
Vol.:(0123456789)

BioEnergy Research 
https://doi.org/10.1007/s12155-024-10782-z

ORIGINAL RESEARCH

Biodiesel Production from Spent Coffee Grounds by Using Ethanolic 
Extraction and Supercritical Transesterification

Wirasinee Supang1 · Somkiat Ngamprasertsith2,3 · Winatta Sakdasri4 · Ruengwit Sawangkeaw5 

Received: 1 March 2024 / Accepted: 24 June 2024 
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2024

Abstract
This work presents a way to use ethanol and spent coffee grounds (SCG) as feedstocks for biodiesel production to solve etha-
nol overproduction in Thailand and biodiesel feedstock shortage problems together. Waste coffee oil (SCGO) was ethanolic 
extracted from SCG; then, ethanol-SCGO mixture was transesterified in supercritical condition without ethanol removal. The 
ethanolic extraction curves of SCG at a temperature range of 50–70 °C were constructed. Transesterification experiments 
were studied in a batch reactor and a continuous reactor at various temperatures (275–350 °C) and reaction time (5–40 min) 
under 15.0 MPa. The molar ratio of ethanol-oil mixture was set at 30:1. The highest ester content of 88.37 ± 3.00 wt% was 
found in biodiesel obtained at a temperature of 275 °C and a reaction time of 40 min in a batch reactor. Furthermore, excess 
temperature (< 300 °C) and reaction time (< 20 min) induced thermal degradation and promoted the loss of ethyl linoleate. 
For continuous reactor, the maximum ester content of 83.38 ± 5.86 wt% was observed at 325 °C and 29.4 min of residence 
time. Unlike in batch reactors, thermal degradation of ethyl linoleate was not observed in a continuous reactor. The results 
showed that ethanolic extraction and supercritical transesterification are alternative ways to produce biodiesel from SCG with-
out removing extractant and using catalyst. From a prospective point of view, techno-economic analysis (TEA) and life-cycle 
assessment (LCA) of invented process should be conducted to ensure profitability and environmental benefits, respectively.
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Introduction

Coffee consumption is yearly increasing worldwide that 
promotes spent coffee grounds (SCG) as a promising feed-
stock for biodiesel production. It should be informed that 
the fresh SCG discharged from the coffee brewing machine 
has a moisture content in the range of 50 wt% to 65 wt%. 
It was reported that dried SCG (DSCG) contains 5–20 
wt% of extractable oil. The oil content in SCG depends 
on many factors, e.g., source of coffee bean, roasting 
level, and gridding size [1, 2]. Biodiesel is an environ-
mentally friendly biomass-based fuel because it is pro-
duced from various types of renewable feedstock, includ-
ing waste products from food processing plants [3]. This 
makes using SCG as a feedstock more appealing. Further-
more, palmitic and linoleic acids are the main fatty acids 
found in SCG oil, hereafter called “SCGO.” Those fatty 
acids are equivalent to palm oil, currently commercialized 
feedstock for biodiesel production in Thailand. For gen-
eral coffee shops, brewing around 70–75 standard espresso 
shots produces 1 kg of fresh SCG and moisture content up 
to 50 wt%. Instant coffee and ready-to-drink coffee pro-
duction plants generate approximately 500–700 kg of fresh 
SCG per batch.

Since January 2021, the production of ethanol in Thai-
land, 2.97 to 5.31 million liters per day, ran ahead of the 
consumption as liquid fuels, around 3.22 to 4.10 million 
liters per day. Thus, the anhydrous ethanol stocks in Thai-
land came over 100 million liters in 2021 (Department 
of Alternative Energy Development and Efficiency, Thai-
land). The alternative utilizations of ethanol require to 
reduce the surplus of ethanol in the stocks. First, it was 
reported that ethanol is a compatible solvent for extracting 
oil from soybean [4] and spent coffee grounds [5]. Second, 
ethanol could be used as a reactant for biodiesel produc-
tion. Although the commercial process used methanol, it is 
presently synthesized from non-renewable resources such 
as natural gas. On the other hand, ethanol is derived from 
renewable resources, e.g., sugarcane, molasses, and casava 
via fermentation process. Unfortunately, the presence of 
water in ethanol induces the saponification between bases 
and oils. Hence, the alkaline catalytic process is not practi-
cal when using ethanol as feedstock for biodiesel produc-
tion. The novel methods could avoid saponification such 
as heterogeneous and lipase catalytic processes, including 
non-catalytic transesterification in supercritical condition 
[6].

The conventional biodiesel production from SCG con-
sists of extraction, solvent removal, reaction, and purifi-
cation steps. At the beginning, the SCGO is extracted by 
organic solvents such as acetone, chloroform, n-hexane, 
petroleum ether, and toluene [7]. Vacuum distillation 

is employed to remove and recycle the excess solvents. 
Among all production steps, the solvent removal consumes 
the largest amount of energy. The reactions involved in 
biodiesel production from SCG are esterification and 
transesterification. The acid-catalyzed pretreatment or 
esterification is necessary to reduce a high amount of 
free fatty acid in SCGO before alkali-catalyzed transes-
terification is performed. After the by-product glycerol is 
separated by decanting, the catalyst traces in biodiesel are 
removed by water leaching. Besides the time-consuming 
biodiesel-water phase separation retraced by the saponi-
fied fatty acid, the last step generates a significant amount 
of wastewater.

The biodiesel production in supercritical ethanol (SCE) 
is a green alternative method to produce biofuel from SCG. 
Because ethanol is reactive at supercritical condition, the 
esterification and transesterification reactions between 
SCGO and SCE simultaneously take place without any pres-
ence of catalyst. Transformations of SCE itself and possible 
reactions of lipids, carbonyl compounds, and glycerol in 
SCE at temperature of 380–400 °C and pressure up to 3.0 
GPa were recently reported [8]. The acid-catalyzed pretreat-
ment and base-fatty acids saponification are eliminated. The 
main product is fatty acid ethyl esters (FAEE) or biodiesel, 
and the by-product is glycerol. The reaction at supercritical 
condition could reduce the number of used chemicals and 
amount of generated wastewater. Even though the reaction 
at supercritical condition takes place at high temperature, the 
recovery of heat is easier and cleaner than that of chemicals. 
For example, the heat from hot streams could be recovered 
to improve the efficiency of SCGO extraction. Using the hot 
streams to preheat the solvent in the extraction step improves 
the solubility of SCGO. Besides, the heat duty of the cooling 
system is dropped due to the reduced temperature.

This work demonstrates the biodiesel production from 
SCG by ethanol, extracting and reacting at atmospheric pres-
sure and supercritical conditions, respectively. The ethanolic 
extract could be instantly converted to biodiesel in SCE 
without ethanol removal. The entire process employs only 
DSCG and ethanol as feedstock. This research introduces 
an environmentally friendly method for biodiesel produc-
tion from SCG by using ethanol as an extracting solvent and 
reactant that minimized the process complexity and chemi-
cal usage. For conducting the reaction between SCGO and 
SCE, the liquid form of SCG is easier to handle than the 
solid form, especially when operating at high pressure in 
a continuous reactor. The solid phase interferes with the 
fluid flow and causes uncontrollable pressure. In the worst 
case, the particle could clog in the reactor tube or damage 
the back-pressure regulator. This process also expresses the 
alternative option to treat other high lipid wastes such as 
brown grease collected in a grease trap, fruit seeds spent 
from food processing plants, and waste lipids left in fish 
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market. This approach was successfully demonstrated for 
production of fatty acid esters from forage radish (Raphanus 
sativus L.) and crambe (Crambe abyssinica H.) seeds [9, 
10]. The objective of this work is to approve the concept of 
using ethanol as extracting solvent and reactant for produc-
ing biodiesel from SCG.

Materials and Methods

Materials

The wet SCG (WSCG) sample, 2–3 kg per day, was donated 
by Starbucks coffee house, Square One, and Samyan Mitr-
town branches, Bangkok, Thailand, from October to Decem-
ber 2021. The received sample was treated as described in 
a previous work [11]. Briefly, WSCG was air dried at room 
temperature (30–35 °C) for 48 h and then dried in a hot-air 
oven at 105 °C for 24 h. The dried SCG (DSCG) was kept in 
the desiccator before the ethanolic extraction. The anhydrous 
ethanol (99.5% v/v) and hydrated ethanol (95.6% v/v) were 
supplied by The Liquor Distillery Organization, Ministry of 
Industry, Thailand. The analytical grade n-hexane (99.95%) 
and n-heptane (99.50%) were bought from RCI Labscan Co., 
Ltd. External standard compounds, ethyl palmitate (≥ 99%), 
and ethyl oleate (98%) were provided from Sigma Aldrich. 
Common chemicals used in characterization of SCGO such 
as NaOH, HCl, and KHP were purchased from SAC SCI-
ENG Co., Ltd.

SCG, SCGO, and Biodiesel Characterizations

The overall experimental protocol is shown in Fig. 1. The 
moisture contents in fresh and DSCG were determined 
by the gravimetric method. Total extractable oil in SCG 
was measured by the Soxhlet apparatus using anhydrous 
ethanol, hydrated ethanol, and n-hexane. The particle size 

distribution and the bulk density of DSCG were examined 
by sieving and gravimetry, respectively.

The apparent density of SCGO was measured by the 
gravimetric method. The SCGO was characterized by AOCS 
official methods, including the free fatty acid content (Ca 
5a–40), the saponification number (Cd 3c–25), unsaponifi-
able matter (Ca 6a-40), and the fatty acid profile (Ce 2–66 
and Ce 1–62). The average molecular weight of SCGO 
estimated by the saponification number was in the range of 
830–835. Water content in extracted oil was determined by 
the Karl–Fischer titration (Metrohm Eco KF Titrator). The 
viscosity of SCGO and biodiesel was measured by a digital 
viscometer (Brookfield, model LVDV-E).

The FAEE content in biodiesel produced from SCGO was 
analyzed by a modified method as described in a previous 
work [11]. Briefly, a gas chromatograph (GC; Shimadzu, 
model GC2030, Japan) was standardized by the known con-
centrations (0.625–10.000 wt%) of ethyl palmitate and ethyl 
oleate solutions in n-heptane. A capillary column (DB-FAT-
WAX, 30 m × 0.25 mm OD., 0.25 µm), an autosampler (Shi-
madzu, model AOC 20i Plus, Japan), and a flame ionization 
detector were employed for all analyses. Unknown concen-
trations of FAEE in the biodiesel solution were calculated 
from slope and x-intercept of the calibration curves. The 
developed method was confirmed via spike-and-recovery 
analysis every 6 months.

Ethanolic Extraction of SCGO

The ethanolic extraction of SCGO was modified from the 
conditions reported in a literature [5]. The extraction curves 
of anhydrous- and hydrated-ethanolic extraction of DSCG 
were constructed by using a 2.5-l glass isothermal extrac-
tor heated by a circulating hot-water jacket and stirred by 
a mechanical stirrer. The experiments were performed at 
ethanol-to-DSCG mass ratio of 5:1, 1000 mL (783 g) of 
ethanol with 156.6 g of DSCG as recommended by a lit-
erature [12]. Ethanol was heated to the desired temperature 
(50 °C and 60 °C) before adding DSCG into the extractor. 

Fig. 1  The overall experimental 
protocol
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The mixture was constantly agitated at 180 rpm. A 1.0 mL 
of micellar sample was withdrawn every 5 min within the 
first 20 min of experiment and every 10 min within the next 
20 min. The sample was filtered by a 0.45 mm Nylon syringe 
filter before measuring the initial weight of SCGO-ethanol 
mixture. The excess ethanol was removed by nitrogen strip-
ing until the constant weight of extracted oil was observed. 
The extraction yield was measured by a gravimetric method. 
All extractions were performed in quadruplicates.

For biodiesel production experiments, the extraction 
was conducted in a 20-l HDPE (high-density polyethyl-
ene) container. Ethanol-to-DSCG mass ratio was set at 5:1. 
The extraction was attempted at room temperature (30–35 
°C) and atmospheric pressure (0.1 MPa) by using hydrated 
ethanol 10 l, shaking vigorously in every 2–4 h for a total 
duration of 48 h. The micellar phase was settled overnight 
and filtrated by filter paper (Whatman No. 42). The final 
concentration of SCGO in ethanol was observed at approxi-
mately 10.0 wt%. When using excess solid loading, SCG-
ethanol mixture became a viscous slurry, difficult to mix by 
magnetic bar. The pure SCGO obtained from the Soxhlet 
extractor using ethanol as the solvent was added to adjust 
the desired concentration of 20.0 wt%, which equivalented 
to ethanol-to-SCGO molar ratio of 30:1. The volumes of 
make-up SCGO were in the range of 100–200 mL depend-
ing on initial SCGO content in each extraction batch. The 
ethanol-SCGO mixture was accordingly used as feedstock of 
biodiesel production with SCE in all experiments.

Biodiesel Production with SCE

Batch Reactor

A stainless steel (SUS316) tubing reactor was used to inves-
tigate the effects of temperature and reaction time. The 
general descriptions of equipment were given in the earlier 
works [11, 13]. The feedstock mass (hydrated ethanol-SCGO 
mixture) added into the batch reactor was calculated from 

given pressure of 15.0 MPa, reactor volume of 4.38  cm3, 
mixture density of 0.85 g/cm3, and ethanol-to-SCGO molar 
ratio of 30:1, at desired temperatures. The critical properties 
of SCGO were estimated by the Group-Contribution method 
as described in the literatures [14, 15]. The estimated prop-
erties of SGCO agreed well with the values of saturated 
triglycerides [16]. The total mass of the mixture was in the 
range of 2.800–3.100 g to access the pressure greater than 
15.0 MPa. The heating interval for the desired temperature 
was in the range of 5–10 s. All experiments at each reacting 
condition were evaluated in triplicates.

Continuous Reactor

After the reacting conditions provided a high FAEE content 
was obtained from “Batch Reactor,” a 140-mL coiled reactor 
made of stainless steel (SUS316) was employed to reproduce 
biodiesel at the same condition. The schematic diagram of 
experimental setup is shown in Fig. 2.

At the beginning, the fluidized sand bath (OMEGA, 
model FSB-3) and the water-cooling bath circulator (HETO, 
model CBN 8–30) were set at the desired reaction tempera-
ture and 10 °C, respectively. Then, ethanol-SCGO mixture 
(30:1 molar ratio) was fed through preheater and reactor 
using an HPLC pump (Jasco, model PU-1580). A magnetic 
stirrer was employed to create emulsion at the suction of the 
high-pressure pump. It should be noticed that pre-heating 
ethanol-SCGO mixture to 127 °C (400 K) under the pres-
surized condition notably reduces viscosity of vegetable 
oil-ethanol mixture [17]. Because ethanol-SCGO mixture 
is viscous, the workable flow rate of HPLC pump was in the 
range of 2.0–3.0 g mixture/min. After outlet flow rate was 
steady, a back-pressure regulator (Swagelok, KHB Series) 
was closed to gently increase pressure to 15.0–16.0 MPa. 
Further description and operation were given in previous 
works [11, 13]. The operating temperature and residence 
time were regulated to increase the FAEE content as well. 

Fig. 2  Schematic diagram of the 
continuous reactor
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The excess ethanol in the product was removed by a vacuum 
evaporator before %FAEE measurements.

Statistical Analysis

Results from this study are presented in terms of 
means ± standard deviations. All data including acid value, 
saponification value, water content, unsaponifiable matters 
in Table 1, FAEE content in Table 3, and ethyl palmitate 
and ethyl linoleate contents in Fig. 5 were analyzed using 
Tukey pairwise comparisons with significant differences 
accepted at the p value < 0.05 level on the Minitab® v20.3 
for Windows.

Results and Discussion

Characterizations of DSCG and SCGO

The wet SCG (WSCG) has a moisture content of 
58.69 ± 2.40 wt%. After drying in a hot-air oven at 105 °C 
and 24 h, the moisture content of DSCG was reduced to 
1.40 ± 0.42 wt%. Compared to a previous work, WSCG 
and DSCG had moisture contents of 55.86 ± 0.22 wt% and 
14.98 ± 0.25 wt%, respectively, because only a 48-h convec-
tive drying at room temperature 30–35 °C was employed 
[11]. The DSCG sample had particle size distribution in 

ranges of less than 250 µm (~ 15 wt%), 250–500 µm (~ 80 
wt%), and more than 500 µm (~ 5 wt%). The bulk density 
of DSCG was 0.387 g/cm3. The moisture content of WSCG 
and the particle distribution and bulk density of DSCG were 
conformed with the values reported in the literatures as well 
[18, 19].

Oil yield and characteristics of SCGO samples and their 
fatty acid profile obtained from anhydrous ethanol, hydrated 
ethanol, and n-hexane extractions by Soxhlet extractor are 
shown in Tables 1 and 2, respectively.

According to Table 1, densities of SCGO extracted by all 
solvents are not significantly different. Acid values (AV) of 
SCGO extracted by anhydrous ethanol and hydrated ethanol 
are higher, fivefold than that of SCGO extracted by n-hex-
ane. For organic solvent extraction, it was reported that the 
extraction yield was increasing with polarity of solvent [7]. 
Thus, employing ethanol as an extraction solvent provided a 
higher oil yield in comparison to n-hexane. Nonetheless, eth-
anol extraction exhibits lower selectivity, potentially leading 
to increased polar impurities in the extracted oil [20]. This 
result also agrees well with ethanolic extraction of dried 
Halamphora coffeaeformis microalga [15]. Furthermore, 
it was mentioned that the use of ethanol in the extraction 
of Echium plantagineum L. and Amygdalus scoparia seed 
oils can effectively extract non-lipid compounds, thereby 
enhancing the extracted yield. However, this approach may 
induce polar impurities into the final product [21]. Ethanol 

Table 1  Maximum oil yield and characteristics of spent coffee grounds oil (SGCO) samples obtained from various solvent extractions

Oil yield is mass of extracted oil divided by mass of dried spent coffee grounds (g/100 g DSCG); AD is apparent density (g/cm3); AV is acid 
value (mg KOH/g oil); SV is saponification value (mg KOH/g oil); MW is average molecular weight (g/mol); WC is water content (g/100 g oil); 
UM is unsaponifiable matters (g/ 100 g oil). Significant differences between the values at the same column are shown by different alphabets at a 
5% confidence level

Solvent Oil yield AD AV SV MW WC UM

Anhydrous ethanol 27.71 ± 0.41 a 0.9557 ± 0.0125 a 4.65 ± 0.81 bc 201.58 ± 1.91 a 835 1.49 ± 0.15 b 1.89 ± 0.12 b

Hydrated ethanol 25.39 ± 0.05 a 0.9475 ± 0.0112 a 5.64 ± 0.06 b 202.13 ± 3.19 a 833 2.69 ± 1.02 c 1.60 ± 0.25 a

n-Hexane 21.37 ± 1.88 a 0.9355 ± 0.0164 a 1.04 ± 1.26 a 202.86 ± 4.49 a 830 0.70 ± 0.09 a 1.97 ± 0.14 c

Table 2  Fatty acid profile of 
spent coffee ground oil (SCGO) 
samples obtained from various 
solvent extractions

C16:0, C18:0, C18:1, C18:2, and C20:0 represent palmitic, oleic, linoleic, and arachidic acids, respectively. 
Scientific figures are similar to those reported in literature

Solvents Fatty acid (wt%) References

C16:0 C18:0 C18:1 C18:2 C20:0

Anhydrous ethanol 35.64 ± 2.05 5.46 ± 1.16 4.64 ± 0.04 41.14 ± 2.41 4.12 ± 0.42 This work
Hydrated ethanol 36.99 ± 2.71 3.55 ± 1.30 8.22 ± 0.12 41.27 ± 3.84 3.52 ± 0.55 This work
Anhydrous ethanol 27.4 ± 0.7 8.0 ± 0.2 10.9 ± 0.1 45.3 ± 0.2 5.10 ± 0.02 [12]
Ethyl acetate 35.34 ± 2.15 7.32 ± 1.05 9.31 ± 1.15 42.28 ± 2.05 5.74 ± 2.45 [11]
n-Hexane 37.37 7.07 8.31 46.09 1.16 [25]
Hexane (Vietnamese) 37.8–38.4 5.5 25.9–26.6 23.1–25.1 1.0–1.2 [26]
Hexane (Colombian) 35.0 7.0 8.5 45.5 2.3 [26]
n-Hexane 43.65 6.49 8.15 32.45 2.39 [27]
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is a suitable solvent to extract an acidic oil–lipid containing 
high AV from biomass. It was reported that free fatty acid 
could be esterified in SCE and converted to FAEE at super-
critical condition [22]. When comparing with transesterifica-
tion of triglyceride, esterification of free fatty acid required 
lower ethanol-to-fatty acid ratio (6:1), pressure (10 MPa), 
temperature (280 °C), and reaction time (10 min). Further-
more, the presence of free fatty acid enhanced the FAEE 
content in the biodiesel produced from soybean, rice bran, 
and high oleic sunflower oils [23] and blended waste oil-
crambe oil with supercritical ethanol [24].

Saponification value (SV) of SCGO extracted by all 
solvents is not significantly different. Thus, the average 
molecular weight (MW) of SCGO is in a narrow range of 
830–835 g/mol. Water content (WC) in SCGO samples is 
ranked from low-polarity to high-polarity of extracted sol-
vents, n-hexane, anhydrous ethanol, and hydrated ethanol, 
respectively. However, WC in all SCGO samples, below 
5.0 g/100 g oil, has no significant effects on transesterifica-
tion in SCE [15].

Major fatty acids in SCGO from this work are linoleic 
(C18:2) and palmitic (C16:0) acids which agree with the 
literatures, Colombian coffee beans [25, 26]. The SCGO 
from Portuguese SCG has high palmitic acid (C16:0) content 
[27], while SCGO from Vietnamese SCG has high oleic acid 
(C18:1) content than other SCGO samples [26].

Unsaponifiable matters (UM) in coffee oil are neither 
glycerides nor fatty acids that could be divided into 3 
groups: diterpene alcohols, sterols, and tocopherols [28]. 
Hence, UM could not convert to FAEE. It was reported that 
UM in SCGO extracted by hexane is 1.9–4.9% and 21.4% 
for Vietnamese and Colombia SCGs, respectively [26]. Fur-
thermore, ethanolic extracted of SCG from 6 sources had an 
average UM of only 1.40 wt%, which was lower than UM 
in Arabica roasted coffee beans [29]. The UM found in this 
work was in the range of 1.47–1.89 g/ 100 g oil which agrees 
well with literatures. Because of the high biological activity 
of UM, the extraction of UM to use as value-added product 
in cosmetics industry is remarkably interesting.

Ethanolic Extraction of SCGO

Figure 3 depicts the oil yield of SCGO extracted by anhy-
drous- and hydrated-ethanol as a function of extraction time.

Anhydrous-ethanolic extraction of DSCG supplies 
higher extracted oil yield than hydrated-ethanolic extrac-
tion. Ethanol could not completely extract SCGO from 
DSCG because all extraction curves in Fig.  3 reach a 
plateau after an hour of extraction. As aforementioned in 
Table 1, SCGO content in DSGC was 0.22 g/g DSCG. The 
maximum extraction yield in Fig. 3 is only 10% of SCGO 
content. In other words, ethanolic extraction at atmos-
pheric room condition could recover a small amount of 

SCGO. Otherwise, pressurized ethanolic extraction which 
is demonstrated in a 250-mL extractor could shorten the 
extraction time and enhance the extracted oil yield up 
to 96.8% [5]. Despite improving extraction yield, a high 
investment cost could decline the economic viability of 
the process. However, the pressurized extraction enhances 
yield and reduces the duration of the overall process. This 
conflict could be debated in two scenarios of economic 
analysis, using atmospheric extraction versus pressurized 
extraction in the future study. Ultrasonic-assisted extrac-
tion is a promising method to enhance the efficiency of 
SCG ethanolic extraction [30]. Recently, the design of the 
continuous countercurrent spent coffee ground oil extrac-
tion by hydrated ethanol was reported as well [12]. Hence, 
the make-up SCGO needs to fulfill the suitable ethanol-to-
SCGO molar ratio of 30:1 and to maximize the conversion 
in supercritical transesterification.

The ultimate goal of this project is to create a zero-waste 
process for valorization of SCGs and other wastes from cof-
fee industries. From a prospective point of view, the solid 
residue discharged from SCGO extractor could be utilized as 
feedstock for pyrolysis [31], gasification [32], and anaerobic 
digestion [33]. The profitability and environmental impacts 
of the designed process could be estimated by a TEA and 
LCA, respectively.

Biodiesel Production in Supercritical Ethanol (SCE)

Biodiesel production in SCE was first conducted in batch 
reactor to preliminary investigate the effects of tempera-
ture and reaction time because it had uniform temperature 
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distribution and exact reaction time. After the effects of tem-
perature and reaction time were concluded, the reactions 
were investigated in a continuous reactor to compare the 
conditions that resulted in the highest FAEE.

Batch Reactor

Figure 4 shows the ester content as a function of reaction 
time at various temperatures. Depending on temperature, 
reaction time dominates the ester content in biodiesel 
obtained from transesterification in supercritical conditions. 
Effects of reaction time on FAEE content were categorized 
into 3 groups. First, at 275 °C, FAEE content continuously 
enhanced with increasing reaction time; then, the maximum 
FAEE content was reached at 40 min of reaction time. Sec-
ond, FAEE contents drop to 55–60 wt% when reaction time 
over 20 min at 300 °C and 325 °C is equivalent to total 
saturated fatty acids (C16:0, C18:0, and C20:0) in SCGO 
(45–55 wt%) as shown in Table 2. For high unsaturated 
microalga oil containing palmitoleic (C16:1) of 27.8–32.2 
wt% and eicosapentaenoic acid (C20:5) of 17.6–21.3 wt%, 
the maximum FAEE contents of 56.1–71.7 wt% were found 
at 305 °C and 40 min [15]. Third, FAEE content at 325 °C 
reached the maximum value at 10 min of reaction time and 
slightly dropped.

It was reported that the homogeneous catalytic transes-
terification of SCGO with methanol resulted in a maximum 
conversion of 85% without pretreatment [7]. Because the 
base-catalyzed transesterification was inhibited by a high 
FFA in SCGO, the final biodiesel yield of 96–100% was 
reported when employing acid-catalyzed pretreatment before 
KOH-catalyzed transesterification. Furthermore, lipase-
catalyzed transesterification was introduced for producing 

biodiesel from SCGs and ethanol. It was reported that lipase 
catalyst provided FAEE yield in the range of 72–88% within 
24–48 h [1].

The FAEE content in other samples obtained from 350 
°C and reaction time higher than 15 min could not be ana-
lyzed by GC because it formed a solid phase at room tem-
perature (30–35 °C). The solid fraction could be derived 
from condensation reaction of minor compounds such as 
phenolic compounds and furans at high temperature [34] 
and/or monoglycerides and diglycerides in SCE [35]. On 
the other hand, thermal degradation of unsaturated fatty 
acids caused decreasing of FAEE as mentioned in various 
literatures [36–39]. The amounts of ethyl palmitate and 
ethyl linoleate at various temperatures and reaction times 
are shown in Fig. 5.

According to Fig. 5, ethyl palmitate contents in SCG bio-
diesel obtained from 275 °C increase with the reaction time, 
while they reach the plateau after a reaction time of 20 min 
at 300 °C and 325 °C. In contrast, ethyl linoleate contents 
rise with increasing reaction time at 275 °C, but they drop 
at 300 °C and 325 °C after 20 min of reaction time. Thus, 
it could be concluded that a suitable temperature for trans-
esterified SCGO by SCE to obtain a high FAEE content 
in a batch reactor is between 300 and 325 °C at 20 min of 
reaction time.

Continuous Reactor

Figure  6 depicts the FAEE content in SCG biodiesel 
obtained from a continuous reactor at various conditions.

It is clear that increasing residence time enhances the 
FAEE contents in SCG biodiesel obtained from all reac-
tion temperatures. According to critical points of ethanol 
(Tc = 241 °C and Pc = 6.3 MPa) and SCGO (Tc = 684 °C and 
Pc = 0.5 MPa, see “Batch Reactor”), the critical temperature 
and pressure of ethanol-SCGO at molar ratio of 30:1 esti-
mated by the second-order modified Huron-Vidal (MHV2) 
mixing rules [40] were 255 °C and 6.1 MPa, respectively. 
Vapor–liquid equilibrium found from the experimental 
measurements for a non-edible vegetable oil-ethanol was 
in the temperature range of 160–280 °C and pressure range 
of 1.1–7.2 MPa [41]. Hence, it could be deduced that the 
SCGO-ethanol mixture is not a single-phase mixture at 255 
°C and 6.1 MPa. The reduced temperatures (Tr) could be 
calculated from the reaction temperatures divided by the 
critical temperature of ethanol-SCGO mixture.

In batch reactor, reaction at 275 °C (Tr = 1.08) and pro-
longed reaction time up to 40 min provided high FAEE 
content (see Fig. 4). Unlike the reaction in batch reactor, 
when the reaction took place at 300 °C (Tr = 1.17) and 325 
°C (Tr = 1.27) in the continuous reactor, FAEE content still 
increased with increasing residence time even though the 
residence time over 20 min. This phenomenon indicated 
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Fig. 4  Fatty acid ethyl ester (FAEE) contents in spent coffee ground 
biodiesel obtained from various reaction time at pressure of 15 MPa, 
oil-to-ethanol molar ratio of 1:30, reaction temperature of (○) 275 
°C, (∆) 300 °C, (◊) 325 °C, and (□) 350 °C in a 4.5-mL batch reac-
tor
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the different heat transfer in batch and continuous reactors. 
In batch reactor, ethanol-SCGO mixture contacted the hot-
surface of reactor and moved diagonally by the mechanical 
shaker. Hence, thermal degradation was favorable to occur 
at reactor wall where the temperature and the contact time 
were higher than at the reactor center. For continuous reac-
tors, the fresh reactants continuously flow along the tubular 
reactor and mixed by fluid flowing force. The axial disper-
sion of components and thermodynamic effect on reaction 
in supercritical ethanol was described in a literature [42]. 
Ethyl palmitate and ethyl linoleate contents in biodiesel syn-
thesized from a continuous reactor are shown in Table 3.

According to Table  3, thermal degradation of ethyl 
linoleate due to excess residence time was not observed at 
all reaction temperatures. In batch reactor, thermal degrada-
tion of ethyl linoleate was detected at temperature above 300 
°C and reaction time over 20 min (see Fig. 5). At tempera-
ture below 325 °C, ethyl palmitate was thermal stable in 
both batch and continuous reactors. According to maximum 
extractable oil yields, approximately 22 g/100 g DSCG and 
the maximum FAEE content of 83.35 wt% as observed in the 
continuous reactor, it could be estimated that 1 kg of DSCG 
can be converted to ~ 200 mL of biodiesel with the standard 
specific gravity of 0.88. However, only 3 g SCGO/100 g of 
DSCG was obtained in the ethanolic extraction experiments. 

Fig. 5  (Blue box) ethyl pal-
mitate and (orange box) ethyl 
linoleate contents in SCG 
biodiesel obtained from various 
reaction temperatures and reac-
tion times at pressure of 15 MPa 
and oil-to-ethanol molar ratio of 
1:30 in a 4.5-mL batch reactor. 
Significant differences between 
the yields at the same tempera-
ture are indicated by different 
alphabets at a 5% confidence 
level
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Fig. 6  Fatty acid ethyl ester (FAEE) contents in biodiesel obtained 
from various residence time at pressure of 15  MPa, oil-to-ethanol 
molar ratio of 1:30, reaction temperature of (○) 275 °C, (∆) 300 °C, 
and (◊) 325 °C in a continuous reactor

Table 3  Fatty acid ethyl ester (FAEE) contents as ethyl palmitate 
(C16:0) and ethyl linoleate (C18:2) in biodiesel obtained from a con-
tinuous reactor at various conditions

Significant differences between the FAEE contents at the same tem-
perature indicated by different alphabets at a 5% confidence level

Tempera-
ture (°C)

Flow rate 
(g/min)

Residence 
time (min)

FAEE content (wt%)

C16:0 C18:2

275 3.0 23.79 8.08 ± 0.40 a 9.76 ± 2.30 a

275 2.5 28.55 8.82 ± 1.17 a 12.28 ± 1.97 b

275 2.0 35.69 16.01 ± 2.29 b 30.89 ± 3.74 c

300 3.0 20.30 21.21 ± 0.31 a 37.36 ± 1.17 a

300 2.5 24.37 28.95 ± 2.92 b 40.05 ± 4.22 b

300 2.0 30.46 30.99 ± 2.63 c 45.93 ± 3.75 c

325 3.0 16.77 20.80 ± 2.55 a 44.41 ± 5.40 a

325 2.5 20.13 28.99 ± 2.82 b 48.60 ± 2.36 b

325 2.0 25.16 34.75 ± 1.75 c 48.65 ± 4.09 b
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The improvement of ethanolic extraction is crucial for devel-
oping this process.

The HPLC pump used in this work is a double-syringe 
pump which is designed for low viscosity fluid such as 
water, methanol, and acetonitrile; thus, it is inappropriate 
for a viscous fluid like ethanol-SCGO mixture. Scale-up 
study on continuous production biodiesel in supercriti-
cal condition is presently lacking. In a previous work on 
scale-up tubular reactor, adding 20%vol of hexane in palm 
kernel oil stabilized the flow rate of double-syringe pump 
up to 50 g/min [43]. It should be noticed that viscosities 
of palm kernel oil and anhydrous- and hydrated-ethanolic 
extracted SCGO are ~ 35, ~ 112, and ~ 168  mm2/s, respec-
tively. The free fatty acid content determines the SCGO 
viscosity, and a high free fatty acid is leading to a high 
viscosity [7]. Hence, SCGO needs a high volume of hex-
ane to sufficiently reduce its viscosity. Although addition 
of hexane did not impact the conversion of triglyceride, 
the production yield, produced biodiesel per fed vegetable 
oil was decreased by 20% as well. Engineering design of a 
high-pressure pump for transporting a viscous fluid into a 
supercritical reactor is the best solution. The viscosity of 
biodiesel obtained from a continuous reactor (FAEE con-
tent of 83.35%) was 7–10  mm2/s, which is higher than the 
value of biodiesel specification. This value indicates that 
enhancing FAEE content and reducing AV of biodiesel 
are necessary for implementation of this process. On the 
other hand, purification of biodiesel obtained from the 
supercritical transesterification could improve the fuel 
properties of biodiesel. It should be considered that glyc-
erol by-products could affect the viscosity of biodiesel 
product as well. Reactions between alcohol and glycerol 
at supercritical condition were described elsewhere [13].

Ethanol-to-SCGO molar ratio of 30:1 is higher than 
that used in the industrial biodiesel production, for 
example, the homogeneous catalytic transesterifica-
tion employs alcohol-to-oil ratios in range of 6:1 to 9:1. 
According to a previous work, the lowest ethanol-to-oil 
molar ratio of 12:1 could be used for transesterification in 
supercritical ethanol [44]. Although ~ 70 wt% FAEE con-
tent in biodiesel was observed at the molar ratio of 12:1, 
the distillation characteristics of biodiesel obtained from 
molar ratios between 9:1 and 18:1 were similar. Recycling 
excess alcohol at high molar ratio consumed large amount 
of energy, generated high environmental load in a LCA 
study [45], and reduced the profitability of the production 
process [46].

However, the economic viability of this proposed pro-
cess must be investigated by TEA in the future work. The 
process design and computer simulation were applied for 
biodiesel production from SCGs to estimate the feasibility 
of the process [47]. The results showed that using SCGs 
as feedstock for biodiesel production by KOH catalytic 

process becomes more economically feasible when the 
co-products such as glycerol and discharged SCGs are 
converted into value-added products.

Conclusions

The ethanolic extraction of SCGO is favorable at a DSCG-
to-ethanol mass ratio of 1:5 and escalated temperature. 
Anhydrous ethanol (99.5%vol) provided a higher oil yield 
(g/g DSCG) twofold than hydrous ethanol (95.6%vol) did. 
The saturated SCGO concentration in ethanol reached a 
plateau in 30 min. Maximum FAEE contents in batch 
and continuous reactors are found at different conditions 
because of mixing intensity. Thermal degradation reduced 
ethyl linoleate at < 300 °C and < 20 min in batch reactor. 
In contrast, FAEE content in continuous reactor steadily 
rose to a maximum value of 83.35 wt% with increasing 
residence time, even though the reaction temperature 
reached 325 °C. Further study on decomposition prod-
ucts and ethanol recyclability will be conducted in the 
future. An outcome of this work was to demonstrate the 
utilization of ethanol as extracting solvent and reactant for 
biodiesel production using SCGs as a model for high lipid 
feedstock. Other high lipid wastes such as brown grease, 
fruit seed, and fishery waste could be used as feedstock 
for this process.
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