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CHEMICAL AND MINERALOGICAL ANALYSIS OF REFORMED SLAG DURING IRON RECOVERY
FROM COPPER SLAG IN THE REDUCTION SMELTING

Copper slag is usually a mixture of iron oxide and silicon dioxide, which exist in the form of fayalite (2FeO-SiO,), and con-
tains ceramic components as the SiO,, Al,0; and CaO depending on the initial ore quality and the furnace type. Our present study
was focused on manufacture of foundry pig iron with Cu content from copper slag using high-temperature reduction
smelting and investigate utilization of by-products as a reformed slag, which is giving additional value to the recycling
in a replacement of raw material of Portland cement. Changes of the chemical and mineralogical composition of the reformed
slag are highly dependent on the CaO concentration in the slag. The chemical and mineralogical properties and microstructural
analysis of the reformed slag samples were determined through X-ray Fluorescence spectroscopy, X-Ray diffractometer and Scan-
ning Electron Microscopy connected to the dispersive spectrometer studies.
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1. Introduction

Copper slag is generated as a by-product formed in copper
manufacturing processes, it have been the subject of research
for recycling in a wide range of possible applications. In copper
smelting industry, 2.2 to 3 tons of the copper slag is generated
from the process of smelting per ton of copper production, and
1.5 million tons of copper slag is generated in South Korea
every year [1-5]. Dumping or disposal of copper slag causes
wastage of metal values and leads to environmental problems.
In particular, the dumping requires wide area and leads to many
impacts such as eroding and damaging the land surface, solid and
gas substances polluting the atmosphere [6]. In actually, South
Korea is a small land country with a high population. Therefore,
South Korea refuses to landfill the metallurgical slags and pro-
motes zero waste through the re-use and recycling of these waste
materials. Recently, some scientists all over the world had paid
special attention to recycle copper slag and developed several
technologies that can be decreased the cost of the products and
eliminated the costs of disposal of the copper slag. Although
South Korea has been challenging to utilize the copper slag in
diversified ways like recovery value metals and preparation of
cement replacement in concrete, there is copper slag is only used
in agent for roadbed and additives for concrete [5].

The copper slag is usually a mixture of iron oxide and
silicon dioxide, which exist in the form of fayalite (2FeO-Si0O,),
and contains ceramic components as the SiO,, Al,05 and CaO
depending on the initial ore quality and the furnace type. Al-
though the ceramic components as the SiO,, CaO and Al,O4
in copper slag are a higher-value partial substitute in cement,
the copper slag is only considered as the raw material for as
a Portland cement replacement of iron ore that it was studied
by [.Alp and Arino-Morena [7-9] due to its high amount of iron
content and fayalite phase.

In the copper slag, a large amount of iron is typically con-
tained about 40% Fe, and small amount copper about 1%, it can
be considered as a raw material of iron [10]. The utilization of
copper slag for construction replacement area is not efficiently
recycling method, there is value metals as Fe, Cu and minor
amounts of the Zn, Ti, Co and precious metals are contained in
the copper slag. Many studies have been conducted to recover
the iron, copper and valuable metals from the copper slag by
hydrometallurgical, pyrometallurgical and physicochemical
treatment depending on the metals to be recovered. Hydrometal-
lurgical treatment is widely used in copper recovery from copper
slag that including direct leaching in sulphuric acid, leaching in
sulphuric acid through H,S gas or ferric chloride [11], which are
used on the recovery of nonferrous metals as the Cu, Co, Mo,
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Ni and precious metals. However, leaching of the copper slag
may be too expensive because it requires high consumption of
strong acid and reagents, and very toxic. Magnetic separation
and reduction smelting method are widely used to recover and
separate the iron from copper slag. Although, magnetic separa-
tion is known an appropriate method for recovery of iron from
the copper slag, recovery rate of iron through a magnetic sepa-
ration is lower that is about 40% due to its difficult processing
of fayalite. Therefore, most studies have conducted roasting-
magnetic separation to recover iron from the copper slag, iron
recovery rates in this route also obtained about 80% [10,12]. The
roasting-magnetic process involves reduction process by reduc-
ing agent and converting from the main phase as the fayalite to
calcium silicates and magnetite through mixing fluxes as the
CaO additives at a high-temperature about 1050-1300°C [13-15],
and then magnetic separation to recover iron from roasted slag
after cooling process. The roasting-magnetic separation is a fea-
sible method for recovery of iron, but it also demands energy
consumption for milling and roasting to improve recovery of
iron, and iron concentrate to be next treatment, hence acquires
higher production cost. Also, heating energy is lost through the
cooling process after roasting and associated several iron losses
with residues as the non-magnetic parts, which is considered
wastes again. Although the reduction smelting requires a large
amount of energy in the smelting process, it is a simpler, less
processing and higher efficiency way than other processing for
recovery Fe and Cu as Fe-Cu alloy to use for strengthened cast
iron by coper. Copper is used as an additive element to improve
mechanical properties such as hardness, abrasion resistance and
corrosion resistance in the cast iron products [18,19]. Present
study was focused on the manufacture of foundry pig iron with
Cu content from copper slag using high-temperature reduction
smelting and investigate the utilization of by-products as a re-
formed slag, which is giving additional value to the recycling
as a Portland cement, it can decrease the cost of the reduction
smelting processing of copper slag. The reformed slag as the
by-product in the previous studies contained about 26% of CaO
and high amount of SiO, of about 46% that slag was a kind of
acid slag [4,5,19]. Therefore, the present work aims to produce
the reformed slag has CaO/SiO, ratio over 1.0 as the Portland
cement raw material by CaO addition. Accordingly, increasing of
CaO content in slag that leads to the removal of sulfur in the steel
and cast iron is free CaO, which is an advantage of the reformed
slag with over 1.0 of CaO/SiO, ratio. Therefore, the purpose of
the present work is to investigate the chemical, mineralogical
composition and micro-structural analysis of reformed slags
without and with CaO additives after pig iron recovery from
copper slag, it is essential to know the possible utilization areas
as Portland cement. The chemical and mineralogical character-

istics of reformed slag samples were evaluated through X-ray
fluorescence (XRF), X-ray diffraction (XRD) and SEM-Energy
dispersive spectrometer (SEM-EDS) analysis.

2. Experimental materials and methods
2.1. Experimental materials

For sample preparation, the initial raw material as the copper
slag supplied from G Company of Korea. The copper slag was
granulated in water cooling and fraction used in this study was
fine irregularities of 1 to 3 mm with a black glassy amorphous
solid material. The mineralogical examination had shown that
this copper slag fraction presented high content of silica and
iron oxide in the form fayalite (2FeO-SiO,) phases and several
amounts monticellite (CaMgSiO,). The mineralogical phases
of the copper slag were determined by XRD analysis, it is il-
lustrated in Fig. 1. The chemical composition of the copper slag
samples investigated is shown in Table 1. The major elements in
the copper slag sample, determined using XRF analysis, were
Fe,05 is about 40 wt.%, SiO, is about 21 wt.%, CaO is about
16 wt.%, and Al,O5 is about 7 wt.%. Besides, The inductively
coupled plasma (ICP) atomic emission spectroscopy analysis was
used to evaluate the sulphur in the copper slag, which exists in
form of sulphides as FeS and CuS, copper slag contains about
0.2 wt.% of sulphur.

As a reducing agent was activated carbon powder, also
called activated charcoal as milled powder. The powdered ac-
tivated carbons include several advantages as the lower costs
in processing and easily dosing of the activated carbon. Thus,
Calcium oxide (CaO) for producing a basic slag as quicklime
or burnt lime with a fine powder is a widely used chemical
compound, it has a high purities of 99%.
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Fig. 1. XRD pattern of the copper slag

TABLE 1
The chemical composition of copper slag
Element Fe,03| SiO, | CaO | ALO3;| ZnO | MgO | CuO | MnO | P,O5 | Na,O | TiO, | K;O | Cr,03 | S*
Content, wt.% 38.51|21.17|16.25| 7.75 | 6.27 | 2.61 | 2.09 | 1.34 | 1.11 | 1.02 | 0.72 | 0.58 | 0.58 |0.20
* S was determined by ICP analysis




2.2. Experimental apparatus and sample preparation

The reduction smelting for sample preparation was per-
formed ina 10 KW, 30 KHZ High-Frequency Induction Furnace
with melt size 10 kg of steel. The high-frequency induction
furnace consisted of a cooler, controller and heater box. The
installation space was small and the additional equipment such
as dust collector was miniaturized to reduce the difficulty and
cost of the process. The temperature of the high-frequency induc-
tion melting furnace was controlled by regulating the voltage.

Fig. 2 is a schematic diagram of a heater box where high-
frequency induction is used in the experiment. The heater box
enclosed the equipment and eliminated dust and flue gases
from the furnace. Argon gas was released into the heater box to
maintain an inert atmosphere. Electricity was conducted through
the thermo-generator using the graphite crucible. Then the cru-
cible was placed inside the heater box and the temperature was
measured using a thermocouple.

1. Argon gas tank

2. Flowmeter

3. Ar gas inlet
4. Thermocontroller

5. Thermocouple

6. lid
7. Copper coil

8. Ar gas outlet

9. Graphite crucible

—n 10. Molten slag

11. Refractory lining

Fig. 2. Schematic diagram of experimental apparatus

In the experimental process, the copper slag with irregular
fine irregularities of 1 mm to 3 mm and reducing agent activated
carbon were mixed with the sample at the ratio of 9 g per 100 g
and then charged into the carbon crucible. CaO additives were
5,10, 15, 20 and 25 g per 100 g of copper slag under the ratio
B = CaO (wt.%) / SiO, (wt.%)0.8, 0.9, 1.0, 1.1 and 1.2. The
mixture was put into a carbon crucible, and then the carbon cru-
cible was placed inside the box of the high-frequency induction
furnace. The experiment was heated up to the necessary tempera-
ture of 1600°C for 40 minutes and reduction smelting process
continued for 30 minutes of holding. Then, the sample was left
inside the furnace to cool down to room temperature naturally.

2.3. Experimental methods

For chemical and mineralogical analysis, the reformed slag
samples were used the powdered samples for mixing with an
equal amount in a homogeniser. The chemical compositions of
the reformed slag were determined using X-Ray fluorescence
spectroscopy. XRF analysis was carried out in average results
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taken. Mineralogical analysis of the reformed slag samples was
examined at room temperature using X-ray diffractometer with
5°-90° (20) and step size of 0.02°. Finally, for micro-analysis,
the reformed slag samples were treated applying a standard
method, which is grinding and polishing, to prepare metallo-
graphic scratch patterns. The performed micro-analysis of the
reformed slag also included the scanning electron microscopy
(SEM) connected to the dispersive spectrometer (EDS).

3. Results and discussions
3.1. Consideration of smelting reduction of copper slag

The present experiment was performed to produce the low
Sulphur foundry pig iron with copper using carbon reduction
smelting with CaO additives at the high temperature of 1600°C
for 30 minutes. In the reduction smelting of copper slag, direct
reduction with solid carbon and indirect reduction with CO gas
are observed. During the reduction process, solid carbon converts
to CO gas by the following reaction of 1 to 3 at temperatures
above 900°C [20]. Subsequently, while the fayalite (2FeO-SiO,)
in copper slag started to decompose at the high temperature, the
decomposed iron oxide from the fayalite compound is reduced by
reduction agents according to the following reactions of 4 to 7.

C+0,=C0, (1)
C+C0,=2CO 2)
2C+0,=2CO (3)

Fe,Si0, + CO = 2Fe0 + Si0, + CO, 4)
Fe,SiO, + 2C = 2Fe + Si0, + 2CO (5)
FeO + CO =Fe + CO, (6)

FeO + C =Fe + CO (7)

The added CaO supports the decomposition of the fayalite
and influences on the reduction of iron oxide by the follow-
ing reaction of 8, and CaO of right amount influences on the
forming of basic slag with a high content of CaO, and hence
the basic slag can be dissolved the sulphur from the recovered
pig iron in the reducing process as shown in reactions 9 and 10.
In this case, it might be seen that the remaining oxides as the
Si0,, Ca0, Al,05 and MgO interact with each other, and hence
generate the reformed slag. The reformed slag might consist of
the considering typically eutectic compounds as the CaO-SiO,,
2Ca0-Si0,, 3Ca0-28i0,, CaO-Al,053:2Si0,, 2Ca0-Al,05-SiO,,
Ca0-MgO-Si0,, etc.

Fe,Si0,4 + 2Ca0 + 2C = 2Fe + Ca,SiO, + 2CO (®)
CaO + FeS + C = CaS + FeO + 2CO )
(10)

Copper oxide in the copper slag can be easily reduced
and dissolved in the molten metal phase, and also zinc oxide

CaO + Cu,S+C=CaS +2Cu+CO
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is reduced to volatile zinc, which is removed from the furnace
with as the fumes, by carbon at a temperature of 980~1000°C
during the reduction process. It was confirmed that the chemical
analysis had shown the copper and zinc did not present in the
reformed slag, as shown in Table 2.

Reduction behaviour of iron oxide to be reduced from
fayalite decomposition was examined by thermodynamic
analysis using HSC 5.1 chemistry software. It determined that
as the results of the thermodynamic analysis in Fig. 3, iron can
be reduced from the decomposition of fayalite in reduction
smelting process at high temperatures, and moreover, due to
impact of CaO, reduction of iron in fayalite is more intensified.
As above illustrated, reduction CuO can be reduced by CO gas
at all temperatures, it is shown in Fig. 3.
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Fig. 3. Gibb’s free energy changes of reduction of components in
copper slag by reducing carbon

3.2. Reduction smelting for recovery Fe-Cu alloy

In reduction smelting experiment with carbon additives,
Fe and Cu reduced from the slag and then formed to a metal
phase, where are separated by the specific gravity difference
with slag consisting of SiO,, CaO, Al,O5 and etc at 1600°C for
30 minutes of holding. Table 2 shows the EDS results of the
chemical composition of the pig iron with copper recovered from
the copper slag by high-temperature reduction according to the
CaO additives at a reaction temperature of 1600°C for 30 minutes
of holding time. It was observed that there were no significant
differences on the Fe and Cu content in pig iron with copper ac-
cording to the CaO additives, which were about 86 wt.% of Fe
and 3 wt.% of Cu, that indicating the formation of Fe-Cu alloy.
But, when carbothermal reduction without CaO in the previous
study, sulphur content in the pig iron was a higher amount of
0.46 than carbothermal reductions with CaO additives that as
over 15 g of CaO additives, the sulphur content in the ferrous
was decreased the lower amount of 0.001%. It confirmed that
reformed slag was completely dissolved the sulphur from pig
iron according to the desulphurization principle.

TABLE 2
Chemical composition of the pig iron recovered from copper slag
A Element, wt.%
Type Si
C Cr | Mn | Cu Fe S
Without CaO 15 o4 | 413 | 125 | 0.81 | 293 |87.45| 0.49
additives
5 | 456|395 1.12 | 1.82 | 3.01 |85.54|0.041
With Ca0 | 10 | 4.10 | 4.09 | 1.03 | 1.56 | 3.17 |86.05|0.025
additives, | 15 | 4.23 | 435 | 1.25 | 1.27 | 3.19 [85.71|0.001
wt.% 20 | 3.63 | 3.95| 0.87 | 1.30 | 3.06 |87.19(0.001
25294 | 462 | 1.25 | 0.81 | 2.93 |87.45[0.001

Cast irons are widely used multicomponent ferrous alloy,
that obtained in place of steel at considerable low cost and op-
timum combination properties as the castability, machinability,
excellent wear resistance and high hardness and high inherent
damping capabilities. It is known that adding alloy elements,
cooling rate and formation of graphite influence the properties
of the cast iron. Copper leads to graphitizing and pearlitization,
which phase-stabilizing, of the cast iron that affects substantially
mechanical properties such as strength, toughness and corrosion
resistance [16,21-23]. Many researchers studied the effect of Cu
addition on the mechanical properties and structure formation
of cast iron. A.Es. Nassef et al. [21], J.O. Agunsove et al. [24]
and A.A. Razumakov et al. [22] have concluded the structure
and mechanical properties of cast iron are affected by copper
addition of 1 to 3.5% that resulted in better wear resistance and
lowest wear loss, hardness and tensile strength initially increased
according to the volume fraction of graphite decreased and sta-
bilization of pearlite. Cast iron is contained main elements such
as carbon ranging from 1.8 to 4% and silicon 1 to 3%, and other
alloying elements as the copper of about 2.0. In the carbothermal
reduction smelting, the recovered pig iron were appeared as the
cast iron according to the content-ranges of C and Si presented
about 4.2 wt.% and 4.0 wt.% in the pig iron recovered from
the copper slag, respectively, consequently, it was considered
the recovered pig iron with copper can be used through in place
of cast iron ingots.

3.3. Chemical analysis of reformed slag

Table 3 shows that the chemical composition of the
reformed slag as determined by the X-ray Fluorescence. As
shown results of the chemical composition of the reformed
slag without CaO additives, it was found that the Fe,O5 content
was not detected, which is indicating that Fe was completely
recovered, whereas SiO, content was increased. The reformed
secondary slag contained about 46 wt.% SiO,, 26 wt.% CaO
and 14 wt.% Al,03, and it was an acid slag. It was observed the
acid reformed slag.

On the other hand, in the reduction smelting with CaO
additives, the SiO, content in the reformed slag was decreased
according to the CaO additives, and hence CaO content in the
reformed slag was increased, but Fe,O; was contained at small
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TABLE 3
Chemical composition of reformed slag
Element, wt.% SiO, CaO | ALO; | MgO | Na,O | TiO, | K,0 MnO SO, BaO Fe,04 SrO | P,0O5
Typical BFS |30t038|32t050 |7to15]|5t0 15| ~0.5 | — | ~0.5 |02t01.0] 12 | — | 0ltol5 | — | <02
Reformedslag |15 | 7557 | 1449 | 392 | 270 | 072 | 099 | 170 | 0.05 | 0.9 ND 0.86 | 0.90
without CaO
Reformed |_5_| 4005 | 3750 | 13.45 | 5.00 | 1.52 | 091 [0635] 061 | 030 | — — N
slagwith | 10 | 37.42 | 4254 | 1312 [ 440 | 054 [ 041 | 018 | 023 [ 028 | 0.66 0.10 007 | —
CaO [ 15| 3180 | 50.86 | 1242 | 414 | — | 024 | — — 046 | — — 008 | —
additives, [ 20 | 31.82 | 5094 | 11.80 | 349 | — | 021 | — — 045 | 0.49 0.70 007 | —
wt% 1951 2236 | 6091 | 1124 | 350 | — | — | — — 055 | — 1.14 — 1028

rates of 0.10 to 1.14 wt.%, as shown in Table 3. In this case, the
basicity CaO/SiO, ratio of the reformed slag has been increased
at 1.07, 1.26, 1.70, 1.71 and 2.9 due to increasing the CaO con-
tent in the reformed slag, and basicity affected significantly the
sulphur capacity.

Portland cement is manufactured through a closely con-
trolled chemical combination of Ca, Si, Al, Fe and other ingre-
dients, that common materials for cement include limestone,
shells, and chalk or marl combined with shale, clay, blast furnace
slag, silica sand, and iron ore. As the blast furnace slag (BFS)
is one of massive raw material acquired Portland blast furnace
slag cement (PBFSC), which mixed ground BFS and Portland
cement, because of BFS has a similar chemical composition
with the chemical composition of Portland cement [25-28]. For
manufacture Portland cement, limestone as the principal raw ma-
terial is burned at a high temperature caused air pollution, which
large CO, emissions, therefore, BFS was discovered a partial
replacement in raw material of Portland cement due to PBFSC
could be a kind of eco-friendly cement emits about less 40% of
CO, than Portland cement supported by Green Purchasing law
[25-28]. Thus, alkaline-activated cement as the PBFSC with
alkali activators such as sodium hydroxide, sodium silicate and
sodium carbonate are similar and greater properties to Portland
cement, and alkaline-activated cement is produced at room tem-
perature that it can be reduced the Portland cement cost and CO,
emissions by 80-86% [26]. South Korea has been also used the
BFS in replacement of the raw material of Portland cement and
widely employed in civil engineering structures due to its eco-
friendly processing and lower cost of PBFSC. The qualities of
PBFSC are specified in KS L 5210: Blast furnace slag cement of
Korean standard, there are three types that 1 type is over 5, less
than 30 of BFS ratio, 2 types (over 30, less than 60) and 3 type
(over 60, less than 70). In 2017s in South Korea, the BFS has been
generated about 16 million tons a year that 92% of BFS used in
cement industry [29]. Therefore, present work was attempted to
produce reformed slag with similar behaviours as the BFS from
copper slag during iron recovery. When the CaO additives are
over 10 to 20 wt.%, the chemical compositions of reformed slag
observed similar chemical composition of the Blast Furnace slag
(BFS). Chemical analysis both of the produced slag and Blast-
Furnace slag show that the major oxides as the CaO, SiO,, MgO
and Al,O; are contained up about 95% of the total in accordance
with requirements of BFS for cement material, as shown in Ta-

ble 3. It was observed that produced slag with over 10 to 20 wt.%
of CaO additives is achievable as a raw material for PBFSC.

3.4 .Mineralogical analysis

The chemical components of reformed slag were obtained
by identification of precipitated crystalline phases with pow-
der X-ray diffraction analysis (XRD). As shown in Fig. 4(a),
glass-like and quartz phases are presented in the reformed slag
sample without CaO additives, it is indicated that slag was like
glass. When the CaO additives is 5 wt.%, diffraction peaks of
the glass-like slag weren’t detected and glass-like slag has been
transformed into diopside aluminian Ca(Mg)(Al,Si1)SiO5 and
akermanite-gehlenite series Ca,(Al,Mg)(Si,Al)SiO; in which
indicating that glass slag has been completely formed to calcium
silicate phases, as shown in Fig. 4(b). As reformed slag with
10 wt.% CaO, akermanite-gehlenite series still appeared, but the
diopside aluminian was transformed into calcium aluminosilicate
Ca,Al,Si04. When the CaO additives are of 15 and 20 wt.%,
only akermanite-gehlenite series was observed, but at the CaO
additives is of 25 wt.%, diffraction peaks of the gehlenite still
appear while dicalcium silicate Ca,SiOy is also observed. It is
indicated that dicalcium silicate phases are produced due to the
increase of CaO concentration. To summarize, the glass-like slag
was can be greatly transformed into new kind phases of calcium
silicate when CaO additives are above 5 wt.%.

3.5. Microstructural analysis

For the microstructure analysis observation, reformed slag
samples with polished were determined using scanning electron
microscopy (SEM). The chemical composition of each phase
of reformed slag was examined using energy dispersed X-ray
(EDS). SEM images and EDS results are shown in Figs. 5-7,
and Tables 4-6, respectively. Phase equilibria in the ternary
oxide system Al,03;-Ca0O-SiO, and quaternary oxide system
Al,03-Ca0-Si0,-MgO [30,31] is directly related to reformed
slags.

As shown in Fig. 5(a), the microstructure of the reformed
slag sample without CaO additives seemed like glass bulk matrix.
Thus the glass matrix contains irregular crystal disperses, which
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Fig. 4. Analysis of X-ray diffraction as a function of CaO additives on the reformed slag samples. (a) and (b) — reformed slag without and with
CaO additives. Quartz-SiO,, diopside aluminian-Ca(Mg)(Al,Si)SiO;, calcium aluminosilicate-Ca,Al,Si0;, Gehlenite-Ca,(Al,Mg)(Si,Al)SiO;

akermanite-Ca,MgSi,07; dicalcium silicate-Ca,SiO,

is spinel crystals, are Ti concentrating phase according to EDS
analysis as shown in Fig. 5(c) and Table 4.

In the EDS analysis, the main constituent elements were
measured as slag components of 22 wt.% Si, 19.5 wt.% Ca,
8.3 wt.% Al and 3.1 wt.% Mg, but Fe was not detected in the
glass matrix, it was confirmed according to the result of the XRF
analysis of the reformed slag without CaO additives as shown
in Table 4. The glass matrix was as the pyroxene phase (Ca,Na)
(ALMg)(ALSi),0¢ according to the EDS analysis and ternary
oxide system of Al,05-CaO-SiO,.
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In the reformed slags with CaO additives, various solid-
phases with different size and shape, and matrix are observed,
as shown in Figs. 6-7. With CaO additives of 5 wt.%, the glass
matrix of reformed slag without CaO additives transformed to
calcium silicate matrix. The silicate matrix was contained about
26 wt.% of Ca, about 17 wt.% of Si, about 11 wt.% of Al and
3 wt.% of Mg, and it was such as the melilite Ca,(Al,Mg)[(Si,Al)
Si0] according to the SEM-EDS analysis and quaternary oxide
system of Al,03-Ca0-Si0,-MgO. The solid-phases of anorthite
series with coarse dendrite-like forms and Ti-spinels (Fig. 6 (¢))

Fig. 5. SEM image and EDS micrographs of reformed slag sample without CaO additives: (a) glass matrix, (b) and (c) elemental analysis of

glass matrix and spinels

TABLE 4
Results of EDS analysis on reformed slag without CaO additives
Element, wt.% 0} Si Ca Al Mg Na Ti Cr \4 Mn K
Glass slag (Pyroxene) 43.42 22.02 19.56 8.30 3.10 2.23 0.40 — — 0.38 0.55
1_Ti-spinel 11.34 2.76 2.89 1.19 0.34 0.41 74.16 5.32 1.58 0.34 —
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Fig. 6. SEM image and EDS micrographs of reformed slag sample with 5 wt.% CaO additives: (a) typical SEM image of reformed slag with 5
wt.% CaO, (b) elemental analysis of slag matrix; (c) solid-phases; (d) needles of solid-phases; and (e) spinels

were observed in the silicate matrix, where is still segregated,
as shown in Fig. 6(a)-(e).

The solid-phases of irregular shape (Fig. 6(c)) and needle
shape in the matrix (Fig. 6(d)) were similar chemical composi-
tions according to the examination of EDS surface analysis,
although they have the different shapes between the irregular
solid-phase and needle solid-phase causing small amount of Na
was contained in the irregular solid-phases, it is shown in Ta-

ble 5. In the EDS result, the solid-phases in the kind of anorthite
have been contained about 0.15 wt.% of sulphur. In the case, the
reformed slag can be dissolved the sulphur from molten metal.

When the CaO additives increased at 10 wt.%, the solid-
phases still existed anorthite, but sharp shapes of the solid-phase
were changed to large irregular particles with sharp angles, and
transformed the melilite matrix to the anorthite series (Ca,Na)
Al,Si,0g, as shown in Fig. 7(a) and Table 6. As CaO additives

TABLE 5
Results of EDS analysis on reformed slag with 5 wt.% CaO additives
Element, wt.% O Si Ca Al Mg Na Ti K Ba S
b_Melilite 42.35 16.68 25.79 11.02 3.51 0.65 — — — —
c_Anorthite(Na) 44.82 20.44 15.12 13.85 3.66 0.26 — 0.22 1.45 0.16
d_ Anorthite 44.96 20.34 15.25 14.65 3.47 — — — 1.18 0.15
e_Ti-spinel (Ti0,-CaSiTiOs) 23.90 6.79 15.13 3.87 1.17 0.23 48.89 — — —
TABLE 6
Results of EDS analysis on reformed slag samples with CaO additives of from 10 to 25 wt.%
Element, wt.% | o | si [ ca | Al | Mg | Na | Mn | K | Ba | S
Reformed slag with 10 wt.% CaO additives
Matrix_ Anorthite(Na) 40.21 | 20.77 | 22.46 10.07 2.45 1.88 0.58 0.78 0.80 —
Solid-phase_Anorthite 41.43 | 21.42 19.32 11.03 6.80 — — — — —
Reformed slag with 15 wt.% CaO additives
Matrix_Anorthite + Wollastonite 40.86 | 20.90 | 28.41 6.87 0.22 — 0.45 0.31 1.77 0.22
Solid-phase_Melilite 40.35 16.77 | 28.41 9.86 3.97 0.64 — — — —
Reformed slag with 20 wt.% CaO additives
Solid-phase_Melilite 4224 | 17.88 | 25.79 8.58 4.12 1.40 — — — —
Matrix _ Anorthite 4422 | 21.50 19.20 10.98 0.62 0.49 0.41 0.71 1.60 0.28
Reformed slag with 25 wt.% CaO additives
Solid-phase_ Melilite 41.37 16.50 | 27.46 9.78 4.03 0.86 — — — —
Matrix_Anorthite + Wollastonite 42.52 | 20.82 | 25.51 8.22 0.37 0.20 0.35 0.31 1.39 0.31
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Fig. 7. SEM images and EDS micrographs of reformed slag samples: (a) sample with 10 wt.% CaO additives; (b) sample with 15 wt.% CaO

additives; (c) zoom-in image of the sample with 15 wt.% CaO additives

are of 15 wt.%, the shape of the solid-phases was changed to
other irregular shapes with exhibited greater size and transformed
from anorthite to the melilite again, as shown in Fig. 7(b) and
Table 5. The melilite is a complex solid formed by akermanite
Ca,Mg(Si,05) and gehlenite Ca,Al(AlISiO;) [18], it was con-
firmed according to XRD results. The zoom-in figure (Fig. 7(c))
shows that mixtures of solid-phase (melilite + anorthite + wol-
lastonite + Barium’s spinel) existed next to solid-phase with
irregular quadrilateral. EDS results indicated that the matrix
was also transformed to kind of the anorthite and wollastonite,
has been contained 0.22 wt.% of sulphur, as shown in Table 6.

With CaO additives of 20 wt.% and 25 wt.%, the matrices were
anorthite has been still dissolved the sulphur of 0.28 wt.% and
0.31 wt.%, respectively (Fig. 7 (d) and (e), and Table 6). The
solid-phases are also represented by melilite form with differ-
ent irregular shape and size, but mixtures (melilite + anorthite
+ wollastonite + Barium’s spinel) observed in the slag sample
with CaO addition of 25 wt.%. According to EDS analysis,
anorthite and wollastonite phases dissolved the sulphur, which
indicates that sulphide has been incorporated into the anorthite
and wollastonite phases.
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4. Conclusions

The feasibility of a high-temperature reduction technology
to improve beneficiation of metallic elements and reformed slag
during pig iron recovery from copper slag was investigated. The
following conclusions were obtained.

*  Iron in the copper slag was completely reduced and sepa-
rated through iron alloy at the temperature of 1600°C and
the holding time of 30 minutes using the reduction smelting
as well as the copper in the copper slag was also dissolved
into the pig iron during the reduction smelting. The pig iron
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Fig. 7. SEM images and EDS micrographs of reformed slag samples: (d) sample with 20 wt.% CaO additives; (¢) sample with 25 wt.% CaO additives

contained about 3 wt.% of copper that it is possible to use at
the cast iron containing copper for excellent casting alloys
have significant properties including strength, toughness
and corrosion resistance, and etc.

Changes of the chemical composition of the reformed slag
are highly dependent on the CaO additives, and acid kind
of the reformed slag without CaO additives transformed to
the basic slag, which slag basicity reached from 1.05 to 2.9,
due to increasing CaO concentration in the reformed slag.
When CaO additives were 10 and 20 wt.%, the chemical
compositions of reformed slag were similar with Blast-
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Furnace slag, which it is potentially replacement in raw
material of Portland cement.

The XRD analysis of reformed slag indicated that the re-
formed slag without CaO additives was glass-like slag, but
reformed slags with CaO additives were calcium silicate
type slag. The main phases in the reformed slag with CaO
additives were determined to be several compounds as
akermanite-gehlenite series.

The SEM-EDS analysis showed that reformed slag without
CaO additives was like glass matrix, and tested as the pyrox-
ene phase (Ca,Na)(ALLMg)(Al,Si),0¢ according to the EDS
analysis and ternary oxide system of Al,0;-Ca0O-SiO,. In
the reformed slags with CaO additives, various solid-phases
with different size and shape, and matrix are observed, and
matrix and solid-phases mainly existed melilite and anor-
thite structure. At 10 wt.% of CaO additives, modification
effects appeared that the shapes of the solid-phase were
changed to other irregular shapes with exhibited greater
size.
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