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ABSTRACT 9 

Global warming is one of the global major issues owing to excessive emission of 10 

greenhouse gases (GHGs). Construction industry accounts for about 40% of the total 11 

emissions and conventional building materials are believed to be the major contributors. 12 

This paper attributes to the potential of manufacturing environmental friendly building 13 

material namely EnO-Roofing tiles by utilizing only catalyzed waste engine oil (WEO) 14 

as a binder together with coal-fired ash (CFA). It was discovered that waste engine oil 15 

under specific temperature and condition would induce its chemical transformation 16 

from liquid to solid state via complex oxy-polymerization reaction. The functional 17 

groups of waste oil which initiated the chemical reactions and led to the stiffening of 18 

tiles were analyzed by using Fourier Transform Infrared Spectroscopy (FTIR). In 19 

addition, a series of manufacturing processes were carried out to determine the 20 

optimized condition for the production of catalyzed EnO-Roofing tiles. Standard 21 

specification tests for EnO-roofing tiles were conducted in terms of flexural strength, 22 

water absorption and permeability as per requirement of American Society for Testing 23 



and Materials (ASTM C 67 – 07a, C 1167 – 03, and C 1492 – 03). Moreover, the 24 

embodied carbon (EC) and embodied energy (EE) of  the novel tiles were found at  25 

0.4178 kgCO2/kg and 1.27 MJ/kg respectively, which is relatively lower with respect 26 

to the conventional roofing tiles.  Conclusively, conversion of existing resources, 27 

recycled and reused waste materials, manufacture of environmental friendly roofing 28 

tiles are the prominent outcome of this paper.  29 

Keywords: Waste Engine Oil, Coal-fired ash, Roofing Tiles, Embodied Carbon, 30 

Embodied Energy 31 

1. Introduction 32 

With the rapid industrial development in both developed and developing nations, the 33 

rate of greenhouse gases (GHGs) emissions is growing to a significant extent. The 34 

major components of GHGs, especially carbon dioxide (CO2) possesses a heating 35 

impact to the environment (Li et al., 2015). According to Intergovernmental Panel on 36 

Climate Changes (IPCC) 2007, 76.7% of emitted global greenhouse gasses are 37 

contributed by carbon dioxide emission and over 33% of them are released from the 38 

construction sector. This trend continues to increase rapidly, especially in both 39 

developed and developing countries (Ting et al., 2012). Most of the countries have 40 

undertaken specific action to mitigate  (GHGs) emissions after Copenhagen Conference 41 

in 2009, but all efforts are not significant so far due to rapid development of 42 

urbanization and industrialization (Li and Chen, 2016).  In addition, the main factor that 43 

leads to the huge consumption of energy and high pollutants’ emissions during the 44 

production of masonry units are due to virgin materials extraction process (Humayun 45 

et al 2017a). To overcome this problem, a lot of efforts were made by utilizing waste 46 

materials in replacement of commercially available resources (Beddu et al., 2016), such 47 



as replacing the aggregate by fly ash (Wang & Park, 2016), rice husk ash (Rawaid et 48 

al., 2011) or municipal solid waste incineration ash (Haiying et al., 2011) in the 49 

production of building bricks By comparing clay, cement and ceramic which act as 50 

binder in building materials, aggregate possess relatively low embodied carbon and 51 

embodied energy (Hammond and Jones, 2011). Hence, more attention should  focus on 52 

evaluating the energy requirements of binder, and replacing it with alternative 53 

environmentally friendly materials. Table 1 shows the estimated carbon emissions and 54 

embodied energy associated with the production of masonry units (Hammond and 55 

Jones, 2011)  56 

Table 1: Embodied energy and CO2 associated with production of masonry units. 57 

(Hammond and Jones, 2011) 58 

 59 

 60 

 61 

 62 

 63 

 64 

 65 

 66 

 67 

Materials Embodied Energy, EE 

(MJ/kg) 

Embodied Carbon, EC 

(KgCO2/kg) 

Clay brick 3.0 0.32 

Aggregate 0.083 0.0048 

Cement 5.50 0.93 

Concrete 

(8/10MPa) 

0.70 0.65 

Clay tiles 6.5 0.45 

Ceramic tile 12.0 0.74 



Waste management is another concerned topic in recent years, as millions tons of waste 68 

materials were generated every day. It is estimated that about 24 million metric tons 69 

(Mt) of waste engine oil was generated per year (Maceiras et al, 2016). However, only 70 

8% from overall is recycled and refined for other applications while up to 60% of them  71 

are being  landfilled without proper treatment (Nerin at al., 2000). Since waste engine 72 

oil consists of significant amount of soot and heavy maters (Grzegorz et al., 2015), 73 

simply disposal of this hazardous waste without any prior treatment will contaminated 74 

million gallons of fresh water and harmed marine life (Alongi, 2012). Coal-fired ash 75 

which is considered as hazardous side products from thermal power plant  is also always 76 

end up in landfilled (Claude, 2010). Hence, recycling of waste engine oil and coal-fired 77 

ash as the alternative resources for construction materials can enhance their utility 78 

value,. In addition recycling them can also protect the environment from toxic and 79 

hazardous chemicals (Bhasker et al., 2004) and reducing the greenhouse gases 80 

emissions (Naima and Liazid, 2013). 81 

First attempt to incorporate WEO in construction materials was done by  replacing air 82 

entraining chemical admixture in concrete to  enhance its freeze-thaw resistance and 83 

durability (Mindess and Young, 1981). Incorporation of WEO as a mediator can also 84 

improve the fluidity (Bilal et al., 2003) and compressive strength (Kamal et al., 2014) 85 

of construction materials. In 2006, the concept of utilizing waste oil as sole binder in 86 

the production of building materials was proved (Forth and Zoorob, 2006). This 87 

approach was further investigated. It was revealed that the chemical reaction occurs on 88 

double bonds and secondary oxidation products within the waste vegetable oil after 89 

going through thermal treatment. The reaction increases its viscosity and hardness 90 

which is suitable to act as binder of building materials (Heaton et al., 2014). However,  91 

research findings on utilization of  WEO as sole binders to fabricate the building 92 



materials is limited, as the functional groups (C=O and C=C) which contributing in 93 

strength was found to be lesser in WEO. However, it was revealed that by mixing a 94 

certain concentration of WEO  into concrete help to (i) reduce its  total porosity (Nasir 95 

et al., 2011), (ii) enhance its durability and, (iii)  lowering  its penetration by  sodium 96 

chloride (NaCl) solution (Beddu et al., 2016). Coal-fired ash (CFA) is also being 97 

utilized as part of the building materials since decades. The incorporation of ashes 98 

(Class C and F fly ash, bottom ash, rich husk ash and so on) in the production of building 99 

bricks was able because of their physical properties (Zhang, 2013).  It was reported that 100 

using fly ash up to 50% concentration helped to developed greater fired compressive 101 

strength and heat insulation capability of bricks (Mei-In et al., 2001). It was also proved 102 

that utilization of pulverized coal ash can increase the durability of the binding 103 

materials, reduce energy consumption and conserve other nature and raw materials 104 

(Adams, 2015) However, it was reported that the usage of fly ash (> 50 %) as filler 105 

might reduce the compressive strength of masonry units (Kumar, 2001) and workability 106 

of the materials (Garbacz and Sokolowska, 2013).   107 

This study intended to produce environmental friendly roofing tiles by utilizing 100% 108 

of waste materials. This attempt can avoid the usage of conventional binders (cement 109 

or clay) which are considered relatively environmental unfriendly. In this study, the 110 

conventional binder were replaced with waste engine oil as an alternative binding 111 

material. Several objectives are enumerated to be achieved at the end of this study 112 

which are as follow:  113 

 To utilize waste materials (WEO and CFA) in the production of roofing tiles. 114 

 To investigate chemical properties of WEO which lead to the hardening of 115 

roofing tiles upon thermal treatment.  116 



 To calculate the total embodied carbon and embodied energy of environmental 117 

friendly roofing tiles as compared to commercialized cementitious and clay-118 

made products. 119 

The flexural strength, water absorption ability and permeation characteristic of 120 

innovative new product were also investigated for its suitability in construction 121 

application.  122 

2. Materials and methodology 123 

2.1 Materials 124 

Waste engine oil, coal-fired ash and strong acids were utilized as binders, natural 125 

aggregate and catalysts in the production of EnO-Roofing tiles. Table 2 shows the 126 

summary of the characteristics of materials incorporated in this study. 127 

Table 2: Characteristics of materials utilized in the production of EnO-Roofing tiles.  128 

Materials Characteristics 

Physical Chemical 

Waste 

engine oil 

- Black, oily solution 

- Higher viscosity index (168.6 cP) 

- specific gravity:  0.92 

- Consists of wide range of 

branched/aromatic hydrocarbons. 

- Composed of soot, nitrogen and 

sulfate compounds, and additives 

- Heavy metals presented in 

minutes amounts.  

Coal-fired 

ash 

- Brown color powder 

-Specific gravity: 0.26 

- Average particle size: 14.415 µm 

(volume) and 2.124 µm (number)  

- composed of various amounts of 

oxide components, where SiO2, 

Al2O3 and Fe2O3 made up 

majority volume.  

Acids - colorless solution - HCl/HNO3/H2SO4 

 129 



2.1.1 Waste engine oil (WEO) 130 

The waste engine oil (WEO) utilized in the production of EnO-Roofing tiles is a 131 

collection of used lubricating oil residues from various vehicles, which was obtained 132 

from the local automobile shop. While operating within the vehicles’ engine, WEO was 133 

contaminated by both physical and chemical impurities, generated from the wearing 134 

process between the engine components and the oxidation of lubricating oils under high 135 

temperature (Shiva et al, 2014). The viscosity and molecular structure of the WEO 136 

might vary according to the extent of contamination process in different vehicles (Jia 137 

et al., 2014). Hence, the collected WEO with similar physical (based on rheological 138 

testing) and chemical properties (based on FTIR analysis) were blended and utilized in 139 

this study. 140 

Generally, waste engine oil constituted of vast range of branched aliphatic or aromatic 141 

hydrocarbons, ranging from C15 to C50, greater amount of gasoline, additives, and 142 

nitrogen and sulfur compounds with respect to the fresh engine oil (Elena and John, 143 

2003). The qualitative analysis on the blended WEO showed the present of diminutive 144 

amounts of heavy metals (Pb, Zn, As, Ag, Ge, Sb, Tl, V and Fe) which can commonly 145 

found in lubricating oil (Grzegorz et al., 2015). The specific gravity and viscosity of 146 

WEO were analyzed using hydrometer and digital rotary viscometer with the values of  147 

0.92 and 168.6 cP respectively.  148 

2.1.2 Coal-fired ash 149 

Coal-fired ash (CFA), composed of both fly and bottom ash, was obtained from TNB 150 

Janamanjung Sdn. Bhd. By using particle size analyzer, the average sizes of CFA in 151 

terms of volume and number are determined to be 14.415 µm and 2.124 µm respectively 152 

with its, specific gravity of 0.26. The chemical composition of CFA was investigated 153 



by using Energy-dispersive X-ray spectroscopy (EDX) as shown Table 3 together with 154 

its loss of ignition value.  155 

 156 

 Table 3: Chemical composition of coal-fired ash 157 

The silicon dioxide (SiO2), aluminum oxide (Al2O3) and ferric oxide (Fe2O3) made up 158 

of 83.48% of CFA, with volume of calcium oxide (CaO) lower than 15%. Hence the 159 

CFA utilized in the production of EnO-Roofing tiles was classified as class F in 160 

accordance to the ASTM C 618 – 12a (Pardon et al., 2015).  161 

2.1.3 Catalyst 162 

Due to the nature of polymerization mechanism, a high extent of chemical reaction is 163 

required to complete the complex oxy-polymerization reaction. Hydrochloric acid 164 

(HCl), nitric acid (HNO3) and sulfuric acid (H2SO4) were used as catalysts to enhance 165 

the rate of polymerization reaction during the manufacturing of EnO-roofing tiles. AR 166 

Oxide Components Percentage 

Constitution (%) 

ASTM C 618 – 12a  

SiO2 53.37 SiO2 + Al2O3 + Fe2O3 ≥ 70% 

Al2O3 22.81 

Fe2O3 7.30 

CaO 6.44 - 

MgO 3.20 - 

Na2O 2.47 - 

CuO 1.31 - 

ZnO 0.99 - 

K2O 0.90 - 

SO3 0.89 ≤ 5.0% 

Ti2O 0.32 - 

LOI  2.44 ≤ 6.0% 



grade of selected strong acid having an original concentration of 8.33M were diluted to 167 

0.1M via simple dilution method prior to blending with other raw materials. Catalyst 168 

has the ability to decrease the activation energy required to trigger a polymerization 169 

reaction, thus enhancing the energy efficiency of the manufacturing process (Marvin, 170 

1974). However, catalyst will not be diminished at the end of the reaction. Any 171 

excessive catalyst added beyond the rate-determining step will not further enhance the 172 

rate of polymerization reaction, contrary, float around and believed to disrupt the 173 

interaction between fly ash and WEO polymers. Hence, it should be added in relatively 174 

small amounts, started with a ratio of 1:20 with respect to the total mass of WEO added.  175 

2.2 Fourier transform Infrared Spectrometry  176 

Fourier transform Infrared (FTIR) spectrometry is a reliable analysis method in 177 

determining the chemical structure and functional groups of polymers. Upon the FTIR 178 

analysis, the oxidation reaction occurred during the thermal treatment will lead to the 179 

chemical changes to the molecular structure of WEO. The chemical changes resulted 180 

in the growth or loss in the intensity of spectral bands, hence can be used to quantify 181 

the extent of reaction occurred. The carbonyl (C=O) and double bond (C=C) presented 182 

in waste oil are corresponded functional groups involved in the hardening of binder 183 

(Heaton et al., 2014). Upon the thermal treatment, oxy-polymerization reaction leads to 184 

the formation of polar oxygen-containing functional groups which contributed to the 185 

hardening of binder (Petersen, 1984). Hence, by identifying the variation of these 186 

functional groups, the oxidation of WEO can be determined. In addition, the degree of 187 

oxidation of WEO was investigated by determining the ratio of area of carbonyl 188 

vibration with respect to region of saturated C-C band (Negulescu et al., 2006), which 189 

are the absorption peak located at around 1710 cm-1 (Elena and John, 2003) and 1450 190 



cm-1 (Mariana et al., 2012) respectively. The equation for calculating the relative degree 191 

of oxidation of sample was illustrated in Figure 1 as follows:  192 

Relative degree of oxidation = Ratio 1710 1450⁄ =  A1 A2⁄  193 

Where A1 = Surface area of C=O bands (centered around 1710 cm-1) 194 

 A2 = Surface area of saturated C-C bands (centered around 1450 cm-1) 195 

2.4 Manufacturing process of trial EnO-roofing tiles 196 

The fabrication process of EnO-roofing tiles consists of three stages, which are 197 

mechanical blending of raw materials under ambient temperature, compaction with 198 

Marshall Compactor and heat curing process. The parameters required to be optimized 199 

were formulated as per manufacturing process, includes optimization of binder and 200 

filler content, number of compaction bowls applied, curing duration and lastly amount 201 

and types of catalyst added. The curing temperature at 190oC is considered appropriate 202 

for the production of trials EnO-roofing tiles , which the same temperature was used in 203 

manufacturing of Vege-roofing tiles (Noor et al., 2015). The optimization sequence and 204 

the selected range applied on each parameters were listed in Table 4: 205 

 Table 4: Initial selected values of parameters for the optimization process 206 

Optimization 

sequence 

Parameters Selected range 

1 Waste oil content 1 – 10 %  

2 Number of compactions 

applied 

10 – 28 times 

3 Curing duration 6 – 72 hours 

4 Types of catalyst added  HCl, HNO3, H2SO4 

Amount of catalyst added 0.0025 – 0.02% with respect 

to the total weight of samples.  



The production of a proper EnO-roofing tiles require thoroughly mixing of the raw 207 

materials. The optimized amount of waste engine oil and coal-fired ash were blended 208 

by using a bench mounting mixer for 15 minutes, or until no clump remained in the 209 

mixture. The resultant mixture was then transferred into a round Marshall mold (radius 210 

= 100 mm), compacted accordingly by using the Marshall compactor, followed by heat 211 

curing process at temperature of  190 ± 5oC using a standard ventilated oven. By 212 

referring to the standard coating method shown in ASTM D 825, selected specimens 213 

were coated with a uniform thickness of waste engine oil film on the exposed surface 214 

of specimens, clogged up any pores between the aggregates acting as a protective layer 215 

for the specimens. The trials EnO-roofing tiles produced were then gone through a 216 

series of tests, as per requirement of standard clay/cement roofing tiles as listed in 217 

ASTM C 67-13, C 1167-03 and C 1492-03, including transverse strength, water 218 

absorption and permeability tests. The highest transverse strength achieved, together 219 

with fulfilling the criteria for water absorption and permeability tests were set as the 220 

criterion for the optimization of each parameter.  221 



 222 

Figure 1: Manufacturing process of EnO-roofing tiles 223 
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2.5 Basic requirements of trials EnO-roofing tiles 225 

2.5.1 Testing for transverse strength/flexural stress 226 

The transverse breaking strength of trial EnO-roofing tiles were determined as 227 

described in ASTM C 1167-03 and ASTM C1492-03. Triplicate specimens were tested 228 

in dry condition after being heated under 110 ± 5oC for 24 hours, whereas another 229 

triplicate specimens were tested in wet condition after 24 hours immersion in water 230 

under 24 ± 6oC. All of the testing were conducted by using a Unit Testing Machine, 231 

and tested under three-point bending mode. The specimens were rest horizontally on 232 

the two supporters with span of 2/3 with respect to the length of tiles, while loading 233 

force was applied in a direction perpendicular to the upper surface of the specimens. 234 

The flexural strength (MPa) of the trials EnO-roofing tiles can be calculated as follow:  235 

Flexural Strength (MPa) =  
3 × P × L

2 × W × d2
 236 

where: P = loading force / dry transverse strength (N) 237 

 L = span length (mm) 238 

 W = width of the specimen (mm) 239 

 d = thickness of the specimen (mm) 240 

2.5.2 Testing for water absorption 241 

The ability of specimens in absorbing water and its saturation coefficient were 242 

evaluated by using cold water and boiling water submersion method, as enlisted in 243 

ASTM 64-07a. The dried weight of triplicate specimens were obtained after 24 hours 244 

drying in a ventilated oven at 110 ± 5oC, and two successive measurements at 2 hours 245 

interval should indicate a variation of weight not more than 0.2% in comparison to the 246 



later one. The percentage of water absorption and saturation coefficient for specimens 247 

can be calculated as follows:  248 

Water Absorption (%) =  
Ws − Wd

Wd
 249 

Saturation coefficient =
Ws − Wd
Wb − Wd

  250 

where: Wd = weight of dried specimen 251 

 Ws = weight of saturated specimen after immersed in cold water for 24 hours 252 

 Wb = weight of saturated specimen after immersed in boiling water for 5 hours 253 

2.5.3 Testing for permeability 254 

The permeability test is conducted in accordance with ASTM C 1167-03. An open-255 

bottom trough, designed to surround at least 4/5 of the surface of specimen, was fitted 256 

horizontally above the tiles. The space between the specimen and trough was sealed 257 

with water-tight sealant material to prevent the occurrence of leakage. Water was added 258 

into the trough for at least 50 mm height from the upper surface of the specimen, and 259 

allowed to stand on a supporting frame for up to 24 hours. The underside of the 260 

specimen was observed periodically for sign of water droplets. Presence of no water 261 

droplets on the underside of specimen after 24 hours duration is indicative of 262 

impermeability of the tiles. 263 

3. Results and discussion 264 

3.1 Fourier Transform Infrared Spectroscopy 265 

The chemical composition of fresh engine oil is varied in accordance with types of base 266 

oil incorporated, the refining process and the applied additives (Pradeep et al., 2013); 267 

However, components that existed in the waste engine oil are widely varied depending 268 



on the physico-chemical conversion (Kang et al., 2016), and infiltration of heavy metals 269 

(Lu and Issac, 2008) while undergoing the course of operation in the engine ( Grzegorz 270 

et al., 2015). To provide a better understanding on the chemical composition of WEO 271 

utilized in this study, a comparison was made between FTIR spectra of fresh and waste 272 

engine oil. From the comparative spectrum as shown in Figure 2, the most significant 273 

peaks of fresh engine oil were located at 2921, 2851 cm-1 and 1460, 1375 cm-1. Those 274 

peaks are an indication of the major functional groups with anti-symmetric and 275 

symmetric stretch/bend of CH3 and CH2 bonds contributed by aliphatic hydrocarbons 276 

ranging from C15 to C50  (Hunt, 1996), which are redundant components in the fresh 277 

engine oil (Lu and Issac, 2008). Whereas the remaining peaks detected between 1500 278 

cm-1 – 700 cm-1 may corresponds to the additive (Elena and John, 2003), organic salts, 279 

nitrates (Al-Ghouti and Al-Atoum, 2009) and peroxide compounds (Michael and John, 280 

2007) that were incorporated into the oil during its modification process. Operating 281 

under high temperature and pressure in the engine, a series of chemical reactions, 282 

including chemical oxidation reaction and thermal cracking of hydrocarbons might 283 

occur, resulted in generation of waste or by-products that might have contaminated the 284 

engine oil (Eric et al., 2006).  285 

The most significant difference of fresh engine oil with WEO spectra was there a broad, 286 

discrete peaks allocated in between 3700 and 3100 cm-1, associated with the present of 287 

isolated hydroxyl ions (–OH), hydrogen peroxide (H2O2) and a series of carboxylic 288 

acids generated from oxidation reaction (Heaton et al., 2014). Physically, the waste 289 

engine oil is much more viscous and darker in color in contrast to the fresh engine oil. 290 

This phenomena is due to the present of soot and the formation of carboxylic acid which 291 

increased the total acid number (TAN) (Michael and John, 2007). The presence of acid 292 

have enhanced the viscosity of the oil (Humayun et al., 2017a). The presence of 293 



carboxylic acid can be further demonstrated by another sharp peak located near 1700 294 

cm-1, regarded as carbonyl-degradation products of oil (Al-Ghouti and Al-Atoum., 295 

2009), identified as aldehydes, ketones, lactones, ester, carboxylic acids as well as 296 

others. Next, the broad feature of v(C=C) located at 1637 cm-1, and sharp features of 297 

v(=C–H) located at 3198 cm-1were suspected to be contributed by olefin dimer or trimer 298 

as the by-product for hydrocarbon cleavage. Moreover, a sharp peak located at 1540 299 

cm-1 was assigned as aromatic C=C bond, indicating the presence of unsaturated 300 

polycyclic aliphatic hydrocarbons (PAHs) which is detectable only in waste engine oil 301 

(Eric et al., 2006), or the existence of two or more ring aromatics, such as alkyl-benzene, 302 

naphthalene and alky-naphthalene (Lu and Issac, 2008). Lastly, two conjugated peaks 303 

located at 741 and 709 cm-1 respectively were assigned to be C-H bonds contributed by 304 

mono-substituted benzene, preferable alkyl-benzene. Table 45 displays the summary 305 

for the assignment of signals in FTIR spectrum, correlated with the suspected 306 

contributor of the absorption peaks. 307 

Figure 2: Comparison of FTIR spectrum of fresh and waste engine oil 308 



Table 5: Assignment of absorption signals in FTIR spectra of fresh/waste engine oil. 309 

(Elena and John, 2003; Vlachos et al., 2006; Michael and John, 2007; Lu and Issac, 310 

2008; Mariana et al., 2012). 311 

*NA = not available 312 

3.2 Attenuated Total Reflectance – Fourier Transform Infrared Spectroscopy (ATR-313 

FTIR) 314 

The chemical changes of WEO which had been thermally treated over a period of 12 315 

hours were investigated with ATR-FTIR analysis. Figures 3 to 5 indicated the growth 316 

and loss of the intensity of various functional groups presented in WEO. The changes 317 

of FTIR region from 3800 – 2700 cm-1, associated with v (O–H) and v(C–H), are shown 318 

in Figure 3. Along with the thermal treatment, the expansion of the O–H peak revealed 319 

the formation of carboxylic acid (Heaton et al., 2014), resulted from the oxidation 320 

reaction with oxygen molecules blended in the WEO, whereas the smoothening of the 321 

Absorption 

peaks 

Functional groups Suspected components present 

in F/WEO 

3700-3100 –O–H stretch Water, hydrogen peroxide, 

carboxylic acid, alcohol 

3198 =C–H stretch Olefin dimer, olefin trimer 

2921 C–H antisymmetric stretch Aliphatic hydrocarbon chain 

(C15 to C50) 2851 C–H symmetric stretch 

1700 C=O stretch Aldehyde, ketone, ether, ester, 

carboxylic acid 

1637 C=C stretch Olefin dimer, olefin trimer 

1540 aromatic C=C stretch Alkyl-benzene 

1460 C–H antisymmetric bend Aliphatic hydrocarbon chain 

(C15 to C50) 1375 C–H symmetric bend 

1230 C–C–O stretch Ester 

1168 C–O antisymmetric stretch Ester 

741-719 NA mono-substituted benzene 



broad absorption band might be due to the decomposition of hydrogen peroxide under 322 

high temperature to secondary oxidative product (E.Y. Yazici and H. Deveci, 2010). 323 

The minute enhancement in intensity indicated that the rate of carboxylic acid 324 

formation is greater than the H2O2 decomposition.  325 

Progressively, the complex oxy-polymerization reaction was initiated upon the thermal 326 

treatment. High temperature condition triggered the chemical reaction between 327 

carboxylic acid with H2O2 or glycol to form larger molecular species (Humayun et al., 328 

2017a), anticipated as condensation polymerization reaction. The occurrence of 329 

condensation polymerization was verified through the growth of v(C=O) band and the 330 

increment of degree of oxidation as displayed in expended spectra in Figure 4. The 331 

degree of oxidation was increases as function of curing duration and the absorption 332 

band of v(C=O) was slightly shifted to the higher wavenumber, thus indicating the 333 

alterations in number and types of the intermolecular interaction that take part in the 334 

system (Heaton et al., 2014). Aldehyde, ketone or other secondary oxidative species 335 

may contributed to the feature of v(C=O) at around 1700 cm-1 (Michael and John, 2007), 336 

but it was overlapped by ester band which has higher vibration frequency (Heaton et 337 

al., 2014). Since the absorption band of ester was subjected to interferences to the same 338 

extent as the other bands, the occurrence of condensation polymerization can be 339 

measured with another ester-related band, constituting of two conjugated bands located 340 

at 1151 and 1098 cm-1 which associated as C–O ester bond. As shown in the Figure 5, 341 

both bands shows an increment in intensity during the curing progress, indicated the 342 

processing of polymerization reaction to produce ester containing molecules under 343 

thermal treatment.  When two or more molecules combined, the process resulted in the 344 

formation of higher molecular weight species. As the size of molecules is directly 345 

affecting the viscosity of waste engine oil, the occurrence of polymerization reaction 346 



will lead to the raising in its measured viscosity. When the molecular size growth 347 

continuously to such an extent that they are no longer able to remain in liquid state, the 348 

formation of solid materials, such as varnish or sludge will begin in the oil. At the end 349 

of the thermal treatment, all of the waste engine oil would be converted into solid form, 350 

resulted in the formation of hard, rigid binder.  351 

Figure 3: ATR-FTIR spectrum of WEO (3800 – 2700cm-1) thermally treated at 190oC 352 

over 12 hours. Inset shown the ratio of the region at 3700 – 3100cm-1 353 

Figure 4: Carbonyl region of WEO (1800 – 1600cm-1) thermally treated at 190oC 354 

over 12 hours. Arrow indicates the growth of absorption bands.   355 



Figure 5: ATR-FTIR spectrum of WEO (1550 – 500cm-1) thermally treated at 190oC 356 

over 12 hours. Arrow indicates the changes of absorption band with time.   357 

3.4: Optimization of parameters of trial EnO--roofing tiles 358 

3.4.1: Binder and filler content 359 

A series of triplicate trial EnO-roofing tiles were manufactured under initial estimated 360 

appropriate proportion as per Table 4 (blending duration = 15 minutes; number of 361 

Marshall compactions applied = 15 times; curing temperature = 190oC; curing duration 362 

= 24 hours). Preliminary study was carried out with prototypes produced from different 363 

percentage of WEO, ranging from 1.0 to 10.0 % with 0.5% intervals, and the results 364 

obtained based on the physical observation are shown in Table 6a. From the results, it 365 

was concluded that prototypes produced by less than 4.0% or more than 7.5% of WEO 366 

are not suitable to be used for the production of roofing tiles. Other characteristics of 367 

the EnO-Roofing tiles produced from different WEO (4.0 – 7.5%) and coal-fired ash 368 

(92.5 – 96.0%) concentrations are further investigated for their transverse breaking 369 

strength (N) and water absorption as shown in Table 6b. It is revealed that the 370 

percentage of waste engine oil incorporated in the manufacturing of EnO-roofing tiles 371 

is not proportional to its strength. The highest strength was achieved with specimens 372 

having 5% WEO. Preliminary, it was deduced that an extra thermal treatment was 373 



required to complete the mentioned chemical reactions within the WEO, resulting in 374 

declination of strength when more than 5% of WEO was utilized in the manufacturing 375 

of trial EnO-roofing tiles. However, percentage of WEO incorporated in the production 376 

process was found inversely proportional to the water absorption, in which mutually 377 

exclusive behavior between nonpolar WEO and polar water retarded the infiltration of 378 

water molecular into the specimens. Nevertheless, the present of SiO2 as main 379 

component of coal-fired ash resulted in its hygroscopic behavior, in which strong 380 

adhesion energy of SiO2 towards water exposure led to the aggressive water absorption 381 

during immersion in water (Tsui et al., 2005). Therefore, the existence of water 382 

molecules destructed the interaction between the dried WEO polymer network and 383 

coal-fired ash, hence resulting in a relative low wet transverse strength. An alternative 384 

approach of applying uniform thickness of WEO film on the exposed surface of 385 

specimens was attempted in accordance to ASTM D 824. This protective layer prevents 386 

the direct exposure of specimen to water or open air. The ability and the effect of WEO 387 

protective layer is discussed in Part 3.3.5.  388 

Table 6a: Description of prototypes produced from different composition of WEO. 389 

No. Percentage 

of waste 

engine oil 

(%) 

Observation Conclusion 

1. 1.0 – 3.5 - The prototypes able to support self-weight 

- Unstable 

- Broken easily while handle 

No further 

investigation 

2. 4.0 – 4.5 - The prototypes able to support self-weight 

- The edge of prototypes can be broken easily 

Proceed to 

further 

investigations 



3. 5.0 – 7.5 - The prototypes able to support self-weight 

- Stable 

- Show significant strength 

Proceed to 

further 

investigations 

4. 7.5 – 10.0 - The prototypes unable to support self-weight 

during the heat curing process 

- Too wet even after heat curing process 

- Ruptured  

No further 

investigation 

 390 

Table 6b: Average transverse breaking strengths and water absorption of EnO-roofing 391 

tiles produced from different binders and filler contents. 392 

*Min. dry transverse strength = 1779 N (ASTM C 1167 – 03; C 1492 – 03) 393 

*Min. wet transverse strength = 1334 N (ASTM C 1167 – 03; C 1492 – 03) 394 

*Max. Percentage of water absorption = 6% (ASTM C 1167 – 03) 395 

 396 

3.4.2: Number of Marshall Compactions 397 

To minimize the energy required for EnO-roofing tiles’ production, triplicate trial EnO-398 

roofing tiles were produced under initial estimated appropriate conditions as per Table 399 

Tiles 

No. 

Percentage 

of waste 

engine oil 

(%) 

Percentage 

of coal-

fired ash 

(%) 

Transverse Strength (N) Water 

absorption 

(%) 

Dry Wet 

1 4.0 96.0 346 ± 13.6 92 ± 7.8 18.11 ± 1.33 

2 4.5 95.5 405 ± 14.2 98 ± 8.2 16.88 ± 1.01 

3 5.0 95.0 1269 ± 34.7 232 ± 12.3 16.40 ± 0.58 

4 5.5 94.5 1095 ± 80.1 263 ± 11.4 15.40 ± 0.44 

5 6.0 94.0 975 ± 33.5 316 ± 8.2 14.74 ± 0.75 

6 6.5 93.5 913 ± 40.2 285 ± 7.8 14.59 ± 0.45 

7 7.0 93.0 982 ± 73.2 335 ± 9.6 13.80 ± 0.74 

8 7.5 92.5 995 ± 80.9 356 ± 10.4 13.68 ± 0.29 



4 and optimized WEO : CFA composition , whereas the number of Marshall 400 

compactions required to produce single specimen was varied from 10 to 28 times, with 401 

2 times interval. The main purpose of applying compactions on the specimens prior to 402 

thermal treatment is minimizing the spaces between raw materials (WEO and CFA) in 403 

order to promote the development of well-banded matrix during the curing process. The 404 

dry transverse and flexural strength achieved by triplicate specimens applied with 405 

different compaction bowls is shown in Table 7. The lower strength achieved by 406 

specimens 1, 2 and 3 were the results of low compactness of the tiles. Specimen I was 407 

found to crack externally, probably due to trapping of air molecules between the WEO 408 

and fly ash, and hence expansion upon thermal treatment resulted in cracking of the 409 

interior part of the specimens. The strength of specimens increased gradually for every 410 

two times compaction and achieved the higher side started from compaction rate of 20. 411 

The dry transverse strength of approximately 1905 N was achieved, fulfilling the 412 

minimum standard requirements for a high profile roofing tiles as requested in ASTMC 413 

1492-03. The additional compaction applied after 20 bowls without seeing any 414 

significant enhancement in its strength, hence compaction of 20 times was selected as 415 

optimized value of this parameter. 416 

  417 



Table 7: Average dry transverse and flexural strength of EnO-Roofing tiles produced 418 

from different number of Marshall Compactions. 419 

*Min. dry transverse strength = 1779 N (ASTM C 1167 – 03; C 1492 – 03) 420 

3.4.3: Curing duration 421 

The duration of thermal treatment is one of the important parameters for the fabrication 422 

of EnO-roofing tiles, since it is strongly related to the completeness of the chemical 423 

reaction of WEO which is leading to the hardening of the roofing tile. It is revealed that 424 

the specimens which were being heated for less than 24 hours would obtain relatively 425 

low transverse strength. This phenomena was due to the incompleteness of the 426 

polymerization of WEO, which was caused by the insufficient curing duration. This 427 

resulted in production of tiles with weak binding matrix and lower strength. The dry 428 

transverse strength of roofing tiles was highest after going through 24 hours of heat 429 

curing. However, the excessive thermal treatment applied beyond 24 hours caused 430 

adverse effect on the binding matrix of EnO-roofing tiles, resulted in the declination in 431 

strength. As claimed by Noor et al. (2015), the continuance curing process after 432 

optimized duration can induce the cracks internally, explaining the phenomena. 433 

Tiles 

No. 

No. of Marshall 

Compactions 

Dry Transverse Strength 

(N) 

Flexural Strength 

(MPa) 

1 10 445 ± 23.8 0.71 ± 0.04 

2 12 695 ± 13.5 1.11 ± 0.02 

3 14 718 ± 21.4 1.15 ± 0.03 

4 16 1495 ± 53.1 2.39 ± 0.08 

5 18 1529 ± 47.7 2.44 ± 0.07 

6 20 1905 ± 55.6 3.04 ± 0.09 

7 22 1898 ± 44.4 3.03 ± 0.07 

8 24 1941 ± 53.5 3.10 ± 0.08 

9 26 1922 ± 31.1 3.07 ± 0.05 

10 28 1899 ± 34.0 3.03 ± 0.05 



Notably, the dry transverse strength achieved for 24 hours curing of specimens had 434 

fulfilled the minimum standard requirement of 1779N (ASTM C 1492-03).  435 

Table 8: Average dry transverse and flexural strength of EnO-roofing tiles heat cured 436 

at different durations.  437 

*Min. dry transverse strength = 1779 N (ASTM C 1167 – 03; C 1492 – 03) 438 

3.4.4: Types and amount of catalysts added 439 

Triplicate trial EnO-roofing tiles were produced with optimized WEO: CFA content of 440 

5:95, optimized compaction rate of 20 times and optimized curing duration of 24 hours. 441 

Three different types of strong acids were incorporated as catalysts during the mixing 442 

process, altered in the range of 0.25 to 2.5% with respect to the total weight of the 443 

specimens produced. Table 9 revealed that the dry transverse strength achieved by three 444 

different acid-catalyzed trial EnO-roofing tiles with varying percentage added. 445 

Generally, incorporation of acid catalysts in the manufacture process successfully 446 

enhanced the strengths of trial EnO-roofing tiles produced. Different acid-catalyzed 447 

specimens achieved their maximum strength with different percentage of catalyst added, 448 

which are 0.75% for HCl, 0.25% for HNO3 and 0.75% for H2SO4. Declination in 449 

strength observed when percentage of acids were added beyond the optimized value, 450 

proved that incorporation of extra acids may obstruct the formation of WEO polymer 451 

Tiles 

No. 

Curing duration 

(hours) 

Dry Transverse 

Strength (N) 

Flexural Strength 

(MPa) 

1 6 474 ± 13.9 0.76 ± 0.02 

2 12 554 ± 15.7 0.88 ± 0.02 

3 18 1104 ± 48.2 1.76 ± 0.08 

4 24 1905 ± 55.6 3.04 ± 0.09 

5 30 1183 ± 35.9 1.89 ± 0.06 

6 36 685 ± 21.2 1.09 ± 0.03 

7 42 499 ± 20.7 0.80 ± 0.03 



as claimed previously. Another reason is additional acid may increase the viscosity of 452 

catalyzed WEO, while oxy-polymerization reaction is considered responsible for 453 

increasing viscosity of the oil (Johnson et al., 2015).  During thermal treatment, intra-454 

chemical reaction between long chain carboxylic acid in the WEO would lead to the 455 

formation of dimer or trimers which is consisting of one or more functional groups. 456 

These functional groups enable the occurrence of poly-esterification with the presence 457 

of diols in the WEO to form high molecular weight polymer that will bind the filler 458 

effectively to form a proper binding matrix. The presence of strong acid, preferable 459 

H2SO4 as H+ ion donor to catalyse the rate of reaction, ensure the fully polymerization 460 

of WEO. Hence, the greatest strength achieved by trial EnO-roofing tiles produced 461 

under acid-catalysed poly-esterification is 2298N, which is relatively higher than the 462 

strength of trial EnO-roofing tiles manufactured under self-catalysed reaction (without 463 

any catalysed added), that is only 1905N.  464 

Table 9: Dry transverse strength achieved by EnO-roofing tiles incorporated with 465 

different types and amount of strong acids 466 

Percentage of 

acid added (%) 

Dry transverse strength achieved by different types of 

acid EnO-roofing tiles (N) 

HCl HNO3 H2SO4 

0.0025 1351 ± 27.2 2004 ± 59.6 - 

0.005 1484 ± 34.6 1616 ± 40.1 1106 ± 28.3 

0.0075 1830 ± 41.9 1577 ± 45.1 2298 ± 61.1 

0.01 1431 ± 39.0 1468 ± 34.6 1968 ± 36.5 

0.0125 1117 ± 25.5 1394 ± 30.5 1418 ± 36.4 

0.015 1006 ± 22.1 1297 ± 24.3 1192 ± 26.3 

0.0175 869 ± 27.9 1197 ± 31.2 891 ± 14.5 

0.02 505 ± 12.2 993 ± 21.1 839 ± 23.3 

*Min. dry transverse strength = 1779 N (ASTM C 1167 – 03; C 1492 – 03) 467 

3.3.5: Effect of coating layer to trial EnO-roofing tiles  468 



Percentage of water absorption is also one of the most important requirement for 469 

standard roofing tiles as listed in ASTM C 67-07a. Excessive water absorption can 470 

deteriorate the binding matrix of EnO-roofing tiles to a significant extent, resulted in 471 

weak wet transverse strength. Coating of trial EnO-roofing tiles with uniform thickness 472 

of WEO as protective layer, can effectively enhance the resistance of trial EnO-roofing 473 

tiles from the penetration of water molecules by blocking the gaps between the coal-474 

fired ash particles. Figure 6 shows the percentage of water absorption (bar chart) and 475 

wet transverse strength (trend line) achieved by triplicated trial EnO-roofing tiles 476 

treated in different conditions. It is revealed that specimen I, the optimized EnO-477 

Roofing tiles without coated with WEO as protective layer absorbed great amount of 478 

water during water absorption test, whereas water absorption of specimens II and III 479 

coated with single and multiple layers of WEO were found to be 4.17% and 3.84% 480 

respectively, fulfilled the standard absorption limit of 6% as requested in ASTM C 481 

1167-03. Low water absorption resulted in greater wet transverse strength of around 482 

1.1kN, achieving the minimum standard requirement of a medium profile EnO-roofing 483 

tiles.  484 



Figure 6: Percentage of water absorption and wet transverse strength of EnO-Roofing 485 

tiles which is (I) Uncoated; (II) Coated with single layer of WEO; and (III) coated with 486 

multiple layer of WEO   487 

3.5 Optimized EnO-roofing tiles 488 

In order to further investigate the potential of waste engine oil as sole binder of masonry 489 

units, the standard catalyzed EnO-roofing tiles were manufactured in real-size 490 

dimension (390 mm × 240 mm × 25 mm) in accordance to the optimized parameters as 491 

in 3.3.1 to 3.3.5, under 190oC of curing temperature. Initially, the optimized catalyzed 492 

EnO-roofing tiles were found to be impermeable to water, and having low percentage 493 

of water absorption. The percentage of water absorption of standard catalyzed EnO-494 

roofing tiles produced were calculated as per standard calculation method provided in 495 

ASTM C 67-07a as shown in Table 10. From the results, it was indicated that the 496 

percentage of water absorption of triplicate samples was limited in a range of 4.5 to 497 

6.5 % with average of 5.35%, which were under the standard limitation of 8% for a 498 

single tile and 6% for average water absorption. The low percentage of water absorption 499 

was credited to WEO coating layer, which helped to minimize the absorption and 500 

infiltration of water and decrease the pores of the tiles (Nasir et al., 2011). In addition, 501 

the results obtained from boiling water absorption test were proved that the WEO 502 



protective was also able to function well under high temperature and humidity 503 

conditions. Percentage of boiling water absorption of triplicate samples was within 10 504 

to 11%. The saturation coefficient of EnO-roofing tiles is important in determining its 505 

practicality, where saturation coefficient of greater than 1 indicated the tiles are 506 

vulnerable, while saturation coefficient of lower than 1 represents its high durability 507 

and resistance again damage (Humayun et al, 2017a). From Table 8 10, it can be 508 

observed that the saturation coefficient of catalyzed EnO-Roofing tiles are in between 509 

0.44 and 0.60, which are within the maximum requirement of 0.74 as per ASTM C 510 

1167 – 03.  511 

The transverse strengths and flexural strength of triplicate catalyzed EnO-roofing tiles 512 

manufactured under optimized parameters are shown in Table 11. The average dry 513 

transverse strength and wet transverse strength achieved by standard catalyzed EnO-514 

Roofing tiles are 2037 N and 1191 N respectively, fulfilled the minimum requirement 515 

for a standard roofing tiles, whilst indicated the ability of tiles to withstand high 516 

pressure in both arid and humid weather. The flexural strength developed by the 517 

optimized EnO-tiles is 3.26 MPa, which is still relatively lower than waste vegetable 518 

oil based roofing tiles as reported (Humayun et al, 2017). This is due to the different in 519 

the chemical compositions of both waste oils, where waste vegetable oil is composed 520 

of huge amount of free fatty acid and unsaturated components which can contribute to 521 

the strength of roofing tiles via thermal-initiated polymerization reaction. However, the 522 

strength achieved by the EnO-roofing tiles is still comparable with other waste 523 

replacement masonry units. The maximum flexural strength of masonry units 524 

incorporated with cotton or limestone powder was found to be 3.5 MPa (Halil and Tugut, 525 

2008), which is closely to the maximum flexural strength achieved by catalyzed EnO-526 

Roofing tiles.   527 



Table 10: Percentage of cold/boiling water absorption and saturation coefficient 528 

achieved by optimized catalyzed EnO-roofing tiles. 529 

Tiles 

No. 

Weight of 

Dried 

Specimen, 

Wd (g) 

Weight of 

Saturated 

Specimen 

(24 hours 

immersion 

in cold 

water), Ws 

(g) 

Percentage 

of Cold 

Water 

Absorption 

(%) 

Weight of 

Saturated 

Specimen 

(5 hours 

immersion 

in hot 

water), Wb 

(g) 

Percentage 

of Boiling 

Water 

Absorption 

(%) 

Saturated 

Saturation 

Coefficient 

1. 398.6 419.1 5.14 440.3 10.5 0.49 

2. 387.4 412.5 6.48 429.4 10.8 0.60 

3. 392.4 409.8 4.43 432.3 10.1 0.44 

Average   5.35 ± 1.04  10.5 ± 0.35 0.51 ± 0.08 

*Max. Percentage of water absorption = 6% (ASTM C 1167 – 03) 530 

*Max. Saturation coefficient = 0.74 (ASTM C 1167 – 03) 531 

Table 11: Dry transverse strength, wet transverse strength and flexural strength 532 

achieved by optimized catalyzed EnO-roofing tiles. 533 

Tiles No. Dry Transverse 

Strength (N) 

Wet Transverse 

Strength (N) 

Flexural Strength 

(MPa) 

1. 1998 1215 3.19 

2. 1968 1136 3.15 

3. 2145 1221 3.43 

Average 2037 ± 94.7 1191 ± 47.4 3.26 ± 0.15 

*Min. dry transverse strength = 1779 N (ASTM C 1167 – 03; C 1492 – 03) 534 

*Min. wet transverse strength = 1334 N (ASTM C 1167 – 03; C 1492 – 03) 535 

 536 

3.6 Life Cycle Assessment 537 

Life Cycle Assessment (LCA) is a holistic approach that has been widely used in estimating 538 

the environmental impact, as well as quantifying the rate of carbon emissions and energy 539 

usage of different building materials and components (Dixit et al., 2012). By determining 540 



the embodied carbon (EC) and embodied energy (EE) of the invented products, the 541 

environmental suitability of the EnO-Roofing tiles can be determined.  542 

3.6.1 Embodied Carbon 543 

The total carbon emissions of EnO-Roofing tiles was quantified, including “cradle to gate”, 544 

“cradle to site” and “cradle to grave” embodied carbon. Cradle to gate carbon emissions 545 

account for the CO2 released during manufacturing of materials and operation progress 546 

(Dixit et al., 2010), or release ofr carbon compounds from the materials incorporated 547 

(Gartner, 2004). Waste materials composed of relatively lower EC than virgin components. 548 

Recycle or reuse materials that has lost the invented carbon in their service life able to 549 

reduce the carbon emissions while being utilized in manufacturing a new product (Ali and 550 

Xiao, 2017). For example, fly ash has extremely low embodied carbon (0.004 kg CO2 per 551 

equivalent) as it is the by-product generated after ignition of coal under high 552 

temperature in electricity generator (Humayun et al., 2017a). Cradle to site emission 553 

accounts for the CO2 released during transporting the materials or facilities from the 554 

suppliers and to the construction site. While gate to grave included the carbon emissions 555 

incurred in the end-of-life (EOL) of the building materials. Table 12 shows the 556 

embodied carbon of catalyzed EnO-Roofing tiles from different emission sectors, 557 

including carbon dioxide released during materials extraction process, distribution of 558 

products and disposal of waste materials (Humayun et al., 2017a).  From Table 12, it is 559 

revealed that 0.4628 kg CO2 was released while producing a catalyzed EnO-Roofing 560 

tiles, and its embodied carbon is calculated as 0.1542 kg CO2/kg. A comparison analysis 561 

is as shown in Figure 7. It indicates that embodied carbon of catalyzed EnO-Roofing 562 

tiles is relatively low compared to the traditional roofing tiles. The embodied carbon 563 

for catalyzed EnO-Roofing tiles is 36%, 198% and 282% lower with respect to 564 

cementitious, kiln-fired and ceramic roofing tiles as determined by ICE Ver. 1.6a 565 



(Hammond and Jones, 2008).  It indicates that the catalyzed EnO-Roofing tiles 566 

produced was indicated asare more environmental friendly. Implementation of 567 

recycling or reusing waste materials could effectively reduce the total carbon emissions 568 

during the manufacturing process. 569 

3.6.2 Embodied Energy 570 

The embodied energy of catalyzed EnO-Roofing tiles was taken as the total primary 571 

energy consumed over its manufacturing process. It was found that the embodied 572 

energy of the novel tiles is in the lower site with respect to the traditional roofing tiles. 573 

Table 13 indicated that 1.27 MJ of energy was consumed while producing a tiles, and 574 

its embodied energy was calculated to be 0.42 MJ/kg. As the data provided in ICE Ver. 575 

1.6a, the emission of energy for catalyzed EnO-Roofing tiles is 231%, 1448% and 2043% 576 

lesser than concrete, clay and ceramic roofing tiles respectively. The replacement of 577 

traditional high energy consuming binders, such as kiln firing in clay and cement 578 

production in concrete roofing tiles successfully reduce the energy consumption to a 579 

significant extent. Hence, the binder from waste, i.e. waste engine oil with lower embodied 580 

energy could be classified as environmental friendly binder.  581 

Figure 7: Comparison of EE and EC of catalyzed and conventional roofing tiles. 582 



Table 12: Embodied carbon for catalyzed EnO-Roofing tiles 583 

Cradle to Gate Embodied Carbon of Materials 

Materials / 

Operation 

Emission 

factor (kg 

CO2/equiv.) 

Quantity 

incorporated 

(kg) 

Electricity 

usage (kWh) 

Total 

Emission (kg 

CO2) 

Waste Engine Oil 1.00 0. 15 - 0.15 

Coal-fired ash 0.004 2.85 - 0.0114 

Sulfuric Acid 

(1M) 

0.17 0.00225 

(diluted to 

0.1M) 

- 0.0004 

Mixing Process 0.63 - 0.006 

(20min) 

0.004 

Heat curing 

process 

0.63 - 0.4 (24hours) 0.252 

Total Phase 

Emission 

 0.4178 

 

Cradle to Site Embodied Carbon – Impact of Transportation 

Materials Estimated Transport 

Distance (km) 

Transport Emission 

(kg CO2/km) 

Total Emission 

Materials Extraction 

Waste Engine Oil 100 0.0001 0.01 

Sulfuric Acid 40 0.0001 0.004 

Fly Ash 60 0.0001 0.006 

Distribution of Product 

Roofing Tiles 200 0.0001 0.02 

Total Phase 

Emission 

 0.04 

 

Cradle to Grave Embodied Energy 

Materials Estimated Transport 

Distance (km)  

Transport Emission 

(kg CO2/km) 

Total Emission 

Broken Roofing 

Tiles 

50 0.0001 0.005 

Total Phase 

Emission 

 0.005 

Total Emission   0.4628 

Embodied 

Carbon of EnO-

Roofing Tiles 

 0.1542 

* Emission factor were obtained from Ecoinvent 3.3 and ICE Ver. 1.6a (Hammond 584 

and Jones, 2008). 585 



Table 13: Embodied Energy for catalyzed EnO-Roofing tiles 586 

Materials Embodied 

Energy (MJ/kg) 

Quantity (kg) Total embodied 

energy per tiles 

(MJ) 

Waste Engine Oil 8.00[a] 0.15 1.20 

Coal-fired ash 0.00[b] 2.850 0.00 

Sulfuric acid 5.00[c] 0.00225 0.01125 

Processing 0.06[a] - 0.06 

Total Emission   1.27 

Embodied 

Energy of EnO-

Roofing Tiles 

  0.42 

* a, (Humayun et al., 2017b); b, (Chani et al., 2003); c, (Eric et al, 2002) 587 

4. Conclusion 588 

This study discovers the possibility of using waste engine oil as an alternative binder in 589 

the production of roofing tiles. The EnO-Roofing tiles produced from this study 590 

fulfilled all the ASTM requirements in terms of strength, water absorption, 591 

impermeability and resistance of aggressive agents. By using waste materials such as 592 

WEO and CFA in the production of innovative roofing tiles reduce the excessive waste 593 

disposal issue. The practice also decreases the consumption of existing resources. This 594 

method can also be applied for other applications to produce floor tiles, building bricks 595 

or other construction materials. In addition, EnO-Roofing tiles are also recognized for 596 

their relatively lower embodied carbon and energy. Production of environmental 597 

friendly building materials with relatively lower carbon dioxide emission and energy 598 

consumption are the prominent outcomes of this research study.  599 
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Nomenclature 

ASTM American Society for Testing and Materials 

CFA Coal-fired ash 

cP Centipoise (unit of viscosity) 

EE Embodied Energy 

EC Embodied Carbon 

EnO-Roofing tiles Roofing tiles produced from waste engine oil 

(Name of innovative new roofing tiles) 

FTIR Fourier Transform Infrared (Instruments) 

GHGs Greenhouse gases 

g Gram 

ICE Inventory of Carbon and Energy 

IPCC Intergovernmental Panel on Climate Changes 

LCA Life Cycle Assessment 

kg CO2/kg Kilogram of carbon dioxide per kilogram (units of 

carbon dioxide emission) 

kWh Kilowatt hour (unit of power) 

MJ/kg Mega-joule per kilogram (units of energy)  

mm Millimetre 

MPa Mega-pascal 

Mt Metric tons (unit of liquid) 

N / kN Newton / kilo newton 

NaCl Sodium chloride 

PAHs Polycyclic aliphatic hydrocarbons 

Sdn. Bhd. Sendirian Berhad (Private) 

TAN Total acid number 

WEO Waste engine oil 


