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ABSTRACT 

 
In this study, Taguchi method has been applied to optimize performance characteristics (ester yield, specific heat 

capacity and heat transfer coefficient) of transesterified oil using best combination of transesterification process 
parameters. In the events of the optimization analyses, the parameters considered are methanol to oil molar ratio, catalyst 
concentration, reaction temperature and stirring. The average value of two repeated results for the each performance 
characteristics was calculated and considered the final result. Design of experiment adopted was L9 orthogonal array. 
The mean response and signal to noise (S/N) ratio results showed the best combinations of experimental conditions for 
the three optimum responses. Taguchi models equations have been validated through confirmation tests. Among the 
process parameters, methanol-to-oil molar ratio emerges as the most influencing parameter on the ester yield, specific 
heat capacity (SHC) and heat transfer coefficient (HTC) of the transesterified oils. The transesterified oils were 
characterized using thin layer chromatography (TLC) and 13C NMR spectroscopy. Accordingly, the results obtained are 
indicative enough to recommend transesterified oils produced with optimum SHC and HTC as a viable alternative to 
mineral oils in hardening heat treatment of high hardenable steels.  
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1. INTRODUCTION 
 

Water is a naturally available inexpensive quenching medium 

for heat treating of engineering components. However, due to 

its high severity of cooling, using it as a quenching medium is 

restricted to quenching of simple shapes and steels of 

comparatively low hardenability because of the occurrence of 

intolerable distortion, warpage and quenching cracks (Liscic 

et al. 2010). For steels with high hardenability, petroleum oil 

(mineral oil) derived quenchants are used which provide lower 

cooling rates and more uniform cooling that is desired for 

better distortion control and crack prevention (Ester 2013). 

However, apart from the high cost and fire hazards, mineral oil 

quenching has a significant impact on the work environment. 

With increase in awareness and importance attached to the 

environmental issues, the heat treatment industry is currently 

working on the development of more environment friendly 

quenching media (Liscic et al. 2010; Ramesh and Prabhu 

2014).  

The use of animal and vegetable oils (bioquenchants) and their 

blends have been popular recently (Liscic et al. 2010). 

Bioquenchants have many advantages. They are safer for the 

environment because these are available from natural 

materials that are renewable and readily biodegradable 

(Fernandes and Prabhu  2008). Notwithstanding, the thermal 

instability is one of the major limitations of the bioquenchants. 

It is due to the component of triglyceride which consists of 

three fatty acids attached with a glycerol molecule that is 

easily destroyed at high temperature (Korlipara 2011). This 

instability derived by the presence of β- hydrogen of hydroxyl 

group in the glycerol moiety. Therefore, it’s of continuing 

interest to identify a viable solution to this limitation. The 

drawback can be overcome by displacement of glycerol 

molecule with a more stable one such as methyl molecule 

through modification to the chemical structure of the 

bioquenchants. 

The displacement of the glycerol by another alcohol is 

achieved in a process known as transesterification. 

Transesterification is a process whereby vegetable oil/fat is 

chemically reacted with an alcohol in the presence of a catalyst 

(NaOH or KOH) to form glycerol and ester. If methanol is 

used in the process, the ester produced is called fatty acid 

methyl ester (FAME) which is the transesterified oil (TO) 

(Knothe 2001). 

 The experimental parameters of the transesterification 

reaction, such as the molar ratio of methanol to oil, catalyst 

concentration, reaction temperature as well as stirring, largely 

contributes to the  yields of the FAME as well as its quality 

characteristics.  The quality characteristics as per the 

quenching operations are; specific heat capacity and heat 

transfer coefficient. Hence, the present study explores the 

influence of methanol-to-oil molar ratio, catalyst 

concentration, temperature and agitation on the yields, specific 

heat capacity and heat transfer coefficient of the TO. 
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2. MATERIALS AND METHODS 

2.1.    Transesterification Process of the Esterified Oil  

The raw oil was esterified prior to the transesterification 

process according to the method adopted by Eloka-Eboka 

(2015). Similarly, transesterification process during 

optimization was carried out according to the method 

described by Dodo et al. (2019). Heat transfer coefficient 

was determined as well by the steps highlighted by Dodo et 

al. (2019).  Single optimization analysis on the 

transesterification reaction [maximizing the FAME yield, 

heat transfer coefficient (HTC) and specific heat capacity] 

for the cotton and mahogany seed oils were carried out with 

the input process parameters using Taguchi’s signal-to-

noise ratio (S/N ratio). The optimization analyses were 

done according to the criteria the-larger-the-better. The 

Taguchi method with an L9 orthogonal array was 

implemented. Four independent variables varied namely, 

amount of methanol (methanol-to-oil molar ratio), amount 

of catalyst, temperature and stirring. However, stirring was 

kept at 450 rpm during transesterification optimization of 

cotton seed oils. The number of levels was set at; low, 

medium and high. For 100g of oil sample, 3:1, 6:1 and 9:1 

methanol to oil molar ratios were equivalent to 10.9, 21.7 

and 32.6wt% of methanol respectively. Additionally, the 

optimal experimental conditions obtained from the design 

of experiment (DOE) using MINITAB 16 statistical 

software.  

 

2.2. Thin Layer Chromatography (TLC) and 13C 

NMR Spectroscopy 

A TLC plate pre-coated with a 0.2 mm layer of silica gel 

60 was used in determining the composition of the FAMEs. 

An oil sample was drawn up the spotting capillary by 

capillary action and spotted on the plate at the hash mark 

labelled in pencil (origin). The prepared plate was placed in 

the developing beaker covered with the watch glass. The 

developing chamber contains a mixture of hexane, diethyl 

ether and formic acid in an 80:20:2 volumetric ratios. The 

label of the solvent in the chamber was ensured to be at the 

origin of the plate. The plate was allowed to develop until 

the solvent is about a centimetre below the top of the plate. 

Afterwards, the plate was removed and immediately 

marked the solvent front with a pencil. It was then dried. 

Separated spots were visualized using UV (ultraviolent) 

lamp and spraying reagent (85 ml of methanol, 10 ml of 

acetic acid, 5 ml of sulphuric acid and 0.5 ml of p-

anisaldehyde). The observed spot under UV was circled 

with pencil. The other coloured spots were observed after 

the sprayed plate was heated to about 80 oC. Chemical 

composition of the esters present was determined by 

quantifying the spots using ImageJ software by Gel 

analysis. 
13C NMR spectrum was recorded in CDCl3 at 125.77 

MHz, with a 5 mm broad band inverse probe head equipped 

with shielded z-gradient accessories, using Ascend NMR 

spectrometer (model 500). 

Table 1 presented a summary of the methods used in the 

determination of the thermal and physicochemical 

properties of the transesterified oils. 

 

Table 1 Summary of Methods used for testing thermal and physicochemical 

properties of the transesterified oils 

Test Method 

Density @ 25 oC, kg/m3 ASTM D 1217 

Acid number AOCS procedure 5a-40 

Kinematic viscosity @  40 
oC, cSt 

ASTM D 445- 79 

Kinematic viscosity @ 

100 oC, cSt 

ASTM D 445- 79 

Viscosity Index ASTM D2270 

Flash point, oC Cleveland (open) cup method 

Fire point, oC Cleveland (open) cup method 

Smoke Point  oC Cleveland (open) cup method 

Iodine value, g/100g AOAC official method 993.20 

Peroxide Value AOAC official method 993.20 

Specific Heat Capacity (c) First law of thermodynamic used 

Precipitation number ASTM D 91 

Cooling Characteristics ASTM D6200 

 

3. RESULTS AND DISCUSSION 

3.1.   Single Optimization Analysis for 

Transesterification Process 

In the present work, the alcohol opted for the 

transesterification process is methanol because of its low cost 

(Abuhabaya 2012). On the catalyst type, NaOH was chosen. 

According to Eloka-Eboka (2015),  NaOH gave the best per 

cent ester yield compared to KOH. Leung and Guo (2006), in 

their report observed that ester content is slightly affected by 
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reaction time therefore; the reaction time of 1 hour was kept 

constant throughout the optimization processes. In addition, 

temperature and intensity of mixing (stirring) were varied. 

However, 450 rpm was fixed through transesterification of 

cotton seed oil (CSO). 

 
 

Table 2 DOE results for transesterification process of CSO 

Expt. 

No. 

Factors Results for responses 

Methanol

/Oil ratio 

(wt %) 

Catalys

t (wt 

%) 

Tempe

rature 

(oC) 

% 

Ester 

yield 

SHC, c 

(Jkg-

1K-1) 

HTC, h 

(W/m2K) 

1 10.9 0.25 40 83.750 3980.3 145.306 

2 10.9 0.50 50 83.665 4348.9 141.800 

3 10.9 0.75 60 74.265 4882.7 134.451 

4 21.7 0.25 50 90.325 4346.0 149.608 

5 21.7 0.50 60 87.940 4953.2 158.722 

6 21.7 0.75 40 88.115 5056.8 146.351 

7 32.6 0.25 60 90.300 5483.2 157.631 

8 32.6 0.50 40 89.170 5166.9 153.515 

9 32.6 0.75 50 88.100 5378.4 158.506 

 

Table 3 DOE results for transesterification process of mahogany seed oil (MSO) 

Expt. 

No. 

Factors Results for responses 

Methanol/Oil ratio (wt 
%) 

Catalyst (wt 
%) 

Temperature 
(oC) 

Agitation 
(rpm) 

% Ester yield SHC, c (Jkg-1K-

1) 
HTC, h 

(W/m2K) 

1 10.9 0.5 40 300 78.27 3857.65 139.717 

2 10.9 1.0 50 450 78.01 3637.24 134.485 

3 10.9 1.5 60 600 69.32 4082.54 133.729 
4 21.7 0.5 50 600 89.87 3979.41 142.397 

5 21.7 1.0 60 300 86.06 4621.60 152.547 

6 21.7 1.5 40 450 87.86 4848.41 144.691 
7 32.6 0.5 60 450 89.81 4632.75 151.797 

8 32.6 1.0 40 600 88.70 3848.17 147.547 

9 32.6 1.5 50 300 87.09 4436.38 152.091 

 

The results obtained from measurements conducted gave 

room for the evaluation of the influence of amount of 

methanol, amount of catalyst, temperature and agitation on 

the ester yield, heat transfer coefficient and specific heat 

capacity of FAME (Table 2-9).  
 

3.1.1 Effect of Parameters on Ester Yield  

The influence of each control factors was analyzed using 

response tables. The response tables were obtained using 

Taguchi method. The mean of S/N ratio of the per cent ester 

yield were depicted in the response tables (Tables 4-5). The 

ranking gives the order of importance of the control factors. 

 
Table 4 Response Table for Per cent Ester yield for CSO 

Level Methanol Catalyst Temperature 

1 38.11 38.90 38.79 

2 38.97 38.78 38.82 

3 39.01 38.41 38.47 

Delta (Max.-
Min.) 

0.90 0.49 0.35 

Rank 1 2 3 

 

Table 5 Response table for per cent ester yield for MSO 

Level Methanol Catalyst Temperature 

1 37.51 38.67 38.57 

2 38.88 38.50 38.57 

3 38.94 38.16 38.19 

Delta 1.43 0.51 0.38 

Rank 1 2 3 

 

Form the response Tables, it is evident that amount of 

methanol with rank 1 has a strongest effect on the 

transesterification process followed by amount of catalyst 

which ranked second. This is in line with the study conducted 

by Prakash et al. (2006), that amount of methanol heavenly 

influences yields ahead of amount of catalyst. Agitation effect 

for MSO was ranked last. This agreed with the conclusion of 

Rashid and Anwar (2008) who have noted that yield of methyl 

esters at 360 and 600 rpm is the same after 2 hours of reaction. 

In the same vein, in another finding, it was found that once the 

two phases (oils and NaOH-CH3OH solution) are mixed and 

the reaction is started, stirring is no longer needed (Tiwari et 

al. n.d; Gardner 2003). Temperature, on the other hand, ranked 

third for both CSO and MSO. It has little effect on the process. 

This confirmed the report of Mittelbach and Trathnigg (1990) 

who found that rate of transesterification reaction is 

temperature dependent but the per cent conversion is not a 

strong function of temperature, provided that the reaction 
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proceeds for at least ten minutes. The results from the mean 

response tables, therefore, leads to the conclusion that the most 

influencing factor to the per cent ester yield is the amount of 

methanol followed by catalyst, temperature and then agitation. 

These results are in accordance with standards already 

established in other studies (Wu et al. 2011). The mean 

response plots of S/N ratio are indicated in Fig. 1-2. 

 

32.621.710.9

39.00

38.75

38.50

38.25

38.00

0.750.500.25

605040

39.00

38.75

38.50

38.25

38.00

Methanol

Process Parameter Levels

M
e

a
n

 o
f 

S
N

 r
a

ti
o

s

Catalyst

Temperature

Main Effects Plot for SN ratios
Data Means

Signal-to-noise: Larger is better  
Fig. 1 Influence of process parameters on mean S/N ratio of per cent ester 

yield for CSO 
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Fig. 2 Influence of process parameters on mean S/N ratio of per cent ester 

yield for MSO 

The plots permit the evaluation of the effects of process 

parameters on the ester yield. Accordingly, the level of a 

parameter with the highest S/N ratio gives the optimal level. 

The optimal process parameter combination for per cent ester 

yield for CSO was found to be at factor levels 3 (32.6 wt%), 1 

(0.25 wt%) and 2 (50 oC) of amount of methanol, amount of 

catalyst and temperature respectively. On comparison with 

MSO, the optimal process parameter combination for high 

product yield was achieved at parameter levels 3 (32.6 wt%), 

1 (0.5 wt%), 2 (50 oC) and 2 (450 rpm) of amount of methanol, 

amount of catalyst, temperature and agitation respectively. It 

is noteworthy to mention that transesterification reaction is 

reversible; therefore excess amount of methanol is often 

expected to help drive the equilibrium towards the right 

favouring production of more FAME (Fan 2008). The high 

yield achieved at large methanol to oil ratio (9:1) in the present 

study is consistent with the previous researches (Pandey et al. 

2017). 

 

3.1.2 Effect of Parameters on Specific Heat Capacity (SHC) 
Table 6 Response Table for SHC for CSO 

Level Methanol Catalyst Temperature 

1 72.85 73.18 73.45 

2 73.58 73.64 73.38 
3 74.55 74.15 74.15 

Delta 1.71 0.97 0.77 

Rank 1 2 3 

 

 

 

 

Table 7 Response Table for SHC for MSO 

Leve

l 

Methano

l 

Catalys

t 

Temperatur

e 

Agitatio

n 

1 71.72 72.35 72.38 72.65 

2 73.00 72.07 72.05 72.75 

3 72.65 72.96 72.94 71.97 

Delta 1.28 0.88 0.89 0.77 

Rank 1 3 2 4 

 

32.621.710.9

74.5

74.0

73.5

73.0

0.750.500.25

605040

74.5

74.0

73.5

73.0

Methanol

Process Parameter Levels

M
e

a
n

 o
f 

S
N

 r
a

ti
o

s

Catalyst

Temperature

Main Effects Plot for SN ratios
Data Means

Signal-to-noise: Larger is better  
Fig. 3 Influence of process parameters on mean S/N ratio of specific heat 

capacity for CSO 
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Fig. 4 Influence of process parameters on mean S/N ratio of specific heat 

capacity for MSO 

The mean S/N ratio response Tables for specific heat 

capacity for CSO and MSO are presented in Tables 6-7. It 
can be noticed from the Tables that amount of methanol is 
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the most important factor affecting the specific heat 

capacity; the larger value of response is at the third and 

second levels of amount of methanol for CSO and MSO 

respectively. Temperature shows the lowest effect for CSO 

while catalyst and agitation in the case of MSO has much 

less relevant effect among those factors. However, catalyst 

and temperature are next in significance after methanol for 

CSO and MSO respectively. Based on mean S/N response 

graphs displayed in Fig. 3-4, the optimum parameters’ 

levels for specific heat capacity were 32.6 wt% of 

methanol, 0.75 wt% of catalyst and 60 oC of temperature 

and 21.7 wt% of methanol, 1.5 wt% of catalyst, 60 oC of 

temperature and 450 rpm of agitation for CSO and MSO 

respectively. The strong dependence of specific heat 

capacity on amount of methanol could be connected to the 

high production of ester which in turn resulted to a large 

displacement of glycerol molecules (Hamizah and Jumat 

2014). After the removal of glycerol molecules which is 

associated with β-hydrogen atoms, the thermal stability of 

the oils changed which led to a greater improvement in 

specific heat capacities. Hence, the significant contribution 

of amount of methanol on specific heat capacities is quite 

expected and justified.  
 

3.13Effect of Parameters on Heat Transfer Coefficient (HTC) 

The mean S/N ratio for HTC for CSO and MSO are 

represented in Tables 8-9. The order of importance of the 

process parameters is illustrated by the ranking which 

demonstrates that HTC is notably influenced by methanol to 

oil molar ratio, amount of catalyst and temperature and 

methanol to oil ratio, agitation, temperature and amount of 

catalyst in that order for CSO and MSO respectively.  Figures 

5-6 is a plot of the effect of the process parameters on mean 

S/N ratio for HTC.  
Table 8: S/N ratios response Table for HTC of CSO 

Level Methanol Catalyst Temperature 

1 42.95 43.57 43.52 

2 43.61 43.68 43.42 

3 43.89 43.20 43.51 

Delta 0.94 0.48 0.10 

Rank 1 2 3 

Table 9: S/N ratios response Table for HTC of MSO 

Level Methanol Catalyst Temperature Agitation 

1 42.67 43.20 43.16 43.41 
2 43.32 43.21 43.10 43.14 

3 43.55 43.13 43.27 42.99 
Delta 0.88 0.08 0.18 0.41 

Rank 1 4 3 2 
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Fig. 5 Influence of process parameters on mean S/N ratio of HTC for CSO 
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Fig. 6 Influence of process parameters on mean S/N ratio of HTC for MSO 

According to the S/N response graph (Fig. 5), it is evident that 

HTC of CSO first increases sharply, after a point, it then 

gradually increases with increase in methanol to oil ratio. A 

minor rise before a gradual decline in HTC is observed with 

increase in the amount of catalyst. In sharp contrast to 

temperature, as the temperature increases, HTC goes down 

and up mildly. The optimum condition identified was 32.6 

wt% of methanol, 0.5 wt% of catalyst and 40 oC of 

temperature. However, for the MSO, it is worth noting that 

after an abrupt rise from 10.9 to 21.7 wt% of methanol, HTC 

increases progressively. In the case of catalyst, a modest 

increase and decrease in HTC was observed. As the intensity 

of mixing goes up, HTC decline steadily. Nevertheless, a 

slight dip and then a brief rise after 50 oC of temperature are 

noted. Consequently, the optimum input variables for MSO for 

maximum HTC are 32.6 wt% of methanol, 1.0 wt% of 

catalyst, 60 oC of temperature and 300 rpm of agitation. In 

general, high methanol to oil molar ratio leads to high ester 

yield (Rashid et al. 2009) which in turn results to an increased 

HTC. This can be understood by realizing that FAME is 

composed of monoesters which represent a much lower 

molecular weight and consequently is correspondingly more 

volatile than the oil itself which composed of triglyceride 

(triesters) molecules. Therefore, it is anticipated that heat 

transfer in FAME is likely to be more rapid as the FAME 

content increases. This is in line with report of Otero et al. 

(2014). 
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3.14 Confirmation Experiment 

Confirmation of experiment was conducted at optimized level 

of the transesterification parameters for CSO and MSO as 

illustrated in Table 10. The predicted S/N ratio and the mean 

value were calculated using the optimized conditions (Table 

10) and the model equations.  Thus, the predicted mean S/N 

ratios and the mean values,
 
for per cent ester yield, SHC and 

HTC for CSO are estimated with the help of the following 

prediction equations (Equations 1-6); 

 

�̅�𝑐𝑦 =  𝑌𝑐𝑦 + ( 𝑀3
̅̅ ̅̅ − 𝑌𝑐𝑦) + ( 𝐶1

̅̅̅ − 𝑌𝑐𝑦) + ( 𝑇2̅ − 𝑌𝑐𝑦) …   (1) 

�̅�𝑐𝑐 =  𝑌𝑐𝑐 + ( 𝑀3
̅̅ ̅̅ − 𝑌𝑐𝑐) + ( 𝐶3

̅̅ ̅ − 𝑌𝑐𝑐) + ( 𝑇3̅ − 𝑌𝑐𝑐) …    (2) 

�̅�𝑐ℎ =  𝑌𝑐ℎ + ( 𝑀3
̅̅ ̅̅ − 𝑌𝑐𝑦) + ( 𝐶2

̅̅ ̅ − 𝑌𝑐𝑦) +  ( 𝑇1̅ − 𝑌𝑐𝑦) …   (3) 

�̅�𝑐𝑦 =  𝑦𝑐𝑦 + ( 𝑚3̅̅ ̅̅ − 𝑦𝑐𝑦) +  ( 𝑐1̅ − 𝑦𝑐𝑦) + ( 𝑡2̅ − 𝑦𝑐𝑦) …   (4) 

�̅�𝑐𝑐 =  𝑦𝑐𝑐 + ( 𝑚3̅̅ ̅̅ − 𝑦𝑐𝑐) + ( 𝑐3̅ − 𝑦𝑐𝑐) + ( 𝑡3̅ − 𝑦𝑐𝑐) …    (5) 

�̅�𝑐ℎ =  𝑦𝑐ℎ + ( 𝑚3̅̅ ̅̅ − 𝑦𝑐𝑦) + ( 𝑐2̅ − 𝑦𝑐𝑦) + ( 𝑡1̅ − 𝑦𝑐𝑦) …   (6) 

Where: �̅�𝑐𝑦 , �̅�𝑐𝑐, �̅�𝑐ℎ and �̅�𝑐𝑦, �̅�𝑐𝑐, �̅�𝑐ℎ represent the predicted 

S/N ratio and mean value for per cent ester yield, SHC and 

HTC of CSO respectively at optimum condition.   

𝑀3
̅̅ ̅̅  𝐶2

̅̅ ̅, 𝐶1
̅̅ ̅, 𝐶3

̅̅ ̅, 𝑇1̅, 𝑇2̅ 𝑇3̅and 𝑚3̅̅ ̅̅ ,  𝑐1̅, 𝑐2̅, 𝑐3̅, 𝑡1̅, 𝑡2̅ 𝑡3̅ are the 

mean responses of S/N ratio and mean values for factors at 

designated optimum levels respectively. 

𝑌𝑐𝑦 , 𝑌𝑐𝑐 , 𝑌𝑐ℎ and 𝑦𝑐𝑦 , 𝑦𝑐𝑐 , 𝑦𝑐ℎ  indicate the average of the S/N 

ratios and mean values for per cent ester yield, SHC and HTC 

of CSO respectively.   

Similarly, the predicted mean S/N ratios and the mean 

values for MSO are estimated with the help of the following 

prediction model equations (Equations 7-12); 

 

 

�̅�𝑚𝑦 =  𝑌𝑚𝑦 + ( 𝑀3
̅̅ ̅̅ − 𝑌𝑚𝑦) +  ( 𝐶1

̅̅ ̅ − 𝑌𝑚𝑦) +  ( 𝑇2̅ − 𝑌𝑚𝑦) +  ( 𝐴2
̅̅ ̅ − 𝑌𝑚𝑦) … (7) 

�̅�𝑚𝑐 =  𝑌𝑚𝑐 + ( 𝑀2
̅̅ ̅̅ − 𝑌𝑚𝑐) +  ( 𝐶3

̅̅ ̅ − 𝑌𝑚𝑐) +  ( 𝑇3̅ − 𝑌𝑚𝑐) +  ( 𝐴2
̅̅ ̅ − 𝑌𝑚𝑦) …  (8) 

�̅�𝑚ℎ =  𝑌𝑚ℎ + ( 𝑀3
̅̅ ̅̅ − 𝑌𝑚𝑦) +  ( 𝐶2

̅̅ ̅ − 𝑌𝑚𝑦) +  ( 𝑇3̅ − 𝑌𝑚𝑦) +  ( 𝐴1
̅̅ ̅ − 𝑌𝑚𝑦) … (9) 

𝑦𝑚𝑦 =  𝑦𝑚𝑦 + ( 𝑚3̅̅ ̅̅ − 𝑦𝑚𝑦) +  ( 𝑐1̅ − 𝑦𝑚𝑦) +  ( 𝑡2̅ − 𝑦𝑚𝑦) +  ( 𝑎2̅̅ ̅ − 𝑦𝑚𝑦)…(10) 

𝑦𝑚𝑐 =  𝑦𝑚𝑐 + ( 𝑚2̅̅ ̅̅ − 𝑦𝑚𝑐) +  ( 𝑐3̅ − 𝑦𝑚𝑐) +  ( 𝑡3̅ − 𝑦𝑚𝑐) +  ( 𝑎2̅̅ ̅ − 𝑦𝑚𝑦) … (11) 

𝑦𝑚ℎ =  𝑦𝑚ℎ + ( 𝑚3̅̅ ̅̅ − 𝑦𝑚𝑦) +  ( 𝑐2̅ − 𝑦𝑚𝑦) +  ( 𝑡3̅ − 𝑦𝑚𝑦) +  ( 𝑎1̅̅ ̅ − 𝑦𝑚𝑦)… (12) 

 

Where: �̅�𝑚𝑦 , �̅�𝑚𝑐 , �̅�𝑚ℎ and �̅�𝑚𝑦, �̅�𝑚𝑐, �̅�𝑚ℎ represent the 

predicted S/N ratio and mean value for per cent ester yield, 

SHC and HTC of MSO respectively at optimum condition.   

𝑀3
̅̅ ̅̅ , 𝑀2

̅̅ ̅̅ ,  𝐶1
̅̅ ̅, 𝐶2

̅̅ ̅, 𝐶3
̅̅ ̅, 𝑇2̅, 𝑇3̅, 𝐴1

̅̅ ̅, 𝐴2
̅̅ ̅ and 𝑚3̅̅ ̅̅ ,  𝑚2̅̅ ̅̅ , 𝑐1̅, 𝑐2̅, 𝑐3̅ 

𝑡2̅, 𝑡3̅, 𝑎1̅̅ ̅, 𝑎2̅̅ ̅ are the mean responses of S/N ratio and mean 

values for factors at designated optimum levels respectively. 

𝑌𝑚𝑦 , 𝑌𝑚𝑐 , 𝑌𝑚ℎ and 𝑦𝑚𝑦 , 𝑦𝑚𝑐 , 𝑦𝑚ℎ indicate the average of 

the S/N ratios and mean values for per cent ester yield, SHC 

and HTC of MSO respectively. 
 

 

 

 

 

Table 10 Summary of Optimal Parameters for Per cent ester yield, SHC and 

HTC of Transesterification process 

Oil Response  Optimal 

process 

parameters 

Details 

CSO ester 

yield 

M3C1T2 M3= 32 wt%; C1= 0.25 wt%; 

T2=50 oC  

 
SHC M3C3T3 M3= 32 wt%; C3= 0.75 wt%; 

T3=60 oC 

 
HTC M3C2T1 M3= 32 wt%; C2= 0.5 wt%;  

T1=40 oC 

MSO ester 

yield 

M3C1T2A2 M3= 32.6 wt%; C1= 0.5 wt%;  

T2=50 oC; A2= 450 rpm  

 
SHC M3C2T3A1 M2= 21.7 wt%; C3= 1.5 wt%;  

T3=60 oC; A2= 450 rpm 

 
HTC M3C2T3A1 M3= 32.6 wt%; C2= 1.0 wt%;  

T3=60 oC; A1= 300 rpm 

Where MiCiTiAi represent the respective amount (or degree) 

of the methanol, catalyst, temperature and agitation at level i. 

 

Table 11 shows the comparison of the predicted results with 

the experimental observations obtained in an experiment 

conducted using the optimized test parameters. The per cent 

errors observed for the mathematical models are also 

computed using the experimental value as reference and 

recorded

 

Table 11 Comparison of predicted and experimental results for transesterification process parameters for CSO and MSO 

Oil 

 

 

 

 

Response Predicted Experimental Error (%) Improvement 

Mean 
value  

S/N ratio 
(dB) 

Mean  
value  

S/N ratio 
(dB) 

Mean 
value 

error 

S/N 
ratio 

error 

Value % 

CSO  (%) Ester yield  92.3161 39.3368 91.9200 39.2682 0.430 0.17 1.60 1.9 

SHC (Jkg-1K-1) 5867.0800 75.5391 5764.1000  75.2146 1.790 0.43 281 5.8 

HTC (W/m2K) 160.5280 44.1268 160.5300 44.1111 0.001 0.036 1.81 1.2 

MS
O  

(%) Ester yield 93.0700 39.4448 92.5000 39.3228 0.62 0.31 2.63 3.1 

SHC(Jkg-1K-1) 5109.3000 74.2746 5022.0000 74.0175 1.74 0.35 174 4.1 

HTC (W/m2K) 156.4800 43.9011 155.0800 43.8111 0.90 0.21 2.53 1.8 

 

From Table 11, the improvement in the responses is evident 

and it is observed that per cent error achieved  for ester yield 

in CSO and MSO are  0.17 and 0.31 % based on the S/N ratio 

value, whereas that of mean value are 0.43 and 0.62 % 

respectively. Similarly, the per cent errors of 0.43 and 0.35 % 

for the S/N ratio and 1.79 and 1.77 % for the mean values are 
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recorded for the SHC of CSO and MSO respectively. Finally, 

the per cent errors for S/N ratio and mean results of HTC are 

found to be 0.036 and 0.001 % respectively for CSO. The 

respective per cent errors for HTC of 0.21 and 0.9 % were 

obtained for the S/N ratio and mean value in the MSO. As 

seen, model results are in good agreements with the 

experimental ones. Therefore, it can be concluded that model 

Equations (1) - (12) are accurate and reliable for predicting the 

responses in the transesterification of CSO and MSO. The 

highest per cent error of 1.79 % obtained is less than the 

acceptable range of 10 % (Siddhartha et al. 2011). Dizge et al. 

(2009) reported an absolute error of 0.45 % in the per cent ester 

yield of transesterification of sunflower, soybean and waste 

cooking oil. Thus, the validity of the Taguchi model Equations 

(Equations 1-12) has been confirmed for predicting per cent 

ester yield, SHC and HTC via single optimization analysis. It 

is clear from the single optimization analyses of maximizing 

FAME yield, heat transfer coefficient (HTC) and specific heat 

capacity for the transesterification of cotton and mahogany 

seed oils, a compromise is needed when deciding process 

parameters’ setting for TO with improved quenching 

performance. However, thermal and physicochemical 

properties’ tests, TLC and 13C NMR spectroscopy were 

conducted on the TO produced from new sets of parameters. 

The new parameters combination used are 32.6g of methanol 

(9:1 methanol/oil molar ratio), 0.5g of catalyst concentration 

(0.5% by wt), and temperature of 60oC and 32.6g of methanol 

(9:1 methanol/oil molar ratio), 0.5g of catalyst concentration 

(0.5% by wt), temperature of 60oC and 300 rpm for the cotton 

and mahogany seed oils respectively. 

 

 

3.2. TLC and 13C NMR Spectroscopy  
Table 12 Ester and glycerol composition of Transesterified Bioquenchants 

Bioquenchants’ 

Constituents/Bioquenchants 

TC TM 

Fatty Acid Methyl Ester (FAME) 72.7 79.0 

Diglyceride (DG) 14.0 9.2 

Monoglyceride (MG) 11.1 10.0 

Glycerol 2.2 1.8 

Note: TC and TM is an acronym for transesterified cotton and 

mahogany seed oils respectively. 

The result of the TLC analysis of the transesterified 

bioquenchants is shown in Table 12 and Fig. 7. As seen, the 

elution sequence is evident. Glycerol which is trihydric 

alcohol being the more polar constituent adheres more 

strongly to the stationary phase (silica gel). FAME with less 

polarity, on the other hand was carried through the stationary 

phase faster and move farther by the mobile phase (solvent) 

and remained in the solvent at the top. Therefore, the elution 

order in increasing polarity is FAME, diglyceride, 

monoglyceride and glycerol. The transesterified 

bioquenchants contain majorly FAME as anticipated.  TC is 

composed of diglycerides more than monoglycerides while 

TM contained more of monoglycerides than diglycerides. The 

appearance of the diglycerides and monoglycerides may be 

due to the incomplete reversible transesterification reactions 

(Fan 2008). All the transesterified bioquenchants contain 

glycerol of about 2 %. 

 
(a) 

 
(b) 

Fig. 7 TLC image of a) TC b) TM 

 

 
(a) 

 
(b) 

Fig. 8 13C NMR spectra of raw (a) cotton seed oil (FC); (b) mahogany seed 

oil (FM) 
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(a) 

 
(b) 

Fig. 9 13C NMR spectra of transesterified (a) cotton seed oil (b) 

mahogany seed oil 
 

13C NMR spectra of raw and transesterified cotton and 

mahogany seed oils are presented in Fig. 8 and 9 respectively. 

It is noted that the major difference between the spectra of the 

FC and the TC is the disappearance of the signals representing 

respective β- and α-carbons of the glycerol moiety of the 

glyceride at 68.85 and 61.98 ppm, and the appearance of a 

singlet signal at 51.13 ppm representing methoxy carbons of 

the ester functionality. Likewise, signals at 68.86, and 62.00 

ppm in the spectrum of FM depicted in Fig. 8(b) demonstrated 

the presence of glycerol carbon atoms in the triglyceride 

molecules. In the spectrum of TM (Fig. 9b), disappearance of 

these two signals and appearance of new one at 51.14 ppm due 

to methoxy carbons confirmed complete transesterification of 

the FM. Alike observations were made on soybean oil methyl 

esters by Moser and Vaughn (2010). 
 

 

 

 

 

 

 

 

 

3.3. Thermal and Physicochemical properties 

 
Table 13 Thermal and Physicochemical properties of Bioquenchants and 22 

grade mineral oil 
Parameters FC TC FM TM 22 

grade* 

Density @ 25 oC, 

(kg/m3) 

918.00 880.00 919.00 878.

00 

854** 

Acid number (mg 

KOH/g) 

19.64 1.10 33.10 1.40 0.01 

Kinematic viscosity @  

40 oC, (cSt) 

61.00 22.70 56.60 22.8

0 

22.0 

Kinematic viscosity @ 

100 oC, (cSt) 

30.50 13.60 26.10 13.7

0 

4.5 

Viscosity Index 483.00 611.00 458.00 611.

00 

118 

Flash point (oC) 282 200 310 197 205 
Fire point (oC) 335 298 336 296 - 

Smoke Point (oC) 229 185 209 189 - 

Iodine value (g/100g) 90.1 - 125.04 - - 
Peroxide Value(mequiv 

O2/kg oil) 

4.8 0.99 4.88 1.36 - 

Precipitation number 
(ml) 

0.1 0.025 0.1 0.02
5 

 

Cooling Characteristics 

CRpeak (°C/sec) 46 58 47 62 47-58 
CR705 (°C/sec) 45 55 46 53 - 

CR550 (°C/sec) 36 45 39 43 - 

CR300 (°C/sec) 16 14 17 13 - 
CR200 (°C/sec) 5 4 6 3.5 - 

Time to cool to 600 oC 

(sec) 

10 8 10 8 12-15 

t730–260 (sec) 16 15 15 15 - 

* Quench Oils (2012) 

** Density @ 15.6 oC 

 

The results of thermal and physicochemical properties of the 

bioquenchants are shown in Table 13. According to the results, 

it may be noteworthy that flash and fire point of raw 

bioquenchants (FC and FM) are higher than that of 22 grade 

mineral oil. Conversely, compared to the mineral oil (22 

grade), the transesterified products (TC and TM) exhibited 

inferior flash and fire points. The results obtained could be 

attributed to decrease in the average molecular size or carbon 

number of the components after transesterification (Totten et 

al. 1993). These flash and fire points are more than the 

minimum requirement (175 oC) of IS: 2664-1980 standards for 

quenchants specification (Bureau of Indian Standard 2004). 

After transesterification, densities of the oils declined. 

Transesterification reduces molecular size thus, this account 

for the decrease in density.  Additionally, the Table indicates 

the relative change of viscosity with respect to temperature 

within the range of 40-100 °C. As seen, there is about 50 % 

reduction in viscosity with respect to temperature for FC and 

FM. Notwithstanding, a modest decrease in viscosity is 

observed in all modified oils (TC and TM). The relative 

change might be due to the change in the chemical structures 
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of the bioquenchants. The VI (viscosity index) of all the 

modified bioquenchants was significantly higher than either 

that of 22 grade mineral oil and raw bioquenchants (FC and 

FM). It is worth mentioning that sensitivity of the change in 

viscosity with regard to temperature decreases as the VI value 

increases. The density and viscosity index values obtained 

meet IS: 2664-1980 quenchants specifications (Bureau of 

Indian Standard 2004).   

The quantitative cooling curve parameters reveal that TC and 

TM display highest CRpeak, which is equivalent to the highest 

cooling that can be offered by the mineral oil. Furthermore, 22 

grade took 12-15 seconds to cool to 600 oC whereas TC and 

TM on the other hand took only 8 seconds. Therefore TC and 

TM are likely to be more severe than the 22 grade mineral oil. 

This is alike with the findings of Fujimura and Sato (1963). In 

their study, it was concluded that ethyl esters exhibited better 

quenching performance than the corresponding raw vegetable 

oils. 

4. CONCLUSIONS 

The present study targeted on the optimization of the 

transesterification process parameters of the cotton and 

mahogany seed oils for quenching application. The process 

parameters opted for the optimization of FAME yield, SHC 

and HTC include; methanol-to-oil molar ratio, catalyst 

concentration, temperature and agitation (agitation was kept 

constant for CSO) using Taguchi approach.  

 

1) The optimum conditions obtained for maximizing 

FAME yield by transesterification were the methanol-to-oil 

molar ratio of 9:1 (32.6 wt%), catalyst concentration of 0.25 

wt%, reaction temperature of 50 oC and methanol-to-oil molar 

ratio of 9:1 (32.6 wt%), catalyst concentration of 0.5 wt%, 

reaction temperature of 50 oC , agitation of 450 rpm for CSO 

and MSO respectively. 

2) The optimum parameters’ levels for peak specific 

heat capacity of CSO were 32.6 wt% of methanol (9:1 

methanol-to-oil molar ratio), 0.75 wt% of catalyst and 60 oC 

of temperature. On comparison with MSO, the optimal process 

parameter combination for the high specific heat capacity was 

achieved at parameter levels 3 (32.6 wt%), 1 (0.5 wt%), 2 (50 
oC) and 2 (450 rpm) of amount of methanol, amount of 

catalyst, temperature and agitation respectively.  

3) The best input variables for maximum HTC for CSO 

are 32.6 wt% of methanol, 0.5 wt% of catalyst, 40 oC of 

temperature. Likewise, the best experimental conditions 

identified for high HTC of MSO were 32.6 wt% of methanol, 

1.0 wt% of catalyst, 60 oC of temperature and 300 rpm of 

agitation.  

4) The results of the single optimization analyses have 

indicated that methanol to oil molar ratio, among the 

experimental factors, has contributed largely to the three 

performance characteristics (ester yield, SHC and HTC). 

Accordingly, other process parameters vary for maximum 

response of the three performance characteristics. Therefore, a 

compromise is needed when deciding process parameters’ 

setting for TO with improved quenching performance. 
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