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Abstract 
 

Black acid oil is a liquid waste from the production of coconut oil. Here we used this waste to synthesize biodiesel by two-
step reaction: esterification and transesterification. Charcoal ash was calcined to obtain a CaO-based catalyst. The black acid 
oil was heated to evaporate and esterified to reduce the amount of Free Fatty Acid (FFA) to less than 2% before 
transesterification. The results showed that calcium oxide (CaO) from charcoal ash incineration increased with increasing 
temperature and calcination time at 1000 oC and 240 min, the maximum calcium oxide content was 85%. FFA in black acid oil 
decreased from 82% to 1.8% from esterification using a 18:1 v/v methanol:oil ratio, catalyst concentration as 5% w/w, 60 oC 
and 180 min. Transesterification at a 12:1 v/v methanol:oil ratio, catalyst concentration as 3% w/w, 60 oC and 60 min gave the 
highest yield of biodiesel equal to 81%. Properties of the biodiesel obtained from black acid oil in the transesterification lay 
within the specified standards, except for the viscosity value, which is higher than the standard value. 
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1. Introduction 

At present, energy consumption is continuously increasing in 

line with economic growth rate thus the energy demand 

increases. Especially fuel energy, in the form of refined oil, is 

in high demand, and is an important proportion in the 

transportation and industrial sectors of every country. Much of 

the oil comes from depleted fossil fuels with declining 

reserves and is likely to run out in the near future.[1,2] Therefore 

government agencies are pushing the search for new energy 

sources to replace existing ones. Biodiesel therefore plays an 

important role, because it has similar properties to petroleum 

and can be used in diesel engines without modification.[3-8] 

Biodegradable low emissions to the environment in the form 

of carbon dioxide or sulfur provide complete combustion. The 

exhaust gas has better quality than that from combustion of 

diesel fuel, and is therefore environmentally friendly.  

The raw materials for biodiesel production are vegetable 

oils, animal fats and short chain alcohols. The oils most used 

for biodiesel production are derived from rapeseed,[9] 

soybean,[10] palm,[11] jatropha,[12] and sunflower,[13] although 

other oils are also used, including waste cooking oil,[14,15] and 

also animal fats.[16-19] Transesterification uses an alcohol (e.g. 

methanol, ethanol) to chemically break the molecule of the 

renewable feedstock into methyl or ethyl esters (biodiesel) 

with glycerol as the only by-product.[20] The transesterification 

reaction is represented by the general overall reaction shown 

in Fig. 1. 

Biodiesel is an alternative energy source synthesized by 

transesterification of vegetable oils or animal fats, containing 

triglyceride organic compounds, using acids or bases as 

catalysts to convert oil molecules into alkyl esters.[21] Catalysts, 

reviewed by researchers,[22-24] include homogeneous catalysts 

such as sodium hydroxide,[25] potassium hydroxide,[26] sulfuric 

acid,[27] and hydrochloric acid etc.[28] Heterogeneous catalysts, 

for example various single metal oxides (MgO, CaO, SnO2, 

ZnO, CeO2, ZrO2 (mixed metal oxides, zeolites, Al–Mg 

hydrotalcites, have also been used.[29] 

The homogeneous catalyst, NaOH, is commonly used due 

to its rapid solubility in methanol, so the reaction is faster than 

with acids.[30] For this reason, water is required to flush the 

product, which wastes energy to separate the catalyst from the 

product. Further large quantities of contaminated washing  
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Fig. 1 The overall transesterification reaction of triglyceride. Reproduced with the permission from [20], Copyright 2016 Elsevier 

Ltd. 

 

water affect the environment and waste energy in the needed 

wastewater treatment.[31,32] Easy to restore and reuse, CaO is a 

natural solid base catalyst, easily extracted from waste, such 

as eggshells, containing CaCO3, which is readily converted to 

CaO through high-temperature calcination. Thus, CaO is an 

inexpensive, environmentally safe, non-corrosive, eco-

friendly, substance, which is very active, under mild 

conditions and can be regenerated.[33-36]  CaCO3 in eggshells, 

when calcined at sufficiently high temperatures (700 – 1,000 

C) converts to CaO.[37] Natural CaO can be used as a 

substitute for commercial catalysts for biodiesel production 

and in addition to being useful as a catalyst, its production 

from waste increases the value of the waste as well. However, 

CaO has some limitations, particularly easy gelation in 

methanol and a low specific surface or active site area, 

resulting in a decrease in catalytic efficiency.[38,39] 

 

2. Experimental section 

Black Acid Oil (BAO) was obtained Saengsook Industry 

Company and was filtered to remove impurities. All chemicals 

used in the experiments such as methanol of 99% purity and 

sulfuric acid (95%) were of analytical reagent grade. 

 

2.1 Preparation of calcium oxide from charcoal ash by 

calcination 

The biomass was burned in the atmosphere to form ash at the 

bottom of the stove; the ash sieved through a 40 mesh sieve 

into a crucible and closed tightly; then calcined in a muffle 

furnace model Carbolite RHF1600, Germany at 700, 900 and 

000,1  C for 120 min and at 1000 C for 240 min. The ash was 

stored in a zip-lock bag to prevent moisture adsorption and 

stored in a desiccator with silica gel. 

 

2.2 Black acid oil preparation 

The raw black acid oil was first filtered through a white cloth 

folded in five  layers to remove impuritie. It was then boiled to 

expel water (boil, 60 min). After that, the oil was cooled and 

vacuum filtered through 110 mm filter paper and the oil 

properties were checked. 

 

2.3 Acid-catalyzed esterification process 

The objective of the first step is to reduce free fatty acid of the 

black acid oil to about 2%. The black acid oil (300 g) was 

poured into the reactor. The reaction mixtures consist of black 

acid oil, 99% methanol and 95%  sulfuric acid. Sulfuric acid 

catalyst was added in 0.5%, 0.75% and 1.5% concentrations 

(w/w) of the mass of oil in methanol and then added to the 

reactor. The methanol and oil mixtures in 6:1, 18:1 and 21:1 

v/v ratios were added to reactor. The reaction temperature was 

30 oC and time was 120 min. After completion of the reaction, 

the mixture was allowed to settle for 24 h. Then, gumming, 

methanol and water fraction at the bottom layer was removed. 

FFA of the product was determined by titration. The condition 

produced the least free fatty acid was selected and used for the 
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base catalyzed trans-esterification reaction. 
 

2.4 Base-catalyzed trans-esterification process 

In the second step, optimal CaO concentrations were 

investigated. Firstly, the oil from the first step was poured into 

the reactor. CaO powder, at 1.0% to 7.0% (w/w) as a catalyst, 

was added to a 200 g mass of methanol and oil mixture (12:1 

v/v) and poured in the reactor, which was heated to 60 C, 

slightly less than the methanol boiling point – 68 C, 60 min 

reaction time. After completion of the reaction, the mixture 

was allowed to settle for 24 h. The mixing of CaO and 

methanol settles at the bottom of the funnel, where is small 

amount of catalyst, methanol and glycerol are in the upper 

biodiesel layer. The upper layer was collected for further 

purification by washing with hot water. After final washing 

and drying, the yield of biodiesel and its properties were 

determined. 

 

2.5 Investigation of properties of acid black oil 

Free Fatty Acid (FFA) – 25 mL 0.1 N NaOH solution was 

placed in a burette and 50 mL isopropyl alcohol placed in a 

250 mL conical flask to which a few drops of 0.1 N NaOH 

solution was added. 10 g oil was added to the conical flask, 

shaken well and heated to 60 C. Then, the mixture was 

allowed to cool at room temperature and titrated against 0.1 N 

NaOH from the burette using phenolphthalein indicator. The 

volume of NaOH used in the titration to obtain a pink solution 

as Fig. 2a, was recorded and used to calculate the free fatty 

fraction as in Equation (1): 

%FFA =  
VNaOH x 0.1 x 28.2

Woil
                          (1) 

where, V is the volume of NaOH used (mL) and W is the mass 

of oil used (g). 

Density – The mass of oil needed to fill a volumetric flask was 

determined by difference and the density calculated as in 

Equation (2): 

Density =  
Woil

Vflask
                                 (2) 

where, W is the mass of oil (g) and V is the volume of 

Pycnometer (mL).   

Viscosity – Viscosity was measured by timing the flow of a 

fixed volume of oil in a Cannon-Fenske Viscometer TUBE No. 

100/32 (Direct type) and converting to viscosity using the 

calibration constant. The viscometer tube was held in a water-

bath at 40C for at least 20 min. From Fig. 2b, record the time 

and calculate the kinematic viscosity as in Equation (3): 

𝑉 = Ct                                         (3) 

where, V is kinetic viscosity (centistoke, cSt), C is calibration 

factor of the bulb of the viscometer tube used for testing (cSt/s) 

and t is the time (s).  

Flash point – The flash point of a volatile liquid is the lowest 

temperature at which it can vaporize to form an ignitable 

mixture in air. Pensky-Marten's closed cup tester measures the 

lowest temperature at which the application of the test flame 

causes the vapor above the biodiesel sample to ignite. It is used 

to assess the overall flammability hazard of the biodiesel. 

Specifically, the flash point is used in safety regulations to 

define the "flammable" and combustible materials. Higher 

values indicate materials that are less likely to ignite 

accidentally. Flash point experiment is shown in Fig. 2c.  

Heating value – was determined using Bomb calorimeter 

brand GALLENKAMP model ADIAMBATIC using firing 

cotton model CBA-535-B, length 10 cm, crucible type nickel-

chromium type model CBA-450-C and water jacket 

thermometer model THL-630-070N. 

 

3. Results and discussion  

We produced biodiesel from black acid oil by a two-step 

chemical process. The first step esterifies the oil using sulfuric 

acid as a catalyst to reduce the free fatty acid content. After 

that, the oil obtained from the optimal esterification (in the 

conditions giving the least amount of free fatty acid) was then 

passed through transesterification using CaO as a catalyst to 

determine the biodiesel oil yield and its properties. 

 

3.1 Preparation of CaO from charcoal ash by calcination 

When the ash obtained from burning charcoal was examined 

by an X-Ray diffractrometer. Peaks for CaCO3 were found at 

2 angles = 24.1, 29.5, 36.2, 39.4, 43.3, 47.8 and 48.6 with 

sub-peaks at angles 2 = 31.5, 56.7, 57.7, 61.7, 63.2, 64.9, 66.0, 

70.5, 73.2, 76.5, 77.5, 82.0, 84.0 and 85.2. CaO has main peaks 

at 2 = 32.2, 37.5, 54.0, 64.5 and 67.5, see Fig. 3, which are 

the X-ray diffraction positions corresponding to CaO,[40,41] and 

when burning charcoal ash at 700 C for 120 min, the X-ray 

diffraction pattern of calcium oxide was not different from 

unburned charcoal ash with CaO 8% but when calcined at 900-

 
Fig. 2 Apparatus used to determine the properties of sampled oils. 

(a) %FFA (b) Viscosity (c) Flash point
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Fig. 3 XRD pattern of uncalcinated charcoal ash. 

 

1,000 C for 120 min, CaO peaks increased by 61% to 66%, 

when the calcination time was increased to 240 min at 1,000 

C as Fig. 4. The CaO amount increased by 85%, accompanied 

by a corresponding decrease in all CaCO3 peaks. The calcium 

oxide peak at 2 - Theta angle = 38.5 is the highest concentration 

as Fig. 4. CaO catalyst prepared from charcoal ash is shown in 

Fig. 5. 

 

 

3.2 Properties of acid black oil 

The initial properties of the black oil were measured before 

processing – see Table 1.  Viscosity, FFA and densities were 

very high, whereas the calorific value and the flash point were 

in the low range and cannot bring oil into the 

transesterification. The amount of free fatty acids is an 

important factor in biodiesel synthesis, because values greater 

than 2 – 2.5% will cause lower yields, because saponification 

will form soap in the product.[12] Therefore, the esterification 

step is necessary to reduce free fatty acid content first. 

 

Fig. 4 XRD pattern of charcoal ash calcined at 1000 C, 240 min (CaO 85%). 
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Fig. 5 CaO catalyst prepared from charcoal ash. 

Table 1. Physicochemical properties of black acid oil. 

Properties Measured value 

Density (kg/m3) 0 910 . 9 ±0.1 

Viscosity (mm2/s) 37.04±0.02 

Flash point (OC) 213.3±0.1 

Calorific value (MJ/kg) 29,806.03±0.26 

Free Fatty Acid (FFA) 82.2±0.2 

 

3.3 Esterification 

We varied the oil: methanol ratio and catalyst loading to 

determine optimal esterification conditions at 60 C – just less 

than the methanol boiling point, with results shown in Table 2. 

Table 2. Final Free Fatty Acid levels vs Esterification Conditions. 

Parameter 
Condition 

1 2 3 4 5 6 7 

MeOH: oil 

ratio, v/v 
6:1 18:1 21:1 12:1 15:1 18:1 18:1 

H2SO4 

(%w/w) 
0.5 1.5 0.75 5 5 3 5 

Reaction 

time (min) 
120 120 120 180 180 180 180 

Free Fatty 

Acid (FFA) 
25.3 2.5 2.7 2.66 2.0 2.4 1.8 

 

Table 2 shows that free fatty acids could be reduced to < 1.8% 

under the conditions in the highlighted column. The 

triglyceride was hydrolyzed to convert FFAs and alcohols 

according to Equation (4).[42] 

Triglyceride + Water = FFA + low weight molecular alcohols 

(4) 

In Fig. 6,  it can be seen after esterification, the mixture 

separated into two phases: The top layer was lighter and 

represented the biodiesel, whereas the darker lower phase 

represented glycerine. From Fig. 7 shows black acid oil before 

esterification (Fig. 7a) and after esterification (Fig. 7b). 

 

3.4 Transesterification 

Figure 8 shows the oil after transesterification using the CaO 

catalyst. Fig. 8a, separation of the biodiesel (top) and glycerol 

(bottom) layers as by-products of the reaction, and Fig. 8b 

shows the biodiesel washed with water: the water layer 

became turbid with contaminants removed from the biodiesel.  

 
Fig. 6 Separation after esterification. 

 

Fig. 7 Black acid oil before esterification (7a) and after 

esterification (7b). 

 
Fig. 8 Biodiesel from transesterification and washing, a) From 

transesterification, b) After methyl ester washing. 

 

Transesterification conditions were 60 C, 60 min, 12:1 

methanol to oil v/v, 1–7% w/w catalyst, the percentage results 

are shown in Fig. 9. 

Figure 9 shows that using 3% w/w catalyst at 60 C for 60 

min, with methanol to oil at 12:1 v/v  gave the highest methyl 

ester yield of 76%. When the catalyst was increased to 5% and 

7%, the yield of actually decreased. It is believed that 

7a      7b

(a) (b)
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inadequate diffusion of the active species on the catalyst 

surface was caused by the crystallization or agglomeration of 

Ca compounds,[43] resulting in ineffective mixing, due to high 

viscosity leading to significantly lower yield. Thus, higher 

catalyst loading made the catalyst less accessible or less active. 

Makes the precursor more viscous the chance of entering a 

reaction between the reactants is less resulting in reduced 

product content.[44,45] 

Figure 10 illustrates the process of CaO-catalyzed 

transesterification, as described in reference.[46] Initially, 

methanol undergoes proton removal by basic sites, resulting in 

the formation of a methoxide anion. Subsequently, the 

methoxide anion interacts with the carbonyl carbon of the 

triglyceride, leading to the formation of an alkoxy carbonyl 

intermediate. This intermediate then undergoes a 

transformation into a more stable structure known as fatty acid 

methyl ester (FAME) and an anion of diglyceride. The 

methoxide cation attracts the anion of a diglyceride, resulting 

in the formation of a diglyceride. This sequence is repeated 

twice for the carbon chain of fatty acids (R2 and R3). 

 

3.5 Physicochemical properties of biodiesel 

Properties of methyl esters obtained from transesterification, 

including density, viscosity, flash point and calorific value, 

were measured.   

 

Fig. 9 Effect of catalyst content on methyl ester yield, 60 C, 60 

min, 12:1 v/v methanol:oil ratio, and catalyst mass fraction 1-7% 

acceleration. 

 
Fig. 10 Mechanism of CaO-catalyzed transesterification. Reproduced with the permission from [46], Copyright 2010 Elsevier Inc. 

R1, R2, R3 are fatty acid carbon chains and R4 is an alkyl group of the alcohol. 
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If the oil is dense, an engine will emit black smoke and if 

it is too low, engine power will be affected. ASTM D1298 

standard determines that biodiesel should have a density 

between 860–900 kg/m3. From Fig. 11, increasing amount of 

catalyst still led to densities within the ASTM D1298 limits, 

but the best catalyst loading was 1% because it reduced the 

amount of catalyst needed and the density differed by less than 

2%. The optimum conditions were 60 C, time 60 min, and 

methanol to oil ratio 12:1 v/v. 

 
Fig. 11 Methyl ester density vs catalyst loading in the 

transesterification step. 

 

The standard requires the measurement of biodiesel 

density at 15 °C.[47] This measurement is crucial in determining 

the quantity of biodiesel injected into the fuel combustion 

system.[48] The density of biodiesel is affected by the level of 

unsaturation in the fatty acid methyl esters. Generally, 

biodiesel is denser than conventional diesel, but when blends 

with petroleum diesel, the density of the fuel blend 

decreases.[49] Table 3 provides a comparison of the density at 

15 °C for various biodiesel sources, ranging from 889 kg/m3 

for mustard biodiesel to 867 kg/m3, for sesame and coconut 

biodiesel. 

Table 3. Properties of biodiesels from 8 different vegetative oil 

sources.[49-53] 

Biodiesel 

sources 

Density 

(kg/m3) 

Viscosity 

(cSt) 

Flash 

point 

(oC) 

Calorific 

value 

(MJ/kg) 

Soybean 882 4.15 160 39.8 

Coconut 867 3.14 118 38.2 

Mustard 888.9 5.53 169 41.9 

Sunflower 869 4.10 183 40.6 

Palm 880 4.52 175 34.4 

Sesame 867 4.58 180 40.1 

Camelia 885 4.53 150 52.2 

Jatropha 880 4.80 176 40.8 

Viscosity affects the engine combustion, because if it is too 

low or too high the fuel injector will not atomize optimally and 

combustion will produce black smoke in the exhaust: ASTM 

D445 specifies a viscosity in the range of 1.8–4.1 cSt, whereas 

biodiesel requires a viscosity in the range of 3.5–5 cSt. Fig. 12 

shows that our biodiesel had a somewhat higher viscosity than 

the ASTM target for every catalyst loading, but the 1% loading 

led to an insignificantly higher viscosity than the lowest value. 

 
Fig. 12 Methyl ester viscosity vs catalyst content. 

 

Biodiesel exhibits a higher kinematic viscosity value 

compared to petroleum diesel due to its larger molecular 

mass.[50] The presence of high kinematic viscosity can lead to 

inadequate fuel atomization, resulting in inefficient 

combustion and the accumulation of dirt and debris. 

Conversely, low kinematic viscosity promotes the formation 

of small fuel droplets, facilitating fuel transfer for combustion 

and enhancing thermal efficiency.[49] The standard 

measurement for kinematic viscosity is conducted at 40 °C.  

The flash point is the temperature at which the fuel will 

spontaneously ignite. High flash point fuels are safe from 

accidental combustion during use. For storage and 

transportation, ASTM D93 requires diesel fuel to have a flash 

point of at least 52C and may be slightly lower in colder 

countries. For biodiesel fuel, the flash point was required to be 

higher than 120   C. Fig. 31  that all biodiesels produced in this 

study considerably exceeded the ASTM D93 requirement. In 

standard atmospheric conditions, the ignition point of 

biodiesel fuel is the lowest temperature point.[51] The flash 

point value of biodiesel is always higher than that of fossil fuel 

diesel. The flash point value of conventional diesel ranges 

between 55 – 65°C. The reason for the higher flash point 

values of biodiesel is its low volatility. This characteristic 

makes biodiesel safer during transportation and storage.[52] 

Table 3 shows that the flash point values of various biodiesel 

sources range from 118.5°C to 183°C for coconut and rubber 

biodiesel, respectively. 

Density (kg/m3) 

catalyst loading 

865
867

877
878

855

860

865

870

875

880

1% 3% 5% 7%

Viscosity (cSt) 

 Catalyst loading 

6.8 6.8
6.7

7.4

6.2

6.4

6.6

6.8

7.0

7.2

7.4

7.6

1% 3% 5% 7%
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Fig. 13 Methyl ester flash point vs catalyst loading . 

 

Calorific value generally describes the energy produced 

per unit mass of fuel or per unit volume, i.e. the heat that will 

be obtained from the fuel combustion and has a direct effect 

on engine efficiency. If the heat value is high, it will make the 

engine stronger round speed. The heating value of biodiesel 

(39 MJ/kg) is usually lower than that of diesel (48.6 MJ/kg), 

due to the oxygen content. Fig. 14 shows that the calorific 

value of our methyl ester was lower than the target for diesel 

engines, but may be adequate for applications, e.g. burners, 

where the calorific value is less critical. 

 
Fig. 14 Methyl ester calorific value vs catalyst content in 

transesterification. 

 

4. Conclusions 

Optimal conditions for methyl ester production from acid 

black oil in a two-step chemical process, used esterification of 

the oil and methanol with sulfuric acid as a catalyst, followed 

by transesterification catalyzed by CaO. In the esterification 

reaction, increasing the molar ratio of methanol to oil and 

increased sulfuric acid content resulted in free fatty acids 

reduced to the level less than 1.8%. For the transesterification, 

optimal conditions were 60 C, reaction time 180 min, catalyst 

volume 5% w/w, methanol: oil ratio 18:1 v/v. 

The flash point and viscosity of the methyl ester decreased 

with the CaO catalyst loading. Also the calorific value of our 

esters (27–29 MJ/kg) was lower than the target for diesel 

engines (39–42 MJ/kg), but increasing catalyst loading tended 

to result in a higher calorific value. The density was found to 

be in the standard range of 840–900 kg/m3 but tended to 

increase with increasing amount of catalyst compared to diesel 

The flash point, viscosity and density of the methyl esters were 

higher than those of diesel. However, the calorific value was 

lower than that of diesel fuel and lower than the standards, it 

was found that the resulting oil was still below the ASTM 

standard.  
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