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Abstract

The increasing global demand for natural flake graphite, driven by its applications in green technology and the potential of
graphene, offers a significant opportunity for Nigeria to effectively utilize its graphite resources. However, prioritizing
sustainability in mineral processing is essential. The conventional collector, kerosene, is imported and non-biodegradable,
presenting both economic and environmental challenges. This research aims to develop a sustainable graphite beneficiation
process by exploring the use of locally sourced natural oils as alternative froth flotation collectors, focusing on Ningi graphite
Run-of-Mine (R.O.M.) as a case study. The purity of the concentrate and processing efficiency were assessed using graphite
burn-off assays and Energy Dispersive X-ray Fluorescence (EDXRF) analysis. The innovative eco-friendly froth flotation
method achieved a graphite recovery rate of 82.40% using biodegradable oils, specifically Elaeis guineensis (palm) oil and
Arachis hypogaea (groundnut) oil. This process resulted in a remarkable improvement in graphite purity—approximately
67-fold—while effectively reducing contamination from metal oxides. Additionally, this technique successfully separated
graphite concentrate from non-combustible inorganic impurities, yielding a froth concentrate of 33.0% and achieving an
impressive ash removal rate of 73.43%. This methodology addresses the economic and environmental concerns of traditional
collectors while enhancing graphite purity. Further research is essential to optimize this novel approach.
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1. Introduction

Graphite is the most common polymorph of naturally oc-
curring crystalline carbon and is a fascinating mineral. Its
unique properties, numerous industrial applications, increas-
ing global demand, and potential value in Lithium-lon Bat-
teries, along with the scientific possibilities of graphene,
highlight its significance for future engineering and economic

development [1-3]. In Nigeria, graphite ore is found in several
states; however, the total estimated reserves of these mineral
deposits remain only partially investigated, resulting in in-
conclusive data. Nonetheless, some grades and characteristics
have been empirically established [4-8].

Naturally occurring graphite has a wide range of purities de-
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pending on its geological occurrence [9]. For graphite minerals
to be commercially viable, the R.O.M. material must be con-
centrated to enhance its value per unit weight, without exceed-
ing the importer's production cost [10, 11]. This processing
should also minimize environmental impact while ensuring
inter-generational equity [12]. Empirical studies demonstrate
that the froth flotation technique is the most effective method for
the beneficiation of graphite [13]. This technique is both indus-
trially adaptable and cost-effective, utilizing the surface physi-
cochemical properties of hydrophobic particles [9]. Given that
graphite is inherently hydrophobic, it exhibits buoyancy when in
contact with moist air bubbles. The efficacy of this process is
further improved through the addition of specific reagents [13].
Consequently, the availability and pricing of intermediate froth
flotation chemicals play a significant role in determining the
overall cost of processing [14].

Graphite flotation is significantly influenced by the chemistry
of the pulp, and its optimization relies on the presence of specif-
ic reagents which are environmentally unfriendly [9, 15]. Re-
search indicates that kerosene, which is non-ionic and not bio-
degradable, serves as the most effective collector. Additionally,
sodium metasilicate (NaSi;O7) has demonstrated exceptional
efficacy as depressant, particularly with silicate minerals. So-
dium carbonate (Na,COs) is frequently employed as a potential
of Hydrogen (pH) regulator, while methyl isobutyl carbinol
(MIBC), pine oil, and polyglycolic ethers represent the most
commonly used frothers in the flotation of graphite [16-18].

Vegetable oils are recognized as effective alternative fluids
with industrial applications [19]. Qils such as palm oil, olive oil,
cottonseed oil, groundnut oil, and sunflower oil are classified as
oleic-linoleic acid oils, while kerosene is a non-polar, flammable
fossil fuel with low biodegradability and toxic emissions. In
contrast, groundnut oil and palm oil are abundant, edible,
plant-based oils that are polar, biodegradable, and exhibit low
ecotoxicity, making them eco-friendly alternatives for flotation.
Additionally, kerosene, groundnut oil, and palm oil function as
water-insoluble lubricants with similar density ranges [19-22].

Graphite has been recognized as a critical material in global
mineral trade [23], and the devaluation of the Nigerian currency
in 2023 has presented significant challenges, particularly for the
mineral processing sector that relies heavily on foreign inputs.

This economic situation has led to a decline in production, with
a fall in capacity utilization [24]. In response to these challenges,
this study seeks to enhance the economic competitiveness and
environmental sustainability of the graphite beneficiation pro-
cess for Ningi deposit as a case. The research will examine the
efficacy of some locally abundant and biodegradable oils as
potential substitutes for imported hydrocarbon froth flotation
collectors. The anticipated outcomes of this investigation may
reduce reliance on imported inputs, conserve foreign exchange,
and promote environmental stewardship. Furthermore, this re-
search may create opportunities for maximizing the utilization
of productive factors, in alignment with classical trade theories
of comparative advantage [11, 25]. To achieve these objectives,
a comparative flotation study will be conducted using a specifi-
cally selected combination of frothers and collectors.

2. Experimental Details

2.1. Flake Graphite Sample

The material utilized for this experiment is the harmonized
representative R.O.M. graphite extracted from the Ningi de-
posit, located in North-Eastern Nigeria. The samples are
procured in lump form, prepared by pulverizing and drawn for
analysis using Sampler (Jones Riffle). The specific properties
of the unrefined crude ore and the experimental feed are
comprehensively detailed in Tables 1 and 4, respectively. The
unrefined Ningi R.O.M. graphite sample is categorized as
low-grade in its raw state, primarily due to its elevated ash
content (88.51 wt.%) and volatile matter content (8.32 wt.%).
Notwithstanding these factors, the sample exhibits a favorable
flake size distribution ranging from 10 pm to 350 pm, as
observed through an optical microscope (LEICA DMEX).
This distribution is characterized by fine granularity and weak
interlocking within a quartz-silicate matrix, suggesting a
potential for concentration via comminution. Therefore, sub-
stantial beneficiation will be required to render this graphite
suitable for industrial applications [26].

Table 1. Physicochemical Characterization of unrefined Ningi Graphite R.O.M.

Graphite Sample Fixed Carbon, %

Unrefined Ningi Graphite (R.O.M) 0.4

2.2. Size Analysis for Experimental Feed

The effective liberation size of Ningi graphite was assessed
to be 63 pm. The crude Ningi R.O.M. sample was prepared in

Ash Content, %

88.51

39

Volatile Matter, %  Flake Size range, pm

8.32 10-350

accordance with the ASTM (American Society for Testing
and Materials) D3172-13 testing specification and subjected
to a vertically vibrated automatic sieve shaker (Pascal Engi-
neering) [27]. An analysis was conducted on the percentage
by weight retained on each successive sieve screen, with the
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corresponding values for fixed carbon content presented in

Table 2.

Table 2. Liberation size analysis of Ningi graphite Ore.

Nominal Sieve

Fixed Carbon, % Ash Content, %

Moisture content, %

Volatile Matter, % Calorific Value,

Size, pm MJ/Kg
710 0.17 89.02 2.51 8.29 0.102
500 1.01 88.49 2.81 7.69 0.606
355 0.75 88.43 2.61 8.21 0.450
250 0.16 89.07 3.32 7.45 0.096
180 1.26 88.02 2.52 8.20 0.757
125 1.01 88.11 2.77 8.11 0.606
90 1.32 88.71 2.81 8.14 0.793
63 1.92 87.50 2.72 7.86 1.153
<63 (Pan) 1.27 87.92 3.67 7.14 0.763

2.3. Mineral Concentration Test

The graphite samples were prepared to the specified eco-
nomic liberation size of 63 pm for direct froth flotation using
a Jaw Crusher (Fritsch pulverisette FAM8034-AK33), and
Batch ball mill (Denver 12 by 5 inches) employing the same
methodology utilized for proximate analysis. The samples
were stored in a desiccator to maintain dryness. In the flota-
tion process, analytical-grade Na2COs pellets acted as a pH
controller, while powdered NaSi;O7 served as a depressant.
Pine oil (Pinus sylvestris) and turpentine (Pistacia terebinthus)
were used as frothers. Kerosene from Total Energies Nigeria,
along with groundnut oil (Arachis hypogaea) and palm oil
(Elaeis guineensis) obtained from local vendors, functioned
as collectors. Laboratory-distilled water was employed, and
room temperature was consistently maintained throughout the
experiments.

Batch Micro flotation experiments involved the introduc-
tion of 200 grams (g) of graphite sample into a 3-liter Denver
D-12 flotation cell. To achieve a slurry pulp density of
16.67%, 1000 milliliters (mL) of water was added, creating a
mixture of 200 g of ore with 1000 g of water. The flotation
machine was operated at a constant impeller speed of 1200
revolutions per minute (rpm). The experimental procedure
followed the method outlined in Figure 1.

After an initial agitation period of 60 seconds (sec), the
pulp pH was adjusted to 9 using Na,COs. The slurry was
then agitated for an additional 60 sec prior to the addition
of 2.5 g of NaSizO-. Following this addition, the pulp was
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conditioned for another 60 sec. Subsequently, 2 mL of a
selected collector was introduced, with the pulp undergo-
ing further conditioning for an additional 60 sec. Finally,
2 mL of the chosen frother was added to the pulp, fol-
lowed by a conditioning period of 120 sec. Air was intro-
duced at a rate of 6.0 liters per minute by opening the air
inlet valve.

Following this step, the froth generated was skimmed
for a duration of 2 minutes. It is noteworthy that a total of
six flotation tests were conducted by varying the combi-
nations of frothers and collectors, as illustrated in Table 3,
while maintaining all other conditions and processes. The
procedure was repeated for each selected combination of
frother and collector after thoroughly cleaning the flota-
tion chambers with distilled water and detergent between
each test. Subsequent to the experiments, both the super-
natant and depressed tailings were permitted to settle for
24 hours. They were then filtered, dried at a temperature
of 75 <C, weighed, and analyzed.

To evaluate the effectiveness of the various combina-
tions of selected frothers and collectors, Ash content
analyses were performed on the concentrates and tailings
obtained from both conventional and eco-friendly flota-
tion methods under optimal yield conditions. The constit-
uents of these outputs were examined using bomb Calo-
rimeter, and energy-dispersive X-ray fluorescence spec-
trometry (ED-XRFS). An empirical comparison of effi-
ciencies was conducted utilizing the metallurgical ac-
counting formula [28-29].
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Figure 1. Direct Froth Flotation Flowchart used in the processing of Ningi Graphite ore.

Table 3. Combination of selected Frothers and collectors used for the micro flotation tests.

Frother/Collector Kerosene Palm-oil Groundnut oil
Pine-oil A B C
Turpentine E F G

mass of feed (F)

Carbon recovery

Ratio of concentration = 1)
mass of concentrate (C)
. . % graphitic carbon in concentrate (c
Enrichment Ratio = 222 ° . ©) )
% graphitic carbon in feed (f)
mass of concentrate x% graphitic carbon in concentrate (Cc) (3)
mass of concentrate+(mass of tailing x% graphitic carbon in the feed) (Ff)
100.AF—- y.AC
=" " %100 (4)
100.AF

Where AF is the ash content of the crude graphite ore,%, y
is the concentrate yield,%, and AC is the ash content of the
concentrate,%.

2.4. ED-XRFS Measurement

The elemental composition of the samples was evaluated
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using an Energy Dispersive X-ray Fluorescence (EDXRF)
Spectrometer (PANanalytical mini-Pal 4). The XRF analysis
was conducted under an electrical configuration of 40 kV
and 20 pA, utilizing a Silicon Drift Detector (SDD) to
achieve high-resolution. The WinXRF software facilitated
the identification and quantification of the elemental compo-
sition by analyzing the intensity of characteristic peaks.
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3. Results and Discussion

3.1. Flotation Performance analysis:
Conventional against Eco-Friendly

The results of the proximate analysis, conducted using a
burn-off assay on flotation products, namely the froth (con-
centrate) and depressed (tailings), are documented in Tables
4a and 4b. Various combinations of conventional and
eco-friendly collectors were utilized while maintaining con-
sistent experimental conditions.

Table 4a demonstrates the amenability of Ningi graphite to

froth flotation techniques, as indicated by the enhanced fixed
carbon content of all concentrates in comparison to the fixed
carbon content of the run-of-mine (R.O.M) material, as pre-
sented in Table 1. Among the six flotation systems evaluated,
the conventional pine oil/kerosene system exhibited the
highest purity in froth, achieving a fixed carbon content of
42.64 wt.%. Meanwhile, among the eco-friendly alternatives,
the pine oil/groundnut combination yielded superior results
with a fixed carbon content of 27.13 wt.%. This result is
closely comparable to the fixed carbon content of the turpen-
tine/palm oil system, which recorded 27.03 wt. %.

Table 4. Experimental Data from Conventional Flotation and Eco-friendly Flotation: (a) Concentrates and (b) Depressed Materials/Tailings.

@)
EXPERIMENTAL FEED

Fixed Carbon

Product Content, %

Sample (Frother/Collector)

Pulverized, Homogenised,

and Sieved (63 pm) Ningi 10.8
ROM
CONVENTIONAL FLOTATION SYSTEM
Sample Product F'Xf)d
roauc Carbon Con-
(Frother/Collector) tent, %
Pine oil/ Kerosene Froth 42.64
Turpentine/ Kerosene Froth 26.77
ECO-FRIENDLY FLOTATION SYSTEM
Sample Fixed
Product
(Frother/Collector) Carbon, %
Pine oil/ Palm oil Froth 27.13
Turpentine/ Palm oil Froth 27.02
Pine oil/ Groundnut oil Froth 24.69
Turpentine/ Groundnut oil Froth 10.34
(b)
Sample (Frother/Collector)  Product D EN G

CONVENTIONAL FLOTATION SYSTEM

Content, %

Pine oil/ Kerosene Depressed 4.62
Turpentine/ Kerosene Depressed 2.49
ECO-FRIENDLY FLOTATION SYSTEM

Pine oil/ Palm oil Depressed 3.69

. . Calorific
Ash Content, % ?é?li/?le Mat- :\élr:)tls(t)zre Con- \alue
' ' (MJ/Kg)
80.46 0.90 7.84 6.65
Ash Volatile Mat-  Moisture Con- Calorific
% ter, % tent, % Value
Content, % ) ) (MJ/Kg)
38.80 17.35 1.21 25.61
64.03 7.61 1.59 16.08
Ash Volatile Mat-  Moisture Con- Calorific
% ter, % tent, % Value,
Content, % ) ) MJ/Kg
64.78 6.70 1.39 16.29
62.16 10.02 0.8 16.23
68.30 5.70 1.31 14.83
73.78 14.38 15 6.21
Ash Con- Volatile Mat- Moisture Sz:gzmc
(0) (o) (0)
tent, % ter, % Content, % (MJ/Kg)
91.67 2.30 1.40 2.77
91.00 5.81 0.70 1.50
93.8 1.31 1.20 2.22
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Fixed Carbon

Sample (Frother/Collector)  Product Content, %
Turpentine/ Palm oil Depressed 0.64
Pine oil/ Groundnut oil Depressed 2.97
Turpentine/ Groundnut oil Depressed 0.24

To further evaluate the performance of the various collec-
tors utilized in the flotation process, we undertook a detailed
comparison of the ash removal rates and concentrate yields.
This analysis was based on the calculation results derived
from equations 1 to 4, which are meticulously presented in
Tables 5 and 6 and summarized in Figure 2 The conventional
flotation system, which employs a combination of pine oil and
kerosene, achieved a notable ash removal rate of 88.19%. This
method also recorded a concentration ratio of 4.084 and an
impressive recovery rate of 96.04%. However, it is important
to point out that this system produced the lowest concentrate
yield, measured at 24.49%. This lower yield suggests that the

Ash Con- Volatile Mat- Moisture S::ﬂgﬂc
0, 0, 0,

tent, % ter, % Content, % (MJ/Kg)

91.28 7.40 0.68 0.38

92.93 2.81 1.29 1.78

90.97 8.20 0.59 0.15

conventional method has a higher selectivity for valuable
mineral components such as iron and silica, which may be
advantageous in certain applications. In contrast, the
eco-friendly combination of turpentine and palm oil demon-
strated an ash removal rate of 77.03%. Additionally, it
achieved a concentration ratio of 3.363 and a graphite recov-
ery rate of 73.9%. This indicates that while it is less effective
in removing ash compared to the conventional system, it still
presents a viable alternative for sustainable practices in min-
eral processing, highlighting the trade-off between environ-
mental considerations and operational efficiency.

Table 5. Metallurgical account of Beneficiating Ningi graphite ore when utilizing conventional collectors in comparison to eco-friendly col-

lectors.

CONVENTIONAL COLLECTOR SYSTEM
Assay of

Assay of

Sample Iﬁ;‘:le Froth, g Carbon in Depressed, Carbon in Recovery, % rEar:ircl)chment (Fiztr;gentratlon

9.9 Froth, % g Depressed, %
Pine oil/ 200 48.97 42,64 151.03 4.62 96.04 3.92 4.084
Kerosene
Turpentine/ 61.65 26.77 138.35 2.49 7591 2.459 3.244
Kerosene
ECO-FRIENDLY COLLECTOR SYSTEM

Total Assay OT Depressed, Assay OT Enrichment  Concentration

Sample charge Froth, g Carbon in Carbon in Recovery, % ratio Ratio

EAY Froth, % g Depressed, %
Pine oil/ Palm
i 200 66.025 27.13 133975  3.69 82.40 2.493 3.029
Turpentine/ 59.465 27.02 140535  0.64 73.90 2.483 3.363
Palm oil
Pineoil/ = 5, 63.52 24.69 136.48 2.97 7213 2.269 3.149
Groundnut oil
Turpentine/ 58.265 10.34 141735 024 27.71 0.95 3.433

Groundnut oil
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Table 6. Flotation Performance: The Outcomes of Conventional Flotation and Environmentally Sustainable Flotation Experiments.

Froth/Collector Concentrate Ash Content of Ash Content of Ash removal
yield/% Concentrate/% tailings/% rate/%
R.O.M Feed 80.46
Conventional Flota-  Pine oil/ Kerosene 24.49 38.80 91.67 88.19
tion Turpentine/ Kerosene  30.83 64.03 91.00 75.44
Pine oil/ Palm oil 33.01 64.78 93.8 73.42
Turpentine/ Palm oil ~ 29.73 62.16 91.28 77.03
Eco-Friendly Flota- ine oi
.co riendly Flota P.lne oil/ Groundnut 31.76 68.30 92.93 73.03
tion oil
Turpentine/ 29.13 73.78 90.97 73.28
Groundnut oil
Flotation Performance by Reagent Combination
Yield (%)
Ash Removal (%)
80
n‘:q‘ 60
g
E 40
3
20
0 & & & o &
L o b o &
rz,@‘JZ a@‘j . <~‘2’$®\ ; (@3’" 00{52\ o‘)(\b
&t & ¢ & ¢ &
& & o «° &

Frother/Collector Combinaticn

Figure 2. The Concentrate Yield (%) and Ash Removal Rate (%) demonstrate the trade-off between recovery and purification in both con-

ventional and environmentally friendly flotation systems.

3.2. Elemental Composition Analysis of
Flotation Feed and Products

The results of the Energy-Dispersive X-Ray Fluorescence
analysis for the experiment are presented in Table 7. The feed
sample (R.O.M) shows a significant concentration of silica
(SiO,: 81.5%). Additionally, the sample contains moderate
amounts of potassium (K2O: 8.47%) and iron (Fe;Os: 6.92%),
along with trace levels of impurities such as titanium (Ti),

ruthenium (Ru), vanadium (V), sulfur (S), and chromium (Cr).

This composition highlights the dominance of gangue sili-
cates and iron oxides, emphasizing the need for effective
impurity rejection during flotation processes.

The elemental compositional analysis of the products

44

(concentrates and tailings) obtained from the concentration
tests conducted on Ningi graphite ore shows an overall im-
provement across all six evaluated frother/collector systems,
although the froth did not meet the stipulated metallurgical
standards in a single-stage process. Notably, the eco-friendly
flotation system, which utilizes a combination of pine oil and
groundnut oil, successfully reduced the weight percentage of
silica in the feed ore to 63.20% in the froth concentrate, a
decrease from the initial 81.50%. This reduction exceeds that
achieved by the pine oil/palm oil eco-friendly flotation system,
which lowered the silica content to 63.70%, and the pine
oil/kerosene conventional flotation system, which reduced it
to 69.60%.
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Table 7. Results of ED-XRFS analysis for Ningi Graphite products obtained through the concentration process utilizing both Conventional

Collectors and Eco-Friendly Collectors.

EXPERIMENTAL FEED

Elemental Composition Sample S!‘ K, K20
SiO2
R.0.M. 81.5 8.47
CONVENTIONAL COLLECTOR SYSTEM
Frother/Collector Product S!‘ K, K20
SiO2
Froth 69.6 16.1
Pine oil/Kerosene
Depressed 79.6 111
Froth 67.9 16.4
Turpentine/ Kerosene
Depressed 83.3 9.65
ECO-FRIENDLY COLLECTOR SYSTEM
Frother/Collector Product S!‘ K, K20
SiO2
Froth 63.7 11.4
Pine oil/Palm oil
Depressed 82.01 10.7
Froth 72.6 13.9
Turpentine/ Palm oil
Depressed 717 8.04
Froth 63.2 11.8
Pine oil/ Groundnut oil
Depressed 69.7 9.36
Froth 717 15.4
T tine/ Groundnut oil
urpentinef Lroundntit of Depressed 82.9 9.69

Conventional Flotation

In the context of conventional flotation utilizing a combi-
nation of Pine Oil and Kerosene, the froth product exhibited a
decreased silica content (SiO.: 69.6%) alongside increased
levels of potassium (K;O: 16.1%) and iron (Fe2Os: 10%)
when compared to the feed sample. Conversely, the depressed
product demonstrated an elevated silica content (SiO-: 79.6%)
and a reduced iron content (Fe2Os: 5.44%), suggesting en-
hanced gangue rejection capabilities. The presence of ruthe-
nium oxide (RuO,) was below the detection limit in the froth
but was identified in the depressed product, indicating a se-
lectivity for heavier impurities within the tailings.

When assessing the flotation performance with a combina-

T| Fe, Ru, V, S. SO Ba, Cr,
TiO2 Fe203 RuO:2 V205 ' BaO Cr203
1.19 6.92 0.58 0.32 0.2 0.16 0.15
Ti, Fe, Ru, V, Ba, Cr,
TiO,  Fe0s RuO:  Vo0s 5% Ba0  CrOs
1.85 10 BDL 0.70 0.52 0.3 0.16
1.85 5.44 0.61 0.44 0.48 BDL 0.097
1.86 105 131 0.72 BDL 0.38 0.18
1.70 3.65 0.527 0.36 0.41 BDL 0.069
T| Fe, Ru, V, S SOs Ba, Cr,
TiO2 Fe203  RuO2 V205 ' BaO Cr20s
1.01 5.95 0.672 0.41 BDL 0.18 0.11
141 4.05 0.564 0.40 0.20 0.05 0.083
1.79 9.36 0.87 0.637 BDL BDL 0.15
1.30 3.38 0.384 0.30 0.32 BDL 0.063
117 6.24 0.718 0.44 BDL 0.27 0.11
1.29 3.48 0.420 0.35 0.32 0.09 0.073
1.62 8.58 1.08 0.63 BDL BDL 0.16
1.63 411 0.4 0.37 0.40 BDL 0.071
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tion of Turpentine and Kerosene, it was observed that a higher
concentration of impurities was carried into the froth, with
increased levels of iron (Fe;Os: 10.5%) and ruthenium (RuO;:
1.31%), thus indicating a less effective cleaning process.
Nevertheless, the depressed product achieved a greater silica
content (SiO.: 83.3%) and a lower iron content (Fe;Os: 3.65%)
in comparison to the Pine Oil and Kerosene combination,
although it demonstrated reduced selectivity regarding tita-
nium and chromium. Therefore, it can be concluded that the
combination of Pine Qil and Kerosene exhibits superior se-
lectivity for the removal of iron and silica in conventional
flotation processes, compared to the Turpentine and Kerosene
combination.
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Figure 3. The heat map delineates the elemental composition of the Ningi graphite feed sample, establishing a correlation with both the froth
(F) and depressed (D) products derived from conventional and environmentally sustainable graphite flotation systems.

Eco-Friendly Flotation

For eco-friendly collectors employing a combination of
pine oil and palm oil, the froth demonstrates the lowest silicon
dioxide (SiOy) content at 63.7% and a reduced iron oxide
(Fe203) concentration of 5.95%, indicating effective cleaning
performance. The depressed sample exhibits a high SiO;
concentration of 82.01% and a low Fe;O3 level of 4.05%,
which reflects successful gangue recovery.

In a system utilizing a combination of turpentine and palm
oil, the froth displays a higher Fe;O3 content of 9.36% and a
SiO, concentration of 72.6%, signifying lower selectivity.

Conversely, the depressed material maintains a silica con-
centration of 71.7% while exhibiting a lower Fe,O3 content of
3.38%.

Analysis of groundnut oil systems indicates that the com-
bination of pine oil and groundnut oil yields the lowest SiO,
content in the froth at 63.2%, thereby facilitating grade im-
provement. In contrast, the combination of turpentine and
groundnut oil results in a higher froth Fe,O3 content of 8.58%
and a moderate SiO; concentration of 71.7%, suggesting less
effective separation in this instance. A comparative summary
is presented in Table 8.

Table 8. Summary of Impurity Rejection Trends.

System Best Froth Purity (Low SiOz2)
Pine/Kerosene Yes (1%)
Pine/Palm oil Yes (2")
Pine/Groundnut oil Yes (3)

Turpentine systems No (higher impurity in froth)

The eco-friendly flotation systems utilizing Pine oil in con-
junction with Groundnut oil as collector and Pine oil with Palm
oil exhibit superior performance in the reduction of silica and
iron concentrations within the concentrate. These systems pre-
sent both environmental and economic advantages being biode-

Best Iron Rejection (Low Fe203)

RuO:; Selectivity

Yes (1%) Yes (BDL in froth)
Yes (2") Yes

Yes (1) Moderate

No (less selective) Poor
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gradable and locally sourced over traditional kerosene-based
methods. Furthermore, the depressed tailings consistently dis-
played a concentration of gangue minerals, confirming the effi-
ciency of the separation process.
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4. Conclusion

The findings indicate that a comprehensive array of frother
and collector combinations can effectively process the fi-
ne-grained, low-grade Ningi graphite deposit through froth
flotation techniques. Kerosene, the conventional collector,
has been identified as the most effective option, facilitating a
substantial enhancement in the value of unrefined Ningi

graphite R.O.M. by increasing its carbon purity from 0.4 wt.%

to 42.64 wt.%. This results in a remarkable 100-fold increase
in value in conjunction with pine oil as a frother. Addition-
ally, the environmentally friendly application of palm oil and
groundnut oil as alternative collectors presents a promising
avenue for research. Notably, the highest purity levels were
achieved with palm oil as the collector, resulting in a 67-fold
increase in purity when utilized within both the pine oil/palm
oil and turpentine/palm oil flotation systems. A comparative
analysis of the flotation systems demonstrated the superiority
of kerosene as a collector in the conventional pine
oil/kerosene system, which exhibited an ash removal rate of
88.19%, a concentration ratio of 4.084, and a recovery rate of
96.04%. Concurrently, palm oil emerged as a more effective
eco-friendly alternative than groundnut oil, providing a bal-
anced option within the turpentine/palm oil flotation system,
characterized by an ash removal rate of 77.03%, a concentra-
tion ratio of 3.363, and a graphite recovery rate of 73.9%.
While the biodegradable collector systems utilizing palm oil
and groundnut oil present notable environmental advantages
and demonstrate effectiveness in reducing concentrations of
silica and iron within Ningi graphite ore, their overall effi-
cacy in the beneficiation of the Ningi graphite sample re-
mains inferior to that of conventional non-biodegradable
kerosene. Nevertheless, these biodegradable alternatives
could be viable in scenarios where global supply chains for
conventional, non-biodegradable, and imported hydrocarbon
collectors are disrupted. This study concludes that pine oil is
the preferred frother for the beneficiation of Ningi graphite,
showcasing distinct advantages over turpentine in both con-
ventional and environmentally sustainable flotation systems.
Moreover, there is an urgent need for further research into
the effects of reagent dosage, electromagnetic pretreatment,
the mechanisms of adsorption (both physical and chemical),
and the interactive effects of palm oil and groundnut oil on
graphite ore to enhance mineral recovery rates. Furthermore,
cost and economic considerations are essential for optimiz-
ing practices within the industry.

Abbreviations
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EDXRFS Energy Dispersive X-ray Flourescence
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