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Abstract: Nickel slag and blast furnace dust comprise a large part of solid waste produced
by the metallurgical industry. In this study, a novel method of co-reduction roasting followed
by grinding/magnetic separation was proposed to collaboratively reutilize nickel slag and blast
furnace dust. The nickel slag was combined with blast furnace dust to produce a Ni-Fe alloy containing
Cu component by using the proposed method. In addition, the blast furnace dust acted not only as a
reductant but also as an Fe resource. Results in this work showed that 81.62% Fe and 89% Ni could
be recovered from nickel slag and blast furnace dust, and a Ni-Fe alloy product with 93.03 wt% Fe,
0.86 wt% Ni, and 0.49 wt% Cu could be obtained under optimal conditions in this study. The effect of
roasting temperature on phase transformation was characterized and analyzed by XRD and SEM-EDS.
The results illustrated that roasting temperature was considered as the main influence to regulate the
mineral phase transformation and microstructural change in roasted product. The minerals in the
nickel slag finally transformed iron and augite from fayalite containing magnesium and magnetite
after the disappearance/transformation of the mineral phase. The Fe-bearing minerals were first
reduced in situ position of structure into metallic Fe particles and then grown into a Ni-Fe alloy with
Cu of chain structure. The new structure, instead of the original structure, formed the homogeneous
slag phase and Ni-Fe alloy with Cu component.
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1. Introduction

Nickel slag is the main solid waste produced during smelting in the nonferrous metallurgical
industry. The production of 1 ton of nickel will lead to an average of 6–16 tons of nickel slag, with a large
number of historical stockpiles in China because of the absence of an effective long-term utilization of
the slag [1–3]. The nickel slag is generally composed of more than 20 wt% content of iron, more than
0.05 wt% content of Ni, and more than 0.05 wt% content of Cu et al. This nickel slag is an unnatural ore,
and the relationship between the composition and distribution of the mineral components in the nickel
slag is extremely complex [4–6]. The Fe component of the nickel slag mainly exists in the fayalite phase
and it’s hard to separate for iron and silicon [7,8], which led to the failure of conventional utilization
methods, such as hydrometallurgy, and direct utilization, to realize the resource utilization of the nickel
slag. Therefore, the development of new technologies for reutilizing the nickel slag is urgently needed
since nickel and iron resources depends heavily on long-term imports in China.
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The blast furnace dust is a solid waste containing C during the production of Fe [9]. The blast
furnace dust has a lot of historical storage in China because of the absence of an effective long-term
utilization. The blast furnace dust contains more than 5 wt% content of carbon, and more than 10 wt%
content of iron [10–12]. Therefore, the blast furnace dust consists of valuable Fe and C. However, the
efficient extraction of Fe utilization of C by traditional methods [13–15] of direct utilization, physical
separation, or hydrometallurgy are difficult because of their fine particle structure and complex
mineralogy of blast furnace dust. This limitation has caused serious waste of valuable resources and
potential risks of environmental pollution.

Studies have illustrated that nickel slag and blast furnace dust as waste solid should be
disposed of and reutilized urgently. At present, the technology of coal-based direct reduction roasting
following magnetic separation has been demonstrated as an effective technology to process refractory
iron ore [16–20]. In this study, a novel method called co-reduction roasting was proposed for the
comprehensive utilization of nickel slag and blast furnace dust, considering that the nickel slag
containing Fe and blast furnace dust containing Fe and C have complementary mineral and chemical
components. The effect of co-reduction roasting temperature as a main regulation influence condition
for the disappearance/transformation of mineral phase and microstructural change was explored in
this study.

2. Materials

Nickel slag and blast furnace dust came from an environmental-protection company in Beijing.
X-Ray Diffraction (XRD) was employed to analyze the mineral composition of the nickel slag.
The results showed that the slag mainly contained Fe-bearing mineral in fayalite containing magnesium
((Fe,Mg)2SiO4), and a small proportion in the magnetite (Fe3O4) in Figure 1.
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Figure 1. X-Ray Diffraction (XRD) analysis result of nickel slag.

SEM-EDS (scanning electron microscope with energy dispersive X-ray spectrometer) was also
performed to further identify the mineral distribution and original structure of nickel slag. The analysis
results are shown in Figure 2.

The SEM-EDS analysis results of Figure 2 illustrated that the Fe-bearing mineral appeared at
point 1 and point 2, which represented fayalite containing magnesium, and a part of the fayalite
contained aluminum and calcium (point 1). Figure 2 didn’t show the magnetite phase particles because
the low magnetite content may have consisted of very fine grans. Figure 2 also showed that Ni existed
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in fayalite with magnesium and Fe-S-Cu-Ni alloy particles. Chemical analysis showed that the nickel
slag contained following elements: Fe, 39.46 wt%; Ni, 0.43 wt%; P, 0.02 wt%; S, 0.69 wt%.Metals 2019, 9, x FOR PEER REVIEW 3 of 11 
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Figure 2. SEM-EDS (scanning electron microscope with energy dispersive X-ray spectrometer) analysis
results of nickel slag.

As solid waste, blast furnace dust was used as a reductant in this work, and the result from its
proximate analysis is shown in Table 1. Chemical analysis showed that the blast furnace dust (bfd)
contained the following elements: Fe, 35.54 wt%; P, 0.17 wt%; S, 0.43 wt%.

Table 1. The proximate analysis result of reductant.

Reductant Code Mad (wt%) Aad (wt%) Vad (wt%) FCad (wt%)

blast furnace dust bfd 2.62 68.04 8.79 20.55

Note: M: moisture, A: ash; V: volatiles, FC: fixed carbon; ad: air dried basis.

3. Experimental Details

3.1. Experimental Procedure

The nickel slag, reductant, and additive with different mass ratios were mixed. The mass of Ni
slag was 20 g for every experiment. The method of mixture was roll shifting method, i.e., we placed
the sample in the center of the plastic cloth, and then lifted one corner of the cloth to make the sample
roll on the cloth. When the sample rolled over the diagonal of the cloth for a certain distance, we
would lift the corresponding other corner to make the sample roll in the same way. This action was
repeated several times. The mixture was placed in graphite crucible, which was then transferred into a
muffle furnace with a temperature programmer for co-reduction roasting at different temperatures and
times. The muffle furnace was manufactured by Beijing Flame Experimental equipment Co. Ltd. in
China, and model BFX-16B. The air-cooled roasted product underwent a two-stage grinding-magnetic
separation process with a magnetic field strength of 140 mT to obtain the magnetic product called
Ni-Fe alloy product. The magnetic separator was manufactured by No. 102 plant of Sichuan geological
bureau in China, and model XCGS-Φ50. The dosages of bfd and additive, respectively, were expressed
in percentages as ratios of masses relative to the nickel slag. CaCO3 was selected as an additive because
the calcium component can be used to adjust the microstructure of the roasted products [21–23].
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3.2. Analysis and Characterization

The main evaluation indices of the Ni-Fe alloy product were Fe content, Fe recovery rate, Ni
content, and Ni recovery rate. The Fe recovery rate referred to the Ni-Fe alloy product from the total
Fe contained in the nickel slag and blast furnace dust.

Fe recovery rate = (W1 × β1)/(W0 × β0 + W2 × β2) × 100 wt%

Ni recovery rate = (W1 × β3)/(W0 × β4 + W2 × β5) × 100 wt%

where W0 was the weight of nickel slag, W1 was the weight of Ni-Fe alloy, and W2 was the weight of
bfd. β0 was the Fe content of nickel slag, β1 was the Fe content of Ni-Fe alloy, β2 was the Fe content
of bfd, β3 was the Ni content of Ni-Fe alloy, β4 was the Ni content of nickel slag, and β5 was the Ni
content of bfd, respectively.

The effect of roasting temperature on phase transformation in the co-reduction in nickel slag and
bfd was investigated by XRD and SEM-EDS. XRD was used to study the disappearance /transformation
of the mineral phase in the roasted products obtained under different roasting temperatures. SEM-EDS
provided direct visual evidence of the effects of roasting temperature effects on the inter-microstructure
evolution and mineral phase transformation of different roasted products. The XRD equipment was
manufactured by PANalytical B.V. in the Netherlands with model Empyrean. The XRD patterns were
recorded using an X-ray diffractometer (Cu target) at 5◦–90◦ scanning range. The SEM equipment
was manufactured in Czech with model Tescan VGA3, and the EDS equipment with model NORAN
System 7 (Thermo Fisher Scientific, Inc, Waltham, MA, USA).

4. Results and Discussion

4.1. Effect of Roasting Temperature on the Co-Reduction Process

The effect of roasting temperature on the co-reduction roasting of nickel slag and bfd was
investigated. The influence on the Ni-Fe alloy indices were examined in the following conditions:
co-reduction time,110 min; CaCO3 dosage, 30 wt%; bfd dosage, 32 wt%. The experimental results were
shown in Figure 3.
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With the increase in roasting temperature, the Fe and Ni content, Fe recovery rate, and Ni recovery
rate rapidly and then gently increased. A Ni-Fe alloy with the following characteristics were obtained
at roasting temperature 980 ◦C: Fe content, 75.09 wt%; Fe recovery rate, 9.75%; Ni content, 0.55 wt%;
and Ni recovery rate, 8%. When the co-reduction temperature was increased to 1180 ◦C, the Fe content
increased to 89.68 wt%, the Fe recovery rate increased to 82.39%, the Ni content increased to 0.81 wt%,
and the Ni recovery rate increased to 88%. When the co-reduction temperature further increased
to 1280 ◦C, the Fe content increased to 93.03 wt% and the Ni recovery rate increased to 89% in the
Ni-Fe alloy. Therefore, the optimum roasting temperature for this co-reduction roasting was set at
1280 ◦C. The results illustrated that increasing the roasting temperature was successful at reducing the
Mg-bearing fayalite into metallic iron and the formation of Ni-Fe alloy particles.

4.2. Effect of bfd Dosage on the Co-Reduction Process

The effect of bfd dosage on the co-reduction roasting of nickel slag and bfd was also examined. The
experimental conditions were as follows: roasting temperature, 1280 ◦C; co-reduction time, 110 min;
CaCO3 dosage, 30 wt%, and various bfd dosages. The results were shown in Figure 4.
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As the bfd dosage increased, the Fe recovery rate tended to rise, the Fe content generally remained
unchanged at 90 wt%, and the Ni content and recovery rate showed no regular trend. When the bdf
dosage was increased from 22 wt% to 37 wt%, the Fe content increased from 92.10 wt% to 92.30 wt%, the
Fe recovery rate increased from 74.22% to 84.39%, the Ni content changed from 0.98 wt% to 0.82 wt%,
and the Ni recovery rate increased from 87% to 92% in the Ni-Fe alloy. However, increasing the bfd
dosage from 37 wt% to 42 wt% did not remarkably increase the Fe recovery rate, and the Ni recovery
rate decreased. Thus, Fe and Ni resources were wasted. Therefore, the optimal bfd dosage in this work
was set to 32 wt%.

4.3. Effect of Roasting Time on the Co-Reduction Process

The effect of roasting time on the co-reduction roasting of nickel slag and bfd was assessed.
The experimental conditions were as follows: co-reduction roasting temperature, 1280 ◦C; bfd dosage,
32 wt%; CaCO3 dosage, 30 wt%; and varied co-reduction roasting times. The results are shown
in Figure 5.
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The results in Figure 5 illustrate that increasing the roasting time from 20 to 140 min resulted
in an increase in Fe content from 88.68 to 93.22 wt%, an increase in Fe recovery rate from 70.48% to
81.88%, and an increase in Ni recovery rate from 87% to 91%. However, the Ni content decreased
from 0.93 wt% to 0.88 wt%. Hence, increasing the roasting time was beneficial to the reduction in the
fayalite containing magnesium to metallic iron, but too long a roasting time would lead to a waste
of energy. Therefore, the optimal roasting time was set to 110 min in this work. An Ni-Fe alloy with
93.03 wt% Fe, 81.62% Fe recovery rate, 0.86 wt% Ni content, and 89% Ni recovery rate can be obtained
at the following co-reduction roasting-grinding/magnetic separation conditions: roasting temperature,
1280 ◦C; bfd dosage, 32 wt%; CaCO3 dosage, 30 wt%; and two-stage grinding/magnetic separation.

5. Effect of Roasting Temperature on the Phase Transformation

5.1. XRD Analysis

To study the effect of roasting temperature on the disappearance/transformation of the minerals
phase during the co-reduction roasting process, different kinds of roasted products were analyzed
via XRD. The analysis results were shown in Figure 6.

The XRD results in Figure 6 showed that roasting temperature influenced the disappearance/

transformation of the mineral phase in the co-reduction roasting of nickel slag and bfd. A proportion
of the fayalite (Figure 1) from nickel slag was converted to the mineral phase of forsterite ferroan
(Mg1.38Fe0.61Ca0.01SiO4) and augite ((CaMg0.74Fe0.25)Si2O6) when the roasting temperature was 880 ◦C.
Increasing the roasting temperature to 980 ◦C resulted in the disappearance of the magnetite phase,
and a large proportion of the fayalite phase was transformed to forsterite ferroan phase. When the
co-reduction temperature was further increased to 1180 ◦C, the fayalite and forsterite ferroan phases
were generally transformed to the akermanite, augite and metallic iron phases in the roasted product.
Akermanite composition was Ca2Mg(Si2O7) but substitution between Ca and Na, between Mg and
Al-Fe as well could occur in the co-reduction process to become (Ca1.53Na0.51) (Mg0.39Al0.41Fe0.16)
Si2.0O7. The raw mineral phase of the mixture basically transformed to the mineral phase of iron and
augite, which were the main components of the roasted products as the roasting temperature was
increased to 1280 ◦C. The XRD results showed the roasting temperature could effectively regulate the
disappearance/transformation of the mineral phase during the co-reduction roasting of nickel slag
and bfd.
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5.2. Analysis of the Microstructural Variation in the Roasted Products

The microstructural variation in the roasted products at different roasting temperatures were
investigated by SEM-EDS, and the results were shown in Figure 7.

As shown in the Figure 7, the roasting temperature could effectively regulate the microstructural
change of the roasted products and promote the separation of substances. The anaysis result of point 1
showed that the mineral component of fayalite changed, but the structure of nickel slag superficially
remained unchanged as the roasting temperture was increased to 880 ◦C. Meanwhile, at point 2, the
metallic iron particles consisted of Ni-Fe-Cu. When the co-reduction temperature was increased to
1080 ◦C, the original structure of nickel slag was destroyed, and two new structures (point 5 and
point 6) were formed. The SEM-EDS result in Figure 7c also illustrated that minerals bearing iron
(XRD-2,3) grew into tiny Ni-Fe alloy particles after the structure was destroyed in situ. The SEM result
in Figure 7d showed that the original strucutre of the mixture was largely transformend into a new
one when the co-reduction roasting temperature was further increased to 1180 ◦C. The composition
of point 7 represented a new strucutre component, i.e., the augite (XRD-5) phase with aluminum.
The metallic iron particles grew into Ni-Fe alloy particles after migration–aggregation. When the
roasting temperature was increased to 1280 ◦C, the component of the grey area was homogeneous in
Figure 7e, i.e., augite with aluminum, according to point 9 and XRD- 5, and the Ni-Fe alloy particles
has grown into Ni-Fe chain structure. The SEM-EDS results showed that as the roasting temperature
was increased, the original structure of mixture was destroyed at first and then recombined into a new
structure with the homogeneous slag phase and Ni–Fe chain. The structure of the minerals with Fe
was first reduced in situ into metallic iron, grew by the aggregation of the Ni-Fe alloy particles, and
then restructured into a chain of Ni-Fe alloy.
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5.3. Analysis of the Ni-Fe Alloy Product

The XRD analysis results and Ni-Fe-Cu distribution in the SEM image of the Ni-Fe alloy product
with 93.03 wt% Fe, 81.62% Fe recovery rate, 0.86 wt% Ni, and 89% Ni recovery rate obtained from the
previous co-reduction roasting-grinding/magnetic separation condition are shown in Figure 8.

The results in Figure 8 illustrated that Fe in the Ni-Fe alloy product exhibited a high diffraction
peak with an almost pure iron phase. The distribution of Fe, Ni and Cu in the SEM image shows that
the majority of Fe overlapped with Ni and Cu in the observed area. Thus, the magnetic product from
the co-redution roasting-grinding/magnetic separation was an Ni-Fe alloy product with Cu component.
The chemical analysis of the Ni-Fe alloy product showed that the Cu content was 0.49 wt%.
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6. Conclusions

A novel co-reduction roasting was proposed to realize a collaborative reutilization of nickel slag
and blast furnace dust as solid wastes produced in metallurgical industry. An Ni-Fe alloy product as a
raw material for producing weatherproof structural steel with 93.03 wt% Fe, 81.62% Fe recovery rate,
0.86 wt% Ni, 89% Ni recovery rate, 0.49 wt% Cu content can be obtained under the following conditions
in this work: roasting temperature, 1280 ◦C; blast furnace dust dosage, 32 wt%; CaCO3 dosage,
30 wt%; co-reduction roasting time, 110 min; and two-stage process of grinding/magnetic separation.
In addition, it is believed that the tailings magnetic separation could be used as construction materials.

XRD and SEM-EDS results showed that the roasting temperature could effectively regulate the
mineral phase transformation and inter-microstructure change in the roasted product during the
co-reduction roasting process. Increasing roasting temperature gradually transformed the mineral
phase of Mg-bearing fayalite and magnetite to iron phase and augite phase. The original structure
was destroyed in situ, and then a new structure containing homogeneous slag phase and Ni-Fe alloy
phases was formed through the co-reduction roasting process. The Fe-bearing minerals were reduced
in situ position into metallic iron particles. Finally, the metallic iron particles underwent migration and
aggregation to grow into an Ni-Fe alloy product containing a Cu component chain structure.
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