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Abstract: The rising demand for non-renewable resources such as asphalt binder is a significant
issue in the pavement industry. Flexible pavement consumes a significant amount of asphalt binder,
which has become a major issue in terms of environmental sustainability and from an economics
viewpoint. Hence, researchers strive to find other alternatives to solve these problems, to enhance
the performance and lifespan of flexible pavement. Biomass-based bio-oil, such as waste cooking oil
(WCO), as a modifier has illustrated favorable effects for asphalt binder and mixture. However, in the
pavement industry, its adoption as a modifier is still in an empirical stage. Hence, this paper aimed
to give an overview by analyzing literature in-depth to reveal the potential of WCO as a modifier in
the pavement industry. The low- and intermediate-temperature performance of the WCO-modified
asphalt binder are superior. However, it compromises physical properties and high-temperature
performance. Hence, it can be improved by controlling the quality of WCO or by further modification
by additives such as ground tire rubber (GTR) and waste plastic. This paper also attempts to review
available and potential physical and chemical technologies to minimize the negative effects of free
fatty acid (FFA) and water content of WCO on modified asphalt binder properties. For WCO-modified
asphalt mixture, the overall performance depends on the dose, quality of WCO, and type of additive
added in the WCO-modified binder. Finally, future recommendations are provided to broaden the
scope of WCO as a modifier in the forthcoming sustainable pavement industry.

Keywords: waste cooking oil; transesterification; sustainability; free fatty acid; asphalt binder;
rheological properties

1. Introduction

Amongst many global issues, the rapid growth of cities and the increasing number of
vehicles have dramatically enhanced the demand for pavement construction and mainte-
nance [1]. Around 95% of the world’s roads are made of flexible pavement, and asphalt
binder serves as a conventional material for pavement construction [2]. Asphalt binder is
a byproduct of crude oil, which is well known as a non-renewable resource. A dramatic
increase in the price of petroleum-based binders, due to the depletion of petroleum reserves,
forces road authorities to explore alternative materials. Currently, the global practice is
moving towards a sustainable, economical, and green environment. The scientific com-
munity is interested in optimizing bio resources for renewability, sustainability, and local
production in the pavement industry, due to reduced costs and lower energy consumption.

Biomass is the primary source of bio material, whereas biomass refers to living
things that store solar energy, such as plants, animals, and microorganisms [3]. Among
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various forms of biomaterial, bio-oil is a widely accessible material and is categorized
as waste oil from the forest/agriculture industry, animal, and residual. Hence, modi-
fying the asphalt binder with bio-oil significantly minimizes the issues regarding non-
renewability and fluctuation of binder cost [4]. The compatibility and likelihood of bio-
oil modified asphalt are somewhat satisfactory, and its quality differs with source and
the content [5]. However, the addition of agricultural waste oil (5-10 wt.%) improves
the bio asphalt viscosity and low-temperature properties, whereas there is marginal im-
provement in the high-temperature properties [6,7]. Similarly, the waste wood oil-based
asphalt mixture improved the anti-fatigue and crack resistance properties [8]. Conversely,
animal waste oil is commonly utilized less than 10 wt.% by asphalt to achieve better
performance [9,10]. The addition of animal waste based bio-oil reduces the viscosity and
stability of asphalt at higher temperatures and increases low-temperature crack resis-
tance [1]. Yet the agriculture and animal-based oils are subjected to time-consuming and
expensive refining procedures, such as pyrolysis and hydrothermal liquefaction [3,11]. In
this way, the current implementation of bio-oil to modify asphalt binder is mainly focused
on plant-based oil such as waste cooking oil/waste vegetable oil, as these soft oils are a
ready substrate with lower production cost [3,12-14].

Waste cooking oil (WCO) is considered a potential bio-based waste material because it
can lead to multiple topologies of the product [15]. WCO is generated after frying activities,
and the rising population has increased its quantity due to the increased demand for food.
WCO is related to the vegetable oil family and mainly arises from the kitchen and food
industry. The global consumption of vegetable oil in 2021 has reached 209.14 million metric
tons, and each year consumption has increased by 2% (Figure 1). In contrast, a significant
problem regarding the proper disposal and collection of WCO has still gone unsolved for a
long time. The lack of awareness, facilities, and improper disposal of WCO are leading to
environmental, ecological, and municipal problems [16,17]. Hence, by heavily consuming
oil and fats, many countries face sewer blockage problems associated with an increased
annual cost to remove blockage [18].

Consumption of vegetable oils worldwide from 2013/14 to 2020/2021, by oil type (in
million metric tons)
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Figure 1. Global vegetable oil consumption worldwide by oil type [19].

One approach to solve this issue is to adopt a circular economic strategy for WCO
by its reconversion, which can reduce environmental impacts while increasing economic
efficiency [20]. Recycling WCO provides a renewable feedstock for biofuels (i.e., biodiesel)
and other bio-based goods (e.g., soap and animal feed) due to its chemical composition [21].
Although, it also helps to minimize pollution by reducing greenhouse gases (GHG) pro-
duced by inappropriate handling [22]. A typical application of WCO as a modifier in the
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pavement industry dates back to 2013, since many studies were conducted in laboratories
to examine WCO-modified binder performance [13,23]. Based on previous research, it can
be concluded that WCO is a potential waste material due to its consistent performance,
specifically at low and intermediate temperatures [19,24,25]. On the other hand, high-
temperature properties of WCO-modified binder are still compromised, as WCO can soften
the binder, which causes higher penetration and lower softening. Thus, it is believed that
soft binders cannot withstand high-temperature exposure and lead to poor rutting resis-
tance [12,26-28]. The quality of WCO, which includes acid value as a quality assessment
parameter, influenced the high-temperature performance of the modified asphalt binder.
The high acid value is associated with free fatty acid (FFA) and water content in WCO.
However, the undesired characteristic of a high acid value limits the application of WCO
as an asphalt binder modifier.

Azahar et al. [25] investigated the effect of acid value and water content on asphalt
binder modification and revealed that chemically treated WCO with lower acid values
and water content showed better high-temperature performance. Although, the physical
performance of treated WCO was still below the control binder and compromised. To
overcome the deficiencies encountered by the WCO-modified binder, researchers recently
utilized additional modifiers such as waste polymers, palm oil fuel ash (POFA), and
nano clay (NC). It was concluded that WCO-modified binder with other modifiers could
withstand hot climate regions. Moreover, a higher percentage of WCO can be used along
with additional modifiers to enhance the performance while ensuring a more sustainable
environment [29-31].

Therefore, this review paper focuses on WCO-modified asphalt and aims to enlighten
possible solutions for the cited problems by encouraging sustainability. Thus, an overview
of technology development over the last few decades has been summarized and discussed.
The production and treatment methods of WCO and the physical, rheological, and mixture
performance of untreated, chemically treated WCO, and WCO/additional modifier binder
are also reviewed.

2. Production of Waste Cooking Oil

The vegetable oils market is dominated by palm and soybean oils, which account for
36% and 28% of the market. Other vegetable oil fractions include sunflower (9.09%), rape
(13.2%), peanut (2.95%), corn (2.1%), coconut (1.75%), olive (1.48%), and sesame (1.1%) [17].
Amongst all continents, Asia is on top of the list for highest production of vegetable oil.
Domestically, edible oil is used for frying purposes, whereas food processing industries
and fast food companies largely use oil [32]. Frying is a process in which food is fried at
a temperature between 150-200 °C in the presence of moisture, anti-oxidants, and pro-
oxidants [33]. During frying, various reactions occur, such as hydrolysis, polymerization,
isomerization, and oil decomposition. After a frying operation, the leftover oil is considered
waste material and named waste cooking oil or used cooking oil [34]. The rapidly growing
world’s population has dramatically increased the food demand that ultimately affects
the production of WCO. Recent studies estimate that the generation of waste cooking oil
is almost 20-32% of total edible o0il consumption [17,35]. China and India are the most
populated countries and produce the most WCO, around 5.6 million tons and 1.135 million
tons per year. Canada, Demark, Spain, Italy, Japan, South Korea, Malaysia, and the United
Kingdom have average generations, ranging from 0.1-0.5 million tons per year [36]. The
other remaining countries produce no more than 0.1 million tons per year, and as per capita
production of WCO, South Korea is on top of the list, followed by EU countries [17].

3. Physical and Chemical Properties of Waste Cooking Oil

WCO is a thick, dark brown or black liquid at room temperature and is considered an
undesirable material, as it is composed of complex organic compounds such as acids, ester,
and aldehydes [19]. The composition and variation in organic compounds depend on the
oil source and degradation reaction during frying activity [37]. The degradation reaction
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increases the density, viscosity, specific heat, foaming, and total polar material value of oil.
Variation in viscosity and density of WCO varies due to the formation of other complex
organic compounds such as glycerides, dimeric, and polymeric acids [38]. Table 1 shows
the physical properties of WCO.

Table 1. Physical properties of WCO.

Reference Viscosity @ 40 °C Density Water Content

(m?/s) (g/cm?3) (%)

[39] 42 % 1070 0.91 1.9

[40] 36.4 x 107 0.924 0.42

[38] 144.5 x 1070-179.9 x 10~ 0.932-0.936 -

[41] 30.5 x 1070-31.77 x 10 0.920 -

[42] 64.1 x 107 0.933 -

[12] 49 x 107 0.9013 0.140

The major components of edible oil are triacylglycerol with fatty acids, with variable
degrees of unsaturation, ranging from C16 to C18 carbon chain. Triglycerides are made
by linking glycerol to three fatty acids, whereas all fatty acids contain an even number
carbon chain [35]. Moreover, natural edible oil is also composed of other minor components
such as free fatty acids (FFA), acylglycerols, carotenoids, tocopherols, tocotrienols, sterols,
phosphatides, hydrocarbons, and trace metals [43]. For the preparation of food, deep-frying
is one of the traditional and widely used methods. While frying at high temperatures such
as 150-200 °C, food reacts to the heated oil, air, and moisture present in the food. Thus,
hydrolysis, oxidation, and polymerization are common reactions and produce volatile and
non-volatile compounds (Table 2) [37]. Therefore, it is concluded that the chemical and
physical changes during deep-frying effect the overall composition of waste cooking oil
from that of edible oil, as shown in Figure 2.

Table 2. Variation in the chemical composition of oil after the frying process.

Chemical Reaction Reason of Reaction Variation in Chemical Composition
Hydrolysis Water, steam, oxygen Production of di.mono-acylglycerols, glycerol, and free fatty acids
Oxidation Surrounding air or oxygen Production of CO, CO,, and dimeric compounds
Polymerization Heating oil at high-temperature range 260-340 °C Formation of dimers including oligomers that increase the molecular weight of oil

Foamirlg_
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Figure 2. Physical and chemical changes in oil during deep-frying [37].
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4. Free Fatty Acid in Waste Cooking Oil

Edible oil undergoes chemical and physical changes during frying activities, and the
quality of the oil degrades. The steam generation during frying reacts with the oxygen and
water in the food, initiates the hydrolysis process, and produces the FFA. The concentration
of the FFA varies and depends on diverse conditions, such as heating temperature, moisture
content, and storage time. Thus, during the additional reaction time the triglyceride bonds
break down and produce FFA, including glycerol, diglyceride, and monoglycerides, as
shown in Figure 3. Furthermore, at a temperature above 150 °C, the glycerol accelerates
the hydrolysis process, leading to further FFA production [44]. As the degradation process
continues, the production of FFA accelerates, which ultimately decreases the unsaturation
level of the cooking oil. Hence, the oil becomes no longer suitable for further frying and
needs to be discarded as waste material [45]. The WCO quality can be monitored by
the acid value parameter, which identifies the concentration of FFA and the amount of
water content [19,46]. However, researchers have utilized the gas chromatography-mass
spectrometry (GC-MS) technique to analyze the concentration of FFA in WCO. The acidic
compounds of WCO are categorized as saturated, monounsaturated, and polyunsaturated
compounds. The chemical composition of WCO studied by Azahar et al. [47] indicated that
palmitic acid, stearic acid, and meristic acid are examples of saturated fatty acids, whereas
monounsaturated fatty acids contain oleic acid and cis-11-eicosenoic acid. Table 3 indicates
that the main components of WCO are oleic acid, palmitic acid, and linoleic acid, which
account for 43.67%, 38.35%, and 11.39%, respectively [19,24].

1
HZC_O_C_R" Hzc—OH
D | o
HC“O—C—Rz HC‘O‘C‘R(
9 " | 9 o
HC—O0-C—R3 + H T H ——————— H,C-0-C-R; + HO-C-R
Triglycerides Water Diglycerides Free fatty acid
H,C-OH H,C-OH
| 9 |
HC-O-C-R4 HC-OH
o}

L O, n I
H,C-O-C-R; + H H - —» H,C-O-C-R + HO-C-R
Diglycerides Water Monoglycerides Free fatty acid
H,C-OH
HC-OH

OH

n _O. i
H,C-O-C-R + H H —*HO\)\/OH + HO-C-R
Monoglycerides Water Glycerol Free fatty acid

Figure 3. Chemical compositions of WCO [19,24,47].

Table 3. Hydrolysis of triglycerides.

Formulation of Fatty Acids Type of Free Fatty Acid Possible % in Waste Cooking Oil (WCO) Type of Saturation
C18:1 (Cis 9) Oleic Acid 43.67 Unsaturated
C16:0 Palmitic acid 38.35 Saturated
C18:2 (Cis) Linoleic acid 11.39 Unsaturated
C18:0 Stearic acid 4.33 Saturated
C14:0 Myristic acid 1.03 Saturated
C18:3 alpha ¥- Linolenic acid 0.37 Unsaturated
C12:0 Lauric acid 0.34 Saturated
C18:2't Linolenic acid 0.29 Unsaturated
C20:1 Cis-11-Eicosenoic acid 0.16 Unsaturated
C21:0 Heneicosanoic acid 0.08 Saturated

TOTAL 100
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5. Effect of Acid Value and Water Content on Asphalt Binder Performance

The FFA composition of various waste oils from different sources is not similar to
each other. It depends on food type, oil type, oil quality, duration, temperature while
frying, and the number of times the oil was used [19]. The presence of FFA and water
content weakens the adhesion bond between asphalt binder and WCO. Furthermore, it
decreases the rheological characteristics of the binder, which has a negative impact on
the performance of the pavement mixture. Zhang et al. [48] reported that the acid values
significantly impact the asphalt binder properties. Similarly, the effect of acid value and
water content on asphalt performance was investigated by Azahar et al. [23] and revealed
that WCO-modified binders with lower acid values and moisture content enhanced the
performance in terms of rheological and chemical properties. However, the higher the
acid value interchange, the more the performance improved and behaved otherwise. In
another study, Azahar et al. [25] evaluated the effects of untreated and chemically treated
WCO-modified binder and concluded there was improvement in physical, rheological, and
chemical properties of the treated WCO with a lower acid value and higher water content.

Table 3 indicates the chemical composition of WCO; the data present that palmitic
acid, oleic acid, and linoleic acids occupy the highest percentage of acid concentrations
compared to other acids. In binder modification by WCO, these chemical contents play a
fundamental role. These three acids indicated the water affinity of WCO, as the chemical
structure exhibits both polar and non-polar ends [49]. It has been reported that oleic acid
and palmitic acid can easily absorb siliceous stones such as quartz and granite in dry
conditions, whereas linoleic acid is a polyunsaturated omega-6 fatty acid and is insoluble
in water [50]. These acids are quickly replaced by water and thus give rise to moisture
susceptibility in WCO-modified binder, leading to premature pavement failure [46].

To conclude, the acid value is an excellent indicator of the modification efficiency of
WCO. The lower acid value and water content contribute toward enhancing the properties
of WCO-modified binder. Therefore, to achieve better performance, it is recommended to
perform a preliminary chemical or physical treatment to reduce FFA and water content
from WCO.

6. Available Technologies to Minimize FFA from Waste Cooking Oil

The multiple numbers of FFA production indicate a higher acid value of WCO. Besides
the changes in the waste 0il’s quality caused by FFA, various chemical reactions occur
between food and the o0il’s protein and amino acid. In return, these leached components
can increase phosphorus, sulfur, and nitrogen compounds in WCO. The generation of these
degrading compounds is mainly responsible for the darkening and odor changes in oil that
reduce cooking oil’s safety and nutritional value. Moreover, prolonged storage practices
in the presence of moisture also play a significant role in further degradation of WCO’s
chemical composition fostered by hydrolysis [51]. The degradation products, including
FFA, have harmful effects on human health and the environment [52]. Despite the vast
range of degradation products detected in WCO, they only make up a tiny proportion
of triglycerides. Therefore, the removal of FFA must be prioritized to reduce the acid
value of WCO. In many industrial processes, WCO can be used as a raw material such as
bio-lubricant, in fuel production, or as an asphalt rejuvenator or modifier [15]. The highly
complex nature of WCO limits its possible implementation in any field of study. In this
case, pretreatment must be ensured if WCO’s byproducts are intended to be used for any
specified purpose [35]. The following section explains available methods and technologies
that need to be implemented before utilizing WCO in the pavement industry. Processes are
categorized as physical and chemical treatment of WCO to reduce solid impurities, FFA
removal, and moisture elimination.

6.1. Technologies for Treating Waste Cooking Oil Physically

The aim of the physical treatment of WCO is basically to remove undesirable compo-
nents to obtain an improved quality of regenerated oil.
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6.1.1. Filtration and Centrifugation

The removal of fine particulates and suspended particles is the initial stage in WCO'’s
treatment. These are small food residue particles (such as skin, bones) or other paper or
plastic materials. Based on frying and collection activities, WCO contains solid impurities
of almost 10-20% by volume. Mainly, simple filtration and centrifugation are two methods
commonly used to remove solid impurities that enable the reduction in obstruction for
further treatment of the oil. The filtration process involves fabric net bags or steel strainers
with 150-200 pm openings to filter granular particles. Afterwards, a fine filtration by
70-100 pm steel meshes is generally carried out, followed by 5 um mesh for further
removal of tinny particulates. Regardless of solid impurities separation, the centrifugation
method can also be used to eliminate water content from WCO.

6.1.2. Distillation

The simplicity of distillation deserves to be described, as it is the most used physical
method. The method aims to reduce volatile compounds and water content by taking
advantage of the fact that FFA has higher volatility than triglycerides. This process is carried
out by simply heating filtered WCO in boiling kettles under vacuum conditions for about
<90 min [35]. Table 4 summarizes key parameters for acidity and water reduction by means
of the distillation process. Thus, this process purifies WCO of volatile compounds and
water content up to the maximum level. Besides this, another consequence is eliminating
other volatile compounds such as ketones, aldehydes, sulfur, and nitrogen. The removal of
these undesirable compounds by distillation further improves the quality of WCO [35].

Table 4. Water content and acidity value reduction by distillation process.

Reference Temperature (°C) Reduction in Water Content (%) Reduction in FFA (%)
[53] 220 From 1.15% to 0.062% From 29% to 2%
[52] 200-280 From 5% to 0.1% Less than 0.5%

6.1.3. Membrane Separation

Over the last few years, membrane technology in WCO processing has grown in
popularity due to it having less than 50% of the energy consumption of the conventional
filtration process [54]. This process involves a semipermeable membrane under pressure
gradient, which retains undesirable particles while allowing specific components based on
a difference in permeability value. The difference could be between sizes, shapes, molecular
weight, and physiochemical interaction with membrane materials [55]. Commonly used
materials for membrane separation include cellulose polymers, ceramic material, clays,
nano/ultra-filtration membranes, and metal screens [56]. The FFA retained up to 35-40% by
ultrafilter membrane, whereas maximum triglycerides permeated through the membrane
compared to other polar compounds [57]. Despite the high performing capability of
conventional filters, synthetic fibers of polyester and nylon have shown about 93-98%
removal of FFA [58]. Similar to the distillation process, the initial purpose of membrane
separations was to retain the water content of WCQO. Thereby, a reduction in FFA might be
considered an additional benefit of such a method [54].

6.2. Technologies for Treating Waste Cooking Oil Chemically

The chemical transformation aims to take advantage of chemical functional groups
present in WCO to synthesize high-value products. Consequently, alcohol is added to
WCO, and a catalyst is employed to run the reaction fast. Based on the catalyst, the
transformation reaction can be categorized as base-catalyzed transesterification or acid-
catalyzed esterification.

6.2.1. Base-Catalyzed Transesterification

Transesterification is also known as alcoholysis, and it is the best conventional method
for reducing the acid value of WCO by converting the triglycerides of an oil into ester by
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direct reaction with alcohols. A variety of alcohols can be used, such as methanol, ethanol,
butanol, and propanol. Methanol is a more feasible option due to its wide availability, low
cost, and quick reaction with triglycerides [59]. Generally, a 3:1 molar ratio of alcohol and
oil is needed in the transesterification reaction to complete the reaction (Figure 4). The
kinetic analysis of the transesterification process is highly challenging, since the reaction is
under an equilibrium process. Alcohol must be present in excess in the reaction mixture
to shift the reaction towards the formation of the products [60]. However, to accelerate
the transesterification reaction, commonly used catalysts are sodium hydroxide (NaOH)
and potassium hydroxide (KOH). These catalysts are highly demanded for several reasons:
cheap price, wide availability, and maximum yield at minimal time duration [61]. KOH
catalyst reacts faster than NaOH due to strong bonding with alcohol. Tomasevic and
Siler-Marinkovic [38] investigated the effect of KOH and NaOH as a catalyst; the result
concluded that higher conversion of triglycerides was obtained at a 6:1 molar ratio of
methanol to o0il, a 90 min reaction time, 1% KOH, and 25 °C temperature. On the other
hand, ester covers a wide range of end products and can be utilized in different applications,
such as biodiesel production, asphalt industry, detergent, and cosmetics [25,41].

i
H,C—0—C—R; H,C—OH
e} O

| base 1]
HC—O0—C—R, + 3CH;O0H ——= HC—OH + H,C—0—C—R,

¢}

I 0
>—0—C— — I
Triglyceride Methanol Glycerol Methyl Esters

Figure 4. Base-catalyzed transesterification [62].

However, the ultimate maximum ester application of the base catalyst in transester-
ification has certain limitations, as this process is susceptible to water content and FFA
presence in WCO. A higher percentage of FFA reacts with the catalyst, whereas water
content partially converts the reaction to saponification, and excessive soap may foam a
semi-solid mixture at room temperature, which creates problems during the separation
process [60,63]. Thus, the base catalyst cannot tolerate higher FFA content in WCO, and
the desirable range is from less than 0.5 to 1%, as shown in Table 5.

Table 5. Desirable ranges of FFA.

Author/Reference Recommended FFA (%)
[59] Less than 1
[64] Less than 0.5
[65] Less than 0.5
[66] Less than 2
[67] Less than 2

[25] Less than 1
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6.2.2. Acid-Catalyzed Esterification

The restriction of base-catalyzed transesterification is its sensitivity to the purity of
reactants, particularly with water and FFA. Hence, acid catalysts are proposed to have better
results for waste oil with FFA greater than 1% [68]. Sulfuric acid (H2SO4) and hydrochloric
acid (HCL) are the most frequently used catalysts for acid-catalyzed esterification due to
their fast reactivity, low cost, and better stability concerning impurities [35,63]. This process
is generally carried out by direct mixing of acidified alcohol with WCO to convert FFA into
an ester as a reaction, as shown in Figure 5. In a study of acid-catalyzed transesterification,
Wang et al. [69] used WCO with an acid value of 75.92 & 0.04 mg KOH/g. The satisfactory
conversion was carried out when the acid value was reduced to 2.2 mg KOH/g at a 16:1
molar ratio of alcohol and oil and a reaction time of 10 h at 95 °C temperature. However,
acid-catalyzation is preferable for a higher content of FFA in waste oil. Although, this
process requires a longer reaction time and a higher amount of alcohol and catalyst than
base-catalyzed transesterification.

acid ﬁ
H,c—O0—C—Ry +  H0

Free Fatty Acid Methanol Methyl Ester Water

Figure 5. Acid-catalyzed transesterification [62].

6.2.3. Microwave Irradiation Transesterification

In recent years, many researchers have been interested in electromagnetic waves
utilization. Hence, microwaves are one example of accelerating chemical reactions, such
as transesterification/esterification [70]. Microwaves can effectively transfer heat to the
sample, and this energy completes the reaction. However, in conventional processes, heat
is not distributed uniformly, resulting in more energy and time-consumption. Thus, the
heat transfer mechanism is more effective than traditional heating [71]. Further advantages
of microwave irradiation for treating waste oil include a lower alcohol to oil molar ratio,
being environmentally friendly, water content removal, and an immediate decrease in
FFA [63,72]. Microwave transesterification of WCO with a high FFA content indicated
additional benefits in the separation and purification process between treated oil and
residues compared to the conventional method [73]. Transesterification of WCO by sodium
hydroxide as the catalyst (NaOH) was carried out in a domestic microwave (800 W) under
varying parameters, such as molar to ethanol ratio and reaction time. The result indicated
that the conversion time of FFA to reduce the acid value of the oil by microwaves is 10 times
shorter than the conventional method [71].

7. Available Technologies to Minimize Water Content from Waste Cooking Oil

The degradation in WCO during storage and processing can be minimized by keeping
moisture content as low as possible. Moreover, as previously stated, water must be removed
to prevent it from effecting subsequent treatment, such as transesterification. For example,
in typical base-catalyzed transesterification, the moisture content in WCO should be less
than 500 ppm for effective reduction in acid value [74]. Hydrolysis reactions of triglycerides
in WCO are caused by water, as shown in Figure 6.

Water from WCO can be removed by different methods, some of which have previously
been discussed. Among various methods, water can be extracted by membrane separation,
distillation, or acid-catalyzed transesterification. A few of the materials used to retain FFA
(such as ceramic powder and clays) can absorb a significant amount of water present in
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Triglyceride

WCO physically. Moreover, treatment with silica gel, magnesium sulphate, and anhydrous

sodium has been evaluated for water removal in WCO [35]. Table 6 lists some of the
operating parameter procedures that have been assessed for water removal from WCO.

H2C‘.«—OH

b I
H,C—OH 4

Water Glycerol Free Fatty Acids

Figure 6. Hydrolysis of triglycerides [62].

Table 6. Operating parameters for water removal from WCO.

Operating Parameters [75] [76] [771

Solvent Anhydrous sodium sulphate Magnesium sulphate Silica gel
Filtration type Vacuum Vacuum Vacuum
Pre-moisture . - 0.7%
Post-moisture . 0.07-0.13% 0.2 +£0.1%

Moreover, moisture from WCO can be removed by evaporation technique at high
temperatures. Hence, the drawback of this method is more time and energy consumption
as water molecules take enough time to liberate from WCO [74]. Alternatively, microwaves
can reduce time and energy consumption during the reduction of water from WCO. Many
studies have used different separation models for oil and water separation, such as cake
separation, deep bed separation, and full and intermediate blocking models. However,
their application is limited at a large scale due to their sensitivity to mechanical and thermal
stresses [70].

8. Application of Waste Cooking Oil as a Bio-Asphalt Binder in Pavement Industry

A typical approach to prepare a bio-asphalt binder is simply blending biomaterial
(such as WCO) with asphalt. Bio-asphalt binder is further classified into three categories
based on oil content in the binder (Table 7). However, 100% replacement of conventional
binder with a bio-asphalt binder is not suggestible as the saturates, aromatic, resins, and
asphaltenes (SARA) fraction of traditional asphalt and bio-oil is not similar. In addition,
the volatile matter and water content in bio-asphalt binder could negatively impact the
performance and durability of the asphalt mixture [5]. Therefore, bio-asphalt can be used
as a modifier or extender.

Table 7. Classifications of bio-asphalts [78].

Category of Application Content in the Binder Content in the Binder Current State

Modifier
Extender/substitute

Alternative

<10% The application mode is relatively mature
25-75% The application mode is common

100% The application mode cannot be achieved due to the limitation of the
? performance of bio-asphalt

Initially, the WCO was utilized as a rejuvenator due to its fluidity nature for aged asphalt. It
has the potential to restore low molecular weight compounds and viscosity lost due to the aging
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of a binder. Similarly, following this attempt, researchers started exploring the opportunity
for using WCO as a modifier to improve asphalt binder [13,24,25,49,79]. The modification
of the asphalt binder with WCO needs proper blending variables. However, there is no
specific standard available for the WCO-modified asphalt. Table 8 lists primary preparation
variables in producing the WCO-modified binder. Su et al. [78] reported that a higher
mixing temperature and shearing rate could generate a suitable vortex for WCO blending
with asphalt binder. On the other hand, Wang et al. [80] stated that mixing variables
should not exceed the specified limit, as too high a temperature and shearing rate for a
long duration could destroy the quality of WCO-modified binder. Therefore, the literature
concluded that the most utilized mixing condition of WCO in asphalt binder uses a shear
rate of less than 5000 rpm at 135 °C-160 °C for about 30-60 min.

Table 8. Mixing variables for WCO-modified binder.

Reference Shearing Time (min) Shearing Speed (rpm) Shearing Temperature (°C)
[81] 50 4000 170
[23] 60 1000 160
[82] 30 - 190
[83] 5 1600 145
[47] 60 1000 160
[84] 30 4000 140
[25] 60 1000 160
[85] 60 4000 160
[86] 60 1000 163
[87] 120 2000 150

9. Effect of Untreated and Chemically Treated Waste Cooking Oil on Conventional
Properties of Asphalt Binder

The incorporation of WCO at various concentrations affects the physical properties
of WCO-modified asphalt binder, as shown in (Table 9). Thus, a higher concentration
increases the penetration while effectively reducing modified asphalt consistency [47].
According to the conclusions drawn by Al-Omari et al. [83], the penetration was observed
to increase when 1-8 wt.% of filtered WCO was added to 76-145 dmm of asphalt, compared
with the penetration of the 65 dmm of neat asphalt. Consequently, the softening point
results have followed a similar trend, with a decreased temperature to 44 °C compared
to 53 °C for neat asphalt. A similar study was conducted by Eriskin et al. [85], in which
asphalt was modified by adding 1-5 wt.% of WCO to asphalt. The experimental outcomes
have shown an increase in the penetration resistance to 102 dmm on a high content of the
WCO when using a grade 50/70 asphalt. Similarly, the softening was reduced from 52.1 to
43.3 °C on high usage of WCO. Moreover, Somé et al. [82] utilized the WCO and reported
the decrement in penetration and softening point results. The dilution of WCO distributes
the asphalt particles more uniformly, which lowers the interaction between the saturation
level of WCO and binder and can significantly lower the grades of a modified binder. Thus,
many researchers have suggested that filtered WCO-modified binder could perform better
in cold regions than conventional base asphalt [49].

On the other hand, the quality of WCO has a significant role in asphalt binder mod-
ification. The higher acid value of WCO weakens the bond between WCO and asphalt
binder, as discussed in previous sections. In this way, Azahar et al. [23] evaluated the effect
of acid values on the performance of modified asphalt. The WCO samples from April,
August, and December were used with acid values 3.5, 2.8, and 1.6 mL/g, respectively. The
60/70 base asphalt was replaced by 3-5 wt.% of a binder. It was noticed that penetration
was minimum for December compared to the other samples due to its lower acid value.
Similarly, in another study, Azahar et al. [25] used treated WCO (transesterification) and
compared the performance with untreated WCO in asphalt binder. The 28, 46, and 52%
reductions in penetration were observed while adding treated WCO by 3, 4, and 5 wt.%,
respectively. However, the results of the softening points are directly proportional to the
penetration resistance, and improvement of 3, 4, and 5% was noted compared to the un-
treated WCO-modified bitumen (Figure 7a). The improved penetration value indicates that
chemically treated WCO-modified binder is much harder than untreated WCO-modified
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binder due to strong interaction bonding between the saturation level of treated WCO
and asphalt binder [46]. Therefore, the chemical treatment of WCO might be a valuable
alternative for WCO-modified asphalt binder in hot climate regions.

Table 9. Summary of the reviewed literature on the use of WCO and additives at various concentrations.

Content of Penetration Viscosity @ Softeni Ductilit Rutting Fatigue Teng;Zture
Reference Modifier WCO/Additives (dmm) 135°C PO. i‘;&‘(‘:g) "(m 1)1 y Resistance Resistance StiI;fness
(Wt.%) (Pa.s) om cm (Pa) (Pa)
(Mpa)
[13] 10, 30,60 1 1 1 - 1 i 1
[82] 17.9 T - 4 - 4 - T
[83] 124,68 T 1 1 T 4 T T
[88] Simply filtered 10 - - - 1 T -
[23] WCO 34,5 1 il 1 - 1 _ _
[85] 1,35 1 1 - - z _ -
[86] 123 T 4 4 - 4 - -
[89] 24,6 ) 1 1 - il - _
[25] Chemically i _
[90] treated WCO g/é/g - - - - T - -
[81] SBS/PE/WCO ééé ! 1 1 1 1 - 1
25575
[31] HDPE/WCO 51015 il - T - - - -
10,15,2
9] GTR/WcO 101020 ' T T T T ! '
[91]  LDPE+PVC/WCO 132 ! 1 1 1 - - -
5
[92] WCO/TR/POFA 5,7.5,10 T T il - 1 1 -
5,7.5,10
2,46
[93] NC/WCO 2L H ! ! - 4 H -
WCO in
[87] SBS-modified 13579 + ! ! - - -
binder
3.5
[94] SBS/EVA/WCO 5.5 il T 1 1 1 1 T
5,10
5,10,15,20
[30] WCO/TR/Bagasse  5,8,12,15,18 T T T - T + +
7,7,7.5,8,10
[95] HDPE/WCO 257373 ! - 4 - - - _
B0% 3% W4% m5% ¢ Treated B Untreated
160 - S
140 - 0.7
- =T .'\\
£ 120 m DN
E .
2 100 § 08 '
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Figure 7. Effect of untreated and treated WCO content on asphalt binder: (a) penetration; (b) rotational viscosity [25].

Further reviewing the WCO-modified asphalt binder, the flow characteristic is worth
considering. In a study, Rasman et al. [86] studied the viscosity of the untreated WCO-
modified asphalt binder. Hence, the results revealed that the rotational viscosity at 135 °C
was decreased linearly with an increase in the dosage of the WCO. Thus, the lowest
viscosity was 0.2 Pa s for 3% WCO compared to 0.3 Pa s of the neat asphalt. Similar results
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were reported by Bilema et al. [89] while adding the WCO at 2—-6 wt.% of the 60/70 asphalt
binder. The viscosity was reduced to 0.388 Pa s compared to the viscosity of a neat asphalt
binder of 0.628 Pa s. Similarly, in studies by Al-Omari et al. [83] and Mahrez et al. [96],
incorporating the untreated WCO softens the binder and reduces the viscosity. Thus, it
is perceived that the WCO, without proper treatment to reduce the acid values, caused
the asphalt binder to soften and ultimately declined the performance. The reduction
in the consistency of the asphalt binder is due to the dilution and less internal friction.
Thus, there is an inverse relationship between the viscosity of the asphalt binder and the
content of WCO. Consequently, in another study, Azahar et al. [23] used different months of
samples of WCO from April, August, and December to modify asphalt binder. The results
indicated that the lower acid value sample of December showed some enhanced viscosity
at 135 °C compared to other samples of WCO-modified asphalt binder. Azahar et al. [25]
followed the transesterification process to reduce the WCO acid value. It is noticed from the
outcomes that the viscosity of the treated WCO-modified asphalt binder is 33% improved
than the untreated modified binder. However, with WCO at 5% replacement it can also
be observed that viscosity has shown an increasing trend, as shown in Figure 7b. The
viscosity increment at 5% is attributed to the adhesiveness between the particles of WCO
and asphalt binder, with no dilution effect. From an economic standpoint, the marginal
reduction in the viscosity is favorable for the ease of mixing and compaction temperature
and to save the cost.

10. Effect of Untreated and Chemically Treated Waste Cooking Oil on Rheological
Properties of Asphalt Binder

The asphalt binder demonstrates viscoelastic properties and mainly depends on the
temperature and the frequency variation. The rheological properties are characterized
by the complex modulus (G*) and the phase angle (5). The dynamic shear rheometer is
widely used to identify the shear resistance of the asphalt binder. The G* refers to the
total resistance of the asphalt binder against deformation generated by shear loading,
whereas the  refers to the time delay between shear strain and shear stress. For a better
understanding, the WCO modification and its effect on the viscoelastic behavior of the
asphalt binder are worth analyzing. Thus, Bilema et al. [89] studied the G* and  of the
untreated WCO-modified asphalt binder. They observed a decline in the values of G* for
the WCO content of 2-6 wt.% of the asphalt. The G* values were more pronounced at a
temperature range of 46-58 °C and particularly on the higher dosage of the WCO. This
elucidated that the G* of the 6% WCO-modified asphalt was reduced by 84% compared
to without the modification. However, the G* has not shown any notable difference in
the values at a higher temperature. On the contrary, the ¢ is approaching 90° with the
increasing content of WCO, which indicates the shift towards the viscous behavior of
asphalt binder. In other comprehensive studies by Somé et al. [82] and Wen et al. [13], the
performance of untreated WCO-modified asphalt binder on the higher content has similar
trends of the G* and §, as concluded by [89].

The rutting (G*/sind) and fatigue (G*.sind) parameters are the evaluation indicators
for determining high and intermediate temperature resistance as per the Superpave speci-
fication, respectively. The reflective values to resist against the load for the G*/sind and
the G*.sind should be greater than 1.0 KPa and equal or less than 5000 KPa, respectively.
In a recent study by Al-Omari et al. [83], the G*/sind was evaluated by adding untreated
WCO 1-8 wt.% of the asphalt binder. The results indicated that the increasing content of
WCO reduces the failure temperature of the modified asphalt. Figure 8a shows a slight
variation in the G*/sind up to 4% of WCO, satisfying the Superpave criterion. However,
on the higher content of untreated WCO, the G*/sind of the modified asphalt dropped
drastically. The reduction in the G*/sind at higher contents of WCO for asphalt binder
modification was also reported by Rasman et al. [86]. The results indicated that G*/sind
is nearly similar to WCO-modified asphalt binder at lower contents. However, there was
a sudden reduction in values when incorporating higher contents of WCQO, as shown in



Sustainability 2021, 13, 11506

14 of 27

Figure 8b. Nordiana et al. [90] reported a reduction in the G*/sind when incorporating
WCO more than 5 wt.% of the asphalt binder, similarly to [83,86].
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Figure 8. Rutting parameters of asphalt binders at various contents of WCO [83,86]. (a) Study done by Al-Omari et al. [83]
and (b) Study done by Rasman et al. [86].

The quality of the WCO greatly influences the rutting performance of the WCO-
modified asphalt binder, and acid value is the key parameter. In another study, Azahar
et al. [25] evaluated the G*/sind by incorporating the three different qualities of WCO with
acid values of 3.5, 2.8, and 1.6 mL/g. The results imply less G*/sind of 1.6 mL/g acid value
WCO-modified asphalt compared to 3.5 mL/g. The failure temperature was 64 °C for the
1.6 mL/g acid value WCO-modified asphalt, which is higher than the 58 °C and 58.2 °C
for 3.5 and 2.8 mL/g acid value WCO-modified asphalt, respectively. Azahar et al. (2016c)
recently employed the transesterification process to treat WCO and significantly reduce
the acid values from 1.66 to 0.54 mL/g. The treated and untreated WCO-modified asphalt
binder failed at 70 °C and 64 °C, respectively (Figure 9). It was observed that the chemical
modification of WCO improves the quality of WCO, which ultimately enhances rutting
resistance. Acid values improvement provides better chemical bonding between WCO and
base binder, producing a stiffer WCO-modified asphalt binder [3,48,97].

Apart from the higher temperature (rutting resistance), the intermediate temperature
(fatigue resistance) also significantly impacts the performance of the WCO-modified asphalt
binder. Usually, fatigue damage occurs in pavements due to repeated load and propagates
within the bitumen mastic, resulting in microdamage. WCO can modify the asphalt binder
and disperse energy by rebounding without cracking the pavement, due to improved
adhesion. Al-Omari et al. [83] reported on the G*.sind and exhibited that as the WCO
content increases, fatigue resistance decreases at the intermediate temperatures, compared
with the neat asphalt binder. The reduction in the G*.sind for the modified asphalt binder
with WCO 1-8 wt.% at 28 °C was 9-33%, respectively. Hence, the adding of WCO can
enhance the fatigue resistance. Similarly, in other studies by [88,98], WCO can increase
fatigue resistance at intermediate temperatures, and the WCO-modified binder has more
improved performance than a base binder.

Al-Omari et al. [83] further investigated WCO-modified asphalt binder and revealed
that WCO enhances the binder elasticity at low temperatures. The S-values of the modified
asphalt with WCO decreased and met the Superpave criterion at —6 and —12 by 45%
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and 54%, respectively. Yet, there are pronounced, changed m-values when more than 4%
WCO was incorporated into the asphalt binder. Similarly, other comprehensive studies by
Sun et al. [97], Gong et al. [99], Zhu et al. [100], and Zhang et al. [48] supported the same
result of WCO-modified binder in low temperatures. It has been shown that adding more
WCO improves the creep stiffness, whereas the m-value decreases. The lower temperature
makes the binder stiffer, light components in WCO can soften the binder, and the m-
value increases. On the other hand, due to the hydrolysis process, the presence of water
content has a negative effect on the quality of WCO and the compatibility of asphalt binder
with WCO, which consequently affects the low-temperature properties of WCO-modified
asphalt binder. Thus, the WCO refinery must control the moisture content, using any water
removal method to enhance the properties of the WCO-modified asphalt binder [101].

M Control (60/70) m Untreated Treated

70 -
69 -
68 -
67 -
66 -
65 -
64 -
63 -
62 -
61 . . , :
0 3 4 5
Waste Cooking Oil (%)

Failure Temperature (°C)

Figure 9. Failure temperatures of untreated and treated modified asphalt binders [25].

Generally, these studies constantly revealed that WCO changes the rheological char-
acteristics of asphalt binder. The incorporation of WCO lowered the shear strength and
decreased the resistance to flow. Therefore, based on the results of the rheological tests,
it can be inferred that using WCO as a modifier offers superior fatigue resistance and
low-temperature performance. However, reducing rutting resistance may cause concerns,
which may be addressed by modifying WCO chemically or physically by adding other
polymers as modifiers, such as SBS, LDPE, and GTR, which could be a better alternative
for ensuring practical application.

11. Effect of Waste Cooking Oil with Additional Additives on Conventional
Properties of Asphalt Binder

The incorporation of the untreated and treated WCO in asphalt binder has been
investigated by several researchers, who observed an insignificant improvement in the
physical and rheological performance [25,83,89,90]. For instance, the chemically treated
WCO performs better in comparison to the untreated WCO. However, further enhancement
had been made when researchers utilized other additional modifiers in conjunction with
the WCO, such as high-density polyethylene (HDPE), low-density polyethylene (LDPE),
ground tire rubber (GTR), and nano clay (NC). Adesina and Dahunsi (2021) studied the
effect of WCO and HDPE as a modifier on the physical properties of asphalt binder. The
penetration resistance increased by 20.7% by adding WCO 15 wt.% of asphalt. Incorpora-
tion of the WCO softened the asphalt, thus causing the decrement in softening properties
by 41%. However, the reduction in physical properties was counterbalanced by adding
the HDPE (Figure 10). A 11.6% reduction in penetration resistance and 37% increase in
softening point were observed when adding HDPE 7.5 wt.% of asphalt.
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Figure 10. Effect of WCO and HDPE contents on asphalt binder: (a) softening; (b) penetration resistance [31].

Similarly, Joni et al. [91] studied the influence of LDPE and PVC on the WCO
(1 wt.%) modified asphalt binder. The results indicated that adding PVC and HDPE
5 wt.% of WCO-modified asphalt decreased the penetration by 31% and 33%, respectively.
The softening point trends were in a similar manner, with an enhancement of 7.2% and
7.4% compared to WCO 1 wt.% modified asphalt binder results. Another similar study by
Dahunsi and Adesina [95] investigated the physical properties of WCO-modified asphalt
binder in conjunction with the HDPE. The results were similar to those by [31,91]. The
HDPE's significant tolerance to high temperatures made a gel type structure within the
binder, thereby enhancing the modified binder’s elastic properties.

In a recent study by Niu et al. [29], the effect of adding WCO (2.5-10 wt.%) to asphalt
in conjunction with GTR (10-20 wt.%) to asphalt on a rotational viscosity at 135 °C of
binder was analyzed. The results indicated that the viscosity of WCO/GTR-modified
asphalt increased with increasing the dosage of GTR. The asphalt with 20% GTR has shown
significant improvement with different contents of WCO and temperature. Moreover, the
increasing content of WCO in the GTR-modified asphalt lowers the viscosity from 8 to
2.5 Pa s, which signifies that the WCO causes reduction in the compaction and mixing
temperature of the mixture (Figure 11). A similar enhancement in the binder’s viscosity
by incorporating WCO, GTR, and POFA was reported by [92]. The results implied that
the 15% replacement of composite material to asphalt resulted in the enhanced rotational
viscosity. The 5% WCO, 10% GTR, and 7.5% POFA were the optimal combinations, which
increased the 60% viscosity of asphalt compared to neat asphalt. High POFA and tire
rubber powder make the binder viscous, since they remain solid even as the temperature
rises. Similarly, Khan et al. [30] also reported a similar result considering improving the
viscosity of WCO/tire rubber(TR)/bagasse fiber-modified binder. Bagasse fiber was added
as an additive. It was observed that, due to the presence of tire rubber and bagasse fiber,
almost 20% of the base binder could easily be replaced by composite materials, which will
minimize environmental degradation caused by improper waste disposal.

The addition of nano clay (NC) in the WCO-modified asphalt binder also positively
impacted the softening point. The WCO 2.5% wt. and 6% dosage of NC in the high-
temperature base binder PG 70 improved it to PG 76. This demonstrates that NC has
a higher specific surface area, leading to an increase in stiffness of the WCO-modified
binder [93]. Consistently, styrene-butadiene—styrene (SBS) and ethylene—vinyl acetate
(EVA) can improve low-temperature deformation by increasing the ductility value of
asphalt binder. A study conducted by Liu et al. [94] investigated the change in the physical
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behavior of SBS/EVA-modified asphalt and it was concluded that by the addition of 10%
WCO in the SBS/EVA-modified binder improved the ductility value. This explains that
SBS and EVA make a crosslinking translation in asphalt, which allows it to utilize more
quantities of WCO and collectively leads to a pronounced increase in ductility value.
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Figure 11. Effect of WCO and GTR content on the rotational viscosity at 135 °C [29].

Other comprehensive studies, by Luo et al. [81] and Oruc [87], reported experimental
findings for improving the ductility of SBS/LDPE-modified asphalt with the incorporation
of WCO, which demonstrated that adding WCO with polymers can increase flexibility and
low-temperature fracture resistance. However, it is evident that the viscosity of WCO is
lower. Thus, the addition of WCO in the binder makes it more prone to rutting at a higher
temperature. To fill this gap, researchers combined different additional modifiers, such as
waste plastic or other polymers, with WCO to make a composite material and replaced
different percentages of a base binder with the composite material. This new study not
only solved the issue regarding adhesive performance of asphalt binder, but it also worked
well as an eco-friendly renewable binder in the pavement industry [30,92,102].

12. Effect of Waste Cooking Oil with Additional Additives on Rheological Properties
of Asphalt Binder

The impact of composite materials on the high, low, and intermediate temperature
properties of WCO-modified binder is shown in Table 9. Multiple stress creep recov-
ery (MSCR) and linear amplitude sweep (LAS) have gain popularity to test the rutting
resistance and fatigue behavior of the asphalt binder using a dynamic shear rheome-
ter [13,93,103], whereas a few studies evaluated the rutting and fatigue properties of
WCO-modified binder through MCSR and LAS tests. MSCR provides two essential charac-
teristics to describe the reaction of a modified asphalt binder under stress: non-recoverable
creep compliance (Jnr) and percentage recovery (%) [104]. The increased |, indicates weak
thermal resistance to stresses and low bitumen rutting resistance [13].

The Saboo et al. binder [93] revealed that ], varies in response to changes in the
percentages of WCO and NC. A higher concentration of WCO responded to the increased
Jnor value due to the binder softening, resulting from the addition of WCO. On the other
hand, the value of |, dropped as the proportion of NC increased, which simultaneously
improved the rutting resistance of the modified binder. Yet at the higher temperature, NC
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can retain elasticity, thus improving the rutting resistance of NC/WCO-modified binder.
Similarly, Niu et al. [29] reported the ], value of the GTR/WCO-modified binders under a
single creep stress level (3.2 KPa); results showed that WCO and GTR exhibit opposing
impacts on the [, (3.2) value of the binder, suggesting that the negative effect of WCO on
the binders’ rutting resistance can be balanced by properly increasing GTR content.

The LAS test is conducted to measure the potential of fatigue cracking at intermediate
temperatures caused by a repeated load with a linear amplification of strain at a constant
frequency. The test consists of two stages: (1) a frequency sweep test to determine the alpha
“o” parameter for damage analysis, and (2) an amplitude sweep test to assess damage
buildup in the samples versus loading cycles. Niu et al. [29] demonstrated the fatigue
life of GTR/WCO-modified binder at 2.5% and 5% strain levels. It was found that at a
strain level of 2.5%, modified asphalt binder with 5 wt.% WCO and 20 wt.% GTR enhances
the fatigue life 9.6 and 4.6 times longer than 10 and 5 wt.% GTR, as shown in Figure 12.
Similarly, Saboo et al. [93] quantified the fatigue behavior of NC/WCO-modified asphalt
binder. Based on the evaluation of stress versus strain, it was observed that the addition of
NC in WCO-modified binder has no substantial effects on the fatigue resistance of asphalt
binder at intermediate temperatures. However, an increase in the percentage of NC leads
to an increase in the small stiffness of the binder, thus increasing strain susceptibility.
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Figure 12. Predicted fatigue life of WCO and GTR modified asphalt binder [29].

Consequently, Rahman et al. [92] reported the G*/sin § and G*sin & performance of
50 wt.% and 30 wt.% replaced the base binder with tire rubber (TR) and WCO (under
different percentage combinations). At the same time, POFA was added as a stabilizer in a
modified binder. The presence of WCO enforced the modified binder particularly close to
an 80/100 binder. The result concluded that all modified samples exhibit poor resistance
against rutting and higher fatigue resistance compared to base binder 60/70. Furthermore,
few other studies observed a mixed trend of rutting and fatigue parameters of the modified
binder incorporation of WCO with additional modifiers [30,81,94].

In conclusion, limited studies are available in terms of MSCR and LAS testing on WCO-
modified binders. Adding WCO to the binder softens it, thus offering fatigue enhancement,
whereas non-recoverable creep compliance lowers permanent deformation resistance. As a
result, to improve rutting resistance, additional additives or composite materials should
be considered before including WCO into the binder, with cautions based on the site’s
climatic circumstances.
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Furthermore, Liu et al. [94] reported the SBS- and EVA-modified asphalt outcomes
in conjunction with the WCO. The low-temperature property of the modified binder was
compromised and does not appear to enhance the performance. However, SBS/EVA can
increase rutting resistance at high temperatures. Thus, when 5 wt.% and 10 wt.% WCO
were mixed with SBS/EVA-modified asphalt, the asphalt met the Superpave requirements
at —18 °C and —12 °C test temperature, respectively (Figure 13). These findings show that
WCO increases low-temperature fracture resistance significantly. This is because WCO-
modified binder is softer than polymer-modified asphalt binder. Furthermore, similar
results have been observed by [29,30]. For instance, Niu et al. [29] compared 10 wt.% GTR-
modified binder with and without the addition of WCO. Thus, it was deduced that the creep
with higher WCO and GTR had stiffness decrease, whereas m-value increased. The addition
of WCO accounted for the soft asphaltene absorbed by GTR, allowing GTR to play a more
elastic supplemental function while improving low-temperature relaxation properties. As
a result, the WCO/GTR-modified asphalt demonstrated satisfactory deformation ability
at low temperatures. It can be inferred that adding WCO to the asphalt binder enhances
thermal cracking resistance. Although, blending and concentration of WCO with other
types of composite material effects both creep stiffness and m-value.
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Figure 13. Creep stiffness and m-value of WCO and SBS/EVAmodified asphalt binders [94].

Researchers have conducted studies on the performance analysis of the WCO-modified
asphalt binder and in conjunction with other additives. The enhancement was demon-
strated in the rutting and fatigue performance of the treated and composite asphalt binder.
A study was conducted by Wen et al. [13] to evaluate the influence of WCO on the rutting
performance of the asphalt mixture. It was evaluated that the rutting potential of asphalt
mixes reduces with a high dose of WCO using a dynamic repeated creep load. These
findings support what was previously stated for the simply filtered WCO-modified binder
rutting tests, based on complex shear modulus, phase angle, and Jn [82]. On the other
hand, Azahar et al. [47] reported that the permanent deformation of the WCO-modified
mixture could be improved by chemically treating WCO.

13. The Impact of Waste Cooking Oil on the Performance of Asphalt Mixtures

Hence, the result indicated that at 40 °C after chemical modification of WCO, the strain
rate reduced by 17.5% relative to the control mixture. The non-polar group in the untreated
WCO converts into a polar group, and polar attraction between treated WCO molecules
and polar aggregate surface improves adhesion bonding, thus resulting in improved
rutting resistance performance in the asphalt mixture [105]. Furthermore, Niu et al. [29]
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performed a permanent deformation test by dynamic stability (DS) to demonstrate the
dynamic stability of three mixes at the high temperature of 60 °C, and the results are shown
in Figure 14. In comparison to the original asphalt mixture, the WCO-modified asphalt
mixture showed less dynamic stability. Hence, the WCO/GTR-modified asphalt mixture
has a much higher average dynamic stability than the other two asphalt mixes.
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Figure 14. Stability test result [29].

The presence of WCO reduces the high-temperature performance of the asphalt
mixture, whereas the addition of GTR counteracts the negative effects. The ability of GTR
to modify the viscoelasticity of asphalt through physical and chemical interactions results
in a mixture with high stiffness and modulus that effectively reduces deformation under
load. A similar result was identified by [10] for optimized bio-asphalt (OBA), Pen 70 and
SBS-modified mixture. However, it was observed from Figure 15 that all mixtures satisfy
the critical high-temperature dynamic stability value 2400 times/mm for the OBA and
800 times/mm for the SBS-modified asphalt mixture. OBA contains different polymer
concentrations along with WCO, which stiffens the binder and improves rutting resistance
compared to the WCO-modified mixture. On the other hand, the addition of WCO into the
asphalt mixture has a positive impact on fatigue resistance, whereas excessive dose may
reduce the fatigue resistance of asphalt mixtures [106].

Wen et al. [13] revealed fatigue test results and indicated that as the amount of WCO
in the mixture increases, asphalt fatigue decreases. On the other hand, an incremental dose
of WCO enhances the resistance to thermal cracking, indicated by a strength test at low
temperatures. Similarly, three-point bending tests revealed that WCO-based asphalt mixes
had a high flexural failure strain (5200 pe) when compared to control asphalt mixtures
(2300 pe) and WCO/GTR-modified asphalt mixtures (5000 pe). This suggests that WCO
can increase the deformability of asphalt at low temperatures and that adding GTR to the
mix will reduce the effect of WCO. This demonstrates that a WCO-based asphalt mixture
is resistant to low-temperature cracking [10]. It is concluded that the high concentration
of WCO reduces the cohesiveness of asphalt binder, which causes specimens to fail at
lower deformations, resulting in less fatigue resistance. At the same time, it improves the
asphalt mixture thermal cracking resistance However, very limited studies are available in
fatigue and thermal resistance of WCO-modified asphalt mixtures. Besides the mechanical
performance of the WCO-modified mixture, the asphalt pavement with weak moisture
resistance may experience moisture damage, which ultimately affects the traffic flow, safety,
and limited service life in the future [3].
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Figure 15. Dynamic stability of different HMA [10].

Wen et al. [13] investigated the effect of simply filtered WCO addition on the moisture
susceptibility of asphalt mixes and concluded that all samples containing WCO met the
AASTHO tensile strength ratio (TSR) minimum requirements (i.e., >80%). However, similar
to results reported by [85], TSR values for each sample prepared with WCO were in the
acceptable range shown in Figure 16. It is worth noting that moisture susceptibility
depends on adhesion between asphalt and the aggregate surface. WCO-modified asphalt
mixture showed better TSR value than WCO/GTR-modified mixture, which identifies
an adhesion bond between asphalt and aggregate. The adhesion is correlated with the
quality of the WCO. The presence of FFA in WCO may enhance the water affinity for
the binder, resulting in increased moisture susceptibility. It has been noticed that linoleic
acid and hexadecenoic acid are water-insoluble fatty acids and can easily be absorbed
effectively in dry conditions. Thus, in a wet environment, these fatty acids are immediately
replaced by water molecules, which in turn raises moisture susceptibility [107,108]. It can
be inferred from the summarized studies that WCO-modified asphalt mixtures may fulfil
the specification criteria. However, the impact of WCO on moisture susceptibility varies
depending on the individual mix and quality of the WCO. Thus, it is needed to have an
in-depth analysis of WCO-modified mixture performance prediction.
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Figure 16. Tensile strength ratio for WCO-modified asphalt mixture [85].
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14. Fourier Transform Infrared Spectroscopy of WCO Modified Asphalt Binders

Fourier transform infrared spectroscopy (FTIR) is used to identify the characterization
and identification of functional groups in the various samples. The only analytical approach
operates at room temperature while simultaneously monitoring the vibrations of the
functional groups that describe the molecular structure [109]. According to a previous
experimental study, the area between 2.5 mm and 25 mm (4000 to 400 cm ') is the most
acceptable for chemical investigation. Oldham et al. [50] showed FTIR of untreated and
chemically treated WCO. The absorbance peaks at 1446 cm ™! and 1196 cm ! are attributed
to -CH3 and O-CH3 stretching, which are noticed only in the case of treated WCO. However,
the absence of a glycerol peak at 1377 cm~! detected esters in large abundance by area
in treated WCO (Figure 17). According to Wang et al. [4], the presence of many ester
substances in WCO can effectively improve adhesion between WCO-modified asphalt
and the aggregate. Besides this, Azahar et al. [110] observed one peak in untreated WCO-
modified binder at 1743 cm~!, which shows the presence of a C=0 bond, which is a type
of aldehyde and ketone bond. This kind of bond forms due to the oxidation process that
occurs in the WCO sample during the frying process. This peak softens the binder, making
it more prone to rutting. In another study by Azahar et al. [25], it was revealed that with
the chemical modification of WCO, the C-H bond and the C=C stretch aromatic bond
increased for all percentages of treated WCO, and the C=0 bond at 1743 cm ! was noticed
to be negligible. Thus, from the analysis of the above studies, it can be observed that
by chemical modification of WCO, the peak of C=0O can reduce drastically, resulting in
the enhancement of physical and rheological properties of WCO-modified asphalt binder,
which ultimately enhance the performance of the asphalt mixture.
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Figure 17. FTIR spectra of untreated and chemically treated WCO [50].

15. Conclusions and Recommendations

In the production of flexible pavement, asphalt binder is the most important compo-
nent. Therefore, new alternatives must be found to reduce dependency on non-renewable
petroleum-based asphalt, to create environmentally friendly, cost-effective, broadly avail-
able, and technically acceptable pavement. Much research has been conducted or is being
conducted in recent years to see if WCO can be utilized as modifying materials in the pave-
ment industry. This paper reviewed the basic background of WCO, available technologies
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to mitigate the effect of FFA and water content, the adverse impact of the quality of WCO
on asphalt binder, and HMA performance with and without additional modifiers. Based
on the present review, the following conclusions may be drawn:

e  The acid value, water content, and overall quality of WCO have a major impact on the
efficiency of the modification process. The limited available technologies have been
utilized to minimize the effect of FFA and water content on asphalt properties.

e  The concentration and quality of the WCO have a major impact on the properties of
filtered WCO-modified asphalt binder. As the incremental dose of WCO introduces
additional lighter oil components, the physical, rheological, and mixture performance
are greatly influenced. However, at lower temperature, addition of WCO enhance the
binder flexibility, thus leading to improved thermal and fatigue resistance.

e Few additives, such as GTR, NC, waste plastic, and POFA, have been added in
WCO-modified binder to analyze their effect. Improved physical properties with the
mixed trend of rutting and fatigue parameters were observed based on types and
concentrations of additive along with WCO %.

e  The oxidative study using FTIR revealed that untreated WCO has undesired compo-
nents, such as C=0 stretch, responsible for the poor rutting performance of WCO-
modified asphalt binder. The treated WCO-based binder contains an increased peak of
C-H bond and C=C aromatic bond, with a negligible amount of unwanted chemicals,
such as C=0 stretch.

e  The simply filtered WCO does not work well on mixture performance at high temper-
atures, whereas treated WCO-modified or additive/WCO-modified asphalt mixture
favors improved resistance to permanent deformation.

e  All the WCO-modified asphalt fulfilled the TSR requirement. However, in few studies,
adding additives in WCO-modified mixture showed comparatively less TSR value
than WCO-modified mixture.

As a novel modified asphalt material, WCO has caught the attention of researchers.
The consumption of WCO has been proven to be beneficial in many ways for the construc-
tion of highway pavements. However, WCO is still used in a very limited way, perhaps
because of a lack of research and mixed results and recommendations. Thus, this study
can help overcome these limitations and recommend future research to enhance the use of
WCO for binder modification:

e  Available technologies can be utilized for the physical and chemical treatment of WCO
prior to incorporating it into the asphalt binder.

e  The physical and chemical interaction of WCO with asphalt binder should be investi-
gated further.

e  The analysis of the bond between WCO and different modifiers should be defined at a
micro-level, as the focus on this area of study needs to be in-depth.

e  Further in-depth evaluation of the performance of asphalt mixture with different
modifiers and gradations is required to fully analyze the behaviors of mixtures.

e  More studies should be conducted to evaluate the mixing variables for proper blending
of WCO with asphalt binder, also in conjunction with other additional additives.
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