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Abstract - The inconveniences of the conventional method for biodiesel production by alkaline catalysis 
suggests research towards alternative methods, with the non-catalytic transesterification using an alcohol at 
supercritical conditions proposed as a promising technique for biodiesel production. The so-called 
supercritical method (SCM) has powerful advantages over conventional techniques, such as fast reaction 
rates, feedstock flexibility, production efficiency and environmentally friendly benefits. However, application 
of this methodology has some limitations, like operating conditions (elevated temperature and pressure and 
higher amounts of alcohol), which result in high energy costs and degradation of the products generated. In 
this review paper the state of the art in relation to the use of the SCM for biodiesel production is reported and 
discussed, describing the characteristics of the method, the influence of operational parameters on the ester 
yield, patents available in the field and the perspectives for application of the technique. 
Keywords: Non-catalytic; Transesterification; Supercritical method; Biodiesel; Vegetable oils. 

 
 
 

INTRODUCTION 
 

Research into alternative sources of renewable 
energy has been largely stimulated by the increasing 
energetic demand and the need to gradually reduce 
the consumption of fossil fuels on account of their 
detrimental effect on the environment. Biodiesel, fatty 
acid ethyl (FAEE) or methyl (FAME) esters, has been 
recognized as a relevant alternative fuel to mineral 
diesel, either as an additive or replacement, because 
of the well-known environmental and economical 
benefits. Its merits include a non-toxic, biodegrad-
able, domestically produced and renewable resource 
(Srivastava and Prasad, 2000; Fukuda et al., 2001; 
Meher et al., 2006). Besides, this biofuel has a cetane 
number higher than diesel from petroleum and a 

better combustion emissions profile, such as reduced 
levels of particulate matter and carbon monoxide 
and, under some conditions, nitrogen oxides (Altin  
et al., 2001; McCornick et al., 2001; Meher et al., 
2006). 

The most common way to produce biodiesel is 
widely known to be via a transesterification reaction 
(Srivastava and Prasad, 2000), which is convention-
ally performed using alkaline, acid or enzyme 
catalysts (Meher et al., 2006). The conventional alkali-
catalyzed process affords high levels of conversion 
of triglycerides to their corresponding fatty acid alkyl 
esters in short reaction times, but has some disadvan-
tages such as the large volume of waste water 
generated and feedstock flexibility (Meher et al., 
2006; Abbaszaadeh et al., 2012). Transesterification 
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using acid catalysts is known to be much slower than 
alkali catalysis, may lead to the formation of undesir-
able by-products, with difficult separation steps, and 
requires careful removal of catalyst from the bio-
diesel fuel since acid catalyst residues can damage 
engine parts (Zhang et al., 2003; Vyas et al., 2010; 
Abbaszaadeh et al., 2012). This is one of the main 
reasons why most biodiesel standard specifications 
place a very low maximum limit on acid value for 
the final product. In an attempt to overcome the 
drawbacks of chemical-catalyzed processes, the use 
of heterogeneous catalysts (chemical or enzymatic) 
has been suggested. 

The use of heterogeneous catalysts in alcoholysis 
of vegetable oils reduces the difficulties of separa-
tion of products and catalyst, resulting in the genera-
tion of lower effluent volume and reuse (Helwani et 
al., 2009; Abbaszaadeh et al., 2012). Current litera-
ture suggests the use of various acid and basic 
heterogeneous catalysts, with catalyst reuse; how-
ever, heterogeneous chemical catalysis generally 
shows low yields compared to homogeneous alkaline 
catalysis (Helwani et al., 2009; Kiss et al., 2010). 
The use of enzyme-catalyzed transesterification 
methods has some drawbacks. Enzyme activity losses 
may occur due to deleterious alcohol effects, water 
deactivation and glycerol inhibition (Fukuda et al., 
2001; Ranganathan et al., 2008). Moreover, the high 
cost of enzyme production still remains the major 
obstacle to commercialization of enzyme-catalyzed 
processes. 

To minimize these drawbacks, a catalyst-free 
technique for the transesterification of vegetable oils 
using an alcohol under supercritical conditions has 
been proposed, keeping the benefits of fuel quality 
and taking into account environmental concerns 
(Kusdiana and Saka, 2001; Demirbas, 2002; Warabi 
et al., 2004). According to the current literature, 
catalyst-free alcoholysis reactions at high tempera-
ture and pressure conditions provide improved phase 
solubility and decreased mass-transfer limitations. 
The reaction rate increases significantly in the super-
critical state and thus the reaction is complete in 
shorter periods with consequent simpler separation 
and purification steps (Kusdiana and Saka, 2001). In 
supercritical conditions, the alcohol is not only a 
reactant but also an acid catalyst (Kusdiana and 
Saka, 2004a). Besides, it has been shown that the 
supercritical method (SCM) is more tolerant to the 
presence of water and free fatty acids than the con-
ventional alkali-catalyzed technique. Hence the tech-
nique is much more flexible to various types of 
vegetable oils, which increases the interest in research 
involving the application of this methodology. 

The economic analysis of the processes for bio-
diesel production using homogeneous alkaline ca-
talysis and SCM has been reported (Glisic and Skala, 
2009; Deshpande et al., 2010). It was noted that 
energy consumption is extremely similar in both cases. 
In the SCM the heating step involves high energy 
consumption, but costs are compensated by the 
simpler purification step of the products, requiring 
lower power consumption, which is a high cost step 
of the actual conventional process. Marchetti and 
Errazu (2008) evaluated different processes for bio-
diesel production using vegetable oils with high 
content of free fatty acids and stated that the SCM is 
an attractive alternative from a technological point of 
view. Additionally, from the economic point of view, 
less waste water is produced and a high quality 
glycerin is generated as a byproduct; however, higher 
energy is required by the reaction step. 

The production costs of biodiesel can be mini-
mized by the sale of the by-products generated. 
However, when using the conventional alkali-cata-
lyzed technique, traces of catalyst can be found in 
the glycerin, which limits the use of this product. 
Thus, subsequent purification steps are required, 
which is no longer required in the SCM, with 
generation of a high-grade glycerin (Kusdiana and 
Saka, 2001; Demirbas, 2002). 

The reaction for biodiesel production under 
supercritical conditions requires high alcohol to oil 
molar ratios and the adoption of high temperatures 
and pressures for the reaction to present satisfactory 
conversion levels, leading to high processing costs 
and causing, in many cases, the degradation of the 
fatty acid esters formed and reaction of the glycerol 
formed with other components of the reaction 
medium, hence decreasing the reaction conversion. 
The current literature points to some alternatives to 
reduce the expected high operating costs and product 
degradation. Such strategies usually involve: (i) ad-
dition of co-solvents; (ii) the use of heterogeneous 
catalysts; (iii) a two-step process with glycerol re-
moval in the first step; (iv) a two-step process com-
prising hydrolysis of triglycerides in subcritical 
water and subsequent esterification of fatty acids; (v) 
the use of different reactor configurations with in-
creased mass transfer operating in continuous mode 
(microreactor or packed bed reactor). 

Taking into account the literature survey, the aim 
of this work is to provide a brief review on the 
production of biodiesel by a non-catalytic process 
under supercritical conditions. This review focuses 
on the research on biodiesel production, evaluating 
the role of process variables such as temperature, 
pressure, oil to alcohol molar ratio and residence 
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time. The different configurations of reaction systems, 
alternatives to reduce the high process conditions, 
the effect of water and free fatty acids in the reaction 
medium, decomposition of fatty acids and a compila-
tion of main patents registered for the use of this 
method are evaluated. 
 
 

EFFECT OF PROCESS VARIABLES ON 
REACTION YIELD 

 
The non-catalytic transesterification of vegetable 

oils is characterized by the use of an alcohol under 
supercritical conditions. The literature presents sev-
eral studies using this methodology, in which the 
effect of process variables on the yield of the 
reaction is evaluated using different feedstocks with 
different reactor configurations. The experimental 

conditions set for obtaining high yields by SCM are 
summarized in Table 1. 
 
Temperature 
 

Studies in the literature show that the reaction 
temperature is the most critical parameter for deter-
mining the extent of reaction, especially across the 
critical temperature of methanol (513 K) and ethanol 
(514 K). Generally, an increase in temperature leads 
to a sharp enhancement of reaction conversions and 
faster initial reaction rates, but at elevated tempera-
tures (> 623 K) a decrease in reaction yield is 
observed (Minami and Saka, 2006; He et al., 2007; 
Silva et al., 2007). The literature reports that the best 
reaction temperature depends on the length and 
degree of saturation of the fatty acid chains of the oil 
(Vieitez et al., 2012). 

 
 

Table 1: Experimental conditions for the best reaction conversion of vegetable oil to esters with SCM. 
 

Reference T(K) P(MPa) Oil to Alcohol 
molar ratio 

Reaction 
time (min)

Oil type/alcohol/additional 
information 

Reactor 
type 

Esters 

Kusdiana and Saka (2001) 623 45 1:42 4 rapeseed/methanol BR >95 wt% content 
Demirbas (2002) 623 N/R 1:41 5 cottonseed/methanol BR 95 wt% content 
Cao et al. (2005) 593 N/R 1:33 10 soybean/methanol/ propane to 

methanol molar ratio of 1:10 
BR 95 wt% content 

Wang et al. (2008) 593 15 1:40 20 soybean/methanol BR ~70 wt% yield 
Olivares-Carrillo and 
Quesada-Medina (2011a) 

623 43 1:43 ~30 soybean/methanol BR ~80 wt% yield 

Tan et al. (2010) 623 N/R 1:40 20 palm/methanol BR ~80 wt% yield 
Lee et al. (2012) 543 ~10 1:1 (mass ratio) 45 waste canola BR 96.4 wt% yield 
Minami and Saka (2006) 623 20 1:42 30 rapeseed/methanol TR 87 wt% content 
He et al. (2007) 583 32 1:40 25 soybean/methanol TR 77 wt% content 
Silva et al. (2007) 623 20 1:40 35 soybean/ethanol TR 80 wt% 

conversion 
Vieitez et al. (2009) 573 20 1:40 28 soybean/ethanol/water content 

of 5 wt% 
TR 70 wt% 

conversion 
Bertoldi et al. (2009) 598 20 1:40 110 soybean/ ethanol/ CO2 to  

substrate mass ratio of 0.05:1 
TR ~76 wt% yield 

Vieitez et al. (2010) 573 20 1:40 52.5 Degummed 
soybean/methanol/ 
water content of 10 wt% 

TR ~80 wt% content 

Silva et al. (2010) 598 20 1:20 45 soybean oil/ethanol MR ~70 wt% yield 
Vieitez et al. (2011) 573 20 1:40 28 castor oil/ethanol/ water  

content of 5 wt% 
 ~75 wt% content 

Trentin et al. (2011a) 598 20 1:20 45 soybean oil/ethanol/CO2 to 
substrate mass ratio of 0.2:1 

MR ~80 wt% yield 

Choi et al. (2011) 623 35 1:40 ~15 palm olein/methanol TR ~85 wt% yield 
Sawangkeaw et al. (2011) 673 15 1:21 10 palm/ethanol TR ~75 wt% content 
Vieitez et al. (2012) 573 20 1:40 ~49 soybean oil with 10 wt% of 

FFAs/ethanol 
TR ~90 wt% content 

Velez et al. (2012) 593 15 1:40 45 soybean oil/ethanol TR ~80 wt% content 
N/R: not reported; FFAs: free fatty acids; BR: batch reactor; TR: tubular reactor; MR: microtube reactor. 
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Kusdiana and Saka (2001) studied the effects of 
temperature on the reaction rate from 473 K to 760 K 
and showed that the rate constant increased with tem-
perature. At temperatures of 473 and 503 K the con-
version of triglyceride to methyl esters is relatively 
low due to the subcritical state of methanol. Similar 
results regarding the effect of temperature were re-
ported by other researchers for reactions in batch and 
continuous mode. For the batch mode transesterifica-
tion of soybean oil in supercritical methanol with   
50 min of reaction and using an oil to methanol molar 
ratio of 1:43, Olivares-Carrillo and Quesada-Medina 
(2011a) reported ester yields of ~65 wt% and ~20 
wt% at 523/12 MPa and 573 K/26 MPa, respectively. 
For the reaction in continuous mode, Choi et al. 
(2011) reported a positive effect of temperature in 
the range of 543 to 623 K on the FAME yield for 
reaction performed in a plug flow reactor at 35 MPa, 
25 min and palm olein oil to methanol molar ratio of 
1:40, with yields of 55 wt% and 80 wt% at 563 K 
and 603 K, respectively. In the transesterification of 
castor oil in a tubular reactor at 20 MPa, 42 min of 
residence time and using oil to ethanol molar ratio of 
1:40, Vieitez et al. (2011) obtained about 28 wt% 
and 42 wt% of FAEE for 573 K and 598 K respec-
tively. Vieitez et al. (2009) reported about 22 wt% 
and 46 wt% under the same operating conditions for 
soybean oil as raw material. For the supercritical 
transesterification of soybean oil in the continuous 
microtube reactor, Silva et al. (2010) achieved yields 
at 45 min of reaction, 20 MPa and 1:20 (oil to ethanol 
molar ratio) on the order of 50 wt% at 573 K and 70 
wt% at 598 K. 
 
Pressure 
 

The system pressure may have a great influence 
on the properties of a supercritical fluid near its 
critical point, such as density, self-diffusivity, hydro-
gen bound intensity, viscosity, etc. When the pres-
sure was slightly higher than the critical pressure of 
ethanol (~6.4 MPa), the yield was lower than at high 
pressure (Trentin et al., 2011a). Most studies on 
SCM are reported in the batch mode and the effect  
of this variable on reaction yield is not presented as 
the pressure is only monitored during the reaction 
(Kusdiana and Saka, 2001; Demirbas, 2002; Warabi 
et al., 2004). In a batch-type reactor, the pressure 
depends on the temperature of the experiment, the 
alcohol to oil ratio and the amount of reactants (Boer 
and Bahri, 2011). For controlling this process vari-
able, reactors operated in continuous mode were 
developed with pressure controlled by a valve at the 
end of the reactor (Pinnarat and Savage, 2008; Boer 

and Bahri, 2011) and it was reported that the highest 
admissible pressure for the supercritical transesteri-
fication reaction is 20 MPa (Minami and Saka, 2006; 
Silva et al. 2007; Silva et al., 2010; Trentin et al., 
2011a). In the literature, researchers believe that 
operation pressures above 20 MPa may not be indus-
trially viable, increasing the implementation costs for 
biodiesel production by the supercritical transesteri-
fication method (Bertoldi et al., 2009; Silva et al., 
2010; Trentin et al., 2011a). 

He et al. (2007) evaluated the effect of pressure 
on the continuous transesterification of soybean oil 
with methanol and observed a positive effect in the 
range of 10-40 MPa, with the best condition found at 
35 MPa. Bertoldi et al. (2009) evaluated the effect of 
pressure on the continuous transesterification of soy-
bean oil with ethanol and carbon dioxide as co-
solvent and observed a positive effect in the range of 
7.5-20MPa for a co-solvent to substrate mass ratio of 
0.05:1. In investigating the reaction of soybean oil 
with ethanol conducted in a microtube reactor, Silva 
et al. (2010) found at 573 K, oil to ethanol molar ratio 
of 1:20 and 45 minutes of residence time, approxi-
mately 52 wt% and 36 wt% of FAEE yield at 20 MPa 
and 10 MPa, respectively. For the reaction with addi-
tion of carbon dioxide as co-solvent conducted in a 
microtube reactor, Trentin et al. (2011a) obtained 
about 52 wt% and 72 wt% for the same conditions, 
respectively, at 10 MPa and 20 MPa. Conversely, 
Bunyakiat et al. (2006) observed that pressure did 
not affect the transesterification conversion of coco-
nut oil with supercritical methanol. 
 
Oil to Alcohol Molar Ratio 
 

The oil to alcohol molar ratio is one of the most 
important variables affecting the yield of fatty acid 
esters in the supercritical method because in catalyst-
free reactions an increase in the oil to alcohol molar 
ratio should allow greater contact between sub-
strates, thus favoring reaction conversion (Kusdiana 
and Saka, 2001). The transesterification reaction re-
quires a stoichiometric oil to alcohol molar ratio of 
1:3, while the operating ratio in supercritical alcohol 
conditions varies from 1:3 to 1:60. 

Kusdiana and Saka (2001) and Demirbas (2002) 
evaluated the influence of the oil to methanol molar 
ratio in non-catalytic transesterification in batch mode 
and obtained the best results in terms of conversion 
to esters for the condition of an oil to methanol molar 
ratio of 1:42. He et al. (2007) evaluated the effect of 
the alcohol to oil molar ratio on the continuous trans-
esterification of soybean oil in supercritical methanol 
and found that, at 573 K and 32 MPa, the oil to 
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methanol molar ratio showed a positive effect on 
reaction conversion in the range of 1:6-1:40. At oil to 
methanol molar ratios of 1:20 and 1:40 yields on the 
order of 64 wt% and 70 wt% in methyl esters are 
reported by the authors. The effect of oil to ethanol 
molar ratio was also studied by Sawangkeaw et al. 
(2011) for the transesterification of palm oil in batch 
mode using supercritical ethanol at 673 K, 10 min of 
reaction and 15 MPa; they reported an increase in the 
reaction conversion with increasing oil to ethanol 
molar ratio of in the range of 1:3 to 1:24 and ester 
content of 60 wt% at 1:12 and about 78 wt% at 1:21. 
In the ethanolysis of soybean oil at oil to ethanol 
molar ratio of 1:20, 20 MPa, 573 K and 45 of resi-
dence time, Silva et al. (2010) obtained yields on the 
order of 50 wt%, while for an oil to methanol molar 
ratio of 1:40 the authors report 58 wt% conversion of 
soybean oil to ethyl esters. Lee et al. (2012) evalu-
ated the effect of the oil to methanol molar ratio on 
the transesterification of waste canola oil in batch 
mode and found that the oil to methanol molar ratio 
showed a positive effect on the methyl ester yield in 
the range of 1:20 - 1:40. For oil to methanol molar 
ratios of 1:20 and 1:40 yields on the order of 4.4 
wt% and 24.5 wt% in methyl esters are reported by 
the authors at 517 K and 45 min of reaction. Olivares-
Carrillo and Quesada-Medina (2012) reported that 
the oil to methanol molar ratio in the supercritical 
transesterification favored the formation of both 
saturated and unsaturated fatty acid methyl esters 
and had some protective effect on the thermal de-
composition of the polyunsaturated esters. 
 
Content of Free Fatty Acids (FFAs) and Water in 
the Feedstock 
 

The feedstock flexibility is one of the most 
important advantages of SCM for biodiesel produc-
tion because the final biodiesel price strongly 
depends on the feedstock value (Lam et al., 2010). In 
fact, the cost of the raw materials currently repre-
sents about 70% of the total production cost (Robles-
Medina et al., 2009). The FFAs and water exert a 
negative effect on the conventional homogeneous 
alkali-catalyzed reaction, but can be successfully 
tolerated in the transesterification reaction using an 
alcohol at its supercritical conditions. The presence 
of FFAs in low cost feedstocks for biodiesel produc-
tion makes alkaline-catalyzed transesterification un-
feasible because of the consumption of catalyst by 
FFAs and soap formation if water is present in the 
feed, with consequent hydrolysis of the alkyl esters 
produced. In the alkaline-catalyzed transesterifica-
tion, the water content must be less than 0.06 wt% 

and the FFAs content 0.5 wt% for satisfactory reac-
tion yields (Meher et al., 2006; Vyas et al., 2010). 

Currently, the main resource for biodiesel produc-
tion in Brazil is soybean oil, comprising about 80% 
of total feedstock (ANP, 2011). However, recently, 
raw material price increases have motivated the use 
of other sources for achieving a future global leader-
ship of the country in biodiesel production and the 
use of non-edible and waste oils with low-added 
value. These alternative feedstocks show high FFAs 
content in many cases, highlighting the use of the 
supercritical method for processing purposes. The 
presence of FFAs and water in the feedstocks causes 
three types of reactions (transesterification and hy-
drolysis of triglycerides, and esterification of FFA) 
to occur simultaneously under supercritical condi-
tions (Kusdiana and Saka, 2004a). 

The esterification reaction is faster than trans-
esterification and ensures that all FFAs in the feed-
stocks, whether present originally or products of hy-
drolysis, are completely reacted into esters (Kusdiana 
and Saka, 2004a; Warabi et al., 2004). The differ-
ence in reaction rate between FFAs and triglycerides 
is possibly due to the reaction mechanism. The trans-
esterification reaction is a stepwise reaction with the 
third and final step (conversion of monoglycerides to 
FAME) believed to be the rate limiting step. On the 
other hand, FFAs esterification has only one step 
(Boer and Bahri, 2011). Literature reports the influ-
ence of the FFAs content on the reaction medium of 
non-catalytic transesterification. Tan et al. (2010) 
showed that, with the presence of up to 28 wt% of 
FFAs in the reaction of palm oil with methanol, the 
reaction yield was maintained at 80 wt% at 623 K, 
oil to methanol molar ratio of 1:40 and 20 minutes of 
reaction. In the work of Vieitez et al. (2012), the 
authors added FFAs to soybean oil and hence a 
higher FAEE yield was obtained. 

Regarding the water content, Kusdiana and Saka 
(2004a) reported that the reaction under supercritical 
conditions was not affected by the water content in 
the reaction medium. Therefore, the presence of water 
in the reaction medium showed a favorable effect on 
the ester synthesis, due to its possible catalytic role 
for the transesterification process (Vieitez et al., 
2009). At 598 K, 1:40 (soybean oil to ethanol molar 
ratio), 52.5 min of reaction and 20 MPa, Vieitez et 
al. (2009) reported ethyl esters content about 55 wt% 
for 0 wt% of water and 70 wt% for 5 wt% of water. 
For ethanolysis of castor oil in continuous mode, 
Vieitez et al. (2011) showed under same conditions, 
but at 573 K, 38 wt%, 62 wt% and 64 wt% of ethyl 
esters content for 0 wt%, 5 wt% and 10 wt% of water 
in the reaction medium, respectively. For continuous 
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production of esters form sunflower oil, Velez et al. 
(2012) reported about 75 wt% and 88 wt% of FAEE 
content at 593 K, 1:40 (oil to ethanol molar ratio) 
and 30 min of residence time for 0 wt% and 4 wt% 
of water, respectively. 
 
 

DECOMPOSITION OF FATTY ACIDS 
 

During supercritical transesterification, the high 
temperatures (above 573 K) employed and long reac-
tion periods generally cause a decrease in the ester 
content. Different studies report the reasons for this 
fact - He et al. (2007) evaluated the results obtained 
for the transesterification of soybean oil in supercriti-
cal methanol and concluded that the reason for the 
decrease in reaction yield is the decrease in the 
content of unsaturated esters, caused by isomeriza-
tion, hydrogenation and thermal decomposition that 
consume such esters, especially C18:2 (linoleic) and 
C18:3 (linolenate) that are more susceptible to ther-
mal decomposition compared to mono-unsaturated 
and saturated esters. Imahara et al. (2008) evaluated 
the thermal stability of different samples of biodiesel 
and fatty acid esters under different conditions and 
found that thermal degradation is more pronounced 
for the unsaturated esters above 573 K and 19 MPa 
and thermal stability of saturated esters is also 
affected. In order to evaluate the existence of thermal 
decompostion in the soybean oil transesterification 
with supercritical methanol, Olivares-Carrillo and 
Quesada-Medina (2011b) reported the evolution of 
the molar ratio between methyl linoleate and methyl 
palmitate (the main unsaturated and saturated 
FAMEs generated, respectively); the results showed 
that the molar ratio between these FAMEs decreased 
with the reaction time at 573 K/26 MPa and above: 
the higher the temperature, the lower the molar ratio. 
Vieitez et al. (2008) showed that the trans isomer 
content increases with increasing reaction tempera-
ture and residence time for soybean oil ethanolysis 
under supercritical conditions. Kasim et al. (2009) 
reported that the percentage of trans isomers can 
reach levels up to 16% under certain reaction condi-
tions (30 MPa, 573 K) for the transesterification of 
rice bran oil in supercritical methanol. 

Vieitez et al. (2008) utilized the term "decom-
position" of fatty acids to refer to the decrease in 
their percentage due to the formation of other 
compounds (not necessarily implying that they have 
decomposed but have suffered some type of 
alteration). Using this definition, this research group 
reported at 623 K, 20 MPa, oil to ethanol molar ratio 
of 1:40 and 42 minutes of residence time ~62.0 wt% 

(Vieitez et al., 2009), 73 wt% (Vieitez et al., 2011), 
~8.0 wt% (Vieitez et al., 2012) and ~16.0 wt% 
(Vieitez et al., 2012) for reactions with soybean oil, 
castor oil, rice bran oil and high oleic sunflower oil, 
respectively. Olivares-Carrillo and Quesada-Medina 
(2011a) obtained about 30 wt% of fatty acid decom-
position for reactions of soybean oil in batch mode 
conducted at 623 K, 43 MPa, oil to methanol molar 
ratio of 1:43 and 90 minutes of reaction. Silva et al. 
(2010) reported the effect of process variables on the 
decomposition of fatty acids and results indicated 
that increasing the pressure and temperature favors 
product decomposition. He et al. (2007) reported that 
gradual heating of the reaction medium from the 
inlet to the outlet of the tubular reactor minimized 
the thermal decomposition of polyunsaturated fatty 
acid methyl esters, leading to increased yield of 
biodiesel. 

Under alcohol supercritical conditions, side reac-
tions with the participation of the glycerol formed as 
byproduct can cause the degradation of other compo-
nents present in the reaction medium. Anistescu      
et al. (2008) performed alcoholysis reactions using 
supercritical methanol at temperatures around 623-
673 K and reported the absence of glycerol in the 
reaction products; the authors cogitated that reaction 
of glycerol with other compounds may have oc-
curred. Aimaretti et al. (2009) evaluated the reaction 
of refined soybean oil with supercritical methanol 
under different conditions. In the conditions studied 
by the authors, glycerol was not formed. It was 
reported that glycerol is converted into lower mo-
lecular weight products and water at the beginning of 
the reaction and that water reacts with triglycerides 
to form FFAs. In the course of the reaction, these 
FFAs are converted into methyl esters. Also, the 
glycerol may react in different ways: (i) decomposi-
tion of products of lower molecular weight, such as 
acrolein, acetaldehyde, acetic acid, among others, (ii) 
polymerization to form polyglycerols and (iii) etheri-
fication with methanol to produce ethers of glycerol, 
thus consuming the alcohol in the reaction medium. 
Marulanda et al. (2010) reported that the byproduct 
glycerol is thermally decomposed or is consumed 
upon formation by methanol to produce ethers under 
supercritical conditions. in the synthesis of biodiesel 
from waste canola oil, Lee et al. (2012) reported that 
a side reaction was obtained by reacting glycerol and 
supercritical methanol at 543 K/10 MPa. The experi-
mental results showed that these reactions could 
positively affect the overall biodiesel yield by pro-
viding oxygenated compounds such as 3-methoxy-
1,2-propanediol, dimethoxymethane, and 2,2-dimeth-
oxypropane, as well as methyl palmitate and methyl 
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oleate. In the study of Shin et al. (2011), the forma-
tion of hydrocarbons was reported in supercritical 
methanol as a result of the pyrolysis of methyl esters. 
 
 
INNOVATIVE TECHNOLOGY IN BIODIESEL 

PRODUCTION BY SCM 
 

As observed from the studies presented in Table 1, 
high transesterification yields require high tempera-
ture, high pressure and high alcohol to oil molar 
ratio. Indeed, high temperature and pressure require 
high initial investments (equipment costs) for the im-
plementation of such processes and safety manage-
ment policy. As a result of the high alcohol to oil molar 
ratio, greater energy consumption in the reactant pre-
heating and recycling steps is unavoidable. More-
over, the high amount of alcohol in the biodiesel 
product retards the biodiesel-glycerol phase separa-
tion. Therefore, the use of those original parameters 
results in high capital costs, especially for the reactor 
and pump, being somewhat higher than for the novel 
catalytic methods (Ngamprasertsith and Sawangkeaw, 
2010). To increase the technical and economical fea-
sibility of supercritical method, further studies are 
required to reduce the energy consumption and op-
erating parameters of this process. 

Some works reported different process synthesis 
strategies for the design of plants for the production 
of supercritical biodiesel. The different configura-
tions (flowsheets) are currently assessed by using 
commercial chemical process simulators and life 
cycle assessment (Glisic and Skala, 2009; Deshpande 
et al., 2010; Lee et al., 2011; Kiwjaroun et al., 2009). 
Lee et al. (2011) evaluated three continuous biodiesel 
processes, including a conventional alkali-catalyzed 
process using both fresh and waste vegetable oil and 
a supercritical methanol process using waste vegeta-
ble oil as the raw material and reported that the 
alkali-catalyzed process using fresh vegetable oil had 
the lowest total capital investment, but the supercriti-
cal process was the most economically feasible 
overall, providing a lower manufacturing cost and 
higher net present value and a discounted cash flow 
rate of return. Deshpande et al. (2010) reported an 
economic analysis of the proposed supercritical 
process and found that the biodiesel processing cost 
through the proposed technology could be half of 
that of the current conventional methods. 

The assessment of impacts on the environment by 
supercritical methanol and alkaline catalysis in 
biodiesel production processes using LCA (life cycle 
assessment) as a tool was reported by Kiwjaroun et 
al. (2009). It was observed by these researchers that 

the SC method is advantageous compared to the con-
ventional method due to the lower amount of waste-
water generated; however, it creates a high impact on 
the environment, emphasizing the need for research 
regarding the reduction in operating conditions (tem-
perature, pressure) and the amount of alcohol used in 
the process. 
 
Intensification Technologies in Continuous Mode 
for SCM 
 

In the transesterification of vegetable oils, the 
reaction rate can be limited by mass transfer between 
oil and alcohol because of the very poor mutual mis-
cibility. Hence, some process intensification tech-
nologies have been developed and applied to im-
prove mixing and mass/heat transfer between the two 
liquid phases in recent years. Some of the technolo-
gies have been applied successfully in commercial 
production (Qiu et al., 2010) where the reaction rate 
is greatly enhanced and thus residence time may be 
reduced. To reduce the limitations of mass and heat 
transfer in chemical reactions, literature recommends 
to conduct such reactions in micro-reactors (Pohar 
and Plazl, 2008; Hessel et al., 2005; Wen et al., 
2009) and in packed bed reactors (Yu et al., 2010; 
Santacesaria et al., 2011; Su, 2011) or assisted 
reaction with hydrodynamic cavitation (Gogate et 
al., 2008; Sedahmed et al., 2011; Gole et al., 2012), 
microwave (Gole and Gogate, 2013) and ultrasound 
(Gole and Gogate, 2012; Gole and Gogate, 2013; 
Gobikrishnan et al., 2013). 

In microreactors, mass and heat transfer increase 
due to the small size and large contact area (Pohar 
and Plazl, 2008) and the small internal diameters 
(typically 10-300 μm) promote interaction with the 
reagents at the molecular level (Hessel et al., 2005). 
Guan et al. (2009) used reactors with different inner 
diameters: 0.04, 0.06, 0.08 and 0.1 cm, calling them 
as microtube reactors. Higher conversion and selec-
tivity were obtained in a shorter reaction time as 
compared to batch system. Wen et al. (2009) re-
ported the influence of the main geometric parame-
ters on the performance of the zigzag micro-channel 
reactors in the continuous alkali-catalyzed biodiesel 
synthesis. The authors concluded that the high reac-
tion efficiency of the zigzag micro-channel reactor 
can be attributed to the intensification of the overall 
volumetric mass transfer by passive mixing at the 
microscale. The experimental results show that smaller 
channel size and more turns favor the formation of 
smaller droplets, which results in higher efficiency of 
biodiesel synthesis. Silva et al. (2010) developed a 
microtube reactor (internal diameter of 0.76 mm) to 
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evaluate the effects of inner diameter on the FAEE 
yield and compared the results with those reported 
by Silva et al. (2007) for the same conditions using a 
tubular reactor (internal diameter of 3.2 mm). It was 
reported that, at the lowest temperature (523 K), only 
3.12 wt% FAEE yield was obtained in the tubular 
reactor, while 19 wt% was reached using the micro-
tube reactor. At 598 K this yield is increased from  
38 wt% to 53 wt% when changing from the tubular 
to the microtube reactor at the same residence time. 
Trentin et al. (2011b) showed the influence of the in-
ternal diameter of the reactor for the transesterifica-
tion of soybean oil under supercritical conditions and 
reported that the microtube reactor with a smaller 
inner diameter, 0.571 mm, afforded slightly higher 
FAEE contents compared to the microreactor with 
internal diameter of 0.775 mm. 

The packed bed system maximizes the interfacial 
surface area between the two phases (oil and alcohol) 
and the contact of the two immiscible liquid-liquid 
phases is improved, achieving excellent mass transfer 
performance by extruding one phase into the other as 
the two phases flow through the particles openings, 
as commonly found in a packed bed reactor (Yu et al., 
2010; Santacesaria et al., 2011; Su, 2011; Santacesaria 
et al., 2012). 

Yu et al. (2010) conducted alkali-catalyzed bio-
diesel synthesis using a reactor packed with metal 
foam. The metal foam reactor with higher pore 
density produced smaller droplets and resulted in 
higher efficiency of biodiesel synthesis and lower 
energy consumption when compared to the zigzag 
micro-channel and conventional stirred reactors. 
Santacesaria et al. (2012) developed a very simple 
laboratory device for evaluating the behavior of the 
transesterification reaction in microchannels of dif-
ferent sizes. The technique employed a tubular 
reactor filled with stainless steel spheres of different 
diameters and it was shown that high conversions in 
very short residence times can be reached with such 
a scheme. In the work of Andrade (2012) a packed-
bed tubular reactor (PBTR) was developed made of 
stainless steel tubing (316 L 1/4 in OD inner diame-
ter 3.2 mm) and stainless steel tubing (304 L 30.5 
mm OD inner diameter 13 mm HIP) packed with 
glass beads (4.5 mm diameter). Results obtained by the 
authors demonstrate that much higher FAEE yields 
can be achieved with this configuration when com-
pared to a tubular reactor and microtube reactor. The 
increased performance of the reaction in the PBTR 
may possibly be due to the maximized interfacial 
surface area between the two flowing phases. 

Recently, the work of Gobikrishnan et al. (2013) 
showed that the severity of the supercritical reactions 

was reduced by including sonication prior to the 
reaction. The authors reported that the mixture was 
sonicated at high intensity and a frequency of 40 kHz 
for 60 min at 308 K prior to transesterification by 
supercritical methanol in batch-mode to reduce the 
mass-transfer resistance between the oil and alcohol 
phases and the hence minimize harsh reaction 
conditions. 
 
Addition of Co-Solvent 
 

The use of co-solvents in the reaction medium 
reduces the limitations of mass transfer between the 
phases involved and increases the reaction rate (Cao 
et al., 2005; Han et al., 2005). As co-solvents in su-
percritical transesterification, it has been suggested 
to use non-polar compressed gases, for example, 
carbon dioxide, methane, ethane, propane, n-butane 
and their mixtures (Ginosar et al., 2006). Some stud-
ies have also reported the use of heptane/hexane 
(Imahara et al., 2009; Tan et al., 2010; Muppaneni et 
al., 2012; Jiang and Tan, 2012) and cyclohexane, 
dimethyl ether, ether and toluene as co-solvent (Jiang 
and Tan, 2012). 

Cao et al. (2005) and Han et al. (2005) studied 
the potential use of carbon dioxide and propane as 
cosolvents in batch mode ester production. Yin et al. 
(2007) reported that the ester yield for the reaction 
using supercritical methanol increased when using 
CO2 as cosolvent. In the alcoholysis of canola oil in 
methanol with the addition of supercritical CO2, 
Imahara et al. (2009) found that the addition of co-
solvent increased the reaction yield; however, a higher 
molar percentage of CO2 (above 0.1 CO2/methanol) 
led to a decrease in reaction conversion. The use of 
n-heptane as cosolvent was reported by Tan et al. 
(2010) and the results showed that the addition of a 
small amount (0.2 molar ratio) of n-heptane to metha-
nol had a significant influence on the reaction yield 
of palm oil with supercritical methanol. Muppaneni 
et al. (2012) showed the influence of the addition of 
n-hexane in the ethanolysis of camelina oil and 
found that the maximum yield was obtained with the 
addition of 0.2 n-hexane to oil volume ratio. 

For reactions in continuous mode, Bertoldi et al. 
(2009) proposed the addition of CO2 as co-solvent in 
the reaction medium and observed that the FAEE 
yield decreased with increasing addition of CO2 to 
the system. At 623 K, 20 MPa, oil to ethanol molar 
ratio of 1:40 and 35 min, about an 80% ester yield 
was observed for system without co-solvent (Silva et 
al., 2007) and about 40 % for addition of a CO2 to 
substrate mass ratio of 0.05:1. Considering the in-
creased reaction rates and improved mass transfer 
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between phases in the conduction of reactions in a 
microtube reactor, Trentin et al. (2011a) evaluated 
the addition of carbon dioxide on the reaction me-
dium of transesterification under supercritical condi-
tions carried out in a microtube reactor. Results 
showed that the FAEE yields obtained increased 
with increasing addition of carbon dioxide to the 
system and the highest yields were obtained with 
addition of a co-solvent to substrate mass ratio of 
0.2:1 to the reaction medium. The authors reported 
that the differences verified regarding the tubular 
reactor (Bertoldi et al, 2009) can be attributed to 
mass transfer problems in the tubular reactor and to 
the fact that mass and heat transfer may be greatly 
enhanced due to the smaller internal space (which 
means higher fluid velocity at the same flow rate), 
and the higher surface area-to-volume ratio, leading 
to higher process yields. 
 
Two-Step Reaction 
 

Transesterification under supercritical conditions 
can be conducted by making use of alternative sys-
tems in order to lower raw material and operating 
costs. There is a growing emphasis on the proposed 
system with a two-step reaction using reactors in 
series, with higher conversions compared to the 
system in one step (Minami and Saka, 2006) at mild 
operating temperatures and pressures and decreasing 
the amount of alcohol used in the process (Crawford 
et al., 2007). 

Kusdiana and Saka (2004b) and Minami and Saka 
(2006) proposed the continuous synthesis of bio-
diesel from canola oil in two reaction steps, which 
consist primarily of the hydrolysis of triglycerides in 
pressurized water and subsequent esterification of 
fatty acids in supercritical methanol, with glycerol 
removed prior to FFA methyl esterification. This 
process is carried out under more moderate tempera-
ture and pressure compared to the one step process. 

For supercritical transesterification, tubular 
reactors must operate to minimize the axial disper-
sion, and this condition can be satisfied by a separa-
tion step of unreacted products, with recycle in the 
same or two or more reactors in series with inter-
mediate separation of the glycerol generated (Busto 
et al., 2006). One advantage of removing the glyc-
erol formed in the reaction mixture is to allow the 
reaction to occur at lower ratios of alcohol to oil 
increasing the reaction rate for the production of 
biodiesel (Crawford et al., 2007). As cited by 
Aimaretti et al. (2009), during the reaction, the 
alcohol used in the process is required by secondary

reactions, which occur with glycerol. 
D'Ippolito et al. (2007) evaluated theoretically the 

SCM for producing biodiesel from experimental data 
and information available in the literature to deter-
mine an operating mode and operating conditions 
that reduce energy consumption and increase product 
quality. The results obtained suggest that the two-
step process with intermediate removal of glycerol 
decreases the ratios of methanol to oil by about 10-
15 times. Furthermore, the system pressure can be 
reduced, as well as energy costs. In the process pro-
posed by Crawford et al (2007), it is suggested that 
the esters obtained by SCM can be made by trans-
esterification of triglycerides with continuous removal 
of glycerol formed in the process, periodically or 
continuously, increasing the rate of ester formation. 
These authors argued that the reaction conducted in 
this way can greatly decrease the amount of alcohol 
used in the process. Another important point of the 
conduction of reactions in two steps is that the 
unreacted products, diglycerides and monoglycerides, 
as well as the esters formed, may act as co-solvents 
in the reaction medium, increasing the mutual 
solubility between the phases (Busto et al., 2006). 

The transesterification reaction conducted in two 
steps, two-series reactors and a reactor with recycle 
is reported by Silva et al. (2011) and Silva et al. 
(2012) using a tubular and microtube reactor, respec-
tively. The results obtained by the authors reported 
higher yields for the system in two stages (with 
intermediate separation of the glycerol generated), 
with low decomposition of fatty acids. Furthermore, 
glycerol was obtained with ~90 wt% purity (after 
evaporation of ethanol and simple decantation) for 
the system with recycle. This fact should of course 
be taken into account for the purpose of implementa-
tion of a cost-effective transesterification process 
(Silva et al., 2012). 
 
Patent Overview on Biodiesel Production Through 
SCM 
 

A compilation of the main patents registered over 
the last 10 years regarding the application of the 
supercritical method without the use of catalyst is 
shown in Table 2, which presents the production 
mode, substrates used and a brief description of the 
characteristics of each process adopted. It can be 
seen from the information presented in Table 2 that 
the patents for the application of this methodology, 
in most reports, include the technologies described 
above. Given the number of papers published in the 
area, patents are still scarce. 
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Table 2: Summary of patents on biodiesel through SCM. 
 

Reference Substrates Production Mode Brief Description 

WO2006/121584 A2 triglyceride or 
FFA/ alcohol 

Continuous Addition of a nonpolar expanding gas (such as carbon dioxide, 
methane, ethane, propane, butane) which is dissolved into the 
alcohol and used the cosolvent. 

KR2007/0068292 vegetable 
oils/methanol 

Continuous Comprises the esterifying a vegetable oil in the presence of a 
supercritical lower alcohol and a supercritical solvent with a 
boiling point similar to that of the lower alcohol. 

WO2007/142983 A2 vegetable 
oils/alcohol 

Continuous Comprising feeding two flows (alcohol and oil) to a microreactor. 

WO2008/101200 A2 seed oil/alcohol  The reactor allows mixing of the seed oil with the alcohol under 
conditions to transesterify the seed oil, the reactor having an outlet; 
a power source that operates on a biofuel energy source to produce 
heated exhaust. 

US2009/0277077 A1 triglyceride (oil 
or fat)/alcohol 

Continuous The substrates are re-cycled through a series of heat exchangers 
which transfer heat to respective pre-heaters to sequentially raise 
the temperature and pressure of the reaction prior to delivery to the 
reactor.  

WO2009/002880 A1 triglyceride or 
fatty acid/alcohol 

Continuous The invention comprised in a vessel for producing biodiesel with a 
sealable input; a body that surrounds an interior, wherein said body 
is sufficiently robust to withstand a temperature > 573 K and a 
pressure > 10 MPa; a porous structure, occupies more than half of 
the volume of said interior; and flow control system. 

US2009/7524982 B2 vegetable 
oils/ethanol or 
methanol 

Continuous The reaction occurs a tube reactor and the resulting product is 
directed to the reservoir at the reactor outlet where an upper phase 
of alcohol is recycled, and the intermediate phase, biodiesel, and 
the lower phase (mostly of glycerin) are led to the separation 
reservoir. 

US2010/7772414 B1 
 

biological 
material (oil 
seeds)/alcohol 

Continuous Comprises extracting lipids from the biological material with a 
supercritical alcohol in an extractor, passing the extract directly 
into a reactor for transesterification reaction. 

WO2010/090965 FFA or 
glycerides/ 
methanol 

Batch The method uses an electrostatic probe to provide an electrical 
field within the reactor. This causes the glycerin molecules to 
precipitate out of the feedstock mixture. 

KR2010/0110678 vegetable 
oils/alcohol 

Batch The method used an ultrasonic wave-supercritical fluid reactor for 
biodiesel production. 

CN2011/101935593 vegetable 
oils/methanol 

Continuous The method is characterized in that: methanol and oil are pumped 
into a static mixer according by a metering pump and mixed by the 
static mixer to enter a tubular reactor for reaction in the 
supercritical state. 

US2011/8052848 B2 vegetable oils 
with high 
FFA/alcohol 

Batch or continuous The method comprising the steps of: providing a reaction mixture 
(alcohol and oil); inputting microwave energy into said reaction 
mixture; and inputting ultrasonic energy into said reaction mixture.

CN2012/102559374 microalgae/ 
methanol 

Batch The invention comprises a one-step method where the methanol 
and solid catalyst are added into algae powder, and the reaction 
was performing in a high pressure kettle under heating. 

CN2012/102533450 vegetable 
oils/methanol 

Continuous The invention discloses a process in two-step which comprises: (1) 
hydrolyzing an oil mixture under the subcritical water condition; 
and (2) performing methylation on the under the supercritical 
condition. 

FFAs: free fatty acids. 
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FUTURE PERSPECTIVES 
 

The production of biodiesel by the non-catalytic 
supercritical method was described and reviewed in 
this report. This process shows strong advantages over 
conventional techniques that justify its implementa-
tion; nevertheless, studies considering the technical 
and economical limitations of the method must be 
performed. These studies should consider: i) the 
identification of compounds formed from decom-
position of the constituents of the reaction medium 
and the influence on the characteristics of the biofuel 
generated; ii) establishment of reactors configura-
tions operated in continuous mode aiming to increase 
mass transfer and ester yield under milder operating 
conditions; iii) investigation of different substrates 
(raw materials) for the transesterification reaction 
under supercritical conditions. The analysis of these 
points may be crucial for the purpose of large-scale 
use of supercritical technology in transesterification 
reactions. 
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