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Chapter 11
Preparation and Characterization 
of Hydrotalcite-Derived Material 
from Mullite-Rich Tailings (I): 
Transesterification of Used Cooking Oil 
to Biodiesel

Daniel Ogochukwu Okanigbe  and Shade Rouxzeta Van Der Merwe

11.1 � Introduction

The interest in renewable fuels for internal combustion engines has significantly 
expanded due to environmental worries about climate change and global warming. 
Furthermore, finding alternative fuels is necessary to meet the current global energy 
demand because fossil fuels are running out day by day. As a result, biodiesel has 
emerged as a very desirable alternative fuel for diesel engines since it has less nega-
tive environmental consequences and has a smaller impact on acid rain and green-
house gas emissions.

The usage of biodiesel is regarded as favorable in comparison with that of diesel 
fuel because of these features, as well as its biodegradability, largely sulfur-free 
nature, and aromatic nature [1]. In order to produce the necessary fatty acid methyl 
esters (FAME) and glycerol as a by-product, vegetable oils are transesterified with 
methanol in the presence of a catalyst to produce biodiesel, which is the most popu-
lar biofuel in Europe [2].
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The most widely used technology favors the employment of homogenous basic 
catalysts that have been dissolved in methanol, primarily NaOH or KOH [1]. 
Although a homogeneously catalyzed biodiesel synthesis can achieve high conver-
sion rates and is reasonably quick, there are some significant limitations when the 
starting material has a high acidity [3]. At the conclusion of the reaction in this 
instance, the catalyst must be neutralized and removed from the methyl ester phase, 
resulting in the production of a sizable amount of waste water [4].

The formation of soaps as well as the separation and purification of biodiesel 
may be minimized by the use of heterogeneous catalysts [5, 6]. Furthermore, the 
application of heterogeneous catalysts could significantly lower the price of bio-
diesel while dramatically simplifying the process of product post-treatment. 
Different approaches have been suggested, including the use of solid catalysts for 
biodiesel generation, such as basic zeolites, alkaline earth metal oxides, and hydro-
talcites (HT) among others [7–9], provided that the higher the raw material acidity, 
the lower the conversion efficiency [3]. Zeolites are superior to other heterogeneous 
catalysts in many ways; however, their catalytic activity in transesterification reac-
tions using a pure mixture of fatty acids only reached 92% conversion, which is less 
than expected [10]. Owing to its promising performance, HT has been employed as 
a catalyst precursor [11].

Hydrotalcites (HT) are brucite-like octahedral-layered anionic materials with di 
and trivalent metal ions commonly referred to as layered double hydroxide (LDH) 
[12, 13]. Recently, HT are being investigated in the process of transesterification as 
catalyst in the production of biodiesel [14–16], although there is the existence of 
other types of catalyst, HT, as mentioned earlier has gained popularity because of 
their ease of separation, requirement of mild condition, ease of regeneration, re-
usability, hence affordable [17].

The most effective method for producing HT is co-precipitation, which involves 
mixing sodium carbonate solution with a mixed-metal solution that has been dis-
solved in deionized water. Sodium hydroxide solution is used to maintain a consis-
tent pH. Nevertheless, it costs a lot of money to make HT from pure chemicals. A 
situation that has prompted research into developing cost-effective approaches for 
producing HT [13, 18], particularly from waste materials [19]. An example was 
presented in the work of Gil et al. [19], when they produced HT from saline slag 
wastes. Using a reflux system over a 2-hour period, saline slags were chemically 
treated with 2 mol/dm3 aqueous solutions of NaOH. With the help of cobalt, mag-
nesium, and nickel nitrates, as well as Na2CO3, aluminum aqueous solutions were 
employed as precursors to create HT materials with two different mole M2+/Al3+ 
ratios, 2:1 and 4:1.

Despite efforts like the one mentioned in the paragraph before, costs associated 
with producing biodiesel are still being driven by raw materials [20]. The availabil-
ity and price of the raw material have a major role in the choosing. Using edible oil 
to make biodiesel could potentially reduce the amount of oil available as food for 
both people and farm animals [2]. Hence, another laudable approach to minimizing 
the cost of biodiesel production will be the use of waste cooking oil/fat (which typi-
cally shows high acidity) which has been examined as a feedstock for biodiesel 
production [21].
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To the best of my knowledge, not much research has described the usage of HT 
from metallurgical wastes to enhance the transesterification of WCO to biodiesel. In 
one similar study, Brito et al. [22] converted WCO into biodiesel using as-received 
HT and heat-treated HT.  After, following an 8-hour reaction period, Hernandez 
et al. added up to 10% salt to heat-treated HT and observed a favorable response 
from the catalyst [23].

Premised on introduction leading to this point, the following subsequent aspects 
of this proposal report: problem statement, research objectives, research hypothesis, 
significance of study, literature review, and methodology, will elucidate the essence 
of this proposed research.

11.2 � Problem Statement

Despite the potential of employing other sources, such as producing biodiesel from 
waste and biological sources [24–26], South Africa is still dealing with issues that 
prevent the biodiesel business from taking off. These include the following:

	1.	 A lack of innovative activities that could assist in bringing down the cost of bio-
diesel to a reasonable level.

	2.	 Choosing feedstocks that might potentially greatly reduce the overall cost of 
biodiesel manufacturing in South Africa is a difficult task.

	3.	 It costs a lot of money to make HT from pure chemicals.

11.3 � Research Objectives

11.3.1 � Main Objective

Preparing and characterizing a hydrotalcite-derived material from mullite-rich tail-
ings for the transesterification of waste cooking oil into biodiesel will be the main 
objective of this study.

11.3.2 � Sub-objectives

The following sub-objectives will help to achieve the main objectives:

	1.	 Preparation of edible cooking oil and WCO for transesterification
	2.	 Characterization of edible cooking oil and WCO
	3.	 Preparation and characterization of the waste copper dust (WCD)
	4.	 Thermodynamic modeling of WCD oxidative roasting
	5.	 Experimental oxidative roasting of the WCD
	6.	 Density separation of WCD for production of MRT

11  Preparation and Characterization of Hydrotalcite-Derived…
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	7.	 Optimization of hydrotalcite production from MRT for the following:

	 (i)	 Catalyst loading on catalyst activity.
	(ii)	 Molar ratio of methanol to oil on catalyst activity.
	(iii)	 Reaction time on the catalyst activity will be investigated to optimize trans-

esterification conditions.

	8.	 Characterization of the produced biodiesel for the following:

	 (i)	 Thermal stability
	(ii)	 Physical properties
	(iii)	 Isoconversional models

11.4 � Research Hypotheses

Premised on the proposed scientific idea, the following can be hypothesized:

	1.	 That the use of WCO as feedstock will assist with the lowering of overall cost of 
biodiesel production in South Africa.

	2.	 The use of WCO as feedstock for biodiesel production will eliminate the high 
cost of its disposal and associated environmental threats it poses.

	3.	 Using WCO instead of edible cooking oil to make biodiesel will potentially 
increase the amount of edible cooking oil available as food for both people and 
farm animals.

	4.	 Preparation and characterization of hydrotalcite-derived material from waste 
metal dust (i.e., MRT) for transesterification of WCO to biodiesel will assist with 
the cost reduction of biodiesel production in SA.

	5.	 Since high basicity is one of the desired characteristics of heterogeneous catalyst 
used for transesterification, exploring the basicity of MRT to prepare and char-
acterize a hydrotalcite-like material for transesterification will result in a much 
fast process than the existing one with existent catalysts.

	6.	 The application of HT from MRT for the industrial production of biodiesel will 
contribute to addressing ecological and global stresses associated with 
environment.

11.5 � Significance of Study

The information in this study will contribute to bridging the gap of knowledge that 
exist in the following studies:

	1.	 The catalytic application of hydrotalcite-like materials:
Among numerous applications of hydrotalcite-like material, its catalytical 

application as a heterogeneous catalyst in the process of transesterification at the 
industrial level of the production of biodiesel.
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	2.	 The catalytic effect of MRT elements in a HT:
The choice of MRT and its availability, the role and contribution of the MRT 

element constituent for a HT structural feature, and their role in transesterifica-
tion, leading to further feasibility studies on the preparation of a HDM from 
another material containing MRT-like elements.

	3.	 Optimization of the preparation of a HDM from MRT:
Paving ways on an optimal route of preparation of a HDM from MRT for 

future application and crystal structure studies.
	4.	 Contribution of the HDM in the transesterification:

Based on the results obtained, there will be clarity about the contribution of 
the HDM in the transesterification process.

	5.	 Impact of the application of HDM as a catalyst on an industrial scale:
Evaluate the economic possibility of using HDM from MRT as a catalyst in 

the transesterification process on an industrial scale.

11.6 � Literature Review

11.6.1 � Introduction

Interest in biofuels for transportation has been sparked by high energy prices, rising 
energy imports, supply concerns, and growing environmental awareness of the 
effects of fossil fuels [27]. As a result, the development of biofuels has multiplied 
enormously in response to the need for affordable, viable energy sources that do not 
harm the environment [28, 29]. Reiterating this, the pressure on petroleum-based 
fuels in the transportation sector has resulted in the development of vegetable oil-
based fuels as the primary alternative fuel to non-renewable fossil fuel types [30, 
31]. When using alternative sources, researchers can get the best outcomes by con-
verting wastes and biological energy sources into goods, in this case, biodiesel 
[24–26].

11.6.2 � Biodiesel Production in South Africa

Many nations are promoting the use and production of biodiesel because it reduces 
the need for foreign oil, increases domestic energy security, is safe for the environ-
ment by lowering greenhouse gas emissions, is renewable, and is both affordable 
and practical [31–34]. As at year 2010, it was estimated that 10% replacement of 
South Africa’s diesel usage will result in a 1 billion liters increase South Africa’s 
biodiesel market.
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Table 11.1  Manufacturing costs of biodiesel for various feedstocks in SA [35]

SEBP plant COBP plant
Local feedstock Manufacturing cost Imported feedstock Manufacturing cost

Canola R4.81/liter Palm oil R6.62/liter
Sunflower seeds R6.67/liter Soybean oil R6.89/liter
Soybeans R6.70/liter Sunflower oil R7.48/liter

Rapeseed oil R9.28/liter

11.6.3 � Manufacturing Cost of Biodiesel in South Africa

The ideal size of a biodiesel plant in South Africa (SA), according to Nolte [35], is 
between 1500 and 3000  kg/h [35]. A seed extraction biodiesel production plant 
(SEBP) uses locally produced oilseeds as feedstock, and a crude oil biodiesel pro-
duction plant (COBP) uses imported crude vegetable oil as feedstock, according to 
the author’s study. A COBP plant would require a capital expenditure of roughly 
R45 to R50 million (amounts inclusive of working capital of approximately R35), 
while a SEBP plant would require a capital investment of between R110 and R145 
million. The calculated biodiesel manufacturing costs of the two types of plants for 
various feedstocks were computed on August 30, 2006, at the current prices, and 
this can be seen in Table 11.1.

11.6.4 � The Choice of Feedstock and Its Impact 
on Biodiesel Production

The decision to use biodiesel as an alternative engine fuel is based on its character-
istics, which are somewhat different from regular diesel and are frequently deter-
mined by the oil feedstock and alcohol utilized, although being otherwise extremely 
similar to diesel fuel [2, 36, 37]. According to Pratas et al. [38], Cao et al. [39], and 
Sajjadi et al. [40], it is made up of a lengthy organic chain of fatty acid methyl ester 
(FAME), also known as plant oil-based.

Plant oil-based (POB) fuels have long been successfully tested in diesel engines 
as an alternative engine fuel [32, 41, 42]. Short-chain alcohols, which are now com-
bined with gasoline, and biodiesels, which are typically made from seed oils, are 
examples of POB fuels. Soybeans have established a reputation as the main source 
of biomass-derived diesel in the United States and Brazil because they produce the 
greatest oil by weight among the POB fuel feedstocks, up to 20% [43–45].
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11.6.5 � Soybean in South Africa

As a good substitute for biodiesel made from fossil fuels, soybean-derived biodiesel 
can be used to generate electricity [44]. According to the amount of land cultivated 
and the amount produced, soybeans are one of the most important grain crops in 
South Africa [38–40]. Since soybean has such a high socioeconomic value in South 
Africa, it is grown in all nine of the provinces there [46, 47]. The issue of waste 
management is a result of this, though.

11.6.6 � Waste from Soybean Production

Tofu, soymilk, soymilk powder, beansprouts, dried tofu, soy sauce, soy flour, and 
soybean oil are only a few of the delicacies made from soybean in Asian nations. 
Every year, Japan disposes of around 800,000 tons of waste products from the man-
ufacture of soybean oil. The annual disposal cost is roughly 2.1 million rand [48]. 
Currently, the garbage from this source is burned to create CO2, disposed of in 
landfills, and other waste management techniques [49]. The environmental issues 
brought on by this source’s large waste production have received a lot of attention 
[50]. According to Redondo-Cuenca, Villanueva-Suárez, and Mateos-Aparicio [51], 
waste from soybean oil is frequently high in moisture content (70–80%), making it 
difficult to manage and expensive to dry by conventional methods.

11.6.7 � Proactive Measures for South Africa’s 
Biodiesel Industry

While preparing for government assistance to help South Africa’s biodiesel industry 
get off the ground, proactive steps are needed, especially in the field of creative 
initiatives that can help lower the price of biodiesel down to a respectable level. The 
selection of feedstock like those in Table 11.2 is an innovative strategy that has the 
potential to significantly lower the overall cost of biodiesel production in South 
Africa. Waste cooking oil (WCO) is an illustration of a plant-based oil waste prod-
uct. WCO is a synthetic oil that has lost its ability to be used for cooking due to the 
presence of a significant number of contaminants and the loss of its original quali-
ties. WCO is produced by a variety of sources, including residential, commercial, 
and industrial food manufacturers, which have an impact on the environment. One 
of the best methods to use the material effectively and affordably is to produce bio-
diesel from WCO.

WCO biodiesel has been regarded as a promising option, claims Demirbas [31]. 
For the production of biodiesel, WCO is inexpensive when compared to the price of 
fresh vegetable oil and, consequently, commercial diesel fuel (Table 11.3). Detailed 
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Table 11.3  Comparison of the qualities of commercial diesel fuel, waste cooking oil, and biodiesel 
from waste cooking oil [31]

Fuel property WCO Biodiesel (WCO) Commercial diesel

Kinematic viscosity (mm2/s, at 313 K) 36.4 5.3 1.9–4.1
Density (kg/L, at 288 K) 0.924 0.897 0.075–0.840
Flash point (K) 485 469 340–358
Pour point (K) 284 262 254–260
Cetane number 49 54 40–46
Ash content (%) 0.006 0.004 0.008–0.010
Sulfur content (%) 0.09 0.06 0.35–0.55
Carbon residue (%) 0.46 0.33 0.35–0.40
Water content (%) 0.42 0.04 0.02–0.05
Higher heating value (MJ/kg) 41.40 42.65 45.62–46.48
Free fatty acid (mg KOH/g oil) 1.32 0.10 –
Saponification value 188.2 – –
Iodine value 141.5 – –

analysis in Table 11.3 demonstrates that there are numerous similarities between the 
properties of biodiesel and diesel fuels in general. As a result, biodiesel is viewed as 
a suitable diesel substitute. The methyl esters made by transesterification of old 
cooking oil have a molecular weight that is nearly one-third lower, a viscosity that 
is about one-seventh lower, a flash point that is a little lower, a volatility that is a 
little higher, and a pour point that is a lot lower.

11.6.8 � Transesterification of WCO to Biodiesel

Straight vegetable oil can be used as a fuel for diesel engines; however, there are a 
number of drawbacks, including high viscosity, injector coking, and engine depos-
its. By transforming the vegetable oils into their methyl esters, these issues can be 
somewhat resolved. This is accomplished by utilizing heterogeneous catalysts in the 
transesterification reaction. Fatty acid methyl ester (FAME), the end outcome, is 
also referred to as biodiesel.

Heterogeneous catalysts have been offering a sustainable and workable answer 
to issues occurring in various techno-economic limits of catalysis in recent years. 
The methods and technologies used to create these systems should serve as inspira-
tion for addressing ecological and global environmental concerns. In recent years, 
intensive research has been conducted to produce these catalysts, and their prospec-
tive applications in a wide range of fields have been investigated. As previously 
mentioned, transesterification is one process where the use of these catalysts could 
soon have a significant impact on the manufacture of biodiesel at an industrial scale 
[14–16].

11  Preparation and Characterization of Hydrotalcite-Derived…
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Although there are many different kinds of catalysts, including NaOH, KOH, 
HCl, and H2SO4 [78], heterogeneous catalysis has grown in popularity since it is 
simple to separate, only needs mild conditions, can be recycled, and can lower pro-
duction costs [17]. Given their high surface area, basicity, and low production costs, 
zeolites made from bagasse and fly ash [79, 80], calcined cement waste [81], 
Li-modified rice husk [82], and CaO obtained from natural waste shells have all 
been investigated for their potential as heterogeneous catalysts like hydrotalcite in 
the production of biodiesel.

In the recent year, hydrotalcite has gained popularity in several fields and have 
been the topic of different studies due to their structural features and several appli-
cations [83]. Hydrotalcites are double-layered double showing a variety of stoichi-
ometry due to the different arrangement of the stacking of the layers, ordering of the 
metal cations, as well as the arrangement of anions and water molecules, in the 
interlayer galleries, they are synthetic or natural occurring crystalline materials con-
sisting of positively charged two-dimensional sheets with water and exchangeable 
charge compensating anions in the interlayer region as shown in Fig. 11.1.

The compounds of the hydrotalcite group show a wide range of the possible 
applications due to their specific properties, such as their large surface area, ion 
exchange ability, the insolubility in water and most of the organic sorbents, and oth-
ers. Hydrotalcite-like compounds also referred to as anionic clays or layered double 
hydroxides (LDHs) are a valuable and commonly reported group of materials with 
a complex structure that is composed of positively charged brucite-like layers [M2+ 
or M3+ (OH)2]x+. In which an isomorphous substitution of the divalent M2+ and the 
trivalent cation M3+ are distributed among octahedral positions, alternating with dis-
ordered and negatively charged interlayers [Ax/n]n− formed for instance by inorganic 
ions, heteropoly acids, organic acids, and others, which is represent by the formula 
of type [M1−x2 + Mx3 + (OH)2]x + [Ax/n]n− ⋅ mH2O.

Fig. 11.1  Hydrotalcite structural representation. (Source: Google Image)

D. O. Okanigbe and S. R. Van Der Merwe
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11.6.9 � Production of Hydrotalcite from Natural Resources

11.6.9.1 � Natural Dolomite

Dolomite is a naturally occurring double carbonate and a source of calcium and 
magnesium ions, according to Hosni and Srasra [84]. In their research, a straightfor-
ward process was used to create Mg-Al-CO3 layered double hydroxide from dolo-
mite feedstock. On their structure and textural qualities, the influence of synthesis 
parameters, including the M2+/Al3+ ratio, reaction temperature, and pH, was investi-
gated. X-ray diffraction, Fourier transform infrared spectroscopy, thermogravimet-
ric analysis (TGA), and Brunauer, Emmett, and Teller (BET) measurements were 
used to determine the structural characteristics of the materials.

The authors came to the conclusion that dolomite can be processed into pure and 
well-crystalline phases of Mg-Al-CO3 LDH in an aqueous Na2CO3 solution. That a 
key consideration was the preparation’s pH. Pure LDH was generated at a pH of 9.5. 
The LDH’s crystallinity dropped below this threshold. Conditions that are quite 
alkaline do not seem to be favorable for the synthesis. The ideal dolomite/Al molar 
ratio was approximately 1. Above this ratio, brucite was generated. Low dolomite/
Al ratios resulted in products with poor crystallinity. A factor that was thought to be 
crucial for regulating crystallinity and particle size was aging temperature. 
According to experimental research, hydrotalcite must be at a high temperature to 
form a well-crystalline phase.

11.6.9.2 � Bittern

An assessment of the viability of employing Class C fly ash for the synthesis of 
faujasite (Type X) and tschernichite (Type A) type zeolite materials is shown in the 
study by Kunecki et al. [85]. Syntheses were performed to produce the well-formed 
zeolites. The variables were as follows: water, the filtrate (post-reaction solutions 
obtained during the hydrothermal synthesis of zeolites rich in Si), the ratio of fly ash 
to NaOH, and the quantity of aluminum foil added.

According to the analysis, three of the most efficient reactions (from which 
Samples 21–23 were formed) took place in the following circumstances: the 
amounts of H2O, filtrate, and aluminum foil added were 100, 100, and 50 ml for 
each of the three reactions, respectively. The ratio of NaOH to fly ash was 1.6, 2.0, 
and 1.25, with fusion temperatures of 550 °C for each of the three reactions, fusion 
times of 1 hour, and reaction times of 4 hours. The reaction temperature was 80 °C 
for each of the three reactions (for each of the three reactions).

The three best zeolite materials (Samples 21–23) were submitted to mineralogi-
cal, chemical, and textural analytical characterization using X-ray powder diffrac-
tion (XRD), scanning electron microscopy-energy-dispersive X-ray spectroscopy 
(SEM-EDS), and X-ray fluorescence (XRF), Brunauer–Emmett–Teller (BET), to 
determine specific surface area and pore volume and size). The produced zeolites, 
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according to studies, have a Type A (Samples 21–22) and Type X (Sample 23) struc-
ture, as well as well-formed grains with isometric and cubic properties. The obtained 
zeolites’ computed unit cell characteristics point to a cubic crystal system and are 
quite similar to the reference values for the structures of X- and A-type zeolites.

The ratio of SiO2/Al2O3 in each of the three tested zeolite materials was as fol-
lows: 2.16, 1.98, and 2.41. For samples 21–23, the specific surface area was 106, 
104, and 256 m2/g, respectively. The outcomes were comparable to the zeolite struc-
tures discovered in Class F fly ash. As a result, we can draw the conclusion that the 
Class C fly ash under analysis may also be a useful substrate for the synthesis of 
Type X and Type A zeolite materials.

11.6.9.3 � Blast Furnace Steel Slag

The authors of this study by Kunecki et al. [86] reported the effect of time on the 
creation of the mineral structure of GIS Na-P1 zeolite. Aluminum and silica were 
obtained from thin microspheres. The material used in this project was created uti-
lizing a prototype installation at a quarter-technical scale. X-ray diffraction (XRD), 
X-ray fluorescence (XRF), scanning electron microscopy equipped with a system of 
chemical composition analysis based on energy dispersive X-ray (SEM-EDS), vol-
umetric adsorption analyzer, Fourier transform infrared spectroscopy (FTIR), and 
particle size analyzer were used to determine the chemical, mineralogical, and tex-
tural properties of the material (PSA).

The interesting and in some cases remarkable phenomena of the lattice parame-
ters ripening as a function of time is demonstrated by experimental calculations 
based on Miller indices. With longer synthesis times, both the number of zeolites 
present and the unit cell characteristics (a, b, c, and volume) rise. With the use of the 
XRD and FTIR techniques, this process may be seen clearly. The finished product’s 
structural, morphological, and textural characteristics suggest that it might be ben-
eficial as an adsorbent for several kinds of environmental pollution.

Muriithi et al. [87] reported the production of hydrotalcites (HT) from mineral 
waste (e.g., blast furnace slag), an area of research attracting growing attention. This 
paper describes a unique method for producing HT from fly ash, a common waste 
product of coal-fired power plants in South Africa. The optimization procedure, 
which highlights the boundary conditions for this mineral phase’s crystallization, is 
the second area of originality.

The HCl content, aging duration and temperature, pH during the aging process, 
and crystallization time and temperature were the variables examined for the opti-
mization of HT synthesis from fly ash. The best synthesis conditions were as fol-
lows: 3 M HCl concentration, 30 minutes of aging, 65 °C of aging, 11.5 pH during 
aging, 12  hours of crystallization, and 70  °C of crystallization temperature. The 
exterior surface area and microporosity of HT were both quite high.

The majority of the morphological components of synthesized HT were sub-
micron, plate-like particles. Except for the presence of calcite, the structural fea-
tures of HT made from fly ash were comparable to those of HT obtained from 
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analytical grade chemicals. The waste Class F fly ash from SA was used in an 
innovative way to create high-quality HT under optimal processing conditions that 
reduced the production of secondary undesirable mineral phases like calcite or 
hydrogarnet.

11.6.9.4 � Aluminum Slag

In this study by Wajima [88], hydrotalcite was created from bittern solution by add-
ing AlCl3 (the solution’s Mg/Al molar ratio was 3), and its capacity to remove phos-
phate and nitrate from water was tested. Both bittern and seawater can be used to 
make hydrotalcite, although the product made from bittern has a higher hydrotalcite 
content than the one made from seawater. Higher than commercial hydrotalcite, the 
bittern product has phosphate and nitrate removal capabilities.

The experimental data are found to better fit the Langmuir than the Freundlich 
isotherm models when calculating the equilibrium adsorption capacity of the prod-
uct for phosphate and nitrate ions. Because of the ion exchange process between 
chlorine and sulfate in the product, phosphate adsorption on the product reached 
saturation in 30 minutes and was essentially steady after that. Nitrate adsorption on 
the product increased in 15 minutes and then gradually decreased.

The main constituents of blast furnace slag (BFS) are CaO, SiO2, Al2O3, MgO, 
and trace amounts of transition metals like Fe, Ti, and Mn, according to Kuwahara 
et al. [89] in their study titled “A novel conversion process for waste slag: synthesis 
of a hydrotalcite-like compound and zeolite from blast furnace slag and evaluation 
of adsorption capacities.” We successfully used the chemical method of acid-leach-
ing and precipitation to create a hydrotalcite-like molecule from BFS.

After undergoing HCl acid-leaching, BFS was separated into hydrated silica 
with 92 wt.% SiO2 and leaching solution containing other components, which pro-
vided a hydrotalcite-like product after further NaOH addition in a high yield. The 
result generated at 100 °C was determined to be a Ca-Al hydrocalumite complex by 
XRD and chemical analysis. Its stoichiometric molar ratios are Ca: Al: Cl = 2: 1: 1, 
and it contains other metal cations in its structure.

The hydrotalcite-like compound had an elevated phosphate adsorption capacity 
of about 40 mg P/g, which was more than three times more than that of typical 
Mg-Al-based hydrotalcite. The phosphate adsorption capacity of the raw slag was 
1.5 mg P/g. In addition, utilizing the remaining silica and a hydrothermal treatment 
lasting 6 hours at 100 °C, single-phase A- and X-type zeolites with high crystallini-
ties and outstanding water adsorption capacities (247 and 333 mg g−1, respectively) 
were effectively created. From the perspective of making efficient use of BFS, this 
conversion procedure, which enables us to create two distinct types of valuable 
materials from BFS at a cheap cost and with simple preparatory stages, is unques-
tionably advantageous.

According to Galindo et al. [90], due to environmental concerns, the powdered 
solid strapped in filter sleeves in the aluminum tertiary industry is currently dis-
posed of in secure landfills. They are categorized as hazardous waste because they 
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contain a lot of aluminum, either in the form of metallic aluminum or in compounds 
like aluminum nitride.

These substances have the ability to react with extremely little moisture, releas-
ing toxic or dangerous gases like hydrogen and ammonia.

In three steps, the low-cost method described in this study allows for the com-
plete recovery of this hazardous waste and the creation of two different added-value 
components. The trash is subjected to mild acid hydrolysis in the first step in order 
to produce an inert cake and a concentrated solution of aluminum. The subsequent 
steps involve synthesizing hydrotalcite from the resultant solution and using the 
cake to create transparent glasses based on the CaO-Al2O3-SiO2 system. The prod-
ucts’ characteristics show that the hydrotalcites can easily absorb anionic contami-
nants (molybdates), while the glasses offer better optical properties than those made 
by directly vitrifying the trash.

11.6.9.5 � Oil Shale Ash

With the aid of ammonia and triethanolamine at pH 10, Galindo et al. [91] reported 
that hydrotalcite-like compounds were co-precipitated with dilute sodium hydrox-
ide from an unconventional aluminum source: the aluminum waste produced by the 
tertiary aluminum industry. To compare results, these compounds were character-
ized using a variety of techniques (XRD, FT-IR, UV-vis-NIR, SEM, DTA-TG, and 
BET procedures).

Characterization of the products revealed considerable variations based on the 
choice of basic reagent. Products that co-precipitated with ammonia exhibited less 
crystal development, a higher internal surface area, and a structure that contained 
significantly more iron. Triethanolamine-derived products demonstrated how 
organic molecules entered the multilayer framework. These results were crucial for 
the development of waste treatment techniques that turned hazardous wastes made 
of aluminum into stacked double hydroxides, a product with additional value.

11.6.9.6 � Coal Fly Ash

In the study conducted by Muriithi et al. [87], South African Class F coal fly ash, a 
generally available and inexpensive chemical feedstock, was used to successfully 
produce HT under optimal conditions. With the exception of the presence of calcite, 
the produced HT exhibited structural traits that were comparable to those of that 
made using analytical-grade chemicals. In the context of carbon capture and storage 
in South Africa, the production process might thus serve as a dual strategy for the 
re-exploitation of coal fly ash from power plants and for the reduction of CO2. 
Additionally, authors recommend that future research should focus on stopping the 
co-precipitation of calcite, while showing how these HT may be suitable for both 
short- and long-term CO2 collection. On the possibility for wet or dry ash dams to 
naturally collect carbon, very little information is currently known. This study 
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compared a naturally occurring occurrence with accelerated ex-situ mineral carbon-
ation of fresh fly ash to determine the degree of carbon capture in a wet-dumped ash 
dam and the mineralogical changes supporting CO2 capture (FA). Sr, Ba, and Zr 
trace metals at significant concentrations were found in both fresh ash and weath-
ered ash. However, it was discovered that weathered ash had more Nb, Y, Sr, Th, and 
Ba than fresh ash did.

Fresh ash is composed of quartz, mullite, hematite, magnetite, and lime from a 
mineral perspective; however, weathered and carbonated ashes also contained other 
phases like calcite and aragonite. The fresh FA was able to trap up to 6.5 wt% CO2, 
and accelerated carbonation (done at 2 hours, 4 MPa, 90 °C, bulk ash, and a S/L 
ratio of 1) resulted in a 60% conversion of calcium to CaCO3. On the other hand, it 
was discovered that over the course of 20 years of moist disposal of ash, 6.8 wt 
percent CO2 was naturally carbonated.

Thus, the ash dumps’ spontaneous carbonation is considerable and may be useful 
in extracting CO2.

In their study, Gil et al. [19] described the co-precipitation method’s use of alu-
minum recovered from saline slag wastes to synthesize hydrotalcite-like materials. 
Using a reflux system over a 2-hour period, saline slags were chemically treated 
with 2 mol/dm3 aqueous solutions of NaOH. With the help of cobalt, magnesium, 
and nickel nitrates, as well as Na2CO3, aluminum aqueous solutions were employed 
as precursors to create hydrotalcite-like materials with two different mole M2+/Al3+ 
ratios, 2:1 and 4:1.

X-ray diffraction, thermogravimetric studies, nitrogen adsorption at 196 °C, and 
scanning electron microscopy were used to analyze the resultant solids. The CO2 
adsorption at 50, 100, and 200 °C was assessed under dry conditions after thermal 
treatment at 200 °C. The Mg: Al-2: 1 sample had a remarkable sorption capacity of 
5.26 mmol/g at 80 kPa and 50 °C, which was significantly greater than the sorption 
capacities previously reported in the literature for hydrotalcites under comparable 
conditions.

The values of the Henry’s law constants, which range from 0.01 to 4.20 mmol/
kPag, were directly deduced from the adsorption isotherms at low pressures. Using 
the Clausius-Clapeyron equation, the isosteric heats of CO2 adsorption were discov-
ered to be between 5.2 and 16.8 kJ/mol.

11.6.9.7 � Mullite-Rich Tailings from Density-Separated Waste Copper 
Dust (WCD)

According to Linda et al. [92], the mullite-rich tailings (MRT) from WCD can serve 
as a secondary resource of mullite, because it contains 67.15% of aluminosilicates. 
It is therefore recommended that MRT be used to lower the cost of mullite refined 
powders in later engineering applications due to its size, potential, and possibilities, 
after several other studies.
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Conclusion
The manufacture of biodiesel is acknowledged to lessen the demand for imported 
oil, boost domestic energy security, and be safe for the environment by reducing 
greenhouse gas emissions because it is a renewable resource. However, the effec-
tiveness of biodiesel as an alternative engine fuel depends on its properties, which 
are usually influenced by the type of alcohol and oil used as feedstock. Diesel 
engines have long been successfully tested with plant oil base (POB) fuels as an 
alternative engine fuel. Among the POB fuel feedstocks, soybeans yield the most oil 
by weight, up to 20%, and have earned a reputation as the primary source of bio-
mass-derived diesel in the United States and Brazil.

Despite initiatives like the one stated in the preceding paragraph, the cost of 
generating biodiesel is still largely determined by the cost of raw ingredients. The 
choice is heavily influenced by the raw material’s availability and cost. Making 
biodiesel from edible oil can result in less oil being accessible for human and farm 
animal use. Therefore, the use of used cooking oil or fat, which normally exhibits 
high acidity, has been investigated as a feedstock for biodiesel synthesis, is another 
admirable strategy for reducing the cost of biodiesel manufacturing.

The second type of waste conversion to product will use the transesterification 
method to convert WCO to biodiesel using mullite-rich tailings (MRT) from density-
separated waste copper dust.

To my knowledge, very little study has discussed the use of HT derived from met-
allurgical wastes to speed up the conversion of WCO to biodiesel. Therefore, the 
development of an affordable biodiesel production process in South Africa may be 
aided by research into an effective catalyst to convert a WCO into biodiesel.

11.7 � Methodology

11.7.1 � Introduction

The investigation on the preparation and characterization of hydrotalcites derived 
material from waste metal dust for transesterification of waste cooking oil to bio-
diesel will be carried out according to the methodology detailed as follows:

11.7.1.1 � Materials

Waste Cooking Oil

The raw material that will be used for the production of biodiesel in this proposed 
study is a waste cooking oil.
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Waste Metal Dusts

Two waste metal dust will serve as primary (i.e., mullite-rich tailings) and second-
ary (copper smelter dust) materials for synthesis of the heterogeneous catalyst (i.e., 
hydrotalcites derived material) that will be used to enhance the transesterification 
process of the waste cooking oil to biodiesel.

11.7.1.2 � Methods

Preparation of WCO Feedstock for Transesterification

The contamination in the WCO will be filtered using a 5-μm filter cloth in a vacuum 
filtration unit. Seven WCO samples of 1000 ml each will be filtered in the machine.

The edible cooking oil (ECO) will be characterized for free fatty acid (FFA) 
content, relative density (RA), acid value (AV), saponification number (SN), and 
ester value (EV). These values will be compared with the properties evaluated from 
seven purified WCO samples as illustrated in Table 11.4. The best among these six 
samples will be used as feedstock for this study.

Density Separation of WCD

The WCD will be subjected to physical separation into using a centrifugal gravity 
separator. The parameters that will be optimized for the centrifugal gravity separa-
tion (CGS) will be the rotational bowl speed (RBS) and the fluidized water flow rate 
(FWFR) as detailed in Table 11.5.

The protocol for the CGS is detailed in Table 11.6, and it will involve 9 tests in 
total. These nine tests will be repeated 5 times as passes. The starting material for 
each new pass will be the tailings from the previous test. Based on this experimental 
plan, 45 test samples will be generated as shown in Table 11.7. These outputs from 
the CGS of WCD will be used as raw material for the production of the hydrotalcite-
derived material (HDM).

Table 11.4  Characteristics of FSO and WCO

Characteristics FSO WCO1 WCO2 WCO3 WCO4 WCO5 WCO6 WCO7

FFA YTBD YTBD YTBD YTBD YTBD YTBD YTBD YTBD
RA YTBD YTBD YTBD YTBD YTBD YTBD YTBD YTBD
AV YTBD YTBD YTBD YTBD YTBD YTBD YTBD YTBD
SN YTBD YTBD YTBD YTBD YTBD YTBD YTBD YTBD
EV YTBD YTBD YTBD YTBD YTBD YTBD YTBD YTBD

Key: YTBD yet to be determined
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Table 11.6  Test protocol for density separation of WCD

Tests RBS (G) FWFR (l/min) Treatment combination (TC)

1 A A AA
2 A B AB
3 A C AC
4 B A BA
5 B B BB
6 B C BC
7 C A CA
8 C B CB
9 C C CC

Table 11.7  Outputs from CGS of WCD

Passes
MRT
(1) (2) (3) (4) (5) (6) (7) (8) (9)

1 1(1) 1(2) 1(3) 1(4) 1(5) 1(6) 1(7) 1(8) 1(9)
2 2(1) 2(2) 2(3) 2(4) 2(5) 2(6) 2(7) 2(8) 2(9)
3 3(1) 3(2) 3(3) 3(4) 3(5) 3(6) 3(7) 3(8) 3(9)
4 4(1) 4(2) 4(3) 4(4) 4(5) 4(6) 4(7) 4(8) 4(9)
5 5(1) 5(2) 5(3) 5(4) 5(5) 5(6) 5(7) 5(8) 5(9)

Table 11.5  Parameters measured for density separation experiment

S/N Parameters Low (0) Medium (1) High (2)

X1 RBS (m/s2) 60 90 120
X2 FWFR (l/min) 3.0 4.5 6.0

Optimization of Hydrotalcite Production from MRT

Pregnant leach solutions (PLS) will be obtained from the 45 MRT samples follow-
ing the procedure that has been reported in by Okanigbe [93] and Baktiari [94]. The 
different grades of PLS will be subjected to co-precipitation (Fig. 11.2). The param-
eters for the co-precipitation process will be optimized following Tables 11.8 
and 11.9

Optimization of Catalytic Activity

The transesterification of filtered WCO will be carried out in a 500-ml three-necked 
round-bottom flask equipped with reflux condenser and a magnetic stirrer. Varied 
ratios of WCO: Alcohol (Table 11.10) will be mixed with varied concentrations of 
HTMRT (Table 11.10) and stirred at a fixed temperature of 65.5 °C. This process will 
be optimized following the test protocol in Table 11.11. After carrying out the reac-
tion, the mixture was cooled to room temperature, centrifuged at 6000  rpm for 
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Fig. 11.2  Proposed experimental setup for production of HDM from waste copper dust

Table 11.9  Design of experiment for the production of hydrotalcite

Tests Temperature (°C) Rotational speed (rpm) Treatment Combination

1 25 340 25 °C–340 rpm
2 25 740 25 °C–740 rpm
3 25 1480 25 °C–1480 rpm
4 55 340 55 °C–340 rpm
5 55 740 55 °C–740 rpm
6 55 1480 55 °C–1480 rpm
7 85 340 85 °C–340 rpm
8 85 740 85 °C–740 rpm
9 85 1480 85 °C–1480 rpm

Table 11.10  Parameters measured for density separation experiment

S/N Parameters Low (0) Medium (1) High (2)

X1 WCO: Alcohol 1:5 1:6 1:7
X2 Catalyst concentration (wt %) 0.5 1.0 1.5

Table 11.8  Parameters considered for the production of hydrotalcite

Parameters
Levels
Low Medium High

Temperature (°C) 25 55 85
Rotational speed (rpm) 340 740 1480
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Table 11.11  Test protocol for optimization of HTMRT activity

Tests WCO: alcohol Catalyst conc. (wt %) Treatment combination (TC)

1 1:5 0.5 (1:5)(0.5)
2 1:5 1.0 (1:5)(1.0)
3 1:5 1.5 (1:5)(1.5)
4 1:6 0.5 (1:6)(0.5)
5 1:6 1.0 (1:6)(1.0)
6 1:6 1.5 (1:6)(1.5)
7 1:7 0.5 (1:7)(0.5)
8 1:7 1.0 (1:7)(1.0)
9 1:7 1.5 (1:7)(1.5)

10 minutes for catalyst separation, and the unreacted methanol was removed using 
rotary evaporator.

The biodiesel yield will be estimated using Eq. (11.1)

	

yield
weight of methyl ester g

weight of oil g
% �

� �
� �

�100
	 (11.1)

Characterization of Biodiesel

The biodiesel produced will be characterized for physical and chemical properties. 
Specific gravities of all the samples will be measured using specific gravity bottle as 
per American society for testing and materials (ASTM) D 1298-85. The viscosities 
of the samples will be measured at 40 °C using rheometer (Rheostress RS 1) from 
Thermo Electron, according to ASTM D 445. Acidic value will be determined as 
per ASTM D664-89. Calorific values of the samples will be measured using bomb 
calorimeter according to ASTM D 240-92. 1H-NMR analysis will be performed 
at 25 °C.

11.7.2 � Contribution to Knowledge

The information in this study will contribute to bridging the gap of knowledge that 
exist in the following studies:

•	 The catalytic application of hydrotalcite-like materials
•	 The catalytic effect of copper smelter dust in a hydrotalcite
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•	 Optimization of the Preparation of a hydrotalcite-like material from copper 
smelter dust

•	 Contribution of the hydrotalcite-like materials in the transesterification
•	 Impact of the application of hydrotalcite-like materials as a catalyst on an indus-

trial scale

11.7.3 � Ethical Considerations

There are no ethical issues in this project.

11.7.4 � Dissemination

The results will be presented at local and international conferences, while the full 
paper will be published in the corresponding conference proceedings. Other results 
will be published in Department of Higher Education and Training (DHET)-
accredited journals like the following:

•	 Material Cycles and Waste Management—Journal —Springer
•	 Materials for Renewable and Sustainable Energy—Journal—Springer

11.7.5 � Budget (Table 11.12)

Items Cost Source

Literature sourcing and stationaries X TUT

Materials and supplies X TUT

Analytical equipment X UT

Travelling expenses X TUT

Miscellaneous expenses X TUT

Total X UT

T

T

Table 11.12  Estimated budget of the project

Key: TUT Tshwane University of Technology, R Rand
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11.7.6 � Time Frame (Table 11.13)
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