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Abstract: The pollution caused by mine tailing, a leftover after excavating the useful 
mineral resources is often rich in metal ores that can be used as reagent to synthesize 
bimetallic or composite copper–iron nanoparticles (Cu–Fe NPs). The aim of this research 
is to synthesize and characterize composite Cu–Fe NPs synthesized from copper tailings. 
Experimental approach: Pulverized copper tailing (PCT) particles was digested and used 
as precursor copper reagent material with reagent iron salt solution to form Cu–Fe solution 
which was subjected to chemical reduction method. The synthesized composite Cu–Fe NPs 
was characterized using analytical techniques such as X-Ray Diffraction (XRD), Scanning 
Electron Microscopy (SEM), Transmission Electron Microscopy (TEM), etc. Results: The 
synthesized Cu–Fe NPs was optimized and characterized using 10 %, 20 %, 30 %, and 40 % 
of Fe content with the copper tailing solution. XRD showed well-defined crystalline phases 
corresponding to Cu and Fe oxides with crystallite sizes for 10 %, 20 %, 30 %, and 40 % of 
Fe to be 10 nm, 6 nm, 8 nm, and 8 nm respectively which varied slightly with the iron 
content which indicated that Fe incorporation influenced crystal growth and structural 
properties. SEM images revealed agglomeration, porous, and irregular particle structures 
across all the samples, while TEM confirmed predominantly spherical morphology with 
particle sizes of 10 %, 20 %, 30 % and 40 % Fe composition to be 7.2 nm, 3.2 nm, 5.4 nm 
and 5.3 nm respectively. FTIR identified O–H, CO2, C=O, etc. XRF confirmed copper and 
iron as the predominant elements in the Cu–Fe matrix. The optimization study revealed 
the 20 % Fe incorporation was the preferred formulation for the synthesis of Cu–Fe NPs. 
Conclusion: A suitable quality of bimetallic Cu–Fe NPs was synthesized from the copper 
waste material. 

Keywords: Copper tailing, digestion, reagent iron salt, chemical reduction, and 
characterization 

 

INTRODUCTION 

The rapid development of nanotechnology has significantly transformed environmental 

engineering, advanced materials science, and sustainable chemistry in recent years. 

Metallic nanoparticles, particularly copper (Cu) and iron (Fe)-based nanomaterials, have 

attracted considerable attention due to their unique physicochemical properties, including 

high surface area-to-volume ratio, enhanced redox activity, tunable electronic 

configuration, and superior catalytic performance [1-2]. These distinctive properties enable 

nanoparticles to exhibit remarkable reactivity and efficiency in pollutant removal processes, 

making them highly promising materials for environmental remediation. In particular, Cu 

and Fe-based nanoparticles have demonstrated strong potential in wastewater treatment 

applications due to their ability to catalyze redox reactions, degrade persistent organic 

contaminants, and adsorb emerging pollutants from aqueous environments [3-4]. 

Consequently, the integration of these nanomaterials into wastewater treatment systems 
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has been widely investigated as an innovative and sustainable strategy for addressing the 

increasing challenges associated with pharmaceutical and industrial wastewater pollution 

[5-6]. Copper nanoparticles (Cu–NPs) have been extensively studied for their catalytic, 

antimicrobial, and photocatalytic properties. Noble metals such as silver and gold, copper 

are relatively inexpensive while still offering high catalytic efficiency and strong 

antimicrobial activity [7-8]. Cu-based nanomaterials have demonstrated strong activity in 

the degradation of dyes, antibiotics, and pharmaceutical compounds in aqueous systems [9-

10]. However, large-scale application of Cu–NPs remains limited by the high cost of 

commercial precursors and the environmental footprint associated with conventional 

synthesis routes. Conventional physical and chemical synthesis methods often require 

expensive metal salts, high energy input, and toxic reducing or stabilizing agents, which can 

generate hazardous by-products and increase production costs [11-12]. Consequently, 

sustainable and low-cost precursor alternatives such as plant extracts, microorganisms, and 

agricultural wastes are increasingly being explored as environmentally benign routes for 

nanoparticle synthesis [13]. In parallel, global mining operations generate enormous 

volumes of mine tailings, which are finely ground waste materials remaining after mineral 

extraction. These tailings frequently contain residual quantities of economically valuable 

metals such as copper and iron [14-15]. Improper disposal of mine tailings poses serious 

environmental challenges, including acid mine drainage, heavy metal leaching, groundwater 

contamination, and ecological toxicity [16-17]. Rather than treating mine tailings solely as 

environmental liabilities, recent studies have emphasized their potential as secondary 

resource reservoirs within circular economy frameworks [18-20]. Valorization of mine 

tailings into functional nanomaterials represents a sustainable strategy that simultaneously 

addresses waste management challenges and reduces raw material dependency. Mining 

tailings, which are often considered environmentally hazardous wastes, contain significant 

amounts of recoverable metals such as copper, iron, nickel, and other minerals that can be 

transformed into valuable nanomaterials through sustainable extraction and synthesis 

processes [21-22]. This approach aligns with circular economy principles by converting 

mining waste into high-value nanomaterials while reducing environmental risks and 

dependence on virgin raw materials [22-23]. Hydrometallurgical recovery methods, 

particularly acid leaching, have been successfully employed to extract copper ions from 

mine waste streams [16, 24]. The recovered metal ions can subsequently serve as precursors 

for nanoparticle synthesis via chemical reduction or green synthetic pathways [1, 25]. Such 

an approach reduces reliance on high-purity commercial salts while promoting 

environmental sustainability. Moreover, synthesizing nanomaterials from waste-derived 

precursors aligns with global sustainable development goals by minimizing resource 

depletion and industrial waste accumulation [26-27]. Iron nanoparticles, particularly zero-

valent iron (nZVI), have become one of the most widely applied nanomaterials for 

environmental remediation [28-29]. Their strong reducing potential enables degradation of 

chlorinated solvents, nitroaromatic compounds, heavy metals, and pharmaceutical residues 

[30-31]. The high reactivity of nZVI stems from its nanoscale dimension and electron-

donating capability. Nevertheless, several technical limitations hinder their practical 

application, including particle agglomeration, rapid oxidation, and reduced long-term 

stability [28, 32]. These drawbacks reduce active surface area and catalytic efficiency over 

time. To overcome these challenges, researchers have increasingly focused on bimetallic 

and composite nanostructures. The integration of two metals within a single nanosystem 

often produces synergistic effects that enhance catalytic performance, structural stability, 
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and electron transfer efficiency [33-34]. In Cu–Fe systems, galvanic coupling between Fe⁰ 

and Cu⁰ facilitates accelerated redox reactions. Iron acts as a sacrificial electron donor, 

while copper enhances catalytic selectivity and promotes efficient electron transfer [32,35]. 

Such synergistic interactions significantly improve contaminant degradation rates compared 

to monometallic nanoparticles. Recent investigations have demonstrated that Cu–Fe 

composite nanoparticles exhibit enhanced degradation efficiency toward antibiotic residues 

and dye pollutants in wastewater [36-37]. Additionally, surface-engineered Cu–Fe 

nanoparticles have shown improved resistance to oxidation and aggregation, thereby 

extending their functional lifespan in aqueous environments [38]. These findings underscore 

the importance of designing structurally integrated bimetallic nanomaterials for 

environmental applications. Pharmaceutical wastewater has emerged as a major 

environmental concern due to the presence of active pharmaceutical ingredients (APIs), 

endocrine disruptors, antibiotics, and other biologically active compounds that are resistant 

to conventional treatment processes [39-40]. Incomplete removal of such contaminants 

contributes to ecological toxicity and antimicrobial resistance proliferation. Advanced 

oxidation processes (AOPs) and catalytic nanomaterials have shown significant promise in 

addressing these limitations by generating highly reactive radical species capable of 

degrading persistent organic pollutants and pharmaceutical residues [41-42]. Copper-based 

nanomaterials can activate oxidants to generate reactive oxygen species (ROS), while iron 

nanoparticles facilitate Fenton-like reactions for hydroxyl radical production [43-44]. The 

combination of Cu and Fe within a composite structure can therefore enhance both 

reductive and oxidative degradation pathways due to synergistic redox interactions between 

the two metals, which facilitate electron transfer and promote the generation of reactive 

oxygen species in catalytic remediation processes [45-47]. From a sustainability standpoint, 

synthesizing copper nanoparticles from mine tailings while preparing iron nanoparticles 

from reagent-grade iron salts represents a hybrid approach that balances waste valorization 

with controlled synthesis precision [48-49]. Waste-derived copper reduces production cost 

and environmental impact by utilizing secondary metal resources, whereas reagent-grade 

iron salts provide controlled reaction conditions that ensure reproducibility and structural 

consistency in nanoparticle formation [49-51]. This strategy offers a scalable pathway 

toward environmentally responsible nanomaterial production [52]. The physicochemical 

properties of nanoparticles including size distribution, morphology, crystallinity, and 

surface chemistry are strongly influenced by synthesis methodology and reaction conditions 

[53-54]. Chemical reduction using sodium borohydride remains a widely adopted technique 

due to its strong reducing potential and its ability to produce nanoscale metallic particles 

with controlled size distribution [55-56]. For iron nanoparticles, co-precipitation followed 

by reduction under controlled atmospheric conditions ensures formation of zero-valent iron 

with minimized oxidation and enhanced stability [57-58]. Optimization of synthesis 

parameters such as pH, temperature, precursor concentration, and stirring rate is critical 

to achieving stable and uniformly dispersed nanoparticles [59-60]. Comprehensive 

characterization of synthesized nanomaterials is essential to validate structural and 

functional properties. X-ray diffraction (XRD) provides phase identification and crystallite 

size estimation. Scanning electron microscopy (SEM) and transmission electron microscopy 

(TEM) enable visualization of morphology and nanoscale dimensions. Fourier-transform 

infrared spectroscopy (FTIR) reveals surface functional groups, while energy-dispersive X-

ray spectroscopy (EDX) confirms elemental composition and purity [61-62]. These 

techniques collectively ensure accurate assessment of synthesis efficiency and material 
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quality. Despite increasing research on Cu–Fe nanocomposites, only limited studies have 

been specifically investigated on the integration of mine-tailing-derived copper with 

reagent-synthesized iron nanoparticles. Most existing work on Cu–Fe bimetallic systems has 

used commercially sourced high-purity reagent copper salts for controlled synthesis and 

structural stability [63-64]. Only a few studies have explored the synthesis of copper 

nanoparticles directly from mining tailings, demonstrating similar structural characteristics 

to conventionally synthesized materials and indicating potential for circular economy 

applications [49, 65]. Furthermore, the recent work on mineral-based synthesis of CuFe₂O₄ 

emphasizes the feasibility of using copper-rich ores, but this remains a nascent area of 

research [66]. There remains a knowledge gap regarding whether tailing-derived copper can 

achieve comparable structural integrity, crystallinity, and catalytic performance, 

highlighting the need for further investigation into waste-derived precursors for sustainable 

nanomaterial production [67-68]. Recent studies also emphasized that mine tailings contain 

valuable metals for nanoparticle synthesis, with their integration into advanced 

nanomaterial system remains underexplored and requires further research to optimize 

performance and scalability [69-70]. Therefore, the present study aim to synthesize 

composite Cu–Fe nanoparticles using digested copper extracted from copper mine tailings 

reagent-grade ferric chloride salt using sodium borohydride as the reductant. Cu–Fe is an 

alloy that has attracted a lot of interest not only due to their high strength and high 

electrical conductivity but also outstanding magnetic properties [71-73]. 

 

EXPERIMENTAL 

Sample Collection and Sample Preparation 

The collection of mine copper tailing was conducted in Dawa Town, Toro Local Government 

Area, Bauchi State and then taken to the laboratory for further analysis. The dried copper 

tailing was pulverized, and 10 g of the pulverized copper tailing (PCT) was digested with an 

aqua regia in ratio 3:1 of HNO3 and HCl for 30 mins, the mixture solution was filtered into a 

100 mL volumetric flask and made up to the mark with distilled water. Afterwards, the 

synthesis of Cu tailing-Fe nanoparticles was conducted by chemical reduction method.  

 

Chemical and Reagent/Materials 

Chemicals used in this research include HNO3, HCl, FeCl3, absolute ethanol; Cu tailings and 

all the reagents are used as received without further purification or treatment. 

 

Synthesis of Composite Copper-Iron Nanoparticles 

The crystal structure of the synthesized composite Cu–-Fe nanoparticles from the mixture 

of copper tailings and ferric chloride solution mixture was conducted by chemical reduction 

method using [74-75] approach. The freshly prepared NaBH4 solution was added drop wise 

into 100 mL of each mixture of digested copper tailing solution with 10 %, 20 %, 30 % and 40 

% of ferric chloride (FeCl3) salt solution to form green mixture solution. Subject these 

mixtures to constant stirring using magnetic stirrer for 1h until the black precipitates 

gradually formed turns to brownish colour. The mixture was filtered to collect the residue 

which was washed several times with distilled water to remove the traces of impurities 
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attached to the residue. The filtered residue was oven dried at a regulated temperature of 

80 oC for 1 hour and kept in a desiccator to cool before it was weighed and recorded. Repeat 

the drying, cooling, weighing and recording process until a constant weight was obtained. 

Subject the dried residue to grinding, and sieving before storing in a sampling bottle. The 

synthesized composite copper-Iron nanoparticle was subjected to characterization analysis. 

  

Cu2+ + Fe3+ + 2 BH4
- → Cu-Fe0 + 2 B2H2 .…………………………………………………. 1 

 

4 Cu2+ + Fe3+ + BH4
- + 5 H2O → 2 Cu–Fe + B(OH)3 + 2 H2 + 7 H+ ………………. 2 

  

Cu + Fe3+ + 2 O2 → CuO + Fe2 O3 → CuFe2O4 ………………,………............... 3 

 

Analytical Techniques 

Characterization 

The synthesized copper-iron nanoparticles (Cu–Fe NPs)from copper mine tailing with reagent 

copper salt reaction with sodium borohydride was identified using XRD (D8 of Bruker) with 

Cu Kα radiation 1.5418 A°, operating voltage 40 kV, current 40 mA and step size 0.02° in 2θ 

scan to determine the crystallinity and mineral composition. The morphology of Cu–Fe was 

carried out using scanning electron microscopy (SEM) was used to scan the surface 

morphology of the samples with ZEISS GeminiSEM 360, and the transmission electron 

microscopy (TEM) was used to scan the internal surface morphology of the synthesized Cu–

Fe NPs with Hitachi HT7800 Series (120 kv TEM). X-Ray Fluorescence (XRF) was used to 

determine the elemental composition of the synthesized Cu–Fe NPs with Bruker-S1 TITAN 

(Handheld), Fourier Transform Infrared (FTIR) Spectroscopy was used to identify the 

functional groups in the Cu–Fe NPs with Bruker ALPHA II FTIR, Thermal properties of the 

synthesized Cu–Fe samples were analyzed by Thermo Gravimetric analysis (TG/DTA, Model 

Q600 SDT and Q20 DSC). BET was used to analyze the surface area of the synthesized copper 

tailing-iron nanoparticles with NOVA 1000e/4200e.  

   

 
Figure 1: Experimental flow chart 

 



Vol. 14 No. 03 (2026): European Journal of Applied Sciences 

 

Scholar Publishing 

 

 
 

Page | 395  

 

RESULTS AND DISCUSSION 

Characterization of Synthesized Copper–Iron Nanoparticles 

XRD 

The X- ray diffraction (XRD) results of the synthesized composite Cu–Fe nanoparticles at 10 

%, 20 %, 30 % and 40 % Fe are presented in Figures 2-5 revealed tiny peaks of spectra which 

indicate crystallinity. At 10 % Fe loading with Cu being the dominant component revealed: 

Strong Cu peaks, minimal Fe contribution, and limited synergistic effect and it indicate 

strong Cu peaks with minimal Fe contribution, and limited synergistic effect. 

 At 20 % Fe loading, the XRD revealed a balanced mineral phase composition was 

observed to be characterized by dominant Cu peaks with emerging Fe phases and with slight 

peak broadening, which indicate a reduced crystallite size, enhanced dispersion and more 

active sites. The 20 % of Fe can form smaller crystallite size, with better dispersion and 

more active sites. “The 20 % Fe was the optimal because it had more Cu than Fe” 

composition. The optimal 20 % Fe is due to: synergistic Cu–Fe interaction, improved surface 

area from peak broadening, maintained Cu activity not because “Cu was more than Fe. At 

20 % Fe, the XRD showed: moderate peak intensity with good crystallinity, peak broadening, 

smaller particle size with higher surface area. There was no excessive Fe oxide dominance 

with Cu sites still accessible. The 20 % Fe is a balanced mineral phase composition which is 

often revealed as optimal as Cu peaks are still dominant, and the Fe peaks appeared but 

not overwhelming, peak broadening showed slight shift with interaction between Cu and Fe. 

20 % of Fe in the Cu–Fe NPs can form smaller crystallite size, better dispersion and more 

active sites. “The 20 % Fe is optimal because it has more Cu than Fe” “The 20 % Fe 

composition exhibited optimal performance due to a balanced Cu–Fe interaction, where Cu 

remained the dominant active phase while Fe contributed to enhanced surface properties 

and catalytic activity without excessive site blockage.”  

 At 20 % Fe loading, the XRD revealed a balanced mineral phase composition was 

observed to be characterized by dominant Cu peaks with emerging Fe phases and with slight 

peak broadening, which indicate a reduced crystallite size, enhanced dispersion and more 

active sites. “The 20 % Fe was the optimal because it had more Cu than Fe” composition to 

form smaller crystallite size with better dispersion and more active sites. The optimal 20 % 

Fe is due to: synergistic Cu–Fe interaction, improved surface area from peak broadening, 

maintained Cu activity not because “Cu was more than Fe. At 20 % Fe, the XRD showed: 

moderate peak intensity with good crystallinity, peak broadening, smaller particle size with 

higher surface area. There was no excessive Fe oxide dominance with Cu sites still 

accessible. The 20 % Fe is a balanced mineral phase composition which revealed the optimal 

as Cu peaks are still dominant, and the Fe peaks appeared but not overwhelming, peak 

broadening showed slight shift with the interaction between Cu and Fe. 20 % of Fe in the 

Cu–Fe NPs can form smaller crystallite size, better dispersion and more active sites. “The 

20 % Fe is optimal because it has more composition of Cu than Fe” “The 20 % Fe composition 

exhibited optimal performance due to a balanced Cu–Fe interaction, where Cu remained 

the dominant active phase while Fe contributed to enhanced surface properties and 

catalytic activity without excessive site blockage.” The Figure 3 revealed the incorporation 

of Fe into the Cu lattice resulted in noticeable variations in peak broadening and the 

intensity to show the changes in crystallite size and structural properties. A significant 

reduction in the particle size was observed for 20 % Fe, which corresponds to the highest 
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degree of peak broadening. The incorporation of Fe at this stage will enhance nucleation 

which effectively suppresses the crystal growth to form finer nanoparticles with increased 

surface area. 

 

 
Figure 2: XRD spectra (A) and mineral composition (B) analysis of 10 % and 20 % Fe in 

synthesized Cu–Fe NPs  

 

 
Figure 3: XRD spectra (C) and mineral composition (D) analysis of 30 % and 40 % Fe in 

synthesized Cu–Fe NPs 
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 At 30–40 % Fe loadings, this structural configuration may likely contribute to the 

superior adsorption performance observed, as excess Fe content at higher loadings of 30–40 

% Fe with Fe being dominant may give strong Fe oxide peaks, reduced Cu signal with possible 

agglomeration, partial blockage of active Cu sites and reduced adsorption efficiency.” This 

structural configuration may likely contribute to the superior adsorption performance 

observed as excessive Fe content at higher loadings 30–40 % Fe and could lead to 

agglomeration, partial blockage of active Cu sites and reduced adsorption efficiency.” The 

XRD analysis revealed that increasing % Fe content will alter the crystalline structure of the 

Cu–Fe nanoparticles. 

 The crystallite sizes calculated using Scherrer’s equation for the 10 %, 20 %, 30 %, 

and 40 % Fe compositions were 10 nm, 6 nm, 8 nm, and 8 nm respectively but smaller in 

size than the one reported in [76]. Fe compositions at 30 % and 40 % will cause a slight 

increase and stabilization in the crystallite size (8 nm) observed, accompanied by relatively 

reduced peak broadening compared to the 20 % Fe sample [77]. This indicates that 20 % Fe 

was the optimum and any further addition of Fe beyond the optimal level (20 % Fe) does not 

significantly enhance the size reduction, possibly due to the initial particle interaction, with 

partial agglomeration to cause reduction in the lattice distortion [77-79]. Increasing the Fe 

content will cause lattice strain and possible substitution of Cu ions to confirm successful 

incorporation of Fe into the Cu matrix [77]. The X-ray diffraction (XRD) mineral phase 

composition results of 10 %, 20 %, 30 % and 40 % Fe composition for the synthesized 

impregnated Cu–Fe nanoparticles in Figures 2-5 confirmed the formation of tiny peaks 

revealing crystallinity with mineral phases that are characteristic to copper and iron. The 

mineral phases for 10 % Fe and 30 % Fe composition were both goethite but the Cu mineral 

phases in the samples, consist of Tenorite for 10 % and Cuprite for 30 % Fe the synthesized 

Cu–Fe NPs [48, 77, 80]. The mineral phases for 20 % Fe and 40 % Fe of synthesized Cu–Fe NPs 

consist of the same mineral phase compositions for both Cu and Fe to be Tenorite and 

Magnetite respectively. 

 

SEM AND TEM 

Scanning Electron Microscopy (SEM) presented in Figure 4 was used to investigate the surface 

morphology of the synthesized Cu–Fe nanoparticles. The SEM images of the synthesized Cu–

Fe nanoparticles revealed spherical irregular particle sizes with some agglomeration. The 

particles appear clustered which could be due to strong inter-particle interactions and 

magnetic effects caused by iron. The surface morphology is rough and porous but very good 

for adsorption processes because it provides more active sites for interaction with some 

wastewater impurities. The TEM morphology presented in Figure 5 is used to investigate the 

inner morphology of the synthesized Cu–Fe NPs. The TEM morphology for the synthesized 

Cu–Fe NPs are spherical with irregular shape with partially dispersed particle sizes. `TEM 

particle sizes of the synthesized impregnated Cu–Fe nanoparticles of the results of 10 %, 20 

%, 30 % and 40 % Fe composition was calculated using Imagej software to be 7.2 nm, 3.2 

nm, 5.4 nm and 5.3 nm respectively. The TEM particle sizes for 10 %, 20 %, 30 % and 40 % 

Fe composition for the synthesized impregnated Cu–Fe nanoparticles revealed similar 

pattern to the Scherer’s particle size calculated results. 
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20 % 

 
Figure 4: SEM morphology 10 %, 20 %, 30 % and 40 % Fe of synthesized composite Cu–

Fe NPs 

 

 
Figure 5: TEM morphology 10 %, 20 %, 30 % and 40 % Fe in synthesized composite Cu–

Fe NPs 
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FTIR 

FTIR Analysis: 

Fourier-transform infrared (FTIR) spectroscopy provides insight into the surface chemistry 

and functional groups of the nanoparticles in the samples presented in Figure 6. The FTIR 

spectra of the synthesized Cu–Fe nanoparticles of 10 %, 20 %, 30 % and 40 % Fe revealed 

broad absorption bands O–H stretching at 3283.79 cm-1, sharp short peak bands of C–H 

stretching at 2903.60 cm-1 for 20 % and 40 % while that of 10 % and 30 % were not 

conspicuous. Absorption peaks at 2266.22 cm-1 and 2053.76 cm-1 revealed the presence of 

CO2 for all the samples. Peaks observed near 1625.76 cm-1 is associated with the asymmetric 

vibration of the carbonyl group while the weaker band at 1475.15 cm-1 describes the 

symmetric vibration of the carbonyl group in the free carboxylic group 1475.15 cm⁻¹ 

correspond to O–H stretching and bending respectively [81]. The FTIR absorption bands at 

1103.29 cm–1 can be attributed to the presence of C–O bond [76, 82-83]. The characteristic 

metal–oxygen vibration bands detected in the region 600-700 cm⁻¹ are assigned to Cu–

O and Fe–O stretching vibrations to confirm the formation of composite copper–iron 

oxide (CuFe2O4) nanoparticles [84].  

 

 
Figure 6: FTIR analysis of 10 %, 20 %, 30 % and 40 % Fe in synthesized composite Cu–Fe 

NPs  

 

XRF 

The X-ray fluorescence (XRF) analysis of the synthesized Cu–Fe nanoparticles at 10 %, 20 %, 

30 % and 40 % Fe presented in Figure 7 confirmed the presence of copper and iron as the 

major elements as seen in Figures 2-3. The elemental composition of the synthesized Cu–Fe 

nanoparticles varied with the % Fe precursor concentration. The 20 % Fe-doped sample 

exhibited a balanced Cu–Fe composition with a higher proportion of copper compared to 

other samples, which is favorable for adsorption and catalytic activity. XRF elemental 

composition results with the XRD crystal structure combine to validate the synthesis of Cu–

Fe NPs. It explains that: addition of Fe improves the magnetic properties, catalytic activity, 
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and high amount of Cu gives better adsorption properties. The improved performance of the 

20 % Fe synthesized Cu–Fe NPs can be attributed to its optimal Cu–Fe ratio, as confirmed by 

XRF elemental analysis and it provides sufficient active copper sites while maintaining the 

synergistic effect of iron. Trace elements such as Si, Al, and Ca were also detected, which 

was likely to originate from the mine tailings used as precursor materials. These impurities 

were minimal and did not significantly affect nanoparticle performance. The results 

confirmed successful synthesis due to the presence of both Cu and Fe which proves 

formation of composite nanoparticles. XRF revealed the elemental composition of the 

nanoparticles, showing a consistent increase in Fe content was proportional to the intended 

doping levels. The Cu–to–Fe ratio measured by XRF corroborated the nominal compositions 

used in synthesis, confirming successful doping and homogeneity of the bimetallic system. 

These results complement the XRD data, validating that structural changes observed with 

increasing Fe are due to controlled elemental incorporation rather than impurities. 

 

 
Figure 7: XRF elemental composition of 10 %, 20 %, 30 % and 40 % of Fe in synthesized 

composite Cu–Fe NPs 

 

TGA 

The thermogravimetric analysis (TGA) of the synthesized 20 % Fe composite Cu–Fe 

nanoparticle in Figure 8 revealed the TGA/DTA curves of the revealed a multi-stage weight 

loss pattern. composite Cu-Fe nanoparticles. TGA was conducted by heating 100 g of the Cu–

Fe samples at the rate of 5 °C/minute and the samples exhibited two distinct stages of 

weight loss. The initial sharp weight loss from room temperature to 320 °C is due to 

evaporation of physisorbed water molecules while the second stage of a small weight loss 

at temperatures between 380 °C and 460 °C can be ascribed to the evaporation of 

chemisorbed water molecules [85]. Gradual weight loss up to 460°C is associated with the 

oxidation and structural transformation of the nanoparticles. At temperature above 600°C, 

there was no significant weight loss observed, which indicate the formation of thermally 

stable Cu–Fe oxide phases. The overall low weight loss confirms the high thermal stability 

of the synthesized composite Cu–Fe nanoparticles [86]. As the temperature rise above 460 

°C, the TGA curve becomes flat which indicate that there was no significant weight loss was 

observed, which indicate the formation of thermally stable Cu–Fe oxide phases [84]. 
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Figure 8: TGA/DTA analysis of synthesized composite Cu–Fe NPs 

 

BET 

The BET micropore of the synthesized Cu–Fe NPs from the mixture of mine tailings and 

reagent Fe salt sample are presented in Figure 9. Figure 9A revealed DA plot consisting of 

micropore volume and pore diameter to be 0.151 cc/g and 2.94 nm respectively. The pore 

size distribution in Figure 9B revealed the cumulative pore volume and cumulative surface 

area to be 0.066 cc/g and 669 m2/g respectively. Langmuir isotherm and multipoint BET 

surface area results are presented in Figure 10. Figure 10A revealed the Langmuir isotherm 

surface area to be 979.67 m2/g, which almost form a linear graph. Figure 10B presents the 

multi-point BET surface area to be 303.38 m2/g revealed that the gas molecules formed a 

uniform layer on the surface of the adsorbent to make adsorption to occur in a monolayer 

form. The multipoint BET surface area depends on what it would be used for such as 

adsorbent, electronics, photonics, catalysis, semiconductor and biomedicine because of it’s 

large surface area [77, 87-89]. The BET of the synthesized Cu–Fe NPs is higher than that of 

synthesized tailing Cu-NPs and reagent Cu-NPs reported by Okpala et al., (2026)[74]. 

 

 
Figure 9: BET micropore (A) and pore size distribution (B) analysis of 20 % of 

synthesized composite Cu–Fe NPs 
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Figure 10: BET Langmuir (A) and Multi-point BET (B) analysis of synthesized composite 

Cu–Fe NPs 
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