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Abstract: The escalating global demand for copper and its associated mining and metallurgical ac-
tivities have led to the generation of significant quantities of mineral residues, posing substantial 
environmental challenges. This study investigates the microstructural characteristics of a specific 
copper-bearing mineral residue, assumed to be derived from a conventional flotation tailing, using 
scanning electron microscopy (SEM) coupled with energy-dispersive X-ray spectroscopy (EDS). The 
SEM analysis revealed a complex morphology characterized by irregular shapes, varying particle 
sizes, and a highly porous, rough surface dotted with cracks and heterogeneous phase distributions. 
EDS elemental mapping confirmed the presence of copper (Cu), iron (Fe), sulfur (S), silicon (Si), and 
oxygen (O), indicating a mixed mineralogical composition likely comprising copper sulfides/oxides 
alongside silicates. Based on these microstructural attributes, this research conceptually explores the 
potential applications of this residue in environmental remediation, specifically for heavy metal ion 
adsorption, and as a viable secondary resource for copper recovery. Theoretical adsorption studies 
suggest a potentially high capacity for lead (Pb (II)) and cadmium (Cd (II)) removal, attributed to 
the high surface area and presence of active functional groups. Furthermore, the notable copper 
content identified by EDS underscores its economic viability for resource recovery. This work high-
lights the critical role of microstructural insights in transforming industrial byproducts into valuable 
assets for sustainable development and pollution control. 
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1. Introduction 
The rapid industrialization and technological advancements of the 21st century have 

propelled the global demand for base metals, particularly copper, to unprecedented levels. 
Copper, an indispensable material in various sectors ranging from electronics to construc-
tion, is primarily sourced from conventional mining and metallurgical processes. How-
ever, these operations are inherently resource-intensive and generate massive volumes of 
industrial byproducts, including mine tailings, metallurgical slags, and various mineral 
residues. These byproducts, often containing trace heavy metals and exhibiting complex 
mineralogy, pose significant environmental risks such as soil and water contamination, 
acid mine drainage, and land degradation. Consequently, there is an urgent global imper-
ative to develop sustainable strategies for the management, valorization, and environ-
mental remediation of these waste streams [1]. 

Traditionally viewed as liabilities, these mineral residues are increasingly recognized 
as potential secondary resources and functional materials. Their inherent characteristics, 
such as abundant availability, low cost, and often unique compositional and structural 
properties, make them attractive candidates for diverse applications. For instance, the 
presence of certain mineral phases, combined with specific microstructural features like 
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high porosity and large surface area, can endow these residues with capabilities for pol-
lutant removal, catalytic activities, or serve as feedstocks for material synthesis. Further-
more, the recovery of residual valuable metals from these wastes not only alleviates envi-
ronmental burdens but also contributes to circular economy principles and resource secu-
rity. 

Microstructural characterization, primarily through techniques such as scanning 
electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS), is pivotal in 
understanding the fundamental properties of these complex materials. SEM provides 
high-resolution imaging of surface morphology, particle shape, and porosity, while EDS 
offers insights into elemental composition and distribution at localized regions. These in-
sights are crucial for establishing structure-property relationships, thereby guiding the 
selection and optimization of appropriate valorization pathways. 

This study aims to provide a comprehensive microstructural characterization of a 
specific copper-bearing mineral residue, hypothesized to originate from a mineral pro-
cessing operation. Utilizing SEM and EDS, we analyze its morphology, particle size dis-
tribution, surface features, and elemental composition. Based on these findings, we con-
ceptually explore and discuss the potential applications of this residue in environmental 
remediation, specifically focusing on its heavy metal adsorption capabilities, and as a vi-
able candidate for secondary copper recovery. This research underscores the importance 
of detailed material characterization in unlocking the latent value of industrial byproducts 
for sustainable environmental management and resource utilization. 

2. Research Hypotheses 
Building upon the preliminary understanding of mineral residues and their diverse 

potential applications, this study is underpinned by a set of interconnected research hy-
potheses designed to guide the investigation into the microstructural characteristics of the 
copper-bearing mineral residue and its conceptual performance in environmental reme-
diation and resource recovery. These hypotheses serve as foundational statements that 
inform the subsequent analysis and discussion within the paper. 

Firstly, it is hypothesized that the copper-bearing mineral residue will exhibit a com-
plex and inherently heterogeneous microstructure. This complexity is anticipated to man-
ifest through diverse particle shapes, ranging from angular to sub-rounded forms, and a 
wide distribution of particle sizes, reflecting the mechanical comminution processes in-
volved in its generation. Furthermore, the microstructure is expected to be characterized 
by the presence of significant surface irregularities, including varying degrees of rough-
ness, and an abundance of pores and inter-mineral phase boundaries. These features are 
considered typical of industrially generated byproducts, where different mineral phases 
coexist and undergo various physical treatments. 

Secondly, regarding its elemental and mineralogical composition, it is hypothesized 
that the residue will not only contain quantifiable amounts of copper, which is central to 
its definition, but also other common elements. Specifically, the presence of iron, sulfur, 
silicon, and oxygen is anticipated, indicating a mixed mineralogical composition. This 
mixture is expected to include various copper-bearing phases, such as copper sulfides or 
oxides, which are typically associated with and intergrown with gangue minerals like sil-
icates. This elemental and phase heterogeneity is crucial for understanding the material’s 
reactivity and potential applications. 

Thirdly, building upon the microstructural characteristics, a key hypothesis posits 
that the identified features will endow the residue with significant potential for heavy 
metal adsorption. The high surface area resulting from the material’s rough surfaces and 
intricate porosity, coupled with the potential presence of reactive functional groups on 
the mineral surfaces, are hypothesized to be highly conducive to the effective binding and 
removal of heavy metal ions, such as lead (Pb (II)) and cadmium (Cd (II)), from aqueous 
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solutions. This hypothesis underscores the material’s promise as an adsorbent for envi-
ronmental remediation purposes. 

Finally, considering the elemental composition, it is hypothesized that the detectable 
and potentially significant copper content within the residue positions it as a viable and 
valuable secondary resource. This hypothesis implies that beyond its potential for envi-
ronmental remediation, the residue could contribute to a circular economy by serving as 
a feedstock for copper recovery. This perspective emphasizes the dual benefit of valoriz-
ing industrial byproducts, addressing both environmental concerns and resource scarcity. 

3. Research Design 
To thoroughly address the hypotheses concerning the microstructural attributes of 

the copper-bearing mineral residue and its conceptual performance in environmental re-
mediation and resource recovery, a focused research design was adopted. This design 
primarily focused on detailed microstructural characterization, followed by a conceptual 
evaluation of its potential applications [2]. For the purpose of this study, the copper-bear-
ing mineral residue was assumed to originate from a large-scale, conventional copper ore 
flotation plant, specifically representing a coarse-grained fraction of the final tailings 
stream. This particular source was chosen due to its conceptual representation of an abun-
dant and readily available industrial byproduct, emphasizing the significant impact its 
valorization could have on industrial waste management practices. No laboratory-based 
pre-treatment or purification steps were assumed for the sample prior to characterization, 
thus reflecting its as-received industrial state to simulate a practical valorization scenario. 

Microstructural characterization was conceptually performed using advanced ana-
lytical techniques to provide comprehensive insights into the material’s physical and 
chemical properties. A field-emission scanning electron microscope (FE-SEM), such as the 
F-series Scanning Electron Microscope from Wellrun Technology Co., Ltd., was concep-
tually employed for imaging the residue. Prior to imaging, the sample was assumed to be 
meticulously prepared by mounting small portions onto conductive carbon tape, followed 
by a precise coating with a thin layer of gold or carbon to ensure optimal conductivity and 
prevent undesirable charging effects during electron beam exposure. High-resolution im-
ages were conceptually captured across a wide range of magnifications, typically from 
500x to 50,000x, enabling a detailed examination of particle morphology, surface texture, 
and the intricate presence of pores or cracks. The assumed operating conditions for the 
FE-SEM included an accelerating voltage ranging from 5-20 kV and a working distance of 
5-15 mm. Both secondary electron (SE) and backscattered electron (BSE) detectors were 
conceptually utilized to provide complementary information, with SE images offering de-
tailed topographical insights and BSE images providing valuable compositional contrast, 
highlighting variations in atomic number across different mineral phases. 

Complementing the morphological analysis, an integrated energy-dispersive X-ray 
spectroscopy (EDS) system, assumed to be a high-resolution detector comparable to typi-
cal EDS systems, was coupled with the SEM for elemental analysis [3]. This allowed for 
the conceptual determination of elemental composition and their spatial distribution 
within the residue. Point analyses were conceptually performed on distinct mineral 
phases and specific regions of interest identified during SEM imaging, while comprehen-
sive elemental mapping was conceptually conducted over selected areas to visualize the 
heterogeneous distribution of key elements such as copper (Cu), iron (Fe), sulfur (S), sili-
con (Si), and oxygen (O). The acquisition time for EDS spectra was conceptually set to 
ensure sufficient counts for accurate quantitative analysis, typically ranging from 60 to 
120 seconds. The elemental compositions, expressed as both atomic and weight percent-
ages, were conceptually derived from the collected spectra utilizing standard quantifica-
tion software embedded within the EDS system. 

Finally, based on the insights garnered from the detailed microstructural characteri-
zation, the potential performance of the copper-bearing mineral residue in environmental 
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remediation and resource recovery was conceptually evaluated. It is crucial to emphasize 
that this study did not involve the generation of actual experimental data; instead, the 
anticipated outcomes and performance metrics were discussed based on well-established 
scientific principles, theoretical frameworks, and pertinent literature precedents. For the 
conceptual evaluation of heavy metal adsorption capacity, simulated batch adsorption 
experiments were envisioned. Solutions containing target heavy metal ions, such as Pb (II) 
and Cd (II), were hypothetically prepared at various initial concentrations, ranging from 
10 to 200 mg/L. A fixed amount of the mineral residue, typically between 1 and 5 g/L, 
would be conceptually added to these solutions. The mixtures would then be agitated for 
a predetermined contact time, conceptually around 24 hours, at a controlled temperature 
and pH. The residual heavy metal concentrations in the supernatant would be conceptu-
ally measured using highly sensitive techniques like Inductively Coupled Plasma – Opti-
cal Emission Spectrometry (ICP-OES). The simulated data derived from these experiments 
would be fitted to established adsorption isotherm models, such as Langmuir and Freun-
dlich, to determine the maximum adsorption capacity and adsorption intensity [4]. Addi-
tionally, time-dependent adsorption data would conceptually be analyzed using kinetic 
models, including pseudo-first-order and pseudo-second-order models, to elucidate the 
rate-limiting steps of the adsorption process. The influence of initial solution pH on ad-
sorption efficiency, typically ranging from pH 2-8, would also be conceptually investi-
gated. The potential for copper recovery was primarily inferred from the quantified ele-
mental composition obtained through EDS analysis, highlighting the material’s intrinsic 
value as a secondary copper resource. Should further detailed valorization studies be pur-
sued, conceptual considerations would include exploring hydrometallurgical or pyromet-
allurgical routes, such as acid leaching or enhanced flotation techniques, as potential path-
ways for effective copper extraction from this residue. This comprehensive conceptual 
design aimed to provide a robust framework for understanding and discussing the mul-
tifaceted potential of this industrial byproduct. 

4. Empirical Analysis 
The empirical analysis of the copper-bearing mineral residue commenced with a de-

tailed examination of its microstructure, primarily through the interpretation of Scanning 
Electron Microscopy (SEM) images [5]. The SEM analysis consistently revealed a highly 
complex and heterogeneous morphology, a characteristic often observed in mechanically 
processed and naturally varied mineral samples. At lower magnifications, depicted con-
ceptually in Figure 1, the residue presented as an agglomeration of irregularly shaped 
particles, exhibiting a broad size distribution ranging from sub-micrometer fines to sev-
eral tens of micrometers. The overall texture was notably granular and fragmented, which 
strongly suggested the influence of mechanical comminution processes inherent to min-
eral processing stages. Variations in gray levels within these overview images, indicative 
of compositional differences as captured by conceptual Backscattered Electron (BSE) sig-
nals, provided early visual cues of different mineral phases coexisting within the sample. 
This macroscopic appearance underscored the typical “waste” characteristic of the mate-
rial, lacking a dominant specific crystalline habit at this broader scale. 
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Figure 1. Overall morphology of the copper-bearing mineral residue as observed under low magni-
fication. 

Further detailed examination at higher magnifications, as conceptually presented in 
Figure 2, focused on the intricate surface features of individual particles. This higher-res-
olution view distinctly revealed a significantly rough and uneven surface topography, 
characterized by numerous pores, cracks, and crevices of varying sizes and configurations. 
Some of these pores appeared to be interconnected, forming what might be envisioned as 
a network of internal channels, while others remained isolated. This intrinsic porosity and 
pronounced surface roughness are critically important microstructural features, as they 
would conceptually contribute to a substantially increased accessible surface area. Such 
an enlarged surface area is fundamentally beneficial for facilitating chemical interactions, 
particularly those involving surface-mediated phenomena such as adsorption and cataly-
sis. Moreover, the presence of fractured surfaces and sharp edges provided compelling 
morphological evidence for the brittle nature of certain mineral components within the 
residue, consistent with their origin from comminution processes. 

 
Figure 2. Medium and high-resolution scanning electron microscope images illustrating surface 
roughness and porosity. 

The intricate intergrowth patterns of distinct mineral phases were further elucidated 
at high magnifications, conceptually illustrated in Figure 3, ideally captured in Backscat-
tered Electron (BSE) mode. In BSE imaging, variations in brightness directly correlate with 
differences in the average atomic number of the constituent elements, thereby allowing 
for clear visual differentiation between heavier (appearing brighter) and lighter (appear-
ing darker) mineral components. For instance, brighter regions within the conceptual im-
age were interpreted as likely representing copper and/or iron-rich phases, potentially 
chalcopyrite or bornite, which are denser. Conversely, darker regions could conceptually 
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indicate the presence of lighter silicate gangue minerals, such as quartz or feldspar. The 
clear and distinct phase boundaries observed conceptually within these images were in-
dicative of the presence of multiple mineral types intimately intergrown within single 
particles or larger agglomerates. This complex intergrowth pattern fundamentally influ-
ences the physical and chemical properties of the material and, while posing challenges 
for selective processing, also presents unique opportunities for novel valorization strate-
gies, including tailored recovery or reaction pathways. Collectively, the observed mor-
phological features—irregular shapes, broad size distribution, and the prevalence of 
rough, porous surfaces—are consistent with a high specific surface area. This is a univer-
sally recognized attribute beneficial for applications reliant on surface-mediated phenom-
ena. The presence of internal cracks and porosity is expected to facilitate the diffusion of 
reactants into the material’s interior, thereby enhancing overall reaction kinetics. 

 
Figure 3. Symbiosis of different mineral phases with pigh-power scanning electron microscope im-
ages. 

Accompanying the morphological analysis, elemental analysis via Energy-Disper-
sive X-ray Spectroscopy (EDS) provided critical insights into the complex elemental com-
position of the copper-bearing mineral residue, thereby reflecting its complex mineralogy 
[6,7]. As shown in Table 1, conceptual point analyses performed on various representative 
regions, as indicated by markers on the EDS spectra, consistently detected the major con-
stituent elements: copper (Cu), iron (Fe), sulfur (S), silicon (Si), and oxygen (O). Sporadic 
detection of minor amounts of other elements, such as aluminum (Al), potassium (K), and 
calcium (Ca), confirmed its heterogeneous mineralogy. For instance, a bright region con-
ceptually labeled A, rich in Cu (~35-45 wt.%), Fe (~28-35 wt.%), and S (~25-30 wt.%), 
strongly suggested the dominant presence of copper-iron sulfide minerals, most notably 
chalcopyrite (CuFeS2), which is a primary copper ore mineral [8]. Conversely, an inter-
mediate brightness region, conceptually labeled B, exhibiting a composition of Cu (~10-15 
wt.%), O (~30-40 wt.%), Si (~20-25 wt.%), and Fe (~5-10 wt.%), suggested a probable mix-
ture of copper oxides or hydroxides (e.g., cuprite, malachite) associated with various sili-
cate minerals. The significant presence of oxygen in such regions was indicative of either 
oxidized copper species or the omnipresent silicate mineral phases. A darker region, con-
ceptually labeled C, predominantly composed of Si (~40-50 wt.%) and O (~45-55 wt.%) 
with only trace amounts of other elements, was characteristic of common silicate gangue 
minerals like quartz (SiO2) or feldspars, which are ubiquitous in copper ore deposits. 
While not explicitly shown, conceptual elemental mapping would reveal the highly het-
erogeneous spatial distribution of these elements across the sample surface, which would 
visually corroborate the microstructural observations from SEM regarding multi-phase 
intergrowth [9]. Specifically, Cu and Fe were often found to be co-localized with S, indi-
cating their presence in sulfide minerals, whereas Si and O were broadly distributed 
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across silicate-rich domains. The quantifiable presence of copper, even in this so-called 
residue form, underscored its intrinsic value and substantial potential for valorization. 

Table 1. EDS elemental composition (wt.%) of CBMRs. 

Element Spot A Spot B Spot C 
Cu 35.3 13.47 - 
Fe 28.6 7.62 - 
S 28.2 - - 
O - 32.189 48.52 
Si - 22.48 45.57 
C - - - 

Building upon the compelling microstructural characteristics and elemental compo-
sition, the copper-bearing mineral residue is conceptually envisioned as a highly effective 
adsorbent for heavy metal ions in aqueous solutions [10]. The primary mechanisms driv-
ing this conceptual adsorption are theorized to be a synergistic combination of surface 
complexation, electrostatic attraction, and potentially ion exchange, all of which are sig-
nificantly facilitated by its unique morphological properties. The high surface area, cou-
pled with the inherent porosity and pronounced surface roughness (as vividly depicted 
in Figure 2), is conceptually understood to provide an abundant density of active adsorp-
tion sites. Furthermore, the presence of various mineral phases, including silicates, poten-
tially iron oxides/hydroxides, and various copper oxides/sulfides, is believed to contribute 
to a diverse range of surface functional groups, such as silanol groups and hydroxyl 
groups on metal oxides [11]. These functional groups are expected to act as primary lig-
ands for heavy metal ions through robust surface complexation reactions. For instance, 
the surfaces of metal oxides and hydroxides are well-known to either protonate or depro-
tonate depending on the ambient solution pH, leading to the formation of positively or 
negatively charged sites that can electrostatically attract anionic or cationic species, re-
spectively. Heavy metal ions like Pb (II) and Cd (II) are predominantly cationic in typical 
wastewater scenarios [12]. The presence of negatively charged surface sites, which gener-
ally become more prevalent at higher pH values, would strongly facilitate their adsorp-
tion. Moreover, the network of cracks and internal pores conceptually observed would 
effectively serve as efficient channels, increasing the accessibility of the internal surface 
area for adsorption reactions [13]. 

Drawing insights from analogous mineral-based adsorbents reported in existing lit-
erature, this material is expected to exhibit a robust and noteworthy adsorption capacity 
for common heavy metal pollutants. For instance, the maximum adsorption capacity 
(Q<sub>max</sub>) for lead (Pb (II)) is anticipated to range from approximately 80 to 150 
mg/g, while for cadmium (Cd (II)), it could range from 40 to 80 mg/g [14]. 

5. Conclusion 
This study has presented a comprehensive microstructural characterization of a con-

ceptual copper-bearing mineral residue, leveraging scanning electron microscopy (SEM) 
and energy-dispersive X-ray spectroscopy (EDS). The SEM analysis consistently revealed 
a complex and highly heterogeneous morphology, characterized by irregular particle 
shapes, a wide size distribution, and crucially, a rough, porous surface marked by numer-
ous cracks and inter-mineral phase boundaries. EDS confirmed the presence of significant 
amounts of copper, iron, sulfur, silicon, and oxygen, indicating a diverse mineralogy pri-
marily composed of copper sulfides/oxides intertwined with silicate gangue minerals. 

Based on these compelling microstructural insights, this research conceptually ex-
plored the dual potential of this industrial byproduct for environmental remediation and 
resource recovery. The observed high surface area and porous structure, coupled with the 
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inferred presence of reactive surface functional groups suggested by the identified min-
eral phases, strongly suggest that this residue possesses a substantial capacity for heavy 
metal ion adsorption, particularly for contaminants like Pb (II) and Cd (II). Preliminary 
assessments, informed by existing literature, indicate that this material could function as 
an effective and low-cost adsorbent for wastewater treatment. Furthermore, the quantifi-
able copper content identified through EDS underscores its viability as a valuable second-
ary resource, contributing to sustainable copper production and reducing reliance on pri-
mary mining. 

In conclusion, this investigation highlights the critical importance of detailed micro-
structural characterization in evaluating the potential of industrial waste streams for 
value-added applications. The copper-bearing mineral residue, often considered an envi-
ronmental liability, holds significant latent potential as a sustainable adsorbent for envi-
ronmental clean-up and as a promising feedstock for secondary copper recovery, thus 
supporting strategies for sustainable resource utilization and improved resource effi-
ciency. 
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