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ABSTRACT 12 

High embodied carbon of concrete and waste generation from the oleochemical 13 
industry pave an alternative way for the sustainable utilization of glycerine pitch (GP) 14 
and used cooking oil (UCO) in the production of roofing tiles. In this study, a mixture 15 
of UCO and GP, known as blended organic binder (BOB) was utilized to produce Eco-16 
Roofing tiles, namely BOB-RT. To prepare the specimen, the waste-binder BOB with 17 
percentages varied from 5 – 11% was blended with a mixture of fly ash and fine sand. 18 
The weight ratio of fly ash and fine sand is 35: 65., moulded and The mixture was then 19 
moulded and heat cured at 190 oC for 24 hours. The chemical and mechanical properties 20 
of the cured specimens were investigated through Attenuated Total Reflectance Fourier 21 
Transform Infrared Spectroscopy (ATR-FTIR), transverse breaking strength, and water 22 
absorption, permeability, and porosity tests. A preliminary investigation on the effect 23 
of BOB at different mixing ratios was assessed. The highest flexural strength of 12.605 24 
MPa was achieved by a specimen when 10% of BOB (GP: UCO 30:70) was utilized. 25 
However, the hygroscopic effect of GP and fly ash led to the high water absorbability 26 
(10.81 – 20.13%) of the specimen. This issue can be addressed by the addition of 27 
dodecanedioic acid or by applying a UCO-based protective layer. The results revealed 28 
that the water absorbability of the specimen was significantly reduced by 56.8%. 29 
Additionally In addition, the feasibility of GP as a sole binder in the production of 30 
roofing tile (known as GP-RT) was investigated too. The optimized GP-RT produced 31 
from 12% of GP possessed a maximum flexural strength of 6.32 MPa and with 4.46% 32 
of water absorption of 4.46%, which can be qualified qualify as a proper roofing tile 33 
according to ASTM standards. From the environmental perspective, the embodied 34 
carbon and embodied energy of the Eco-Roofing tiles are relatively lower than the 35 
conventional roofing products.  36 

 37 

Keywords: Glycerine Pitch, Used Cooking Oil, Roofing Tiles, Green Production 38 

 39 

1.0 Introduction 40 

 The worldwide Worldwide population has rapidly grown from 1.65 billion to 6 41 
billion by the 20th

 century, and it is estimated reported to reach reaching 9.0 billion by 42 
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2037 (Worldmeters, 2020). These expansions have visibly created environmental and 43 
waste management challenges in all aspects. Along with the improvement of the living 44 
standard, the demand for oleochemicals is expected to increase significantly. The 45 
refined glycerine, or commonly known as glycerol, is one of the oleochemical products 46 
with widespread applications in end-use industries, such as medical and 47 
pharmaceuticals, food and beverage, personal care, tobacco, and so on (Nasarudin et 48 
al., 2020). Attributed to the enormous demand for glycerol, significant quantities of 49 
effluent and waste materials, which composed of highly organic, biodegradable, and 50 
hazardous components, have been were generated from the oleochemical industry 51 
(Zakaria et al., 2018). Glycerine pitch is one of the by-products generated during the 52 
production of refined glycerine, mostly available in Indonesia and Malaysia that 53 
possesses an abundance supply of palm oil and palm kernel oil (Agamuthu and Mehran, 54 
2020). A considerable amount of Normally, glycerine pitch is generated through the 55 
vacuum distillation of the crude glycerine (feedstock) to produce refined glycerine 56 
(products).  In the distillation process, the undistilled materials will accumulate at the 57 
bottom of the respective vacuum distillation column as residues, which is known as 58 
glycerine pitch. The residues are composed of a significant amount of dust and 59 
contaminants, which limited its usage in other applications (Dhabhai et al., 2016). The 60 
conventional ways to recover the useful components, such as glycerol and fatty acids 61 
from the glycerine pitch are infeasible due to the cost constraint. This has urged the 62 
researchers to look for pave an alternative ways to convert the by converting glycerol 63 
waste into a valuable products at a lower cost. 64 

Glycerine pitch has been listed as one of the scheduled wastes by the Malaysian 65 
Department of Environment (DOE), which falls under the category of First Schedule 66 
of the Environmental Quality (Scheduled Wastes) Regulation 1989 (Chow et al., 2015; 67 
Nasarudin et al., 2020).  Without the proper treatment before being disposed of, the 68 
pitch may contribute to environmental damage through the contamination of natural 69 
resources, soil, water stream, and groundwater. In Malaysia, the current solution for the 70 
disposal of glycerine pitch is through the incineration process or by sealing it sealed in 71 
drums prior to the landfill (Mohd, 2016). As glycerine pitch possesses a relatively 72 
significant calorific value, it was suggested by some organizations to incinerate it for 73 
power generation and boiler operation (Kirubaharan, 2015; Manara and Zabaniotou, 74 
2015). However, as evidenced by national data compiled by the U.S. Environmental 75 
Protection Agency (EPA) in their eGRID database, the incineration process is 76 
incredibly bad for the climate, as it will releases 2.5 times as much carbon dioxide to 77 
generate a similar amount of electricity as a coal power plant (Energy Justice Network, 78 
2020). Besides, incineration of glycerine pitch may also emit a highly hazardous and 79 
lethal gas called acrolein to the atmosphere (Hazimah et al., 2003; Ramachandramn and 80 
Amirul, 2012). Without the presence of effective controls, the harmful pollutants may 81 
be emitted into the air, land, and water which may affect influence human health and 82 
pollute the environment.  83 

Improper disposal of scheduled glycerine pitch certainly will lead to air, soil, 84 
and groundwater contaminations. Proper treatment of the glycerine pitch requires 85 
significant cost expenditure for its processing, transportation, and working area. Hence, 86 
the trend of research now is shifting towards the investigation of the alternative usage 87 
of glycerine pitch in the industry. It would be advantageous if its valuable components, 88 
such as free glycerol, fatty acids or glycerides can be recovered for valuable usage. For 89 
instance, the recovery of glycerol and diglycerol through the purification process 90 
give gave a positive impact on both the economic and environmental perspectives 91 
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(Hazimah et al., 2003). Due to its moisturizing properties, purified glycerol can be used 92 
in the production of eco-friendly soap, which gives and showed reasonable purity after 93 
treated treatment with dilute sulfuric acid and activated carbon (Solihin et al., 2017). 94 
Besides, by coupling with Lactobacillus inoculant, glycerine pitch can act as a medium 95 
of the fermentation process, coupled with Lactobacillus inoculant to produce liquid 96 
biofertilizer. In this case, glycerine pitch serves as a carbon source for stimulating the 97 
growth of Lactobacillus (Nasarudin et al., 2020). Moreover, it is also exploited as a the 98 
carbon source for the production of poly(3-hydroxybutyrate-co-4-hydroxybutyrate) 99 
copolymer by a novel, yellow-pigmented bacterium Cupriavidus sp. (Ramachandran 100 
and Amirul, 2014), as well as an the activated absorbent absorbance for methylene blue 101 
removal after being distillated via by zinc chloride activation (Hock and Zaini, 2020). 102 
These attempts subsequently improved the economic values of glycerine pitch, whilst 103 
established a feasible waste management approach for it. However, potential health 104 
problems of GP are another issue of to be concerned when it is utilized for soap making 105 
(Nanda et al., 2018). The possibility of contamination or occurrence of leakage when it 106 
is was being used as the biofertilizer should also be taken into consideration.  107 

Attributed to the overwhelming demand for housing and infrastructure in both 108 
the developing and developed countries, there has been tremendous growth in the 109 
construction sector towards the demand of cement (Schiller et al., 2020). Solely in 110 
Malaysia, approximately 43.48 million concrete roof tiles were produced in 2019, 111 
which contributed around 85 % of the total roofing materials produced (Yacouby et al., 112 
2011; Hirschmann, 2020). Besides causing the Despite increased consumption of 113 
natural resources, the cement sector generates carbon dioxide through raw materials 114 
pulverization, clinker grinding, carbonate decomposition, and fossil fuel combustion 115 
(Du et al., 2020). On a global basis, it was reported that approximately 65 Megaton of 116 
carbon dioxide was generated from the construction sector annually, which is released 117 
during the manufacturing process of around 70 Megaton of cementitious building 118 
materials (Sevket, 2020). The carbon dioxide released from the construction sector is 119 
equivalent to 94% of the global carbon dioxide emitted, making it the greatest 120 
contributor towards greenhouse gases emission (Ashish, 2018). Besides, the rapid 121 
growth in populations and industrializations in these countries have generated an 122 
enormous amount of waste materials, which may be harmful to human health as well 123 
as to and the environment (Sylvia and Ofotsu, 2019). With the increasing housing 124 
demand and the quantities of waste generated, there has been a concerted effort to 125 
reduce the usage of natural resources by beneficially utilizing these wastes. Hence, the 126 
construction sector should attempt to implement sustainable development and products, 127 
such as the incorporation of environmentally friendly waste materials, to potentially 128 
decrease the carbon emission during the manufacturing process (UN Environment et 129 
al., 2018). Consequently, the recycling of waste and implementing it in the building 130 
materials will yield significant benefits to the construction industry in the sector of 131 
economic, technical, and environmental aspects to the construction industry.  132 

In the previous studies, experimental works have been conducted and shown 133 
that used cooking oil, waste engine oil, and the blended waste oil can be used as an 134 
alternative binder for the production of roofing tiles (Nadeem et al., 2017, Teoh et al., 135 
2018; Sam et al., 2020). Different from the cementitious binder, the binding mechanism 136 
of the waste oils is expected to being an encapsulation process (Vu and Forth, 2014). 137 
When the waste oil polymerizes under elevated temperature, the polymerized 138 
components will be continuously coated around the aggregate and filler incorporated in 139 
the system, and hence, they bonded together and formed a proper binding matrix. In 140 
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terms of environmental perspective, theThe utilization of waste oils in the production 141 
of building materials is able to fully replace clay and cement, which are considered as 142 
not environmentally friendly as they possessed high embodied carbon and energy 143 
(Hammond and Jones, 2011). In addition to these, the industrial waste, such as 144 
pulverized fly ash and bottom ash has have been used in conjunction with the waste 145 
oils, which is possible to significantly decrease the usage of traditional aggregates, thus 146 
promoting a product which is fully produced from waste materials. The production of 147 
a fully waste-made unit offers a way for the treatment of wastes, enhance their values, 148 
and conserve natural resources. Generally, the roofing tiles produced from these waste 149 
materials possessed convincing properties which can fulfil the requirements of roofing 150 
tiles in terms of breaking strength, percentage of water absorption, and permeable 151 
characteristic according to the ASTM standards. Other than that, an innovative 152 
approach was attempted by utilizing pure glycerol and vegetable oil, coupled with 153 
secondary aggregates for the full replacement of cement in the production of masonry 154 
units (Vu et al., 2017). It was discovered that the glycerol would enhance the 155 
homogeneous distribution of cooking oil in the concrete matrix and hence reduce the 156 
required vegetable oil content in the manufacturing process. Interestingly, glycerine 157 
pitch possessed  contains free fatty acids and a significant amount of glycerol content 158 
(Hazimah et al., 2003). Hence, in this study, it was hypothesized that the use of 159 
glycerine pitch, which aims for a full replacement of conventional binding materials, is 160 
possible. 161 

This study utilizes glycerine pitch and used cooking oil as a blended organic 162 
binder (BOB), coupled with fine sand as aggregate, and fly ash as filler to produce a 163 
roofing material with mechanical performance that can fulfil the requirements of 164 
corresponding ASTM standards. In the second attempt, glycerine pitch was used as the 165 
sole binder, while used cooking oil was served utilized as the coating materials, in order 166 
to enhance the water resistivity of the roofing tiles produced. Several parameters were 167 
taken into consideration to suit the waste materials used in the manufacturing process 168 
which include, including the binder content, curing temperature, and curing 169 
duration. The absorption properties of aggregate and filler used in the manufacturing 170 
process of roofing tiles play an important role to determine in affecting the required 171 
compositions of waste binders required in the system (Vu et al., 2017). Utilization of 172 
sand aggregate and fly ash which is are considered inert in terms of the physical and 173 
chemical properties tend to significantly decrease the binder content. High compacting 174 
pressure applied during the moulding of the roofing materials is able to can enhance the 175 
compactness of the raw materials, minimize the pore size of the samples, hence further 176 
decrease the binder content required for the proper binding of the samples.  In addition, 177 
the production of cement clinkers normally requires a temperature up to 1450 oC (Dhir 178 
et al., 2017), while the production of clay bricks under the firing process needs to be 179 
carried out at a normally use temperature as high as 1100 oC (Yaras et al., 2019). This 180 
resulted in high embodied carbon and embodied energy of the building materials 181 
produced from clay and cement. Therefore, a curing temperature below 200oC as 182 
applied in this study to produce roofing tiles will significantly reduce the carbon dioxide 183 
emissions and energy consumption of the manufacturing process. This is in line with 184 
the previous study, in which the embodied carbon and embodied energy of the Vege-185 
Roofing tiles produced at the curing temperature of under 190 oC of curing temperature 186 
are 267% and 321% lower than that of conventional concrete tiles, respectively 187 
(Nadeem et al., 2017). 188 
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In this study, Four four major objectives are enumerated to be achieved at the 189 
end of this study, which includes: 190 

i. To investigate the possibility of using glycerine pitch as binder, coupled 191 
with fine sand and fly ash in the production of roofing tile.  192 

ii. To investigate identify the chemical properties of glycerine pitch which 193 
contribute contributing to the hardening of roofing tiles. 194 

iii. To optimize the proportion of raw materials and the manufacturing 195 
conditions for the production of the novel roofing tile.  196 

iv. To calculate the total embodied carbon and embodied energy of 197 
environmentally friendly roofing tiles as compared to commercialized 198 
cementitious and clay-made products. 199 

The physical properties, which include transverse breaking strength, water 200 
resistivity, and permeation characteristics of the innovated roofing tiles produced were 201 
also investigated for its suitability in construction application. 202 

 203 

2.0  Materials and methodology 204 

2.1  Development of Eco-Roofing Tiles 205 

Glycerine pitch, used cooking oil, fine sand, fly ash and dodecanedioic acid 206 
(DDDA) were utilized as the raw materials in the production of two types of Eco-207 
Roofing tiles, namely blended organic binder-made roofing tiles (BOB-RT) and 208 
glycerine pitch-made roofing tiles (GP-RT) respectively. Table 1 shows the summary 209 
of the roles and characteristics of the raw materials involved in the manufacturing 210 
process.  211 

Table 1: The roles and characteristics of raw materials used in the production of Eco-212 
Roofing tile. 213 

 Role Physical Chemical 
Glycerine 
pitch 

Binder Dark brown, pasty component 
Viscosity: 1221.6 cP 
Specific gravity: 1.43 
Water soluble 

Consists of glycerol, 
fatty acids, inorganic 
salt, and other 
additives. 

Used 
cooking oil 

Binder Yellowish, oily solution 
Viscosity: 168.6 cP 
Specific gravity: 0.92 

Possesses vast range of 
free fatty acids. 
 

Fine sand  Aggregate Composed of grains with size 
lower than 4.0mm  

Neutral in nature 

Fly ash  Filler Dark brown powder 
Specific gravity: 0.26 
Average particle size: 115.014 
µm (volume) and 6.333 µm 
(number) 

Possesses various 
oxides components. 
The composition of 
SiO2, Al2O3 and Fe2O3 
is more than 70%. 

DDDA Additive White pallet 
Dissolve in the binder 

C12H22O4 
Dicarboxylic acid 
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2.2  Materials 214 

2.2.1  Glycerine Pitch (GP) 215 

 Glycerine pitch (GP) used in this project was collected from KL-Kepong 216 
Oleochemical Sdn. Bhd. located in Pulau Indah, Selangor, Malaysia. It is highly 217 
alkaline (pH >10), pasty (viscosity = 1221.6 cP) and dark brown in colour. Glycerine 218 
pitch is water soluble with an ambient density of 1.0 – 1.1 kg/L. Besides In addition, 219 
the flashpoint and auto-ignition temperature of the glycerine pitch are >200oC 220 
and >250oC respectively. Hence, the curing temperature below 200 oC is considered 221 
appropriate for the production of Eco-Roofing tiles. Theoretically, glycerine pitch 222 
possesses a significant amount of crude glycerol, free fatty acids and inorganic salts 223 
(Hazimah et al., 2003). However, the composition might vary depending on the 224 
feedstock and process used to generate the glycerine pitch. The recovery technique 225 
proposed by Hazimah et al. (2003) was used to determine the compositions of glycerine 226 
pitch., it It was believed that glycerol and free fatty acids are the main contributor to 227 
the strength development of the Eco-Roofing tile, while glycerol can also enhance the 228 
homogeneity of the binder’s distribution in the binding matrix (Vu and Forth, 2014). 229 
The Besides, the moisture content, ash content, volatile matter and calorific value of 230 
glycerine pitch were investigated using ASTM and BS:EN standards as shown in Table 231 
2.  232 

Table 2: Comparison of the parameters of glycerine pitch with those obtained from 233 
another source literature review 234 

 235 

2.1.2  Pulverized Fly Ash (PFA) 236 

 The fly ash utilized in this study was collected from TNB Janamanjung Sdn. 237 
Bhd., which is in Sitiawan, Perak, Malaysia. The PFA collected was dried and sieved 238 
to eliminate any incompletely burned components prior to the manufacturing process. 239 
The average sizes of the fly ash in terms of volume and number of the fly ash which 240 
were analysed determine by using a particle size analyser (Malvern,Mastersizer 2000), 241 
which were found to be 115.014 µm and 6.333 µm, in terms of volume and mass 242 
moment mean, respectively. The chemical composition of PFA is was analysed using 243 
Energy-dispersive X-ray spectroscopy (EDX) and the details are shown in Table 3: 244 

Parameter Literature Review 
(Hazimah et al., 2003) 

Current Study Test Method 

Crude glycerol (%) 70 – 80 ~ 70 
Hazimah et al., 2003 Free fatty acids (%) < 10 ~ 4 

Inorganic salts (%) < 10 ~ 5 
Moisture (%) - 3.39 BS:EN 12880:2000 
Ash content (%) - 17.67 BS:EN 12879:2000 Volatile matter (%) - 78.94 
Calorific value 
(kcal/kg) 

- 4017 ASTM D 240 – 14 
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Table 3: Chemical composition of PFA utilized in this study 245 

Oxide Components Percentage 
Constitution (%) 

ASTM 618-12a 

Silicon dioxide (SiO2) 58.73 SiO2 + Al2O3 + Fe2O3 
≥70% Aluminium Oxide (Al2O3) 27.64 

Ferrous Oxide (Fe2O3) 5.06 
Calcium Oxide (CaO) 3.44 - 

Magnesium Oxide (MgO) 2.12 - 
Sodium Oxide (Na2O) 1.26 - 

Sulfur Oxide (SO3) 0.89 ≤5.0% 
Loss of Ignition (LOI) 1.68 ≤6.0% 

 246 

2.1.3  Fine sand 247 

The fine sand utilized in the production of specimens was collected, dried, and 248 
processed separated accordingly to the following particle sizes: 4.0 mm, 1.0 mm, 0.5 249 
mm and < 0.5 mm according to the (ASTM C 136/136M-14). Table 4 shows the weight 250 
percentage distribution of sand particles with different sizes.  251 

Table 4: Size distribution of the sand aggregate utilized in this study 252 

Size Distribution of Sand Aggregate Percentage (%) 
> 4.0 mm 6.3 

> 1.0 to 4.0 mm 7.3 
> 0.5 to 1.0 mm 5.5 

< 0.5 mm 80.9 
 253 

2.1.4  Used cooking oil (UCO) 254 

 Used cooking oil utilized in the coating process of roofing tiles was collected 255 
from the household. It is generated from a continuously heating process under high 256 
temperature in the presence of air and moisture, which consequently, leads to the 257 
degradation of the cooking oil. The viscosity and molecular structure of used cooking 258 
oil might vary depending on the extent of degradation in different cooking processes 259 
conditions. Hence, the collected UCO was blended and filtered to ensure homogeneity. 260 
The specific gravity and viscosity of UCO, which was analysed were measured using a 261 
hydrometer and a digital rotary viscometer, were 0.92 and 168.6 cP, respectively. 262 

 263 

2.2  Manufacturing process of Eco-roofing tiles 264 

 The manufacturing process of Eco-Roofing tiles required three steps, which are 265 
(i) the mixing of raw materials, (ii) moulding via Marshall compaction and (iii) heat 266 
curing process, as shown in Figure 1. In the mixing process, the proportion of the raw 267 
materials were measured by their dry mass. The mixing ratio of fine sand to fly ash is 268 
fixed at 65:35 throughout the study, and their total weight is acted as a base weight for 269 
other materials. The percentage of GP, UCO and additive are calculated according to 270 
the base weight. Table 5 shows the mix design of the Eco-Roofing tiles produced in 271 
this study.  272 
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After being thoroughly mixed, the raw mixture was measured and divided into 273 
300 g per bulk sample mass. The mass of each portion was fixed at 300g to maintain 274 
the consistency throughout the study. The raw mixture was transferred into a mould 275 
and compacted by using an Automatic Marshall Compactor. The compactor lifts the 276 
4.535 ± 0.015 kg load and automatically releases it at the specified height of 457 ± 5 277 
mm. Each specimen was compacted for 20 bowls. After the moulding process, the 278 
sample was off-moulded, and heat cured in a ventilated oven. The uncured, compacted 279 
specimens possessed low strength and required extra care when handling it. As this 280 
study mainly focuses on the feasibility of waste materials as the alternative binder, the 281 
curing temperature and curing duration were fixed at 190oC and 24 hours, as proposed 282 
in the previous study (Teoh, 2018). After the curing process, the specimens became 283 
rigid and possessed a smooth surface, sharp angle, with significant strength.   284 

Figure 1: Manufacturing process of an innovated roofing tiles 285 

Certain roofing tile samples were coated with used cooking oil (UCO) using 286 
subjected to the coating process, either by a spraying or an immersion method. The 287 
materials used for the coating process is used cooking oil (UCO). The spraying method 288 
utilized a spray gun to distribute the UCO evenly on the surface of samples, while the 289 

or 

Add to  

Add to  

35% Fly Ash 

+ 

Base weight = total mass of fly ash & fine sand 
                     = 300g/sample 

65% Fine Sand 

Used Cooking 
Oil 

Glycerine Pitch 

+ 

Blended organic binder (BOB).  
Mixing ratio = 30:70, 50:50 and 70:30 
Binder content = 5 – 11 % 

 

Glycerine Pitch 

Glycerin pitch as sole binder 
Binder content = 9 – 12 % 

Mixing thoroughly 
with regular mixer 

Molding by 
Marshall compactor 

Heat cured for 24 hours 
Sample of roofing tiles 
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immersion method involved immersion of the sample into a tank full of UCO. In the 290 
coating process, UCO was found not only will not forming a layer on the surface of 291 
specimens but also seep penetrates into the specimens. The hydrophobicity of UCO 292 
would will significantly enhance the lotus effects of the sample’s surface and reduce 293 
the rate of penetration of water molecules into the body of samples (Teoh, 2018). Prior 294 
to the coating process, those the samples were pre-cured at 190oC for 4 hours to rigidify 295 
their outer layer. The second layer was coated on the tiles after it was heat cured for 296 
another two hours, and the third layer was applied after another two hours. The 297 
specimens were heat cured continuously after each coating process until the total curing 298 
duration reached 24 hours. After that, the specimens were tested for their have 299 
proceeded to go through transverse strength and water absorption tests. 300 

Table 5: The mix Mix design of the Eco-Roofing tiles 301 

 302 

2.3 Chemical Analysis by Attenuated Total Reflectance Fourier Transform Infrared 303 
Spectroscopy (ATR-FTIR) 304 

ATR-FTIR spectroscopy (Perkin Elmer Spectrum Two with a Universal ATR 305 
accessory unit) is performed under at room temperature, with the detection range of 306 
4000 – 400 cm-1. It is used to investigate the chemical structure and functional groups 307 
of the blended organic binder. The ATR sampling device provides a fair analytical 308 
environment, which allows the comparison of the number of functional groups present 309 
in different samples by referring to through the intensity of the absorption peaks.   310 

In this study, three types of blended organic binders (mixture of UCO and GP 311 
at different mixing ratios) were being investigated. Those binders are named as binder 312 
A, binder B and binder C, with the UCO:GP ratio of 70:30, 50:50 and 30:70 313 
respectively. The samples were heat cured under at 190oC for 24 hours to ensure the 314 
preliminary chemical interactions between UCO and GP. The differences among the 315 
binders are observed and recorded.316 

Eco-Roofing 
Tiles 

Types of binder Percentage 
of binder 

Percentage of fine 
sand and fly ash 

Coating process 

BOB-RT Blended organic 
binder: A mixture 
of GP and UCO at 
mixing ratio of 
30:70, 50:50 and 
70:30.  

5 – 12 % Mixture of fly ash 
and fine sand at 
weight mixing ratio 
of 35:65. The total 
weight of fine sand 
and fly ash served 
as base weight of 
another ingredient.  

Coated with 1, 2 
and 3 layers of 
UCO.  

GP-RT Glycerine pitch 9 – 12 % Coated with a 
single layer of 
UCO. 
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2.4  Mechanical Analysis of Eco-Roofing Tiles 317 

2.4.1  Transverse Strength & Flexural Strength   318 

 The transverse strength of the samples was determined in accordance with a 319 
document of American Society for Testing and Materials, ASTM C 1492–03. The tests 320 
were performed by using a Material Testing Machine T-Machine, and the data obtained 321 
was were analysed from using the a software program, namely Universal Testing 322 
Manager. As shown in Figure 2, the In this process, the samples were tested in a three-323 
point bending mode with a horizontal plane, whereby there are two lower support 324 
members supporting the lower base of the tile. The load was applied perpendicularly to 325 
the plane of the tile with the third member located at the mid-span of the tile. The results 326 
obtained are expressed in the unit of Newton (N). Once the yield strength (dry or wet 327 
transverse strength) was obtained from the material testing machine, the flexural 328 
strengths, σ, in terms of MPa can be calculated from Equation 1 for the three-point 329 
bending mode, in accordance with the ASTM C 293-08. The minimum dry and wet 330 
transverse strengths to be achieved are 1779 N and 1334 N respectively.  331 

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑆𝑆𝑆𝑆𝐹𝐹𝐹𝐹𝑆𝑆𝑆𝑆𝑆𝑆ℎ (𝑀𝑀𝑀𝑀𝐹𝐹) =  3𝑀𝑀𝑃𝑃 (2𝑤𝑤𝑑𝑑2)⁄ --------------(Eq.1) 332 

where,  333 
P = maximum force applied, N 334 
L = span length, mm   335 
w = width of the sample, mm 336 
d = diameter of the sample, mm 337 

Figure 2: Sample Testing of Transverse Strength 338 

 339 

2.4.2  Percentage of Water Absorption 340 

 The testing procedure and calculation of the water absorption test was were in 341 
accordance with a document of American Society for Testing and Materials, ASTM C 342 
67–07a. The dried samples were submerged into clean water for 24 hours at a the 343 
temperature between 15.5 to 30.0 ̊ C, as shown in Figure 3. After 24 hours of immersion, 344 
the samples were taken out and the surface of the samples were wiped to dry. The final 345 
wet weight of the each samples was measured within 5 minutes after the sample has 346 
been being removed from water. The percentage of water absorption is calculated 347 
according to Equation 2. According to the standard, the maximum percentage of water 348 
that can be absorbed by the a specimen is 6%.  349 

𝑊𝑊𝐹𝐹𝑆𝑆𝐹𝐹𝐹𝐹 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐹𝐹𝐴𝐴𝑆𝑆𝐴𝐴𝐴𝐴𝑆𝑆 (%) =  [(𝑊𝑊𝑤𝑤 −𝑊𝑊𝑑𝑑) 𝑊𝑊𝑑𝑑] × 100%⁄  --------(Eq.2) 350 

where,  351 
Ww = wet weight of the specimen after 24 hours of submersion, g 352 
Wd = dry weight of the specimen before submersion, g 353 
 354 

Figure 3: Demonstration of Water Absorption Test.355 
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2.4.3 Porosity  356 

The testing procedure and calculation of porosity were in accordance with 357 
BS:EN 1881–122. The oven-dried weight, buoyance balance and saturated surface dry 358 
weight of the roofing tile specimens were measured accordingly. The porosity of the 359 
specimen is calculated according to Equation 3: 360 

Porosity = [(𝑊𝑊𝐴𝐴 −𝑊𝑊𝑑𝑑) (𝑊𝑊𝐴𝐴 −𝑊𝑊𝐴𝐴)]⁄ × 100 ---------- (Eq.3) 361 
where, 362 

Ws = saturated weight of specimen, g 363 
Wd = dry weight of specimen after oven dried, g 364 
Wb = buoyance balance of specimen, g 365 

 366 

2.4.34  Water Permeability 367 

 The water permeability test was modified and conducted in accordance with 368 
document of American Society for Testing and Materials, ASTM 1167–11. The 369 
experiment was set up as shown in Figure 2 Figure 4. A PVC tube was sealed on the 370 
upper surface of the tested sample specimen with a watertight sealant. Clean water was 371 
added into the tube up to a depth of 51 ± 6 mm measured from the highest point of the 372 
upper surface of the specimen. and it It is observed for a period of 24 hours to check if 373 
there is any water penetrating through the samples specimen. If there is no penetration 374 
of water through the samples specimen, the roofing tiles are is deemed as being 375 
impermeable. 376 

Figure 2 Figure 4: Demonstration of Water Permeability Test 377 

 378 

3.0 Results and discussion 379 

3.1 Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy 380 

The chemical compositions of blended organic binders (BOB) were analysed 381 
for a better understanding of the relationship between the functional groups of the 382 
binders and the mechanical properties of the specimens produced. Figure 35 shows the 383 
comparison spectra of Binder A, Binder B, and Binder C, which are represented by the 384 
red, blue and purple spectrum respectively. Generally, those these spectra possess 385 
similar absorption peaks, while the intensities of the absorption peaks were varied 386 
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according depending on to the composition of glycerine pitch (GP) and used cooking 387 
oil (UCO) in the binder.  388 

Among the spectra, Binder A showed the greatest peak’s intensity at around 389 
2922, 2853, 1739, 1236, and 1160 cm-1, which represented the specific functionalities 390 
of UCO components. Two strong and intense absorption peaks at 2922 and 2853 cm-1 391 
correspond to the asymmetric and symmetrical C–H stretching vibration, which are 392 
contributed by long carbon chains from triglycerides and free fatty acids. The 393 
absorption peak at 1739 cm-1 corresponds to the C=O stretching vibration contributed 394 
by carbonyl and ester compounds (Matwijczuk et al., 2018). Another The peaks at 1241 395 
and 1167 cm-1 correspond to the stretching vibration of –C–O functionals bond attached 396 
to a methylene (–CH2) or a methyl (–CH3) group, which are contributed by the 397 
triglycerides and ester compounds (Rafati et al., 2018; Atabani et al., 2019). These 398 
functional groups are relatively important as they can serve as a preliminary indicator 399 
of the sample strength produced by each binder. In terms of Based on the ATR-FTIR 400 
spectra, Binder A possessed greater amount of carbonyl (C=O) and ester –C–O bonds 401 
than Binders B and C., This indicates that more carbonyl and ester functional groups 402 
are available to participated in the strength development of roofing tile via condensation 403 
polymerization reactions (Teoh, 2018) as well as the glycerolysis reactions. The 404 
chemical reactions involved in the strength development will be further discussed in 405 
section 3.4, which is including the discussion on the effect of each chemical reaction 406 
on the mechanical properties achieved by the samples.  407 

In the ATR-FTIR spectrum of Binder C which is composed of 70% of GP, a 408 
broad absorption peak located at 3357 cm-1 represents the hydroxyl-bonded stretching 409 
vibration (-OH) contributed by the glycerol presented in the glycerine pitch (Hock et 410 
al., 2020). The hydroxyl groups would will not contribute to the strength development 411 
of roofing tiles as this functional group is not involved in the expected chemical 412 
reactions. Alternately, the The presence of high composition of hydroxyl groups would 413 
will lead to higher water absorbability of the sample, as the hydroxyl groups form 414 
hydrogen bonding with water molecules when exposed to moisture, resulting in a 415 
hygroscopic effect (Abdul et al., 2019). In addition Besides, a smaller peak of COO– 416 
was observed at around 1647 cm-1, which is caused by the functionalities of soap 417 
content that exist in the glycerine pitch (Hidawati et al., 2011).  Other representative 418 
peaks of glycerine pitch are C–O stretching vibration located at around 1464 cm-1 and 419 
1112 cm-1, which are contributed by the primary and secondary alcohol components 420 
presented. The absorption peak of C–O–H bending vibration also exists at 1038 cm-1. 421 
From the combined spectra, it can be observed that those absorption peaks mentioned 422 
above show greater intensity in Binder C, as they are mostly contributed by the glycerol 423 
or other components that existed in the glycerine pitch (Hidawati et al., 2011).  424 

 Binder B is composed of 50% of UCO and 50% of GP. In the spectrum, the 425 
absorption peaks of Binder B were found located in at similar regions as Binder A and 426 
Binder C. However, the peaks’ intensity of Binder B is at the medium level. Hence it is 427 
was not further discussed in this section. 428 
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Figure 35: Combined ATR-FTIR spectra of Binder A, B and C 429 

 430 

3.2  Optimization of types of blended organic binder and the percentage of 431 
incorporation 432 

 This section discusses the strength achieved by the specimens produced by 433 
using the blended organic binder, which is a mixture of glycerine pitch (GP) and used 434 
cooking oil (UCO). Figure 46 shows the average flexural strength of triplicate 435 
specimens produced from blended organic binders at three different ratios, hereafter 436 
referred to as Binder A (GP:UCO 30:70), Binder B (GP:UCO 50:50) and Binder C 437 
(GP:UCO 70:30). Generally, when When Binder A was used incorporated in the 438 
manufacturing of roofing tiles process, the flexural strength of the tile samples 439 
specimens increased when the percentage of binder increased from 5 – 11 %. The 440 
maximum flexural strength achieved was 12.605 MPa, which is from the samples 441 
produced using 11% of binder content. For Binder B and Binder C, the plateau of 442 
strength was achieved with 10% of binder content, where the maximum flexural 443 
strength was 4.428 MPa for Binder B and 7.895 MPa for Binder C.  444 

Figure 46: Flexural strength of the specimens produced from blended organic binders 445 
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The percentage of binder contents is important in developing the strength of the 446 
roofing tiles produced. In addition, the surface tension of the binder is also important 447 
to keep the raw mixture in shape during the curing process. Figure 57 shows the SEM 448 
image of the uncured specimen which is produced from fly ash and binder. It can be 449 
observed that all the ash particles were covered with a layer of liquid binder and formed 450 
liquid bridges to connect the ash particles together (Scheel et al., 2008), consequently, 451 
hold the raw mixture in shape. From the experimental experiences, too little of binder 452 
(< 5%) would will make the uncured samples crumble, and the whereas excessive 453 
amount of binder (> 10 or 11 %) will make it ooze, results in the mixture being too 454 
liquefy, soft and hence unable to maintain in its shape during the curing process. The 455 
failure samples are shown in Figures 68 and 79 respectively. Hence, it is important to 456 
control the binder content at the optimum level, while able to develop the maximum 457 
strength for to the specimens.  458 

From the trends of these binders, it was discovered that the optimum binder 459 
contents of Binders A, B, and C are 11, 10 and 10% respectively. Beyond the peak 460 
percentage, the samples crumbled and led to the formation of pores within the 461 
specimens. The comparison of the pores formed in normal and failure samples is shown 462 
are compared in Figures 810 (a) and (b). Those pores greatly affected the strength 463 
development of the specimens, resulting in a dramatic decrease in their of its strength 464 
(Bu and Tian, 2015). For Binder A, the strength achieved has dropped by 50.2% after 465 
the peak percentage. Similar to Binders B and Binder C, the strength of the specimens 466 
has decreased by 11.7 % and 19.2 % respectively.  467 

Figure 57: SEM image of uncured sample. 468 

Figure 68: Sample produced with binder < 5% crushed easily even handle with care. 469 

Fly Ash  

Binder coated on the 
surface of ash particle 
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Figure 79: Failure sample produced with binder > 12% failed to maintain in shape, 470 
crumbled, and resulted in more pores on its surface.  471 

Figure 810: (a) Normal sample possessed of fewer and smaller pores; (b) failure sample 472 
possessed of more and pores with larger size.  473 

 474 

3.3 Mechanical Properties of the Optimized Specimens 475 

With respect to the results obtained from section 3.2, the optimized specimens 476 
with optimum binder content, which are produced from 11% of Binder A, 10% of 477 
Binder B, and 10% of Binder C were selected for further development and testing. 478 
Table 6 shows the comparison of the key properties of the optimized specimens, which 479 
including include the dry and wet transverse strength, water absorption, and permeable 480 
characteristic. It was revealed found that the dry transverse strength of the optimized 481 
specimens is much higher than the minimum requirements of commercial concrete 482 
roofing tiles (1779 N) in accordance with ASTM C 1492., hence were Hence, they can 483 
be categorized under high-profile roofing tiles in terms of their strength.   484 

 Table 6 also shows the water absorption results of for the optimized specimens. 485 
Generally, the percentage of water absorption of these specimens was between 6.69 to 486 
10.81 %, which exceeds the limitation of 6% according to the ASTM C 1167 – 03. 487 
Among the ingredients used, fly ash and glycerol were are responsible for the high-488 
water absorbability of the specimens. The hygroscopicity of fly ash enhances the water 489 
holding capacity of fly ash (Sarkar et al., 2007). In addition Moreover, the presence of 490 
three hydroxyl groups in the chemical structure of glycerol, which readily forms 491 
hydrogen bonds and make it hydrophilic towards water molecules (Basiak et al., 2018). 492 
As the composition of fly ash in the samples was fixed, it was predicted that the water 493 
absorption of the specimens would continuously increase when the composition of 494 
glycerine pitch increased. This explains the situation in which the water absorption of 495 
the samples increased gradually when the mixing ratio of glycerine pitch in the blended 496 
organic binder increased from 30 to 70%. Binder A specimen with 30% of glycerine 497 

(a) Normal sample (b) Failure sample  

10cm 
~11cm 

Normal Sample Failure Sample 
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pitch showed the lowest absorbability compared to Binder B and Binder C specimens, 498 
which composed are of 50 and 70% of glycerine pitch respectively in their binder 499 
contents.  500 

Table 6: Mechanical properties achieved by specimens produced from different binder 501 

 502 

By thoroughly mixing the ingredients, it was expected that the blended organic 503 
binder would be well distributed among the grains of sand and ash particles, as well as 504 
in filling the interior and exterior pores of the specimens. During the heat curing process, 505 
the glycerol (from GP) and free fatty acids (from UCO) would react via glycerolysis 506 
reactions (Rezende et al., 2019), and solidified gradually. The binder would solidify 507 
will rigidified at the end of the curing process, hold the raw mixture together and form 508 
a proper binding matrix, as shown in Figure 911.  509 

Figure 911: SEM image of cured sample.  510 

However, the unreacted glycerol, or the free hydroxyl groups from mono- and 511 
diglycerides, still exhibits the hydrophilic effect towards the water molecules. This 512 
might explain for the higher water absorption of the specimens with a greater 513 
composition of glycerine pitch. In addition, the strength of these specimens reduced 514 
drastically after 24 hours of immersion in water. This weak wet transverse strength is 515 
definitely caused by the penetration of water molecules into the body of the specimens. 516 
Theoretically, unreacted hydrophilic glycerol tends to fully or partially dissolute by the 517 
water molecules (Vu et al., 2017). The presence of H+ and OH- ions from the water 518 
molecules pave a way to neutralise the polarised glycerol. Neutralized glycerol 519 
molecules thus will would thus be dissolved and leached into the water, leaving a 520 

Properties Binder A Binder B Binder C Standard value 
Binder content (%) 11 10 10 - 
Flexural strength 
(MPa) 

12.605 4.428 7.895 NA 

Dry transverse 
strength (N) 

7885.9 ± 135.7 2770.1 ± 38.9 4939.2 ± 29.2 > 1779 N: High-profile 
> 1334 N: Low-profile 

Water absorption 
(%) 

6.69 7.46 10.81 < 6 %: Grade 1 
< 11 %: grade 2 
< 13 %: Grade 3 

Wet transverse 
strength (N) 

1428.9 ± 89.5 853.2 ± 55.0 911.3 ± 101.3 > 1334 N: High-profile 
> 1001 N: Low-profile 

Permeability Pass Pass  Pass Impermeable to water 

Fly ash  
Cured binder 
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significant number of pores within the specimens., This is supported by the porosity 521 
test results as shown in Table 7, where the porosity of roofing tile specimens has 522 
increased significantly after the water absorption test. The increase in the porosity 523 
which subsequently weakens the binding matrix of the specimen. 524 

Table 7: Porosity test of specimens produced from different binder 525 

 526 

3.4 Proposed chemical reactions between GP and UCO upon thermal treatment 527 

In this study, two different types of waste materials were used as the alternative 528 
binder. Under the elevated temperature, the waste binders with different components 529 
and functional groups would will undergo specific reactions that and lead to the 530 
hardening process.  Owing to the chemical composition of those binders, three chemical 531 
reactions as follow may happen and help were proposed to be contributed to the strength 532 
development of Eco-Roofing tile to gain strength during the curing process, which are:  533 

• Polarization of glycerol: Glycerol dehydrate to be polarized.  534 
• Glycerolysis reaction: Reaction between glycerol and free fatty acids (FFAs) 535 

from used cooking oil (UCO). 536 
• Esterification reaction: Reaction between UCO components, which are FFAs 537 

and glycol. 538 

When pure glycerol was heated at high temperature, it is well known that the 539 
glycerol would will be fully vanished and leave no residues. However, in glycerine 540 
pitch (GP), the interface between the glycerol and the free fatty acid (FFA) resulted in 541 
a sticky component with very high viscosity. The interfacial with the oil components 542 
prevents glycerol from being evaporated under the elevated temperature. Upon heating 543 
After being heated, the glycerol would will release a water molecule via dehydration 544 
reaction to produce a polarized glycerol (Vu and Forth, 2014). Polarized glycerol would 545 
form was able to create better bonding with other components in the binder, 546 
subsequently enhanced the stickiness of the heated glycerine pitch, and hence produced 547 
a greater bonding force with the aggregate and filler particles.  548 

Besides, it was expected that the free Free fatty acids from UCO would readily 549 
react with the polarised glycerol via esterification/glycerolysis reactions to produce 550 
monoglycerides (reaction 1). In this reaction, the alcohol group (R-OH) from glycerol 551 
will would react with the carboxylic acid group (R-COOH) from free fatty acids (FFAs) 552 
to produce a monoglyceride with an ester group (R-COO-R’) and released a water 553 
molecule. Under the presence present of excessive FFAs, the transesterification process 554 
will would occur. This process involved the reaction between monoglycerides with 555 
FFAs to produce other forms of glycerides, which are diglycerides and triglycerides 556 
(reactions 2 – 6) (Mićić et al., 2018).  These reactions are reversible when water 557 
molecules hydrolyse the mono-, di- and triglyceride (products) and regenerate the 558 
glycerol (reactant) again (Yeom et al., 2018). However, this reversible reaction can be 559 
avoided when the water molecules formed at the end of the reaction are driven off under 560 
high temperature (Anderson et al., 2014). The efficiency of glycerolysis reactions can 561 

Properties Binder A Binder B Binder C 
Porosity (before water absorption test) 8.43 10.23 9.06 
Porosity (after water absorption test) 12.60 18.68 21.70 
Change in porosity (%) 49.47 82.60 139.51 
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be further enhanced when the composition of FFA was around 50 – 60 % to shift the 562 
equilibrium towards the products (García et al., 2019).  563 

Besides the strength development process via the esterification reactions with 564 
glycerol, UCO can also solely contribute to the strength development of the roofing tile. 565 
During the curing process at 190 oC, it was discovered that some white fume and the 566 
strong odour were emitted from certain specimens and became darker in colour at the 567 
end of the curing process. These phenomena indicated the decomposition and oxidation 568 
of UCO (Anderson et al., 2016). The decomposition of UCO would will release more 569 
FFA into the binder, which is a more active reactant for the strength development 570 
process. Another revealed reaction of UCO is the condensation polymerization reaction. 571 
When an excessive amount of UCO is exposed to heat energy, it would trigger the 572 
chemical reaction between the FFA and glycol to produce larger molecular species 573 
(Nadeem et al., 2017). In addition Besides, the cross-linking between the polymers via 574 
glycol compounds, or perhaps with the glycerides are produced seems possible and able 575 
to further enhance the mechanical strength of the roofing tile specimens produced.  576 

It was found that Generally, the specimens produced from Binder A, which 577 
composed of 70% of UCO, possessed the greatest mechanical properties compared to 578 
Binder B and Binder C. In Binder A, the high composition of FFA presence present in 579 
UCO consequently would shifted the equilibrium of glycerolysis reaction (reaction 1 – 580 
6) towards the products, and hence produced a greater number of glycerides compounds. 581 
The number of di- and triglycerides produced will be higher with the excessive amount 582 
of UCO, while the presence of glycerides with a larger molecular size would 583 
significantly increase the viscosity of the corresponding binder. The number of 584 
molecules with larger molecular size continued to grow to such an extent that they 585 
would no longer remain in the liquid state. As a result, several solid materials such as 586 
varnish or sludge would be present in the binder. At the end of the thermal treatment, 587 
the blended organic binder (BOB) would be fully converted into solid form, resulting 588 
in the formation of a hard, rigid binder (Teoh, 2018). However, a chemical reaction is 589 
never ideal. It is believed that the The unreacted UCO and GP would continue to 590 
undergo condensation polymerization and dehydration reaction and hence further 591 
enhance the mechanical strength of the specimens produced. Furthermore, the 592 
possibility of crosslinking between the polymers and glycerides produced would also 593 
contribute to strength development. Besides, it is expected that the The rate of 594 
polarization of glycerol is relatively low may be due to the high reaction extent of 595 
glycerolysis and condensation polymerization reactions.  596 

In the case of Binder C, UCO builds up 30% of the total binder content, hence 597 
the composition of FFA is insufficient for the effective glycerolysis reaction (García et 598 
al., 2019). However, components of UCO and GP are still reactive under the elevated 599 
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temperature. The occurrence of condensation polymerization reactions between the 600 
FFA and glycol, as well as the interactions of polarized glycerol with other components 601 
in the matrix, would will still contribute to the strength development of the specimens. 602 
As a result, the strength developed by Binder C reached achieved 7.89 MPa as showed 603 
in Table 6.  604 

Lastly, the Binder B specimens possessed the lowest strength among the three 605 
types of binders, as shown for the results in Table 6. Binder B consists of 50% of UCO 606 
and 50% of GP. Theoretically, the 1:1 stoichiometric molar ratio between glycerol and 607 
FFA is proved has proved to be suitable for high conversion towards monoglycerides 608 
(Tu et al., 2017). Hence, the glycerolysis reactions are the main contributor to develop 609 
the strength of the specimens. Besides, the high conversion rate of glycerolysis 610 
reactions makes the contribution of condensation polymerization and polarization of 611 
GP negligible in the binding process.  612 

By relating the chemical reactions and the strength achieved of these three 613 
binders, strength developed by Binder A via glycerolysis and condensation 614 
polymerization achieved the highest strength, followed by Binder C (strength 615 
development via condensation polymerization and polarized glycerol) and Binder B 616 
(strength development via glycerolysis and polarized glycerol). Hence, it can be 617 
concluded that the condensation reaction which solely involved the UCO components 618 
has contributed to most of the majority of the strength development of the specimens, 619 
far beyond the contribution of glycerolysis reaction and polarization of glycerol. 620 
Comparison between Binder B and Binder C revealed reveals that the strength produced 621 
from 30% of condensation polymerization in Binder C is much greater than 100% of 622 
the glycerolysis that occurred in Binder B. The polarization of glycerol contributed the 623 
least in strength development in the binding matrix. The formation of ionic bonding 624 
between the polarized glycerol with other incorporated components is relatively weak 625 
compared to the strength of the larger molecules formed from other reactions.    626 

 627 

3.3  Alternative solution to enhance the mechanical properties of Eco-Roofing tile 628 

 There are several ways to enhance the water resistivity of the specimens, which 629 
include: (i) incorporation of dodecanedioic acids (DDDA), and application of UCO 630 
coating by (ii) spraying or and (iii) immersion method. The first attempt involves the 631 
incorporation of 1% of DDDA into the BOB prior to the manufacturing process. DDDA 632 
is a dicarboxylic acid, served which serves as an additive to enhance the strength and 633 
water resistivity of the specimens via cross-linking linkage and esterification reaction 634 
with glycerol. The second attempt further enhanced the water resistivity of the modified 635 
specimen by coating it with a protective layer made from UCO. In this the latter process, 636 
the uncoated specimens were pre-cured under 190oC for 4 hours, followed by the 637 
coating process through spraying or immersion method. It is necessary to The specimen 638 
coated with a layer of UCO needed to be heat cured for another 2 hours alternately 639 
before applying the second and third layers of UCO film onto its surface. After the 640 
coating process was completed, the specimens were left to will continue their its heat 641 
curing process, until the total curing duration is equal to 24 hours.  642 

 The high water absorbability of GP is due to the presence of polyol groups in 643 
the glycerol, which can easily form hydrogen bonding with water molecules (Nordin et 644 
al., 2020). Hence, an idea to fully occupy react the hydroxyl groups to reduce their its 645 
affinity towards water molecules was proposed. It was believed that Dodecanedioic 646 
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acid (DDDA) added during the manufacturing process tends to reacts with the glycerol 647 
via the esterification process to produce glycerol ester (Cho et al., 2006)., consequently, 648 
Hence, it decreases the concentration of hydroxyl groups in the blended organic binder. 649 
Besides, as DDDA is a dicarboxylic acid, which it can form a cross-linkage when 650 
reacted with two glycerol units or unsaturated glycerides, thus, enhance the strength 651 
development of developed by the specimens. Result shown in Table 87 shows reveals 652 
that the addition of 1% of dodecanedioic acid DDDA increased the dry transverse 653 
strength of Specimen II by 13.9% compared with respect to the control specimen. The 654 
percentage of water absorbed by Specimen II showed significant improvement after 655 
adding with DDDA, which was reduced to 5.32% and fell within the requirement of 656 
ASTM standard. However, the improvement on the wet transverse strength was still 657 
unsatisfactory, indicating that water molecules penetrating into the specimen have 658 
resulted in the dissolution of glycerol in it and hence weakening the binding matrix of 659 
the specimen. Even though the water affinity of glycerol can be further decreased by 660 
the addition of higher composition amount of DDDA, but this would lead to a negative 661 
impact on the economic aspect of the specimens.   662 

 A more cost-effective and sustainable approach was attempted by utilizing the 663 
UCO as a protective layer of the modified specimen. Prior to the curing process, the 664 
modified specimen was pre-cured to fix its shape and to allow the evaporation of the 665 
volatile components. This process left a significant number of pores on the surface of 666 
the specimens. When the pre-cured specimen was sprayed or immersed in UCO, the 667 
UCO component would fill up the pores and form a hydrophobic layer that which 668 
covers the whole specimen. This process significantly enhanced the lotus effects of the 669 
specimen’s surface. It is supported by the results of water contact analysis as shown in 670 
Figure 10. The coated specimens achieved a water contact angle greater than 90o, which 671 
indicated that the coated layer is hydrophobic in nature. 672 

Specimen with great lotus effects tends The water repellent surface is able to 673 
prevent or retard the penetration of water molecules into the specimen, consequently, 674 
reduce its water absorbability. These This can explains the results as shown in Table 675 
87, in which specimens III and IV possessed a low percentage of water absorption, 676 
ranging from 3.00 – 3.08 %. Besides, the UCO layer has also contributed to the strength 677 
of the specimen via the esterification process. The free fatty acids from UCO would can 678 
also react with the glycerol present in the original specimen through glycerolysis (Mićić 679 
et al., 2018; Rezende et al., 2019). Hence, it is believed that those the reactions can 680 
further enhance the interconnection between the binder and other materials within the 681 
roofing tiles. Figure 1112 shows the proposed coating process of the specimen by the 682 
immersion method.  Even though this process may just enhance the binding developed 683 
at the outer layer of roofing tiles, the strength achieved by the roofing tiles was has 684 
increased to a significant extent. A comparison made between the modified specimens 685 
revealed that the dry transverse strength achieved by Specimen III was increased by 686 
5.4 %, while a much significant increment was found on in Specimen IV, where its 687 
strength was enhanced by 66.5 % to achieve 5252.05 N. In addition, the wet transverse 688 
strength achieved by Specimens III and IV are were 1695.36 and 2696.83 N 689 
respectively, far exceeded the minimum requirement of 1001 N as per ASTM standard. 690 
However, it was noticed that after 24 hours of immersion in water, the strength of 691 
Specimens III and IV has lost by 48.6 – 49.0 %. Hence, it can be concluded that even 692 
if they possessed a lower percentage of water absorption, prolong water immersion has 693 
shown a significant impact on to the binding of the specimens.  694 
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Figure 10: Water contact angle of (a) control sample; (b) UCO coated sample via 695 
spraying method; (c) UCO coated sample via immersion method. 696 

 697 

Figure 1112: Coating process of the roofing tiles by the immersion method  698 

 699 

During the immersion of 
roofing tile into the UCO, the 
UCO molecules penetrated 
the body of specimen. 

3 seconds immersion in UCO 

The UCO molecules will 
stay at the area below the 
surface of specimen. 

Heat curing process at 190oC 

The hardened UCO molecules 
located at the outer layers of 
specimen will contribute more 
strength to the roofing tile. 

θ = 35.535o 

θ = 92.897o 

θ = 130.508o 

(a) 

(b) 

(c) 
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Table 87: Mechanical properties of specimens produced under different conditions 700 

 701 

3.4 Number of coated layers towards the mechanical properties of roofing tiles 702 

 The effect of multiple coated layers on towards the mechanical properties of 703 
roofing tiles was investigated in this study. The coating layers were applied through the 704 
immersion method. As shown in Table 98, the UCO coating layer is effective in 705 
decreasing the percentage of water absorbed by the specimens. By coating the roofing 706 
tiles with a single layer of UCO, the water absorption of the sample has decreased by 707 
54.7% compared to the uncoated samples. When the second and third layers of UCO 708 
was were applied, the water absorbed by the samples were further reduced to 2.42 % 709 
and 1.91 % respectively. After applying the first coating, the The first UCO protective 710 
layer should have covered most of the pores on the surface of roofing tiles. However, 711 
it was suspected that some part of the tile surface was exposed after the volatile 712 
compounds from the UCO has been evaporated during the heating process. Hence, 713 
further application of the second and third layers of UCO would help to cover up the 714 
new pores and thus improved the water resistivity of the tiles.  715 

 However, it was also found that the average strength of roofing tiles decreases 716 
drastically with the increase of the coating layer. Table 98 reveals that the dry transverse 717 
strength achieved by sample VI with a single coating layer was 4686.99 N, which was 718 
relatively higher than samples VII and VIII coated with two and three UCO layers 719 
respectively. This can be explained that as along with the increase of the number of 720 
coating layers, more heat energy is was needed for the polymerization process of the 721 
UCO layer. In addition, it was suspected that the coating layer has also restricted and 722 
slowed down the transmitting of heat energy into the core / the centre part of the roofing 723 
tiles. Such results indicated that the roofing tile requires a longer heating duration to 724 
cure the samples completely. Since It can be concluded that 24 hours is insufficient to 725 
completely cure and increase the strength of the samples with multiple coating layers., 726 
It it is suggested that a single UCO layer is sufficient. This is because other than being 727 
able to decrease the percentage of water absorption of the samples below its minimum 728 
requirement, it is also, while it was able to develop higher strength tiles with the highest 729 
strength obtained.  730 

Table 98: Mechanical properties of specimens with different coating layers 731 

No. Number of 
Layer 

Transverse Strength (N) Water Absorption (%) 
Dry Wet 

V 0 2770.08 ± 176 853.25 ± 55 7.46 ± 0.55 

VI 1 5252.05 ± 93 2696.83 ± 113 3.00 ± 0.91 

VII 2 3528.60 ± 192 1396.85 ± 313 2.42 ± 1.29 

No. Samples Coating method Average transverse strength (N) Percentage of water 
absorption (%) Dry Wet 

I Control specimens NA 2770.08 ± 176 853.25 ± 55 7.46 ± 0.55 
II Catalysed specimens NA 3154.86 ± 525 925.72 ± 100 5.32 ± 0.9 
III Oil-coated catalysed 

specimens (A) 
Spraying 3324.98 ± 263 1695.36 ± 82 3.08 ± 1.15 

IV Oil-coated catalysed 
specimens (B) 

Immersed 5252.05 ± 93 2696.83 ± 113 3.00 ± 0.91 



23 
 

VIII 3 2920.55 ± 275 1304.18 ± 100 1.91 ± 1.03 

 732 

3.5  Feasibility of glycerine pitch being used as sole binder in the production of 733 
roofing tiles.  734 

 The feasibility of glycerine pitch (GP) as the sole binder in the production of 735 
roofing tiles was investigated in this section. GP possessed a significant amount of dust, 736 
which limited its application in other industries. Besides, the disposal of these materials 737 
requires large space for landfill whilst the rainwater may bring out certain harmful, 738 
soluble components and contaminate the groundwater or water strain. Hence, 739 
increasing the usage of GP in the production of roofing tiles seems like is an good 740 
alternative solution for the waste management of glycerine pitch.  741 

 Due to the high viscosity of GP, it was diluted with 10% of distilled water to 742 
enhance its mixability with other ingredients. Table 109 shows the strength of the 743 
specimens produced by utilizing 9 – 12 % of GP as a sole binder. In this investigation, 744 
the maximum usage of GP is limited to 12 %, as a higher percentage of binder would 745 
will lead to the crumble of sample during the curing process, and increasing in pore size 746 
and number, similar to as the condition encountered in Figures 79 and 810. Among 747 
these GP-made roofing tiles (GP-RT), the highest strength was achieved when 12 % of 748 
GP was utilized, which were 2166.14 N or equivalent to 4.46 MPa. This value had 749 
fulfilled the minimum requirement of 1779 N as per ASTM standards. 750 

Table 109: Average strength achieved by GP-RT 751 

* DTS = dry transverse strength 752 
 753 
However, the hygroscopic behaviour of GP has led to a high percentage of water 754 

absorption of the specimens, which was 20.13%. This problem can be overcome by 755 
coating the specimen with a single layer of UCO film via the immersion method. The 756 
mechanical properties of the uncoated and coated GP-RT are shown in Table 1110. 757 
Generally, the performance of the coated GP-RT is satisfying, as it showed a huge 758 
enhancement in terms of the mechanical strength and resistivity towards the water 759 
absorption. Compared to uncoated specimens, the strength of coated GP-made sample 760 
increased by 35% and achieved 2924.46 N, while the percentage of water absorption 761 
was reduced by 76.9%, from 20.13 to 4.64%. Besides, the wet transverse strength of 762 
specimens is 1778.51 N. Conclusively, the performance of coated GP-RT had fulfilled 763 
all the basic requirements to be qualified as a standard roofing tile (as per ASTM 764 
standards). Hence, glycerine pitch has showed to have high feasibility to be used as a 765 
sole binder in the production of roofing tiles, as well as other building materials. 766 
However, the hydrophilic nature of glycerine pitch still poses a great challenge for it to 767 
be used as a raw material for products that need to fulfill higher property requirements.  768 

 769 

No. Percentage of binder Average DTS (N) Average Flexural 
Strength (MPa) 

IX  9% 801.41 1.73 
X 10% 1459.23 3.16 
XI 11% 1842.27 3.98 
XII 12% 2166.14 4.46 
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Table 1110: Mechanical properties of coated and uncoated GP-RT 770 

* DTS = dry transverse strength 771 
* WTS = wet transverse strength 772 
* FS = flexural strength  773 
 774 
 Comparing to the overall performance of the specimens produced in this study, 775 
GP-RT which was produced by using GP as the sole binder possessed the lowest 776 
strength compared to those specimens produced by using a blended organic binder. This 777 
is because most of the majority of the strength of GP-made roofing tile is provided by 778 
glycerol, where the polarization of glycerol forms weaker bonding with the grains of 779 
sand and ash particles. When UCO was incorporated as a protective layer, the UCO 780 
components which diffused into the outer layer of GP-RT would undergo glycerolysis, 781 
which occurs between FFAs (from UCO) and glycerol (from GP). In addition Besides, 782 
condensation polymerization that occurs between the components of UCO can also 783 
significantly improve the strength of the specimens. 784 

 785 

3.6 Environmental Assessment of Eco-Roofing tiles 786 

 The environmental assessment of Eco-Roofing tiles (BOB-RT and GP-RT) in 787 
terms of their embodied carbon was analysed and shown in Figure 1213. The estimated 788 
carbon emissions of the Eco-Roofing tiles through the cradle to gate (materials 789 
extraction and manufacturing), cradle to site (distribution of products), and cradle to 790 
grave (end of life management) were determined. According to the result, the embodied 791 
carbon of BOB-RT was 131.38 kg.CO2/tonne, while the embodied carbon of GP-RT 792 
was reported as 128.90 kg.CO2/tonne, indicating a reduction of 1.89% in carbon 793 
emissions compared to BOB-RT. The slight differences between the embodied carbon 794 
of BOB-RT and GP-RT are is caused by the different emission factors of GP and UCO. 795 
In this study, the raw materials used in the production of Eco-Roofing tiles, such as 796 
glycerine pitch, fly ash, and fine sand possessed zero carbon emissions (O’Brien et al., 797 
2009; Ma et al., 2016), while the carbon emission factor of UCO is as low as 0.004 798 
kgCO2/kg (Nadeem et al., 2017). However, they still contribute to the carbon emissions 799 
in transportation during the collection of materials, as well as the distribution of 800 
products and end-of-life management. Besides, the energy consumption during the 801 
production of Eco-Roofing tiles also contributes to carbon emissions. As a result, the 802 
carbon emissions of BOB-RT from the raw materials, manufacturing process, and 803 
transportation are 0.19, 20.87, and 78.94% respectively, and 0.05, 20.91 and 79.04 % 804 
for GP-RT. The percentages distribution of carbon emissions from different sectors is 805 
are shown in Figure 1314. 806 

The results indicate that both types of Eco-Roofing tiles possessed much lower 807 
embodied carbon compared to conventional roofing materials, this is because the 808 
conventional raw materials, such as cement and clay or ceramic which possessed a 809 

Name Average Strength (Dry Condition) Percentage of 
Water Absorption 

(%) 

Average Strength (Wet Condition) 
DTS (N) FS (MPa) WTS (N) FS (MPa) 

Uncoated 
GP-RT 

2166.14 4.46 20.13 384.14 0.96 

Coated 
GP-RT  

2924.46 6.32 4.64 1778.51 3.84 
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higher carbon factor, were fully replaced by several waste materials (Hammond and 810 
Jones, 2011). This is in line with the several findings from previous researches, where 811 
the reduction in carbon emission was reported after the replacement of Portland cement 812 
with marble dust (Sevket, 2020), or supplementary cementitious materials (Ruan and 813 
Unluer, 2017). It is also revealed that the embodied carbon of building materials 814 
decreases with the increase of waste content in the manufacturing process. Hence, the 815 
complete replacement of cement in this project is considered more environmentally 816 
friendly as it significantly decreases the embodied carbon of a building materials. In 817 
Figure 1213, a comparison study was made in terms of the carbon emissions of the Eco-818 
Roofing tiles with the conventional roofing tiles. As reported in the PAS 2050 819 
Assessment of Concrete and Clay Roof Tiles Summary Report, the embodied carbon 820 
of concrete and clay tile is ranging from 206 – 224 kg.CO2/tonne and 265 – 460 821 
kg.CO2/tonne (Ove, 2009). Hence, it is obvious that the Eco-Roofing tiles produced in 822 
this study can reduce the carbon emission by 37.4 – 42.5% with respect to the concrete 823 
roofing tiles, and 51.6 – 72.0% compared to the clay roofing tiles. Therefore, it can 824 
conclude that the utilization of blended organic binder or glycerine pitch as the 825 
alternative binder in the production of roofing tiles is a more environmentally friendly 826 
approach, which is able to effectively reduce the emission of carbon dioxide from the 827 
construction sector.  828 

Figure 1213: Carbon emission of Eco-Roofing tiles, cement tile, and clay tile 829 

Figure 1314: Percentage of carbon emission from the life cycle of Eco-Roofing tiles 830 

In addition, the embodied energy of the Eco-Roofing tiles was taken as the total 831 
primary energy consumed over its manufacturing process. Among the Eco-Roofing 832 
tiles, it was discovered that the embodied energy of the GP-RT is in the lower site with 833 
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respect to BOB-RT. As shown in Figure 1415, it was estimated that 201 and 102 MJ of 834 
energy were consumed while producing a tonne of BOB-RT and GP-RT respectively. 835 
The higher energy consumption of BOB-RT is due to the usage of UCO as one of the 836 
ingredients of alternative binder, which possessed embodied energy of 2.0 MJ/kg 837 
(Reijnders and Huijbregts, 2008). The findings from previous research discovered that 838 
the embodied energy of concrete and clay roofing tiles is ranging from 1594 – 1650 839 
MJ/tonne and 4590 – 6500 MJ/tonne respectively, which is much higher compared to 840 
the Eco-Roofing tiles produced in this study. This is because the traditional roofing tiles 841 
are mainly produced from cement and clay which possessed of embodied energy as 842 
high as 4.6 ± 2 MJ/kg and 3.0 MJ/kg (Hammond and Jones, 2008), consequently, 843 
increase the embodied energy of the building materials produced. By comparing the 844 
data, it was found that the embodied energy of the Eco-Roofing tiles is 87.4 – 87.8 % 845 
and 95.6 – 96.9 lesser than concrete and clay roofing tiles, effectively reduce the energy 846 
consumed during the manufacturing process. The replacement of traditional high 847 
energy-consuming binders, such as kiln firing in clay and cement production in concrete 848 
roofing tiles successfully reduces the energy consumption to a significant extent. Hence, 849 
the binder from waste, such as used cooking oil and glycerine pitch with lower 850 
embodied energy could be classified as an environmentally friendly binder.  851 

Figure 1415: Energy consumption of Eco-Roofing tiles, cement tile, and clay tile 852 

 853 

4.0 Conclusion 854 

 In this study, the feasibility of blended organic binder (mixture of glycerine 855 
pitch and used cooking oil) to produce environmentally friendly roofing tiles has been 856 
studied. Besides, the possibility of glycerine pitch as the sole binder is has also being 857 
been investigated. The optimized specimen produced from both binders possessed 858 
significant strength, low water absorbability, and impermeable to water, fulfilling 859 
fulfilled the requirements as a high-profile tile according to ASTM standards. The water 860 
absorption of the specimens can be further reduced by the addition of dodecanedioic 861 
acid and the UCO coating process. This practice, which incorporated various waste 862 
materials in the production of roofing tiles, which can reduce the excessive waste 863 
disposal issues, decreases the consumption of virgin materials, whilst culminating in 864 
benefits towards the economic value lower cost, cleaner production, and sustainable 865 
development. 866 
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The predominant chemical reactions which lead to the hardening of Eco-867 
Roofing tiles are glycerolysis and esterification reactions for blended organic binder 868 
(BOB), and polarization of glycerol through dehydration process for glycerine pitch 869 
(GP). These reactions occurred under elevated temperatures and lead to the 870 
rigidification and hardening of roofing tiles. The binding mechanism is believed to be 871 
known as an encapsulation process, where the polymerized components from binder 872 
covered on the sand and ash particles, consequently formed an interparticle bonding 873 
during the curing process. The packing and filling effects of fine sand and fly ash further 874 
improved the strength of the specimens. 875 

In terms of the environmental aspects, both BOB-RT and GP-RT possessed of 876 
relatively lower embodied carbon, which shows a reduction of 37.4 – 42.5% and 51.6 877 
– 72.0% compared to concrete and clay roofing tiles respectively. Incorporation of 878 
waste binder in Eco-Roofing tiles shows an effective reduction in terms of the embodied 879 
energy as well too. The embodied energy of Eco-Roofing tiles is 87.4 – 87.8 % and 880 
95.6 – 96.9 lesser than concrete and clay roofing tiles, respectively. In conclusion, the 881 
Eco-Roofing tiles have shown comparable mechanical properties with the conventional 882 
roofing materials; whilst recycling and implementation of waste materials in the 883 
manufacturing process culminates in sustainable development and paves an alternative 884 
way for their sustainable application in the future world. 885 
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