H,0,+2H"—2H,0+8"+Cu*" 3)
Cu?*+2CH;CO0 —>Cu(CH;C00), 4)

and total reaction:
CuS+H,0,+CH;CO0 +H;0"—
Cu(CH;CO0),+H,0+8° Q)

Also reaction between acetic acid and hydrogen
peroxide:

CH3COOH+H202—>C2H4O3+H20 (6)

The effect of leaching temperature was examined in
a solution containing 2 mol/L H,0,, 4 mol/L CH;COOH,
25 mL/g BS, 900 W microwave power, and 60 min of
leaching time (Fig. 3). From Fig. 3, it is evident that iron
dissolution was increased with an increase in leaching
temperature, reaching a maximum of 9% at 160 °C while
copper dissolution was around 75%. As known, the
effect of leaching temperature is important in terms of
revealing the leaching kinetics for hydrometallurgical
researches. In this regard, the dissolution rates of various
metals (Cu, Fe, Zn) in same sample particle have
different dissolution kinetics with increasing the leaching
temperature. These findings pointed that Ileaching
kinetics might have complicated mechanism.

Figure 4 presents the effect of leaching time.
Experiments were carried out in the range of 5—180 min
at 100 °C. The results showed that, especially for copper
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Fig. 3 Effect of leaching temperature on metal extraction (H,0,

concentration: 2 mol/L; CH3;COOH concentration: 4 mol/L;

Microwave power: 900 W; Liquid-solid ratio: 25 mL/g BS;

Leaching time: 60 min)
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Fig. 4 Effect of leaching time on metal extraction (H,O,
concentration: 2 mol/L; CH;COOH concentration: 4 mol/L;
Microwave power: 900 W; Liquid-solid ratio: 25 mL/g BS;
Leaching temperature: 100 °C)

dissolution, metal extraction yields increased with an
increase in leaching time, then reached a plateau after
30 min. However, it seems that short leaching time is
more appropriate in order to minimize iron dissolution.

The experimental data for various microwave
output power levels are shown in Fig. 5. It can be
concluded that varying the microwave power did not
affect the metal extraction.

The effect of H,O, concentration on metal
extraction was investigated. From Fig. 6, it was observed
that H,O, was necessary for leaching. Only 9% of copper
dissolution was achieved in the absence of H,O,;
however, copper extraction was around 96% in 4 mol/L
H,0,. Further, an increase in the H,0, peroxide
concentration caused a decrease of iron dissolution. This
situation may be due to the stabilization of iron oxide
under high oxygen potential.
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Fig. 5 Effect of microwave power on metal extraction (H,0O,
concentration: 2 mol/L; CH3;COOH concentration: 4 mol/L;
Liquid-solid ratio: 25 mL/g BS; Leaching temperature: 100 °C;
Leaching time: 30 min)
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Fig. 6 Effect of H,O, concentration on metal extraction
(CH3COOH concentration: 4 mol/L; Microwave power: 900 W;
Liquid-solid ratio: 25 mL/g BS; Leaching temperature: 100 °C;
Leaching time: 30 min)

The effect of acetic acid concentration on metal
extraction was investigated in the range of 0—10 mol/L
CH;COOH. The results are shown in Fig. 7. All metal
extraction yields increased with an increase in the acetic
acid concentration. These results may be attributed to
acetic acid having the ability to complex metal ions in
the leaching solution according to Eq. (4). Although all
of the copper in the BS was extracted at high acetic acid
concentration, the selectivity of the leaching process
decreased with increasing iron dissolution under these
conditions.

The effect of liquid-solid ratios on metal extraction
at conditions of 100 °C for 30 min, 4 mol/L H,0,, and
4 mol/L CH;COOH is shown in Fig. 8. Copper
extraction of 100% was attained under high liquid-solid
ratio conditions. Furthermore, to obtain high copper-rich
pregnant solution, the liquid-solid ratio must be kept at
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Fig. 7 Effect of acetic acid concentration on metal extraction

(H,O, concentration: 4 mol/L; Microwave power: 900 W;

Liquid-solid ratio: 25 mL/g BS; Leaching temperature: 100 °C;

Leaching time: 30 min)
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Fig. 8 Effect of liquid-solid ratio on metal extraction (H,O,
concentration: 4 mol/L; CH;COOH concentration: 4 mol/L;
Microwave power: 900 W; Liquid-solid ratio: 25 mL/g BS;
Leaching temperature: 100 °C; Leaching time: 30 min)

lower values in the leaching process.

As well known, microwave leaching includes higher
temperature, energy transfer (not heat transfer), and
different dissolution mechanism in leaching solutions
compared with the conventional leaching systems.
Several experiments were performed to give some ideas
under the atmospheric leaching condition in which a
magnetic used for leaching
temperature experiments. The results showed that the
maximum copper extraction was achieved at 65 °C for
120 min, and 400 r/min of stirring speed. When this
result at 65 °C is compared with the results from
microwave leaching at 100 °C, it can be said that almost
the same extraction yield can be obtained for only
30 min of leaching time, under non-stirring conditions.
However, stirring of the leaching solution is very

stirrer was various

important because it provides for mass transfer to

promote the dissolution process. So, obtaining the high
copper extraction without stirring is remarkable.

There are the most common two approach kinetic
analyses of a solid-liquid multi-phase reaction system.
These approaches are referred to as chemical rate-
controlling step and diffusion controlling step. For the
kinetic analysis in this study, the shrinking core models
with chemical reaction and diffusion controlling models
were evaluated. The results of kinetic evaluating results
indicated that both the kinetic models could illustrate in a
similar degree of the leaching mechanism. Therefore, a
new variant of the shrinking unreacted core model
[34,35], which is based on both the interface transfer and
diffusion across of the solid-liquid reaction, was
employed to describe the leaching process. The
expression can be presented as follows:

(1/3)In(1—x)+(1—x) P *—1=kt (7

where x is the fraction reacted, k is the apparent rate
constant, and ¢ is the reaction time. According to Eq. (7),
the plot of kinetic vs time is shown in Fig. 9.
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#/min
Fig. 9 Plot of (1/3)In(1-x)+(1-x)"*~1 vs reaction time at
different temperatures

The relationship between the rate constant & and
temperature is given by the Arrhenius equation.

k=Ae F'ED (8)

The apparent rate constants calculated from the
slopes in Fig. 9 were used in the Arrhenius plot. The
estimated activation energy from the slope was
16.64 kJ/mol. To demonstrate the reaction order with
respect hydrogen peroxide, (1/3)In(1—x)+(1-x)"*~1 vs ¢
was plotted (Fig. 10). From Fig. 10, In k£ values were
calculated, and plotted vs In[H,0,]. According to the
slope of In k&—In[H,0,], the reaction order is 1.09.

The results of XRD analysis of the leach residue are
shown in Fig. 11. It was found that the dominant peaks in
the pattern are iron and sulfur compounds, so that while
most of the copper was extracted from BS, sulphide
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sulfur was oxidized to elemental sulfur according to
Eq. (3). Because non-stirring condition was current
through all experiments, sulfur precipitation on particle’s
sundry places may occur that the leaching rate partially
affected.

0.16 -
H,0, concentration

0.14} +— 0.5 mol/L >
— = — 1.0 mol/L
o 012} 4+— 1.5 mol/L
= e — 2.0 mol/L
Lo0a0r
=
w 0.08¢ 2=(0.9564
E 006}
B R*=0.8862
= 0.041

0.02¢ -

< TR?=0.9364

0 5 10 15 20 25 30 35

t/min
Fig. 10 Plot of (1/3)In(1—x)+(1-x)""*~1 vs time ¢ at different
hydrogen peroxide concentration

s —S

v o — CuSO,
4 —Fey 4,04,(OH),
A — F8203

20/(%)

Fig. 11 XRD pattern of leach residue
4 Conclusions

Leaching of copper, iron and zinc from blended slag
(BS) with hydrogen peroxide and acetic acid in a
microwave was investigated. The effects of various
leaching variables on metal extraction were studied.
According to the results, the following variables are of
significance: leaching time, hydrogen peroxide
concentration, acetic acid concentration, and the
liquid-solid ratio. It was determined that using both H,0O,
and CH;COOH is mandatory for metal extraction from
BS. While copper extraction was around only 10% in the
absence of H,0, or CH3;COOH, all of the copper was
extracted using 4 mol/L CH;COOH and 4 mol/L H,0,.
Further, increasing the liquid-solid ratio was determined
to have a significant influence on the copper extraction

yield. Copper was extracted at 40% and 100% for
liquid-solid ratios 5 and 50 mL/g BS, respectively.
Nevertheless, it was found that under conditions of a
high liquid-solid ratio, a concentrated copper solution
cannot be obtained.

Results of microwave leaching and atmospheric
leaching experiments were compared. Copper extraction
was around 98% under atmospheric conditions at 65 °C
for 120 min, and 400 r/min of stirring speed; however, all
of the copper was extracted in the microwave oven for
30 min, non-stirring, and at a leaching temperature of
100 °C.

The dissolution kinetics of BS in hydrogen peroxide
with acetic acid is controlled by this model equation
given as (1/3)In(1—x)+(1—x) "*~1=ks. The apparent
activation energy and reaction order were found to be
16.64 kJ/mol and 1.09, respectively.

Finally, considering that the results were obtained in
a microwave oven (short leaching time, non stirring), it
has been shown that selective leaching is possible with
stabilization of iron oxide in the leach residue.
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WO EREY SR SRR LR AR H R R I A B VR A T . IR A TS 51% Fey0sn
3.8% CuO. 3.2% Zn. BFFERE, XHRAER HEZMEKMEERE: BHAE, WE, SEEKREMN 2K
o FERRFEHFZET: CEBRIRE 4mol/L, XEUKIKE 4 mol/L, kT2 900 W, & HIF[A] 30 min, [t
25mg/L, BHIEE 100°C, . 2. FREESNATIEF] 95%. 1.6%F 30%. SIESMERH TZAHLE, )
PR AT TR, RIS, AERR B RSB LR. SRR, B EREnRNZ Uk
AR SRR, B2 H RS R WEEEA 16.64 kI/mol, MZACH 1.09.
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