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ABSTRACT

[bookmark: OLE_LINK1][bookmark: OLE_LINK11][bookmark: OLE_LINK12]In this study, a simple and robust derivatisation-free method has been developed using a gas chromatograph (GC), which has been validated as a suitable analysis for free fatty acids (FFAs) of waste cooking oil (WCO). As biodiesel synthesis from high acid value WCO involves pre-treatment steps, a non-catalytic approach has been employed for biodiesel production. This work has focused on the esterification of FFAs of high acidity feedstock for fatty acid methyl esters (FAME) production. The effect of four independent controllable factors, i.e. methanol to oil (M:O) molar ratio, temperature, pressure and time on FFAs conversion has been investigated. Response Surface Methodology (RSM) via Central Composite Design (CCD) has been implemented for designing experimental runs and optimising the process variables for maximum FFAs conversion. Four quadratic regression models have been developed representing an empirical relationship between reaction variables and responses. The adequacy of the predicted models has been checked by numerous statistical validation techniques including analysis of variance (ANOVA) at 95% confidence level. The developed optimum conditions have been reported at 25:1, 
256 °C, 110 bar and 16.6 min for M:O molar ratio, temperature, pressure and time, respectively. The predicted optimal conditions have been validated experimentally with 0.22% relative error.
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HIGHLIGHTS
· Development of derivatisation-free method for direct analysis of FFAs.
· Development of regression models representing the process responses and variables.
· Effect of reaction variables and their interactions have been discussed in detail.
· Multivariate optimisation has been implemented to minimise the process variables.
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1. INTRODUCTION

[bookmark: OLE_LINK79][bookmark: OLE_LINK80]The global energy demand is continuously increasing due to the rapid industrial development and urbanisation. The expected depletion of fossil fuels has boosted the research on alternative renewable energy resources [1]. In addition, the emission of greenhouse gases, particularly CO2, from fossil fuels has made the replacement of fossil fuels with green fuels an essential need. Although most of the energy demands are supplied using fossil fuels, up to 19% of the worldwide energy is supplied using renewable energies [2].

Among the available renewable resources, biodiesel is considered as a promising substitute for petroleum diesel fuel. In addition, biodiesel is of great prominence over petroleum diesel as it is biodegradable, non-toxic, has higher cetane number and higher engine lubricity [3]. Further, biodiesel reduce the emissions of carbon monoxide, unburned hydrocarbons and particulates [4]. However, biodiesel has higher density and viscosity, lower calorific value, higher fuel consumption and high emissions of nitrogen oxides [5]. Consequently, biodiesel is blended with petroleum diesel with different percentages to improve its properties and could be used without significant modification in the diesel engine [6].

Biodiesel is derived from biological renewable resources including vegetable oils, animal fats and microalgae. It is mainly produced through transesterification/esterification of fatty acids through methanolysis or ethanolysis process. The industrial biodiesel production process is mostly catalysed using alkaline catalysts, i.e. sodium methoxide (CH3ONa) and potassium methoxide (CH3OK), yielding fatty acids alkyl esters (biodiesel) and glycerol [7]. However, the feedstocks used for the conventional biodiesel production process should have specific properties where the FFAs content should not exceed 1% by mass. Hence, refined vegetable oils have been used extensively during the last decades for biodiesel production. In fact, using refined vegetable oils has generated a great competition between food and biodiesel industries, resulting in increasing the cost of vegetable oil [8].

The overall cost of biodiesel depends mainly on the price of the feedstock as it represents about 60-80% of the production cost [9]. Hence, the overall cost reduction should be considered using two pathways including process energy integration [10] and utilising lower cost feedstocks i.e. non-edible and waste oils [11]. However, the alternative feedstocks usually contain high acid and water content and hence are not suitable for the conventional biodiesel production processes. Several pre-treatment processes have been employed prior to biodiesel production to prevent saponification side reaction; which lowers the biodiesel yield and create difficulties in product separation [12].

Alternative production methods for such feedstocks have been recently reported including microwave assisted [13,14], ultrasonic assisted [7,15] and non-catalytic methods [16]. Among the alternative methods for biodiesel production, non-catalytic production of biodiesel using supercritical technology has been considered as an ideal technique for high acidity feedstock. Simultaneous transesterification of triglycerides and esterification of FFAs occur during the supercritical reaction. Hence, the high content of FFAs is not considered as an obstacle as it could be esterified during the reaction without any pre-treatment for the feedstock [12].

Supercritical production of biodiesel has been introduced by Saka and Kusdiana [17], where they have produced high quality biodiesel using catalyst-free supercritical methanolysis. Later, the technique has been extended dramatically and included variety of feedstocks including WCOs and other high acidity feedstocks. In addition to methanol and ethanol, supercritical propanol and butanol have been used for non-catalytic production of biodiesel [18,19]. Recently, Aboelazayem et al. have studied the valorisation of both low and high acid value WCOs into biodiesel using supercritical methanolysis [20,21]. They have reported high yields of biodiesel from both feedstocks. They have also applied RSM to optimise four reaction variables including M:O molar ratio, temperature, pressure and time. It is worth mentioning that higher biodiesel yields have been reported from feedstocks with higher acidity than from lower ones [18,19,22] .

Supercritical methanolysis has been reported as an economically viable process for biodiesel production from high acidity feedstock [9]. A comparative techno-economic study between single step (supercritical) and two-steps (catalysed) processes has been reported [23]. The study has analysed the cost of biodiesel from two simulated plant with annual production rate of 15,000 and 30,000 tonnes[23]. The study has reported that two-steps conventional process requires higher process energy requirements per unit of biodiesel output. The costs of biodiesel produced from supercritical and two-steps process have been projected as 0.824 and 0.786 EUR/kg, respectively. Additionally, Sakdasri et al. [24] have reported that lowering the methanol ratio in supercritical methanolysis, contributes significantly in lowering the production cost of biodiesel.

The focus on esterification reaction of FFAs using supercritical methanolysis would exemplify the ability of this technique to convert the existing FFAs into FAMEs. Several studies on esterification of FFAs have been reported using various techniques including ultrasonic-assisted [25], microwave-assisted [26] and catalysed processes [27]. However, very few researchers have considered studying the conversion of FFAs using supercritical technology. Jin et al. [28] have studied the esterification of FFAs (specifically oleic acid) using supercritical methanol. They have reported pseudo-first order reaction for the esterification reaction. Aboelazayem et al. [29] have reported similar results for the kinetics of the supercritical esterification of FFAs. Mostly, the conversion of FFAs into FAMEs is determined using titration method. The chromatographic analysis for FFAs concentration is mostly reported through derivatisation of FFAs into FAMEs or using HPLC. Recently, Zhang et al. [30] have developed and validated a robust method for derivatisation-free analysis of FFAs using GC via FID.
This study is a logical extension of our research on biodiesel production from high acid value WCO. In the present study, esterification of FFAs of a high acidity WCO into biodiesel has been critically studied. A derivatisation-free method for specific FFAs characterisation has been developed to evaluate the concentration of each FFA in the feedstock and the products. The conversion of four main FFAs have been considered as process responses including myristic, palmitic, oleic and linoleic acids. The influence of four independent reaction variables and their interaction, i.e. methanol to oil (M:O) molar ratio, temperature, pressure, time  have been critically discussed. Graphical and numerical optimisation have been applied to optimise the reaction variables for maximum conversion of FFAs into FAMEs.
2. MATERIAL AND METHODS 

2.1. Materials

[bookmark: OLE_LINK13][bookmark: OLE_LINK23][bookmark: OLE_LINK24][bookmark: OLE_LINK16][bookmark: OLE_LINK17][bookmark: OLE_LINK26][bookmark: OLE_LINK27][bookmark: OLE_LINK28]WCO was purchased from various restaurants and industries in Egypt. In an attempt to provide a realistic mixture, the collected WCOs were mixed together. The standard fatty acids that represents the feedstock. i.e. myristic acid (C14:0), palmitic acid (C16:0), oleic acid (C18:1), linoleic acid (C18:2), and heptadecanoic acid (C17:0) as an internal standard, were purchased from Merck, UK. Methanol 99% (MeOH) and iso-propanol 99% were purchased from Fisher Scientific UK. The liquid CO2 cylinder (99.9%) equipped with dip tube was purchased from BOC Ltd., UK.

2.2. Experimental procedures 

The fatty acids composition of the feedstock were calibrated through derivatisation of triglycerides and FFAs into FAMEs using the standard methylation process (BS EN ISO 12966-2:2017). The composition and physicochemical properties of the feedstock are shown in Tables 1 and 2. The detailed analysis and composition of the feedstock were reported elsewhere [21].

Table 1. Composition of the fatty acids in WCO 
	Fatty Acid
	Wt (%)

	Oliec acid
	48.2

	Palmitic acid
	41.6

	Linoleic acid
	9.3

	Myristic acid
	0.8



Table 2. Physicochemical properties of WCO
	Property
	Calibration Method
	Results

	Kinematic viscosity
	ASTM D-455
	60.5 cSt

	Density
	ATM D-4052
	0.931 g/cm3

	TAN
	ASTM D-947
	18 mg KOH/ g oil




2.2.1. Preparation of standard solutions

[bookmark: OLE_LINK25]The pure standards, i.e. myristic acid, palmitic acid, oleic acid and linoleic acid, were dissolved in iso-propanol that was used as a solvent. For calibration curves analysis, five different concentrations of each standard were prepared at 2, 4, 6, 8 and 10 g/L. Each standard sample was accompanied with a constant concentration of heptadecanoic acid as an internal standard (4.5 g/L). A 2 mL sample of each standard was prepared for chromatographic injections.

2.2.2. FFAs conversion calculations

The conversion of FFA has been calculated based on the change in concentration between the feedstock and the produced biodiesel as shown in Equation 1. The concentration of FFA at both reactants and products was calculated as discussed in Section 3.2.
Conversion = (C i WCO – C i S / C i WCO) × 100%		         			          (1)
Where Ci WCO and C i S represents the concentration of ith fatty acid in WCO and each biodiesel sample, respectively.

2.2.3. Biodiesel reaction procedures

The detailed experimental procedures were reported elsewhere [21]. In summary, WCO was filtered using simple stainless-steel strainer. The filtered WCO was weighted and mixed with methanol at a specific molar ratio and then fed to a 100-mL high pressure reactor made of stainless steel (model 4590, Parr Instrument Company, USA). The reactor was fitted with a thermocouple (type J), heating mantle, controller (model 4848) and a mechanical stirrer. The reactants were heated to a specific temperature and then pressurised with CO2 using a supercritical fluid pump (model SFT-10, Analytix Ltd., UK) to the desired pressure. The reaction time starts once the reactants reach the required temperature and pressure. After completing the reaction time, the reactor was quenched with water until 80 oC followed by further cooling using an ice bath. The reactor was then depressurised and methanol was recovered using simple distillation at 80oC for 30 min. Finally, the glycerol was separated from biodiesel using a centrifuge (1500 rpm, 3 min/cycle).

2.4. Experimental design

The experiments were designed using RSM based on CCD method. Four controllable independent process variables were included through the experimental design procedures i.e. M:O molar ratio, temperature, pressure and time. Based on CCD, five levels of each variable have been identified as centre, axial and star points. The levels have been coded as -2, -1, 0, +1 and +2, as shown in Table 3. The levels of each variables have been chosen as recommended previously [20] and as a logical extension for a previous study [21]. As per using four variables, the CCD has created 30 randomised experiments as shown in Table 4, where the number of experiments has been calculated as shown in Equation 2. 
Total number of runs = 2n + 2n + m							          (2)
Where n is the number of controllable variables and m is number of replicated centre points.

Table 3. Experimental design variables and their coded levels
	Factor
	Code
	Levels

	
	-2
	-1
	0
	+1
	+2

	M:O (molar ratio)
	A
	20
	25
	30
	35
	40

	Temperature (oC)
	B
	240
	250
	260
	270
	280

	Pressure (bar)
	C
	85
	110
	135
	160
	185

	Time (min)
	D
	7
	12
	17
	22
	27





List of Abbreviations:
[bookmark: OLE_LINK290][bookmark: OLE_LINK291][bookmark: OLE_LINK292]GC: Gas chromatography; FFA: Free Fatty Acid; WCO: Waste cooking oil; FID: Flame ionisation detector; FAME: fatty acids methyl esters; RSM: response surface methodology; CCD: Central Composite design; ANOVA: analysis of variance; PEG: Polyethylene glycol; TAP: Terephalic acid; BBD: Box-Bhnken design; R2: Coefficient of Correlation; 2FI: Two Factors Interactions; OFAT: one factor at a time; CH3OK: potassium methoxide; CH3ONa: sodium methoxide.
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Table 4. Experimental design matrix with the actual and predicted yields
	[bookmark: _Hlk530503164][bookmark: _Hlk530503065]Run
	M:O ratio (A)
	Temperature (oC)  (B)
	Pressure (bar) (C)
	Time (min) (D)
	[bookmark: OLE_LINK43][bookmark: OLE_LINK44][bookmark: OLE_LINK47][bookmark: OLE_LINK48]Actual 
M-Acid Conv. (%)
	[bookmark: OLE_LINK49][bookmark: OLE_LINK50]Predicted M-Acid Conv. (%)
	Actual
 P-Acid Conv. (%)
	Predicted P-Acid Conv. (%)
	Actual 
O-Acid Conv. (%)
	Predicted O-Acid Conv. (%)
	Actual 
L-Acid Conv. (%)
	Predicted L-Acid Conv. (%)

	[bookmark: _Hlk530503775]1
	30
	260
	135
	17
	99.09
	99.23
	99.03
	99.09
	98.20
	98.35
	99.53
	99.59

	2
	35
	250
	160
	22
	98.81
	98.79
	98.80
	98.77
	97.92
	97.89
	99.42
	99.37

	3
	35
	250
	110
	22
	98.69
	98.57
	98.70
	98.70
	97.80
	97.70
	99.32
	99.32

	4
	35
	270
	160
	22
	98.99
	99.03
	98.93
	98.97
	98.10
	98.16
	99.48
	99.52

	5
	35
	270
	110
	12
	99.10
	99.11
	98.90
	98.91
	98.10
	98.17
	99.45
	99.47

	6
	35
	250
	160
	12
	98.60
	98.60
	98.60
	98.62
	97.57
	97.64
	99.13
	99.15

	7
	25
	270
	160
	22
	99.00
	98.97
	99.00
	98.96
	98.14
	98.11
	99.50
	99.48

	8
	30
	260
	135
	17
	99.23
	99.23
	99.10
	99.09
	98.40
	98.35
	99.60
	99.59

	9
	25
	250
	110
	22
	98.94
	99.01
	98.94
	98.96
	98.05
	98.13
	99.65
	99.63

	10
	25
	250
	160
	22
	99.09
	99.01
	98.96
	98.95
	98.20
	98.11
	99.54
	99.55

	11
	30
	260
	85
	17
	99.09
	99.07
	99.00
	98.97
	98.20
	98.17
	99.54
	99.52

	12
	25
	270
	110
	12
	98.91
	98.99
	98.80
	98.84
	98.02
	98.09
	99.42
	99.45

	13
	25
	250
	160
	12
	98.54
	98.54
	98.66
	98.66
	97.65
	97.63
	99.26
	99.24

	14
	30
	260
	135
	17
	99.25
	99.23
	99.10
	99.09
	98.36
	98.35
	99.60
	99.59

	15
	35
	250
	110
	12
	98.59
	98.68
	98.75
	98.80
	97.70
	97.77
	99.23
	99.24

	16
	30
	240
	135
	17
	98.49
	98.57
	98.68
	98.67
	97.60
	97.66
	99.30
	99.33

	17
	30
	260
	185
	17
	99.01
	99.03
	99.02
	99.04
	98.12
	98.13
	99.50
	99.50

	18
	35
	270
	160
	12
	99.08
	99.07
	99.00
	98.99
	98.19
	98.15
	99.51
	99.52

	19
	30
	260
	135
	17
	99.25
	99.23
	99.10
	99.09
	98.36
	98.35
	99.60
	99.59

	20
	30
	260
	135
	27
	98.59
	98.65
	98.68
	98.70
	97.70
	97.78
	99.26
	99.28

	21
	30
	260
	135
	7
	98.59
	98.53
	98.71
	98.68
	97.70
	97.61
	99.13
	99.09

	22
	25
	270
	160
	12
	98.69
	98.74
	98.84
	98.84
	97.80
	97.87
	99.35
	99.38

	23
	20
	260
	135
	17
	99.02
	99.06
	98.90
	98.94
	98.13
	98.19
	99.61
	99.61

	24
	25
	250
	110
	12
	98.95
	98.84
	98.95
	98.91
	98.06
	97.97
	99.46
	99.45

	25
	30
	280
	135
	17
	99.03
	98.96
	98.80
	98.79
	98.14
	98.06
	99.54
	99.49

	26
	30
	260
	135
	17
	99.29
	99.23
	99.10
	99.09
	98.40
	98.35
	99.61
	99.59

	27
	40
	260
	135
	17
	99.00
	98.96
	98.88
	98.83
	98.11
	98.04
	99.46
	99.44

	28
	25
	270
	110
	22
	99.00
	98.93
	98.73
	98.71
	98.11
	98.02
	99.41
	99.42

	29
	30
	260
	135
	17
	99.29
	99.23
	99.10
	99.09
	98.40
	98.35
	99.60
	99.59

	30
	35
	270
	110
	22
	98.69
	98.76
	98.62
	98.64
	97.80
	97.86
	99.33
	99.34


(M-Acid: myristic; P-Acid: palmitic; O-Acid: oleic; L-Acid: linoleic)
2.5. Statistical Analysis

The general quadratic equation was used for model development as shown in Equation 3.

 		          	          (3)

Where Y represents the process predictive response, bo represents the model coefficient constant, bi, bii, bij, represent the coefficients for intercept of linear, quadratic, interactive terms respectively, while xi, xj represent independent variables (i≠j). Finally, n represents number of independent variables and ɛ represents the random error.
The adequacy of the predicted models was mainly checked using ANOVA at 95% confidence levels. In addition, ANOVA was used to check the significant of the process variables and their interactions. Design Expert 11 software (Stat-Ease Inc., Minneapolis, MN, USA) was used to design the experiments, model development and optimisation.  

3. RESULTS AND DISCUSSION

3.1. Chromatographic method development

[bookmark: OLE_LINK5][bookmark: OLE_LINK6]The present method has been developed as a modification for the previously reported derivatisation-free method for FFAs characterisation by Zhang et al. [31]. In the present study, the GC column that has been used for analysis is TR-FFAP (30 m × 0.32 mm id, 0.25 µm film thickness, Thermo-Scientific, Cheshire, UK) with a stationary phase consists of a modified Polyethylene Glycol (PEG) bonded terephthalic acid (TPA).
[bookmark: OLE_LINK7][bookmark: OLE_LINK59][bookmark: OLE_LINK33][bookmark: OLE_LINK34]The starting column temperature programming for the GC method has been implemented as reported previously [30] where the initial oven temperature is 120 oC and ramped directly to 245 oC with rate of 30 oC/min with a flow rate of the carrier gas of 2.8 mL/min and injection temperature of 230 oC. However, an overlap between oleic and linoleic acid has been detected as shown in Figure 1. In addition to a combined peak of myristic acid and palmitic acid. Hence, systematic modifications have been applied for the method in order to produce separate and easily defined peaks.
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[bookmark: OLE_LINK31]Figure 1. Chromatographic results of the standard fatty acids before method modification

[bookmark: OLE_LINK37][bookmark: OLE_LINK38][bookmark: OLE_LINK35][bookmark: OLE_LINK36][bookmark: OLE_LINK55][bookmark: OLE_LINK56][bookmark: OLE_LINK75][bookmark: OLE_LINK64][bookmark: OLE_LINK65]The modification process has included three main aspects i.e., the optimal carrier gas flow, the optimal temperature ramp in the column programming and the optimal injection temperature. A multivariate optimisation technique using RSM has been established to determine the optimal combination of variables to achieve the best GC method in terms of sensitivity, specificity and precision. Three levels of each variable have been investigated as shown in Table 5. Box-Behnken Design (BBD) has been used to design randomised 17 runs at different variables. At each run the peaks of the standard fatty acids were calibrated and checked for sensitivity and specificity. Using Design Expert 11 software (Stat-Ease Inc., Minneapolis, MN, USA), the optimal conditions have been identified at 40 oC/min, 4.5 mL/min and 245 oC for temperature ramp, carrier gas flow and injection temperature, respectively. Additionally, it has been observed that the peaks have been accurately separated when the column remains at constant temperature of 240 oC for several minutes at constant flow rate of 4.5 mL/min. Hence, high ramp has been preferred prior to 240 oC to minimise the overall method time.




Table 5. Experimental design variables and their coded levels
	Factor
	Code
	Levels

	
	-1
	0
	+1

	[bookmark: _Hlk530653904][bookmark: OLE_LINK52]Ramp (oC/min)
	A
	30
	40
	50

	[bookmark: OLE_LINK46][bookmark: OLE_LINK51]Carrier gas flow (mL/min)
	B
	2.5
	4.5
	6.5

	Injection temperature (oC)
	C
	205
	230
	245



[bookmark: OLE_LINK69][bookmark: OLE_LINK70][bookmark: OLE_LINK73][bookmark: OLE_LINK74]In summary, the GC method has been identified based on the developed optimal conditions. The temperature programme has started from 40 oC and ramped with 40 °C/min to 240 °C and remained for 7 min. Finally, the temperature was ramped to 245 °C with 40 °C/min and remained for 5 min. Both injector and detector temperatures were adjusted at 245 oC. The flow rate of the helium carrier gas has been adjusted at 4.5 mL/min. While modifying the method, the previously overlapped peaks have been separated and viewed in an accurate position as shown in Figure 2.
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Figure 2. Chromatographic results of the standard fatty acids after method modification

Upon injecting the WCO and/or biodiesel samples, the FFAs are easily detected and identified. Using the standard samples, the retention time of each fatty acid has been defined as shown in Table 6. The concentration of each fatty acid has been calculated based on the response factor of each component as discussed in section 3.2.

Table 6. A chromatographic data of the retention time for each fatty acid 
	Fatty Acid
	Retention time (min)

	Myristic 
	5.8

	Palmitic 
	6.6

	Heptadecanoic (IS)
	7.1

	Oleic 
	8.1

	Linoleic 
	8.6



3.2. Calibration curves for standards

[bookmark: OLE_LINK103][bookmark: OLE_LINK104][bookmark: OLE_LINK83][bookmark: OLE_LINK84][bookmark: OLE_LINK9][bookmark: OLE_LINK10]The internal standard analytical method has been used to identify the concentration of each fatty acids in the samples. Heptadecanoic acid has been used as an internal standard and has been added with a constant concentration for each analysed sample. For each component, the response factor (RF) has been used to determine the concentration of the components in the sample. For RF, a division between area ratios (ARi) and concentration ratios (CRi) of each component has been applied as shown in Equation 4 [32]. The ratio between the concentration of the analyte (Ci) and the internal standard concentration (Cis) is defined as the concentration ratio. In addition, the ratio between the analyte area (Ai) and internal standard area (Ais) is defined as area ratio. Equations 5 and 6 have been used to calculate both AR and CR, respectively.

						          (4)

							          (5)

					          (6)

[bookmark: OLE_LINK98][bookmark: OLE_LINK99]A plot between AR and CR for each sample (at different concentrations) has been used to calculate the response factor. The calibration curves of fatty acids standards have been illustrated in Figure 3. It is clearly shown that the RF of myristic, palmitic, oleic and linoleic acids are 0.9757, 0.9788, 0.9697 and 0.9743, respectively. The uniformity of the results has been illustrated with high coefficient of determination (R2), where all the values are greater than 0.99. Consequently, the concentration of each component (ith component) in the biodiesel or WCO sample (jth sample) has been calculated as shown in Equation 7 [32].

				          (7)

[image: ]
Figure 3. Calibration curves of fatty acids standards

3.3. Development of regression model equation

Using the 30 experimental results for myristic, palmitic, oleic and linoleic acids conversion, four polynomial regression models have been developed to represent each response function in the experimental variables. The experimental results of each response have been fitted for four different mathematical models including linear, two factors interactions (2FI), quadratic and cubic polynomial models. The most fitted model has been identified using different statistical analysis including adjusted coefficient of determination (R2adj), predicted coefficient of determination (R2pred) and associated aliased coefficients. For the four regression models, the quadratic polynomial equation has been suggested by the software as the most fitted model in predicting the experimental results. Consequently, four quadratic models have been developed for the experimental responses function in the process variables as shown in Equations 8-11.

[bookmark: OLE_LINK125][bookmark: OLE_LINK126][bookmark: OLE_LINK127][bookmark: OLE_LINK128][bookmark: OLE_LINK129]Y1 = 99.23 - 0.025 A + 0.097 B - 0.009 C + 0.031 D + 0.068 AB + 0.050 AC 
- 0.071 AD + 0.012 BC + 0.095 BD + 0.076 CD - 0.055 A2 - 0.118 B2 - 0.045 C2 
- 0.161 D2 	         		         							          (8)

Y2 = 99.09 - 0.026 A + 0.029 B + 0.018 C + 0.005 D + 0.046 AB + 0.020 AC 
+ 0.036 AD + 0.064 BC - 0.043 BD + 0.062 CD - 0.051 A2 - 0.089 B2 - 0.021 C2 
- 0.101 D2 	         		         							          (9)

Y3 = 98.35 - 0.037 A + 0.1 B - 0.012 C + 0.048 D + 0.062 AB + 0.052 AC 
- 0.057 AD + 0.029 BC + 0.059 BD + 0.072 CD - 0.060 A2 - 0.124 B2 - 0.051 C2 
- 0.166 D2 	         		         							        (10)

Y4 = 99.59 - 0.043 A + 0.038 B - 0.006 C + 0.045 D + 0.056 AB + 0.031 AC 
- 0.024 AD + 0.034 BC - 0.053 BD + 0.033 CD - 0.016 A2 - 0.048 B2 - 0.017 C2 
- 0.121 D2 	         		         							        (11)

[bookmark: OLE_LINK132][bookmark: OLE_LINK133]Where Y1, Y2, Y3 and Y4 represent conversion of myristic acid, palmitic acid, oleic acid and linoleic acid, respectively. While, A, B, C and D represent the process variables including M:O molar ratio, temperature, pressure and time, respectively.

3.4. Model adequacy checking 

[bookmark: OLE_LINK136][bookmark: OLE_LINK137][bookmark: OLE_LINK145][bookmark: OLE_LINK146]For simplicity and length restrictions of the paper, the discussion has only included the adequacy checking of oleic acid conversion regression model (Equation 10). The adequacy of the predicted model has been processed through different checking methods including coefficient of correlation (R2), lack of fit and ANOVA. The coefficients of correlation analysis include three parameter named as R2, R2adj, R2pred, where adjusted and predicted parameters have been included. The higher value of the correlation coefficient up to unity, represent the high accuracy of the model in predicting the actual data. It has been reported that the values of R2, R2adj and R2pred for the predicted model are 0.989, 0.969 and 0.932, respectively. The significance of the predicted model has been assessed using ANOVA as shown in Table 7.

Table 7. Analysis of variance for FFA conversion of the developed model
	Source
	Sum of Squares
	df
	Mean Square
	F-value
	P-value
	Significance

	Model
	1.70
	14
	0.1217
	12.88
	< 0.0001
	HS

	A-MeOH:Oil
	0.0330
	1
	0.0330
	3.49
	0.0812
	NS

	B-Temperature
	0.2380
	1
	0.2380
	25.20
	0.0002
	HS

	C-Pressure
	0.0022
	1
	0.0022
	0.2334
	0.6360
	NS

	D-Time
	0.0442
	1
	0.0442
	4.68
	0.0471
	S

	AB
	0.0743
	1
	0.0743
	7.86
	0.0134
	S

	AC
	0.0431
	1
	0.0431
	4.56
	0.0497
	S

	AD
	0.0518
	1
	0.0518
	5.48
	0.0335
	S

	BC
	0.0138
	1
	0.0138
	1.46
	0.2454
	NS

	BD
	0.0564
	1
	0.0564
	5.97
	0.0274
	S

	CD
	0.1008
	1
	0.1008
	10.67
	0.0052
	HS

	A2
	0.0998
	1
	0.0998
	10.56
	0.0054
	HS

	B2
	0.4137
	1
	0.4137
	43.80
	< 0.0001
	HS

	C2
	0.0694
	1
	0.0694
	7.35
	0.0161
	S

	D2
	0.7496
	1
	0.7496
	79.36
	< 0.0001
	HS

	Residual
	0.1417
	15
	0.0094
	
	
	

	Lack of Fit
	0.1115
	10
	0.0112
	1.85
	0.2577
	NS

	Pure Error
	0.0301
	5
	0.0060
	
	
	

	Cor Total
	1.84
	29
	
	
	
	



The predicted model is highly significant with p-value less than 0.0001 and F-value of 12.88 as shown in Table 7. Further, lack of fit analysis has been implemented to determine the accuracy of the model in fitting the experimental data. The insignificant lack of fit means that the model is successfully representing the actual data. As shown in Table 7, the p-value of lack of fit analysis is 0.257 which is higher than 0.05 and hence, not significant. Finally, the predicted values have been plotted versus the experimental value on a 45o line, where the closer the points to the line indicates the similarity between both values (experimental and predicted values) as shown in Figure 4. The observed points are very close to the 45o line, which indicates the high similarity between the predicted and the actual (experimental) results.
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Figure 4. Predicted versus actual values for oleic acid conversion model

3.5. Effect of process variables and their interactions

The present study has investigated the conversion of four different FFAs including myrisitic, palmitic, oleic and linoleic acid. As the oleic acid represent the majority of the FFAs in the feedstock, its model has been checked for adequacy. This section is a continued study for the effect of reaction parameters on the conversion of oleic acid into FAMEs. The present study has included four process variables i.e. M:O molar ratio, temperature, pressure and time. The effect of process variables and their interactions on the conversion of oleic acid has been extensively discussed in this section. It is clearly shown in Table 4 that the conversion of FFAs are in the range between 96.5 and 98.8%. This indicates that using supercritical methanol, most of the oleic free acids have been converted into FAMEs.

3.5.1. Effect of M:O molar ratio 

The stoichiometry of the esterification reaction of oleic acid into methyl oleate included the reaction of 1 mole of oleic acid with one mole of methanol to produce 1 mole of methyl oleate and water as shown in Equation 12. However, using supercritical methanolysis for biodiesel production usually requires large excess of methanol. Using excess of methanol shifts the reaction equilibrium towards the products (biodiesel) and decrease the critical conditions of the mixture.

 		    			        (12)

[bookmark: OLE_LINK8][bookmark: OLE_LINK14][bookmark: OLE_LINK15]In the present study, a non-significant influence of increasing methanol ratio on oleic acid conversion has been reported as shown in Table 7. In addition, an antagonistic effect has been observed for the linear effect of increasing M:O molar ratio as shown in Equation 10 with a negative sign coefficient. However, the excess usage of methanol has a significant antagonistic effect as shown in Equation 10 with a negative sign for (A2) coefficient. This indicates that with an increase in M:O molar ratio decreases the conversion of oleic acid. Additionally, Figure 5 illustrates the effect of M:O molar ratio on the conversion of oleic acid conversion where non-significant impact has been observed at low reaction time. In addition, a negative influence has been observed for increasing M:O molar ratio on oleic acid conversion at longer reaction time.

Lokman et al. [33] has reported similar results where for the esterification of FFAs using methanol range between 1:1 and 15:1. They have observed that increasing the ratio of methanol decreases the FAME yield beyond 9:1 M:O molar ratio. In addition, they have reported insignificant change in FAME yield between 6:1 and 9:1 and hence, they have considered 6:1 as the optimum M:O molar ratio. Similarly, Alenzi et al. [34] have reported decreasing effect of M:O molar ratio using supercritical methanol at ratios higher than 1.6:1. They have referred to the complete solubility of supercritical methanol where large excess of methanol ratios would act to inhibit the esterification reaction. However, other researchers have reported increasing effect of M:O molar ratio on biodiesel yield [12,28,35]. In conclusion, M:O molar ratio is a very important parameter that affects the esterification reaction. This ratio should exceed the stoichiometric 1:1 ratio. Mostly, increasing the M:O molar ratio would increase the overall biodiesel yield, which includes esterification and transesterification reactions. However, increasing M:O molar ratio beyond certain limits would decrease the conversion of specific components including FFAs.
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Figure 5. Response surface and contour plot for M:O molar ratio and reaction time versus oleic acid conversion

3.5.2. Effect of reaction time

Reaction time reduction is considered as one of the major advantageous of supercritical methanolysis over conventional catalysed methods. In the present study, the reaction time has showed a significant influence on oleic acid conversion as shown in Table 7. Furthermore, an increasing effect of high level reaction time has shown a highly significant effect on oleic acid conversion. It has been exemplified in Figure 5 that increasing reaction time (at high and low levels of temperature) has positive impact on oleic acid conversion up to 18 min. However, longer reaction time has negative impact on the conversion.

3.5.3. Interactive effect of M:O molar ratio and reaction time

According to the ANOVA results, the interaction effect between M:O molar ratio and reaction time has shown a significant effect on oleic acid conversion as shown in Table 7. In order to assess the interactive effect between M:O molar ratio and reaction time, an interaction plot between the two variables and FFA conversion has been analysed. As shown in Figure 6, a visible interaction is demonstrated as the effect of M:O molar ratio on FFA conversion at 12 min reaction time is different than its effect at 22 min. The interaction is also illustrated in Figure 5, where at 12 min reaction time, the effect of increasing effect of M:O molar ratio on oleic acid conversion changes at longer reaction time.


[image: ]
Figure 6. Interaction plot showing interactive effect of methanol ratio and temperature on FFA conversion

3.5.4. Effect of reaction pressure

By implementing supercritical methanolysis technique, the minimum reaction pressure is 80 bar, which reflects to the critical pressure of methanol. In this paper, the effect of reaction pressure on oleic acid conversion has been investigated between 85 and 185 bar as shown in Table 3. Increasing the reaction pressure has been performed using CO2 gas, which also acts as a co-solvent for the reaction by enhancing the solubility of methanol in oil [36].
In the present study, increasing the reaction pressure has negative effect on oleic acid conversion as shown in Equation 10 with a negative sign for the pressure coefficient. However, the only high level of pressure has significant effect on oleic acid conversion while the linear effect of pressure in not significant as shown in Table 7.  The insignificant effect of pressure on oleic acid conversion is illustrated in Figure 7 as the variation of FFA conversion at different levels of reaction pressure is minor. Similar results have been reported by Liu et al. [37], they have reported insignificant effect of increasing the reaction pressure. Further, it is reported that increase in reaction pressure enhances the formation of two-phases reaction, which decreases the production of FAMEs [38]. 


[image: ][image: ]
Figure 7. Response surface and contour plot for reaction pressure and time versus FFA conversion


3.5.5. Effect of reaction temperature 

Elevated temperatures have been used for non-catalytic production of biodiesel using supercritical methanol. It is widely accepted that increasing temperature enhance the reaction rate of supercritical methanolysis and increase the conversion of the reactants [38]. However, at elevated temperatures, thermal degradability should be considered as an important constraint that would breakdown the bonds of FAMEs and hence the biodiesel yield is reduced. The reaction temperature should be kept below 280 oC to avoid any possibilities for thermal degradation [10]. In addition, the critical temperature of methanol is 240 oC which is considered as the minimum temperature for supercritical methanolysis. Consequently, the present study has investigated the effect of reaction temperature between 240 and 280 oC as shown in Table 3.

In the present study, reaction temperature has been reported as a highly significant parameter affecting the conversion as shown in Table 7. As demonstrated in Figure 7, the increasing effect of temperature increase the conversion up to 265 oC, where the conversion starts to decrease beyond this temperature. Similar researchers have reported the increasing effect of FFAs conversion while increasing the reaction temperature [33,37,39,40].

3.5.6. Interactive effect of reaction pressure and time

As shown in Table 7, the interaction effect between reaction temperature and pressure has a non-significant effect on the conversion. It has been illustrated in Figure 8, parallel effects of both temperature and pressure on the response. This means that effect of each variable is not affected by varying the other parameter. This conclusion is clearly demonstrated in Figure 7, where the effect of increasing the temperature on the conversion is similar at both 110 and 160 bar. Hence, the pressure level does not affect the increasing effect of temperature on the conversion.
[image: ]
[bookmark: OLE_LINK42][bookmark: OLE_LINK45][bookmark: OLE_LINK53]Figure 8. Interaction plot showing interactive effect of reaction pressure and time on FFA conversion

3.6. Process optimisation 

Numerical and graphical optimisation using RSM method has been reported extensively during the last years for either biodiesel production [4,41,42] or different applications [43]. In the present study, both numerical and graphical optimisation have been employed to minimise the process variables and to maximise the process responses using Design Expert software. The optimisation targets for process variables and responses have been demonstrated in Table 8. A rank for each variable has been defined based on a scale from 1 to 5 for the importance of each target.



Table 8. Optimisation constraints used to predict optimum conditions for biodiesel production
	Factor
	Code
	Goal
	Importance
	Limits

	
	Scale 1-5
	Lower
	Upper

	M:O (molar ratio)
	A
	Minimise
	3
	25
	35

	Temperature (oC)
	B
	Minimise
	4
	250
	270

	Pressure (bar)
	C
	Minimise
	3
	110
	160

	Time (min)
	D
	Minimise
	4
	12
	22

	[bookmark: _Hlk530838648]Myristic acid conversion
	Y1
	Maximise
	5
	98.5
	100

	Palmitic acid conversion
	Y2
	Maximise
	5
	98
	100

	Oleic acid conversion
	Y3
	Maximise
	5
	97.5
	100

	Linoleic acid conversion
	Y4
	Maximise
	5
	99
	100



[bookmark: OLE_LINK76][bookmark: OLE_LINK61]The software has used the combination of the targets and developed 68 solutions with different desirabilities. Hence, the solution with the highest desirability has been chosen as the optimal process variables for this study. The predicted optimum conditions with highest desirability of 92.3% have achieved conversion percentages of 99.2%, 99.1%, 98.35% and 99.65% for myrisitic, palmitic, oleic and linoleic acids, respectively. The optimal conditions have been reported at 25:1, 256.5 oC, 110 bar and 17 min for M:O molar ratio, temperature, pressure and time, respectively.

[bookmark: OLE_LINK60]It is worth mentioning that using graphical optimisation has effectively exemplified the wide range of desirabilities at different variables levels. This demonstrate the difference between one factor at a time (OFAT) and multivariable optimisation. For instance, the optimal point could have different possibilities; it could be observed at a low or high levels of variables as shown in Figure 9. The optimal conditions could also be developed at the axial level of a variable and in-between range of other variables as shown in Figure 10. Finally, the last option that the predicted optimal point could be located in-between range of both variables where it would be difficult to be predicted using OFAT as shown in Figure 11.
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[bookmark: OLE_LINK54][bookmark: OLE_LINK57]Figure 9. Surface plot showing the interactive effect of M:O molar ratio and reaction pressure on optimisation desirability
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[bookmark: OLE_LINK58]Figure 10. Surface plot showing the interactive effect of M:O molar ratio and reaction time on optimisation desirability

[image: ]
Figure 11. Surface plot showing the interactive effect of reaction temperature and time on optimisation desirability

The predicted optimal conditions have been validated experimentally by performing 3 experimental runs at the same predicted conditions. The experimental average results have reported 99.15%, 99.12%, 98.4% and 99.7% conversion for myrisitic, palmitic, oleic and linoleic acids, respectively. Consequently, the predicted optimal conditions have been confirmed experimentally with a relative error range between 0.05 and 0.2% for all responses.



4. CONCLUSIONS
This study has developed a simple conversion route for different FFAs using supercritical esterification. In addition, the analysis of FFAs in the feedstock and products has been performed using a simple derivatisation-free characterisation method. The developed method has resulted in high quality accurately separated peaks for each FFA. The effect of four independent variables and their interactions have been investigated. A significant interactive effect of M:O molar ratio and reaction time on FFA conversion has been observed. The analyses of the interactive effects of reaction variables have been discussed and employed for precise process optimisation. Finally, numerical and graphical optimisation have been employed to optimise the reaction variables for maximum conversion of FFAs. The optimum conditions have been reported at 25:1 M:O molar ratio, 256.5 oC, 110 bar within 17 min resulting in 99.2%, 99.1%, 98.35% and 99.65% conversion for myrisitic, palmitic, oleic and linoleic acids, respectively. The predicted optimal conditions have been validated experimentally with very low relative errors.
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