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Abstract: To recover metal from copper slags, a new process involving two steps of oxidative desulfurization followed
by smelting reduction was proposed in which one hazardous waste (waste cathode carbon) was used to treat another
(copper slags). The waste cathode carbon is used not only as a reducing agent but also as a fluxing agent to decrease slag
melting point. Upon holding for 60 min in air atmosphere first and then smelting with 14.4 wt% waste cathode carbon
and 25 wt% CaO for 180 min in high purity Ar atmosphere at 1450 °C, the recovery rates of Cu and Fe reach 95.89% and
94.64%, respectively, and meanwhile greater than 90% of the fluoride from waste cathode carbon is transferred into the
final slag as CaF, and Ca;Si;F,07, which makes the content of soluble F in the slag meet the national emission standard.
Besides, the sulphur content in the obtained Fe-Cu alloy is low to 0.03 wt%.
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serious economic and environmental issues [4].

1 Introduction

The copper slag is a hazardous waste which is
generated from the cleaning process of copper
converter slag or smelting slag in an electrical
furnace. Generally, 2.0-3.0 t of copper slags are
generated per ton of copper produced in the copper
pyrometallurgical process, and approximately 30
million tons of slags are deposited every year in the
world [1-3]. Most of them are directly discharged
into the environment without treatment, causing

Hence, the utilization of copper slags as different
value added products, such as abrasive tools,
pavements, glasses, cements, roofing granules, tiles,
and asphalt concrete aggregates, has been explored
[5, 6]. In addition, the copper slag typically contains
approximately 35 wt%—45 wt% Fe and 0.5 wt%—
1.5 wt% Cu, which suggests that it is also a valuable
resource for metal recovery [7]. Different methods
for copper and iron recovery have been researched
in recent years. These methods
hydrometallurgical, pyrometallurgical and physical

involve
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processes [8, 9]. A high copper recovery rate could
be obtained through hydrometallurgical processes,
but the waste leaching liquid presents a new form of
environmental pollution [10]. Physical processes
primarily include flotation to recover the copper and
magnetic separation to recover the iron. The flotation
process is only suitable for extracting sulphide
minerals and has little effect on the recovery of
copper oxides. Meanwhile, magnetic separation
yields a low iron recovery rate because most iron
exists in the form of fayalite (Fe,Si04) in the copper
slag [11]. In comparison, the pyrometallurgical
processes have been widely used in previous
researches given the advantages that the copper slag
can be treated under molten conditions once it is
discarded from the furnace before it cools down, thus
achieving full use of heat value [12]. High recovery
rates of copper and iron are obtained by producing
Fe-Cu alloy (iron rich alloy) using a carbothermal or
aluminothermy reduction process [4, 13], and this
process produces low level of environmental
pollution. The pyrometallurgical process is actually
a slag making process, and the slag viscosity affects
significantly the separation of slag and metal and the
metal recovery rates. HEO et al [14] investigated the
effect of CaO amount on the Fe recovery rate from
copper slags by a carbothermal reduction process,
and found that the Fe recovery rate reached over 90%
with 20 wt% CaO added at 1500 °C for 60 min due
to no formation of solid compounds with high
melting point and the slag was therefore highly fluid.
GUO et al [15] found that with the addition of
10 wt% Na»COs, the reduction of the fayalite, copper
sulfide and copper silicate could be promoted
through a phase transformation, and the
metallization rate of the Fe and Cu in the reduced
pellets increased from 67.78% to 93.21% and from
69.54% to 83.45%, respectively [15]. However, the
S element originated from copper slags enters into
the Fe-Cu alloy in the form of Cu,S and/or FeS,
reducing the alloy property obtained. This feature
has received minimal consideration [16].

In addition, we have noticed that the waste
cathode carbon, which is generated from the primary
aluminium industry, is mainly composed of carbon,
sodium fluoride and other compounds. Considerable
amounts of this waste have accumulated, occupying
large amounts of land in recent years [17, 18]. The
fluoride and cyanide components in it cause
environment pollution if exposed to air for a long

time. It is regarded as a hazardous waste by various
environmental bodies. Many hydrometallurgical or
pyrometallurgical processes have been used to treat
waste cathode carbon to attain harmlessness and
carbon separation [19—21]. Due to the difference in
hydrophobic water between carbon and electrolyte,
the electrolytes and carbon powder could be obtained
and recovered from the waste cathode carbon [22].
However, the toxic HCN and HF would be released
and precipitated during the treatment [23], which
cause serious equipment corrosion and environment
pollution. With the additive of fly ash or limestone,
the decomposition rate of cyanide obtained 100% at
temperature over 700 °C, and meanwhile most of the
fluoride is solidified in the form of CaF, to meet the
national emission standard [23, 24]. The carbon
material can not been fully used through the
processes above. The flotation technology is not
suitable to improve the carbon purity and recovery
efficiency of the leachable substance. Although
thermal treatment reduces the amount of waste of
some refractory components, the carbon source is
not reused.

Moreover, paying attention to the fluoride
component, which exists mainly in forms of NaF,
Na3AlFs and CaF, in the waste cathode carbon and
can be wused as a fluxing agent in the
pyrometallurgical process through decreasing the
slag melting point, an innovative technology that
involves oxidative desulfurization and a smelting
reduction process followed by the use of waste
cathode carbon was proposed to produce a Fe-Cu
alloy containing minimal sulphur from copper slags
in this paper. In addition, most fluoride was
transferred into the slag phase with low leachability,
and the generated Fe-Cu alloy could be further used
to produce weathering steel [25, 26].

2 Materials and methods

2.1 Materials
2.1.1 Copper slags

The copper slag in this work was obtained from
Yunnan Copper Co., Ltd, China. After crushing and
grinding, chemical titrimetry analysis was used to
determine its composition, and the result is shown in
Table 1. The slag contains 0.73 wt% Cu, 39.88 wt%
Fe and 1.14 wt% S. Figure 1(a) shows the X-ray
diffraction (XRD) pattern, which identifies fayalite
and magnetite as the main phases in the copper slag.
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The magnetite iron content was detected by a
magnetic analyser, and the value is 4.90 wt%,
indicating that the iron cannot be recovered
effectively through a magnetic separation. In
addition, the SEM-EDS analysis result in Figure 2
shows the copper is mainly distributed in the copper
slag in the form of sulfide (matte).

Table 1 Chemical composition of copper slag (wt%)
Cu TFe S CaO MgO ALO; SiO2 Fe3Os4 FeO
0.73 39.88 1.14 532 327 472 2887 490 46.71
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Figure 1 XRD patterns of copper slag (a) and waste
cathode carbon (b)

2.1.2 Waste cathode carbon

The waste cathode carbon used, which was the
first cut of the spent pot liner, was obtained from
Yunnan Aluminum Co., Ltd, China. The results of
the proximate analysis of the waste cathode carbon
are shown in Table 2 and the chemical analysis of the
ash in it is shown in Table 3. It is shown that the
waste cathode carbon contains 73.24 wt% fixed

carbon, 25.81 wt% ash and 0.85 wt% volatile matters.

In addition, 9.49 wt% F, 8.44 wt% Na, 3.59 wt%
Al,O3 and a small amount of CN™ exist in the ash.

Element  w/% x/%

S 3142 4582
Cu 3370 2480
Cu Fe 2942 2463

Zn Zn 442 316
Si 076 126
Ca 028 033

E/keV
Figure 2 SEM image (a) and EDS analysis (b) of copper

phase in raw copper slag

Table 2 Proximate analysis result of waste cathode carbon

(wt%)
FCaa Mad Ad Vad
73.24 0.10 25.81 0.85

Note: FCaa: Air drying based fixed carbon; Mag: Air drying based
water; Aq: Air drying based ash; Vaa: Air drying based volatile.

Table 3 Chemical composition of ash in waste cathode
carbon (wt%)
F Na

949 8.44

SiO2 ALOs Fe S CaO CN/(mg'kg™)
145 359 0.62 0.02 1.86 <0.1

Figure 1(b) identifies C, NaF and CaF, as main
phases in the waste cathode carbon. This waste
cathode carbon is listed as a hazardous material
given its levels of leachable F~ in Table 4. Besides,
the CN leaching toxicity in this waste cathode carbon
is far less than the national allowable emission
concentration in China as shown in Table 4, and it
was not researched in this work.
2.1.3 Additive and gas

In this study, the analytical grade CaO was used
as an additive. In addition, the purity of Ar gas used
in this study was higher than 99.99 vol%.
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Table 4 Detection of leaching toxicity of waste cathode

carbon
Concentration National allowable
Toxicit of waste emission Analytical
Y cathode concentration in approach
carbon/(mg-L™") China/(mg-L™!) [27]
- Ion
F 2910 <100 chromatography
CN- <0.004 <5 lon
chromatography
2.2 Methods

The copper slag mainly consists of various
oxides and silicates as well as sulphides. Reduction
of oxides and silicates leads to recovery of various
metals; however, the sulphur element simultaneously
enters into the metal phase based on previous
research [16], reducing the metal quality obtained.
Two steps of treatment of copper slags, including
oxidative desulfurization and smelting reduction,
were performed in this study.

For the experimental procedure, 30 g cold
copper slags with the particle size less than 149 pm
were firstly placed in a corundum crucible and then
located in a vertical resistance furnace for melting
and oxidative desulfurization under air atmosphere.
After holding for 60 min at a proper temperature, a
certain amount of the mixture of CaO and waste
cathode carbon with the particle size less than
149 pm was added into the corundum crucible
through a feeder under high purity argon atmosphere.
The CaO or waste cathode carbon amount used is
expressed as the mass ratio of CaO or waste cathode
carbon to copper slags. After 180 min, the sample
was then cooled down to room temperature in high
purity Ar gas. Once the cooling stage was completed,
the sample was removed from the furnace and
prepared for analysis.

2.3 Characterization

The chemical composition of the sample was
detected by chemical titrimetry, and the average of
three measurements was taken as the result. The
magnetite iron content in the raw copper slag was
measured using a saturated magnetic analyser
(SATMAGAN 135), which was carried out in the
conditions of voltage of 220 V, frequency of 50 Hz,
and testing temperature of 25 °C. The phase
composition of the sample was identified by X-ray
diffraction (XRD, Rigaku, TTR-III). The diffraction
was measured using Cu K, radiation at 40 kV and
40 mA and a step size of 0.01°. A scanning electron

microscope (SEM; HITACHI-S3400 N) coupled
with energy dispersive X-ray spectroscopy (EDS)
and electron probe microanalysis techniques (EPMA,
JXAS82, JEOL) were used to determine the phase
transformation of the sample in the smelting
reduction process. The leachability of the F~ and CN™
in the sample was measured by Chinese standard
leaching test according to the GBS5085.3-2007
method. The thermodynamic data of species were
given by FactSage 7.2 thermochemical software.
During the smelting reduction process, the recovery
rates of iron (Rre) and copper (Rcu) were defined as
follows:

M .
RFe _ Fe(g) slag—>metal ingot %x100% ( 1 )
MFe(g) initial slag
M .
RCu _ Cu(g) slag—metal ingot %x100% (2)
MCu(g) initial slag

where Mre(g)slag—metal ingot ANd Mcu(g) slag—metal ingot ar€ the
mass of iron and copper transferred into the metal
ingot, and MFe(g)initial slag aNd Mcu(g)initial slag ar€ Mass of
iron and copper in the raw copper slags, respectively.
In addition, the volatilization rate of fluoride (V)
was defined as follows:

_Mxa-M,xp

v
F M xa

x100% (3)
where M, and M, represents the mass of the waste
cathode carbon and final slag, respectively; a and f
represent the mass fraction of fluorine in the waste
cathode carbon and final slag, respectively.

3 Theoretical analysis of metal recovery

The sulphur mostly occurs in Cu,S and FeS in
the copper slag and its content reaches 1.14 wt% as
shown in Table 1, most of which enters into the metal
phase in the smelting process causing the metal
property to be decreased. An oxidative
desulfurization process was first performed, in which
the sulphur was removed in the form of SO»(g) as
[16]:
FeS(1)+1.502(g)+xSi02(g)=FeO-xSiO»(1)+SO2(g)

“
CuxS(1)+1.502(g)+ySi02(g)=Cu0-ySiOx(1)+S0x(g)
(%)

Then, with the addition of waste cathode carbon,

the reduction of iron and copper compounds in the
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molten copper slag occurs as follows:
C(s)+CO2(g)=2CO0O(g) (6)
C(s)+CuSi03(1)=2Cu(1)+CO(g)+SiOx(s) (7)
CO(g)+CuzSi0s(1)=2Cu(1)+COx(g)+SiOx(s) (8)
4C(s)+2Fe304(s)+3Si02(s)=3Fe2Si04(1)+4CO(g)

©)
2CO(g)+2Fe;04(s)+3Si04(s)=3FeSi04(1)+2COx(g)
(10)
2C(s)+Fe>Si04(1)=2CO(g)+2Fe(1)+SiOx(s)  (11)

2C0(g)+Fe2Si04(1)=2COx(g)+2Fe(1)+SiOa(s)  (12)

During the reduction process, Figure 3(a) shows
that the fluoride originated from waste cathode
carbon almost volatilizes into the gas phase in forms
of SiFs4 (g), SiF3 (g) and NaAlF4 (g) without CaO
addition, which represents environmental pollution
risks. Then with the addition of 10 wt%—25 wt%
CaO, most fluoride is transformed into calcium
fluoride (CaF2(s)) and/or cuspidine (CasSi2F,07 (s))
through reactions (13) and (14) retaining in the slag
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phase as shown in Figures 3(b)—(d), through which
the level of leachable F~ might be decreased.
Figures 3(b)—(d) also suggest that increasing the
amount of CaO from 10 wt% to 20 wt% and 25 wt%,
respectively, the CaF, (s) is almost converted to
CasSi2F,07 (s) through reaction (14), and meanwhile
the fluoride amount retaining in the slag increases
obviously. In addition, the increasing temperature
decreases the formation amounts of CaF, (s) and
CasSi,F»07 (s) due to the increased formation of the
gas phase of fluoride.

2NaF(1)+CaO0(s)+Si0x(s)=CaFs(s)+Na,SiOs(1) (13)
3Ca0(s)+2Si0x(s)+CaFa(s)=CasSixF207(s)  (14)

4 Results and discussion

4.1 Oxidative desulfurization

The raw copper slag was heated at 10 K/min to
the target temperature and then held for 60 min in air
atmosphere to achieve desulfurization via Egs. (4)
and (5). Figure 4(a) shows that the sulphur residual
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Figure 3 Effects of temperature and CaO amount on equilibrium composition of fluoride phase: (a) 30 g copper slag +
4.32 g waste cathode carbon; (b) 30 g copper slag + 4.32g waste cathode carbon+3 g CaO; (c) 30 g copper slag +4.32 g
waste cathode carbon + 6 g CaO; (d) 30 g copper slag + 4.32 g waste cathode carbon + 7.5 g CaO
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content decreases obviously as the temperature
ranges from 1400 to 1450 °C, and then there is no
significant change as the temperature continues to
increase. Meanwhile, part of the fayalite (Fe,SiOs)
phase is oxidized to Fe;Os as presented in Figure 4(b).
After oxidative desulfurization treatment, the
diffractions due to fayalite taper off, whereas those
due to magnetite are gradually enhanced.

. | (a)
g 007 ™4 0,068 wt%
2 Sulfur content in initial
& 0.06 - copper slage: 1.14 wt%
8 Holding time: 60 min
% 0.05 | Atmosphere: air
(&
S 0.04 |
k=
8
§ 0.03
5 0.030 wt%
“-é‘ 0.02 0.016 wt% 0.015 wt%
« 4
0.01 ! L 0.015 wt% i X
1400 1425 1450 1475 1500
Temperature/°C

(b) o Fe,si0, | Holding at 1450 °C for 60 min
in air atmosphere

m Fe;0,

[}
o 1
W VT

10 20 30 40 SIO 60 70 80 90
20/°)
Figure 4 Sulphur content of slag after melting at different
temperatures for 60 min in air atmosphere (a) and XRD
pattern of raw slag and slag after oxidative desulfurization
treatment (b)

4.2 Metal recovery

After the copper slag treated by the process of
oxidative desulfurization, the waste cathode carbon
was added into the molten slag for reduction and
recovery of copper and iron. The parameters of waste
cathode carbon mass, calcium oxide addition mass
and smelting temperature were studied.
4.2.1 Effect of waste cathode carbon amount

The effect of waste cathode carbon on the
smelting reduction process was studied without
adding CaO. As the waste cathode carbon amount

increases from 12 wt% to 14.4 wt%, more iron and
copper could be reduced through reactions (7)—(12)
and then transferred into the metal ingot. Meanwhile,
the mass of CaF, and NaF that originated from the
waste cathode carbon introduced into the slag are
also increased, causing the slag melting point to be
obviously decreased as noted in Table 5 and then the
metal settling separation and recovery to be further
promoted. Consequently, with smelting at 1450 °C
for 180 min, the iron recovery rate (Rr.) increases
from 54.41% to 73.91% with the increase of waste
cathode carbon amount from 12 wt% to 14.4 wt%
(Table 5) and then increases slightly. In addition, the
changes of Rc, with the waste cathode carbon
amount are similar to that of Rg. seen from Table 5.
At the same amount of fixed carbon, it is noteworthy
that the recovery rates of iron and copper with the
addition of waste cathode carbon are obviously
higher than that with the coke added as shown in
Figure 5, which might be related to the effects of “F”
component from the waste cathode carbon. Based on
the solubility change of C in the Fe-Cu-C system as
a function of Cu content presented in Figure 6 [28],
the elements of Cu, C, and Fe exist in the state of
mutual soluble in the metal ingot.

Regarding the waste cathode carbon melted
with copper slags for 180 min, Table 5 and Figure 7
show that most fluoride is retained in the slag in the
form of CaF,. Figure 7 shows the EPMA result of the
final slag with the addition of 14.4 wt% waste
cathode carbon, in which most F coexists closely
with Ca and exists mainly in the form of CaF,
deduced from the composition of “1” point in
Figure 7. The level of leachable F~ in the final slag
might be decreased due to this transformation, which
will be confirmed in the subsequent detections.
Meanwhile, it is noteworthy that the fluoride
volatilization rate (V%) decreases as the amount of
waste cathode carbon increases (Table 5), which
might be attributed to the fact that more SiO» could
be released from the fayalite (Fe,;SiO4) through
Egs. (11) and (12) and then the CaF, formation
through Eq. (13) is promoted. In addition, all the
sulphur content in the metal ingot is less than
0.1 wt% (Table 5), which is decreased by a large
amount compared to that in the direct smelting
reduction of copper slags as reported by previous
researches [16]. Regarding the iron and copper
recovery rates, the waste cathode carbon amount was
fixed at 14.4 wt%.
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Table 5 Effect of mass of waste cathode carbon amount, mass of calcium oxide addition and smelting temperature on

smelting reduction of copper slags

Metal ingot Final slag Salg
. . Smelting
Parameter wt/% Reu% Re% wt/% v Point/°C

Cu Fe S C F
12.0 254 9598  0.10 138 78.66 54.41 135 3047 1294
Waste cathode 132 224 9571 0.9 196 7991 62.50 171 2272 1279
carbon 14.4 194 9585  0.10 211 8172 73.91 209 1831 1265
addition/’wt% 156 192 9558 008 242 8153 74.30 234 1569 1250
18.0 190 9527 0.9 274 8155 74.85 270 1123 1221
0 194 9585  0.10 211 8172 73.91 209 1831 1265
5 188 9630  0.09 173 90.82 85.15 212 1536 1217
Ca0 10 184 9639 0.9 168 94.01 90.14 219 1178 1237
addition/wt% 15 1.83 96.42 0.07 1.68 94.89 91.52 2.09 9.62 1293
25 179 9651  0.03 167  95.89 94.64 1.90 7.93 1284
30 180 9652 0.03 165 93.96 92.23 1.80 5.67 1439
1400 182 9656  0.06 156 96.12 93.34 1.93 6.23 —
1425 181 9652 0.5 162 9623 93.93 1.92 6.57 —
Tempféamre/ 1450 179 9651  0.03 167  95.89 94.64 1.90 7.93 —
1475 179 9656  0.02 163 9529 94.09 177 1277 —
1500 179 9658  0.03 159 9577 94.06 1.65  18.59 —

Note: The slag melting point was predicted by Factsage.7.2 thermochemical software.
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80 132% Lo ’
12.0% 12.529 i 80
13.57% 15.64%
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8.80 9.68 10.56 11.44 1232 13.20
Addition amount of fixed carbon/%

Figure 5 Changes of iron and copper recovery rates with
addition of coke and waste cathode carbon respectively

4.2.2 Effect of calcium oxide addition amount

In the smelting process, the slag melting point
affects the obtained metal droplet settlement,
aggregation, growth and subsequent metal recovery
rate. Generally, a low slag melting point promotes
the separation between phases of slag and metal. The
phase diagram of the Si0,-CaO-Al,O3 system at
1450 °C (Figure 8(a)) determined by Factsage.7.2
software shows that the composition of the slag after
the Fe completely reduction without CaO added “A”

6
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= | .“
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Figure 6 Solubility of C in Fe-Cu-C system as a function
of Cu content at 1450 °C

lies in the region of slag-liq + SiOz(s). The
appearance of SiOs (s) indicates that the molten slag
is a solid-containing melt due to a high melting point
of Si0, (1723 °C), which causes the slag viscosity to
be increased and the separation of slag and metal to
be restricted. Thus, some metal particles might be
dispersed in the slag as shown in Figure 9 when the
smelting reduction process carried out at 1450 °C for
180 min with the addition of 14.4% waste cathode
carbon was finished. Figure 9 shows that some
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Figure 7 EPMA image of final slag with 14.4 wt% waste cathode carbon addition at 1450 °C (a) and EDS analysis of

Point 1 (b—f)

particles of Fe (point 1) and Cu (point 2) are lost in
the slag. Correspondingly, the recovery rates of Fe
and Cu are low (Table 5). The addition of 10 wt%—
25 wt% calcium oxide changes the slag composition
along the indicated red arrow from the slag-liq +
Si0a(s) region to the slag-liq region in Figure 8(a).
Though the slag melting point increases with the
CaO amount from 10 wt% to 25 wt% as shown in
Table 5, the complicated silicate structure in the slag
could be simplified due to the addition of CaO [29].
As a result, the slag surface tension increases
(Figure 8(b)), which promotes the separation
between phases of obtained metal and slag.
Consequently, the recovery rates of Fe and Cu are
improved obviously (Table 5). The surface tension
data in Figure 8(b) was calculated according to ion

and molecule coexistence theory of slag structure
and Bulter’s equation [30—32]. However, further
increasing the calcium oxide amount to 30 wt%, both
the recovery rates of copper and iron decrease
slightly, which might be due to the generation of
Ca,Al,Si07 (Figure 10(a)) of a high melting point
and the subsequent increase of slag melting point
(Table 5).

As more CaO is added, more sulphur will be
transferred from the metal ingot to the slag phase
according to Eq. (15), and correspondingly the
sulphur content in the metal ingot decreases as
shown in Table 5. In addition, more fluoride will also
be transferred into the slag phase in the form of
CaF, (Figure 10(a)) and CasSi>F,0O7 (Point 1 in
Figure 10(b)) by reactions of (13) and (14), and
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Figure 9 Photo (a) and analysis SEM-EDS (b) of final slag smelted at 1450 °C with no CaO added

Vr decreases (Table 5). Increasing recovery rates of
Cu and Fe and decreasing fluoride volatilization, the
calcium oxide amount should be controlled at
25 wt%.

(Ca0)+[S]=(CaS)+[O] (15)

4.2.3 Effect of smelting temperature

The effects of smelting temperature were
assessed in the range of 1400—1500 °C under the
condition of waste cathode carbon amount of
14.4 wt%, calcium oxide amount of 25% and
smelting time of 180 min. The results are shown in
Table 5. The Rc, changes slightly as the temperature
increases from 1400 to 1500 °C. The Rg. first
increases from 93.34% to 94.64% as the temperature
increases from 1400 to 1450 °C and then remains
almost constant around a value of 94% as the

temperature continues to increase. In addition, it is
noteworthy that the increase in smelting temperature
improves the volatilization rate of fluoride from
Table 5, which is consistent with the calculation
results in Figure 3. The temperature ranging from
1400 to 1450 °C might be a suitable smelting
temperature.

After the copper slag is first treated in air
atmosphere for desulfurization and then smelting
reduced using 14.4% waste cathode carbon for metal
recovery, a metal ingot with minimal S content
(0.03 wt%) is obtained. Meanwhile, greater than
90% of the fluoride originated from the waste
cathode carbon is transferred into the slag with
25 wt% CaO added at 1450 °C. Morecover, the value
of leachable F™ in the final slag was detected via ion
chromatography method and found to be 3.11 mg/L,
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which is far less than the national allowable emission
concentration in China as can be seen in Table 6.

Table 6 Detection of leaching toxicity of final slag
National allowable

.. Final slag/ emission Analytical
Toxicity ) .
(mg-L™) concentration in approach
China/(mg-L™1) [27]
F 3.11 <100 fon
chromatography

5 Conclusions

1) A high recovery rate of iron and copper and
a significant decrease in the level of leachable F~ can

(d) Ca Point 2
Element w/%
F 38.72
Ca 40.28
Si 6.44
Al 3.19
(6] 9.32
F K 1.12
Si
Al
(0] K
A

Figure 10 XRD pattern of final slag with
30 wt% CaO addition at 1450 °C (a), EPMA
image of final slag with 25 wt% CaO
addition at 1450 °C (b), and corresponding
EDS analyses of Points 1-3 (c—e)

be obtained when copper slags are smelted with
waste cathode carbon.

2) The waste cathode carbon is listed as a
hazardous material given its high level of leachable
F~. When smelted with copper slags, most of this
fluoride is transferred into the final slag in forms of
CaF; and CasSi,F,07, and the increase in the addition
of CaO promotes this transformation. Thus, the level
of leachable F~ decreases significantly and is far less
than the national allowable emission concentration
in China.

3) As the amount of waste cathode carbon
increases, more iron and copper could be reduced
and then transferred into the metal ingot. Meanwhile,
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the amounts of CaF, and NaF introduced into the
slag are also increased, as a result, the slag melting
point is decreased and the separation and recovery of
the metal is further promoted. Upon holding in air
atmosphere for 60 min first and then smelting with
14.4 wt% waste cathode carbon and 25 wt% CaO for
180 min in high purity argon atmosphere at 1450 °C,
the recovery rates of Cu and Fe from copper slags
reach 95.89% and 94.64%, respectively, and greater
than 90% of the fluoride originated from the waste
cathode carbon is transferred into the final slag.
Meanwhile, the sulphur content in the obtained Fe-
Cu alloy is decreased to 0.03 wt%, and the elements
of Cu, C, and Fe exist in the state of mutual soluble
in the metal ingot. This obtained Fe-Cu alloy (low S)
can be further used as the burden to produce
weathering resistant steel by electric arc furnace to
replace sponge iron or scrap steel.
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