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Abstract: The commercialisation of biodiesel as an alternative energy source is challenged by high
production costs. The cost of feedstock, catalyst and separation of the dissolved catalyst (homogeneous
catalyst) from the product are the major contributors to the total manufacturing cost of biodiesel.
This study investigated the potential of a heterogeneous catalyst produced from mineral processing
waste for biodiesel production. Tailings from the concentration of cupriferous minerals served as
the starting material for synthesis of the catalyst. The nanomagnetic catalysts were prepared using
co-precipitation (CMCO) and sol-gel (CMSG) methods, combined with zero-valent iron nanoparticles
(ZVINPs) to form a hydride catalyst (CMSG/ZVINPs). Catalyst properties were assessed using
SEM, TEM, BET and EDX. The catalyst activity was enhanced by a large number of basic sites
that were afforded by the presence of calcite and magnesite. Good surface areas and particle sizes
of 58.9 m2/g and 15.4 nm, and 52.6 m2/g and 16.9 nm were observed for the catalysts that were
prepared using the CMSG and CMCO methods, respectively. 173 emu/g mass magnetisation was
obtained for CMSG/ZVINPs, which was sufficient for the catalyst to be regenerated and reused for
biodiesel production by exploiting the magnetic properties. The maximum yield obtained with this
catalyst was 88% and an average of 27% decrease in biodiesel yield was observed after four reaction
cycles. The physicochemical properties of the biodiesel produced complied with the ASTM standard
specification. The results showed that mineral processing tailings are a viable starting material for
catalyst preparation in biodiesel production.
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1. Introduction

The main purpose of ore beneficiation in the mineral processing industries is to increase the
metal content. Pyrometallurgy or hydrometallurgy processes are employed depending on their nature
(sulfide, oxides, or mixed), or on the initial metal purity in the ore [1]. Hydrometallurgy is the most
suitable process for low-grade ores [2]. The essential concentration operation after the ore has been
reduced into an appropriate size, for valuable mineral liberation from the unwanted material (gangue),
is froth flotation. This involves the chemical separation of gangue from the mineral (fraction containing
the valuable metal of interest) [1,2]. Gangue can be acidic (mainly containing silica and quartz), as in
the case of sulfide ores or alkaline (mainly dolomite and calcite), as found in oxide and mixed ores [2].
Dolomite is mainly comprised of calcium and magnesium, and it is the dominant material in the
tailings effluent from froth flotation process [2,3].
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Catalysts that are used for biodiesel production are classified vis-à-vis their mode of action and
reaction phases, into homogeneous, heterogeneous, and enzymatic catalysts [4]. The selection of a
catalyst for any process depends on a number of parameters, including, cost, availability, activity,
selectivity, and stability [5,6]. Homogeneous-catalysed transesterification, which is the conventional
method that is used to produce biodiesel from vegetable oils, utilises potassium hydroxide (KOH)
or sodium hydroxide (NaOH) as homogenous base catalysts to produce high yields of biodiesel
under moderate conditions. This approach is impaired by soap formation in the presence of water,
especially when low-cost feedstocks are utilised. This results in separation difficulties during biodiesel
purification [4,7]. Magnesium oxide (MgO) and calcium oxide (CaO) have been shown to have high
catalytic activities, good robustness, and favourable resistance to acid [8]. It is envisaged that the use of
heterogeneous magnetic catalysts produced from MgO and CaO for biodiesel production will enable
more efficient mass transfer than conventional heterogeneous catalysts due to the high surface area
and ferromagnetic properties of the nanoparticles. This might reduce catalyst loading and improve
the biodiesel yield, ultimately reducing biodiesel production costs [9]. Amani et al. [8] identified
MgO as a promising heterogeneous catalyst for the transesterification of soybean and vegetable oils
into biodiesel, with a maximum biodiesel yield of 79% with 10 wt.% catalyst loading. It has been
shown that these oxides do not require magnetic cations to become ferromagnetic, and a novel type
of magnetism, which is tentatively called interface magnetism, has been recognised. Under certain
conditions, magnetism arises in the absence of transition metal elements, and this phenomenon confers
potential ferromagnetic properties to MgO and CaO [8,10].

The use of nanomagnetic catalysts is a promising alternative in the transesterification process,
because the magnetic separation generally avoids the loss of catalyst and increases its reusability in
comparison to filtration or centrifugation separation [11,12]. Nanomagnetic catalysts have been widely
applied in the fields of photocatalysis [13], biocatalysis [14], and phase-transfer catalysis [15], in addition
to a large specific surface area and high catalytic activity. Ying and Chen [16] stabilised the cells of
lipase-producing Bacillus subtilis on the net of a hydrophobic carrier with Fe3O4 magnetic particles.
for the transesterification of waste cooking oils with methanol, while Xie and Ma [17] immobilised
lipase on Fe3O4 nanoparticles for biodiesel production. In these instances, the magnetic particles did
not possess catalytic properties; they merely acted as immobilisation matrices for enhancing catalyst
recovery. Ali et al. [18] synthesised a nanocatalyst of CaO supported by Fe3O4 magnetic particles using
the chemical precipitation method. A maximum biodiesel yield of 69.7% was obtained under optimum
conditions (65 ◦C, 300 min., 20 methanol/oil molar ratio, and 10 wt.% of CaO/Fe3O4 catalyst loading)
using palm seed oil as feedstock.

The synthesis of oxide nanoparticles can be grouped into two main streams, based on the
liquid-solid and gas-solid nature of the transformations [7]. Liquid-solid transformations are the most
broadly used methods. Catalyst preparation aims at ensuring suitable activity, selectivity, and stability.
These are related to the physical and chemical properties of the starting material, as well as the
parameters that are inherent in the preparation method [19]. In this study, the CMSG and CMCO
methods were investigated for the catalyst synthesis from mineral processing wastes, due to their
low-cost when compared to other techniques.

The co-precipitation method (CMCO): Co-precipitation involves dissolving a salt precursor
(mainly chloride or nitrate) in water or other solvents to precipitate the oxo-hydroxide [O(OH)] with
the help of a base. The control of size and chemical homogeneity in the case of mixed metal oxides
are difficult to achieve. This may be overcome by the use of surfactants and high-gravity reactive
precipitation methods [8,20].

The sol-gel method (CMSG): The method prepares metal oxides via hydrolysis of precursors,
usually alkoxides in alcohol solution, resulting in the corresponding [O(OH)] group. The condensation
of molecules by dehydration leads to the formation of a network of the metal hydroxide.
Hydroxyl-species undergo polymerisation by condensation and form a dense porous gel. Appropriate
drying and calcination lead to ultrafine porous oxides [7,15]. Irrespective of the preparation method
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that was used to obtain ultrafine nano-oxides, crystallisation does not follow a traditional nucleation
and growth mechanism [21]. The crystallisation mechanisms may be a function of the chemical nature
of the oxide and the process temperature [22].

In the conventional biodiesel production process, oil is derived from oilseed crops, which is
associated with the food versus fuel dilemma [23,24]. In this study, the oil and alcohol that were
employed for the transesterification reaction for biodiesel production were extracted from edible oil
wastewater sludge. The heterogeneous nanomagnetic catalyst, which was used in mediating the
reaction, was prepared from waste without magnetite support, in the presence of ZVINPs to enhance
the catalyst mass transfer abilities during this process [23].

2. Results and Discussion

2.1. Gangue Characterisation

EDX analysis was conducted to assess the elemental composition and purity of the gangue
material and the prepared catalysts. The results that were obtained from the EDX analysis of the
gangue material showed predominance of magnesium (4 cps/ev) and calcium (4.2 cps/ev) (Figure 1).
The predominance of magnesium or other related transitional metals in heterogeneous catalysts has
been widely shown to have a positive impact on their mass transfer capabilities in the transesterification
process, subsequently enhancing the biodiesel production at lower reaction rates [22].
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Figure 1. EDX results of the raw material (gangue) used to prepare the catalyst.

On the Linus Pauling scale, magnesium and calcium are characterised by electronegativity values
of 1.32 and 1, respectively [25,26]. This is an important factor that can enable the catalyst to exhibit
higher basicity and improved catalytic activity for better biodiesel yield during the transesterification
reaction. The peak maxima were obtained at 1.3 and 3.6 keV for magnesium and calcium, respectively
(Figure 1).

2.2. Brunauer-Emmett-Teller (BET) Surface Area Analysis and Barrett-Joyner-Halenda (BJH) Pore Size and
Volume Analysis

The surface area of the catalysts was determined using BET analyses, while the pore size and
specific pore volume were determined using the adsorption and desorption techniques (BJH analyses).
Results showed that an increase in nitric acid concentration increased the surface area of all catalysts
(Table 1).
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Table 1. Comparison of surface areas and pore sizes of the prepared catalysts with previous studies.

Sample Surface Area (m2/g) Average Pore Size (Å) References

CMCO2 * 52.6 ± 0.37 135.6 ± 0.13 This study
CMSG3 * 58.7 ± 0.55 169.3 ± 0.21 This study

CMSG3/ZVINPs2 * 53.5 ± 1.52 148.5 ± 0.09 This study
CaO/Fe3O4 59.1 8.5 [26]

KF/Ca-Mg-Al
hydrotalcite 108.4 3.7 [14]

* Only the best results are represented in this table. Results are expressed as averages ± standard deviation (n = 3);
With CMCO = Catalyst prepared using the co-precipitation method, CMSG = Catalyst prepared using the sol-gel
method, ZVINPs = Zerovalent iron nanoparticles.

The results also indicated (Table 2) that CMSG3 had the highest surface area of 58.7 m2/g.
The adsorption average pore width (4 V/A by BET) was 169.3 Å for CMCO2 with a BJH adsorption
average pore width (4 V/A) of 146.7 Å and a BJH desorption average pore width (4V/A) of 148.5 Å,
compared to 155.1 Å for CMSG3 with BJH Adsorption average pore width (4V/A) of 135.6 Å and BJH
desorption average pore width (4 V/A) of 153.9 Å.

Table 2. Mass magnetisation of catalysts prepared.

Catalysts Average Mass Magnetisation (emu/g)

CMCO1 153 ± 0.71
CMCO2 168 ± 1.45
CMCO3 159 ± 0.97
CMSG1 76 ± 1.94
CMSG2 91 ± 1.06
CMSG3 84 ± 0.56

CMSG3/ZVINPs1 134 ± 2.52
CMSG3/ZVINPs2 173 ± 0.36
CMSG3/ZVINPs3 162 ± 1.27

The effect of synthesis methods on the surface area of CMCOs and CMSGs was significant,
with CMSG3 maintaining a higher surface area when compared to the CMCO2 sample. Cross-sectional
area measurements showed that all of the tested samples were mesoporous. The results that were
obtained in the current study agree with previous reports. Report by Xie and Fan [27] investigated the
production of biodiesel using tetra alkyl ammonium hydroxides that were immobilised on mesoporous
silica as a solid catalyst. Using the co-precipitation method, the catalyst samples prepared were
characterised by maximum surface area of 61 m2/g. Similarly, Rashtizadeh et al. [28] and Teo et al. [29]
achieved a surface area of 59 m2/g when nanocomposite and mesoporous materials containing calcium
oxide were prepared.

2.3. Microscopic Observations

SEM micrographs at 20 nm scale (Figure 2A–F) show the three-dimensional (3-D) morphology
of the CMCO and CMSG catalysts, while Figure 3A–F are TEM micrographs of the same catalysts at
200 nm scale and 5.00 KX magnification. The catalysts prepared using the sol-gel method had a more
elongated shape and uniform distribution, while those that were prepared using the co-precipitation
method exhibited strong agglomeration and a higher degree of variation in size. For the CMSG
catalysts, the micrographs were homogeneous microstructures (Figure 3). This can be attributed to the
fact that, in the sol-gel process, the open structure of the gelatinous state formed allows for free crystal
agglomeration, resulting in a more spherical and uniform structure [25]. Taufiq-Yap and Lee reported
similar observations [20]. They showed that sol-gel catalysts were characterised by better homogeneity
and phase purity with sintering at low temperatures (≤200 ◦C), as opposed to the co-precipitated
catalyst often described as lower phase purity catalysts [25].



Catalysts 2019, 9, 1047 5 of 12

Catalysts 2019, 9, x FOR PEER REVIEW 5 of 13 

 

 

Figure 2. SEM results of the prepared catalyst (A: CMCO1/B: CMCO2/C: CMCO3/D: CMSG1/E: 

CMSG2/F: CMSG3) [EHT = 5.00 keV, WD = 4.7 mm, Mag = 5.00 K X, 20 nm scale]. 

Large pores separated the CaO and MgO aggregates in the CMCOs samples (Figure 3). An 

approximate quantification of CMSG3 samples indicated that the size of aggregates, as well as the 

width of pores between those aggregates, were in the range of 16 to 17 nm in comparison to 15 to 17 

nm for the CMSG samples. For the catalysts that were prepared by the sol-gel technique (Figure 3F), 

there was a clear indication of localisation of metal nanoparticles in very small pores of the support 

structure. Farooq et al. [9] and Rahstizadeh et al. [28] reported a similar observation. Additionally, 

there was a uniform material contrast, justifying the clear visibility of calcium and iron as compared 

to magnesium based on a single peak that was represented in the spectrum (Figure 3). 

 

Figure 3. TEM results of the prepared catalyst (A: CMCO1/B: CMCO2/C: CMCO3/D: CMSG1/E: 

CMSG2/F: CMSG3) [EHT = 5.00 keV, WD = 4.7 mm, Mag = 5.00 K X, 200 nm and 1 µm scale]. 

The pH was increased from CMCO1 to CMCO3 by decreasing the HNO3 concentration from 1.5 

M to 0.5 M. Alhassan et al. [30] suggested that pH decreases before reaction completion might 

adversely affect the precipitation stage of the metal oxide catalyst, so the pH was carefully monitored. 

The pH adjustment was carried out in an attempt to enhance co-precipitation, which is favoured in a 

Figure 2. SEM results of the prepared catalyst (A: CMCO1/B: CMCO2/C: CMCO3/D: CMSG1/E:
CMSG2/F: CMSG3) [EHT = 5.00 keV, WD = 4.7 mm, Mag = 5.00 K X, 20 nm scale].

Catalysts 2019, 9, x FOR PEER REVIEW 5 of 13 

 

 

Figure 2. SEM results of the prepared catalyst (A: CMCO1/B: CMCO2/C: CMCO3/D: CMSG1/E: 

CMSG2/F: CMSG3) [EHT = 5.00 keV, WD = 4.7 mm, Mag = 5.00 K X, 20 nm scale]. 

Large pores separated the CaO and MgO aggregates in the CMCOs samples (Figure 3). An 

approximate quantification of CMSG3 samples indicated that the size of aggregates, as well as the 

width of pores between those aggregates, were in the range of 16 to 17 nm in comparison to 15 to 17 

nm for the CMSG samples. For the catalysts that were prepared by the sol-gel technique (Figure 3F), 

there was a clear indication of localisation of metal nanoparticles in very small pores of the support 

structure. Farooq et al. [9] and Rahstizadeh et al. [28] reported a similar observation. Additionally, 

there was a uniform material contrast, justifying the clear visibility of calcium and iron as compared 

to magnesium based on a single peak that was represented in the spectrum (Figure 3). 

 

Figure 3. TEM results of the prepared catalyst (A: CMCO1/B: CMCO2/C: CMCO3/D: CMSG1/E: 

CMSG2/F: CMSG3) [EHT = 5.00 keV, WD = 4.7 mm, Mag = 5.00 K X, 200 nm and 1 µm scale]. 

The pH was increased from CMCO1 to CMCO3 by decreasing the HNO3 concentration from 1.5 

M to 0.5 M. Alhassan et al. [30] suggested that pH decreases before reaction completion might 

adversely affect the precipitation stage of the metal oxide catalyst, so the pH was carefully monitored. 

The pH adjustment was carried out in an attempt to enhance co-precipitation, which is favoured in a 

Figure 3. TEM results of the prepared catalyst (A: CMCO1/B: CMCO2/C: CMCO3/D: CMSG1/E:
CMSG2/F: CMSG3) [EHT = 5.00 keV, WD = 4.7 mm, Mag = 5.00 K X, 200 nm and 1 µm scale].

Large pores separated the CaO and MgO aggregates in the CMCOs samples (Figure 3).
An approximate quantification of CMSG3 samples indicated that the size of aggregates, as well
as the width of pores between those aggregates, were in the range of 16 to 17 nm in comparison to 15 to
17 nm for the CMSG samples. For the catalysts that were prepared by the sol-gel technique (Figure 3F),
there was a clear indication of localisation of metal nanoparticles in very small pores of the support
structure. Farooq et al. [9] and Rahstizadeh et al. [28] reported a similar observation. Additionally,
there was a uniform material contrast, justifying the clear visibility of calcium and iron as compared to
magnesium based on a single peak that was represented in the spectrum (Figure 3).

The pH was increased from CMCO1 to CMCO3 by decreasing the HNO3 concentration from
1.5 M to 0.5 M. Alhassan et al. [30] suggested that pH decreases before reaction completion might
adversely affect the precipitation stage of the metal oxide catalyst, so the pH was carefully monitored.
The pH adjustment was carried out in an attempt to enhance co-precipitation, which is favoured in
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a more alkaline environment. The optimum concentration was 1M HNO3 for the CMCO2 catalyst.
It was unclear why the microscopic characteristics and surface area of CMCO3 were inferior to those
of CMCO2. The increase in ethylene glycol concentration positively contributed to the good quality
of the gel that was obtained using the CMSG method (Figure 3F). This agrees with the reports by
Zebarjad et al. [31]. In their study, high purity MgO sol-gel particles were synthesised with sizes that
ranged from 30 nm to several µm. The optimal CMSG catalyst exhibited more desirable structural
properties than its CMCO counterpart, being more agglomerated and interconnected (Figure 3D–F).

2.4. Magnetic Susceptibility and Mass Magnetisation Calculations

In order to quantify the sample’s magnetic strength, the magnetic susceptibility of each catalyst
sample was converted into mass magnetisation using Gouw’s principle [8,10] (Table 2). The CMCO
sample exhibited higher magnetic than the CMSG catalyst. This might be attributed to (i) the presence
of iron originating from the magnetite in the sample and/or (ii) the size of the catalysts, which were
smaller than the super paramagnetic critical size of 27 nm, as described by Zebarjad et al. [31]. There
was no major hysteresis in the magnetisation for either sample, which suggests that the particles
were paramagnetic.

The CMSG samples were coupled to ZVINPs to boost the saturation magnetisation of the CMSG
catalyst while conserving the optimum surface area for mass transfer. Maximum and minimum mass
magnetisations were obtained for CMSG3/ZVINPs2 (173 emu/g) and CMSG3 (84 emu/g), respectively,
indicating that the magnetic separation and regeneration of CMSG3/ZVINPs2 would be most favourable.

In this study, paramagnetism was confirmed by demonstrating that the catalyst particles in a
bottle were attracted to a neodymium magnet outside the bottle. Paramagnetism (i.e., responsiveness
to an applied magnetic field without permanent magnetisation) was an essential property, because it
allowed for the CMSG3/ZVINPs2 to be separated from the mixture of biodiesel and glycerol under an
external magnetic field, which was coupled with electrostatic separation to improve the sedimentation
of glycerol.

2.5. Evaluation of Catalytic Performance

Biodiesel obtained from the transesterification process mediated by the CMSG3/ZVINPs2 catalyst
was analysed to assess its quality. As previously described [23], the biodiesel was complied with
selected standard specifications (Table 3).

Table 3. Comparison of the synthesised biodiesel (obtained using CMSG3/ZVINPs2) quality and the
commercial diesel [23].

Properties Unit Measurement
Standards

Commercial Diesel
(50ppm Sulphur) Biodiesel [23]

Viscosity at 40 ◦C m2/s ASTM D445 3.0 * 10−6
± 0.87 3.7 * 10−6

± 0.71
Density at 15 ◦C kg/m3 ASTM D941 830.0 ± 0.78 832.62 ± 0.69

HHV MJ/kg ASTM D2015 48.12 ± 1.59 45.75 ± 1.21
Flash point ◦C ASTM D93 50.4 ± 0.73 61.3 ± 0.64

Results are expressed as averages ± standard deviation (n = 2).

Selected catalysts were used to produce biodiesel, and regenerated over four reaction cycles
(Figure 4A–D). All of the catalysts were able to mediate biodiesel production (83–88%) up until the
fourth reaction cycle. In the case of the catalysts that were not coupled with ZVINPs, the biodiesel
yield that was obtained using CMCO2 (Figure 4A) decreased from a maximum of 88% biodiesel yield
to a minimum of 64%. In contrast, CMSG3 exhibited the worst performance (Figure 4B), losing 39% of
its activity after four transesterification cycles. This indicated that the co-precipitation method yielded
a more robust catalyst than the sol-gel method in this instance. The hydride catalysts (CMSG/ZVINPs)
showed an enhancement in performance (Figure 4C,D) over the CMSG catalyst. This was attributed to
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the enhanced mass magnetisation (Table 2) that was conferred by the ZVINPs. Factors, such as loss of
catalyst during the separation [32], catalyst surface saturation [11,19], and catalyst leaching, are likely
to have contributed to the reduction in the biodiesel yield [9] when using the regenerated catalysts.
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Vishal et al. [33] investigated the use of n-hexane to improve the catalytic activity of the catalyst
that was used to convert jatropha oil into biodiesel. A reduction in biodiesel yield from 98 to 89% after
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five reaction cycles was attributed to the loss of catalyst material during the separation process and the
oversaturation of the catalyst’s pores. Devarapaga et al. [34] described a decrease in biodiesel yield
during three reaction cycles when using a novel β-tricalcium phosphate catalyst; the authors attributed
the loss in performance to a high FFA concentration in the feedstock that neutralised the functional basic
sites of the catalyst. In this instance, the catalyst efficiency was affected by the ability of that particular
catalyst to influence the reaction rate, the biodiesel yield through the transesterification process, as well
as the extent to which the catalyst could be regenerated while conserving its catalytic activity for
biodiesel production. While the sol-gel method was easier to perform and less time consuming, and it
resulted in a catalyst with good specific surface areas, the biodiesel yield was negatively affected.
This could be due to the lower stability of CMSGs during the reaction. The catalyst sample could have
disaggregated when stirring was applied into the vessel [34].

3. Materials and Methods

3.1. Materials

Sodium hydroxide pellets (98%), anhydrous hexane (95%), sodium chloride (anhydrous ≥99%),
anhydrous ethylene glycol (C2H6O2) (99%), ferric sulphate, sodium borohydride, and nitric acid (70%)
used in this study were obtained from Sigma Aldrich (Sigma-Aldrich, St Louis, MO, USA), distilled
water. Gangue material was obtained from a mineral processing plant in the Rustenburg region (South
Africa) from cupriferous minerals that were generated from the concentration (floatation process) of
sulfide ores.

3.2. Catalyst Preparation

The gangue sample that originated from cupriferous mineral processing was obtained from the
outlet of bulk oil flotation cells and these samples were characterised by EDX to identify the phases
and unit cell dimensions in the samples. This was then subjected to the different catalyst synthesis
methods, as described in Sections 3.2.1–3.2.3.

3.2.1. Sol-gel Method

The catalyst was prepared following the method described by Chen et al. [25] with the following
modifications: 10 g of gangue was dissolved in warm (60 ◦C) 1 mol/L nitric acid (HNO3) into a 500 cm3

beaker. The slurry was placed into an evaporative basin until crystals were formed. Nine g of the
crystals were dissolved in 100 mL of distilled water, added to 15 mL of C2H6O2 to obtain catalyst
CMSG1, to 20 mL of C2H6O2 to obtain catalyst CMSG2, and to 25 mL of C2H6O2 to synthesise catalyst
CMSG3. The mixing time for all the catalysts was kept constant at 2 h. During mixing, drops of 2 M
NaOH was added until a clear white gel was obtained. The gel was then kept static for 2 h for the
reaction to complete, and then washed with distilled water. After filtration using Whatman’s filter
paper PTFE (pore size 0.5 µm), the washed, pH-adjusted gel (pH = 10) was dried by heating at 80 ◦C for
2 h and then placed in a desiccator for 1 h. The dry gel was milled to form a white powder, which was
decarbonised by gradually heating to 800 ◦C in an oven.

3.2.2. Co-precipitation Method

Three CMCO catalysts were prepared using the co-precipitation method that was adapted
from Lu et al. [35] based on different hematite-double nitrate of calcium and magnesium ratios
[(Fe3O4)/(Ca,Mg)(NO3)2] samples were accordingly labelled as CMCO1 (1:2); CMCO2 (1:3); and,
CMCO3 (1:4). The Fe3O4 value was varied to investigate the enhancement of the magnetic susceptibility
of the catalyst for separation purposes
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3.2.3. Catalyst Mixed with Zero-Valent Iron Nanoparticles (ZVINPs)

ZVINPs were prepared according to the stoichiometry shown in Equation (1) using the sulphate
method [27]; 0.5 M sodium borohydride was added to an equal volume of 0.28 M ferrous sulphate at
0.15 L/min.

2Fe2+
(aq) + BH4

−
(aq) + 3H2O (l)→ 2Fe (s) +H2BO3

−
(aq) + 4H+

(aq) + 2H2 (g) (1)

The CMSG3 catalyst was then mixed with ZVINPs to form a hybrid catalyst. Three catalysts
were obtained depending on the mixing ratio: CMSG3/ZVINPs1 (2:1), CMSG3/ZVINPs2 (3:1),
and CMSG3/ZVINPs3 (4:1). CMSG catalysts were amalgamated with ZVINPs to improve their magnetic
susceptibility for separation purposes. In theory, magnetic separation can reduce the production costs
by eliminating the need for more expensive separation methods, such as centrifugation. CMCO catalysts
were not amalgamated with ZVINPs, because the co-precipitation method was significantly longer.

3.3. Biodiesel Production and Separation

Biodiesel was produced through a transesterification reaction using oil extracted from edible
oil wastewater sludge and bioethanol (originating from the edible oil wastewater sludge residues
after oil extraction). The process was separately mediated using different catalysts (CMCO2, CMSG3,
CMSG3/ZVINPs2, and CMSG3/ZVINPs3), as previously described [23,24]. The triglycerides extracted
from waste that was mainly contained monounsaturated fats. The catalysts were CaO and MgO-based.
The use of these two compounds are known to result in higher biodiesel yield, at faster reaction rates,
lower temperatures, and low catalyst loading [8,21,23,24]. The transesterification process was carried
out in a 500 mL flask using a 1:6 oil/ethanol molar ratio and catalyst dosages were selected at 3, 5,
and 8 wt.%. The temperature was set at 75 ◦C for 2 h. All of the runs were performed in triplicate.
After the reaction was completed, the collected catalyst was washed with ethanol and then dried at
80 ◦C for 2 h before being used.

The electrostatic method was used to separate the biodiesel from the glycerol using LG electronics
Neon transformer (Seoul, South Korea). The transformer electrodes were immersed in a flask
containing 1 L biodiesel/glycerol mixture. The transformer was then set at 8 kV and adjusted for
25 mA. This separation process was completed after 20 min. This technique was adapted from
Mayvan et al. [36].

The yield of biodiesel obtained was calculated using Equations (2) and (3) relating the weight of
oil in the raw material and the weight of biodiesel obtained after glycerol separation. These findings
were compared with the values that were obtained using a GC-FID 6980A that was manufactured by
Agilent (Santa Clara, CA, USA). The column used was a HP88 (60 m × 150 µm, 0.250 µm) manufactured
by Agilent Technologies (Santa Clara, CA, USA).

Yield (%) =
Weight Biodiesel

Weight Oil
× 100 (2)

Conversion (%) =
Weight Glycerol − Weight Biodiesel

Weight Biodiesel
× 100 (3)

3.4. Recovery of Catalyst from Biodiesel

A magnetic field that was provided by a lightweight (75 g) neodymium magnet assembly with
a 2 cm air gap and magnetic field of approximately 0.22 T (Tesla) was used to recover the catalyst.
This magnet assembly was immersed into the flasks containing 500 mL biodiesel at ambient temperature
for 10 min, while stirring at 50 rpm. The collected catalyst was then washed with ethanol and then
dried in an oven at 80 ◦C for 2 h [23,24].
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3.5. Catalyst Characterisation and Performance

The morphology and particle sizes of the raw materials, as well as the catalysts, were assessed by
EDX (STADI P, STOE model, Darmstadt, Germany). An Auriga (Carl Zeiss model, Jena, Germany).
High-resolution scanning electron microscope (HRSEM) was used with a resolution of 1.5 nm to provide
details from a focused electron beam across the surface of the sample. These images were magnified
using an Auriga TF 20 high-resolution transmission electron microscope (Carl Zeiss model, Jena,
Germany) with a resolution of 0.25 nm for 45 min. to 2 h for sample mapping and imaging. Furthermore,
an Aztec series (Hitachi High-Technologies, Tokyo, Japan) TM 4000 energy dispersive X-ray analyser
with a 30 mm2 detector) was employed to provide the elemental identification and quantitative
composition of the prepared catalyst. Catalyst surface areas were studied using a VF-Sorb 2400CE BET
(Brunauer-Emmett-Teller) surface area analyser (Beijing, China). The magnetic susceptibilities of the
catalysts were calculated based on Gouw’s principle [32]. These results were confirmed by the PS PRO
Gauss meter (Corby, United Kingdom). The performance of these catalysts was evaluated based on
their abilities to improve the yield of biodiesel that is produced from edible oil wastewater sludge
at different catalyst dosages (3, 5, and 8 wt.%) and ethanol-oil ratios (3:1, 6:1, and 9:1), respectively.
The particle surface area was confirmed using BET analysis.

4. Conclusions

The catalysts that were obtained from cupriferous mineral processing wastes were successfully
prepared and characterised using TEM, SEM, EDX, and BET. The mass magnetisation analysis showed
that the nanocatalyst samples were magnetic. The quality of the CMSG catalysts was not affected by
the increase in ethylene glycol concentrations. Further, as for the catalysts that were prepared using the
co-precipitation method CMCO, the magnetite ratio chosen in this study did not considerably increase
their respective mass magnetisation. The reusability of the catalyst preparation over four cycles of
transesterification reaction has the potential to reduce the cost of biodiesel production. The maintenance
of 50–72% catalytic activities, as demonstrated by the biodiesel yields, after four cycles suggest that the
catalysts can be used for more cycles. Properties of the biodiesel that were produced from the edible
oil wastewater sludge using these catalysts were within the biodiesel standard specifications.
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