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Abstract: With the rapid development of China’s zinc-related industries, the grade of zinc
concentrate has steadily declined, while the generation of zinc-containing solid waste has
shown a significant upward trend. To address this issue, a collaborative smelting process
for lead–zinc ores and zinc-containing solid waste has been proposed, aiming to effectively
recycle zinc-based solid waste during the processing of lead–zinc ores. This study examined
the effects of adding different proportions of electroplating sludge (3%, 6%, 9%, and 12%)
to lead–zinc ores on the smelting performance of primary ores. The results indicated that
when the addition reached 6% or higher, certain complex compounds were effectively
decomposed, while the volatilization rate remained comparable to that of the primary
ore. Moreover, increasing the proportion of electroplating sludge not only immobilized
part of the lead, reducing its volatilization, but also significantly lowered the melting
point of the mixture. The lowest melting point (1199 ◦C) was observed with a 9% addition;
although it slightly increased at 12%, it remained below the melting point of the primary ore.
Based on these findings, an optimal addition of approximately 6% electroplating sludge is
recommended to maximize the efficiency and benefits of the collaborative smelting process.

Keywords: lead–zinc ore; electroplating sludge; melting point; solid solution; zinc-based
solid waste

1. Introduction
As a pivotal industry underpinning the national economy, lead and zinc smelting

plays an irreplaceable role across multiple sectors [1,2]. With the continuous growth
of the global economy and the ongoing advancement of technology, zinc, as a versatile
strategic material, has seen a persistent rise in market demand. However, the increas-
ing depletion of high-grade zinc ore resources has prompted a shift in focus towards
secondary resources—zinc-bearing solid waste [3]. The zinc content in these waste ma-
terials is significant, sometimes even exceeding that of raw ores, endowing them with
dual characteristics of resource utilization and hazardous solid waste [4–6]. However,
the overall level of recycling and utilization of zinc-bearing solid waste in China remains
relatively low, significantly below the average levels observed in developed countries in
Europe and North America [7]. Therefore, efficient management and resource utilization
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represent a critical pathway for the lead and zinc smelting industry to achieve green and
sustainable development, aligning with the industry’s essential needs. Among various
types of zinc-bearing solid waste, electroplating sludge has emerged as a critical target
for treatment due to its high production volume and significant toxicity. Electroplating
sludge [8] contains not only substantial amounts of valuable metals but also toxic metals,
which, if not properly managed, can pose severe risks to the environment and human
health [9,10]. Currently, the technologies for treating electroplating sludge mainly include
solidification/stabilization [11], hydrometallurgical methods [12], and pyrometallurgical
methods [13]. Among these, the solidification/stabilization process, despite its simplicity,
may lead to the slow release of heavy metals, resulting in secondary pollution and the
wastage of valuable metals such as nickel, copper, and zinc [14]. Hydrometallurgical treat-
ment can recover metals with relatively high efficiency [15], but it may cause secondary
pollution from waste acid and wastewater containing valuable metals. In contrast, py-
rometallurgical treatment technology offers significant advantages in metal recovery and
the generation of non-hazardous slag. However, its efficiency still requires improvement,
which also presents the possibility of co-processing electroplating sludge with primary zinc
ore smelting.

The low-energy pool smelting process used for processing zinc-containing materials
typically restricts the zinc content to below 20% at present. This is due to the high melting
point of zinc oxide (ZnO) at 1975 ◦C, which makes it difficult for high-zinc materials to melt
and flow at conventional smelting temperatures (1150 –1300 ◦C). Additionally, the com-
position and content of metal oxides significantly affect the smelting process. Compared
to conventional pyrometallurgical smelting of lead–zinc ores, the co-smelting process of
lead–zinc ores and metallic solid waste is more complex, involving multiple challenges such
as smelting desulfurization, mineral phase transformation, and the difficulty of achieving
molten fluidity under conventional smelting conditions due to the high melting point of
high-zinc materials. This complexity makes it difficult to efficiently achieve the co-disposal
and resource utilization of lead–zinc heavy metal hazardous waste and industrial solid
waste. Therefore, improving fundamental theoretical research and developing key technolo-
gies and equipment for the co-smelting of lead and zinc will be an inherent requirement
to adapt to the technological advancements in the pyrometallurgical smelting of lead and
zinc. Additionally, Zhou et al.’s research on oxygen-enriched side-blown furnaces for
direct lead smelting provides further validation. Their successful co-processing of zinc
leaching residues and jamesonite lead concentrates confirms the technical feasibility of
multi-material synergistic smelting [16]. Currently, both domestically and internationally,
the co-processing of primary ores with metal-based solid waste primarily focuses on copper
pyrometallurgical smelting with copper-based solid waste [17,18] and lead pyrometallurgi-
cal smelting with lead-based solid waste [19,20], while related research on zinc smelting
remains relatively limited. Some scholars have conducted theoretical data evaluations on
the co-smelting model of solid waste and lead–zinc ores. The results indicate that, com-
pared to traditional models, the total environmental burden is nearly halved. Additionally,
the “concentrate + slag” smelting method reduces the consumption of zinc concentrates
per unit of zinc product by 26.7% and decreases carbon emissions by 57.3% [21].

Against this backdrop, this study innovatively proposes the application of oxygen-
enriched side-blown smelting technology to the co-smelting of lead–zinc ores and various
zinc-based solid waste products. Recent advancements by Huang et al. revealed that ZnO
concentrations exceeding 25% further exacerbate fluidity challenges, even at 1300 ◦C. To
address this, they optimized the thermodynamic reduction conditions (1250 ◦C, 5% carbon
addition) using high-purity zinc-bearing feedstocks coupled with calcium–silicate regu-
lation, successfully reducing the system’s melting temperature [22]. In comparison, our
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study extends this direction by proposing the addition of electroplating sludge to reduce
the melting point below 1250 ◦C. The composition of electroplating sludge is complex,
containing not only calcium and silicon but also other metal oxides (such as Cu2O). This
innovative method reduces the resource consumption caused by the traditional method
of adding large amounts of calcium–silicon flux to lower the melting point of lead–zinc
ores. We particularly focus on the combination of lead–zinc ores and electroplating sludge,
investigating their oxidation reaction characteristics and interaction mechanisms under
different temperatures and oxygen partial pressures, especially the melting mechanisms,
phase transformations, and flow distribution patterns at low temperatures (around 1250 ◦C).
This research aims to provide theoretical support for the short-process smelting technology
for large-scale matching of lead–zinc ores with zinc-based solid waste.

2. Experimental Section
2.1. Materials

The lead–zinc ore samples used in this experiment were sourced from the lead–zinc
concentrate provided by Hong Chi Zinc Germanium Company in Qu Jing City, Yunnan
province, a prominent lead–zinc smelting enterprise in Yunnan. The elemental contents
of the raw materials, determined by chemical analysis, are shown in Table 1. The zinc
content of the ore was 47.3%, qualifying it as a high-grade zinc concentrate. Additionally,
the sample contained 9.32% lead, highlighting its potential for the recovery of both zinc
and lead. The sample was ground into a powder for XRD detection, and the results were
analyzed to obtain the main phases, The ore’s primary mineral components included zinc
sulfide (ZnS), marmatite (Zn0.81Fe0.19S) [23], and lead sulfate (PbSO4) (Figure 1).

Table 1. Main chemical components of samples (mass%).

Zn Pb Ca Fe S Si Cu Cl

Lead–zinc ore 47.0 9.32 0.19 3.34 24.20 4.24 0.58 0.07
Electroplated sludge 0.84 / 24.7 17.9 15.1 2.27 29.5 1.02
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In the experimental process, electroplating sludge was used as an additive to metal-
based solid waste. This sludge, a byproduct of the electroplating industry, is rich in
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metals, particularly copper and calcium, with trace amounts of zinc. As indicated in
Table 1, the electroplating sludge contains 29.5% copper, with a calcium content exceeding
24.7%. It also includes a small amount of chlorine. The sludge’s high metal content makes
it a valuable resource for metal recovery, while its environmental impact is minimized
due to the absence of fluorine, which simplifies subsequent treatment processes. The
main chemical constituents of the electroplating sludge include calcium sulfate dihydrate
(CaSO2H2O), cuprous oxide (Cu2O), basic copper carbonate (Cu2 (OH)2 CO3) [24], and
iron oxides (FexOy) (Figure 2). The overall blue-green color of the material reflects these
compositions. Together, these properties make the electroplating sludge not only a key
resource for metal recovery but also an environmentally favorable waste material.
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2.2. Methods
2.2.1. Experimental Methods

In the experimental procedure described in the process diagram in Figure 3, lead–zinc
ore and electroplating sludge were initially placed in an oven and dried at appropriate
temperatures to thoroughly remove moisture. The dried samples were then subjected
to grinding in a ball mill to obtain a fine, uniform powdered form. In a single-factor
experiment, 12 g of either lead–zinc ore or electroplating sludge was compressed into a
uniformly round sheet using a tablet press. These discs were subsequently placed in a
corundum crucible and heated to different temperatures of 1150 ◦C, 1250 ◦C, and 1350 ◦C
to examine the changes in the samples under varying thermal conditions.
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In an oxidation section experiment, which simulated the primary processing of lead–
zinc ore, 12 g of lead–zinc ore powder was initially weighed, and electroplating sludge
was added at varying proportions of 3%, 6%, 9%, and 12%. The resulting mixtures were
thoroughly stirred to ensure even distribution of the components and then pressed into
discs using a tablet press. The sludge’s high metal content made it a valuable resource for
metal recovery, while its environmental impact was minimized due to the absence of Cl,
which simplified subsequent treatment processes. To adhere to native processing conditions,
all of the experiments were conducted under conditions enriched with 48% oxygen, and in
order to ensure the adequacy of roasting, the heating rate of all experiments was maintained
at 8.5 ◦C/min, and the holding time after reaching the established temperature was 90 min.

2.2.2. Detection Methods

XRD: The analysis was performed using an X’ Pert PRO diffractometer (Rigaku Ultima
IV, Tokyo, Japan). This instrument employed a Cu target with Kα radiation at a wavelength
of λ = 1.5406 Å. The operating conditions were set at 40 kV voltage and 30 mA current,
scanning samples over a 10◦ to 80◦ range at a speed of 1◦/min.

XRF: Elemental contents were measured using a Rigaku ZSX Primus III+ X-ray fluo-
rescence spectrometer in Tokyo, Japan. This device utilized an Rh target X-ray tube with a
test diameter of 20 mm and analyzed elements ranging from 11Na to 92U. The detection
was achieved using a scintillation counter (SC) and a proportional counter (PC) with 2θ
scanning mode.

SEM-EDS: The ZEISS Sigma 300 scanning electron microscope, manufactured by Carl
Zeiss, whose headquarters is located in Oberkochen, Germany, was used for capturing
sample morphology and conducting EDS mapping. Samples were coated with gold using
an Oxford Quorum SC7620 sputter coated. which is a product of Quorum Technologies,
a company in Oxfordshire, UK. The microscope was equipped with an SE2 secondary
electron detector.

Heating microscope: A melting point apparatus of the German HESSE model (EM301-
M17), produced by Hesse Instruments. Hesse Instruments is a company based in Offenbach
am Main, Germany, was employed for determining the melting point of the roasted samples.
The testing involved sample side-profile projection using LED illumination. The maximum
furnace temperature was ≥1650 ◦C, with PID temperature control ensuring a precision
of ±1 ◦C. Measurement precisions included a sample height accuracy of ≤0.1%, cross-
sectional accuracy of ≤0.1%, contact angle accuracy of ±1 degree, apex angle accuracy of
±1 degree, and area accuracy of ≤0.1%.

3. Results and Discussion
3.1. Influence of Electroplating Sludge on the Phase Transition in Smelting Processes
3.1.1. Physical Phase Transition in Lead–Zinc Ores After Roasting with Electroplating Sludge

To investigate the effect of electroplating sludge’s addition on the smelting of lead–
zinc ore, the lead–zinc ore and electroplating sludge were separately roasted at 1150 ◦C,
1250 ◦C, and 1350 ◦C. The physical phases of the roasted samples were then analyzed using
X-ray diffraction (XRD). As shown in Figure 4, the lead sulfate (PbSO4) in the raw ore
was converted to a more complex lead sulfate compound (Pb2SO5) [25] during roasting
at 1150 ◦C and 1250 ◦C. Simultaneously, zinc sulfide (ZnS) was oxidized in the oxidizing
environment to form zinc oxide (ZnO). In this process, zinc not only participated in the
generation of ZnO but also reacted with silicates and iron oxides to form new phases, such
as zinc silicate (Zn2SiO4) and zinc ferrate (ZnFe2O4) [26]. Additionally, the iron in the raw
ore was partially oxidized, producing magnetite (Fe3O4).
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At 1350 ◦C, significant changes occurred in the physical phases of both zinc and
lead. The phase of Pb2SO5 disappeared, and a new refractory phase, PbZnSiO4, appeared.
This suggests that, under high-temperature conditions, the compounds of lead and zinc
form a more stable structure with silicates. Figure 5 illustrates the physical phases of
electroplating sludge after roasting at the three temperatures. Following oxygen-enriched
roasting at varying temperatures, the primary components of the electroplating sludge
included calcium sulfate, complex apatite phases (Ca5(PO4)3OH) [27], and a small amount
of iron oxides. The temperature had minimal impact on the physical phase changes during
roasting, but with increasing temperature, the diffraction peak intensity of calcium sulfate
gradually decreased, while the intensity of the diffraction peak corresponding to the apatite
phase increased. This indicates that higher temperatures facilitate the transformation of
calcium sulfate to apatite.
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To minimize the influence of external factors in the experiments, electroplating sludge
was directly added to lead–zinc ore without the use of any melting agent, to assess its effect
on smelting. Figure 6 illustrates the physical phases after mixing and roasting the raw ore
with varying proportions of electroplating sludge (3%, 6%, 9%, and 12%) at temperatures
of 1150 ◦C (Figure 6a) and 1250 ◦C (Figure 6b). The results showed consistent changes in
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the physical phases post-roasting, with the zinc species remaining relatively stable and
primarily forming ZnO, Zn2SiO4, and ZnFe2O4. However, at 1350 ◦C, the PbZnSiO4 phase
decomposed when roasted with electroplating sludge (Figure 6c), and the (Ca5(PO4)3OH)
phase, which typically forms during direct roasting of electroplating sludge, disappeared
at all three temperatures. Additionally, the diffraction peaks of ZnO were enhanced to
varying degrees at all three temperatures, correlating with the increased proportion of
electroplating sludge added to the lead–zinc ore. These observations suggest that the
addition of electroplating sludge positively impacts the smelting process of lead–zinc
ore. From the perspectives of resource utilization and environmental protection, this
treatment is viable and holds potential for effectively recovering valuable metals from
electroplating sludge.
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Subsequently, the chemical composition of the roasted samples was analyzed using
XRF, and the results are presented in Table 2. It can be observed that the zinc (Zn) content
gradually decreased with the increasing proportion of electroplating sludge, particularly
showing a more significant reduction at higher temperatures (such as 1350 ◦C). However,
at a 6% addition level, the Zn content increased across all three temperatures compared
to other addition levels. The lead (Pb) content was primarily influenced by temperature,
exhibiting a continuous decline as the roasting temperature rose, with a notable reduction
at 1350 ◦C. This trend is closely related to the volatilization characteristics of Pb, as elevated
temperatures promote its volatilization. This conclusion was corroborated by XRD analysis,
where the characteristic diffraction peaks of Pb completely disappeared at 1350 ◦C. The
copper (Cu) content showed a positive correlation with the addition of electroplating
sludge, but due to its relatively low concentration, no corresponding phases were detected
in the XRD patterns.

Table 2. Main elemental contents after roasting with electroplating sludge added (mass%).

Temperature/◦C Amount of Electroplating Sludge Zn Pb Ca S Si Cu

1150

0 55.26 10.56 0.16 0.22 4.65 0.66
3% 51.27 8.87 0.69 3.62 3.41 0.78
6% 52.03 10.05 1.27 2.07 3.61 0.84
9% 49.46 9.93 2.09 2.85 3.60 0.93

12% 46.80 8.35 2.80 5.21 2.83 0.98

1250

0% 56.44 8.73 0.15 0.17 4.99 0.67
3% 52.75 10.60 0.90 0.85 4.62 0.75
6% 55.41 4.89 1.52 0.65 5.46 0.83
9% 50.53 4.84 2.80 3.05 4.78 0.76

12% 50.30 5.78 3.36 3.16 4.25 0.70

1350

0% 56.74 8.68 0.18 0.05 4.76 0.03
3% 76.78 4.55 1.27 0.40 6.37 0.99
6% 77.84 3.46 2.06 0.32 5.83 0.56
9% 74.93 2.80 2.84 0.23 6.22 1.47

12% 73.33 2.02 3.76 0.04 6.02 0.64

The variations in calcium (Ca) and silicon (Si) content were more complex, displaying
fluctuations under the combined influence of temperature and addition levels. These
fluctuations may be attributed to volatilization or phase transformation processes at high
temperatures. Similarly, due to their low concentrations, no distinct phase information
was detected in the XRD analysis. The sulfur (S) content exhibited a clear temperature
dependence: at 1150 ◦C, the S content increased with higher addition levels, likely due
to the insufficient roasting temperature leading to incomplete desulfurization. When the
temperature was raised to 1250 ◦C, the S content significantly decreased in samples with
3% and 6% addition levels, indicating a more complete desulfurization process. However,
as the addition of electroplating sludge further increased, the residual S content rose again.
At 1350 ◦C, the S content nearly disappeared entirely, confirming that high temperatures
facilitate the thorough oxidation of minerals.

Although increasing the roasting temperature promotes the oxidation and decomposi-
tion of minerals, it also intensifies the volatilization of metallic elements, affecting the phase
transformation process. This conclusion aligns well with the XRD diffraction peak analysis,
highlighting the critical role of temperature control in optimizing the roasting process.
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3.1.2. Physical Phase Transition Analysis of Raw Ore Roasted with Electroplating Sludge
After Addition of Melting Agent

In the study of simulating the primary process flow, in order to restore the actual
production scenario as much as possible, the frit (CaO/SiO2) was compounded into the
lead–zinc ore, making the ratio of calcium oxide to silica in the lead–zinc ore 0.4 [28],
and oxygen-enriched roasting was carried out, which gave the experimental results more
practical reference value.

Upon the addition of a melting agent to the lead–zinc ore, without the incorporation
of electroplating sludge, a variety of phases were formed under oxygen-enriched roasting
conditions at 1150 ◦C and 1250 ◦C (Figure 7a). These phases included zinc oxide (ZnO), zinc
silicate (Zn2SiO4), zinc–lead silicate (PbZnSiO4), magnetite (Fe3O4), zinc ferrate (ZnFe2O4),
calcium zinc silicate (Ca2ZnSiO7) [29,30], and calcium sulfate (CaSO4). The presence
of these phases indicates that elements such as zinc, lead, and iron exist in different
compound forms within the raw ore at these temperatures. Notably, the formation of
PbZnSiO4, a complex compound, suggests that the silicate compounds of zinc and lead
remain relatively stable under high-temperature, oxygen-enriched roasting conditions.
As the roasting temperature increased to 1350 ◦C, most phases showed minimal changes,
except for the PbZnSiO4 phase. The disappearance of its diffraction peaks indicates that
the decomposition of this phase is promoted at this elevated temperature.
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Figure 7. The lead–zinc ore was blended with a melting accelerator and different proportions
of electroplating sludge were added for roasting; XRD diffractograms at different temperatures:
(a) lead–zinc ore; (b) 1150 ◦C; (c) 1250 ◦C; (d) 1350 ◦C.

In subsequent experiments, the physical phases after oxygen-enriched roasting
changed with the addition of electroplating sludge at varying ratios. Under roasting
conditions at 1150 ◦C (Figure 7b) and 1250 ◦C (Figure 7c), the PbZnSiO4 phase, a complex
compound, disappeared when the electroplating sludge proportion reached 6% or higher.
This was accompanied by an enhancement of the diffraction peaks of zinc silicate and
lead oxide. These changes suggest that the addition of electroplating sludge significantly
lowers the decomposition temperature of PbZnSiO4, enabling its decomposition under
conventional melting conditions and, thus, improving smelting efficiency. Lowering the
decomposition temperature not only reduces the energy consumption required during the
smelting process but also facilitates the more efficient recovery of valuable elements within
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the smelting temperature range. Consequently, this reduces production costs and increases
the recovery of metals such as zinc and lead.

More importantly, the diffraction peaks of Fe3O4 and ZnFe2O4, which were directly
generated from the raw ore at a roasting temperature of 1350 ◦C (Figure 7d), disappeared.
Simultaneously, the intensity of the diffraction peaks for ZnO was significantly enhanced.
These changes indicate that the addition of electroplating sludge significantly facilitated
the disruption of the spinel structure of zinc ferrate. ZnFe2O4 is a stable compound [31],
and its spinel structure is usually difficult to decompose. However, in the presence of
electroplating sludge, zinc ferrate became destabilized, causing the release of zinc and iron.
This promotes higher zinc recovery efficiency and reduces the formation of difficult phases
during smelting, thereby enhancing the overall smelting efficiency.

To further investigate the impact of electroplating sludge on the lead–zinc ore smelting
process, we conducted semi-quantitative XRD analysis on the lead–zinc ore samples and the
samples obtained after the addition of electroplating sludge and flux followed by roasting
(Figure 8). Figure 8a illustrates the crystalline phase distribution in the raw ore, with ZnS
accounting for 77.337%, PbSO4 for 2.891%, and Zn0.81Fe0.19S for 19.681%. In Figure 8b, we
present the semi-quantitative XRD results of the samples after the addition of electroplating
sludge and flux at 1150 ◦C with varying mass fractions (3%, 6%, and 12%). The results
show that as the proportion of electroplating sludge increases, the proportion of Zn2SiO4

rises to some extent, while the content of ZnO slightly decreases. However, the contents
of PbZnSiO4, Ca2ZnSi4O7, and ZnFe2O4 decrease to varying degrees, indicating that the
addition of electroplating sludge promotes the decomposition of complex compounds.
The increase in CaSO4 content also suggests the decomposition of Ca2ZnSi4O7. When the
sludge addition ratio is 9%, in addition to the decreasing trends of PbZnSiO4, Ca2ZnSi4O7,
and ZnFe2O4 observed at 1150 ◦C, the proportion of Zn2SiO4 also slightly decreases
compared to the raw ore, further demonstrating that electroplating sludge facilitates the
decomposition of certain refractory compounds.
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Figure 8. Semi-quantitative XRD analysis of raw ore and electroplating sludge with flux and different
proportions at different temperatures: (a) raw ore; (b) electroplating sludge with flux and differ-
ent proportions at1150 ◦C; (c) electroplating sludge with flux and different proportions at1250 ◦C;
(d) electroplating sludge with flux and different proportions at1350 ◦C.
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Figure 8c displays the semi-quantitative XRD analysis results after roasting with the
addition of electroplating sludge and flux at 1250 ◦C. Compared to the results at 1150 ◦C,
the promoting effect of electroplating sludge on the smelting process becomes more pro-
nounced, as evidenced by the significant reduction in the crystalline phase ratios of Zn2SiO4,
Ca2ZnSi4O7, and ZnFe2O4, alongside an increase in the proportion of ZnO. This change
aligns with the expected smelting outcomes at our target temperature. This innovation
is supported by Wang et al.’s findings [32], which identified ZnFe2O4 spinel formation in
high-ZnO slags as a critical barrier to metal reduction. Notably, our experiments at 1250 ◦C
demonstrated a marked reduction in ZnFe2O4 content and a concurrent increase in free
ZnO, suggesting that metallic oxides within the sludge disrupt spinel structures while
lowering the system’s melting temperature. These dual effects synergistically enhance
metal reduction efficiency.

Finally, Figure 8d provides the semi-quantitative XRD analysis results for roasting at
1350 ◦C. At this temperature, following the addition of electroplating sludge, the proportion
of Zn2SiO4 significantly decreases to approximately 28%, while the proportion of ZnO
surges to over 40%. The contents of other refractory compounds also show varying degrees
of reduction compared to the raw ore levels. Although part of this reduction can be
attributed to the increase in roasting temperature, more importantly, it confirms the positive
role of electroplating sludge, consistent with our earlier conclusions.

To further validate the results obtained from the XRD analysis, XRF elemental analysis
was conducted on the slag phase. The results presented in Table 3 indicate that, at tem-
peratures of 1150 ◦C and 1250 ◦C, the addition of electroplating sludge results in a slight
reduction in Zn content, although the extent of this change is minimal. This observation
is consistent with the stability of Zn phases identified in the XRD analysis at these two
temperatures. Additionally, the increase in calcium (Ca) content correlates with the en-
hancement of its diffraction peak intensity. The results from the XRF analysis are generally
consistent with the XRD diffraction patterns and quantitative analysis, manifested as an
increase in Ca content and a decrease in Si content, corresponding to a reduction in the
phases of Ca2ZnSi4O7 and Zn2SiO4, along with an increase in the phase of CaSO4.

Table 3. Main chemical composition of the sample after roasting with different proportions of
electroplating sludge after the raw ore was compounded with the smelter (mass/%).

Temperature/◦C Amount of Electroplating Sludge Zn Pb Cu Ca Si S

1150

0 41.01 7.62 0.48 6.21 7.31 3.94
3% 40.01 7.48 0.46 6.47 6.65 5.02
6% 36.42 7.00 0.60 7.73 5.53 7.12
9% 37.16 7.21 0.68 7.44 5.80 6.21

12% 33.94 6.65 0.71 8.69 4.94 8.21

1250

0 41.12 7.64 0.48 5.94 7.90 3.46
3% 40.66 7.96 0.57 6.21 7.93 3.09
6% 40.04 7.80 0.64 6.56 7.70 3.30
9% 38.28 7.53 0.73 7.21 7.39 4.18

12% 37.88 7.51 0.80 7.43 7.01 4.47

1350

0 41.30 8.90 0.68 5.81 9.53 0.05
3% 46.69 6.19 0.58 4.61 8.49 0.02
6% 47.32 5.36 0.64 4.52 7.63 0.02
9% 45.60 6.22 0.77 5.14 8.39 0.02

12% 45.21 6.11 0.90 6.09 8.66 0.03

Regarding lead (Pb), its volatilization at 1150 ◦C is found to decrease, but the change
is not significant. However, at 1250 ◦C, an increase in Pb content is observed with the
addition of 3% and 6% electroplating sludge, while the amount of PbZnSiO4 decreases.
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At 1350 ◦C, the high temperature facilitates the volatilization of elements, resulting in a
decreased residual content of all elements. Notably, despite the reduction in Pb content,
its diffraction peak is completely absent in the XRD spectrum, which warrants further
investigation. We hypothesize that the electroplating sludge may exert a certain fixation
effect on Pb, transforming it into oxides that subsequently combine with other metal oxides,
thereby rendering the associated diffraction peaks undetectable by XRD. Furthermore, the
increase in Cu content may be related not only to the higher quantities of electroplating
sludge added but also to its potential involvement in the binding processes of such oxides.
In light of these observations, we plan to conduct a more in-depth study and discussion of
this phenomenon.

3.2. Analysis of the Effects of Electroplating Sludge on the Migration of Major Metal Elements in
the Smelting Process

The temperature in the main lead–zinc mining process—specifically, blast furnace zinc
refining—is typically maintained at approximately 1250 ◦C. As the temperature increases
and electroplating sludge is added, the volatilization of various substances, particularly
lead, zinc, and other volatile elements, significantly intensifies. This results in a greater
transfer of volatile elements into the gas phase.

This study therefore focuses on the migration patterns of major elements at 1250 ◦C.
After roasting the samples at this temperature, they were ground into powder and mixed
for XRF analysis. The results (Table 4) indicate that the zinc content in the direct roasting of
lead–zinc ore is 41.12%. As the electroplating sludge content increases, the zinc content
slightly decreases, with values recorded as 40.66%, 40.04%, 38.28%, and 37.88%, respectively.
The trends in the remaining contents of calcium (Ca) and silicon (Si) mirror that of zinc,
although the changes are relatively minor.

Table 4. The main chemical composition of the samples after roasting with different proportions of
electroplating sludge after adding flux to the raw ore (mass%).

Zn Pb Cu Ca Si S

Lead–zinc ore 41.12 7.64 0.48 5.94 7.90 3.46
3% increments 40.66 7.96 0.57 6.21 7.93 3.09
6% increments 40.04 7.80 0.64 6.56 7.70 3.30
9% increments 38.28 7.53 0.73 7.21 7.39 4.18
12% increments 37.88 7.51 0.80 7.43 7.01 4.47

Additionally, the sulfur (S) content increases slightly as the electroplating sludge
content rises. This pattern is consistent with the changes in copper (Cu) and sulfur, as
electroplating sludge already contains high levels of both elements, making these variations
expected. Notably, the lead (Pb) content in the slag phase of the lead–zinc ore after roasting
is 7.64%. When 3% and 6% electroplating sludge is added, the lead content increases to
7.96% and 7.80%, respectively. However, further increases in electroplating sludge cause
the lead content to decrease again.

To more accurately assess the migration patterns of elements, the volatilization of major
elements was calculated based on the weight loss before and after roasting, utilizing XRF
data (Figure 9). As shown in Figure 9, when no electroplating sludge was added, the zinc
volatilization was 35.74%, and the lead volatilization was 39.42%. Upon adding varying
ratios of electroplating sludge, distinct trends emerged in the volatilization of zinc and lead.
Specifically, zinc volatilization increased slightly to 37.29%, 36.95%, 38.35%, and 38.29%
with increasing ratios of sludge (Figure 9a), while lead volatilization decreased slightly
to 37.64%, 37.62%, 38.34%, and 37.78%, respectively (Figure 9b). Since the electroplating
sludge did not contain lead, this indicates that lead volatilization primarily originated from
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the lead component in the lead–zinc ore. This suggests that the addition of electroplating
sludge exerts a certain immobilizing effect on lead volatilization, consistent with the XRF
data results.
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Furthermore, the volatilization of copper (Cu) (Figure 9c) and silicon (Si) (Figure 9e)
increased with a higher proportion of electroplating sludge, with copper showing a more
pronounced increase. However, the copper volatilization data were somewhat biased due
to blue copper sulfate residue on the crucible surface, which was difficult to entirely remove
by conventional means. In contrast, calcium (Ca) volatilization (Figure 9d) was observed,
but it fluctuated minimally. Sulfur (S), on the other hand, consistently volatilized into
the gas phase (Figure 9f), with its volatilization decreasing as the proportion of sludge
increased. Chlorine (Cl) was almost entirely volatilized into the gas phase throughout
the process.

By comparing volatilization under various conditions, it can be concluded that the
addition of electroplating sludge facilitates the incorporation of metal elements such as
lead and zinc into the liquid slag phase, while chlorine is almost entirely volatilized into
the gas phase. Elements like sulfur, copper, calcium, and silicon are distributed between
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both phases, with their degrees of volatilization varying as the proportion of electroplating
sludge increases.

3.3. Analysis of the Effect of Electroplating Sludge on the Melting Point of the Smelting Process

To deeply investigate the effect of the addition of electroplating sludge on the melt
flow characteristics of lead–zinc ore, in this study, for the primary ore samples with added
melting agent [33], different ratios of electroplating sludge were added for roasting. The
relationship between the electroplating sludge content and the melting point of the lead–
zinc ore was analyzed using a melting point assay. The objective was to elucidate how the
addition of electroplating sludge influences the melting characteristics of the primary ore
to optimize the smelting process.

According to the graphical representation of the experimental results (the diagram
was taken out of the tube furnace and photographed for retention after roasting), without
the addition of the melting agent (CaO/SiO2) (Figure 10a), the system was able to produce
relatively pure zinc oxide (ZnO) at 1150 ◦C. The amount of precipitated ZnO increased
with greater additions of electroplating sludge; however, the overall melting phenomenon
remained limited. When the roasting temperature was increased to 1250 ◦C and the
electroplating sludge content exceeded 6%, the slag exhibited a favorable melting state,
and the crystallinity of ZnO improved, resulting in a significant reduction in the melting
point. This change facilitated the formation and flow of liquid slag during the smelting
process, thereby enhancing the smelting efficiency.
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The experimental results with the addition of the melting agent (CaO/SiO2) showed
(Figure 10b) that the melting point of the raw ore itself had been lowered by the addition of
the melting agent without the addition of the electroplating sludge, but the zinc phase of
the roasted slag changed again after the addition of the electroplating sludge. Specifically,
at 1150 ◦C, the addition of electroplating sludge in different proportions failed to cause an
obvious melting trend. However, when the temperature was raised to 1250 ◦C, the slag
phase began to show a partially molten state as the proportion of electroplating sludge
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addition was increased from 3% to 12%, indicating that the melting point of the slag phase
was lowered by the addition of the electroplating sludge. When the temperature was
further increased to 1350 ◦C, all of the samples were completely melted.

To verify this conclusion, the roasted samples were subjected to melting point testing
(by using a heating microscope). The experimental results (Figure 11) revealed that the
flow temperature (FT) of the virgin ore was 1230 ◦C. When 3% electroplating sludge
was added to the primary ore, the melting point slightly decreased to 1228 ◦C, which
was not a significant change. As the electroplating sludge content increased, the melting
point further decreased to 1206 ◦C with a 6% addition, where the reduction became more
noticeable. Increasing the electroplating sludge content to 9% caused the melting point to
decrease further to 1199 ◦C. However, when the electroplating sludge addition reached 12%,
the melting point increased slightly to 1226 ◦C. Despite this increase, the melting point
remained lower than that of both the primary ore and the 3% electroplating sludge addition.
This indicates that the effect of electroplating sludge addition on the melting point follows
a nonlinear pattern. The hemispherical temperature (HT) and flow temperature exhibited a
similar trend.
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These experimental data suggest that adding moderate amounts of electroplating
sludge can lower the melting point of the primary ore during smelting. This reduction
in melting point facilitates the flow of the melt, allowing the lead–zinc ore to transition
into the liquid phase more easily at lower temperatures, thereby enhancing the smelting
efficiency. This effect can be attributed to certain components in the electroplating sludge,
particularly metal oxides, which can alter the internal structure and chemical composition
of the primary ore, thus lowering the melting point.

However, when the addition of electroplating sludge exceeds a certain threshold, some
metal elements within the sludge may counteract the reduction in melting point, resulting
in an increase instead. For instance, in some complex sulfide ore systems, iron may interact
with other elements, such as zinc, forming solid solutions of iron and zinc sulfides. The
formation of these solid solutions can alter the melting point, potentially raising it above the
original melting point of the primary ore. In this study, excessive addition of electroplating
sludge may have led to similar complex reactions, causing the melting point to rise.

Considering the previously discussed changes in physical phase, volatilization of key
elements, and current melting point data, it can be concluded that an electroplating sludge
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addition of approximately 6% is optimal. This ratio effectively lowers the melting point of
the primary ore, facilitating easier melting and flow during smelting. Simultaneously, it
ensures that the volatilization of metal elements is comparable to that observed without
the addition of sludge, thus improving the smelting efficiency. Moreover, it maintains
the stability of the material composition during the smelting process, avoiding potential
negative impacts associated with excessive sludge addition.

To thoroughly analyze the microscopic effects of electroplating sludge in promoting the
melting of raw ore, this study utilized scanning electron microscope (SEM) analysis on two
samples after roasting at 1250 ◦C. One sample contained 6% electroplating sludge without
an added melting agent (Figure 12), while the other included 6% electroplating sludge and
a melting agent (Figure 13). The analysis revealed the impact of electroplating sludge’s
addition on the raw ore’s microstructure and elucidated the reasons that it promotes melting.
Figure 12a,b display electron micrographs of samples with 6% electroplating sludge and no
melting agent. Figure 12a shows an irregular mass containing elements such as oxygen (O),
zinc (Zn), copper (Cu), iron (Fe), silicon (Si), calcium (Ca), lead (Pb), and sulfur (S). These
elements coexist within the same crystal structure, indicating their presence in the form
of complex compounds. Conversely, Figure 12b reveals distinct structures bonded into a
single mass. According to energy spectral mapping analysis, the spherical structures on
the left and right are primarily composed of Cu-Zn-Pb oxides, while the middle part is
an orthorhombic crystal of ZnFe2O4. This suggests that metal elements like Cu, Zn, and
Pb form symbiotic complexes within the ore through their interactions, resulting in stable
compounds such as ZnFe2O4 that are resistant to decomposition. Figure 13a,b present
electron micrographs of samples with 6% electroplating sludge and an added melting agent.
Figure 13a resembles Figure 12a, consisting of a complex compound of multiple elements
forming a complete crystal without a specific morphology. In contrast, Figure 13b, similar
to Figure 12b, features multiple substances assembled into a block with an orthorhombic
ZnFe2O4 crystal in the center. This indicates that the microstructure of the ore changed with
the addition of electroplating sludge and the melting agent, further facilitating interactions
between metallic elements and the compounding process.
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Figure 12. SEM images of the sample roasted at 1250 ◦C with 6% electroplating sludge added, and
without flux addition. (a) SEM image 1 of sample roasted at 1250 ◦C with 6% electroplating sludge
and without flux addition; (b) SEM image 2 of sample roasted at 1250 ◦C with 6% electroplating
sludge and without flux addition.
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(b) SEM image 2 of sample roasted at 1250 ◦C with 6% electroplating sludge and flux added.

Based on the analysis of the SEM images, the following conclusions can be reasonably
drawn: On the one hand, copper elements in the electroplating sludge form complex
symbiotic crystal structures with metal elements such as zinc, lead, and iron in the lead–
zinc ore [34,35]. These metal elements interact by doping, replacing, or filling gaps in the
crystal lattice, causing a distortion in the lattice structure. This distortion facilitates the
formation of solid solutions between copper oxides and other metal oxides, such as CuO-
ZnO-PbO [36,37]. The solid solution not only stabilizes a portion of the lead that would
otherwise volatilize but also lowers the melting point of the metal oxides, thereby enhancing
the melt flow of the lead–zinc ore. On the other hand, the interaction between copper oxides
and other metal oxides promotes the formation of new polymeric systems. These systems
combine several high-melting-point substances to form a composite structure that is difficult
to decompose. Since the eutectic point temperature of this composite system is lower than
the melting point of any individual substance [38], the overall melting point of the system
is reduced. This lowers both the energy consumption and temperature requirements
for the smelting process, thus improving the meltability and smelting efficiency of the
lead–zinc ore.

4. Conclusions
This study compared volatilization behaviors under different conditions and found

that the addition of electroplating sludge promotes the incorporation of metallic elements
such as lead (Pb) and zinc (Zn) into the liquid slag phase, while chlorine almost completely
volatilizes into the gas phase. Elements such as sulfur, copper, calcium, and silicon are
distributed between both phases, and their volatilization behaviors change with the sludge
addition ratio. The addition of electroplating sludge can lower the melting point of the ore,
with a 9% addition reducing the melting point from 1230 ◦C to 1199 ◦C. Considering the
volatilization of key metallic elements (Pb and Zn) at a roasting temperature of 1250 ◦C, the
optimal addition of electroplating sludge was found to be approximately 6%. At this ratio,
the melting point is 1216 ◦C, and this addition not only stabilizes part of the lead, reducing
its volatilization to 37.62%, but also effectively decomposes PbZnSiO4 and Ca2ZnSi4O7.
This optimal addition improves the metal recovery and smelting efficiency. Furthermore,
the reduced melting point decreases energy consumption during the smelting process,
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thereby enhancing both the smelting process and resource recovery. These findings provide
a theoretical basis for the resource utilization of electroplating sludge and the optimization
of lead–zinc ore smelting processes.
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