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ABSTRACT 25 

Currently, waste-derived biodiesel is drawing attention as an alternative fuel for its use shall 26 

not result in the competition of the edible source and is able to help in reducing the amount of 27 

waste produced. Leather tanning waste (LTW) is regarded as a highly potential feedstock for a 28 

waste-origin biodiesel since its annual production reaches 150,000 tons and creates harmful 29 

impacts on the environment. The utilization of LTW as a biodiesel feedstock can be one promising 30 

solution to both environmental dan energy problems. In this work, the conversion of LTW into 31 

biodiesel was investigated in supercritical ethanol (SpCE) condition with various reaction time (10 32 

– 50 min), temperature (300 – 400°C) and ethanol to LTW molar ratio (35, 40 and 45). Multilevel 33 

factorial design (MLFD) in compliance with response surface methodology (RSM) and three-way 34 

ANOVA were employed to design and optimize the experiment in regards of the three independent 35 

variables. The FAEE yield as the response was fitted into a second-order polynomial regression 36 

model using the least-square analysis. It was found that all the independent variables gave 37 

significant effect on the FAEE recovery. The optimized operating conditions are as follows: 38 

reaction time of 47.4 min, temperature of 374.6°C and molar ratio of ethanol to LTW of 40.02, 39 

with the experimental and predicted FAEE yield of 98.91 ± 0.31% and 99.68%, respectively. This 40 

incredible high yield proves the compatibility of SpCE technique for the conversion of LTW to 41 

biodiesel.  42 

Keyword: waste-derived biodiesel; leather tanning waste; supercritical ethanol; noncatalytic 43 

process; optimization study; renewable energy 44 
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1. Introduction1 50 

The increase in the use of biodiesel in recent decades is a result of rising market prices 51 

of crude oil and the depletion of world oil reserves. This has led to the interest of researchers 52 

to be able to increase the use of alternative fuels, particularly for transportation and industrial 53 

purposes. Of the several types of alternative fuels available, biodiesel is considered as the most 54 

renewable fuel used as a substitute for diesel fuel. Currently Indonesia blends 20% volume of 55 

biodiesel with the petrodiesel for direct use in the existing engines without extensive 56 

modifications. Biodiesel is characterized by low particulate matter emissions, carbon 57 

monoxide and the absence of sulfur in exhaust emissions [1]. Due to this benefit, the growth 58 

of annual biodiesel production in Indonesia increased exponentially by almost 60 folds in a 59 

period of 10 years, while its consumption escalated more than a hundred times in the past 9 60 

years [2].  61 

Various types of vegetable oils have been studied as raw materials for the production 62 

of second generation biodiesel, such as soybean oil [3], sunflower oil [4,5] and palm oil [6], 63 

although currently the latest trend uses a lot of non-edible oils, such as karanja and jatropha 64 

                                                           
1 Abbreviation 

LTW  Leather tanning waste 

FFA  Free fatty acid 

FAEE(s) Fatty acid ethyl ester(s) 

RSM  Response Surface Methodology 

SpCE  Supercritical ethanol 

SCE   Subcritical ethanol 

GC-FID Gas chromatography-Flame Ionization Detector 

MLFD  Multilevel Factorial Design 
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oil, waste fat, oil and grease (FOGs) from industrial origin and sewers as well as animal tallow 65 

[7–11]. These non-edible lipids, particularly FOGs and animal tallow are difficult to handle 66 

since they are rapidly degraded and possesses high content of free fatty acids (FFA) and 67 

moisture, which require pre-treatment before being subjected into the biodiesel conversion 68 

step. 69 

In Indonesia, the availability of leather tanning waste (LTW), one of the FOGs 70 

produced from the leather industry, is quite substantial with the annual production of 0.15 71 

million tons. Direct discharge of LTW into the environment creates unpleasant odor and 72 

harmful impacts on the fertility of soil and quality of water [1]. However, LTW possesses 73 

high amount of FFA and triglycerides (TG) which can be reacted with ethanol to produce 74 

biodiesel. Therefore, it is of great interest to positively utilize this particular FOGs into a 75 

higher value product such as biodiesel.  76 

Valorization of LTW to biodiesel encounters several challenges, generally due to 77 

the presence of water and FFA. High content of water promotes the hydrolysis of TG to FFA, 78 

while substantial content of FFA (more than 0.1%) drives the occurrence of soap formation 79 

with the basic catalyst in the transesterification step, resulting in low biodiesel yield. Several 80 

conversion techniques have been investigated for this type of waste-originated lipid to 81 

biodiesel. Idowu et al. (2019) studied the yield improvement of biodiesel from waste animal 82 

fat through the combination of acidic esterification followed by alkaline transesterification 83 

and microwave technique [12]. Wang et al. (2017)  proposed the use of bifunctional magnetic 84 

solid acid catalysts with both Lewis and Brondsted acid sites to produce biodiesel from 85 

soybean oil and jatropha oil with high acid value [13].  86 

Another route extensively studied to transform low quality oils to biodiesel is the 87 

non-catalytic transesterification using subcritical [11,14] and supercritical [15] alcohol. This 88 

method offers short reaction time and simple product separation since no catalyst involved. 89 
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Moreover, these catalyst-free techniques are able to tolerate high FFA and water contents in 90 

the raw feedstock up to 30% and 36% (w/w), respectively [16]. It is likely attributed to their 91 

significant amount of hydrogen bond and ion solvation/association capability [17,18]. The 92 

major shortcomings of this route come from the extreme operating temperatures and 93 

pressures, leading to the requirement of certain reactor design, considerable high alcohol to 94 

lipid molar ratio used in the process, which certainly increase the operating cost and hinder 95 

its industrial scale-up application. In order to make it feasible for the industrial practice, 96 

several innovations have been conducted by Sawangkeaw et al. (2010) to find milder 97 

conditions for the supercritical alcohol technique, namely using co-solvent (CO2 or propane), 98 

base or acid catalyst; or optimizing the transesterification yield using two-step subcritical 99 

hydrolysis-supercritical alcohol transesterification [19]. However, addition of more 100 

chemicals or processing steps would have once again pose economical constraints as it 101 

increases the material costs.  102 

The objective of this study, therefore, is to perform the optimization analysis to 103 

discover the optimum operating condition (reaction time, temperature and alcofol to fats 104 

molar ratio) of the single-step catalyst-free supercritical ethanol (SpCE) technique, without 105 

co-solvent or catalyst addition and intricate process, using response surface methodology 106 

(RSM) approach. Ethanol was selected instead of methanol, due to its abundant availability, 107 

sustainability, and less toxicity which made it safer to use. The obtained optimum condition 108 

of SpCE technique will definitely contribute to the improvement of this particular process 109 

and cost efficiency. This study focuses as well on the LTW valorization ability as raw 110 

material to produce biodiesel with high purity and recovery under SpCE condition.  111 

 112 

2. Materials and methods 113 

2.1 Materials 114 
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LTW was originated from a leather tanning factory in Bogor, Indonesia. The 115 

pretreatment of waste prior to use was conducted by the following steps: (1) LTW was 116 

repeatedly washed with deionized water to remove the unwanted components, namely dirt, 117 

gangue and other impurities. The washed LTW was then heated at constant temperature of 118 

120°C for the water removal and subsequently filtered to obtain the ready-to-use LTW. The 119 

fatty acid profile of LTW was measured with GC-2014 (Shimadzu Ltd., Japan), using Restek 120 

Rtx-65TG (30 m x 0.25 mm ID x 0.10 µm film thickness, Restek, USA) as the fused silica 121 

capillary column.  122 

The analysis of LTW as raw materials was conducted to determine the fat and FFA 123 

content as well as its fatty acid composition using the standard methods of AOAC 991.36, 124 

ASTM D5555-95 and ISO 12966, respectively. The characteristics of LTW are presented in 125 

Table 1.  126 

Table 1 127 

Absolute ethanol and technical hexane were purchased from Sigma-Aldrich and 128 

Merck (Germany), respectively. All chemicals used for the analysis were of high purity 129 

grade and require no further purification. The standard of fatty acid ethyl esters (FAEEs) 130 

standard pack (10008188) was purchased from Cayman Chemicals (Ann-Arbor, MI, USA). 131 

Methyl heptadecanoate was used as an internal standard (IS) in the analysis of FAEE purity. 132 

UHP-grade nitrogen (99.99%) and helium gases (99.9%) for the gas chromatography-flame 133 

ionization detector (GC-FID) analysis were provided by Aneka Gas Industry Pty. Ltd., 134 

Surabaya.  135 

 136 

2.2 SpCE transesterification of LTW 137 

The reaction system for the SpCE transesterification of LTW consists of a 50 cm3 138 

cylindrical reactor, made from SS-316 grade stainless steel and is completed with a pressure 139 
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indicator, thermocouple and external heater. The high-pressure reactor is also connected to 140 

a nitrogen gas cylinder. Figure 1 depicted the schematic diagram of SpCE transesterification 141 

apparatus arrangement. Certain proportion of ethanol and LTW were introduced to the vessel 142 

in order to achieve the intended ethanol to LTW molar ratio. The molar weight of LTW was 143 

determined by dividing the mass of LTW to its average molecular weight that is calculated 144 

using the equation below. 145 

𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝐿𝑇𝑊 (𝑀𝑊𝐿𝑇𝑊,
𝑔

𝑔 𝑚𝑜𝑙
) = 56.1 𝑥 1000 𝑥 

3

(𝑆𝑉−𝐴𝑉)
        (1) 146 

where SV is the saponification value of LTW (
𝑚𝑔 𝐾𝑂𝐻

𝑔 𝑜𝑖𝑙
) and AV is the acid value of 147 

LTW (
𝑚𝑔 𝐾𝑂𝐻

𝑔 𝑜𝑖𝑙
) [20–22]. After properly tightened, gaseous nitrogen was purged into the 148 

reactor to remove air from the system. The reactor was then rapidly heated from room 149 

temperature to the desired temperature. To reach the required pressure (15 MPa), the N2 gas 150 

at the specified rate of 3 ml/min was once again injected into the reactor. The reaction begins 151 

after it reached the intended pressure and temperature for a specified duration in an isobaric 152 

and isothermal condition. The pressure and temperature were monitored throughout the 153 

reaction course using pressure gauge and thermocouple installed in the system.  154 

The reactor vessel was then immediately cooled down in a water bath right after the 155 

reaction duration reached the prescribed time to terminate the reaction. Liquid-liquid 156 

separation was performed to separate FAEE from its by-product. A given amount of hexane 157 

were mixed with the product mixture to extract FAEE and allowed to settle overnight. The 158 

FAEE-rich layer was retrieved and subsequently subjected to the vacuum evaporation (IKA 159 

RV 10B).  160 

 Figure 1 161 

 162 

2.3 Compositional assay of FAEEs using GC-FID  163 
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The purity and compositional assay of FAEE was conducted using Shimadzu GC-164 

2014 with the split/splitless injector and a flame ionized detector (FID). The narrow bore 165 

DB-WAX capillary column (30 m x 0.25 mm ID x 0.25 µm film thickness, Agilent 166 

Technology, CA) was used as the stationary silica phase in the analysis. A specified amount 167 

of FAEE sample (100 mg) was properly dissolved in 2 ml of 10 µg/ml IS solution. The 168 

sample was then injected to the GC using a split ratio of 1:50. The temperature program for 169 

the chromatography analysis was following the study conducted by Harijaya et al. (2019), 170 

where the column temperature was initially set at 50°C and maintained for 15 mins. The heat 171 

rate was then raised at the rate of 4°C/min to increase the temperature up to 220°C and held 172 

constant for another 15 mins. Both split/splitless injector and FID was set isothermal at 173 

250°C and 260°C, respectively. The flowrate of helium (99.9%) as the carrier gas was 174 

adjusted at constant velocity of 30 cm/s [11].  175 

The FAEE peaks in the sample was identified using the FAEE standard pack 176 

(10008188), while IS solution acted as the calibration solution to precisely calculate the 177 

purity of FAEE in the sample: 178 

FAEE Purity (𝐹𝑝, %) = (
∑ 𝐴 𝐹𝐴𝐸𝐸- 𝐴IS

𝐴IS
×

𝑉IS𝐶IS

𝑚
)  ×100% 

(2) 

Where ∑ 𝐴 𝐹𝐴𝐸𝐸  is the total area of FAEE peaks, 𝐴IS is the corresponding area of IS 179 

peak, 𝑉IS is the volume of IS solution (ml), 𝐶IS is the concentration of IS solution (g/ml), 𝑚 180 

is the actual weight of the FAEE sample (g). Based on the Fp obtained from equation (2), the 181 

determination of FAEE yield can be performed using equation (3): 182 

FAEE Yield (wt %) = (
𝑚FAEE

𝑚LTW
𝑥 𝐹𝑝)  ×100% 

(3) 

Where 𝑚FAEE is the final FAEE weight obtained (g), 𝑚LTW is the initial weight of 183 

LTW (g) and 𝐹𝑝 is the FAEE purity obtained from equation (2). 184 
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 185 

2.4 Statistical analysis: Experimental design and process optimization 186 

RSM method coupled with the multilevel factorial design (MLFD) was employed to 187 

statistically determine the optimum point of the SpCE technique for the LTW conversion to 188 

biodiesel. Reaction time (min), temperature (°C) and the molar ratio of ethanol to LTW 189 

(mol/mol) were selected as the important parameters based on the study conducted by Ong 190 

et al. (2013) and their relevance to the industrial feasibility, both in processing and economic 191 

viewpoint. Ong et al. (2013) mentioned that exposure time takes crucial role in the thermal 192 

degradation of alkyl ester, particularly in the extreme temperature and pressure [1]. 193 

Therefore, while reaction temperature and molar ratio of ethanol to LTW are classified into 194 

three different levels: low (1), center point (2) and high (3), reaction time is encoded into 195 

five different levels with 1 as the lowest level and 5 as the highest one to closely monitor the 196 

effect of time to the yield of FAEE. The encoded variables and their corresponding values 197 

were summarized in Table 2.  198 

Table 2 199 

Table 3 listed the matrix of design of experiment (DOE) based on MLFD, along with 200 

the experimental and predicted response (FAEE yield, %). All experiments were conducted 201 

in replicates to obtain reliable data reproducibility and performed in a randomized order. The 202 

responses obtained from the experiments were then fitted into a second-order polynomial 203 

equation, generated using analysis of variance (ANOVA) by Minitab (ver.18.1) with 95% 204 

confidence interval.  205 

The developed mathematical regression model was statistically evaluated for its 206 

goodness-of-fit by using the values of coefficient of determination (R-square). The response 207 

surface plots were developed from the mathematical regression analysis of experimental 208 
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responses by holding one variable constant in the middle level while manipulated the other 209 

two variables.  210 

Table 3 211 

The correlation between the predicted response parameter (FAEE yield, %) and the 212 

three independent parameters are expressed by equation (4), where Y is the predicted FAEE 213 

yield (%); 𝑞0, 𝑞𝑖, 𝑞𝑖𝑖, 𝑞𝑖𝑗 are the regression coefficients for the intercept, linear, quadratic 214 

and interactions of the independent variables, respectively; 𝑋𝑖 and 𝑋𝑗 are the coded 215 

parameters (A, B, C). The value of i ranges from 1 to 3 for reaction temperature and ethanol 216 

to LTW molar ratio, while it spreads from 1 to 5 for reaction time. 217 

𝑌 = 𝑞0 + ∑ 𝑞𝑖𝑋𝑖

3

𝑖=1

+ ∑ 𝑞𝑖𝑖𝑋𝑖
2

3

𝑖=1

+ ∑ ∑ 𝑞𝑖𝑗𝑋𝑖𝑋𝑗

3

𝑗=1

3

𝑖=1

 (4) 

 218 

3. Results and Discussions 219 

3.1 Specification of raw materials (LTW) 220 

As seen in Table 1, LTW contains large amount of FFA and moisture content, with 221 

the respective value of 15.24% and 12.37%. Substantial amount of fat (including TG, other 222 

acylglycerides and minor components) are observed in LTW, which covers 62.61% of the 223 

total mass. According to the fatty acid profile, three major fatty acids that composes LTW 224 

are palmitic acid (C16:0), stearic acid (C18:0) and oleic acid (C18:1).  225 

Several studies reported that with these particular characteristics of raw materials, at 226 

least one single pre-treatment and two-step esterification and transesterification process are 227 

required to produce biodiesel with commercial yield and purity [23,24].  High FFA content 228 

in raw materials induces the soap formation via saponification reaction with basic catalyst 229 

in the classical transesterification technique. Significant amount of moisture in the raw 230 

feedstock promotes the hydrolysis of lipids into FFA, which then again triggers the soap 231 
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formation [25]. The formation of soap tends to shift the transesterification to the reactant 232 

side, lowering the yield of biodiesel and as well induces the formation of emulsified 233 

products, causing difficulties in purification process.  234 

SpCE technique, however, provides in-situ esterification/transesterification reaction, 235 

negates the requirement to pretreat the FFA or moisture content in raw lipids, which is, as 236 

well, able to subsequently omit the complicated separation steps [26,27]. Another advantage 237 

is that the conversion of vegetable oils to biodiesel using supercritical alcohol possesses high 238 

reaction rates and requires a relatively short time to achieve high production yield [27,28].  239 

 240 

3.2 Process Optimization using RSM 241 

Currently, SpCE process is still at the pilot-research stage, with extreme temperature 242 

and pressure as well as the enormous amount of alcohol become the main drawback in the 243 

implementation of this process to the industrial scale, because these factors result in high 244 

energy consumption that has to be minimalized. However, on the other hand, many studies 245 

reported that SpCE technique possesses many advantages, particularly in the time 246 

consumption and process simplicity. Therefore, simulating a model for the process is 247 

important to investigate the feasibility and limitation of SpCE from both economic and 248 

technological viewpoints. Furthermore, study on the behavior of processing variables in the 249 

reaction system such as operating temperature, time and molar ratio of ethanol to LTW needs 250 

to be done to find the optimal point of this promising SpCE technique.  251 

RSM combined with MLFD was selected to conduct the determination of optimal 252 

parameters for the FAEE production by simultaneously integrating the three independent 253 

processing variables (reaction temperature, time and molar ratio of ethanol to LTW). The 254 

correlation between the FAEE yield as the response and the series of encoded input variables 255 

was summarized in Table 3.  256 
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The polynomial quadratic model was selected as the best-fitted model by RSM using 257 

the least square analysis, performed by Minitab (ver.18.1), due to its significance terms and 258 

the model was not alienated. The equation derived for the biodiesel production was 259 

expressed by Eq. 5, based on the coded values presented in Table 2.  260 

𝐹𝐴𝐸𝐸 𝑦𝑖𝑒𝑙𝑑 (𝑤𝑡%), 𝑌

= −137.5 + 11.62(𝐴) + 142.8(𝐵) + 13.23(𝐶) − 1.624(𝐴2)

− 30.83(𝐵2) − 2.42(𝐶2) + 3.273(𝐴)(𝐵) − 0.348(𝐴)(𝐶)

+ 0.415(𝐵)(𝐶) 

(5) 

where Y is the FAEE yield (wt%); 𝐴, 𝐵, 𝐶 are the encoded value of the independent variable 261 

levels (1, 2, 3, 4, 5 for A and 1, 2, 3 for B and C). 262 

Positive sign indicates synergistic effect in the increase of FAEE yield, while 263 

negative sign indicates that the factor possesses antagonistic effect on the response. The 264 

mathematic model (Eq. 5) ahowed that the linear coefficient (A, B, C) and two-ways 265 

interaction variables between time and temperature as well as between temperature and 266 

molar ratio of ethanol to oil ((A)(B), (B)(C)) provides linear effect on the increase of FAEE 267 

yield, while the negative coefficient of intercept, quadratic variables (𝐴2, 𝐵2, 𝐶2) and the 268 

other two-ways interaction between time and molar ratio of ethanol to oil indicated that these 269 

variables decrease the FAEE yield.  270 

Table 4 presented the result of the significance study of the independent variable 271 

individually, quadratically as well as their interactions performed by statistical ANOVA. 272 

Referring to the ANOVA results, the regressed model showed that all terms except that of 273 

quadratic term of ethanol to oil molar ratio and two-ways interaction between the molar ratio 274 

of ethanol to LTW and both time and temperature (p-value > 0.05) were significant. The 275 

pareto chart of standardized effects (Figure 2) presented that all linear terms were found to 276 

be prominent with the significance order of reaction time > temperature > molar ratio of 277 
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ethanol to oil, while the notable quadratic terms were reaction time (𝐴2) and temperature 278 

(𝐵2), with quadratic term of temperature gives the highest effect to the SpCE process. The 279 

only two-ways interaction that was found to be significant to the process is the interaction 280 

between reaction time and temperature (A)(B). 281 

Table 4 282 

Figure 2 283 

As also seen in Table 4, the coefficient of determination (R2) value of the 284 

mathematical model (Eq. 5) was 0.9865, ascribing that 98.65% of the variance results was 285 

attributed by the three investigated parameters. This R2 value also points out that this 286 

quadratic equation is able to reasonably interpret the experimental data. A good agreement 287 

between the predicted and experimental data of FAEE yield was monitored from the value 288 

of adjusted and predicted R2 (0.9830 and 0.9770, respectively). From the results of ANOVA, 289 

the fitted regression model is considered sufficient to describe the behavior of all the 290 

independent input variance.  291 

The profile of predicted response (FAEE yield) with the interactions between two 292 

design variables are depicted as the 3D surface plots in Figure 3 (a) – (c). Figure 3 (a) 293 

described the effect of temperature and reaction time to maximizing the yield of FAEE. It 294 

can be seen from the curvature lines of temperature vs FAEE and reaction time vs FAEE 295 

that the enhancement of temperature and reaction time from the bottom level to the highest 296 

one gave a favorable influence on the yield of FAEE. While the FAEE yield escalated rapidly 297 

along with the temperature rise from 300°C (1) to 350°C (2) at constant reaction time, it 298 

reaches plateau point and then gradually decrease when it is closer to the temperature of 299 

400°C. A similar trend was observed for the reaction time where the response rapidly 300 

escalated from the 10 min (1) to the 30 min (3). Further extent on reaction time leads to a 301 

slight increase of FAEE yield.   302 
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Figure 3 (b) represents the two-ways interaction between reaction time and molar 303 

ratio of ethanol to LTW on the FAEE yield. As depicted in the pareto chart, it is also evident 304 

that the reaction time gives the most significant influence on the yield of FAEE as reaction 305 

time tends to have steeper slope than the other factors, while the enchancement of molar 306 

ratio of ethanol to LTW from 35 to 45 at the constant reaction time causes only insignificant 307 

increase the FAEE yield. A consistent trend was also monitored in Figure 3 (c), where the 308 

elevation of ethanol to LTW molar ratio gave only minor increase at the constant reaction 309 

temperature. It can be seen that the optimum yield of FAEE was obtained at the middle level 310 

of temperature. Further rise in the temperature resulted in lower FAEE yield.  311 

Figure 3 312 

The optimal levels of process variables for SpCE technique were generated by Minitab 313 

(ver.18.1) based on the developed mathematical equation and the experimental data. The 314 

resulting optimal point for SpCE process are as shown in Figure 4: reaction time of 47.4 min 315 

(4.7395), temperature of 374.6°C (2.4918) and ethanol to LTW molar ratio of 40.02 316 

(2.0046), with the predicted optimum FAEE yield of 99.68% and model desirability of 1.00. 317 

To verify the reliability of the model, three replicated experiments were performed under 318 

these optimal variables and it was found that the average optimal yield of FAEE was 98.91 319 

± 0.31% with the purity of 97.55%. With the error between the experimental and predicted 320 

values of only 0.77%, it can be concluded that the developed mathematical equation provides 321 

excellent accuracy for the prediction of FAEE yield using the operating parameters within 322 

the tested levels. Low molar ratio of ethanol to LTW (40.02) is in most cases favorable for 323 

the industries since the cost of materials usually pose as the major operating expenditures 324 

(38, Felix), while short time requirement (47.4 min) provides benefit in the production 325 

efficiency. 326 

Figure 4 327 
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 328 

3.3 The effect of reaction paramaters on FAEE yield 329 

The effect of reaction parameters on the FAEE yield is illustrated in Figure 5 (a) – (c). 330 

Based on the statistical ANOVA, time was the second most significant variable affecting the 331 

FAEE yield following the quadratic temperature interaction. Figure 5 (a) – (b) showed that 332 

in both constant temperature and ethanol to LTW molar ratio, a sharp hike in FAEE yield 333 

was monitored by lengthening the reaction time from the lowest to the highest level. 334 

Extending the duration of transesterification reaction allows longer contact between the 335 

supercritical alcohol, oil and water phase, ensuring higher conversion of TG and FFA into 336 

FAEE [15]. The interaction effect between reaction time and temperature was also revealed 337 

where major increase of FAEE yield occurred by prolonged the reaction time at the higher 338 

temperature level (350 - 400°C). It was likely due to the miscibility of ethanol and water in 339 

LTW that increases along with the temperature, forming a more homogenous system in 340 

higher temperature and promoting an intensive contact between the reactants. The results 341 

were in agreement with the study conducted by Maaira et al (2011), which stated that the 342 

yield of biodiesel is affected by resident time. The study also mentioned that higher 343 

conversion and reaction rate was also monitored in higher temperature, due to the collision 344 

between particles intensifies along with the escalation of temperature so that the activation 345 

energy of the reaction is easier to achieve [29]. 346 

Temperature is usually considered as the critical parameter in the supercritical 347 

transesterification, because this parameter affects the density, viscosity and miscibility of the 348 

reactants at the supercritical state. Moreover, it is a known fact that both processes of 349 

esterification and transesterification are endothermic and reversible. Therefore, based on 350 

Figure 5 (a) – (c), the increase of temperature from 300°C to 350°C improves the FAEE yield 351 

remarkably in all levels of time and molar ratio of ethanol to LTW. This is likely due to the 352 
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change of reactant properties in the supercritical state. Both water and ethanol has low 353 

miscibility with LTW at the standard room temperature. However, great enhancement of 354 

temperature to the supercritical condition reduced their dielectric constant and viscosity, 355 

leading to a more homogenous mixture system and induces intense contact among the 356 

reactants. The weakened hydrogen bonding between water and hydroxyl group in ethanol 357 

caused by the temperature increase magnifies their miscibility in the non-polar LTW phase 358 

[30], and subsequently increase the mass transfer and reaction rate between the reactants 359 

[31]. Moreover, based on the kinetic Arrhenius law, temperature increment plays significant 360 

role in the improvement of the reaction rate constant and shift the equilibrium to the right 361 

(product side).  362 

From another point of view, in the presence of water, temperature greatly affects the 363 

hydrolysis of the lipids into FFA. Higher rate of hydrolysis reaction in the system was highly 364 

attributed by the increase of temperature, which in this SpCE technique, is desirable since 365 

high FFA content increases the miscibility of water and lipid, and promotes faster diffusion 366 

rate. While Kusdiana and Saka (2004) also agrees that the presence of water has no effects 367 

on the conversion in the supercritical alcohol technique [32] unlike the traditional techniques, 368 

Gunawan et al. (2014) mentioned that high water content may encourage the simultaneous 369 

esterification/transesterification reaction to form biodiesel. The numbers of dissociated ions 370 

in water, H3O
+ and OH-, significantly escalates along with the increase of temperature and 371 

behave as bifunctional catalyst to induce the in-situ esterification/transesterification 372 

processes, leading to higher recovery of FAEE [14]. 373 

As seen on Figure 5 (a) and (c), yield of FAEE reached stagnant phase (even slightly 374 

decrease in some tested points) when the temperature was further escalated to the highest 375 

level (400°C). This might indicates that the reaction has reached equilibrium condition and 376 

further escalation may lead to reverse reaction to the reactant side [33] . This result is also in 377 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



  

17 

 

agreement with several works conducted by Wang et al. (2018), Shin et al. (2011) and Ortiz-378 

Martinez et al. (2019), where further temperature rise did not give a major increase on the 379 

recovery of biodiesel, instead the chance of the thermal degradation of product to occur might 380 

improve, particularly for the unsaturated carbon-chain in the mixture [34–36]. 381 

Figure 5 (b) and (c) shows the influence of molar ratio of ethanol to LTW on the FAEE 382 

yield. It can be seen clearly that the tendency of FAEE yield to increase when the molar ratio 383 

of ethanol to LTW was enhanced from the lowest to the highest level is mild, eventhough 384 

theoretically the addition of excess alcohol should improve the interaction between the lipid 385 

and ethanol, promoting the conversion of LTW to biodiesel. On supercritical condition, 386 

alcohol is able to dissolve the lipid largely and therefore, it changes the heterogenous 387 

reaction to a homogenous one. As a result, the reaction rate increases greatly. However, since 388 

the mixture has already been in a homogenous state, continuing increasing the molar ratio of 389 

alcohol to oil cannot help to increase the biodiesel yield significantly. The reaction migh as 390 

well be constrained by the equilibrium, which makes the addition of alcohol to the system 391 

do not give any major effect on the yield after a certain value of molar ratio [37]. Gunawan 392 

et al. (2014) also mentioned that excess alcohol seems to have a favorable effect on the 393 

biodiesel yield only to a certain extent, while Thoai et. al. (2017) stated that high alcohol 394 

content in the mixture system causes a lower concentration of acylglycerides which is 395 

disadvantageous for the transesterification reaction since the two reactants are required to 396 

stimulate the reaction [14,39]. Another reason is that further addition of excess ethanol 397 

inclines to negate the product recovery since higher glycerol content will lead the reaction 398 

to the reactant side, resulting in the lower biodiesel yield [40].  399 

Figure 5  400 

 401 
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3.4 Composition profile of LTW-based biodiesel 403 

The purity and FAEE profile of LTW-based biodiesel obtained at the optimum 404 

operating condition (reaction time of 47.4 min, temperature of 374.6°C, and molar ratio of 405 

ethanol to LTW of 40.02) was analyzed by using GC-FID. It was found that the FAEE 406 

content in the LTW-based biodiesel was 97.55%. Ten FAEE peaks were identified using the 407 

external FAEE standard pack (10008188), with the carbon-chain profile as follows: 4.19% 408 

C14:0, 25.71% C16:0, 4.55% C16:1, 1.02% C16:2, 0.69% C17:0, 15.21% C18:0, 41.51% 409 

C18:1, 4.76% C18:2, 2.19% C18:3 and 0.17% C20:0. Minor change of fatty acid 410 

composition in the raw material (LTW) and final product (LTW-based biodiesel) was 411 

monitored, with the peak of C16:2 detected only in the final product. The occurrence of this 412 

C16:2 peak in the LTW-based biodiesel was likely due to the decomposition of long carbon-413 

chain to shorter ones in the high temperature process [35,36,41].  414 

 415 

3.5 Fuel properties of LTW-based biodiesel 416 

Table 5 listed the fuel characteristics of LTW-based ethyl esters with the 417 

corresponding ASTM standard testing method. The results were compared to the standard 418 

requirement of biodiesel (ASTM D6751) and diesel fuel (ASTM D975-08). The viscosity of 419 

FAEE obtained from LTW were comparable to the specification of regular diesel fuel, with 420 

the value of 2.36 mm2/s, indicating that no particular hardware modification are required for 421 

handling this fuel [42] and it can be widely used as diesel fuel blend. The flash point and 422 

cetane number of LTW-based ethyl esters were estimated as 98.4 and 51.2, slightly higher 423 

than the minimum value of ASTM D6751, emphasizing the good ignition of fuel. High 424 

calorific value was observed in LTW-based biodiesel, with the value of 43.451 MJ kg-1, 425 

comparable to the usual petrodiesel (42-46 MJ/kg) [43]. This goes as well for the cloud point 426 

of this fuel which was found to be 9.8°C, indicating a good flow ability of this fuel in the 427 
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cold season.  Both acid value and density of the fuel are also within the range required by 428 

ASTM biodiesel standard. Based on the results, it can be concluded that the LTW-based 429 

ethyl esters is a potential replacement for diesel fuel. 430 

Table 5 431 

 432 

4. Conclusions 433 

Supercritical ethanol has been successfully conducted to produce LTW-based biodiesel. 434 

RSM in conjuction with ANOVA have been applied to design the experiment, predict 435 

the response and maximize the result by optimizing the tested variables (reaction time, 436 

temperature and ethanol to LTW molar ratio). The maximum FAEE recovery obtained 437 

from this optimization was 98.91 ± 0.31% with  the product purity (97.55%) reached the 438 

commercial requirement (higher than 96.5%). The optimal operating conditions were 439 

47.4 min, 374.6oC and molar ratio of ethanol to LTW of 40.02, with the predicted FAEE 440 

yield of 99.68%. The experimental and predicted response have a proportional output, 441 

with an error of only 0.77%. Consistent result can be also observed from the adjusted 442 

coefficient of determination which is close to unity (0.9830), indicating that the quadratic 443 

regression is in conform with the experimental results. The fuel properties of LTW-based 444 

ethyl esters are also in accordance with ASTM D6751 and ASTM D975-08. Therefore, 445 

it can be concluded that SpCE is a promising method to substitute the traditional 446 

technique, particularly for the utilization of raw materials originated from waste because 447 

it is more straightforward, sustainable and clean compared to the latter.  448 

 449 

Acknowledgments 450 

This research did not receive any specific grant from funding agencies in the public, 451 

commercial, or not-for-profit sectors. 452 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



  

20 

 

 453 

REFERENCES 454 

[1] L.K. Ong, A. Kurniawan, A.C. Suwandi, C.X. Lin, X.S. Zhao, S. Ismadji, 455 

Transesterification of leather tanning waste to biodiesel at supercritical condition: 456 

Kinetics and thermodynamics studies, J. Supercrit. Fluids. 75 (2013) 11–20. 457 

doi:10.1016/j.supflu.2012.12.018. 458 

[2] Indonesian Palm Oil Association, Perkembangan Biodiesel di Indonesia dan Terbesar 459 

di Asia, (2017). https://gapki.id/news/3250/perkembangan-biodiesel-di-indonesia-460 

dan-terbesar-di-asia (accessed September 30, 2018). 461 

[3] H. Han, W. Cao, J. Zhang, Preparation of biodiesel from soybean oil using 462 

supercritical methanol and CO2 as co-solvent, Process Biochem. 40 (2005) 3148–463 

3151. doi:10.1016/j.procbio.2005.03.014. 464 

[4] G. Madras, C. Kolluru, R. Kumar, Synthesis of biodiesel in supercritical fluids, Fuel. 465 

83 (2004) 2029–2033. doi:10.1016/j.fuel.2004.03.014. 466 

[5] E.G. Silveira Junior, V.H. Perez, I. Reyero, A. Serrano-Lotina, O.R. Justo, Biodiesel 467 

production from heterogeneous catalysts based K2CO3 supported on extruded Γ-468 

Al2O3, Fuel. 241 (2019) 311–318. doi:10.1016/j.fuel.2018.12.074. 469 

[6] K. Noiroj, P. Intarapong, A. Luengnaruemitchai, S. Jai-In, A comparative study of 470 

KOH/Al2O3 and KOH/NaY catalysts for biodiesel production via transesterification 471 

from palm oil, Renew. Energy. 34 (2009) 1145–1150. 472 

doi:10.1016/j.renene.2008.06.015. 473 

[7] M.J. Salar-García, V.M. Ortiz-Martínez, P. Olivares-Carrillo, J. Quesada-Medina, 474 

A.P. De Los Ríos, F.J. Hernández-Fernández, Analysis of optimal conditions for 475 

biodiesel production from Jatropha oil in supercritical methanol: Quantification of 476 

thermal decomposition degree and analysis of FAMEs, J. Supercrit. Fluids. 112 477 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



  

21 

 

(2016) 1–6. doi:10.1016/j.supflu.2016.02.004. 478 

[8] S. Rajkumar, J. Thangaraja, Effect of biodiesel, biodiesel binary blends, 479 

hydrogenated biodiesel and injection parameters on NOx and soot emissions in a 480 

turbocharged diesel engine, Fuel. 240 (2019) 101–118. 481 

doi:10.1016/j.fuel.2018.11.141. 482 

[9] A. Purandaradas, T. Silambarasan, K. Murugan, R. Babujanarthanam, A.D. Gandhi, 483 

K.V. Dhandapani, D. Anbumani, P. Kavitha, Development and quantification of 484 

biodiesel production from chicken feather meal as a cost-effective feedstock by using 485 

green technology, Biochem. Biophys. Reports. 14 (2018) 133–139. 486 

doi:10.1016/j.bbrep.2018.04.012. 487 

[10] D. Kubendran, A.R. Salma Aathika, T. Amudha, D. Thiruselvi, M. Yuvarani, S. 488 

Sivanesan, Utilization of leather fleshing waste as a feedstock for sustainable 489 

biodiesel production, Energy Sources, Part A Recover. Util. Environ. Eff. 39 (2017) 490 

1587–1593. doi:10.1080/15567036.2017.1349218. 491 

[11] F.H. Santosa, L. Laysandra, F.E. Soetaredjo, S.P. Santoso, S. Ismadji, M. Yuliana, A 492 

facile noncatalytic methyl ester production from waste chicken tallow using single 493 

step subcritical methanol: Optimization study, Int. J. Energy Res. 43 (2019) 8852–494 

8863. doi:10.1002/er.4844. 495 

[12] I. Idowu, M.O. Pedrola, S. Wylie, K.H. Teng, P. Kot, D. Phipps, A. Shaw, Improving 496 

biodiesel yield of animal waste fats by combination of a pre-treatment technique and 497 

microwave technology, Renew. Energy. 142 (2019) 535–542. 498 

doi:10.1016/j.renene.2019.04.103. 499 

[13] Y.T. Wang, Z. Fang, X.X. Yang, Biodiesel production from high acid value oils with 500 

a highly active and stable bifunctional magnetic acid, Appl. Energy. 204 (2017) 702–501 

714. doi:10.1016/j.apenergy.2017.07.060. 502 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



  

22 

 

[14] F. Gunawan, A. Kurniawan, I. Gunawan, Y.H. Ju, A. Ayucitra, F.E. Soetaredjo, S. 503 

Ismadji, Synthesis of biodiesel from vegetable oils wastewater sludge by in-situ 504 

subcritical methanol transesterification: Process evaluation and optimization, 505 

Biomass and Bioenergy. 69 (2014) 28–38. doi:10.1016/j.biombioe.2014.07.005. 506 

[15] L.K. Ong, C. Effendi, A. Kurniawan, C.X. Lin, X.S. Zhao, S. Ismadji, Optimization 507 

of catalyst-free production of biodiesel from Ceiba pentandra (kapok) oil with high 508 

free fatty acid contents, Energy. 57 (2013) 615–623. 509 

doi:10.1016/j.energy.2013.05.069. 510 

[16] Y. Warabi, D. Kusdiana, S. Saka, Reactivity of triglycerides and fatty acids of 511 

rapeseed oil in supercritical alcohols, Bioresour. Technol. 91 (2004) 283–287. 512 

doi:10.1016/S0960-8524(03)00202-5. 513 

[17] T. Yamaguchi, C.J. Benmore, A.K. Soper, The structure of subcritical and 514 

supercritical methanol by neutron diffraction, empirical potential structure 515 

refinement, and spherical harmonic analysis, J. Chem. Phys. 112 (2002) 8976–8987. 516 

doi:10.1063/1.481530. 517 

[18] K. Yoshida, S. Ishida, T. Yamaguchi, Hydrogen bonding and clusters in supercritical 518 

methanol–water mixture by neutron diffraction with H/D substitution combined with 519 

empirical potential structure refinement modelling, Mol. Phys. 8976 (2019) 1–14. 520 

doi:10.1080/00268976.2019.1633481. 521 

[19] R. Sawangkeaw, K. Bunyakiat, S. Ngamprasertsith, A review of laboratory-scale 522 

research on lipid conversion to biodiesel with supercritical methanol (2001-2009), J. 523 

Supercrit. Fluids. 55 (2010) 1–13. doi:10.1016/j.supflu.2010.06.008. 524 

[20] G. Anastopoulos, Y. Zannikou, S. Stournas, S. Kalligeros, Transesterification of 525 

vegetable oils with ethanol and characterization of the key fuel properties of ethyl 526 

esters, Energies. 2 (2009) 362–376. doi:10.3390/en20200362. 527 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



  

23 

 

[21] Q. Ren, T. Zuo, J. Pan, C. Chen, W. Li, Preparation of biodiesel from soybean 528 

catalyzed by basic ionic liquids [Hnmm]OH, Materials (Basel). 7 (2014) 8012–8023. 529 

doi:10.3390/ma7128012. 530 

[22] H. Zhu, Z. Wu, Y. Chen, P. Zhang, S. Duan, X. Liu, Z. Mao, Preparation of biodiesel 531 

catalyzed by solid super base of calcium oxide and its refining process, Chinese J. 532 

Catal. 27 (2006) 391–396. doi:10.1016/S1872-2067(06)60024-7. 533 

[23] E. Alptekin, M. Canakci, Optimization of pretreatment reaction for methyl ester 534 

production from chicken fat, Fuel. 89 (2010) 4035–4039. 535 

doi:10.1016/j.fuel.2010.04.031. 536 

[24] E. Alptekin, M. Canakci, H. Sanli, Methyl Ester Production from Chicken Fat With 537 

High FFA, Proc. World Renew. Energy Congr. – Sweden, 8–13 May, 2011, 538 

Linköping, Sweden. 57 (2011) 319–326. doi:10.3384/ecp11057319. 539 

[25] M. Canakci, J. Van Gerpen, Biodiesel Production From Oils and Fats With High Free 540 

Fatty Acids, 44 (2001) 1429–1436. doi:10.13031/2013.7010. 541 

[26] J. Maçaira, A. Santana, A. Costa, E. Ramirez, M.A. Larrayoz, Process intensification 542 

using CO2 as cosolvent under supercritical conditions applied to the design of 543 

biodiesel production, Ind. Eng. Chem. Res. 53 (2014) 3985–3995. 544 

doi:10.1021/ie402657e. 545 

[27] S. Glisic, D. Skala, The problems in design and detailed analyses of energy 546 

consumption for biodiesel synthesis at supercritical conditions, J. Supercrit. Fluids. 547 

49 (2009) 293–301. doi:10.1016/j.supflu.2008.12.011. 548 

[28] D. Kusdiana, S. Saka, Kinetics of transesterification in rapeseed oil to biodiesel fuel 549 

as treated in supercritical methanol, Fuel. 80 (2001) 693–698. doi:10.1016/S0016-550 

2361(00)00140-X. 551 

[29] J. Maaira, A. Santana, F. Recasens, M. Angeles Larrayoz, Biodiesel production using 552 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



  

24 

 

supercritical methanol/carbon dioxide mixtures in a continuous reactor, Fuel. 90 553 

(2011) 2280–2288. doi:10.1016/j.fuel.2011.02.017. 554 

[30] A.A. Peterson, F. Vogel, R.P. Lachance, M. Fröling, M.J. Antal, J.W. Tester, 555 

Thermochemical biofuel production in hydrothermal media: A review of sub- and 556 

supercritical water technologies, Energy Environ. Sci. 1 (2008) 32–65. 557 

doi:10.1039/b810100k. 558 

[31] L.H. Chin, B.H. Hameed, A.L. Ahmad, Process Optimization for Biodiesel 559 

Production from Waste Cooking Palm Oil (Elaeis guineensis) Using Response 560 

Surface Methodology, Energy and Fuels. 23 (2009) 1040–1044. 561 

doi:10.1021/ef8007954. 562 

[32] D. Kusdiana, S. Saka, Effects of water on biodiesel fuel production by supercritical 563 

methanol treatment, Bioresour. Technol. 91 (2004) 289–295. doi:10.1016/S0960-564 

8524(03)00201-3. 565 

[33] H. V. Lee, R. Yunus, J.C. Juan, Y.H. Taufiq-Yap, Process optimization design for 566 

jatropha-based biodiesel production using response surface methodology, Fuel 567 

Process. Technol. 92 (2011) 2420–2428. doi:10.1016/j.fuproc.2011.08.018. 568 

[34] A. Wang, H. Li, H. Pan, H. Zhang, F. Xu, Z. Yu, S. Yang, Efficient and green 569 

production of biodiesel catalyzed by recyclable biomass-derived magnetic acids, Fuel 570 

Process. Technol. 181 (2018) 259–267. doi:10.1016/j.fuproc.2018.10.003. 571 

[35] H.Y. Shin, S.M. Lim, S.Y. Bae, S.C. Oh, Thermal decomposition and stability of 572 

fatty acid methyl esters in supercritical methanol, J. Anal. Appl. Pyrolysis. 92 (2011) 573 

332–338. doi:10.1016/j.jaap.2011.07.003. 574 

[36] V.M. Ortiz-Martínez, P. Andreo-Martínez, N. García-Martínez, A. Pérez de los Ríos, 575 

F.J. Hernández-Fernández, J. Quesada-Medina, Approach to biodiesel production 576 

from microalgae under supercritical conditions by the PRISMA method, Fuel 577 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



  

25 

 

Process. Technol. 191 (2019) 211–222. doi:10.1016/j.fuproc.2019.03.031. 578 

[37] H. He, T. Wang, S. Zhu, Continuous production of biodiesel fuel from vegetable oil 579 

using supercritical methanol process, Fuel. 86 (2007) 442–447. 580 

doi:10.1016/j.fuel.2006.07.035. 581 

[38] F. Gunawan, A. Kurniawan, I. Gunawan, Y.H. Ju, A. Ayucitra, F.E. Soetaredjo, S. 582 

Ismadji, Synthesis of biodiesel from vegetable oils wastewater sludge by in-situ 583 

subcritical methanol transesterification: Process evaluation and optimization, 584 

Biomass and Bioenergy. 69 (2014) 28–38. doi:10.1016/j.biombioe.2014.07.005. 585 

[39] D.N. Thoai, C. Tongurai, K. Prasertsit, A. Kumar, A novel two-step 586 

transesterification process catalyzed by homogeneous base catalyst in the first step 587 

and heterogeneous acid catalyst in the second step, Fuel Process. Technol. 168 (2017) 588 

97–104. doi:10.1016/j.fuproc.2017.08.014. 589 

[40] J.M. Encinar, J.F. González, A. Rodríguez-Reinares, Biodiesel from used frying oil. 590 

Variables affecting the yields and characteristics of the biodiesel, Ind. Eng. Chem. 591 

Res. 44 (2005) 5491–5499. doi:10.1021/ie040214f. 592 

[41] V.F. Marulanda, G. Anitescu, L.L. Tavlarides, Biodiesel fuels through a continuous 593 

flow process of chicken fat supercritical transesterification, Energy and Fuels. 24 594 

(2010) 253–260. doi:10.1021/ef900782v. 595 

[42] P.D. Patil, V.G. Gude, S. Deng, Transesterification of camelina sativa oil using 596 

supercritical and subcritical methanol with cosolvents, Energy and Fuels. 24 (2010) 597 

746–751. doi:10.1021/ef900854h. 598 

[43] A. World Nuclear, Heat values of various fuels, (2018). http://www.world-599 

nuclear.org/information-library/facts-and-figures/heat-values-of-various-fuels.aspx. 600 

 601 

  602 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



  

26 

 

Table 1. The characteristics of LTW 603 

Parameters Result 

Water content, % (w/w) 12.37 

FFA,  % (w/w) 15.24 

Crude fat, % (w/w) 62.61 

Fatty acid profile, % (w/w)  

C14:0 3.01 

C16:0 26.83 

C16:1 3.99 

C17:0 0.42 

C18:0 14.34 

C18:1 43.32 

C18:2 5.95 

C18:3 2.03 

C20:0 0.11 
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Table 2. The encoded levels of the transesterification condition 610 

Variables Encoded 

factor 

Factor level 

1 2 3 4 5 

Time (min) A 10 20 30 40 50 

  1 2 3 

Temperature (°C) B 300 350 400 

Molar ratio of ethanol to LTW (mol/mol) C 35 40 45 
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Table 3. Statistical design of experiment based on MLFD 631 

Run 
Input variables 

Response (FAEE yield, 

wt%) 

A B C Actuala Predicteda 

1 5 1 1 17.2 17.8 

2 5 2 1 88.6 84.9 

3 2 2 2 68.1 71.7 

4 1 2 1 46.2 52.6 

5 3 3 1 72.4 74.1 

6 1 1 3 9.4 5.9 

7 2 3 2 72.1 67.7 

8 4 2 1 88.1 81.7 

9 5 2 3 92.8 90.2 

10 3 1 3 19.3 20.6 

11 4 1 3 21.2 23.0 

12 5 1 2 20.2 22.5 

13 3 1 1 15.3 14.7 

14 1 3 3 52.9 53.8 

15 1 2 2 56.3 59.1 

16 2 3 3 70.8 69.4 

17 3 2 1 73.6 75.3 

18 5 1 3 22.8 22.3 

19 5 3 2 92.3 95.8 

20 4 3 3 90.7 90.7 

21 2 1 1 8.6 8.3 

22 4 3 2 91.4 89.7 

23 2 1 3 11.8 14.8 

24 2 3 1 64.3 61.2 

25 1 2 3 57.9 60.7 

26 1 1 2 8.9 4.7 

27 5 3 1 86.3 90.3 

28 1 1 1 5.8 1.4 

29 5 3 3 91.2 96.5 

30 4 3 1 85.8 83.9 

31 4 1 2 19.8 22.9 

32 3 2 2 82.4 81.0 

33 3 2 3 83.4 81.9 

34 4 2 2 94.2 87.1 

35 3 1 2 18.2 20.1 

36 4 2 3 93.9 87.7 

37 2 1 2 12.7 14.0 

38 3 3 3 81.6 81.6 

39 3 3 2 78.6 80.3 

40 1 3 2 51.9 51.8 

41 2 2 3 71.6 72.9 

42 1 3 1 48.9 45.0 

43 4 1 1 16.4 17.9 
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44 2 2 1 54.1 65.6 

45 5 2 2 90.7 90.0 
a The overall standard error of estimate (SEE) between the actual and its corresponding 632 

predicted responses was 3.30%. 633 
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Table 4. The significance study of the tested variables performed by ANOVA 644 

Term Coefficient SE Coefficient T-Value P-Value 

Constant 67.65 1.58 42.79 <0.0001 

A 14.25 1.01 14.15 <0.0001 

B -69.64 5.54 -12.58 <0.0001 

C 4.09 1.30 3.13 0.003 

A2 -1.624 0.368 -4.42 <0.0001 

B2 -123.33 5.22 -23.63 <0.0001 

C2 -2.42 1.30 -1.86 0.072 

AB 6.55 1.07 6.15 <0.0001 

AC -0.348 0.533 -0.65 0.517 

BC 0.83 1.85 0.45 0.656 

R-squared (R2) 0.9865 

Adjusted R2 0.9830 

Predicted R2 09770 
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Table 5. The fuel characteristics of LTW-based biodiesel obtained from the SpCE technique  662 

Properties Methods Unit LTW-based 

ethyl ester 

ASTM 

D6751 

Diesel fuel 

(ASTM D975-

08) 

Kinematic 

viscosity 

(at 40°C) 

ASTM D445 mm2 s-1 2.36 1.9 – 6.0 1D: 1.3 – 2.4 

2D: 1.9 – 4.1 

Flash point ASTM D93 °C 98.4 93 min 1D: 38 min 

2D: 52 min 

Cetane 

number 

ASTM D613 - 51.2 47 min 46 min 

Calorific 

value 

ASTM D240 MJ kg-1 43.451 - - 

Cloud 

point 

ASTM D2500 °C 9.8 Location 

and 

season 

dependent 

- 

Density (at 

15°C) 

ASTM D4052 g cm-3 0.857 - - 

      

Acid value ASTM D664 mg KOH/g 0.31 0.50 max - 
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 676 

Figure 1. Schematic diagram of SpCE apparatus: (1) nitrogen gas cylinder, (2) 677 

Temperature control system, (3) valve, (4) pressure relief valve, (5) pressure gauge, (6) 678 

thermocouple, (7) Supercritical reactor, (8) electric heater, (9) valve, (10) gas-liquid 679 
flash separator, (11) 1 μm filter, (12) pressure gauge, (13) valve, (14) moisture trap 680 
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 682 
Figure 2. The significance order of the three independent variables (reaction time, 683 
temperature and molar ratio of LTW) on the FAEE yield, generated by ANOVA 684 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



  

34 

 

 685 

Figure 3. The 3D response surface plot of FAEE yield for the interaction between (a) 686 
time and temperature, (b) time and molar ratio of ethanol to LTW, (c) temperature 687 

and molar ratio of ethanol to LTW 688 

689 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



  

35 

 

 690 

Figure 4. The optimization plot of the tested variables 691 
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 693 
Figure 5. The experimental results of FAEE yield varied with time at different 694 
temperatures (300°C, 350°C, 400°C) at constant molar ratio  of (a) 35 (b) 40 (c) 45 695 
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present form. However, if you feel that you can suitably address the comments (included below), I invite you to revise
and resubmit your manuscript within 60 days, by Sep 21, 2020.

If you are submitting a revised manuscript, please do the following:

a) Carefully address the issues raised in the comments in your revised manuscript. 
b) Outline each change made (point by point) as raised in the comments AND/OR provide a suitable rebuttal to each
comment not addressed

To submit your revision, please do the following:
1. Go to: https://www.editorialmanager.com/JBAB/
2. Enter your login details
3. Click [Author Login]
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4. Click [Submissions Needing Revision]

While submitting the revised manuscript, please double check the author names provided in the submission so that
authorship related changes are made in the revision stage. If your manuscript is accepted, any authorship change will
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You can submit to Data in Brief when you upload your revised manuscript. To do so, complete the template and follow
the co-submission instructions found here: www.elsevier.com/dib-template. If your manuscript is accepted, your Data in
Brief submission will automatically be transferred to Data in Brief for editorial review and publication.

Please note: an open access Article Publication Charge (APC) is payable by the author or research funder to cover the
costs associated with publication in Data in Brief and ensure your data article is immediately and permanently free to
access by all. For the current APC see: www.elsevier.com/journals/data-in-brief/2352-3409/open-access-journal

Please contact the Data in Brief editorial office at dib-me@elsevier.com or visit the Data in Brief homepage
(www.journals.elsevier.com/data-in-brief/) if you have questions or need further information.

I look forward to receiving your revised manuscript.

Yours sincerely,

Abdelrahman Zaky, PhD
Managing Editor
Biomass and Bioenergy

Editor's and Reviewers' comments:

Editor: Thank you for your submission. The reviewer comments are below and attached. In addition to the reviewer
comments please address the following
A complete overhaul of English language is needed. Note that only one revision is permitted and so if this is not
addressed in the revision the paper may be rejected.

Reviewer #1:
Review of manuscript CARBPOL-D-19-05343

Title: MULTILEVEL FACTORIAL DESIGN - BASED RESPONSE SURFACE METHODOLOGY FOR PROCESS
OPTIMIZATION OF BIODIESEL PRODUCTION FROM LEATHER TANNING WASTE USING NON-CATALYTIC
SUPERCRITICAL ETHANOL

The manuscript deals with utilizing leather tanning waste for producing bio-diesel. The authors describe that 150
thousand tons of this LTW is available annually in Indonesia and that it poses an environmental problem being not
always disposed of adequately. The basic idea of the work complies well with circular and sustainable economy and the
described overall process is both important and interesting. It also gives incentive to properly manage this waste stream
as value could be obtained from it. Using widely available well-tolerated ethanol for the supercritical processing is also
well justified. The authorshave made considerable effort in the experimental work and analysis and a fair amount of data
has been generated to support the modelling efforts. The authors stress that the process does not employ a catalyst and
of course it simplifies things, however, using catalysts is often beneficial from e.g. energy and efficiency point of view.
Having a non-catalytic process
should not be an aim in itself. Aiming at production in a single step is good. I have some concerns and questions about
the experimental work and the modeling of the process as well as the way the results are presented, which I hope that
the authors could address and clarify.
1.    The image quality of the graphical abstract is very poor. In its current for it does not actually provide any added
value and I suggest the authors revisit their suggestion.

2.    The Highlights are filled with abbreviations that many readers have no chance of understanding considering that
they read the Highlights before the manuscript. I suggest the authors also to revisit the Highlights section.

3.    Why is the term "non-catalytic" mentioned in the title and even more precisely "non-catalytic supercritical ethanol"?
Is it in contrast to catalytic supercritical ethanol?

4.    In the abstract, it is mentioned that 150000 tons of the waste is availably annually even though it is specified in the
introduction that this applies to Indonesia and not globally. The authors should be careful in expressing the context in
their discussion. This applies generally to the whole work. Moreover, the abstract again contains some abbreviations
which are not explained and are not clear for all readers prior to reading the manuscript.

mailto:dib-me@elsevier.com
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5.    One of the major concern I have concerning the entire work is the general applicability of the results. It appears that
no mixing of the reaction mixture is performed in the rector. However, e.g. solubility issues are mentioned as relevant for
the reaction rates. How have the authors verified that mass transfer is not the rate determining step in the overall
reaction rate? If the results reflect more the mass transfer rates than intrinsic kinetics, then the results are system
specific and of little use for simulating and designing other systems.

6.    It was concluded that the molar ratio of ethanol to LTW was the least significant parameter. However, the lowest
molar ratio was 35, which is already extremely high. Lower molar ratios would have brought forth the impact of the
parameter more clearly and it is not really justified to perform experiments at such high ratios and conclude that the
parameter lacks relevance. The lack of correlation actually reduces the model to be dependent of two variables. One of
the is temperature, for which good correlations exist if the reactions are performed in the domain of intrinsic kinetics e.g.
the Arrhenius equation. Why is a polynomial equation with linear and second order dependence on temperature used
instead?

7.    What would be the basis for having partly a quadratic time dependence? This seems conceptually peculiar.

The authors have a nice collection of data, which is relevant and deserves to be published in the open literature.
However, the I am not convinced that the model developed here is of relevance for further development, as it is not clear
that it would be applicable in other than the specific reactor system that the authors have used, due to mass transfer
issues. Besides mass transfer issues, more rigorous data interpretation would be beneficial overall e.g. in the form of
evaluating solubility. A limited amount of additional experiments e.g. in temperatures between 300-350C and with lower
ethanol LTW rations would add considerably to the data and to the modeling effort as data on both variables is not well
suited for modelling in their current range.
The manuscript would benefit from one round more of language checking.

Reviewer #2: The manuscript entitled MULTILEVEL FACTORIAL DESIGN - BASED RESPONSE SURFACE
METHODOLOGY FOR PROCESS OPTIMIZATION OF BIODIESEL PRODUCTION FROM LEATHER TANNING
WASTE USING NON-CATALYTIC SUPERCRITICAL ETHANOL, does not present a new approach in relation to the
surface response methodology for optimization of biodiesel production.
The work is well configured and is interesting in the use of waste from the leather industry and in the use of ethanol
instead of methanol as a reagent to form FAEEs. I suggest for future work to make an approach that allows working in
wet subcritical conditions that would allow working with a less costly system in the treatment of LTW.

Reviewer #3: GENERAL OBSERVATION: The manuscript is focused on the biodiesel production from the leather
tanning waste using super critical ethanol. The overall manuscript should have been written in a better way  and too
lengthy .  Moreover, the language and grammar are not up to the mark needed in scientific writing.
*    Authors have  presented the optimization conditions (3 factors, namely, reaction time (10, 20, 30, 40, & 50 min),
temperature (300, 350 & 400 C) & alcohol-to-fat ratio (35, 40 & 45), and 1 response, namely, FAEE yield) of biodiesel
production from leather tanning waste through a single step non-catalytic transesterification using supercritical alcohol
(ethanol, in this case).
*    From the ANOVA and RSM, the reaction time of 47.4 min, temperature of 374.6 C and ethanol-to-fat ratio of 40.02
were found to be optimum to produce the predicted FAEE yield of 99.68% (98.91% actual yield). From the observations
made, the manuscript is written well and almost all the elements are available.
Following are the suggestions , which can be incorporated by the authors in the manuscript to make it more effective.
*    INTRODUCTION: The introduction section could be improved by including relevant works in this field using this RSM
methodology, which could  be compared.
*    The novelty in  the manuscript is not clearly explained. There are plenty of works available on non-catalytic
transesterification using supercritical ethanol from oils. Below are mentioned  previous articles published in this field,
which are strongly recommended for additional literature study and references, which would improve the continuity and
correlation and give the reader a better understanding.
1.    Gui, M. M., Lee, K. T., & Bhatia, S. (2009). Supercritical ethanol technology for the production of biodiesel: process
optimization studies -- The Journal of Supercritical Fluids, 49(2), 286-292.
2.    Tan, K. T., Gui, M. M., Lee, K. T., & Mohamed, A. R. (2010). An optimized study of methanol and ethanol in
supercritical alcohol technology for biodiesel production. The Journal of Supercritical Fluids, 53(1-3), 82-87.
3.    Muppaneni, T., Reddy, H. K., Ponnusamy, S., Patil, P. D., Sun, Y., Dailey, P., & Deng, S. (2013). Optimization of
biodiesel production from palm oil under supercritical ethanol conditions using hexane as co-solvent: A response surface
methodology approach. Fuel, 107, 633-640.
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4.    Reddy, H. K., Muppaneni, T., Patil, P. D., Ponnusamy, S., Cooke, P., Schaub, T., & Deng, S. (2014). Direct
conversion of wet algae to crude biodiesel under supercritical ethanol conditions. Fuel, 115, 720-726. 
*    Most of the authors in  the above mentioned papers,  used the same three factors and responses in their
experimental design. Then, what is the originality or variation  in this manuscript? Is it just the use of  leather tanning
waste? If so, the Introduction has to be oriented towards this. 

*    -P6 Abbreviation : Following to be added in abbreviations of FOGs, TG, AOAC, ASTM, ISO, FAEE, UHP, GC-FID, AV,
etc. are not present. Please include.
*    -P1L1-4: The title of the manuscript seems to be lengthy and needs to be Precise for wide readership.
*    -P2 Graphical Abstract: The graphical abstract seems to be blurred. Need to modify with higher resolution for better
view. 
*    -P5L26-30: These sentences are not required in the abstract. Abstract should be focused more on the aim and
outcome of the research in a crisp form. Try to modify it. 
*    -P5L31: The sentence, "In this work" should be "In this present research".
*    -P5L40-42: These sentences are too lucid, try to rewrite with more focus on the present outcome of the study. 
*    -P5L43-44: In Abstract Keywords, Use single keyword which is not used in the abstract. For example. Use either
Leather or Tanning waste and not the both.
*    -P6L55-56: The sentence "Currently Indonesia blends 20% ….." needs citation.
*    -P6L58-61: The sentence "by almost 60 folds in a period of 10 years" is too confusing need proper justification.
*    -P6L62: The line "Various types of vegetable oils have been studied" should be "Vegetable oils derived from diverse
source were actively screened".
*    -P8L103: The line "The objective of this study" should be "The present investigation aims to".
*    -P8 L104: "alcohol" is mispelled as "alcofol". Please correct.
*    -P8L110-111: The present aim of the study needs to be explained better.
*    -P14L241: Under the section 3.2. Process Optimization using RSM. Optimization using different methods needs to
discuss properly. Cite references under this section is low. Need better discussion with the relevant literature.
*    -P22L433-448: In Conclusion, the Future perspective and present research gap needs to be addressed properly.
*    -P31-Table 3: The legend of the table needs to be elaborated with the statistical software's used for the study and
also mention significance error in both Actual and predicted.
*    -P33-Table 4: Which ANOVA analysis was performed "one way" or "two way" assay needs better explanation.
*    -P36-Figure 2: Statistical error bar between the individual treatments needs to be included and software used for
plotting the graph needs to be included in the figure legends.
*    -P37L691: In figure 4, the legends needs to be explained in detail by including statistical data used and software
used for plotting the graph.
*    -P38-Figure 4: Statistical data for plotting the graph needs to be discussed whether it is plotted using Sigma or excel
needs to be explained in detail in the figure legends.
*    -P39-Figure 5: Similarly, the significant error bar between the individual treatments needs to be included and mention
the statistical software used for plotting the graph needs to be included in the figure legends.
*    The materials, methods, results and discussion have been written well.
*    Overall, it is observed that the results are promising with about 98% yield, which is relatively high compared to other
manuscripts. It would be more effective for better understanding , when a comparison of other papers results with your
result could be presented. This can be  included in the discussion part.

FINAL IMPRESSION OF THE REVIEWER: Overall, the manuscript requires major language and Grammar correction
with native speaker. This Manuscript  in its present form clearly fails to make a clear distinction about its Novelty , when
there are similar papers published earlier. This comparison and discussion of Results of papers published using this
technology should have been done with  valid scientific rationale.  Therefore, I do not find this manuscript suitable for
publication in Biomass and Bioenergy Journal, without a major revision.

%ATTACH_FOR_REVIEWER_DEEP_LINK INSTRUCTIONS%

******************************************
PLEASE NOTE: The journal would like to enrich online articles by visualising and providing geographical details
described in Biomass and Bioenergy articles. For this purpose, corresponding KML (GoogleMaps) files can be uploaded
in our online submission system. Submitted KML files will be published with your online article on ScienceDirect.
Elsevier will generate maps from the KML files and include them in the online article.
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one of our customer support representatives.
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Abstract: Due to its substantial lipid content, leather tanning waste (LTW) is regarded as a
potential feedstock for the waste-derived biodiesel. To promote the valorization of
LTW, one-pot synthesis of biodiesel via supercritical ethanol method was investigated.
The influence of the three independent reaction variables, namely reaction time t (10,
20, 30, 40, 50 min), temperature T (300, 350, 400°C) and ethanol to LTW molar ratio
reo (35, 40, 45), on the yield of fatty acid ethyl ester (FAEE) YF was studied. The
multilevel factorial design combined with the response surface methodology and three-
way analysis of variance was employed to design and optimize the experiment in
regards to the three independent variables. Based on the optimization results, the
highest FAEE yield was predicted at 99.68% when t = 47.4 min, T = 374.6°C, and reo
= 40.02. The actual FAEE yield was experimentally obtained at 98.91 ± 0.31% using
the optimized reaction conditions. A deviation of 0.77 % in the experimental verification
shows a satisfactory agreement between the actual and predicted YF. All reaction
variables were also found to give a significant effect on the yield of FAEE.
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A one-pot synthesis of biodiesel via supercritical ethanol method has been successfully 

employed to valorize LTW. The optimization study was conducted using a multilevel factorial 

design-based response surface methodology and a three-way analysis of variance. The FAEE 

yield of 98.91 ± 0.31% with a commercial purity (97.55%) is obtained in this single-step 

catalyst-free process when reaction time t = 47.4 min, temperature T = 374.6oC, and molar 
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Journal: Biomass and Bioenergy  

Title: A one-pot synthesis of biodiesel from leather tanning waste using 

supercritical ethanol: Process Optimization 

 

 

Dear Editor, 

 

We appreciate your useful comments and suggestions on our manuscript. We have 

modified the manuscript accordingly, and detailed corrections are listed below: 

 

Editor 

1) Thank you for your submission. The reviewer comments are below and attached. 

In addition to the reviewer comments please address the following: A complete 

overhaul of English language is needed. Note that only one revision is permitted 

and so if this is not addressed in the revision the paper may be rejected. 

Response: We are grateful for the reviews provided by the editor and reviewers. 

The comments are especially encouraging for the authors. The paper has been 

carefully revised by a native English speaker to improve the grammar and 

readability. Meanwhile, the detailed responses to the comments are provided below. 

 

Reviewer #1 

1) The manuscript deals with utilizing leather tanning waste for producing bio-

diesel. The authors describe that 150 thousand tons of this LTW is available 

annually in Indonesia and that it poses an environmental problem being not 

always disposed of adequately. The basic idea of the work complies well with 

circular and sustainable economy and the described overall process is both 

important and interesting. It also gives incentive to properly manage this waste 

stream as value could be obtained from it. Using widely available well-tolerated 

ethanol for the supercritical processing is also well justified. The authorshave 

made considerable effort in the experimental work and analysis and a fair 

amount of data has been generated to support the modelling efforts. The authors 

stress that the process does not employ a catalyst and of course it simplifies 

things, however, using catalysts is often beneficial from e.g. energy and 

efficiency point of view. Having a non-catalytic process should not be an aim 

in itself. Aiming at production in a single step is good. I have some concerns 

Detailed Response to Reviewers
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and questions about the experimental work and the modeling of the process as 

well as the way the results are presented, which I hope that the authors could 

address and clarify. 

Response: The authors appreciate the reviewer’s comments and have 

incorporated much of the feedback into the manuscript. As seen from the revised 

title, the authors have agreed to shift the main focus of the manuscript. Instead 

of focusing on its non-catalytic system, we emphasize our aim to produce 

biodiesel in one single-step via supercritical ethanol method. We also give a 

point-by-point reply to your comments below.  

2) The image quality of the graphical abstract is very poor. In its current for it does 

not actually provide any added value and I suggest the authors revisit their 

suggestion. 

Response: We have improved the image quality of the graphical abstract for a 

better view. 

3) The Highlights are filled with abbreviations that many readers have no chance 

of understanding considering that they read the Highlights before the 

manuscript. I suggest the authors also to revisit the Highlights section. 

Response: The authors have rewritten the Highlights to reduce the number of 

abbreviations. However, we did not change the term “FAEE” and “ASTM” 

because they are a common abbreviation for biodiesel-related studies. 

4) Why is the term "non-catalytic" mentioned in the title and even more precisely 

"non-catalytic supercritical ethanol"? Is it in contrast to catalytic supercritical 

ethanol?  

Response: The authors have rewritten the title to “A one-pot synthesis of 

biodiesel from leather tanning waste using supercritical ethanol: Process 

Optimization”.  

In regards to the second question, the non-catalytic supercritical ethanol is 

clearly different from the catalytic one. In the system proposed by the authors, 

the reaction occurs without any distinct catalyst. We also want to stress that the 

alcohol in the supercritical condition, alone, is able to dissolve the feedstock; 

hence, inducing the intense contact among the reactants, and magnifying the 

mass transfer and reaction rate between the reactants to produce biodiesel.  

5) In the abstract, it is mentioned that 150000 tons of the waste is availably 

annually even though it is specified in the introduction that this applies to 

Indonesia and not globally. The authors should be careful in expressing the 
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context in their discussion. This applies generally to the whole work. Moreover, 

the abstract again contains some abbreviations which are not explained and are 

not clear for all readers prior to reading the manuscript. 

Response: To avoid misinterpretation, we have removed the data related to the 

annual production of LTW from the abstract, and placed them only in the 

introduction section, in order to keep the consistency of the context. We have 

also revised the abstract according to the input from the reviewer in p.2 line 23-

35. 

6) One of the major concern I have concerning the entire work is the general 

applicability of the results. It appears that no mixing of the reaction mixture is 

performed in the rector. However, e.g. solubility issues are mentioned as 

relevant for the reaction rates. How have the authors verified that mass transfer 

is not the rate determining step in the overall reaction rate? If the results reflect 

more the mass transfer rates than intrinsic kinetics, then the results are system 

specific and of little use for simulating and designing other systems. 

Response: Above the critical condition, gas and liquid ethanol become the same 

density and indistinguishable. As a liquid, supercritical ethanol dissolves the 

leather tanning waste (LTW), and at the same time, bubbles are also created in 

this state, eliminating the need for recirculating pumps or agitator, as the 

bubbles are randomly distributed within the reactants and act as the mixing 

system.  

Chemical reactions, including transesterification, are always coupled with 

mass transfer, as the reactants have to travel to the reaction site, while the 

products have to travel away. Supercritical ethanol (SpCE) has high mobility, 

diffusivity, and solubility behavior which can improve the mass transfer rate. At 

the same time, the hydrogen bonding, ion cluster, and ion association occur to 

induce the intrinsic reaction between the reactants. However, in this study, we 

only evaluate the overall reaction as the focus of this research is (1) to produce 

LTW-based biodiesel with the commercial yield and purity via a single step 

SpCE transesterification, and (2) to determine the optimum conditions of the 

operating system. The authors will consider conducting a future study on the 

intrinsic kinetic and thermodynamic behavior of this SpCE transesterification 

system.  

7) It was concluded that the molar ratio of ethanol to LTW was the least significant 

parameter. However, the lowest molar ratio was 35, which is already extremely 
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high. Lower molar ratios would have brought forth the impact of the parameter 

more clearly and it is not really justified to perform experiments at such high 

ratios and conclude that the parameter lacks relevance. The lack of correlation 

actually reduces the model to be dependent of two variables. One of the is 

temperature, for which good correlations exist if the reactions are performed in 

the domain of intrinsic kinetics e.g. the Arrhenius equation. Why is a 

polynomial equation with linear and second order dependence on temperature 

used instead? 

Response: As presented in the introduction, one of the aims of this study is to 

produce LTW-based biodiesel with commercial yield using a one-pot catalyst-

free supercritical ethanol technique (the current mass production of biodiesel 

via base-catalyzed transesterification generally yields >95% of biodiesel). 

Meanwhile, the existing studies reported that the molar ratio of alcohol to oil 

used in the supercritical alcohol technique ranges from 24 to 42, with the 

corresponding biodiesel yield spreads from a value as low as 70% to more than 

90%. Therefore, to achieve a similar response (yield of biodiesel), we selected 

three values close to the one giving a biodiesel yield around 90%, e.g., 35, 40, 

and 45, as our molar ratios. The authors also wish to emphasize that the molar 

ratio is still a significant parameter in the reaction system, as seen in Figure 2 

(p.33). 

Another objective of this study is to find the optimum operating conditions using 

response surface methodology (RSM), where we investigate the interaction 

among variables on the response, which is vital and important for a 

comprehensive understanding of the whole process. However, RSM does not 

segregate the overall reaction that happened in the system to (1) mass transfer 

and (2) intrinsic kinetics. It only explores the complex relationship between the 

tested variables and the response, without further evaluating the reaction 

mechanism. Therefore, the authors do not use the Arrhenius equation or other 

intrinsic kinetic models to simulate the process. Instead, we employ the least 

square analysis performed by Minitab (version 18.1) to find the polynomial 

equation as the best-fitted model.  

As mentioned above, the authors will consider performing an in-depth 

evaluation of the intrinsic kinetic and thermodynamic behavior of this reaction 

system. 
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8) What would be the basis for having partly a quadratic time dependence? This 

seems conceptually peculiar? 

Response: In the process optimization and evaluation, one would like to know 

the complete picture of the relationship between the tested variables and their 

response. A strong quadratic effect of a particular variable, e.g., reaction time, 

implies that the optimum level of that variable is not in the extremes of the 

experimental region, but within the region. This agrees with the results obtained 

in the study, where the optimum reaction time lies within the tested region (47.4 

min). The quadratic effect also helps to test whether the relation is a complex 

surface or just a hyperplane. Based on the result presented in Figure 2 (p.33), 

it can be concluded that the relationship between the tested variables 

(temperature, time and molar ratio of ethanol to LTW) and the response is a 

complex surface, as many factors, including the quadratic time, quadratic 

temperature, and two-way interaction between reaction time and temperature, 

significantly affect the response. 

9) The authors have a nice collection of data, which is relevant and deserves to be 

published in the open literature. However, the I am not convinced that the model 

developed here is of relevance for further development, as it is not clear that it 

would be applicable in other than the specific reactor system that the authors 

have used, due to mass transfer issues. Besides mass transfer issues, more 

rigorous data interpretation would be beneficial overall e.g. in the form of 

evaluating solubility. A limited amount of additional experiments e.g. in 

temperatures between 300-350C and with lower ethanol LTW rations would 

add considerably to the data and to the modeling effort as data on both variables 

is not well suited for modelling in their current range. 

Response: As previously mentioned, the three values of molar ratio (35, 40, 45) 

were selected based on our literature review in order to achieve a commercial 

yield of biodiesel. Meanwhile, a prominent increase in FAEE yield was 

monitored when the temperature increases from 300°C to 350°C. Judging from 

the results, level addition of reaction temperature between 300°C and 350°C 

would not alter the FAEE yield significantly, or give much information either. 

Moreover, the optimum reaction temperature is not found in the range of 300-

350°C. Therefore, the authors chose to investigate only three value points (300, 

350, and 400°C). 

10) The manuscript would benefit from one round more of language checking. 
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Response: To improve the grammar and readability of the manuscript, the 

manuscript has been edited by an English-speaking native.  

 

Reviewer #2 

1) The manuscript entitled MULTILEVEL FACTORIAL DESIGN - BASED R 

ESPONSE SURFACE METHODOLOGY FOR PROCESS OPTIMIZATION 

OF BIODIESEL PRODUCTION FROM LEATHER TANNING WASTE 

USING NON-CATALYTIC SUPERCRITICAL ETHANOL, does not present 

a new approach in relation to the surface response methodology for optimization 

of biodiesel production.  

Response: We agree with the reviewer that the optimization of biodiesel 

production using Response Surface Methodology has been widely reported. 

However, the main issue the authors want to raise is the valorization of leather 

tanning waste (LTW) to biodiesel using a single step and catalyst-free process, 

which in this case is supercritical ethanol (SpCE)method. LTW is selected due 

to its high amount of production in Indonesia (150,000 tons/year), which 

renders it an abundant raw material to prepare biodiesel. This valorization of 

LTW will prominently reduce the waste and at the same time, offers a cost-

effective and environmentally benign route to produce high value-added 

biodiesel. Meanwhile, despite its extreme processing conditions (such as high 

temperature and pressure), SpCE is chosen because it has the advantage of 

easier separation, much shorter reaction time, and tolerance to impurities (i.e., 

FFA, water, and other minor components). Simulating a model for this process 

is important to investigate the feasibility and limitation of SpCE from both 

economic and technological viewpoints.  

2) The work is well configured and is interesting in the use of waste from the 

leather industry and in the use of ethanol instead of methanol as a reagent to 

form FAEEs. I suggest for future work to make an approach that allows working 

in wet subcritical conditions that would allow working with a less costly system 

in the treatment of LTW. 

Response: We thank the reviewer for the thoughtful comments of our 

manuscript. We will consider conducting the transesterification of LTW using 

ethanol under its subcritical condition to create a less costly system.  

 

Reviewer #3 
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1) GENERAL OBSERVATION: The manuscript is focused on the biodiesel 

production from the leather tanning waste using supercritical ethanol. The 

overall manuscript should have been written in a better way and too lengthy. 

Moreover, the language and grammar are not up to the mark needed in scientific 

writing. Authors have  presented the optimization conditions (3 factors, namely, 

reaction time (10, 20, 30, 40, & 50 min), temperature (300, 350 & 400 C) & 

alcohol-to-fat ratio (35, 40 & 45), and 1 response, namely, FAEE yield) of 

biodiesel production from leather tanning waste through a single step non-

catalytic transesterification using supercritical alcohol (ethanol, in this case). 

From the ANOVA and RSM, the reaction time of 47.4 min, temperature of 

374.6 C and ethanol-to-fat ratio of 40.02 were found to be optimum to produce 

the predicted FAEE yield of 99.68% (98.91% actual yield). From the 

observations made, the manuscript is written well and almost all the elements 

are available. Following are the suggestions , which can be incorporated by the 

authors in the manuscript to make it more effective. 

Response: We appreciate the suggested modifications and have carefully 

revised the manuscript in view of the constructive reviewer’s comments as 

outlined in detail below. 

2) INTRODUCTION: The introduction section could be improved by including 

relevant works in this field using this RSM methodology, which could  be 

compared. The novelty in  the manuscript is not clearly explained. There are 

plenty of works available on non-catalytic transesterification using supercritical 

ethanol from oils. Below are mentioned  previous articles published in this 

field, which are strongly recommended for additional literature study and 

references, which would improve the continuity and correlation and give the 

reader a better understanding. 

(i) Gui, M. M., Lee, K. T., & Bhatia, S. (2009). Supercritical ethanol 

technology for the production of biodiesel: process optimization 

studies -- The Journal of Supercritical Fluids, 49(2), 286-292. 

(ii) Tan, K. T., Gui, M. M., Lee, K. T., & Mohamed, A. R. (2010). An 

optimized study of methanol and ethanol in supercritical alcohol 

technology for biodiesel production. The Journal of Supercritical 

Fluids, 53(1-3), 82-87. 

(iii) Muppaneni, T., Reddy, H. K., Ponnusamy, S., Patil, P. D., Sun, Y., 

Dailey, P., & Deng, S. (2013). Optimization of biodiesel production 
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from palm oil under supercritical ethanol conditions using hexane as 

co-solvent: A response surface methodology approach. Fuel, 107, 

633-640.  

(iv) Reddy, H. K., Muppaneni, T., Patil, P. D., Ponnusamy, S., Cooke, 

P., Schaub, T., & Deng, S. (2014). Direct conversion of wet algae to 

crude biodiesel under supercritical ethanol conditions. Fuel, 115, 

720-726.  

Most of the authors in  the above mentioned papers,  used the same three 

factors and responses in their experimental design. Then, what is the originality 

or variation  in this manuscript? Is it just the use of  leather tanning waste? If 

so, the Introduction has to be oriented towards this.  

Response:We have modified the introduction part according to the suggestion 

from the reviewer in p.3 line 47 – p.6 line 105. 

3) P6 Abbreviation : Following to be added in abbreviations of FOGs, TG, AOAC, 

ASTM, ISO, FAEE, UHP, GC-FID, AV, etc. are not present. Please include. 

Response: We have added all the abbreviations in p.3, according to the 

reviewer’s suggestion. However, we did not add “ASTM”, “AOAC”, and 

“ISO” on the list as they are a well-known international standards organization 

that develops and publishes many technical standards. 

4) P1L1-4: The title of the manuscript seems to be lengthy and needs to be Precise 

for wide readership. 

Response: We have revised the title of the manuscript to “A one-pot synthesis 

of biodiesel from leather tanning waste using supercritical ethanol: Process 

Optimization”. 

5) P2 Graphical Abstract: The graphical abstract seems to be blurred. Need to 

modify with higher resolution for better view. 

Response: We have improved the quality of the graphical abstract for a better 

view. 

6) P5L26-30: These sentences are not required in the abstract. Abstract should be 

focused more on the aim and outcome of the research in a crisp form. Try to 

modify it. 

Response: We have modified the abstract according to the reviewer’s 

suggestions in p.2 line 23-35. 

7) P5L31: The sentence, "In this work" should be "In this present research". 

Response: We have rewritten this sentence in p.2 line 25-28. 
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8) P5L40-42: These sentences are too lucid, try to rewrite with more focus on the 

present outcome of the study. 

Response: We have rewritten the abstract in p.2 line 23-35. 

9) P5L43-44: In Abstract Keywords, Use single keyword which is not used in the 

abstract. For example. Use either Leather or Tanning waste and not the both. 

Response: We have rewritten one keyword in p.2 line 36-37 to “tannery waste”, 

which is not used in the abstract. 

10) P6L55-56: The sentence "Currently Indonesia blends 20% ….." needs citation. 

Response: We have cited a reference for this specific statement in p.3 line 55. 

11) P6L58-61: The sentence "by almost 60 folds in a period of 10 years" is too 

confusing need proper justification. 

Response: We have rewritten the sentence in p.3 line 51-54. 

12) P6L62: The line "Various types of vegetable oils have been studied" should be 

"Vegetable oils derived from diverse source were actively screened". 

Response: We have rewritten the line “Various types of vegetable oils have been 

studied” to “Vegetable oils derived from diverse sources were actively 

screened” in p.3 line 55-57. 

13) P8L103: The line "The objective of this study" should be "The present 

investigation aims to". 

Response: We have rephrased the line to “The present investigation aims to” 

in p.5 line 98. 

14) P8 L104: "alcohol" is mispelled as "alcofol". Please correct. 

Response: We have revised the term “alcohol to fats molar ratio” to “ethanol 

to LTW molar ratio” in p.5 line 102. 

15) P8L110-111: The present aim of the study needs to be explained better. 

Response: We have explained the aim of the study in p.5 line 98-105. 

16) P14L241: Under the section 3.2. Process Optimization using RSM. 

Optimization using different methods needs to discuss properly. Cite references 

under this section is low. Need better discussion with the relevant literature. 

Response: We have added relevant references in section 3.2 (p.13 line 275-276, 

p.13 line 298 – p.14 line 307) to compare the results obtained in this study with 

the other literature. 

17) P22L433-448: In Conclusion, the Future perspective and present research gap 

needs to be addressed properly. 
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Response: We have addressed the research gap in p.5 line 98-100 and the future 

perspective in p.18 line 420-422. 

18) P31-Table 3: The legend of the table needs to be elaborated with the statistical 

software's used for the study and also mention significance error in both Actual 

and predicted. 

Response: We have revised the captions for Table 3 in p.28 line 614-615. The 

standard deviation between the actual and predicted responses has been added 

as well in the last column of Table 3 in p.28-29. 

19) P33-Table 4: Which ANOVA analysis was performed "one way" or "two way" 

assay needs better explanation. 

Response: We have added the captions for Table 4 in p.30 line 629-630. 

20) P36-Figure 2: Statistical error bar between the individual treatments needs to be 

included and software used for plotting the graph needs to be included in the 

figure legends. 

Response: The Pareto chart of the standardized effects is generated 

automatically by Minitab version 18.1 during the analysis of variance 

(ANOVA); therefore the authors can't include the error bar on the graph. We 

have mentioned the software used to generate Figure 2 in figure captions (p.33 

line 669-671). 

21) P37L691: In figure 4, the legends needs to be explained in detail by including 

statistical data used and software used for plotting the graph. 

Response: We have added the details in figure captions (p.35 line 677-679). 

22) P38-Figure 4: Statistical data for plotting the graph needs to be discussed 

whether it is plotted using Sigma or excel needs to be explained in detail in the 

figure legends. 

Response: The response optimization plot is generated by the RSM optimizer 

(Minitab version 18.1). We have added the details in the figure captions (p.35 

line 677-679). 

23) P39-Figure 5: Similarly, the significant error bar between the individual 

treatments needs to be included and mention the statistical software used for 

plotting the graph needs to be included in the figure legends. 

Response: We have added the error bars in Figure 5 (p.36). The software used 

for plotting the graph has also been mentioned in figure captions (p.36 line 682-

684). 

24) The materials, methods, results and discussion have been written well. 
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Response: We appreciate the constructive comments given by the reviewer. 

25) Overall, it is observed that the results are promising with about 98% yield, 

which is relatively high compared to other manuscripts. It would be more 

effective for better understanding , when a comparison of other papers results 

with your result could be presented. This can be included in the discussion part. 

Response: We have added several references to compare our results to the other 

research studies (p.13 line 298 – p.14 line 305). 

26) FINAL IMPRESSION OF THE REVIEWER: Overall, the manuscript requires 

major language and Grammar correction with native speaker. This 

Manuscript  in its present form clearly fails to make a clear distinction about its 

Novelty , when there are similar papers published earlier. This comparison and 

discussion of Results of papers published using this technology should have 

been done with  valid scientific rationale.  Therefore, I do not find this 

manuscript suitable for publication in Biomass and Bioenergy Journal, without 

a major revision. 

Response: We have modified the manuscript according to the comments given 

by the reviewer. The paper has been carefully revised by a native English 

speaker to improve the grammar and readability. 

  

 

The manuscript has been resubmitted to your journal. We look forward to your positive 

response.  

 

Sincerely yours, 

 

Maria Yuliana 
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ABSTRACT 22 

Due to its substantial lipid content, leather tanning waste (LTW) is regarded as a potential 23 

feedstock for the waste-derived biodiesel. To promote the valorization of LTW, one-pot synthesis 24 

of biodiesel via supercritical ethanol method was investigated. The influence of the three 25 

independent reaction variables, namely reaction time t (10, 20, 30, 40, 50 min), temperature T 26 

(300, 350, 400°C) and ethanol to LTW molar ratio reo (35, 40, 45), on the yield of fatty acid ethyl 27 

ester (FAEE) YF was studied. The multilevel factorial design combined with the response surface 28 

methodology and three-way analysis of variance was employed to design and optimize the 29 

experiment in regards to the three independent variables. Based on the optimization results, the 30 

highest FAEE yield was predicted at 99.68% when t = 47.4 min, T = 374.6°C, and reo = 40.02. The 31 

actual FAEE yield was experimentally obtained at 98.91 ± 0.31% using the optimized reaction 32 

conditions. A deviation of 0.77 % in the experimental verification shows a satisfactory agreement 33 

between the actual and predicted YF. All reaction variables were also found to give a significant 34 

effect on the yield of FAEE.  35 

Keywords: waste-derived biodiesel; tannery waste; supercritical ethanol; catalyst-free; 36 

optimization study; renewable energy 37 

 38 

 39 

 40 

 41 

 42 

 43 

 44 

  45 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



  

3 

 

1. Introduction1 46 

The depletion of global petroleum reserves, the rising market price of crude oil, and 47 

the increased environmental concerns have stimulated recent interest in alternative sources to 48 

replace fossil fuels. Among the alternatives for fossil diesel, biodiesel has been widely 49 

investigated due to its renewability. Biodiesel is also characterized by low particulate matter 50 

and carbon monoxide emissions, and the absence of sulfur in the exhaust emission [1]. Due to 51 

its benefits, biodiesel consumption in Indonesia has significantly escalated in the past 9 years, 52 

while its annual production has increased exponentially from 44,000 tons in 2006 to 2.5 53 

million tons in 2016 [2]. Currently, Indonesia blends a 20% volume of biodiesel with the 54 

petrodiesel [3] for direct use in the existing diesel engines. Vegetable oils derived from diverse 55 

sources, e.g., soybean oil [4], sunflower oil [5,6], and palm oil [7] were actively screened as 56 

raw materials for the production of the second-generation biodiesel. Moreover, many recent 57 

studies also use a wide variety of non-edible oils, e.g., Karanja oil, jatropha oil, industrial waste 58 

fat, oil and grease (FOG), and animal tallow [8–12], as the raw material for biodiesel 59 

                                                           
1 Abbreviation 

FOG  Fat, oil and grease 

LTW  Leather tanning waste 

FFA  Free fatty acid 

SpCE  Supercritical ethanol 

RSM  Response Surface Methodology 

FAEE  Fatty acid ethyl ester 

IS  Internal standard 

GC-FID Gas chromatography-Flame Ionization Detector 

MLFD  Multilevel Factorial Design 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



  

4 

 

production. Non-edible oils, specifically FOG and animal tallow, are currently the best 60 

alternative for biodiesel feedstock compared to the others due to its lower price. Their 61 

valorization will also prominently reduce the waste and turn a waste problem into an asset, in-62 

country. 63 

The leather industry is one of the national outstanding sectors in Indonesia. Based on 64 

the data released by Statistics Indonesia, the export value of leather products from Indonesia 65 

to the global market has recorded the transaction of more than US$ 500 million [13]. However, 66 

leather tanneries are known to produce a higher amount of waste than products, as 80% of the 67 

rawhide is discharged as waste in leather processing [14,15]. Approximately 0.15 million tons 68 

of leather tanning waste (LTW) is generated in Indonesia each year. LTW contains a high 69 

amount of water, free fatty acids (FFA), acyl glycerides, and many other organic compounds, 70 

which can be converted to biodiesel. For this reason, it is of great interest to valorize this 71 

particular FOG into a high value-added product, which in this case is biodiesel.  72 

The valorization of LTW to biodiesel encounters several challenges, generally due 73 

to the presence of water and FFA. The high water content promotes the hydrolysis of acyl 74 

glycerides to FFA, while a substantial amount of FFA (> 0.1%) drives the occurrence of the 75 

saponification reaction between FFA and the basic catalyst during the transesterification 76 

step, which results in a reduced yield of biodiesel. Several techniques have been investigated 77 

to convert this type of waste-originated lipid to biodiesel. Idowu et al. (2019) proposed a 78 

combination technique of thermal pre-treatment, microwave-assisted esterification, and 79 

alkaline transesterification to improve the yield of animal fat-based biodiesel [16]. 80 

Meanwhile, Wang et al. (2017) used a bifunctional magnetic solid catalyst to produce 81 

biodiesel from soybean oil and jatropha oil with high acid value [17]. Another route 82 

extensively studied to transform the low-quality oils to biodiesel is the one-pot 83 

transesterification using subcritical [12,18] and supercritical [19–21] alcohol. Compared 84 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



  

5 

 

with the above methods, the subcritical and supercritical alcohol techniques have the 85 

advantage of faster reaction rates and simpler separation since there is no catalyst involved. 86 

The supercritical alcohol technique even offers a shorter reaction time than the subcritical 87 

one, which is favorable to further improve the process efficiency. Moreover, this catalyst-88 

free technique is tolerant of FFA and water content in the raw feedstock [22]. The major 89 

shortcomings of this route come from the extreme operating temperature and pressure, as 90 

well as the considerably high alcohol to lipid molar ratio, which certainly increases the 91 

operating cost and hinders its industrial scale-up. Several innovations have been conducted 92 

by Sawangkeaw et al. (2010) to find milder conditions for the supercritical alcohol 93 

technique, including the use of co-solvent (CO2 or propane), the addition of base or acid 94 

catalyst, and the combination of subcritical hydrolysis and supercritical alcohol 95 

transesterification [23]. However, the addition of more chemicals or processing steps would 96 

have once again posed an economical constraint as it increases the material costs.  97 

The present investigation aims to produce LTW-based biodiesel with commercial 98 

purity and yield using a single-step catalyst-free supercritical ethanol (SpCE) technique, 99 

which has never been explored in this field. Ethanol is selected instead of methanol, due to 100 

its abundant availability, sustainability, and less toxicity which made it safer to use. The 101 

optimum operating condition (reaction time t, temperature T, and ethanol to LTW molar ratio 102 

reo) of this SpCE technique is also investigated using the response surface methodology 103 

(RSM) approach to maximize the process performance, and at the same time, minimize the 104 

energy and material consumptions. 105 

 106 

2. Materials and methods 107 

2.1 Materials 108 
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LTW was collected from a leather tanning factory in Bogor, Indonesia. Prior use, 109 

LTW was repeatedly washed with deionized water to remove the unwanted components (i.e., 110 

dirt, gangue, and other impurities). The washed LTW was then heated at 120°C to remove 111 

the water and subsequently filtered to obtain the purified LTW. The analysis of fat and FFA 112 

content, as well as the fatty acid composition of LTW, were carried out according to the 113 

standard methods of AOAC 991.36, ASTM D5555-95, and ISO 12966, respectively. The 114 

fatty acid profile of LTW was identified with GC-2014 (Shimadzu Ltd., Japan), using Restek 115 

Rtx-65TG (30 m x 0.25 mm ID x 0.10 µm film thickness, Restek, USA) as the fused silica 116 

capillary column. Meanwhile, the molecular weight of LTW was calculated using the 117 

equation below: 118 

 𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝐿𝑇𝑊 (𝑀𝑊𝐿𝑇𝑊,
𝑔

𝑔 𝑚𝑜𝑙
) = 56.1 𝑥 1000 𝑥 

3

(𝑆𝑉−𝐴𝑉)
        (1) 119 

where SV is the saponification value of LTW (
𝑚𝑔 𝐾𝑂𝐻

𝑔 𝑜𝑖𝑙
) and AV is the acid value of LTW 120 

(
𝑚𝑔 𝐾𝑂𝐻

𝑔 𝑜𝑖𝑙
) [24–26]. The characteristics of LTW are presented in Table 1.  121 

Table 1 122 

Absolute ethanol and technical hexane were purchased from Sigma-Aldrich and 123 

Merck (Germany), respectively. All chemicals used for the analysis were of high purity 124 

grade and require no further purification. The fatty acid ethyl esters (FAEE) standard pack 125 

(10008188) was purchased from Cayman Chemicals (Ann-Arbor, MI, USA). Methyl 126 

heptadecanoate was used as an internal standard (IS) in the analysis of FAEE purity. Ultra-127 

high purity-grade nitrogen (99.99%) and helium (99.9%) for the gas chromatography-flame 128 

ionization detector (GC-FID) analysis were provided by Aneka Gas Industry Pty. Ltd., 129 

Surabaya.  130 

 131 

2.2 SpCE transesterification of LTW 132 
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The reaction system for the SpCE transesterification of LTW consists of a 50 cm3 133 

cylindrical reactor, made from SS-316 grade stainless steel, and is completed with a pressure 134 

indicator, a thermocouple, and an external heater. This high-pressure reactor is also 135 

connected to a nitrogen gas cylinder. Figure 1 depicts the schematic diagram of SpCE 136 

transesterification apparatus arrangement.  137 

A certain proportion of ethanol and LTW were introduced to the vessel to achieve 138 

the intended molar ratio of ethanol to LTW (reo = 35, 40, 45). The molar weight of LTW was 139 

determined by dividing the mass of LTW to its average molecular weight that was previously 140 

measured using equation (1). After the vessel was properly tightened, nitrogen was purged 141 

into the reactor to remove air from the system. The reactor was then rapidly heated from 142 

room temperature to the desired reaction temperature (T = 300, 350, 400°C). To reach the 143 

required pressure P (15 MPa), the nitrogen gas at the specified rate of 3 ml/min was once 144 

again injected into the reactor. The reaction begins after it reached the intended pressure and 145 

temperature. Both pressure and temperature were monitored throughout the reaction course 146 

using pressure gauge and thermocouple installed in the system to maintain the system 147 

isobaric and isothermal. 148 

The reactor vessel was then immediately cooled down in a water bath right after it 149 

reached the specified reaction time (t = 10, 20, 30, 40, 50 min) to terminate the reaction. The 150 

liquid-liquid separation was performed to separate FAEE from its by-product. A given 151 

amount of hexane was mixed with the product mixture to extract FAEE, and the mixture was 152 

allowed to settle overnight. The FAEE-rich layer was retrieved and subsequently subjected 153 

to the vacuum evaporation (IKA RV 10B) to obtain the final FAEE product.  154 

 Figure 1 155 

 156 

2.3 Compositional assay of FAEEs using GC-FID  157 
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The purity and compositional assay of FAEE was conducted using Shimadzu GC-158 

2014 with the split/splitless injector and a flame ionized detector (FID). The narrow bore 159 

DB-WAX capillary column (30 m x 0.25 mm ID x 0.25 µm film thickness, Agilent 160 

Technology, CA) was used as the stationary silica phase in the analysis. A 100 mg of FAEE 161 

sample was properly dissolved in 2 ml of a 10 µg/ml IS solution. The sample was then 162 

injected into the GC using a split ratio of 1:50. The temperature profile for the analysis was 163 

in accordance with the study conducted by Harijaya et al. (2019), where the column 164 

temperature was initially set at 50°C and maintained at the same temperature for 15 min. 165 

The temperature was then raised to 220°C at the heating rate of 4°C/min, and held constant 166 

for another 15 min. Both split/splitless injector and FID was set isothermal at 250°C and 167 

260°C, respectively. The flowrate of helium (99.9%) as the carrier gas was adjusted at a 168 

constant velocity of 30 cm/s [12].  169 

The peaks in the final FAEE product were identified using the FAEE standard pack 170 

(10008188), while the IS solution acted as the calibration solution to precisely calculate the 171 

purity of FAEE in the product: 172 

FAEE Purity (𝐹𝑝, %) = (
∑ 𝐴 𝐹𝐴𝐸𝐸- 𝐴IS

𝐴IS
×

𝑉IS𝐶IS

𝑚𝐹𝐴𝐸𝐸
)  ×100% 

(2) 

Where ∑ 𝐴 𝐹𝐴𝐸𝐸  is the total area of FAEE peaks, 𝐴IS is the corresponding area of the 173 

IS peak, 𝑉IS is the volume of the IS solution (ml), 𝐶IS is the concentration of the IS solution 174 

(g/ml), 𝑚𝐹𝐴𝐸𝐸  is the actual weight of the final FAEE product (g). Meanwhile, the yield of 175 

FAEE was determined by the following equation (3): 176 

FAEE Yield (%) = (
𝑚FAEE

𝑚LTW
𝑥 𝐹𝑝)  ×100% 

(3) 

Where 𝑚FAEE is the weight of final FAEE product (g), 𝑚LTW is the initial weight of 177 

LTW (g), and 𝐹𝑝 is the FAEE purity obtained from equation (2). 178 
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 179 

2.4 Statistical analysis: Experimental design and process optimization 180 

RSM method coupled with the multilevel factorial design (MLFD) was employed to 181 

statistically determine the optimum point of the SpCE technique for the LTW conversion to 182 

biodiesel. Three important parameters, reaction time t (min), temperature T (°C), and the 183 

molar ratio of ethanol to LTW reo, were selected based on the study conducted by Ong et al. 184 

(2013) and their relevance to the industrial feasibility. Ong et al. (2013) mentioned that 185 

exposure time takes a crucial role in the thermal degradation of alkyl ester, particularly in 186 

extreme temperature and pressure [1]. Therefore, while temperature and molar ratio of 187 

ethanol to LTW are classified into three different levels: low (1), center point (2) and high 188 

(3), reaction time is encoded into five different levels with 1 as the lowest level and 5 as the 189 

highest one to closely monitor its influence on the yield of FAEE. The encoded variables 190 

and their corresponding values are summarized in Table 2.  191 

Table 2 192 

Table 3 lists the MLFP-based design of experiment (DOE), along with the 193 

experimental and predicted responses. All experiments were conducted in replicates to 194 

obtain a good data reproducibility. A total of 45 experiments were completely performed in 195 

a randomized order to eliminate any systematic errors. The responses obtained from the 196 

experiments were then fitted into a second-order polynomial equation, generated by analysis 197 

of variance (ANOVA) using Minitab (ver.18.1) with a 95% confidence interval. The 198 

developed mathematical regression model was statistically evaluated for its goodness-of-fit 199 

by using the values of the coefficient of determination (R-squared). The response surface 200 

plots were developed by holding one variable constant in the middle level while manipulated 201 

the other two variables.  202 

Table 3 203 
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The correlation between the predicted response (FAEE yield, %) and the three 204 

independent parameters are expressed by equation (4), where YF is the predicted FAEE yield 205 

(%); 𝑞0, 𝑞𝑖, 𝑞𝑖𝑖, 𝑞𝑖𝑗 are the regression coefficients for the intercept, linear, quadratic and 206 

interactions of the two independent variables, respectively; 𝑋𝑖 and 𝑋𝑗 are the coded 207 

parameters (t, T, reo). The value of i ranges from 1 to 3 for temperature and molar ratio of 208 

ethanol to LTW, while it spreads from 1 to 5 for reaction time. 209 

𝑌𝐹 = 𝑞0 + ∑ 𝑞𝑖𝑋𝑖

3

𝑖=1

+ ∑ 𝑞𝑖𝑖𝑋𝑖
2

3

𝑖=1

+ ∑ ∑ 𝑞𝑖𝑗𝑋𝑖𝑋𝑗

3

𝑗=1

3

𝑖=1

 (4) 

 210 

3. Results and Discussions 211 

3.1 Specification of LTW 212 

As seen in Table 1, LTW contains a substantial amount of FFA and moisture content, 213 

with the respective value of 15.24% and 12.37%. A large amount of fat (i.e., acyl glycerides 214 

and minor lipid components) are observed in LTW, which covers 62.61% of the total mass. 215 

According to the fatty acid profile, three major fatty acids that compose LTW are palmitic 216 

acid (C16:0), stearic acid (C18:0), and oleic acid (C18:1).  217 

Several studies reported that a feedstock with the above characteristics requires at 218 

least three steps (i.e., pre-treatment for the impurities removal, esterification for the FFA 219 

reduction, and transesterification) to produce biodiesel with commercial yield and purity 220 

[27,28]. The high content of FFA in a feedstock induces the reaction between FFA and basic 221 

catalyst to form soap. Moreover, a significant amount of moisture in the raw material 222 

promotes the hydrolysis of acyl glycerides into FFA, which then again triggers the soap 223 

formation [29]. The presence of soap in the reaction system (1) tends to shift the 224 

transesterification to the reactant side, lowering the yield of biodiesel, and (2) induces the 225 

formation of emulsified products, causing difficulties in the purification process. SpCE 226 
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technique, however, facilitates both esterification and transesterification to run 227 

simultaneously in a one-pot system, negates the requirement to pretreat the FFA or moisture 228 

content in raw lipids, and subsequently simplifies the complicated separation steps [30,31]. 229 

The conversion of the lipid material to biodiesel using supercritical alcohol also offers a high 230 

reaction rate, hence, requiring only a relatively short time to achieve a high production yield 231 

[31,32].  232 

 233 

3.2 Process Optimization using RSM 234 

RSM combined with MLFD was employed to determine the optimum operating 235 

conditions for the production of LTW-based biodiesel by simultaneously integrating the 236 

three independent processing variables (e.g., reaction time t, temperature T, and the molar 237 

ratio of ethanol to LTW reo). Table 3 summarizes the correlation between the series of 238 

encoded input variables and the experimental yield of FAEE as the response. Subsequently, 239 

these results were statistically analyzed and found to fit into a polynomial quadratic model. 240 

Using the coded values presented in Table 2, the model derived to predict the biodiesel 241 

production is expressed by the following equation:  242 

𝑌𝐹 (%) = −137.5 + 11.62(𝑡) + 142.8(𝑇) + 13.23(𝑟𝑒𝑜) − 1.624(𝑡2) − 30.83(𝑇2)

− 2.42(𝑟𝑒𝑜
2) + 3.273(𝑡)(𝑇) − 0.348(𝑡)(𝑟𝑒𝑜) + 0.415(𝑇)(𝑟𝑒𝑜) 

(5) 

where YF is the predicted FAEE yield (%); 𝑡, 𝑇, 𝑟𝑒𝑜 are the encoded level of the 243 

independent variables (1, 2, 3, 4, 5 for t and 1, 2, 3 for T and reo). All values of YF are also 244 

presented in Table 3. 245 

The positive sign indicates a synergistic effect given by the factor to the increase of 246 

FAEE yield, while the negative sign implies that the factor possesses an antagonistic effect 247 

on the response. The mathematical model above showed that t, T, reo, (t)(T), (T)(reo) provide 248 
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a linear effect on the increase of FAEE yield, while the negative coefficients of the intercept, 249 

𝑡2, 𝑇2, 𝑟𝑒𝑜
2, and (t)(reo)  indicate that these variables decrease the FAEE yield.  250 

Referring to the ANOVA results (Table 4), the regressed model shows that all terms 251 

except that of 𝑟𝑒𝑜
2, (t)(reo) , and (T)(reo) (p-value > 0.05) are significant. The Pareto chart 252 

(Figure 2) also presents that all linear terms are found to be prominent with the significance 253 

order of t > T > reo. The notable quadratic terms were 𝑡2 and 𝑇2, with 𝑇2 gives the highest 254 

effect on the FAEE yield. The only two-ways interaction that was found to be significant to 255 

the process is the interaction between reaction time and temperature ((t)(T)). 256 

Table 4 257 

Figure 2 258 

As seen in Table 4, the coefficient of determination (R2) value of the mathematical 259 

model (Equation (5)) is 0.9865, implying that 98.65% of the variance results are attributed 260 

by the three investigated parameters. This R2 value also points out that this quadratic 261 

equation can reasonably interpret the experimental data. The value of both adjusted and 262 

predicted R2 (0.9830 and 0.9770, respectively) shows a good agreement between the 263 

predicted and experimental data of FAEE yield. Thus, the fitted regression model is 264 

considered sufficient to describe the behavior of all the independent input variance.  265 

The two-way interaction effect on the predicted response is depicted in Figure 3 (a) 266 

– (c) as the 3D surface plots. Figure 3 (a) describes the effect of reaction time and 267 

temperature on the yield of FAEE. It can be seen from the curvature lines, the enhancement 268 

of reaction time and temperature from the bottom level to the highest one gives a favorable 269 

influence on the yield of FAEE. While the FAEE yield rapidly escalates along with the 270 

temperature rise from T = 300°C to T = 350°C at a constant reaction time, it reaches a plateau 271 

point and then gradually decreases when the temperature approaches 400°C. A similar trend 272 

is also observed for reaction time where the response rapidly escalates from t = 10 min to t 273 
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= 30 min. The further extent of reaction time gives only a slight increase of FAEE yield.  274 

Imahara et a. (2008) reported that the decomposition of biodiesel occurs dominantly at a 275 

temperature above 350°C over a prolonged reaction time [33]. 276 

Figure 3 (b) represents the two-ways interaction between reaction time and the molar 277 

ratio of ethanol to LTW on the FAEE yield. It is evident that reaction time has the most 278 

significant influence on the yield of FAEE as it tends to have a steeper slope than the other 279 

factors. Meanwhile, the enhancement of the molar ratio of ethanol to LTW from reo = 35 to 280 

reo = 45 at a constant reaction time causes a slight increase in the FAEE yield. A consistent 281 

trend is also monitored in Figure 3 (c), where the elevation of ethanol to LTW molar ratio at 282 

a constant temperature induces only a minor increase of FAEE yield. It can be seen from 283 

Figure 3 (a) and (c) that the optimum yield of FAEE is obtained at the middle level of 284 

temperature. A further rise in temperature results in a lower FAEE yield.  285 

Figure 3 286 

The optimum operating variables for the SpCE technique were generated by Minitab 287 

(version 18.1), based on the developed mathematical equation and the experimental data. 288 

The resulting optimum point for the SpCE process is as shown in Figure 4: t = 47.4 min 289 

(4.7395), T = 374.6°C (2.4918), and reo = 40.02 (2.0046). The optimum FAEE yield YF was 290 

predicted at 99.68% with the model desirability of 1.00. To verify the reliability of the model, 291 

three replicated experiments were performed under these optimum variables. The average 292 

optimum yield of FAEE was experimentally obtained at 98.91 ± 0.31% with a purity of 293 

97.55%. With the error between the experimental and predicted values of only 0.77%, it can 294 

be concluded that the developed mathematical equation provides excellent accuracy for the 295 

prediction of FAEE yield using the operating parameters within the tested levels. The 296 

optimized FAEE yield is comparable, if not higher, than that reported in the literature, 297 

indicating that this SpCE technique is compatible to convert LTW to biodiesel. Tan et al. 298 
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(2010) and Gui et al. (2009) mentioned that the transesterification of the refined palm oil 299 

using ethanol under supercritical conditions can achieve the optimum yield of 79.2% at T = 300 

349°C, t = 29-30 min, and the molar ratio of ethanol to RPO rep = 33 [20,21]. Bunyakiat et 301 

al. (2006) reported a 95% FAME yield was produced from the conversion of coconut oil at 302 

T = 350°C, t = 6.7 min, and methanol to coconut oil molar ratio rmc = 42 [34]. Meanwhile, 303 

Reddy et al. (2014) stated that only 67% conversion of FAEE was obtained from dry algae 304 

via SpCE method at T =265°C, t = 20 min, and 1:9 dry algae to ethanol (w/v) ratio [35].  305 

In this study, the optimum molar ratio of ethanol to LTW (reo = 40.02) is also found 306 

within the range reported by previous studies [20,21,34,36]. Although in most cases the high 307 

molar ratio of ethanol to LTW is unfavorable in the industries, the excess ethanol can be 308 

recovered through the rectification system and recycled back to the reactor. Moreover, a 309 

short reaction time (t = 47.4 min) definitely provides a benefit in production efficiency. 310 

Figure 4 311 

 312 

3.3 The effect of the reaction parameters on the FAEE yield 313 

The effect of the reaction parameters on the FAEE yield is illustrated in Figure 5 (a) – 314 

(c). Figure 5 (a) – (b) show that in both constant temperature and molar ratio of ethanol to 315 

LTW, a sharp hike in the yield of FAEE is monitored by lengthening reaction time from the 316 

lowest to the highest level. Extending the duration of transesterification allows longer contact 317 

between the supercritical alcohol, oil, and water phase, ensuring a higher conversion of acyl 318 

glycerides and FFA into FAEE [19]. A major increase in the FAEE yield is also observed by 319 

prolonging reaction time at a higher temperature level (T = 350 - 400°C). This is likely due 320 

to the increased miscibility among ethanol, water, and LTW at a higher temperature, creating 321 

a more homogenous system and promoting intensive contact between the reactants. The 322 

results are in agreement with the study conducted by Maaira et al (2011), which stated that 323 
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the yield of biodiesel is affected by the residence time. The study also mentioned that a higher 324 

conversion rate is also monitored at a higher temperature because the collision between 325 

particles intensifies along with the escalation of temperature; thus, the activation energy of 326 

the reaction is easier to achieve [37]. 327 

Temperature is usually considered as the critical parameter in the supercritical 328 

transesterification because this parameter affects the density, viscosity, and miscibility of the 329 

reactants. Moreover, it is a known fact that both esterification and transesterification are 330 

endothermic and reversible. As seen in Figure 5 (a) and (c), increasing the temperature from 331 

T = 300°C to T = 350°C improves the FAEE yield remarkably in all levels of reaction time 332 

and the molar ratio of ethanol to LTW. This is attributed to the change of reactant properties 333 

in the supercritical state. Both water and ethanol have low miscibility with LTW at the 334 

standard room temperature. However, a great enhancement of temperature to the 335 

supercritical condition reduces their dielectric constant and viscosity. The weakened 336 

hydrogen bonding between water and the hydroxyl group in ethanol caused by the 337 

temperature increase also magnifies their miscibility in the non-polar LTW phase [38] and 338 

subsequently increases the mass transfer and reaction rate between the reactants [39]. 339 

Moreover, based on the kinetic Arrhenius law, the temperature increment plays a significant 340 

role in the improvement of the reaction rate constant and shifts the equilibrium to the right 341 

(product side).  342 

From another viewpoint, temperature greatly affects the hydrolysis of the lipids into 343 

FFA in the presence of water. This reaction is desirable in the SpCE technique since a high 344 

FFA content increases the miscibility between water and lipid, and promotes a faster 345 

diffusion rate. Unlike the traditional technique, Gunawan et al. (2014) mentioned that high 346 

water content may encourage the occurrence of the in-situ esterification/transesterification 347 

reaction to form biodiesel, as the number of the dissociated ions in water (i.e., H3O
+ and OH-348 
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) significantly escalates along with the increase of temperature and behaves as a bifunctional 349 

catalyst to induce the in-situ esterification/transesterification, leading to higher recovery of 350 

FAEE [18]. 351 

Figure 5 (a) and (c) also show that the yield of FAEE reaches a stagnant phase (even 352 

slightly decreases in some points) when the temperature is further escalated to the highest 353 

level (T = 400°C). This phenomenon indicates that the reaction has reached equilibrium 354 

conditions and further escalation may lead to a reverse reaction to the reactant side [40]. The 355 

results are also in agreement with several works conducted by Wang et al. (2018), Shin et al. 356 

(2011) and Ortiz-Martinez et al. (2019), where a further temperature rise above 350°C does 357 

not give a major increase on the recovery of biodiesel, and instead, thermally degrades the 358 

unsaturated carbon-chain in the product [41–43]. 359 

The influence of the molar ratio of ethanol to LTW on the FAEE yield is shown in 360 

Figure 5 (b) and (c). Although the addition of excess alcohol, theoretically, should improve 361 

the interaction between the lipid and ethanol and promote the conversion of LTW to 362 

biodiesel, only a mild increase in the yield of FAEE is observed when the molar ratio of 363 

ethanol to LTW was enhanced from the lowest to the highest level. As explained above, 364 

alcohol under the supercritical condition is able to dissolve the lipid largely, and therefore, 365 

changing the reaction from the heterogeneous system to a homogenous one. However, since 366 

the mixture has already been in a homogenous state, further increasing the molar ratio of 367 

alcohol to oil will not increase the biodiesel yield significantly. Gunawan et al. (2014) and 368 

He et al. (2007) mentioned that excess alcohol seems to have a favorable effect on the 369 

biodiesel yield only to a certain extent due to equilibrium constraint [18,44], while Thoai et. 370 

al. (2017) stated that high alcohol content in the system causes a lower concentration of acyl 371 

glycerides which is disadvantageous for the transesterification reaction since both alcohol 372 

and acyl glycerides are required to stimulate the reaction [45]. Moreover, further addition of 373 
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excess ethanol tends to negate the product recovery because a higher glycerol content will 374 

lead the reaction to the reactant side, resulting in the lower biodiesel yield [46].  375 

Figure 5  376 

 377 

3.4 Composition profile of LTW-based biodiesel 378 

The purity and FAEE profile of LTW-based biodiesel obtained at the optimum 379 

operating condition (t = 47.4 min, T = 374.6°C, and reo = 40.02) was analyzed by using GC-380 

FID. The FAEE purity in the LTW-based biodiesel is obtained at 97.55%. Ten peaks are 381 

identified using the external FAEE standard pack (10008188), with the profile as follows: 382 

4.19% C14:0, 25.71% C16:0, 4.55% C16:1, 1.02% C16:2, 0.69% C17:0, 15.21% C18:0, 383 

41.51% C18:1, 4.76% C18:2, 2.19% C18:3 and 0.17% C20:0. A minor change of fatty acid 384 

composition in the raw material (LTW) and final FAEE product (LTW-based biodiesel) is 385 

monitored, with the peak of C16:2 detected only in the final product. The occurrence of this 386 

C16:2 peak in the LTW-based biodiesel is likely due to the decomposition of long carbon-387 

chain to shorter ones in the high-temperature process [42,43,47].  388 

 389 

3.5 Fuel properties of LTW-based biodiesel 390 

Table 5 lists the fuel characteristics of LTW-based biodiesel along with their 391 

corresponding ASTM standard method. The results are also compared to the standard 392 

requirement of biodiesel (ASTM D6751) and diesel fuel (ASTM D975-08). With the value 393 

of 2.36 mm2/s, the viscosity of the final FAEE product obtained in this study is comparable 394 

with the specification of the regular diesel fuel, indicating that it can be widely used as a 395 

diesel fuel blend and there is no particular hardware modification required [48]. The 396 

flashpoint and cetane number of LTW-based biodiesel are measured at 98.4 and 51.2, 397 

slightly higher than the minimum value of ASTM D6751, emphasizing a good fuel ignition. 398 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



  

18 

 

A high calorific value (43.451 MJ kg-1) is also comparable to that in the common petrodiesel 399 

(42-46 MJ/kg) [49]. The cloud point, which is obtained at 9.8°C, indicates a good 400 

flowability. Both acid value and density of the fuel are also within the range required by 401 

ASTM D6751. Based on the results, it can be concluded that the LTW-based biodiesel is a 402 

potential replacement for diesel fuel. 403 

Table 5 404 

 405 

4. Conclusions 406 

A one-pot synthesis of biodiesel using SpCE has been successfully conducted to 407 

produce LTW-based biodiesel. RSM, in conjunction with ANOVA, has been applied to 408 

design the experiment, predict the response, and maximize the result by optimizing the tested 409 

variables (reaction time t, temperature T, and ethanol to LTW molar ratio reo). The optimum 410 

operating conditions are at t = 47.4 min, T = 374.6oC, and reo = 40.02. The optimum FAEE 411 

yield was experimentally obtained at 98.91 ± 0.31%, with the product purity (97.55%) 412 

reached the commercial requirement (higher than 96.5%), meanwhile, the predicted FAEE 413 

yield YF was calculated at 99.68%. The experimental and predicted responses have a 414 

proportional output, with an error of only 0.77%. A consistent result is also observed from 415 

the adjusted coefficient of determination which is close to unity (0.9830), indicating that the 416 

quadratic regression is in conform with the experimental results. The fuel properties of LTW-417 

based biodiesel are in accordance with ASTM D6751 and ASTM D975-08. The results 418 

described in this study show that the SpCE technique is compatible to valorize LTW to 419 

biodiesel. Therefore, future studies should expand to the techno-economic and scalability 420 

analysis to create a plausible pathway between the outcomes of this research and its 421 

implementation in the industries. 422 

 423 
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Table 1. The characteristics of LTW 586 

Parameters Result 

Water content, % 12.37 

FFA,  % 15.24 

Crude fat, % 62.61 

Fatty acid profile, %  

C14:0 3.01 

C16:0 26.83 

C16:1 3.99 

C17:0 0.42 

C18:0 14.34 

C18:1 43.32 

C18:2 5.95 

C18:3 2.03 

C20:0 0.11 
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Table 2. The encoded levels of the transesterification condition 593 

Variables Encoded 

factor 

Factor level 

1 2 3 4 5 

Time (min) t 10 20 30 40 50 

  1 2 3 

Temperature (°C) T 300 350 400 

Molar ratio of ethanol to LTW reo 35 40 45 
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Table 3. Statistical MLFD-based design of experiment, generated by Minitab (version 614 

18.1) 615 

Run 

Input variables Response (FAEE yield, %) 

t T reo 
Experimentala Predicted (YF)a 

Standard 

deviationb 

1 5 1 1 17.2 17.8 0.42 

2 5 2 1 88.6 84.9 2.62 

3 2 2 2 68.1 71.7 2.55 

4 1 2 1 46.2 52.6 4.53 

5 3 3 1 72.4 74.1 1.20 

6 1 1 3 9.4 5.9 2.47 

7 2 3 2 72.1 67.7 3.11 

8 4 2 1 88.1 81.7 4.53 

9 5 2 3 92.8 90.2 1.84 

10 3 1 3 19.3 20.6 0.92 

11 4 1 3 21.2 23.0 1.27 

12 5 1 2 20.2 22.5 1.63 

13 3 1 1 15.3 14.7 0.42 

14 1 3 3 52.9 53.8 0.64 

15 1 2 2 56.3 59.1 1.98 

16 2 3 3 70.8 69.4 0.99 

17 3 2 1 73.6 75.3 1.20 

18 5 1 3 22.8 22.3 0.35 

19 5 3 2 92.3 95.8 2.47 

20 4 3 3 90.7 90.7 0.00 

21 2 1 1 8.6 8.3 0.21 

22 4 3 2 91.4 89.7 1.20 

23 2 1 3 11.8 14.8 2.12 

24 2 3 1 64.3 61.2 2.19 

25 1 2 3 57.9 60.7 1.98 

26 1 1 2 8.9 4.7 2.97 

27 5 3 1 86.3 90.3 2.83 

28 1 1 1 5.8 1.4 3.11 

29 5 3 3 91.2 96.5 3.75 

30 4 3 1 85.8 83.9 1.34 

31 4 1 2 19.8 22.9 2.19 

32 3 2 2 82.4 81.0 0.99 

33 3 2 3 83.4 81.9 1.06 

34 4 2 2 94.2 87.1 5.02 

35 3 1 2 18.2 20.1 1.34 

36 4 2 3 93.9 87.7 4.38 

37 2 1 2 12.7 14.0 0.92 

38 3 3 3 81.6 81.6 0.00 

39 3 3 2 78.6 80.3 1.20 

40 1 3 2 51.9 51.8 0.07 

41 2 2 3 71.6 72.9 0.92 

42 1 3 1 48.9 45.0 2.76 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



  

29 

 

43 4 1 1 16.4 17.9 1.06 

44 2 2 1 54.1 65.6 8.13 

45 5 2 2 90.7 90.0 0.49 
a The overall standard error of estimate (SEE) between the experimental and its 616 

corresponding predicted responses was 3.30%. 617 
b Standard deviation between the experimental and predicted responses for each run. 618 

 619 
 620 

 621 

 622 

 623 

 624 

 625 

 626 

 627 

  628 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



  

30 

 

Table 4. The significance study of the tested variables, performed by three-way 629 

ANOVA 630 

Term Coefficient SE Coefficient T-Value P-Value 

Constant 67.65 1.58 42.79 <0.0001 

t 14.25 1.01 14.15 <0.0001 

T -69.64 5.54 -12.58 <0.0001 

reo 4.09 1.30 3.13 0.003 

t2 -1.624 0.368 -4.42 <0.0001 

T2 -123.33 5.22 -23.63 <0.0001 

reo
2 -2.42 1.30 -1.86 0.072 

(t)(T) 6.55 1.07 6.15 <0.0001 

(t)(reo) -0.348 0.533 -0.65 0.517 

(T)(reo) 0.83 1.85 0.45 0.656 

R-squared (R2) 0.9865 

Adjusted R2 0.9830 

Predicted R2 09770 
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Table 5. The fuel characteristics of LTW-based biodiesel obtained via the SpCE technique  648 

Properties Methods Unit LTW-based 

biodiesel 

ASTM 

D6751 

Diesel fuel 

(ASTM D975-

08) 

Kinematic 

viscosity 

(at 40°C) 

ASTM D445 mm2 s-1 2.36 1.9 – 6.0 1D: 1.3 – 2.4 

2D: 1.9 – 4.1 

Flashpoint ASTM D93 °C 98.4 93 min 1D: 38 min 

2D: 52 min 

Cetane 

number 

ASTM D613 - 51.2 47 min 46 min 

Calorific 

value 

ASTM D240 MJ kg-1 43.451 - - 

Cloud point ASTM D2500 °C 9.8 Location 

and 

season 

dependent 

- 

Density  

(at 15°C) 

ASTM D4052 g cm-3 0.857 - - 

Acid value ASTM D664 mg KOH/g 0.31 0.50 max - 
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 662 

Figure 1. Schematic diagram of the SpCE apparatus: (1) nitrogen gas cylinder, (2) 663 

Temperature control system, (3) valve, (4) pressure relief valve, (5) pressure gauge, (6) 664 

thermocouple, (7) Supercritical reactor, (8) electric heater, (9) valve, (10) gas-liquid 665 
flash separator, (11) 1 μm filter, (12) pressure gauge, (13) valve, (14) moisture trap 666 
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 668 
Figure 2. Pareto chart of the standardized effect, generated by Minitab (version 18.1), 669 
for the LTW-based biodiesel preparation via the SpCE technique, using the yield of 670 

FAEE as the response at a 95% confidence level where A = t, B = T, C = reo. 671 
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 672 
Figure 3. The 3D response surface plot of the FAEE yield, generated by Minitab 673 

(version 18.1) at various (a) t and T, (b) t and reo, (c) T and reo 674 
  675 
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 676 

Figure 4. The response optimization plot of the three independent reaction variables 677 

(D = composite desirability, y = predicted response, d = desirability), generated by 678 
Minitab (version 18.1). 679 
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 681 
Figure 5. The variation of the experimental FAEE yield with time t (min) at different 682 
temperatures (T = 300, 350, 400°C) and a constant molar ratio of ethanol to LTW (a) 683 

reo = 35, (b) reo = 40, (c) reo = 45 (plotted by SigmaPlot version 14) 684 
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