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Abstract: This study investigates the performance of biodiesel produced from distilled waste tire
pyrolytic oil through transesterification as a lubricant additive for aqueous drilling fluid systems.
Aqueous-based drilling fluids have a high coefficient of friction as compared to oil-based drilling fluids.
The inclusion of a biodiesel additive was for smooth application/operation. The friction-reducing
physicochemical properties of the additive were analyzed and compared with the guidelinesof
the United States specification (ASTM Standard) and the European specification (EN Standard).
The chemical structure of the produced biodiesel was analyzed using gas chromatography–mass
spectrometry (GC-MS). The results show that the distilled waste tire pyrolytic oil contains
aliphatic, naphthenic, and aromatic hydrocarbons. The free fatty acid value reduced from 5.6%
(for pyrolytic oil) to 0.64% after the transesterification process. A saponification value of 203.36 mg/g
was recorded for the pyrolytic oil, and this value was also reduced to 197.35 mg/g after the
transesterification process. The kinematic viscosity was reduced from 11.2 to 5.3 mm2/s for the
obtained biodiesel, and this value is within the ASTM D6751 and EN 14214 standard values (1.9 to 6
and 3.5 to 5 mm2/s, respectively). The cetane number (47.75) was obtained for the biodiesel, and this is
within the minimum range stipulated in ASTM D6751 guidelines. The produced biodiesel’s chemical
structure analysis using GC-MS shows that it comprises of decanoic acid methyl ester and methyl ester.
Furthermore, comparative analysis of the quantified friction-reducing physicochemical properties of
the additive shows that the biodiesel produced from the distilled pyrolytic oil is a suitable additive for
the improved lubrication of the friction-prone metallic parts of drill bits when water-based drilling
fluids are employed for drilling oil and gas wells.

Keywords: biodiesel; waste tire pyrolytic oil; transesterification; water-based mud; physicochemical
properties

1. Introduction

The success of hydrocarbon-well drilling operations depends on a variety of factors, but one
of the most important factors, often controllable is the drilling fluid system used for the operation.
During drilling, many problems related to drilling fluid properties arise, and they include a slow
drilling rate or excessive drill pipe torque and drag, which merely render the drilling operation less
efficient, causing non-productive time (NPT). The cost associated with drilling operation NPT can
be extraordinary [1]. Practically, there are no accurate, uniform vertical holes, because the rotating
drill pipes (flexible in nature) are held in different points along the wellbore. The friction resistance
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produced during these scenarios may require significantly, more torque than is necessary for turning
the drill bit [2]. Similarly, significant friction can occur when raising and lowering the drill strings
(tripping in and out of a hole), a problem called drag. Under certain conditions (substantial deviation,
being under gauge holes, or the dynamics of the drill string being weak), the torque and drag can be
enormous, leading to an unacceptable loss [3]. Adding a small amount of lubricant to the sludge can
cut this energy loss, and it is common engineering practice to minimize friction by placing a layer of oil
or grease between moving metal parts. When drilling, the practical way of freeing a stuck pipe is to
spot oil around the stuck section. The capillary pressure of the oil on the aqueous filter cake runs into
thousands of pounds, so the pressure of the mud column on the filter cake’s surface compresses it and
reduces the contact angle [3].

Lubricants are added as additives to the drilling fluid to increase the effect of lubrication and
reduce friction. High-lubricity drilling fluids can also increase the penetration rate during drilling,
resulting in significant cost savings. Poor lubrication, however, can lead to wear on the drill bearing,
drag, problems of torque, and differential adhesion [4]. Lubricants are mainly applied to aqueous-based
drilling fluids due to inadequate lubricity properties. Aqueous-based drilling fluid is often
preferred in drilling operations because it is non-toxic, relatively inexpensive, and biodegradable [5].
However, if these drilling fluid systems do not meet the required lubrication, the synthetic-based mud
system (SBM), which is an oil-based mud system, will be used instead of the aqueous mud system.
Aqueous-based drilling fluids possess a very high coefficient of friction when compared to oil-based
mud, and this can be reduced by adding lubricating additives [6]. Liquid lubricants show enhanced
performance when compared to solid lubricants in deep wells [7]. A small quantity of lubricant is
adequate to provide effective lubricity for an aqueous drilling fluid system. According to Teng et al. [8],
“one percent volume of lubricant in an aqueous mud system can reduce the torque during drilling
operations by 20 percent”. Lubricating additives are obtained from fatty acids, vegetable oils,
triglycerides, petroleum-based oil, polypropylene glycol, and much more.

Waste tire pyrolytic oil is composed, essentially, of hydrocarbons with 5–20 carbon atoms,
hetero-compounds and aromatic fractions [9]. The hetero-compounds contain chlorine, nitrogen,
oxygen, fluorine, and sulfur due to the initial tire composition [10,11]. The aromatic fraction constitutes
mainly single-ring alkylbenzenes and polycyclic compounds, such as indene and naphthalene
derivatives [12]. The elemental composition of the pyrolytic oil is also dependent on the heating rate,
tire type, pyrolysis reactor type, particle size, and pressure [13,14]. Nevertheless, most of the oils
produced by pyrolysis processes require an extra improvement stage before being used directly or as a
feedstock. According to Breeden and Meyer [15], “in addition to recycling, lubricant formulations
containing feedstocks that are obtained from the by-products of other processes will make an important
contribution to art and economics”. Genuyt et al. [16] proposed that branched-chain ester-based
oils are suitable as lubricants. The waste tire pyrolytic oil can be transesterified to produce an
appropriate ester-based oil that will serve as an aqueous-based drilling fluid lubricant additive [17].
Mikulski et al. [18] also highlighted the advantage of utilizing pyrolytic oils from waste products such
as plastics and rubbers.

There is consensus in the literature that many waste materials can be used as feedstocks for
other processes, by recovering their active and chemical components, avoiding the environmental
and human health problems associated with improper disposal. However, waste streams usually
consist of several components, of which only a few are valuable materials. If there is a positive balance
between usability and availability, the required component can be economically recovered for use as
a raw material [19]. Thus, this study investigates transesterified waste tire pyrolytic oil’s suitability
as a lubricant additive for aqueous-based drilling fluid. Pyrolysis has been a target technology for
thermal conversion from residues into valuable products due to operation and control. The liquid
fraction derived from waste tire pyrolysis (pyrolytic oil) was further treated and analyzed to achieve
the objective of this study. The influence of the functional groups, characterized by Fourier Transform
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Infrared Spectroscopy (FTIR), and the molecular structure, characterized by gas chromatography
coupled with mass spectroscopy (GC-MS), on lubricating properties was investigated.

2. Results

2.1. Pyrolytic Oil Chemical Content Analysis

Hentschel [20] and Minami [21] highlighted that the chemical structure of the components of
an oil exerts a profound influence on its physical and chemical characteristics. Thus, the identified
compound structures from the waste tire pyrolytic oil are tabulated as Table 1. Table 1 shows that the
pyrolytic oil from the waste tire pyrolysis process contains more benzene, limonene, butene, indene,
tetradecance, cyclohexane, propenal, naphthalene, bicyclo, acorenol, and pentadecane and the presence
of sulfur. The result shows that the waste tire pyrolytic oil is made up of saturated and unsaturated
compounds with sulfur presence. It is necessary to consider this trend when using these saturated and
unsaturated compounds as feedstock for producing lubricant additives with the appropriate viscosity.
The sulfur content was reduced using the distillation process as proposed by Tsietsi et al. [22].

Table 1. Identified compounds and their structures.

S/N Name of Selected Compounds Chemical Structures

1 D-limonene
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Table 1. Cont.

S/N Name of Selected Compounds Chemical Structures

8 Pentadecane
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2.2. Distilled Pyrolytic Oil and Biodiesel Analysis

The distilled pyrolytic oil functional groups were analyzed to identify the functional groups
present, as this would help to determine the possibility of the pyrolytic oil corroding any contact surfaces
and the effect of a functional group on the lubricant additive properties. Absorption measurements
in the infrared region were obtained by FTIR analysis using a spectrophotometer. Table 2 shows the
different functional groups present in the distilled pyrolytic oil.

Table 2. Pyrolytic oil functional groups.

S/N Functional Groups Absorption Location (cm−1)

1 Aromatic (ring) 750.62
2 Alkenes 890.31
3 Akyl amine 1020.09
4 Ether 1304.06
5 Alkanes 1410.67
6 Aromatic (c=c in plane) 1610.26
7 Carbonyl 2704.86
8 Aliphatic 2960.09
9 Alkenes 3058.82

10 Nitrogen 3218.15
11 Alcohol 3420.14

The results show the different absorption energy bands of various functional groups/compounds
depending on their molecular structure. An average of twelve (12) functional groups was identified
during the analysis by the molecular vibrations inferred by the surrounding groups, and these are
similar to the results obtained by Dos Santos et al. [23]. These functional groups are responsible for the
oil sample’s chemical reactions. Tsyurupa et al. [24] and Xiao et al. [25] highlighted that a compound’s
specific properties can be improved by multiple functional groups. Table 2 shows the presence of
both saturated and unsaturated compounds from the group frequencies. Other compounds such
as carbonyls, nitrogen, and alcohols were also identified in the sample oil analysis. The different
vibrations of the various functional groups in the molecule gave rise to bands of differing intensity.
The most intense band in the spectrum tabulated in Table 2 is at 3420.15 and 3218.15 cm−1, which could
be due to the stretching of the nitrogen and -OH bond. In any sample where hydrogen bonding
occurs, the number and strength of intermolecular interactions vary significantly within the sample,
causing the bands to be broad [26]. On the other hand, 750.62 cm−1 had the weakest bands in the
spectrum, and this can be attributed to the carbon–carbon bonds. When intermolecular interactions
are weak, the number of chemical environments is small, and narrow infrared bands are observed.

Figure 1 shows the relative peak intensities and absorption location of the compounds present in
the produced biodiesel. Using the wavenumber, the identified compounds’ electromagnetic spectrum
can be categorized as Mid to Near infrared using the relationship between the frequency, wavelength,
and wavenumber [27]. The peak intensity in the infrared spectra during compound identification can
be influenced by the concentration of molecules in the sample. The absorptivity is an absolute measure
of infrared absorbance intensity for a specific molecule at a specific wavenumber. Thus, two peaks may
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have different intensities when considering a mixture because there are molecules present in different
concentrations. Three distinct bonds were found within the fingerprint region (1200 to 700 cm−1).
This region identified some vibrations such as C-H bend (aromatic) and C-O stretches for the produced
biodiesel. The biodiesel infrared spectrum had more C-O, C-H, C=O, C=C, =C-H, O-H, and M-H
stretches compared to the distilled waste tire pyrolytic oil spectrum. The 1280 cm−1 band was due to
C-O stretching, and the 1373, 1458, and 1728.28 cm−1 bands were due to C-H, C=C, and C=O stretching.
The 3603.15 cm−1 band corresponded to alcohol or phenol (O-H).
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2.3. Produced Biodiesel and Distilled Waste Tire Pyrolytic Oil Physicochemical Properties

Studies on the transesterification of waste tire pyrolytic oil are few [28], but the reaction is
necessary for ease of application in the formulation of an aqueous drilling fluid system without
any secondary emulsifier/surfactant. Lubricant additives are added to the aqueous drilling fluid
to reduce friction and torque between the drilling pipes and the rock formations. Table 3 shows
the distilled waste tire pyrolytic oil and biodiesel physicochemical properties and the standard test
methods adopted for this study. According to Giakoumis and Sarakatsanis [29], the peculiar aspect of
biodiesels is that they are produced from various feedstocks possessing different chemical compositions.
Physicochemical property tests are integral to the verification of the produced biodiesel oil’s suitability
as a lubricant additive.

Table 3. Physicochemical analysis of distilled pyrolytic and biodiesel oil samples.

Properties Test Method Distilled Pyrolytic Oil Produced Diesel Oil

Specific Gravity (@ 30 ◦C) ASTM D 5355-95 0.8482 0.8039
API Gravity (@ 30 ◦C) ASTM D287-92 25.044

Density (g/cm3) (@ 30 ◦C) EN ISO 12185 0.9272 0.884
Kinematic Viscosity (mm2/s) ASTM D 445 11.2 5.3

Free Fatty Acid (%) ASTM D 5555-95 5.6 0.635
Acid Value (mg KOH/g) AOCS Te 2a-64 12.43 1.27

Saponification Value (mg/g) ASTM D 5558-95 203.36 197.35
Molecular Weight STP 332A 881.84 851.42

Iodine Value (g of Iodine/100 g) EN 14111 137.05 93.91
Biodiesel Yield (%) ASTM D 8274-19 56.83
Boiling Point (◦C) ASTM D 5399-09 73.6
Flash Point (◦C) ASTM D 92-12 137.4 110.7
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Table 3. Cont.

Properties Test Method Distilled Pyrolytic Oil Produced Diesel Oil

Fire Point (◦C) ASTM D 92-18 141.5 117.3
Cloud Point (◦C) ASTM D 2500-17a 1 −3
Pour Point (◦C) ASTM D 97-17b −2 −15
Refractive Index AOAC 921.08 1.621 1.564

High Heating Value ASTM D 240-19 52.83
Cetane Number EN ISO 5165 47.75

Calorific Value (kJ/kg) NBSIR 82-2491 51.19
Coefficient of Rolling Friction ASTM D 5183-05 0.010

3. Discussions

Table 3 shows that the acid and free fatty acid values for the distilled pyrolytic oil were higher
than those for the produced biodiesel. The acid value shows how well the esterification reaction
was followed using chemical analysis, and an acid value of <3 mg KOH/g is deemed to indicate
full esterification [30]. Thus, the value of 1.27 mg KOH/g obtained in this study for the produced
biodiesel is a good fit. The free fatty acid is the percentage by weight of the uncombined fatty acid
in the oil sample. The free fatty acids in the distilled pyrolytic oil underwent transformation that
changed the degree of unsaturation and the carbon chain’s average length. The free fatty acid value
was reduced from 5.6% (for pyrolytic oil) to 0.64% after the transesterification process, and this trend
was also observed by Wahyudi et al. [31]. This shows that fatty acid structure influences oil properties,
and Kilonzi et al. [32] observed that free fatty acids can lead to corrosion.

The distilled pyrolytic oil’s saponification value was 203.36 mg/g, and this value reduced to
197.35 mg/g after the transesterification process. The saponification value pertains to all fatty acids
present in the oil sample, and this reduction can be attributed to the observed fatty acid value reduction
after the transesterification process. According to Gopinath et al. [33], its value depends on the molecular
weight and the percentage concentration of the fatty acid components present in the oil. The iodine
value of the pyrolytic oil also reduced from 137.05 to 93.91 g of iodine/100 g after transesterification.
The iodine value is a measure of the unsaturation of oils, fats, and fatty acid derivatives, and the
required limit is 120 g of iodine/100 g according to standard EN 14214. The reduction trend is because
of a decrease in the degree of unsaturation in the oil after the transesterification process.

Both oil samples have approximately equal specific gravity, but the variation in density values
at ambient temperature can be attributed to the unsaturation degree. Demirbas and Al-Ghamdi [34]
studied the relationship between the specific gravities and higher heating values (HHVs) of petroleum
components, and they observed that an increase in specific gravity decreases the HHVs and that the
decrease is highly regular. This study recorded an HHV value of 52.83, corresponding to a produced
biodiesel specific gravity of 0.8039. Distilled pyrolytic oil has a high density and free fatty acid content
(0.927 g/cm3 and 5.6%, respectively) compared to the produced biodiesel (0.884 g/cm3 and 0.64%,
respectively). Thus, the higher the oil sample’s unsaturation degree, the higher the density [35,36].

A biodiesel yield of 56.83% was obtained from the distilled waste tire pyrolytic oil under the
experimental conditions (transesterification process), with a molecular weight of 851.42. This yield
is greater than the yields realized for some seed crude oil extractions [37,38]. An API gravity of
25.04 was recorded for the produced biodiesel, and this shows that the biodiesel is a light oil that
floats on water (API gravity < 10 indicates light oil). Umar et al. [38] also obtained an API gravity of
27.7, and the API gravity essentially measures the relative density of oil and water. It is primarily
used to evaluate and contrast the relative densities of petroleum liquids. The boiling, fire, and flash
points of the produced biodiesel are within the U.S. specification (ASTM Standard) and the European
specification (EN Standard). The cloud and pour points of the distilled waste tire pyrolytic oil were
below the standard guideline ranges, but these values improved for the produced biodiesel (−3 and
−15, respectively) and are within the standard guidelines (−3 to −12 and −15 to −16, respectively).
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The cloud point provides a rough idea of the temperature above which the oil can be safely handled
without wax coagulation, which causes filter clogging. The pour point of the oil is the lowest
temperature at which the oil is observed to flow under the test conditions.

The kinematic viscosity of the biodiesel was measured using ASTM D445, and it was observed
that the kinematic viscosity of the distilled pyrolytic oil reduced from 11.2 to 5.3 mm2/s for the
production of the biodiesel; the biodiesel kinematic viscosity value is within the ASTM D6751 and
EN 14214 standard values (1.9 to 6 and 3.5 to 5 mm2/s, respectively). The kinematic viscosity is the
ratio of the viscosity of a fluid to its density. The kinematic viscosity, according to Phankosol and
Krisnangkura [39], is an essential physical property of biodiesel. From the literature, typical immersion
oils have a refractive index of 1.51 and a dispersion similar to glass coverslips. Light rays passing
through the specimen encounter a homogeneous medium between the coverslip and immersion
oil, and they are not refracted as they enter the lens but only as they leave its upper surface [40].
The refractive index of both oil samples are with the range stated in the literature (1.62 for pyrolytic oil
and 1.56 for produced biodiesel). The calorific value of the produced biodiesel is 51.19 kJ/kg. It was
observed that this calorific value in this study was higher than the biodiesel calorific values reviewed
by Ozcanli et al. [41] for alkali-catalyst-transesterified biodiesels (the calorific range was between 36.50
for Maclura pomifera seed oil and 45.30 for non-edible neem oil). The produced biodiesel in this study
has a cetane number of 47.75, and this number measures the combustion quality of the produced
biodiesel. The obtained value is within the minimum range stipulated in the ASTM D6751 guidelines.
Ramirez-Verduzco et al. [42] observed that cetane number and higher heating value have a linear
inter-relationship with molecular weight, that is, high molecular weights contribute to an increase in
cetane number and higher heating value.

Torque and drag are often associated with drilling challenges, such as stuck pipes and sticking; the
addition of lubricant additives in the drilling fluid system is used in addressing this drilling instability.
The coefficient of rolling friction is an indication of how excellent the rolling resistance is for a given
normal force between the drill strings and the subsurface formation upon which it is rolling [43].
The coefficient of rolling friction value for the produced biodiesel is 0.010, and it was determined
experimentally. Rolling friction is commonly associated with deformation of the rolling drill strings,
particularly on the soft subsurface formation [44]. According to Blau [45], the coefficient of friction
is the ratio of two forces acting, respectively, perpendicular and parallel to an interface between two
bodies under relative motion or impending relative motion; this dimensionless quantity turns out to be
convenient for depicting the relative ease with which materials slide over one another under particular
circumstances. Mills [46] highlighted that the values of static and dynamic coefficients of friction for
common materials are 0.3 and 0.6. However, these values can drop to about 0.15 when oil is added as a
lubricant. Esan et al. [47] highlighted the chemical versatility of biodiesel and its application in various
industries. Still, the produced biodiesel in this study is suitable as a lubricant additive employed in the
formulation of drilling fluids to reduce issues of torque and drag during the drilling of oil and gas
hydrocarbons. Friction resistance to the rotation of the drill string is called torque, and one efficient
way, according to Dong et al. [48], of dealing with torque is to add lubricant in water-based drilling
fluid. Water-based drilling fluids possess a very high coefficient of friction as compared to oil-based
drilling fluids. This high coefficient of friction can be reduced by adding lubricating additives to the
water-based mud system. Thus, the proposed biodiesel from the waste tire pyrolytic oil is formed.

The biodiesel’s chemical properties were analyzed, as it has been identified as a required component
for a good lubricant additive. Knox and Jiang [7] emphasized the importance of considering the
chemical families when selecting the right lubricant for a water-based mud system. Literature has shown
that a lubricating oil’s chemical structure consists of a mixture of aliphatic, naphthenic, and aromatic
hydrocarbons in various proportions depending upon the nature and source of the oil [49]. Figure 2
shows the composition of aliphatic, naphthenic, and aromatic hydrocarbons in the distilled waste tire
pyrolytic oil. Gas chromatography analysis was adopted to analyze the distilled waste tire oil sample;
the paraffin and cyclic hydrocarbons were identified using whole oil-gas chromatography analysis.
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It is thought that a lubricating oil should contain a certain proportion of unsaturated hydrocarbons
that it is compatible with [50].Recycling 2020, 5, x FOR PEER REVIEW 8 of 17 
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Figure 2. Waste tire pyrolytic oil hydrocarbon compositions.

The produced biodiesel’s chemical structure was analyzed using gas chromatography–mass
spectrometry (GC-MS). The analysis shows the presence of decanoic acid methyl ester and methyl ester.
The GC-MS analysis results in this study are similar to what was obtained by Maulidiyah et al. [51] when
they analyzed their biodiesel’s composition. Decanoic acid methyl ester is an ester form of decanoic
acid, and it has been studied as a single-component biodiesel surrogate by Wang and Oehlschlaeger [52].
This ester is much lighter than the basic components of real biodiesel, which significantly facilitates
its handling. Shettigaar et al. [53], in their study on eco-friendly lubricants for water-based drilling
fluids, observed that lubricating oil properties depend upon the functional moieties present in the oil.
They highlighted that oxygen-carrying moieties enhance the lubricity and film strength of the additive.
Additionally, Uchoa et al. [54] observed that fatty compounds have better lubrication due to oxygen
atoms, which provides polarity to the molecule and, consequently, adhesion to the metal surface;
these oxygen-carrying moieties are present in the produced biodiesel.

The comparative analysis of several valuable friction-reducing physicochemical properties,
including the specific gravity, acid value, iodine value, peroxide value, free fatty acids, low pour point,
high flash point, kinematic viscosity, refractive index, and so on (Table 3), indicated that the biodiesel
obtained from distilled pyrolytic oil is a suitable lubricant additive for water-based drilling fluid.

Economic Cost Analysis

This section focuses on obtaining useful information for the economic cost assessment of the
production process for biodiesel using waste tire pyrolytic oil. It is a suitable indicator for the future
development of biodiesel to reduce feedstock oil costs and, at the same time, increase the yield of
valuable products with adequate plant capacity. The main obstacle to biodiesel’s commercialization
compared to that of petroleum-based diesel is its high production costs, mainly due to the costs of
raw materials. Economic considerations are an essential driver for the development of profitable raw
materials and processes for biodiesel production. This study evaluates operating costs of using waste
tire pyrolytic oil in a pilot-scale plant with a capacity of 5000 tons/year, and the biodiesel production
expenses for the components considered are tabulated in Table 4. The result shows that most of the cost
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is associated with feedstock and supplies. The low cost of the pyrolytic oil used as feedstock shows
that the proposed plant is viable compared to the propositions of other authors [55,56].

Table 4. Biodiesel production expenses for the proposed plant.

Component USD/L USD/gal Thousand USD/Year

Feedstock 0.48 1.81 2981.88
Supplies 0.14 0.53 874.43

Labor 0.02 0.09 144.23
Electricity 0.02 0.07 110.85

Quality Analysis 0.01 0.05 78.33
Maintenance 0.01 0.03 56.69

Total 0.68 2.58 4246.41

4. Methods and Materials

4.1. Materials

The waste tire used in this study was collected from a landfill in the South-West region of Nigeria.
The tires were cleaned to remove debris, and the wireless sidewalls of the used tires were cut into 10 to
20 mm dimensions in the Engineering Workshop at the College of Engineering, Covenant University.
These waste tire samples were further used as feedstocks in the already-existing pyrolytic reactor in
the department for the degradation of the weighty polymeric compounds in the waste tire. In most of
the tire formulations, the elastomer is composed of natural rubber, synthetic rubbers, or blends [57,58].

4.2. Methods

Pyrolysis of Selected Waste Tire

Pyrolysis is represented by molecular thermal cracking, which begins at a temperature of about
500 ◦C, which continues to increase above 800 ◦C. A high temperature is necessary to accelerate the
chemical reactions inducing the molecular breakdown of large molecules to smaller molecules [59,60].
In this study, the waste tire pyrolysis was carried out in a fixed-bed reactor placed in a muffle furnace
(J.P. Selesta, S.A., 582543 Serial number (S/N), 230 VAC, 00-C/2000367, 50/60 Hz, 3500 W, Barcelona,
Spain) with a Pressure Integrated Differential (PID) temperature controller, which was attached to the
heat source. The muffle furnace was powered electrically, and its temperature can reach up to 1100 ◦C.
Figure 3 shows the pyrolysis process scheme for producing the waste tire pyrolytic oil.

Nitrogen gas was used to provide an inert atmosphere and acts as a carrier gas during pyrolysis.
After transferring the sample into the reactor, the system was cleaned with nitrogen gas to remove
air from the system before pyrolysis. To facilitate the passage of gaseous matter in the reactor,
the reactor was not completely filled up with the waste tire. After turning on the furnace’s heat
source, the temperature controller was programmed to the specified value of 860 ◦C as the operating
temperature, with a heat transfer rate of 18 ◦C/min. When the process had reached its set temperature,
the reactor temperature was kept constant for 20 min and then cooled to 20 ◦C. This was to ensure that
all possible liquid and vapor exited the reactor and reached the collection unit. The collection unit was
removed from the setup, and the pyrolytic oil was collected and measured. In the process, solid, liquid,
and gaseous products are formed. The gas phase was recovered by partial condensation, and the solid
phase was stored for utilization as a potential absorbent material.

The liquid phase, termed pyrolytic oil, which is the main focus of this study, was further analyzed
to determine the chemical composition and its properties.
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4.3. Pyrolytic Oil Analysis

The collected liquid fraction from tire pyrolysis (pyrolytic oil) has a dark brown coloration and
a strong odor. Literature has shown that pyrolytic oil is a multi-component liquid mixture possibly
made up of heterocompounds, both aromatic and aliphatic compounds [61,62]. Most of the individual
compounds in waste tire pyrolysis oils can be identified and quantified using conventional analytical
methods [63]. Gas chromatography coupled with mass spectroscopy (GC-MS, Agilent, Santa Clara,
CA, USA) and FTIR (SHIMADZY, Kyoto, Japan) were used to analyze the pyrolytic oil’s key compounds.
Literature has identified sulfur as one of the heterocompounds present in tire pyrolytic oil, and it can
exist in different chemical and oxidation states [64].

Sulfur compounds are undesirable due to the negative environmental impact associated with
them; thus, it is a good idea to remove all possible traces of sulfur in the pyrolytic oil before its
utilization as feedstock.

4.4. Distillation of the Waste Tire Pyrolytic Oil

Hester and Harrison [65] observed that mercaptans, sulfides, and di-sulfides are typical sulfur
compounds present in most crude tire-derived oils, because they contain cross-linked sulfur compounds.
Their study further highlighted that the boiling point ranges of mercaptans, sulfides, and di-sulfides
are 6.2–98.46 ◦C, 60.7–185 ◦C, and 46.3–193.5 ◦C, respectively. Tsietsi et al. [22], in the discussion of
their results, emphasized the need to reduce the total sulfur content of pyrolytic oil. In this study,
the pyrolytic oil collected was further distilled at a temperature of 205 ◦C, which is above the boiling
point range of the three possible sulfur compounds present in the pyrolytic oil (Figure 4).
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4.5. Production of Biodiesel from Distilled Pyrolytic Oil as Lubricant Additive

Lubricants are added to drilling fluids as an additive to improve the lubricating effect and
minimize friction. Unlike the continuous oil phase in the engine, the lubricants for water-based drilling
fluid are emulsified and dispersed in the mud system [48]. Thus, to achieve this feature, the distilled
waste tire pyrolytic oil must undergo a transesterification process. Transesterification and esterification
are conducted at a temperature of 60 to 110 ◦C with basic catalysts.

4.5.1. Pre-Treatment of Oil (Esterification)

Sigma-Aldrich methanol (99.8%, J.T. baker, Philipsburg, PA, USA) and concentrated sulfuric acid
were used to reduce the amount of impurities properly. Due to the high content of free fatty acids in the
oil samples, pretreatment was introduced to improve the oil’s separation into the corresponding esters.

Procedure

1% of the sulfuric acid was mixed with 300 mL of methanol in an Erlenmeyer flask containing
1000 mL sample of oil. The mixture was vigorously stirred at approximately 1000 rpm for 30 min using
a magnetic stirrer and heater at 55 ◦C. The mixture was then poured into a separator funnel for about
12 h. Impurities formed the upper layer, while the treated oil settled on the lower layer. The treated oil
was collected and dried at a temperature of 105 ◦C to remove excess methanol for 2 h.

4.5.2. Transesterification Process

Alcohol and Catalyst Mixture

5 g of sodium hydroxide (99%) pellets were mixed with methanol (300 mL) in a 500 mL Pyrex beaker.
Mixing was allowed to continue until all of the sodium hydroxide pellets dissolved in the methanol to
form a methoxide solution.

Methyl Ether Mixture

The methoxide solution was mixed with 1000 mL of esterified oil in a beaker, and to obtain a
homogeneous mixture, the solution was heated at a temperature of 55 ◦C for 1 h. The homogenized
mixture was added while stirring the oil, as the reaction is initially very slow. Therefore, the stirring of
the mixture and the esterified oil increases the reaction rate and conversion to ester.
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Biodiesel and Glycerin Separation

The mixture was poured into a separator funnel and allowed to settle for 24 h. When the separation
was completed, the two main products, glycerin, and biodiesel, came out of the separation process,
with biodiesel at the top and glycerin at the bottom.

Washing

The biodiesel from the separation process was washed with water to remove soap residue and
other contaminants. The water was allowed to settle before draining from the mixture. The washed
biodiesel was collected and carefully heated in an oven at 105 ◦C to evaporate possible water and
methanol traces in the produced biodiesel.

4.5.3. Mechanism of the Transesterification

The transesterification mechanism consists of a series of reversible sequential reactions in which
the triglyceride is gradually converted to diglyceride, monoglyceride, and, finally, glycerol. One mole
of an ester is released in each step. These are reversible reactions, although the balance tends towards
the products, that is, glycerin and free fatty esters. In the case of the alkali-catalyzed reaction used in
this study, the mechanism was formulated in three steps: In the first step, the alcohol anion attacks the
carbonyl carbon atom of the triglyceride, and a tetrahedral intermediate is formed. The second step is
to react the intermediate with the alcohol to regenerate the alcohol anion. Finally, in the third step,
a rearrangement of the tetrahedral intermediate occurs, leading to the formation of an ester of a fatty
acid and a diglyceride.

4.6. Analysis of the Distilled Pyrolytic Waste Tire Oil and Produced Biodiesel

Yield: The volume of the washed biodiesel produced was measured with a graduated cylinder,
and the produced biodiesel yield in weight percent was calculated based on the amount of oil used in
the process.

Yield =
Biodiesel Volume

Oil Used
× 100 (1)

Specific Gravity and Density: The specific gravity and density of the produced biodiesel was
calculated using Equations (2) and (3);

Speci f ic Gravity =
Weight o f 50 mL o f Oil

Weight o f 50 mL o f Water
. (2)

Density
( g

l

)
=

Weight o f 50 mL o f Oil
Volume o f 50 mL o f Oil

(3)

Free Acid or Fatty Acid (FFA) Number: The acid number is the amount in mg of potassium hydroxide
that neutralizes the free acid in grams of the oil (mgKOH/g). A 25 mL volume of ethanol was mixed with
the same volume of ether, and 4 drops of phenolphthalein indicator were added into the Erlenmeyer
flask containing 2 g of the oil sample. The mixture was titrated with 0.1 M aqueous KOH and stirred
vigorously until a pink color was obtained, which took about 10 s.

Acid Value =
Titre (3.6 mL) ∗ 0.1 ∗ 56.10

Mass o f Oil (2 g)
(4)

Free Fatty Acid =
Acid Value

2
(5)

Iodine number: This is a measure of the level of unsaturation in an oil or fat. It is the mass of iodine
absorbed by 100 parts of the sample, and it is expressed as mg/g. The oil sample was poured into a dry
sealed glass bottle with a capacity of approximately 250 mL. The weight (g) of the oil was obtained by
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dividing the expected maximum iodine number by 20. A 20 mL volume of Wiji’s solution and 10 mL
of carbon tetrachloride were added to the bottle. A plug moistened with potassium iodine solution
was inserted and kept in the dark for 30 min. A 100 mL volume of water and 15 mL of potassium
iodide solution were mixed and titrated with a 0.1 M thiosulfate solution, using starch as an indicator.
At the same time, a blank value was obtained from 10 mL of carbon tetrachloride.

Iodine Value =
(Blank Titre− Sample Titre) × 12.69

Weight o f Sample (g)
(6)

Peroxide value: It is a measure of oxygen content, and it is expressed in mol/kg. A 2 g amount of
the oil sample and 1 g of potassium iodide (powdered) were placed in 2 test tubes containing 20 mL of
a mixture of solvents (2 parts by volume of glacial acetic acid + 1 part by volume of chloroform ice
cream) in the ratio 60:30. Firstly, this was performed in an empty test tube (no sample). The tubes
were placed in a water bath and vigorously boiled for 30 s. The contents were quickly poured into an
Erlenmeyer flask containing 10 mL of a 5% potassium iodide solution. The tubes were each washed
with 5 mL of water, the contents were poured into each Erlenmeyer flask, and then, four drops of
phenolphthalein were added to each Erlenmeyer flask and titrated with 0.01 M thiosulfate until the
color changed.

Peroxide Value =
(Blank Titre− Sample Titre) × 0.01× 1000

Weight o f Sample (g)
(7)

Saponification value: This is the number of milligrams of potassium hydroxide needed to neutralize
the free fatty acids after 1 g of the sample has been completely hydrolyzed. It is measured in mg/g.

Saponi f ication Value =
(Blank Titre− Sample Titre) × 0.5× 56.10

Weight o f Sample (g)
(8)

Flash point and fire point (ASTMD 93): Flash points were determined using a small heat-resistant
beaker and a heating blanket. The sample was poured into a beaker and gradually heated with stirring
to evenly distribute the heat in the beaker, and the temperature was monitored with a thermometer.
At regular temperature intervals, the beaker was exposed to an open flame. The temperature was
recorded at which the biodiesel raised flame-like lightning but did not aid combustion, which is the
flash point of the biodiesel product.

5. Conclusions

Alternative lubricant additives must have friction-reducing physicochemical properties and
moderate costs comparedto those of petroleum oils before they can become widely accepted in the
marketplace. Waste tire pyrolytic oil was adopted as a feedstock for this study. Lubricant additives are
added to drilling fluids to lower the drag and torque between the drill strings and rock formation.
A 56.83% yield was obtained from the feedstock using transesterification. The physicochemical
properties of the produced biodiesel were compared with the guidelines of the U.S. specification (ASTM
Standard) and the European specification (EN Standard). Most of the valuable friction-reducing
properties were within the standard ranges for lubricant additives. The chemical structure of
the produced biodiesel was identified using gas chromatography-mass spectrometry (GC-MS).
The comparative analysis of several valuable friction-reducing physicochemical properties indicated
that the biodiesel obtained from distilled pyrolytic oil is a suitable lubricant additive for water-based
drilling fluid.
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