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Abstract 

This study consists of the development and optimisation of the potassium 

hydroxide-catalysed synthesis of fatty acid methyl esters (FAME) from waste 

cooking oil. A factorial design of experiments and a central composite design 

have been used. The variables chosen were fatty acid concentration in the 

waste cooking oil, temperature and initial catalyst concentration by weight of 

waste cooking oil, while the responses were FAME purity and yield. The initial 

catalyst concentration is the most important factor, having a positive influence 

on FAME purity, but a negative one on FAME yield due to the positive 

influences of the yield losses (triglyceride saponification and methyl ester 

dissolution in glycerol). Fatty acid concentration in the waste cooking oil is the 

second factor in importance, having negative influences in FAME purity and 

yield. Temperature has an insignificant effect on FAME purity, but it has a 

significant negative influence on FAME yield due to the positive effect of 

temperature on the yield losses. Second-order models were obtained to predict 

the responses analysed as a function of these variables.  

 

Key words: Biodiesel, fatty acid methyl esters, methanolysis, 

transesterification, waste cooking oil, factorial design. 
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1. INTRODUCTION 

In the European Union (EU) Directive 2003/30/EC, biodiesel is defined as a 

methyl-ester produced from vegetable or animal oil, of diesel quality, to be used 

as biofuel. In turn, this directive establishes a minimum content of 2 and 5.75 % 

of biofuel for all petrol and diesel used in transport by 31 December 2005 and 

by 31 December 2010, respectively. These figures are calculated on the basis 

of energy content. In addition, another EU Directive (2003/96/EC) allows the 

Member States exemptions or reductions on excise duties so as to promote 

biofuels. As a consequence and also taking into account the recent petroleum 

price rises, there is a growing interest in fatty acid methyl esters (FAME) as an 

alternative diesel fuel in Europe. Thus, the production of this biofuel has already 

increased significantly in the EU in recent years, achieving a production of 5.71 

million tonnes in 2007. The production of biodiesel in Spain has also increased 

significantly, reaching a level of 0.15 million tonnes in the same year. In this 

country, the biodiesel production will continue increasing in the following years, 

because there are many biodiesel plants under construction or in a project 

stage. 

Fatty acid methyl esters are products from the transesterification (also called 

methanolysis) of vegetable oils and animal fats with methanol in the presence of 

an acid catalyst or a basic one. The latter is the most common since the 

process is faster and the reaction conditions are milder [1]. In addition, the 

process yields glycerol which can be used in its traditional applications (the 

pharmaceutical, cosmetic and food industries) or in its recently developed 

applications (animal feed, carbon feedstock in fermentations, polymers, 

surfactants, intermediates, lubricants and biodiesel production) [2]. 
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Biodiesel constitutes a renewable fuel that is almost compatible with 

commercial diesel engines and has clear benefits relative to diesel fuel 

including enhanced biodegradation, reduced toxicity and a lower emission 

profile [3]. Nonetheless, biodiesel presents some disadvantages. One of its 

drawbacks is the high manufacturing cost, which is due to the high cost of the 

vegetable oil. According to Murayama [4], 78 % of the biodiesel production cost 

corresponds to raw vegetable oil. More recently, this situation has been 

aggravated due to the increase in the prices of agricultural raw materials in the 

EU. In addition, it has been calculated that in order for a crop such as rapeseed 

or sunflowers to yield enough oil capable of replacing diesel fuel to achieve the 

EU objectives for biofuels, a very large percentage of the current land available 

needs to be utilized.  

In this context, waste cooking oil is a promising alternative for producing 

biodiesel because it is a cheaper raw material that also avoids the cost of waste 

product disposal and treatment. Besides, it reduces the need to use land for 

biodiesel-producing crops. Waste cooking oils are currently collected from 

large-scale food processing and service facilities. In fact, the quantities of waste 

cooking oils available for biodiesel production in Europe are relatively high. The 

amount of waste cooking oil collected for recycling in the EU is estimated in 

approximately 0.7-1.0 million tonnes per year [5]. Traditionally, these waste oils 

were used as an additive to animal feed [6]. However, many harmful 

compounds are produced during the frying of vegetable oils. The EU, aware of 

this problem, banned the use of waste cooking oils in the composition of animal 

feed in 2002. Most of the toxic compounds in the waste cooking oil are oxidation 

products from fatty acids, especially from polyunsaturated fatty acids. These 
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polar compounds are preferentially partitioned within the crude glycerol phase 

during the biodiesel production process, with a further concentration during the 

glycerol purification step. So, the use of waste cooking oil as a raw material for 

biodiesel production instead of its managements as a toxic residue will reduce 

waste treatment costs. 

Biodiesel production for waste cooking oil has been previously studied. 

Kulkarni and Dalai [7] published an excellent review of biodiesel production 

processes from waste cooking oils. A number of authors have studied the alkali-

catalysed transesterification of waste cooking oils [6, 8-13]. The basic catalysts, 

such as sodium and potassium hydroxide and sodium methoxide, are well-

known for the transesterification reaction of common vegetable oils or animal 

fats [1]. However, their utilisation in vegetable oil transesterification produces 

soaps by neutralising the free fatty acid in the waste cooking oil [12]. The 

percentage of free fatty acids has been found to rise due to the hydrolysis 

reaction of triglycerides during the food frying [14, 15]. The soap formation is an 

undesirable side-reaction, because it partially consumes the catalyst, decreases 

the biodiesel yield and complicates the separation and purification steps [3]. For 

this reason, the methanolysis of waste cooking oils using an acid catalyst like 

sulfuric, hydrochloric or sulfonic acid has also been reported since soap 

formation can be avoided by using this type of catalyst [16-19]. Furthermore, the 

above acids catalyse the free fatty acid esterification to produce fatty acid 

methyl esters, increasing the biodiesel yield. Nevertheless, the acid-catalysed 

transesterification is much slower than the basic catalysed reaction and also 

needs more extreme temperature and pressure conditions [1, 20]. Some 

authors have used both acid and basic catalysts for the methanolysis reaction 
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of waste cooking oil [21-23]. In this case, an acidic catalyst can be used initially 

for free fatty acid esterification, whereas a basic one can catalyse the 

triglyceride transesterification in a second stage. However, the two-stage 

process also presents the problem of catalyst removal in both stages [7]. 

In this work, the synthesis of fatty acid methyl esters from waste cooking oil 

was studied using a basic catalyst (potassium hydroxide). Spain is a major 

consumer of vegetable oils, mainly olive and sunflower oil. They are not reused 

many times and, therefore, the free fatty acid contents are usually lower than 3 

% [12]. The process was developed and optimised by following the factorial 

design and response surface methodology. This technique is a powerful tool 

that involves many advantages that have been described in previous work [24]. 

 

2. MATERIALS AND METHODS 

2.1. Materials 

Used frying oil was obtained from the restaurant kitchen of the Rey Juan 

Carlos University (Mostoles, Madrid, Spain) and was utilized as a reference in 

this study. This used vegetable oil was characterised by the free fatty acid 

content, the water content, and the iodine, saponification and peroxide values. 

The water content and the acid and iodine values of this oil were determined 

according to official European methods EN 12937, EN 14101 and EN 14111, 

respectively. According to the AOCS methods Cd 3b-76 and Cd 3-25, used 

frying oil was also characterised by a saponification value and a peroxide value, 

respectively. All the above results are represented in Table 1. In order to fully 

characterise contaminating elements within the frying oil, 21 elements (Ag, Al, 

B, Ba, Ca, Cd, Cr, Cu, Fe, Mg, Mn, Mo, Na, Ni, P, Pb, Si, Sn, Ti, V, Zn) were 
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measured by inductively coupled plasma atomic emission spectroscopy (ICP-

AES). Only those elements with a concentration above 1 mg·kg-1 are shown 

(Table 1). In addition, fatty acid profile was obtained according to EN 14103 

standard (Table 2).  

In this work, waste cooking oils with a content of free fatty acid higher than 

0.76 %wt were also utilised. For this purpose, free fatty acids were produced 

from this waste cooking oil through saponification and subsequent acidification 

with 3M sulphuric acid. These fatty acids were then added to the reference used 

vegetable oil to generate waste cooking oil with determined free fatty acid 

content. 

Certified methanol of 99.8 % purity was obtained from Scharlau (Madrid, 

Spain). The catalyst, potassium hydroxide, was pure grade from Merck 

(Barcelona, Spain). The gas-liquid chromatography reference standard for fatty 

acid methyl esters was purchased from Supelco (Madrid, Spain) and for 

monolein, diolein, and triolein from Sigma (Madrid, Spain).  

2.2. Equipment 

Reactions were carried out in a 250 cm3 glass three-necked batch reactor. 

This reactor was equipped with a reflux condenser, a mechanical stirrer and a 

stopper to remove samples. The reactor was immersed in a constant-

temperature bath, which was capable of maintaining the reaction temperature to 

within ± 0.1 ºC of that required for the reaction. 

2.3. Experimental procedure 

The reactor was initially filled with the desired amount of oil and placed in 

the constant-temperature bath with its associated equipment. The used 

vegetable oil was then agitated to a 700 rpm and heated to a predetermined 
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temperature. The catalyst was dissolved in the methanol and the resulting 

solution was added to the waste oil in the reactor. The reaction was timed as 

soon as the catalyst/methanol solution was added to the reactor and it 

continued for 1 hour. The mixture was transferred to a separatory funnel, 

allowing glycerol to separate by gravity for 2 hours. After removing the glycerol 

layer, the methyl ester layer was washed with two volumes of water to remove 

methanol and the catalyst and glycerol residuals.  

2.4. Analytical methods 

The purity of FAME means the total fatty acid methyl ester concentration 

(%wt) in the FAME phase. Fatty acid methyl esters were identified by Thin 

Layer Chromatography (TLC). This method also allows for the identification of 

monoglyceride, diglyceride, triglyceride and free fatty acids. The software UN-

SCAN IT gel 6.1 (Silk Scientific, Inc., USA) was used to quantify all these 

compounds. 

The FAME yield (%wt) after the post-treatment stage, relative to the amount 

of vegetable oil poured into the reactor, was calculated from the methyl ester 

and vegetable oil weights. 

To calculate the material balance of the reactions, the vegetable oil and the 

methyl ester and glycerol layers were analysed. The material balance, which 

refers to the initial amount of triglyceride in the waste cooking oil, includes the 

molar yield of FAME and the molar yield losses due to triglyceride saponification 

and methyl ester dissolution in the glycerol phase. Hence, saponification and 

acid values were determined for the vegetable oils and the methyl esters. 

Furthermore, 10 g of the glycerol phase was diluted with 30 ml of water and 

acidified to a pH of less than 2 with 3M sulphuric acid. The mixture was 
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extracted twice with 20 ml of hexane and once with 20 ml of diethyl ether. The 

solvents were removed in a rotary evaporator and the residue was dissolved in 

50 ml of ethanol. Half of the solution was used to determine its acid value and 

the remaining half was used to calculate its saponification value [25].   

2.5. Statistical analysis 

The synthesis of FAME by methanolysis of used frying oil with potassium 

hydroxide as catalyst was developed and optimised following the Factorial 

Design and Response Surface Methodology originally developed by Box and 

Wilson [26]. A factorial design was performed to study the effect of the variables 

on the process and the interaction among the variables. The response surface 

methodology was applied to optimise the process.  

The experimental design applied to this study was a full 23 factorial design 

(three factors each at two levels). Application of this method requires the 

adequate selection of responses, factors and levels.   

The responses selected were the previously defined FAME purity (P), FAME 

weight yield (Y) and the additional responses to evaluate the material balance 

of the process: molar yield of FAME (MY) and molar yield losses due to 

triglyceride saponification (TS) and methyl ester dissolution in the glycerol 

phase (MEG).  

Selection of the factors was based on the operating conditions that have a 

significant influence on the biodiesel process, according to the previous 

experiments [3, 12, 24]. The factors chosen were the content of free fatty acid 

(FA), temperature (T) and initial catalyst concentration (C).   

Selection of the levels was based on the results obtained in preliminary 

studies [3], considering the experimental installation limits and the working 
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conditions limits for every reactive and product. The lower free fatty acid 

content, 0.76 %, was determined by the corresponding acid value of the 

reference waste cooking oil. The upper level was 3 % because this is the usual 

maximum value for waste cooking oils in Spain since vegetable oils are not re-

used many times in this country. The upper temperature level, 60 ºC, was 

determined by the boiling point of methanol (65 ºC). The lower level was 30 ºC 

since lower temperatures could require a cooling system for the reactor, which 

would increase the cost of the industrial process. Catalyst concentration levels 

were 1 and 2 % by weight of vegetable oil, taking into account previous 

experiments and the free fatty acid values in the waste cooking oils used in this 

work. In all the experiments, the methanol to waste vegetable oil molar ratio 

was fixed at 6:1, at atmospheric pressure and with an impeller speed of 700 

rpm. 

 

3. RESULTS 

3.1. Linear stage 

The experimental design applied was a 23 factorial design. Four central 

points were added to evaluate the experimental error. The standard 

experimental matrix for the factorial design is shown in Table 3. Columns 2, 3 

and 4 represent the 0 and ±1 encoded factor levels in a dimensionless scale, 

and columns 5, 6 and 7 represent the factor levels on a natural scale. 

Experiments were run at random to minimize errors due to possible systematic 

trends in the variables. Table 3 also shows the results of all responses. Thus, 

columns 8 and 9 represent the FAME purity and yield after 1 hour. In addition, 

this table illustrates in the last three columns the results of FAME yield and the 
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yield losses due to triglyceride saponification and methyl ester dissolution in 

glycerol. All of three are expressed as % molar and are relative to the initial 

amount of triglyceride in the waste cooking oil. 

A statistical analysis was carried out with these experimental values, and the 

main effects and interaction effects of the variables were calculated. Table 4 

shows the analysis of the main effects and interactions for the chosen 

responses together with the test of statistical significance, a two-sided test with 

a 95 % confidence level. In the case of FAME purity response, all the factors 

and their interactions were significant, since all the main effect and interaction 

values were higher than the corresponding confidence interval (±0.19). 

Regarding the FAME yield, only the fatty acid concentration-catalyst 

concentration interaction was not significant. The rest of the factors and their 

corresponding interactions were significant, because their values were higher 

than the confidence interval for this response (±0.66 for the FAME weigh yield 

and ±0.65 for the FAME molar yield). The fatty acid concentration, temperature 

and catalyst concentration as well as the fatty acid concentration-catalyst 

concentration interaction and the catalyst concentration-temperature interaction 

were significant for the yield losses due to triglyceride saponification and methyl 

ester dissolution in glycerol, because their main effect and interaction values 

were higher than the corresponding confidence intervals. 

Experimental results were fitted to a linear model, and the following 

equations were obtained: 

Statistical models 

0.999)  (r    ΧX0.421ΧX 2.946

XX 0.334  X 3.329  X 0.411 X 3.156 - 95.231  P
2

CTCFA

TFACTFA
 [1] 
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0.998)  (r     X502.1

XX 0,880  X 3.300  X 3.080 X 1.437 - 89.227  Y
2

CT

TFACTFA
 [2] 

0.998)  (r    ΧX625.1ΧX 377.0

XX 0,832  X 3.425  X 3.305 -X 1.622 - 89.050  MY
2

CTCFA

TFACTFA
 [3] 

0.999)  (r    XX 0.502 

XX 0.222 -X 1.567 X 1.060 X 0.400  3.295  TS
2

CT

CFACTFA
 [4] 

0.999)  (r    XX 1.171  XX 0.091 

XX 0.221 - 1.994X  X 1.901X 1.351  6.354 MEG 
2

CTCFA

TFACTFA
 [5] 

Industrial models 

0.999)(r      C T 0.056 - C FA 5.261 

T FA 0.020  C 0.706 - T 0.074 FA  11.604 - 102.035  P
2

 [6] 

0.998)(r       CT 0.200 -

TFA  0.052  C 1.324  T 0.003 -FA  4.511 - 103.326  Y
2

 [7] 

0.998)(r     C T 0.216 - CFA  0.674 

 T FA 0.049  C 1.632  T 0.011 FA  4.690 - 103.432  MY
2

 [8] 

0.999)(r     C T 0.067 

 CFA  0.397 - C 0.866  T 0.019 -FA  1.207  2.335-  TS
2

 [9] 

0.999)(r   C T 0.156  CFA  0.162 

T FA 0.013 - C 3.346 - T 0.083 -FA  1.554  2.287 MEG 
2

 [10] 

The statistical models were obtained from the coded factor levels and the 

industrial models from the real values of the factor levels. Equations 1-10 are 

only valid within the experimental range considered. 

To evaluate whether the factorial design was sufficient to accurately 

describe the waste cooking oil transesterification process, the statistical 

significance of the curvature was studied for the five responses. The test of 

statistical significance is also shown in Table 4. The curvature effects, defined 

as the difference between the average of the centre point responses and the 
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average of the factorial points, were 4.04 % for FAME purity and 1.24 % for 

FAME weight yield. At a 95% confidence level, the confidence intervals on 

curvature were ±0.24 % for FAME purity and ±0.81 for FAME yield. The 

statistical analysis of experiment results also suggests that there is a significant 

curvature effect for the FAME molar yield and the molar yield losses due to 

triglyceride saponification and methyl ester dissolution in glycerol.  

Therefore, the first-order polynomial expressions obtained from the first 

statistical analysis (Equations 1 to 10) do not adequately describe the 

experimental field considered here. It is therefore necessary to consider a more 

complex design to fit the data to a second-order model in three variables. 

3.2. Non-linear stage 

According to the response surface methodology, a second-order model is 

required because of the significant curvature effect found in the linear model. 

Additional experiments (star points) were added to the factorial design in order 

to produce a central composite design. In this sense, the non-linear stage 

included the eight factorial design experiments and the four centre points 

(already set out in Table 3) together with the six additional star points which are 

presented in Table 5. The star points are encoded as +α and –α. The value of 

α, which is the distance from the centre point to the star point, is 1. In this 

sense, the central composite design is face centered.  

The coefficients were obtained by multiple regression analysis. This analysis 

includes all the independent variables and their interactions. The best-fitting 

response surfaces are given by the following equations: 

Statistical models  
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0.983)(r     1.483X - XX 0.421 - X 0.728 - XX 2.946  

XX 0.333 X 1.703 - X 3.039  X 0.432  X 2.975 - 99.104  P
22

CCT
2
TCFA

TFA
2
FACTFA

 [11] 

0.981)(r     X 3.962 - XX 1.502 - X 1.617  XX 0.325 

XX 0.880 X 1.547  X 3.188 - X 3.090 - X 1.350 - 89.876  Y
22

CCT
2
TCFA

TFA
2
FACTFA

 [12] 

0.981)(r     X 2.060 - XX 1.625 - X 0.325  XX 0.377 

XX 0.832X 0.460  X 3.717 -X 3.326 -X 1.445 - 90.268  MY
22

CCT
2
TCFA

TFA
2
FACTFA

 [13] 

0.964)(r    X 0.885  XX 0.502  X 0.154 - XX 0.222 -

XX 0.095-X 0.135  X 1.522  X 0.994  X 0.438  2.510  TS
22

CCT
2
TCFA

TFA
2
FACTFA

 [14] 

0.981)(r     X 2.045  XX 1.171  X 0.564 - XX 0.091 

XX 0.221 - X 0.469 - X 2.180  X 1.802  X 1.289  5.384 MEG 
22

CCT
2
TCFA

TFA
2
FACTFA

 [15] 

Industrial models  

0.983)(r  C 5.934- C T 0.0561 - T0.003 - C FA5.261 

 T FA 0.020 FA 1.358 - C 16.517  T 0.367 FA  6.335 - 81.702  P
222

2

 [16] 

0.981)(r  C 15.849- C T 0.200 - T0.007  C FA 0.580  

TFA  0.052 FA 1.234  C 49.096  T 0.651 -FA  9.072 - 86.779  Y
222

2

 [17] 

0.981)(r  C 8.239- C T 0.216 - T 0.001  CFA  0.674  

T FA 0.050 FA 0.367  C 25.767  T 0.120 -FA  5.910 - 90.975  MY
222

2

 [18] 

0.964)(r  C 3.541 C T 0.067  T 0.0007 - CFA 0.397 - 

T FA 0.006 -FA 0.108  C 9.849 - T 0.038 FA  0.835  4.110  TS
222

2

 [19] 

0.981)(r  C 8.183 C T 0.156  T 0.002 - CFA 0.163  

TFA  0.013 -FA 0.374 - C 27.525 - T 0.136 FA  2.905  13.177 MEG 
222

2

 [20] 

The statistical model is obtained from encoded levels giving the real 

influence of each variable on the process and the industrial model is obtained 

from the real values of the variables. Equations 11-20 describe the influence of 

the three chosen operating conditions on the five analysed responses only 

within the studied experimental ranges.  
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For each response, the second-order models can be plotted as three 

response surfaces graphs as a function of two of the three factors at the centre 

point value of the third operating condition. Thus, Figure 1 shows the response 

surface for the predicted values of the FAME purity as a function of temperature 

and catalyst concentration in the reaction using waste cooking oil with a free 

fatty acid content of 1.88 %, which corresponds to the centre point value of this 

operating condition. In the same way, Figures 2 and 3 illustrate the response 

surface for the predicted values of the FAME weight yield and FAME molar yield 

for the experimental range of temperature and catalyst concentration when the 

free fatty acid content of the waste cooking oil is 1.88 %. Finally, the same 

corresponding response surface plots for the yield loss due to triglyceride 

saponification and methyl ester dissolution into glycerol are shown in Figures 4 

and 5, respectively. As shown Figure 1, the mathematical model of this 

response predicts FAME purities higher than 100 %wt at high values for the 

operating conditions, which has no basis in chemistry. These values are 

virtually 100 %wt. In this context, this mathematical model does not accurately 

predict the FAME purity values in this area of range.  

In addition, the models obtained for each response can be represented in 

three two-dimensional graphs called contour plots. This kind of plots was used 

in section 4.6 to determine the optimum values for the operating conditions. 

 

4. DISCUSSION 

The influence of variables (fatty acid content in the waste cooking oil, 

reaction temperature and initial catalyst concentration) on the responses (FAME 

purity, FAME weight and molar yield and yield losses due to triglyceride 
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saponification and methyl ester dissolution in glycerol) are now discussed using 

the statistical models shown in Equations 11-15.   

4.1. Influence of catalyst concentration 

Statistical analysis of the experimental range studied identifies initial catalyst 

concentration as the most important factor in all the responses analysed. This 

operating condition has an overall positive effect on the FAME purity response 

as shown in Equation 11. In this sense, the ester content in the FAME 

enhances when the value of this variable increases. The quadratic effect of this 

factor has a significant negative influence on the FAME purity. However, its 

absolute value is smaller than its corresponding main effect. This, in turn, 

indicates that the increase in the catalyst concentration does not produce a 

constant rise in the FAME purity, because of the previously mentioned 

significant curvature effect. The curvature effect is present at high values of this 

variable. At this stage, the FAME purity achieves maximum values and the 

influence of catalyst concentration is no longer significant. 

Conversely, initial catalyst concentration has negative influence on the 

FAME weight and molar yields (Equations 12 and 13). However, it has an 

obviously positive influence on the yield losses due to triglyceride saponification 

and methyl ester dissolution in glycerol as shown in Equations 14 and 15, 

respectively. Both yield losses follow a similar negative tendency, although the 

influence on the yield loss due to methyl ester dissolution in glycerol is more 

significant. Therefore, an increase in the amount of the catalyst (potassium 

hydroxide) increases the amount of soaps produced through triglyceride 

saponification. The potassium soaps dissolve in the glycerol layer due to their 
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polarity. This, in turn, means an increase in the methyl ester solubility in 

glycerol. As a result, the FAME yield decreases.  

4.2. Influence of fatty acid concentration in the waste cooking oil 

The fatty acid content in the waste cooking oil also has an important effect in 

all the responses analysed. This factor has a negative influence on the FAME 

purity (Equation 11) because an increase in the oil acid value makes the 

catalyst loss greater owing to the free fatty acid neutralization side-reaction. A 

high consumption of the catalyst means that the methanolysis remains 

incomplete. This leads to a rise in the glyceride levels in the methyl ester phase 

that results in lower methyl ester content in the biodiesel (FAME purity).  

The effect of this factor on both yields is also negative (Equation 12 and 13), 

but the quadratic effects of this factor has a positive influence on the FAME 

yield, because of the presence of the curvature effect at high values of fatty acid 

concentration in the waste cooling oil.  However, the influences on the yield 

losses are positive, the effect on the methyl ester dissolution in glycerol being 

more significant (Equations 14 and 15). Therefore, the concentration of methyl 

ester in the glycerol layer increased considerably along with the free fatty acid 

content in the vegetable oil, because the potassium soaps obtained from the 

free fatty acid neutralisation increased the ester solubility in glycerol. 

Conversely, the triglyceride saponification increased slightly with the 

concentration of free fatty acid in the used frying oil. As a consequence, the 

production of potassium soaps through free fatty acid neutralisation only slightly 

affects the triglyceride saponification side-reaction.  

4.3. Influence of temperature 
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The temperature has a positive influence on the FAME purity, but this 

influence is insignificant (Equation 11). For this reason, an increase in this 

variable does not modify this response significantly. 

However, this factor is significant and shows a negative influence on FAME 

yield (Equations 12 and 13), but a positive ones on the FAME yield losses 

(Equations 14 and 15). The effect of temperature on the material balance 

responses is the same as for the catalyst concentration. The FAME weight and 

molar yield also decrease with the temperature due to the increase of 

triglyceride saponification and the subsequent dissolution of methyl ester into 

glycerol. In the same way, both yield losses follow a similar tendency since the 

increase in triglyceride saponification means an increase in the methyl ester 

solubility in glycerol.  

4.4. Influence of the interactions 

The effect of the concentration of free fatty acid in the oil-catalyst 

concentration interaction on the concentration of methyl ester in FAME is very 

significant and it has a positive influence on this response (Equation 11). At high 

free fatty acid concentrations in the vegetable oil, an increase in the catalyst 

concentration leads to a significant increase in the FAME purity. However, this 

response remains nearly constant at low fatty acids contents (0.76 %) for any 

catalyst concentration value. According to these results, the FAME purity 

achieves its maximum value (virtually 100 %) at the lowest fatty acid 

concentrations in the oil (0.76 %) for all the catalyst concentration range studied 

(1 to 2 %), because the extension of free fatty acid neutralisation side reaction 

is obviously very limited at these operating conditions. Conversely, this 

interaction is insignificant for the rest of responses analysed.  
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The temperature-catalyst concentration interaction is significant on the 

FAME yield. As can be observed in Equations 12 and 13, the influence of 

temperature on these responses is no very substantial for low values of the 

catalyst concentration, but it is negative at high levels of the catalyst 

concentration factor. In the same way, the influence of the catalyst 

concentration is not very significant at low temperatures, but it becomes 

negatively significant at high temperature values. Thus, an initial increase in one 

of these variables at low values of the second variable does not produce a 

decrease in the FAME yield. However, when the values of both temperature 

and catalyst concentration increase at the same time, the saponification 

secondary reaction and the subsequent dissolution of fatty acid methyl ester in 

the glycerol layer begin to be much more significant (Equations 14 and 15). 

Both decrease the FAME yield. 

The effects of the free fatty acid content in waste cooking oil-temperature 

interaction on the responses analysed are not significant or have small 

influences. 

4.5 Analysis of responses: FAME purity and yield 

The optimum operating conditions for the potassium hydroxide-catalysed 

methanolysis of waste cooking oil are those that obtain the highest fatty acid 

methyl ester concentration in the FAME (purity or ester content) and the highest 

yield in this phase. The biodiesel specifications are quite rigorous for glyceride 

level, neutralization number and methanol and glycerol contents. All of them are 

related to the ester content in biodiesel, which, in turn, is also a biodiesel 

specification in the European Union Standard EN 14214. According to these 

specifications, the ester content should be greater than or equal to 96.5 %wt.  
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In addition, economic factors should be taken into account. As a result, low 

temperatures are preferable. Therefore, the optimum values for the operating 

conditions will be those that result in a FAME purity higher than 96.5 %wt with 

the highest FAME yield and at the lowest temperature.  

Figure 6 represents the three superimposed contour plots for FAME purity 

and yield versus two of the three operating conditions studied at the centre point 

value of the third variable condition. Thus, Figure 6a represents the contour 

plots for FAME purity and yield as a function of temperature and catalyst 

concentration at a free fatty acid concentration in the used frying oil of 1.88 %. 

Figure 6b shows the contour plots for these responses as a function of the 

concentration of fatty acid in the waste cooking oil and temperature at an initial 

catalyst concentration of 1.5 %wt. Figure 6c shows the corresponding 

superimposed contour plots as a function of the concentration of fatty acid in the 

waste cooking oil and catalyst concentration at 45 ºC. In each graph, the area, 

which corresponds to FME purities lower than 96.5 %, are marked. As a 

consequence, the operating conditions related to these areas can not be utilised 

in the methyl ester production from waste cooking oil, because the ester content 

would not meet the corresponding European specification. 

The contour plot represented in Figure 6a illustrate the best operating 

conditions, from an economic point of view, for obtaining maximum FAME purity 

and yield in the potassium hydroxide-methanolysis of a waste cooking oil with a 

free fatty acid content of 1.88 %. These operating conditions are 30 ºC and a 

minimum of 1.3 %wt catalyst concentration. In these optimum operating 

conditions, the response values predicted by the non-linear models (Equations 

11 to 20) are 96.32 %wt for the FAME purity, 94.6 % for the FAME weight yield, 
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75.5 % for the FAME molar yield, 1.1 % for the molar yield loss due to 

triglyceride saponification and 2.9 % for the molar yield loss owing to methyl 

ester dissolution in glycerol.  

With the initial catalyst concentration at 1.5 %, Figure 6b shows the best 

temperature conditions for the methanolysis of waste cooking oils with free fatty 

acid contents between 0.76 and 3 %wt. When the concentration of free fatty 

acids is lower than 2.4 %wt, the reaction can be carried out at the studied 

temperature range (30-60 ºC). However, a low temperature (30 ºC) is 

preferable, according to the economic factors and also because the FAME yield 

is higher at this temperature. Conversely, waste cooking oils with fatty acid 

contents higher than 2.4 %wt cannot be used with only 1.5 % of the catalyst at 

30 ºC because the ester content would not met the corresponding European 

specification.  

Using Figure 6c, the optimum initial catalyst concentration can be 

determined for the methanolysis of waste cooking oil with free fatty acid 

concentrations between 0.76 and 3 %wt at 45 ºC.  

Finally, Figure 7 illustrates a graph of the residual distribution, defined as the 

difference between observed and calculated values over the observed values 

for the ester content and FAME weight yield. In both cases, the fit is good 

because the residual distribution does not follow any trend with regard to the 

predicted variables. All the residuals are smaller than 1.5 % for FAME purity 

and for FAME yield, which indicates that the models accurately represent the 

influence of FAME purity and yield over the experimental range studied.  
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5. CONCLUSIONS 

A fully central composite design has been applied to optimise the synthesis 

process of fatty acid methyl ester from waste cooking oil using potassium 

hydroxide as the catalyst. This design procedure has been followed to optimise 

the variables that determine the maximum FAME purity and yield. A three-

factorial design proved effective in studying the influence on the reaction 

process of the free fatty acid concentration in the waste cooking oil, initial 

catalyst concentration and temperature on the process. 

A response equation has been obtained for the FAME purity and yields and 

the yield losses due to triglyceride saponification and methyl ester dissolution in 

glycerol. From these equations, it is possible to accurately predict the operating 

conditions required to obtain a given vale of these responses. A first-order 

approach did not adequately fit the data for the responses studied and quadratic 

models were required. Second-order models were developed to predict the 

FAME purity and yield and the yield losses as a function of the variables. 

Analysis of the residuals demonstrated the efficiency of the models obtained. 
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Figure captions 

 

Figure 1: Response surface plot of FAME purity as function of temperature and 

catalyst concentration. Concentration of free fatty acid in the waste cooking oil = 

1.88 % 

 

Figure 2: Response surface plot of FAME weight yield as function of 

temperature and catalyst concentration. Concentration of free fatty acid in the 

waste cooking oil = 1.88 % 

 

Figure 3: Response surface plot of FAME molar yield as function of temperature 

and catalyst concentration. Concentration of free fatty acid in the waste cooking 

oil = 1.88 % 

 

Figure 4: Response surface plot of triglyceride yield loss as function of 

temperature and catalyst concentration. Concentration of free fatty acid in the 

waste cooking oil = 1.88 % 

 

Figure 5: Response surface plot of the yield loss due to methyl ester dissolution 

in glycerol as function of temperature and catalyst concentration. Concentration 

of free fatty acid in the waste cooking oil = 1.88 % 

 

Figure 6: Superimposed contour plots for FAME yield (—) and purity (…). 
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Figure 7: Residual plots of FAME purity and weight yield for the second-order 

model.  
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Table captions 

 

Table 1: Waste cooking oil properties. 

 

Table 2: Fatty acid composition of waste cooking oil 

 

Table 3: Experiment matrix and experiment results: Factorial and centre points. 

 

Table 4: 23 factorial design: statistical analysis. 

 

Table 5: Experimental matrix and experimental results: Star points. 



29 

30
35

40
45

50
55

60

92

94

96

98

100

1.0

1.2

1.4

1.6

1.8

2.0

B
io

d
ie

s
e

l 
P

u
ri

ty
 (

%
 w

t)

C
at

al
ys

t c
on

ce
nt

ra
tio

n 
(%

 w
t)

Temperature (ºC)

 

Figure 1: Response surface plot of FAME purity as function of temperature and 

catalyst concentration. Concentration of free fatty acid in the waste cooking oil = 

1.88 % 
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Figure 2: Response surface plot of FAME weight yield as function of 

temperature and catalyst concentration. Concentration of free fatty acid in the 

waste cooking oil = 1.88 % 
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Figure 3: Response surface plot of FAME molar yield as function of temperature 

and catalyst concentration. Concentration of free fatty acid in the waste cooking 

oil = 1.88 % 
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Figure 4: Response surface plot of triglyceride yield loss as function of 

temperature and catalyst concentration. Concentration of free fatty acid in the 

waste cooking oil = 1.88 % 
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Figure 5: Response surface plot of the yield loss due to methyl ester dissolution 

in glycerol as function of temperature and catalyst concentration. Concentration 

of free fatty acid in the waste cooking oil = 1.88 % 
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Figure 6: Superimposed contour plots for FAME yield (—) and purity (…). 
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Figure 7: Residual plots of FAME purity and weight yield for the second-order 

model. 
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Table 1: Waste cooking oil characterisation. 

Property Unit Value 

Free fatty acid content  %wt 0.76 

Water content  %wt 0.17 

Saponification value  mg KOH·g-1 183.4 

Iodine value  g·10-2·g-1 108.4 

Peroxide value  meq·kg-1 16.4 

Boron content  mg·kg-1 3.7 

Sodium content  mg·kg-1 2.6 

Phosphorus content  mg·kg-1 4.8 
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Table 2: Fatty acid composition of waste cooking oil 

Fatty acid Composition (%wt) 

Lauric (C12:0) n.d. 

Myristic (C14:0) 0.13 

Palmitic (C16:0) 8.80 

Stearic (C18:0) 4.20 

Oleic (C18:1) 45.15 

Linoleic (C18:2) 39.74 

Linolenic (C18:3) 0.20 

Arachidic (C20:0) 0.43 

Gadoleic (C20:1) n.d. 

Behenic (C22:0) 0.75 

Erucic (C22:1) 0.30 

Lignoceric (C24:0) 0.30 
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Table 3: Experiment matrix and experiment results: Factorial and centre 

points. 

Run XFA XT XC 
FA 

(%wt) 
T 

(ºC) 
C 

(%wt) 
P 

(%wt) 
Y 

(%wt) 
MY 

(%mol) 
TS 

(%mol) 
MEG 

(%mol) 

1 1 -1 1 3 30 2 98.21 88.77 88.68 3.50 7.00 

2 -1 1 1 3 30 1 98.61 81.83 81.31 6.27 10.26 

3 -1 -1 -1 3 60 2 97.69 97.00 97.19 0.38 2.21 

4 -1 1 -1 0.76 60 2 98.32 91.58 91.76 1.83 3.99 

5 -1 -1 1 0.76 30 2 98.93 92.25 92.43 3.10 3.55 

6 1 1 1 3 60 1 98.49 80.86 80.08 6.58 12.58 

7 1 -1 -1 0.76 30 1 84.45 91.21 91.12 1.96 5.05 

8 1 1 -1 0.76 60 1 87.15 90.32 89.83 2.74 6.19 

9 0 0 0 1.88 45 1.5 99.38 90.00 90.29 2.00 5.10 

10 0 0 0 1.88 45 1.5 99.18 90.82 90.85 2.29 5.27 

11 0 0 0 1.88 45 1.5 99.38 90.24 90.81 2.22 5.19 

12  0 0 0 1.88 45 1.5 99.16 90.82 90.02 2.23 5.28 

 

Note: FA: Fatty acids; T: Temperature; C: Catalyst concentration; X: Coded value; P: FAME purity; Y: FAME weight 

yield; MY: FAME molar yield; TS: Triglyceride saponification molar yield loss; MEG: Yield loss due to methyl ester 

dissolution. 
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Table 4: 23 factorial design: statistical analysis. 

Number of experiments: 8  
Degrees of freedom: 3  

Responses 

Biodiesel purity 
(%wt) 

Biodiesel yield 
(%wt) 

Biodiesel yield 
(%molar) 

Triglyceride 
yield loss 
(%mol) 

Methyl ester 
dissolution yield 

loss (%mol) 

Main effects and interactions 

IFA = -6.31 
IT = 0.82 
IC = 6.66 

IFA T = -0.67 
IC FA  = 5.89 
IC T= -0.84 

IFA = -2.88 
IT = -6.16 
IC = -6.60 
IFA T = 1.76 
IC FA  = 0.65 
IC T= -3.01 

IFA = -3.25 
IT = -6.61 
IC = -6.85 
IFA T = 1.66 
IC FA  = 0.75 
IC T= -3.25 

IFA = 0.80 
IT = 2.12 
IC = 3.14 

IFA T = -0.19 
IC FA  = -0.45 

IC T= 1.01 

IFA = 2.70 
IT = 3.80 
IC = 3.99 

IFA T = -0.44 
IC FA  = 0.18 
IC T= 2.34 

Significance test 

Confidence level: 95%  

Mean responses 

95.23 89.22 89.05 3.29 6.35 

Standard deviation  

t=3.182 
s=0.122 

t=3.182 
s=0.416 

t=3.182 
s=0.405 

t=3.182 
s=0.127 

t=3.182 
s=0.084 

Confidence interval  

0.193 0.662 0.645 0.202 0.133 

Significant variables and interactions 

FA, T, C, FA-T, 
C-FA, C-T 

FA, T, C, FA-T, 
C-T 

FA, T, C, FA-T, 
C-FA, C-T 

FA, T, C, C-FA, 
C-T 

FA, T, C, FA-T, 
C-FA, C-T 

Significance of curvature 

Curvature 

4.044 1.242 1.442 -1.110 1.144 

Confidence curvature interval 

0.237 0.810 0.790 0.248 0.163 

Significance 

Yes Yes Yes Yes Yes 
 

Note: FA: Fatty acids; T: Temperature; C: Catalyst concentration; I: Main effect or interaction; t: Student’s t ; s: standard 

deviation 
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Table 5: Experiment matrix and experiment results: Star points. 

Run  XFA XT XC 
FA 

(%wt) 
T 

(ºC) 
C 

(%wt) 
P 

(%wt) 
Y 

(%wt) 
MY 

(%mol) 
TS 

(%mol) 
MEG 

 (%mol) 

13 1 0 0 3.00 45 1.5 94.98 89.83 89.77 3.56 6.13 

14 0 0 1 1.88 45 2 99.33 82.58 83.1 5.06 10.53 

15 0 -1 0 1.88 30 1.5 97.69 94.03 93.78 1.95 3.59 

16 -1 0 0 0.76 45 1.5 99.48 91.83 91.24 2.38 4.05 

17 0 1 0 1.88 60 1.5 98.72 87.77 86.96 3.41 6.4 

18 0 0 -1 1.88 45 1 95.57 88.06 92.87 2.38 4.68 

 

Note: FA: Fatty acids; T: Temperature; C: Catalyst concentration; X: Coded value; P: FAME purity; Y: FAME weight 

yield; MY: FAME molar yield; TS: Triglyceride saponification molar yield loss; MEG: Yield loss due to methyl ester 

dissolution. 


