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Comparative Evaluation of Pine Oil and Vernonia amygdalina Extract as Frothers in the Froth Flotation of Duguri Galena for Lead Oxide Production



ABSTRACT 

	The demand for eco-friendly reagents in minerals flotation is rising. Conventional frothers, while effective for flotation processes, are synthetic, raising environmental and sustainability concerns. Green frothers act as eco-friendly substitutes, reducing ecological impacts and improving biodegradability without compromising flotation performance. This study investigated the froth flotation of Duguri lead ore (Bauchi State, Nigeria) using conventional (pine oil) and non-conventional (Vernonia amygdalina extract) frothers to produce lead oxide concentrate suitable for pyrometallurgical extraction of lead metal. The sample underwent comminution and homogenization, followed by random sampling and particle size analysis. A grindability test was performed, and subsequent froth flotation experiments were conducted to concentrate the valuable lead mineral. The elemental composition of the ore sample was analyzed using Energy Dispersive X-ray fluorescence (ED-XRF), the morphological structure using Scanning Electron Microscope - equipped with Energy Dispersive Spectroscopy (SEM-EDS), and the mineral composition identified using X-ray Diffraction (XRD). The liberation size of the ore was determined to be within the range of -180+125 µm, with a work index of 22.20 kWh/t and a comminution energy of 3.76 kWh. The froth flotation method significantly increased the PbO grade. Pine oil achieved optimal results in the -125+90 µm size range, while Vernonia amygdalina extract performed better in the -63 µm fraction, yielding higher PbO grade, recovery, concentration ratio, enrichment ratio, and separation efficiency. Consequently, both frothers produced 60-65% PbO concentrates, suitable for pyrometallurgical extraction of lead metal. Therefore, Vernonia amygdalina extract emerges as a more efficient alternative frother to pine oil in the froth flotation of Duguri lead ore, offering an eco-friendly option, that reduces reliance on synthetic reagents while maintaining or improving metallurgical performance.
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1. INTRODUCTION

The Nigerian Federal Government has prioritized the exploitation of strategic minerals such as iron ore, coal, gold, lead, zinc, bitumen, limestone and barites. Mining of these minerals is economical due to their wide availability in both high-quality and large quantities (Olade, 2019). The Duguri lead ore deposit in Bauchi State is an example of such a deposit. Notably, Nigeria also holds considerable lead deposits across several other states, including Anambra, Ebonyi, Plateau, Cross River, Imo, Kano, Enugu, Abuja, and Taraba, where the ore predominantly occurs in the form of lead-zinc deposits (Ahmed et al., 2017). With such deposits, the mining and minerals sector has the potential to contribute significantly to Nigeria’s Gross Domestic Product (GDP). Therefore, providing information on the characteristics and processing route of Duguri lead ore is necessary to support its exploration, development, and exploitation for economic gain.

Lead (Pb) is a bluish-grey metal exhibiting a relatively soft and malleable nature. It is a versatile and widely utilized metal globally, thanks to its unique combination of properties such as high density, excellent resistance to chemical corrosion and low melting point (Collin et al., 2022). The primary ore mineral of lead is galena (PbS), usually found in association with barytes and sphalerite (ZnS). Lead is used in several applications, including the manufacture of car batteries, ammunition, pigments, lifting weights, solders, cable sheathing, lead crystal glass and radiation protection (Boldyrev, 2018; May et al., 2018). These diverse applications of lead are a testament to its importance in modern technology and infrastructure. However, it is important to note that lead is also a toxic metal, and its use requires proper handling, safety precautions and environmental considerations to minimize its potential risks and impacts (Chowdhury et al., 2022; Kim et al., 2021).

In recent years, the growing recognition of finer liberation sizes for minerals, including lead, has prompted researchers to explore alternative methods for enriching valuable minerals associated with ore bodies. As a result, while most gravity methods are unsuitable for finely disseminated ore bodies and certain ore types such as sulphides, the flotation method has emerged as a preferred approach for selectively separating valuable minerals from the gangue. Several researchers have beneficiated lead ore mineral via the froth flotation method. Mütevellioğlu & Yekeler (2019) floated oxide carbonate Pb-Zn ore containing 9.05% Pb and 11.97% Zn using reagents such as CMC, Na2S, and AERO promotor. Flotation in six stages using 350 g/t KAX, 275 g/t AERO 407, 7500 g/t Na2S, and 1000 g/t CMC achieved 70.93% Pb concentration with a recovery of 71.56%. Similarly, Wei et al. (2021) achieved an increase in Pb grade to 52.73% from 43.37% in the crude ore by applying a new flotation approach involving a low-alkaline and non-desliming process, at a pH of 9. This approach was deemed effective for improving lead and zinc recoveries, while lowering production cost and reducing environmental pollution. Other related works by Zhang & Chen (2021) achieved 65.16% lead and 87.81% silver recovery in a laboratory floatation set-up, compared to industrial closed-circuit testing flotation, which attained a 67.71% total lead recovery, and an 87.64% total silver recovery yield, while Ramezani & Kamran Haghighi (2025) floated lead using potassium amyl xanthate (PAX), zinc sulfate, and sodium cyanide. A lead concentrate having 21.5% lead with a recovery of 61.17% was obtained, with 45.34% zinc and 26.765 iron recoveries, under the optimal conditions of 800 g/ton PAX, 250 g/ton zinc sulfate, and 50 g/ton sodium cyanide at a pH of 9.5.

Although flotation remains the most widely employed beneficiation technique for the recovery of valuable minerals—particularly sulphide ores and certain non-sulphide ores such as oxides and phosphates—its environmental implications present notable sustainability challenges. These concerns arise primarily from its high energy requirements, reliance on petrochemical-based reagents, and substantial water consumption. Recent research has increasingly focused on the development and application of environmentally benign frothers derived from renewable resources and industrial waste streams. Such alternatives include plant-derived glycosides, polymer–surfactant blends, biosurfactants, and esters (Nazoori et al., 2025). These green frothers have demonstrated the capacity to enhance froth formation and stability, regulate bubble size distribution, and improve flotation selectivity when compared with conventional reagents (Nazoori et al., 2025). This study, therefore, employed the use of conventional (pine oil) and non-conventional (Vernonia amygdalina extract) as frothers in the froth flotation of Duguri lead ore. The bitter leaf extract has been used alternatively to minimize the cost of reagents used in concentrating the lead mineral, with the aim to reduce the overall cost of producing lead mineral, promote the rural economy and contribute meaningfully to Nigeria’s GDP.

2. MATERIALS AND METHOD

2.1 Materials and chemical reagents

The samples used in this study were Duguri lead ore and the reference ore (quartz from the overburden), obtained from a mine site in Duguri town (coordinates: Latitude 9°39ʹ11ʺN, and Longitude 10°44ʹ48ʺE), Alkaleri Local Government Area, Bauchi State, Nigeria. All laboratory-grade reagents used for froth flotation of the lead ore included sodium hydroxide/hydrochloric acid (pH regulator), zinc sulphate (depressant), copper sulphate (activator), potassium ethyl xanthate (collector), pine oil and Vernonia amygdalina extract (frothers). Fig. 1 shows the location of the study area.
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Fig. 1. Location of Duguri in Alkaleri Local Government Area, Bauchi State, Nigeria (Udeh et al., 2020)

2.2 Method

The method employed included sample collection, chemical and mineralogical characterization of the lead ore, particle size analysis, work index determination and froth flotation. 

2.2.1 Sample collection

Fifty kilograms (50 kg) of lead ore (test) sample and 10 kg of quartz (reference ore) were collected from a mine site in Duguri town. The samples were collected from 10 different pits (500 m apart) dug at dimensions of 1.5 m by 1.5 m and 3.0 m deep. About 5 kg was collected from each pit using the random sampling method.

2.2.2 Sample preparation

Sample preparation involved comminution processes, including crushing and grinding. Boulder-sized materials exceeding 200 mm were initially reduced using a sledgehammer to particle sizes of approximately 50–100 mm. Samples collected from the ten pits were thoroughly mixed to ensure homogenisation, after which a representative 10 kg portion was obtained through random sampling for subsequent analysis. The material was further reduced in size using a laboratory jaw crusher (Denver D12) to approximately 5 mm, followed by pulverisation with a Fritsch pulveriser. Thereafter, sieve analysis was conducted to determine particle size distribution. Sampling for characterisation was performed using the cone and quartering method, complemented by random sampling techniques to ensure the representativeness of the final sample.

2.2.3 Particle size analysis

Particle size analysis was conducted according to procedures outlined by Alabi et al. (2016) & Owino et al. (2026). After pulverization, 100 g of the prepared lead ore sample was placed into a series of sieves organized in a pattern that varied in size according to the square root of 2 (√2). The mesh sizes for the sieves used were 1000 µm, 710 µm, 500 µm, 355 µm, 250 µm, 180 µm, 125 µm, 90 µm, and 63 µm. A pan was tightly fitted underneath the bottom sieve to collect the smallest particles, while a lid was placed on the top sieve to prevent any sample from escaping throughout the process. The set of sieves was agitated using a Denver automated sieve shaker (MY-2014 model) for 30 minutes. The resulting fraction of material collected on each sieve was weighed and recorded.

2.2.4 Work index determination

The work index was computed using the modified Bond’s method based on the Gaudin Schumann equation and following the procedures outlined by Bwala et al. (2021). The work index of the test ore was determined by conducting the sieve analyses of the feed to the ball mill for the test ore, the product out of the ball mill for the test ore, the feed to the ball mill for the reference ore and the product out of the ball mill for the reference ore. The size of the reference ore, quartz (known as the overburden layer), was reduced using the jaw crusher, and the resulting product was further crushed and ground using a ball mill. Likewise, the test ore was crushed and ground. A total of 100 g of both the test and reference ores were separately loaded into a series of sieves and agitated on an automated sieve shaker for 30 minutes. The respective fractions of the test and reference ores were weighed and recorded.

2.2.5 Froth flotation process

500 g of ground sample of the lead ore (100% passing 250 µm sieve size) was charged into a Denver (D-12) froth flotation cell, followed by the addition of 2000 ml of water. This was thoroughly mixed to form a slurry of ratio 1:4. The slurry was agitated using an impeller at a speed of 1700 rpm for 1 minute, after which, the pH was checked (initially at 10.2) and adjusted to 9.0 using dilute hydrochloric acid. The slurry was agitated for another 1 minute, and then the depressant, zinc sulphate (100 g/t), was added. The resulting slurry was further agitated for 1 minute, and 10 g/t copper sulphate (activator) was added. After agitating the slurry for another 1 minute, the collector, 20 g/t potassium ethyl xanthate, was added. The slurry was thoroughly agitated for another 1 minute, and 2 droplets of pine oil (frother) were added, and air was introduced into the slurry by opening the air valve. Froth was formed, skimmed, and collected.500 ml of water was used for the wash-down of lead oxide from the lead ore for more froth formation. After 1 minute of agitation, air was again introduced to recover more froth. The froth and the depressed products were allowed to settle for 24 hours and then decanted, filtered and dried. Representative samples were collected for chemical analysis. This procedure was repeated for sieve sizes of 180 µm, 125 µm, 90 µm and 63 µm and the replication was done using Vernonia amygdalina (bitter leaf) extract as the frother.

2.3 Characterization

[bookmark: _GoBack]Energy-dispersive X-ray fluorescence spectroscopy (EDS-XRFS) was employed to determine the chemical composition of the ore sample. A 20 g portion of the pulverised lead ore was sieved through a 250 µm mesh screen and subsequently mixed with a binder in a ratio of 5.0 g of sample to 1.0 g of cellulose flakes. The binder was then compressed into pellets using a pelletising machine at 10–15 tons/in² and stored in a desiccator prior to analysis. The PANalytical Minipal 7 ED-XRF instrument was switched on and allowed to stabilise at an operating temperature of 20°C for two hours. Selected elements of interest were analysed using appropriate software, and the results were recorded.
X-ray diffraction (XRD) analysis was conducted using a PANalytical X’Pert Pro powder diffractometer equipped with an X’Celerator detector, as well as variable divergence and receiving slits. Diffraction measurements were carried out using Fe-filtered Co-Kα radiation. Phase identification was performed using X’Pert HighScore Plus software. The receiving slit was set at 0.040°, and data were collected over a 2θ range of 5–70° with a counting time of 1.5 seconds per step. Temperature-dependent XRD measurements were obtained using an Anton Paar HTK 16 heating chamber fitted with a platinum heating strip. Both qualitative and quantitative results were presented graphically, and the Rietveld refinement method was applied to determine the relative proportions of the various phases in terms of weight percentages (Gbadamosi et al., 2021).
Furthermore, an ultra-high-resolution field emission scanning electron microscope (UHR-FEGSEM), coupled with energy-dispersive spectroscopy (EDS), was utilised to examine the morphology and microstructure of the pulverised lead ore sample. Particle images were acquired using a secondary electron detector.

3. RESULTS AND DISCUSSION
3.1 Mineralogical Characterization 
Drawing from the previous work, Munyao et al. (2024), the chemical composition of the crude lead ore, as depicted in Table 1 showed the presence of lead oxide (PbO) at 36.83%, with the existence of other oxides such as SiO2 (45.82%), Fe2O3 (8.29%), ZnO (9.66%), Al2O3 (3.41%), TiO2 (1.07%) and WO3 (0.31%). Evidently, the ore meets the 1-10% Pb standard required to mine lead ore deposits, but requires beneficiation to upgrade it 60-65% content suitable for pyrometallurgical extraction of lead metal (Yunana et al., 2015). The XRD analysis identified the main mineral present in the ore as galena (47.0%), with the presence of other minerals including cerussite (19.0%), quartz (18.8%) and gratonite (15.0%).
Table 1. Chemical composition of the crude Duguri lead ore
	Component
	PbO
	SiO2
	Fe2O3
	ZnO
	Al2O3
	TiO2
	WO3

	Chemical composition (%)
	36.83
	45.82
	8.29
	9.66
	3.41
	1.07
	0.31



The morphology of the ore, as shown by the SEM micrograph in Fig. 2, revealed the characteristic cubical and octahedral crystals (Nasymov et al., 2019), indicating a coarse-grained ore and a smooth surface with a fine-grained texture, suggesting quartz or silicate mineralization. The ore has limited porosity, consistent with Galena’s dense nature. Additionally, the minerals present in the present in the ore are coarsely dispersed within the matrix of the ore, which facilitates easier liberation during comminution processes. The elemental constituents consisted of Pb, Si, C and O.
[image: ]
Fig. 2. The morphology of Duguri lead ore (Munyao et al., 2024)
3.2 Particle Size Analysis
The sieve analysis result for the crude lead ore is presented in Table 2. The cumulative % weight retained and passing curves for the crude lead ore, shown in Fig. 3, depict the point of intersection at 125 µm, meaning that the theoretical liberation size for the ore is in the sieve size range of -180+125 µm. The actual liberation size, as shown in Table 2, indicates the liberation size is also at -180+125 µm, with the highest PbO content of 38.88%. The liberation size is defined as the size at which the mineral of interest is fully liberated from the gangue (Rerani et al., 2024).
Table 2. Sieve analysis result for the crude lead ore
	Sieve size Range (µm)
	Sieve size (µm)
	Weight Retained (g)
	Weight Retained (%)
	Cumulative Weight Retained (%)
	Cumulative Weight Passing (%)
	Grade of PbO (%)

	1000
	1000
	5.40
	5.49
	5.49
	94.51
	34.88

	-1000 + 710
	710
	0.20
	0.20
	5.69
	94.31
	31.89

	-710 + 500
	500
	10.40
	10.59
	16.28
	83.72
	31.35

	-500 + 355
	355
	14.29
	14.54
	30.82
	69.18
	33.52

	-355 + 250
	250
	1.09
	1.11
	31.93
	68.07
	34.02

	-250 + 180
	180
	7.71
	7.85
	39.78
	60.22
	34.52

	-180 + 125
	125
	9.11
	9.27
	49.05
	50.95
	38.88

	-125 + 90
	90
	10.96
	11.16
	60.21
	39.79
	36.10

	-90 + 63
	63
	9.60
	9.77
	69.98
	30.02
	35.90

	-63
	-63 (pan)
	29.50
	30.02
	100
	0
	37.01

	
	
	98.25
	100
	
	
	




Fig. 3. Cumulative % weight retained and passing for the crude lead ore at varying sieve sizes
3.3 Work Index Determination
The work index of the test ore (Galena) was determined by conducting the sieve analyses of the feed to the ball mill, and the product out of the ball mill for the test ore, the feed to the ball mill and the product out of the ball mill for the reference ore. The results of the experiments carried out are presented in Tables 3-6.
Table 3. Sieve analysis results for the feed to the ball mill for test ore
	Sieve size Range (µm)
	Sieve size (µm)
	Weight Retained (g)
	Weight Retained (%)
	Cumulative Weight Retained (%)
	Cumulative Weight Passing (%)

	1000
	1000
	7.19
	7.39
	7.39
	92.61

	-1000 + 710
	710
	0.17
	0.18
	7.57
	92.43

	-710 + 500
	500
	10.58
	10.89
	18.46
	81.54

	-500 + 355
	355
	13.75
	14.15
	32.61
	67.40

	-355 + 250
	250
	1.61
	1.65
	34.26
	65.74

	-250 + 180
	180
	7.16
	7.37
	41.63
	58.38

	-180 + 125
	125
	9.14
	9.41
	51.03
	48.97

	-125 + 90
	90
	10.45
	10.75
	61.78
	38.22

	-90 + 63
	63
	9.59
	9.87
	71.65
	28.35

	-63
	-63 (pan)
	27.55
	28.35
	100
	0.00

	
	
	97.19
	100
	
	



Table 4. Sieve analysis results for the product out of the ball mill for test ore
	Sieve size Range (µm)
	Sieve size (µm)
	Weight Retained (g)
	Weight Retained (%)
	Cumulative Weight Retained (%)
	Cumulative Weight Passing (%)

	1000
	1000
	0.00
	0.00
	0.00
	100

	-1000 + 710
	710
	0.02
	0.02
	0.02
	99.98

	-710 + 500
	500
	1.80
	1.88
	1.90
	98.10

	-500 + 355
	355
	10.14
	10.60
	12.51
	87.49

	-355 + 250
	250
	8.07
	8.44
	20.94
	79.06

	-250 + 180
	180
	12.34
	12.90
	33.85
	66.15

	-180 + 125
	125
	12.89
	13.48
	47.32
	52.68

	-125 + 90
	90
	14.33
	14.98
	62.31
	37.69

	-90 + 63
	63
	16.41
	17.16
	79.46
	20.54

	-63
	-63 (pan)
	19.64
	20.54
	100
	0.00

	
	
	95.64
	100
	
	










Table 5. Sieve analysis results for the feed to the ball mill for reference ore
	Sieve size Range (µm)
	Sieve size (µm)
	Weight Retained (g)
	Weight Retained (%)
	Cumulative Weight Retained (%)
	Cumulative Weight Passing (%)

	1000
	1000
	7.89
	8.30
	8.30
	91.71

	-1000 + 710
	710
	0.25
	0.26
	8.55
	91.45

	-710 + 500
	500
	18.86
	19.82
	28.37
	71.63

	-500 + 355
	355
	23.13
	24.30
	52.67
	47.33

	-355 + 250
	250
	12.09
	12.71
	65.38
	34.62

	-250 + 180
	180
	9.78
	10.28
	75.66
	24.34

	-180 + 125
	125
	7.27
	7.64
	83.29
	16.71

	-125 + 90
	90
	6.01
	6.31
	89.61
	10.39

	-90 + 63
	63
	3.85
	4.04
	93.65
	6.35

	-63
	-63 (pan)
	6.04
	6.35
	100
	0.00

	
	
	95.13
	100
	
	



Table 6. Sieve analysis results for the product out of the ball mill for reference ore
	Sieve size Range (µm)
	Sieve size (µm)
	Weight Retained (g)
	Weight Retained (%)
	Cumulative Weight Retained (%)
	Cumulative Weight Passing (%)

	1000
	1000
	0.00
	0.00
	0.00
	100

	-1000 + 710
	710
	0.02
	0.02
	0.02
	99.98

	-710 + 500
	500
	0.76
	0.78
	0.79
	99.21

	-500 + 355
	355
	2.46
	2.51
	3.31
	96.69

	-355 + 250
	250
	10.71
	10.96
	14.26
	85.74

	[bookmark: _Hlk223647631]-250 + 180
	180
	14.59
	14.93
	29.19
	70.81

	-180 + 125
	125
	23.17
	23.71
	52.90
	47.10

	-125 + 90
	90
	12.47
	12.76
	65.66
	34.34

	-90 + 63
	63
	17.79
	18.20
	83.87
	16.13

	-63
	-63 (pan)
	15.77
	16.13
	100
	0.00

	
	
	97.72
	100
	
	



[bookmark: _Hlk223600574]Using the Gaudin Schumann Expression (Wills & Finch, 2015; Alabi et al., 2015) as shown in equations 1, 2 and 3, the feed particle size (Ft) of the test ore at 80% passing, product particle size (Pt) of the test ore at 80% passing, the feed particle size (Fr) of the reference ore at 80% passing and the product particle size (Pr) of the reference ore at 80% passing were computed as shown in Table 7.
P(X) = 100[α                                                                                                                                        (1)
α =                                                                                                                                (2)
 =                                                                                               (3)
Table 7. Computed sieve mesh size values with 80% of particle size passing
	Component
	Ft
	Pt
	Fr
	Pr

	Sieve size (µm)
	481.29
	255.98
	623.68
	217.65



Using Bond’s equation (Wills & Finch, 2015; Alabi et al., 2015) as presented in equation 4, the work index of the test ore was computed.
 =                                                                                                     (4)
Hence,
 =                                                                                                                (5)
Where, Wit = work index of test ore
Wir = work index of the reference ore
Recalling that the work index (Wir) of the reference ore (quartz) is 13.57 kWh/t (Alabi et al., 2015; Allen, 2017), the work index of the test ore (Wit) was computed as shown.
Wit =  = 22.20 kWh/t
The calculated value falls within the range for the standard work index of Galena (7 to 26 kWh/t) (Alabi et al., 2015). The work index was used to calculate the energy required for grinding Duguri galena to its liberation size using equation 4 (Wills & Finch, 2015).
Wr = Wt = 3.76 kWh
3.4 Froth Flotation
The results of the froth flotation process (concentrate weights) using pine oil and Vernonia amygdalina extract as frothers is presented in Fig. 4. 
[image: ]
Fig. 4. Floated concentrate weights using pine oil and Vernonia amygdalina extract as frothers at varied sieve sizes
Lead oxide concentrate was recovered as froth in both cases. This indicates a successful separation of the mineral of interest (PbO) from the gangue. When pine oil was used as a frother, a near uniform froth formation was observed, while froth formation was observed to increase with decreasing particle size when Vernonia amygdalina extract was used. The result of chemical analysis of the concentrate and tailings obtained for both frothers are presented in Tables 8 and 9.
Table 8. Chemical composition of the froth floatation process at varied sieve sizes using pine oil as the frother 
	[bookmark: _Hlk224061784]Mineral
Constituent
(%)
	Sieve size (µm)

	
	-250+180
	-180+125
	-125+90
	-90+63
	-63

	
	Conc.
	Tails
	Conc.
	Tails
	Conc.
	Tails
	Conc.
	Tails
	Conc.
	Tails

	Al2O3
	3.41
	3.30
	3.32
	3.22
	3.49
	2.92
	2.86
	2.86
	2.71
	2.78

	SiO2
	19.42
	42.41
	16.12
	46.32
	7.32
	52.2
	12.46
	43.81
	13.27
	47.69

	TiO2
	1.07
	1.06
	0.08
	0.06
	0.17
	0.10
	0.13
	0.09
	0.16
	0.11

	ZnO
	9.96
	3.46
	9.89
	2.36
	8.14
	1.96
	10.94
	1.83
	8.76
	0.96

	Fe2O3
	6.43
	3.93
	5.41
	3.33
	3.01
	2.06
	5.12
	4.03
	5.96
	3.92

	PbO
	46.14
	31.71
	52.81
	27.88
	62.89
	7.92
	51.45
	21.37
	56.42
	23.57

	WO3
	0.32
	0.31
	0.25
	0.25
	0.20
	0.23
	0.24
	0.24
	0.26
	0.26



Table 9. Chemical composition of the froth floatation process at varied sieve sizes using Vernonia amygdalina extract as the frother 
	Mineral
Constituent
(%)
	Sieve size (µm)

	
	-250+180
	-180+125
	-125+90
	-90+63
	-63

	
	Conc.
	Tails
	Conc.
	Tails
	Conc.
	Tails
	Conc.
	Tails
	Conc.
	Tails

	Al2O3
	3.11
	3.21
	3.02
	3.03
	3.19
	3.23
	2.90
	2.17
	2.07
	2.41

	SiO2
	34.15
	37.11
	27.73
	39.93
	14.22
	48.61
	17.41
	41.71
	19.27
	39.32

	TiO2
	1.08
	1.07
	0.08
	0.07
	0.13
	0.10
	0.09
	0.12
	0.11
	0.08

	ZnO
	8.46
	2.51
	8.26
	3.47
	8.09
	0.99
	8.96
	1.64
	9.97
	1.86

	Fe2O3
	7.92
	5.39
	8.41
	5.01
	4.81
	6.01
	6.73
	6.33
	6.93
	7.98

	PbO
	39.43
	29.83
	48.88
	27.90
	82.19
	10.89
	69.94
	26.12
	65.24
	14.14

	WO3
	0.33
	0.31
	0.25
	0.23
	0.22
	0.19
	0.24
	0.30
	0.26
	0.24



When pine oil was used as the frother, the highest lead oxide (PbO) concentrate grade of 62.89% was obtained in the -125+90 µm sieve size range, while the lowest grade was attained in the -250+180 µm size fraction. In comparison, with Vernonia amygdalina extract as the frother, the highest grade of PbO concentrate (82.19%) was achieved in the sieve size of -125+90 µm, and the lowest grade (39.43%) was attained in the -250+180 µm size fraction. The recovery of PbO for both frothers is presented in Tables 10 and 11. Using pine oil, the highest recovery of 93.84% was achieved at a PbO grade of 62.89% in the -125+90 µm size fraction, with a concentration ratio of 1.82 and an enrichment ratio of 1.71. The lowest recovery (70.26%) was obtained in the sieve size range of -250+180 µm. For Vernonia amygdalina extract, the highest recovery of 94.92% was obtained at a PbO grade of 65.24% in the -63 µm fraction with a concentration ratio of 1.87 and an enrichment ratio of 1.77, whereas the lowest recovery (11.11%) was attained in the -250+180 µm fraction.
Table 10. Metallurgical accounting for froth flotation using pine oil as the frother
	Sieve size (µm)
	Feed weight, F (g)
	Feed grade, f (%)
	Concentrate weight, C (g)
	Concentrate grade, c (%)
	Recovery (Cc/Ff)100 (%)
	Conc. Ratio, F/C
	Enrich. Ratio, c/f

	-250+180
	500
	36.83
	312.27
	46.15
	78.26
	1.60
	1.25

	-180+125
	500
	36.83
	250.02
	52.81
	71.70
	2.00
	1.43

	-125+90
	500
	36.83
	274.75
	62.89
	93.84
	1.82
	1.71

	-90+63
	500
	36.83
	273.15
	51.45
	76.33
	1.83
	1.40

	-63(pan)
	500
	36.83
	290.62
	56.42
	89.05
	1.72
	1.53



[bookmark: _Hlk223689666]Table 11. Metallurgical accounting for froth flotation using Vernonia amygdalina extract as the frother
	Sieve size (µm)
	Feed weight, F (g)
	Feed grade, f (%)
	Concentrate weight, C (g)
	Concentrate grade, c (%)
	Recovery (Cc/Ff)100 (%)
	Conc. Ratio, F/C
	Enrich. Ratio, c/f

	[bookmark: _Hlk223711746]-250+180
	500
	36.83
	51.88
	39.43
	11.11
	9.64
	1.07

	-180+125
	500
	36.83
	54.15
	48.88
	14.37
	9.23
	1.33

	-125+90
	500
	36.83
	81.11
	82.19
	36.20
	6.16
	2.23

	-90+63
	500
	36.83
	97.68
	69.94
	37.10
	5.12
	1.90

	-63(pan)
	500
	36.83
	267.94
	65.24
	94.92
	1.87
	1.77



The grade of lead oxide concentrate obtained, with the highest recovery, when both pine oil and Vernonia amygdalina extract were used as frothers, is suitable for use as a charge in the furnace for lead metal production. According to Yunana (2015), a grade of 60-65% of PbO concentrate is required for the pyrometallurgical extraction of lead metal. The Vernonia amygdalina extract has proven to be a sustainable alternative frother for flotation of lead ore. As reported by Pawliszak et al. (2024) & Nuorivaara et al. (2020), green frothers play a critical role in flotation by producing smaller bubbles and stabilized froth, which efficiently enhances mineral separation. This occurs through the creation of surface tension gradients at the air-water interface, which promotes bubble formation and stability. Nazoori et al. (2025) reiterated that green frothers can match or even surpass conventional reagents as they develop stable froths having lower entrainment levels compared to conventional frothers, hence resulting in good metal recoveries and grades. Vernonia amygdalina extract have of an amphiphilic structure, which enabled it to function effectively as a frother in the flotation of the lead ore. They consist of saponin (Alara et al., 2019; Fordos et al., 2025), which are amphiphilic with a hydrophobic sugar chain that help form stable foam. The amphiphilic arrangement reduces surface tension by stabilizing the interface, thereby, preventing bubble coalescence to enable the formation of smaller, stable bubbles (Nazoori et al., 2025). Additionally, as reported by Pan et al. (2025) the Vernonia amygdalina extract was able to promote the formation of many small bubbles, through coalescence suppression, which increased the total bubble surface area for particle attachment. A fine bubble population enhances the recovery of fine mineral particles. The use of Vernonia amygdalina extract as a frother in the flotation of galena, contributes significantly to green metallurgy towards sustainable mineral processing. Similar technologies that are being employed in froth floatation of minerals include the use of biosurfactants. Simões et al. (2024) stated that biosurfactants exhibit hydrophobic properties derived from long-chain fatty acids, which promotes selective adsorption (through physical/chemical interactions with mineral surfaces), resulting in enhanced recovery of target minerals. Jiang et al. (2025) in a view to replace the use of dichromate (K2Cr2O7) in flotation separation of chalcopyrite and galena, due to its high toxicity, synthesized a green polymer depressant (poly (acrylamide-N-thiourea maleic acid), which exhibited a stronger depressing capability achieving an effective Cu-Pb separation, and proving it can serve as an environmentally friendly alternative in flotation separation of Cu and Pb. Feng et al. (2026) also employed the use of glutathione (a naturally produced antioxidant) for flotation separation of galena and talc. Glutathione selectively acted on galena, depressing it and reducing its floatability. From the separation efficiency as shown in Table 12, the highest separation efficiency, 77.10%, was obtained when Vernonia amygdalina extract was used as the frother, in the -63 µm sieve size, while that of pine oil as the frother was 74.17% achieved in the -125+90 µm size fraction.
[bookmark: _Hlk223724876]Table 12. Separation efficiency using pine oil and Vernonia amygdalina extract as frothers
	Sieve size
range (µm)
	Recovery of metal in concentrate, Rm (%)
	Recovery of metal in gangue, Rg (%)
	Separation efficiency, (Rm-Rg) (%)

	
	Pine oil
	Vernonia amygdalina extract
	Pine oil
	Vernonia amygdalina extract
	Pine oil
	Vernonia amygdalina extract

	-250+180
	78.26
	11.11
	31.51
	72.58
	46.75
	61.47

	-180+125
	71.70
	14.37
	37.84
	67.49
	33.86
	53.12

	-125+90
	93.84
	36.20
	19.67
	24.77
	74.17
	11.43

	-90+63
	76.33
	37.10
	26.24
	57.05
	50.09
	19.95

	-63(pan)
	89.05
	94.92
	26.65
	17.82
	62.40
	77.10






4. CONCLUSION
This research successfully carried out a comparative evaluation of conventional (pine oil) and non-conventional (Vernonia amygdalina extract) as frothers for the flotation of Duguri lead ore, to produce enhanced lead oxide concentrate suitable for pyrometallurgical extraction of lead metal. The crude ore was characterized as containing a PbO content of 36.827%, and having minerals present as galena (47%), cerussite (19%), quartz (18.8%) and gratonite (15%). The liberation size was established at -180+125 μm sieve size fraction and the work index determined to be 22.20 kWh/t, with a grinding energy of 3.76 kWh. The comparative froth flotation experiments demonstrated that both pine oil and Vernonia amygdalina extract, are suitable frothers for the flotation of lead ore, with the pine oil yielding a PbO concentrate grade of 62.89% with a recovery of 93.84%, achieving a concentration ratio of 1.82 and an enrichment ratio of 1.71 in the -125+90 μm sieve size fraction. This performance translated to a separation efficiency of 74.17%. In contrast, Vernonia amygdalina extract produced a higher PbO grade of 65.24% and a recovery of 94.92%, with a concentration ratio of 1.87, an enrichment ratio of 1.77 and a higher separation efficiency of 77.10%, achieved in the -63 μm sieve size. Overall, the research has established that Vernonia amygdalina extract can be used as a frother in place of pine oil to successfully beneficiate Duguri lead ore. By achieving higher PbO grade, recovery, and efficiency, Vernonia amygdalina extract presents an opportunity for sustainable mineral processing, reducing reliance on synthetic reagents and aligning with global trends toward green metallurgy.
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