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Abstract
Serious concerns have been raised from the solid waste processing field about minimizing the environmental footprint of elec-
troplating sludge (ES), not only because of its hazardousness but also due to the rising demand for recycling non-renewable 
metal resources. A low-temperature alkaline matte smelting process is proposed in the present study. Na2CO3 was used as a 
flux reagent for smelting ES at 1250 °C, which is 100–250  °C lower than those previously reported. XRD and SEM–EDS 
revealed that the presence of Na species in the matte and slag phases was conducive to reducing the smelting temperature. The 
relationship between the processing parameters, i.e., Na2CO3, coal powder, and sulfur dosages, and the partitioning of Cu, 
Ni, and Cr were investigated for optimal metal recovery. A copper–nickel matte (Cu + Ni = 46.9 wt%) was produced. Cu and 
Ni recovery achieved 95% and 90%, respectively, while over 99% Cr was concentrated in the slag. The TCLP test indicated 
that heavy metal leaching toxicities of the slag were below the Chinese national identification standards (GB5085.3-2007) 
due to the formation of stable spinel phases and embedment of heavy metals in the glassy slag matrix.
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Introduction

The electroplating process is widely applied in various man-
ufacturing industries, such as automobiles, electronics, metal 
finishing, etc., but leads to massive electroplating sludge 
(ES) disposal [1]. ES produced in China amounts to sev-
eral million tons annually and is characterized by complex 
composition, strong migration ability, and severe ecological 
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toxicity [2], which is a high-risk threat to the ecological 
environment [3]. Therefore, serious concerns from both 
legislation and industry are raised to minimize the environ-
mental footprint of ES, not only because of its hazardousness 
but also due to the rising demand for sustainable use of non-
renewable metal resources [4].

Generally, 3R rules, namely, remediation, reduction, 
and recycling, should be considered when processing solid 
wastes. The solidification/stabilization method is the most 
widely applied technique for safe ES disposal due to its sim-
plicity and low cost. Using a stabilization agent and/or a 
high-temperature calcination method [5], heavy metals can 
be stabilized in the matrix of fire clay brick, ceramics, or 
backfill materials [6–8]. However, the metal values in ES can 
no longer be extracted from the stabilized products, except 
for the volatile elements or compounds [9]. Hydrometal-
lurgical methods were also proposed due to their ability 
to extract metals from ES with high recovery [10]. Typi-
cally, ES was leached by sulfuric acid, hydrochloric acid, or 
ammonium hydroxide solution, with subsequent precipita-
tion, solvent extraction, or electrowinning steps for further 
separation/purification of various metals [1, 11, 12]. Value-
added materials also can be synthesized from the leaching 
solution to enhance the economic feasibility of the processes 
[13–15]. Nevertheless, secondary pollution of leaching resi-
dues and wastewater remains challenging [2].

Recently, high-temperature smelting processes 
attracted great interest in extracting valuable metals 
from ES [16]. Tian et al. [17] reported a carbon thermal 
reduction and low-carbon reduction refining process for 
Cu ES, by which 96% Cu and 85% Ni were enriched 
in an anode copper plate, while 90.77% Pb, 95.14% Sn, 
and 99.92% Zn were recovered in the flue dust. This 
technique showed a high potential for industrial appli-
cation because not only metal values were efficiently 
recovered, but also the final slag can be safely used as a 
construction material [18]. However, Cr is a refractory 
element and its content in ES usually ranges from 1.5 to 
15 wt% [1], resulting in high smelting temperatures of 
ES. Zhou et al. [19] reported that smelting an ES with 
a Cr content of 6 wt% at 1500  °C using starch as the 
reductive agent. Zhang et al. [20] also found that an ES 
containing 4 wt% Cr should be smelted at a temperature 
above 1350  °C. Moreover, these high-temperature reduc-
tive smelting methods resulted in the formation of metal 
alloys to which Cu, Ni, Fe, and Cr were simultaneously 
reported, leading to difficulties in further purification 
[21, 22]. Therefore, developing a smelting technique for 
ES at a typical nonferrous metal smelting temperature 
(1000–1300 °C) would save energy and benefit further 
metal purification, finally leading to lower carbon emis-
sions and sustainability of the industry.

The alkaline smelting process, in which alkaline fluxes 
such as Na2CO3, NaOH, etc. are used as flux [23], is a 
low-temperature smelting method for various raw materi-
als [24]. It was reported that the smelting temperatures of 
Sb concentrate and waste lead paste were reduced from 
1200 to 1000  °C [25] and 1350 to 880  °C [26], respec-
tively, using alkaline smelting techniques. Meanwhile, the 
reaction between alkaline flux and sulfur led to the for-
mation of a low melting point Na2S in the matte, which 
facilitated phase separation during smelting [27]. Dang 
et al. [28] pointed out that Na2CO3 can also react with 
Cr2O3 to form the low melting point compound Na2CrO4, 
as shown by Eq. (1).

Therefore, the alkaline smelting method showed a high 
potential to fill the gap between the current ES recycling 
technique and the need to extract metal values based on the 
3R rules. However, the relationship between the element par-
titioning and smelting parameters needs to be extrapolated 
considering a possible industrial application. Concerns about 
the toxicity of the alkaline smelting products to the ecologi-
cal system should also be addressed. In this work, alkaline 
smelting of ES was studied using Na2CO3 as the alkaline flux. 
The effect of Na2CO3 dosage, coal dosage, sulfur dosage, and 
FeO/SiO2 and CaO/SiO2 weight ratios on the partitioning of 
typical heavy metals, i.e., Cu, Ni and Cr, in the products was 
investigated. The phase and toxicity of the smelting slag were 
analyzed. This work suggests a low-temperature smelting route 
for processing ES, which will facilitate the development of 
harmless processing techniques for recycling abundant heavy 
metal-containing sludges.

Experimental

Raw Material

The raw material in this work was ES provided by Zhejiang 
Taitong Renewable Resources Utilization Co., Ltd., China. 
The ES was dried, ground, and sieved at 200 mesh to ensure 
homogeneity. The composition of the ES was analyzed by an 
X-ray fluorescence spectrometer (XRF), and metals of inter-
est, i.e., Cu, Ni and Cr, were analyzed by inductively coupled 
plasma-atomic emission spectroscopy (ICP-AES). The results 
are listed in Table 1, showing that the mass contents of Cu, Ni, 
and Cr were 4.0%, 7.3%, and 3.9%, respectively. XRD analy-
sis indicated that the ES was mainly amorphous, with only 
characteristic peaks of CaSO4, CaCO3, and SiO2, as shown in 
Fig. S1 (see Supplementary File), because it was a chemical 
deposition from electroplating wastewater.
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Alkaline Smelting Experiment

According to the composition of raw ES, the 
FeOx–CaO–SiO2 slag system, which is frequently used in 
nonferrous metal smelting processes, was chosen in this 
work. The slag composition can be adjusted to obtain a melt-
ing point between 1200 and 1250  °C by adding an appro-
priate amount of flux according to the FeOx–CaO–SiO2 
ternary [29]. Therefore, 1250 °C was used as the smelting 
temperature in the study, which is also a typical smelting 
temperature in copper pyrometallurgical processes [30]. 
A schematic diagram of the alkaline smelting procedure is 
illustrated in Fig. S2. The ES (50 g) was mixed with cer-
tain amounts of Fe2O3 (99.0%, Tianjin Kemiou Chemical 
Reagent Co., Ltd.) and SiO2 (99.0%, Hunan Huihong Rea-
gent Co., Ltd.) to adjust the slag composition according to 
the required w(FeO)/w(SiO2) (weight ratio of FeO to SiO2) 
and w(CaO)/w(SiO2) (weight ratio of CaO to SiO2). FeO 
was used here for presentation convenience, although both 
Fe(III) and Fe(II) existed in the slag. Na2CO3 (99.9%, Sinop-
harm Chemical Reagent Co., Ltd.), coal powder (55.4 wt% 
carbon, 27.3 wt% volatiles and 16.8 wt% ash), and sulfur 
(99.0%, Hunan Huihong Reagent Co., Ltd.) were also added 
according to the set weight percent of the ES. The mixture 
was mixed in a mortar for 30 min before being transferred 
to a 500-mL fire clay crucible. After the furnace (SRJX-8-
13, Changshi Furnace) temperature was raised to 650  °C, 
the crucible was transferred into the furnace, and the tem-
perature was raised at 20  °C/min to 1250  °C. After smelt-
ing for 2 h, the crucible was lifted out of the furnace and 
cooled in the air atmosphere. Then, the crucible was broken, 
and the products, namely, matte and slag, were separated 
and weighed. Due to the low volatilities of Cu, Ni, and Cr 
compounds, their distribution in the flue dust during reduc-
tion was neglectable [17], thus, dust was not considered as 
a smelting product in this work. Finally, the Cu, Ni, and Cr 
contents in the products were analyzed.

The distribution ratio was calculated by Eqs. (2)–(3)

where DMeM and DESl denote the mass distribution ratios of 
metals (Me) in the matte and slag, mMeM and mESl denote 

(2)DMeM =
m

MeM
×M

m

M
Me

× 100%,

(3)DMeSl =
m

ESl
×M

Sl

M
Me

× 100%,

the weight ratios of metals in the matte and slag, Mm and 
MSl denote the weights of matte and slag produced in the 
smelting process, and MMe denotes the total mass of metal 
(Me) in the ES.

Characterization

Composition Analysis

X-ray fluorescence spectrometer (XRF, XRF-1800, Shi-
madzu, Japan) was used to quantify element contents in 
the solid samples. The sample was scanned with a scan-
ning rate of 20°/min by a tube current of 140 mA with an 
Rh target.

Inductively coupled plasma-atomic emission spectra 
(ICP-AES, ICAP 7400 Radial, Thermo Fisher Scientific, 
USA) were used to quantify the Cu, Ni, and Cr contents 
in the samples. When the standard solution with a con-
centration of 1 ppm or 10 ppm was measured, the RSD of 
ten consecutive measurements was less than 1.0%. First, 
standard curves were built based on Cu, Ni, and Cr stand-
ard solutions with various contents (National Nonferrous 
Metals and Electronic Materials Analysis and Testing 
Center, China). Second, the solid products, i.e., matte and 
slag, were digested in sulfuric (AR, Sinopharm Chemical 
Reagent Co., Ltd.) and phosphoric acid (AR, Sinopharm 
Chemical Reagent Co., Ltd.) mixtures, and then, the metal 
contents in the acid mixtures were analyzed.

Phase Analysis

X-ray diffraction pattern (XRD, Empyrean 2, PANalytical, 
Netherlands) was used to analyze the crystal phases of the 
samples with Cu Kα radiation (λ = 1.5406 Å). 2θ Ranging 
from 10° to 80° was scanned with a scanning rate of 10°/
min, and the spectra were analyzed by Jade 6 using stand-
ard PDF cards (JCPDF cards) to obtain phase information.

Emission scanning electron microscopy (SEM, JSM-
7900F, JEOL, Japan) was used to observe the morphology 
of the smelting products. The SEM was equipped with an 
energy-dispersive spectrometer (EDS, EDX-GENESIS60S, 
EDAX, USA) to analyze the micro-areas observed by 
SEM, and the working distance was 12 mm. The EDS data 
obtained in this study can be regarded as semi-quantitative 
only, with an uncertainty >  ± 1 wt%. The samples were 
mounted with epoxy resin and polished. After preliminary 

Table 1   Composition of the ES 
(dry base, wt%)

*Analyzed by ICP-AES

Element Cu* Ni* Cr* Fe Zn Pb Na Ca Al Si S

Content (%) 4.0 7.3 3.9 20.7 3.5 0.5 1.2 10.2 2.0 2.2 2.9
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examination by optical microscopy, the samples were sput-
tered with carbon to improve the conductivity under an 
electron beam.

Toxicity Evaluation

The toxicities of the samples were evaluated by a standard 
toxicity characteristic leaching procedure (TCLP) according 
to the Chinese National Identification standards for hazard-
ous wastes (GB5085.3-2007), as described in the Supple-
mentary File.

Results and Discussion

Thermodynamic Analysis and Preliminary 
Investigation

Superimposed predominance diagrams of Cu–S–O, 
Ni–S–O and Cr–S–O at 1250  °C were depicted using the 
Predom module in FactSage 8.0 software [31], and the 
results are shown in Fig. 1. It suggests that Cu2O and NiO 
in the ES can be reduced to Cu(l) and Ni(s) (Area (2)) 
at logPO2

< −8 atm , while Cr2O3 remains unchanged. In 
this regard, Cu and Ni will report to metal and Cr reports 
to slag in reductive smelting, which would realize their 
separation. However, due to its high melting point (1453 
°C), Ni is in solid-state at 1250  °C, which accounts for 
the high smelting temperature for ES with high Ni contents 
[19]. On the other hand, Cu2O and NiO can be converted 

to Cu2S (l) and Ni3S2 (l) (Area (15)) by raising logPSO2
 at 

logPO2
< −8 atm , which would facilitate the enrichment 

of Ni and Cu in liquid matte at 1250  °C. Meanwhile, Cr 
remains to be solid Cr2O3. Therefore, the predominance 
diagram suggested that a matte smelting route would facil-
itate the enrichment of Ni and Cu and the separation of Cr 
at a typical matte smelting temperature.

According to the thermodynamic analysis, the ES 
was mixed with reduction and sulfurization agents, i.e., 
coal and sulfur powder, and preliminary matte smelting 
experiments were investigated with or without alkaline 
flux (Na2CO3). The conditions were w(FeO)/w(SiO2) = 1.5, 
w(CaO)/w(SiO2) = 0.8, the dosage of coal powder 
and sulfur powder = 10 wt% of the ES, the dosage 
of Na2CO3 = 38.2 wt% of the ES, smelting tempera-
ture = 1250  °C, and smelting time = 2 h. As shown in 
Fig. 2, neither homogeneous phases nor clear boundaries 
between different phases were identified in the sample 
without Na2CO3. The upper layer was dark gray glassy slag 
with white solid particles embedded, while the lower layer 
was heterogeneous mixed phases of slag and gray silver 
matte. Pores were also observed on this layer. The sample 
indicated that homogeneous molten phases were not pro-
duced without Na2CO3, leading to difficulties in not only 
matte making but also products separation. On the other 
hand, a clear boundary between the matte and slag can be 
observed in the sample with the addition of Na2CO3. The 
formation of homogeneous light–dark glassy slag and gray 
silver matte indicated that metal values were effectively 
enriched in the matte phase that can be separated from the 

Fig. 1   Superimposed Cu–Ni–Cr–S–O predominance diagram at 1250  °C
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slag phase, suggesting that alkaline matte smelting was 
feasible to recover Cu and Ni in the ES at 1250  °C.

Effect of Na2CO3 Dosage

The effect of Na2CO3 dosage on the metal content of the 
smelting products was investigated under the following con-
ditions: w(FeO)/w(SiO2) = 1.5 and w(CaO)/w(SiO2) = 0.8. 
The dosages of coal powder and sulfur powder were 4% and 
8% of the ES weight, respectively. The smelting temperature 
and time of all the experiments were set at 1250  °C and 2 h 
otherwise mentioned.

As shown in Fig. 3A, B, the Cu and Ni contents of the 
slag decreased with increasing Na2CO3 dosage, while those 
of the matte increased. At a Na2CO3 dosage of 38.2%, the 
contents of Cu, Ni, and Cr of the slag (denoted as mCuSl, 
mNiSl and mCrSl) were 0.2 wt%, 0.7 wt%, and 4.2 wt%, respec-
tively, while those of the matte (denoted as mCuM, mNiM and 
mCrM) were 19.0 wt%, 27.9 wt%, and 0.1 wt%, respectively. 
In accordance with the content, the matte distribution ratio 
of Cu and Ni (denoted as DCuM and DNiM) reached 95.1% 
and 90.1%, and that of Cr in the slag (denoted as DCrSl) 
amounted to 99.3%, as shown in Fig. 3C. This result indi-
cated that the increase of Na2CO3 dosage was conducive to 
recovering Cu and Ni but had little effect on Cr distribution. 
Although a further increase in Na2CO3 dosage may lead to 
even higher recovery ratios, considering that mCuSl and mNiSl 
were already below 1 wt% at a Na2CO3 dosage of 38.2%, 
great improvement in metal recovery was not expected by a 
further increase of Na2CO3 dosage.

Effect of Coal Dosage

Coal powder was used as an agent to produce a reductive 
atmosphere. The effect of coal powder was investigated by 
varying the coal dosage from 2 to 13% of the ES weight, 

and fixing other conditions: w(FeO)/w(SiO2) = 1.5 and 
w(CaO)/w(SiO2) = 0.8, and the dosages of Na2CO3 and sul-
fur powder were 38.2% and 10% of the ES weight.

According to Fig. 4A, mCuSl, mNiSl, and mCrSl all increased 
with increasing coal dosage. With a coal dosage of 2%, 
mCuSl, mNiSl, and mCrSl were 0.2 wt%, 0.4 wt%, and 2.2 wt%, 
which rose to 1.5 wt%, 1.0 wt%, and 5.7 wt%, respectively, 
with a coal dosage of 13%. Meanwhile, mCuM, mNiM, and 
mCrM decreased by 3.8 wt%, 1.3 wt%, and 1.7 wt%, respec-
tively (Fig. 4B). Figure 4C shows the effect of coal dosage 
on the element distribution. This result indicated that Cu and 
Ni were mainly reported to the matte, while Cr was reported 
to the slag. DCuM, DNiM, and DCrM were 94.9%, 92.3%, and 
4.8%, respectively, with a coal dosage of 2 wt%. Increasing 
the coal dosage to 4 wt% resulted in a decrease of DCrM to 
1.3%, while DCuM and DNiM remained almost unchanged. A 
further increase in coal dosage led to decreases of DCuM and 
DNiM; in particular, DCuM sharply decreased to 77.5% with a 
13% coal dosage. Although coal powder was necessary for 
reducing metal oxides, its negative effect on metal recovery 
at high coal dosages could be attributed to two reasons: first, 
a strong reductive atmosphere may lead to the formation of 
metal; second, a higher coal dosage may lead to more ash 
containing refractory oxides, as proved by composition anal-
ysis (Table 2), the content of aluminum oxides raised with 
the increase of coal dosage, which may raise the viscosity 
and melting point of the slag. Therefore, a 4% coal dosage 
was chosen to be the optimal condition.

Effect of Sulfur Dosage

The effect of sulfur dosage was studied by changing from 
4 to 12% of the ES weight, while fixing other conditions as 
w(FeO)/w(SiO2) = 1.5 and w(CaO)/w(SiO2) = 0.8, and the 
dosages of Na2CO3 and coal powder were 38.2% and 4% of 
the ES weight.

Fig. 2   Pictures of preliminary smelting products. Without Na2CO3 (A), and with Na2CO3 (B)
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As shown in Fig. 5A, B, mCuSl, mNiSl, and mCrSl decreased 
from 0.4 wt%, 1.4 wt%, and 4.7 wt% to 0.3 wt%, 0.7 wt%, 
and 3.4 wt% by raising the sulfur dosage from 4 to 10%. This 
can be explained by the fact that a higher sulfur dosage facil-
itated the formation of Cu2S and Ni3S2, which reduced their 
content in the slag. Meanwhile, the Fe content of the matte 
(denoted as mFeM) also increased, as implied by the drop of 
mCuM and mNiM. Consistently, Sridhar et al. [32] studied Cu 
loss in smelting slag and pointed out that mCuSl decreased 
with increasing mFeM. However, a further increase in sulfur 
dosage to 12 wt% led to higher mCuSl, mNiSl, and mCrSl, which 

could be attributed to the movement of slag composition to 
the CaO–SiO2 side with excessive Fe reported to the matte 
phase, as the increase in [SiO4]4− content would raise the 
viscosity of the slag, leading to bad separation of the smelt-
ing products. Figure 5C shows the element distributions at 
various sulfur dosages. This result suggested that DCuM and 
DNiM increased with increasing sulfur dosage before 10%; 
however, sulfur dosages higher than 8% showed little effect 
on improving Cu recovery; therefore, an 8% sulfur dosage 
would be optimal for Cu and Ni recovery.

Fig. 3   Effect of the mass fraction of Na2CO3 dosage to electroplating sludge on the metal content in the slag (A), matte (B) and on the mass dis-
tribution ratio of metal (C)
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Effect of w(FeO)/w(SiO2)

The effect of w(FeO)/w(SiO2) ranging from 1.1 to 1.9 was 
studied using the conditions of w(CaO)/w(SiO2) = 0.8, and 
the dosages of Na2CO3, coal powder, and sulfur were 38.2%, 
4%, and 8% of the ES weight, respectively.

Figure 6A, B indicates that mCuSl and mNiSl decreased 
before w(FeO)/w(SiO2) = 1.5 and then slightly increased, 
while mCrSl showed a downward trend. The possible rea-
son for this could be that the increase of w(FeO)/w(SiO2) 
within a certain range is beneficial for the sedimentation 
of metal droplets [33], but excessive FeOx resulted in the 
movement of slag composition toward the FeOx apex, where 

the formation of solid spinel with high melting points is 
favored at a prevailing partial pressure of matte smelting, 
i.e., approximately 10−8 atm. Figure 6C suggests a consist-
ent trend in which the optimal Cu and Ni recoveries were 
achieved at w(FeO)/w(SiO2) = 1.5, DCuM and DNiM were 
95.1% and 90.1%, respectively, while DCrSl reached 99.3%.

Effect of w(CaO)/w(SiO2)

The effect of w(CaO)/w(SiO2) ranging from 0.6 to 0.9 was 
studied using the conditions of w(FeO)/w(SiO2) = 1.5, and 
the dosages of Na2CO3, coal powder, and sulfur were 38.2%, 
4%, and 8% of the ES weight, respectively.

Fig. 4   Effect of the mass fraction of coal dosage to electroplating sludge on the metal content in the slag (A), matte (B) and on the mass distribu-
tion ratio of metal (C)
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According to Fig. 7A, B, the effect of w(CaO)/w(SiO2) 
was similar to that of w(FeO)/w(SiO2). The optimal 
w(CaO)/w(SiO2) was found to be 0.8, by which the lowest 
mCuSl and mNiSl were obtained. Consistently, Fig. 7C sug-
gests that DCuM, DNiM, and DCrSl were the highest in this con-
dition. Nikolic et al. [34] and Shishin et al. [35] suggested 
that an increase in CaO content in the FeOx–SiO2–CaO slag 
system raised the activity coefficient of Cu in the slag, which 
was conducive to reducing its distribution in the slag.

Composition and Phase Analysis of the Smelting 
Products

The composition of some smelting products is analyzed by 
XRF and is listed in Table 2, and the conditions of obtaining 
these products are listed in Table S1. It can be informed that 
the Cu + Ni content of the matte ranged from 33.5 to 52.9 
wt%, as described in the previous sections. It is noted that 
w(FeO)/w(SiO2) and w(CaO)/w(SiO2) in the slag were lower 
than the set values, which can be ascribed to the deportment 
of Fe to the matte phase and the reaction between the slag 
and crucible.

SEM–EDS and XRD analyses were performed to obtain 
phase information of the smelting products, namely, matte 
and slag, as shown in Figs. 8 and 9. As shown in Fig. 8A, 
there were two distinguishable contrasts in the slag. EDS 
mapping figures revealed that Fe and Cr were concentrated 
in the brighter area, Na distributed evenly, while Cu and Ni 
were almost negligible in the whole sample. Based on the 
EDS analysis of the respective points (Table 3), the brighter 
phase was mainly spinel phases of FeCr2O4, NiCr2O4, 
FeAl2O4, Fe3O4, or their composites, which is consistent 
with the XRD analysis (Fig. 9). The darker one was the 
glassy slag.

It is also worth mentioning that Cr was mainly detected 
in the spinel phases rather than the glassy slag phase. 

According to the phase diagram of the slag at 1250  °C (Fig. 
S3), liquid slag equilibrated with spinel during smelting. 
As the sample was not quenched but cooled in air after the 
experiment, the occurrence of Cr-containing spinel can be 
either a solid phase at the smelting temperature or formed 
during the cooling. The glassy slag had a higher Na content 
than the other phases, which could account for the lower 
smelting temperature of the alkaline smelting technique. On 
the other hand, SEM–EDS analysis of the matte revealed the 
existence of Cu2−xFeS and Ni3−xFexS2, in accordance with 
the XRD results. EDS mapping revealed that the distribution 
of Na was highly coincident with that of Cu, suggesting that 
Na2S indeed combined with Cu2S during the matte making. 
In fact, EDS analysis for point 4 (Table 3) also revealed a 
Na content of 9.4 wt% in the Cu2−xFexS matte, which is in 
accordance with the EDS mapping analysis.

Discussion

The liquidus temperature of slag is a determining fac-
tor in regard to the smelting temperature. Accord-
ing to the FeOx–CaO–SiO2 ternary [29], the liquidus is 
approximately 1200–1250  °C at w(FeO)/w(SiO2) = 1.5, 
w(CaO)/w(SiO2) = 0.8 and logPO2

= −8 atm . In this regard, 
the ES can theoretically be smelted at 1250  °C. However, 
the presence of Cr in the ES hindered the smelting process 
due to its effect on raising the liquidus temperature. Suk-
homlinov et al. [36] pointed out that the solubility of Cr in 
a FeOx–SiO2–CaO (0–10 wt%) system was only 0.3 wt% in 
a reducing condition ( PO2=10−10 atm). Excessive Cr over 
the solubility in the slag system promoted the formation of 
a high melting point spinel phase, which led to an increase 
in the liquidus temperature by 50–60  °C, as reported by 
Ilyushechkin et al. [37].

Table 2   Main composition of 
the smelted products of several 
experiments (wt%)

*Analyzed by ICP-AES

Exp. nos Product Fe Cu* Ni* Cr* Zn Na Ca Al Mg Si S

E1 Matte 16.3 19.0 27.8 0.1 1.0 4.8 0.6 2.0 0.1 2.6 20.4
Slag 14.6 0.2 0.7 4.2 2.6 11.8 7.5 7.6 0.5 15.3 5.3

E2 Matte 14.2 16.5 24.0 0.2 0.8 4.1 0.6 0.9 0.1 1.5 16.3
Slag 16.3 0.8 3.5 4.8 2.9 10.1 7.8 8.6 0.6 16.2 0.7

E3 Matte 22.3 15.2 23.4 1.0 2.2 4.3 0.2 0.3 0.1 0.3 24.1
Slag 12.6 0.3 0.7 3.4 3.1 10.8 11.8 7.8 0.9 16.4 1.24

E4 Matte 22.9 12.1 23.2 0.7 3.0 6.5 0.2 0.2 0.1 0.2 26.7
Slag 9.4 1.5 1.1 5.7 2.1 12.2 11.5 9.4 0.8 18.6 1.2

E5 Matte 2.4 22.3 30.6 0.3 0.4 4.5 1.1 2.9 0.1 4.2 13.7
Slag 17.3 0.4 1.4 4.7 2.7 14.1 7.7 7.8 0.5 15.5 1.1

E6 Matte 15.7 14.2 19.3 0.05 1.8 8.4 0.6 1.7 0.1 2.2 19.5
Slag 13.1 0.9 2.2 4.4 2.6 13.1 7.8 9.5 0.6 16.7 1.0
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The addition of alkaline flux, i.e., Na2CO3, facilitated the 
smelting of ES at a typical nonferrous metal smelting tem-
perature (1250  °C), which is 100–250  °C lower than those 
reported in previous works [17, 19]. As shown in Fig. 2, 
slag and matte were distinguishably separated compared 
with the products without Na2CO3 addition. Figure 8 further 
shows that Cu and Ni sulfides were enriched in the matte 
phase, while Cr was deported to the slag phase. This could 
be attributed to two reasons:

Firstly, the introduction of alkaline flux reduced the melt-
ing temperature of the slag. FactSage 8.0 was used to simu-
late the effect of Na2O addition on the isotherms of pseudo 

FeO–SiO2–CaO with 5.8 wt% Cr2O3 (equals to 4 wt% Cr) 
at 1250  °C and logPO2

= −8 atm . The boundary condi-
tions for the calculation are listed in the Supplementary File. 
Although the system was simplified for calculation conveni-
ence and may not reflect the real melting point of the experi-
mental slag system, the liquidus at the set slag composition 
[red dots in Fig. 10 (color figure online)] was reduced by 
over 40  °C with the addition of 13.5% Na2O (equal to 10 
wt% Na). The main reason for the extremely high liquidus 
of the slag was due to the high temperature required to fully 
melt chromium compounds, e.g., FeCr2O4, etc. However, the 

Fig. 5   Effect of the mass fraction of sulfur dosage to electroplating sludge on the metal content in the slag (A), matte (B) and on the mass distri-
bution ratio of metal (C)
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proportion of these solid compounds in the liquid slag may 
be influenced by alkaline flux.

As shown in Fig. 11, the effect of Na2O on the proportion 
of equilibrium phases, i.e., liquid slag and solid spinel, of 
the product was calculated at 1250  °C and logPO2

= −8 atm 
(Fig. 11; Table S2). The results indicated that solid spi-
nel proportion decreased from 31.5 to 10.9% as Na2O/
(FeO + SiO2 + CaO + Cr2O3) increased from 0 to 15 wt%, 
which was the main reason why alkaline smelting of ES can 
be conducted at a lower temperature.

Secondly, although Mäkinen and Taskinen [38] reported 
the liquidus of copper–nickel mattes could be below 600 °C, 
the addition of Na2CO3 led to the formation of Na2S, which 

could further reduce the melting point of Cu–Ni–Fe sulfides, 
as has been reported in copper dross smelting processes [27, 
39].

The element distribution results indicated that 95.1% Cu 
and 90.1% Ni of the ES were recovered in the matte after 
the alkaline smelting process. Although the data cannot be 
directly compared with other studies due to the different raw 
materials and final products, Cu and Ni recovery were close 
to those of the carbon thermal reduction–reduction refin-
ing process (Cu recovery: 96.4%, Ni recovery: 85%) for ES 
with a high Cu content (24 wt%) and low Cr content (0.47 
wt%) [17], suggesting that the alkaline smelting technique 
can effectively recover Cu and Ni in the ES with 10 times 

Fig. 6   Effect of w(FeO)/w(SiO2) on the metal content in the slag (A), matte (B) and on the mass distribution ratio of metal (C)
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higher Cr content using a relatively lower smelting tempera-
ture, i.e., 1250  °C.

The cost–benefit analysis is listed in Table 4. To sim-
plify the calculation, the labor cost of the operation cer-
tainly depends on the scale of the operation was omitted. In 
addition, the prices of the raw material used in the calcula-
tions retrieved from a raw material wholesale sales platform 
operated by Alibaba Group (https://​www.​1688.​com). The 
reagent and electricity cost of the present technique for the 
ES would be approximately 1600 RMB/tES, which is far 
below the landfill charge for hazardous solid waste (2700 
RMB/t) [40]. Moreover, the recovered Cu and Ni can also 

be profitable products. In this regard, the alkaline smelting 
technique for ES is economically feasible.

On the other hand, over 99% Cr was reported to the 
slag after the alkaline smelting process. Typically, Cr was 
extracted from chromium ores by a soda roasting process 
in which Cr2O3 was transferred into soluble Na2CrO4 for 
a higher leaching ratio. In this regard, alkaline smelting 
slag may also pollute the environment by releasing soluble 
Cr, Cu, Ni, or other heavy metals. To test its toxicity, the 
TCLP process [42] was applied to the slag produced in 
the optimal smelting condition, and the results are listed 
in Table 5. The concentrations of Cu, Ni, Cr, Pb, and Zn 
in the leachate were 0.17 mg/L, 0.15 mg/L, 0.25 mg/L, 

Fig. 7   Effect of w(CaO)/w(SiO2) on the metal content in the slag (A), matte (B) and on the mass distribution ratio of metal (C)

https://www.1688.com
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0.06 mg/L, and 0.17 mg/L, respectively, which are below 
the standard of extraction toxicity of hazardous waste 
in China [42] and in the US [43, 44]. As indicated by 
SEM–EDS analysis (Fig. 8), Cr, Cu, Ni, and Zn mainly 
existed in the form of (Fe, Ni, Cu, Zn)Cr2O4 spinel which 
was reported to be a stable phase resistant to leaching [6]. 
Moreover, the diffusion of leaching solution to the spinel 
phases was further prohibited by the encapsulation of spi-
nel in the glassy slag matrix [45].

Conclusions

Alkaline matte smelting was proposed for recovering Cu and 
Ni in the ES, and the effect of various smelting parameters 
on the distribution of metal values was investigated in this 
work. The main conclusions are as follows:

Fig. 8   SEM–EDS figures of the smelting products (A slag, B matte)

Fig. 9   XRD patterns of the smelting products



1038	 Journal of Sustainable Metallurgy (2022) 8:1026–1040

1 3

(1)	 The alkaline matte smelting technique effectively 
enriched Cu and Ni in the matte phase and Cr oxide in 
the slag phase. Matte and slag were well separated with 
a clear boundary at a typical nonferrous metal smelt-
ing temperature, i.e., 1250  °C, which is 100–250  °C 
lower than the temperatures previously reported. Cost 

benefit analysis indicated that the processing cost for 
the ES was 1600.2 RMB/t, showing a high potential for 
industrial application.

(2)	 The optimal process condition was obtained as 
w(FeO)/w(SiO2) = 1.5, w(CaO)/w(SiO2) = 0.8, Na2CO3, 
coal powder, and sulfur dosages were 38.2%, 4%, and 

Table 3   EDS analysis results of 
the points in Fig. 8

“ − ” Not detected or not exist

Points Content (wt%) Main phase

Fe Si Ca Cr Ni Cu Zn Al Na S O

1 15.1 5.1 1.7 20.8 1.6 – 3.6 5.4 5.8 – 37.2 Spinel
2 19.7 1.5 0.9 34.2 2.3 0.7 – – 6.0 – 34.8 Spinel
3 4.6 16.9 6.0 – – – 0.8 9.6 15.3 – 44.4 Slag
4 12.8 – – – – 43.9 – – 9.4 27.9 0.8 Cu2−xFexS
5 7.7 – – – – 65.9 – – – 26.4 – Cu2−xFexS
6 9.4 – – – 47.3 3.6 – – – 26.5 1.9 Ni3−xFexS2

7 26.0 – – – 32.4 1.6 – – – 32.5 – Ni3−xFexS2

Fig. 10   The effect of Na2O on isotherms of FeO–CaO–SiO2 pseudo-ternary. A Without Na2O, and B with 13.5% Na2O

Fig. 11   Effect of Na2O on the mass ratio of solid spinel to liquid slag

Table 4   Cost–benefit analysis of the alkaline smelting technique for 
ES

*Calculation based on the average industrial electricity price and 
power consumption of smelting Cu–Ni ore calcines in an electrical 
furnace [41]

Price (RMB/t) Consumption (t/
tES)

Cost (RMB)

Soda 1050 0.38 399
Coal 800 0.04 30
Sulfurization 

agent
2000 0.08 160

lime 480 0.13 62.2
Electricity* 0.73 RMB/kW·h 650 kW·h/t × 2 h 949
Total cost 1600.2
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8% of the ES weight, in which DCuM, DNiM, and DCrSl 
reached 95.1%, 90.1%, and 99.3%, respectively.

(3)	 The TCLP test indicated that the Cu, Ni, Cr, Pb, and Zn 
leaching toxicities of the slag were much lower than the 
Chinese national identification standards for hazardous 
wastes (GB5085.3-2007) and the US Federal Regula-
tions ((2022) 261.24). The formation of stable spinel 
phases containing Cu, Ni, Cr, and Zn, plus their embed-
ment in the glassy slag matrix, could be accounted for 
the low toxicity.
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rial, which is available to authorized users.
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