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1. Introduction

Development of alternative renewable energy has become necessary because, among other
factors, the possible shortage of fossil fuels and environmental problems. Among the renew‐
able resources available for alternative fuel production, the conversion of fats and oils to bio‐
diesel has been investigated and well documented in the literature [1-4].

The merits of biodiesel as an alternative to mineral diesel comprise a nontoxic, biodegrada‐
ble, domestically produced, and renewable resource. Besides, biodiesel possesses a higher
cetane number compared to diesel from petroleum and a favorable combustion emissions
profile, such as reduced levels of particulate matter, carbon monoxide, and, under some con‐
ditions, nitrogen oxides [5,6]. Because of these environmental benefits, which means reduc‐
tion of environmental investments, and also due to the relief from reliance on import needs,
biodiesel fuel can be expected to become a good alternative to petroleum-based fuel.

The establishment of the Brazilian national program on biodiesel has prompted several
studies on biodiesel production using different techniques and a variety of vegetable and
animal sources. Methanol has been the most commonly used alcohol to perform transesteri‐
fication reactions. However, in the Brazilian context, ethanol has been the natural choice
since Brazil is one of the world’s biggest ethanol producers, with a well-established technol‐
ogy of production and large industrial plant capacity installed throughout the country. Due
to the fact that ethanol also comes from a renewable resource, thus, ethanol biodiesel ap‐
pears as a 100% renewable alternative additionally enabling the replacement of traditionally
used methanol by an innocuous reagent [7].

© 2013 da Silva et al.; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
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Typical raw materials investigated for the production of biodiesel, include soybean, sunflow‐
er, castor, corn, canola, cottonseed, palm, peanuts [1] and more recent studies highlight the use
of Jatropha curcas oil [8,9]. A fact to be also considered to lower manufacturing costs and make
biodiesel competitive, is the use of degummed oils that have lower cost than refined oils, be‐
sides the possibility of recycling the waste oils [10,11]. However, the choice of the oilseed to be
used must consider the content in vegetable oil, yield and territorial adaptation.

Among other processes used for the production of biofuels from vegetable oils, such as py‐
rolysis and microemulsification, transesterification is the most common way to produce bio‐
diesel [1,3]. Transesterification, also called alcoholysis, refers to the reaction of a triglyceride
(from animal or vegetable source) with an alcohol in the presence or absence of catalyst to
form fatty acid alkyl esters (i.e., biodiesel) and glycerol as a byproduct.

The complete transesterification is the reaction of one mole of triglyceride with three moles
of alcohol, resulting in the production of 3 moles of esters and 1 mol of glycerol as shown in
Figure 1. Transesterification is a reversible reaction which occurs in three steps with forma‐
tion of intermediate products: diglycerides and monoglycerides.

Figure 1. Transesterification reaction of a triglyceride with an alcohol.

The transesterification process reduces the average molar mass to approximately 1/3 com‐
pared to triglycerides, hence decreasing the viscosity and enhancing the mixture volatility.
Unlike the original oil, biodiesel has similar properties and full compatibility with petrole‐
um diesel, accordingly conventional diesel engines can be powered on biodiesel without re‐
quiring substantial mechanical modification [12]. After the reaction, the products consist of a
mixture of fatty acid esters, glycerol, remainder alcohol, catalyst and a low percentage of
tri-, di-and monoglycerides [13].

Among the factors affecting the yield of the transesterification reaction, one can cite: type
and amount of catalyst, reaction time, temperature, molar ratio of oil to alcohol, content of
free fatty acids and water in the substrates, agitation power, solubility between the phases
and nature of the alcohol [10]. However, the extent of variables effect will necessarily de‐
pend on the method used [14].
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The homogeneous chemical catalysis (acid or basic) is the most used technique in the trans‐
esterification reaction at industrial scale, since it allows, in the case of alkaline catalysis,
reaching high conversions at shorter reaction times [15-23].

The chemical method using homogeneous alkali catalysts, although simple, fast and with
high yields, presents several drawbacks, such as costs of catalyst separation and difficulty of
purification and separation of reaction products, which involves high production costs and
energy consumption [24]. Because alkali catalyzed systems are very sensitive to both water
and free fatty acids contents, the glycerides and alcohol must be substantially anhydrous.
Water makes the reaction partially change to saponification, which produces soaps, thus
consuming the catalyst and reducing the catalytic efficiency, as well as causing an increase
in viscosity, formation of gels, and difficulty in separations [1,3,25]. As a consequence, the
water and free fatty acids content should be less than 0.06% (w/w) and 0.5% (w/w) for trans‐
esterification reaction with alkali catalysts, respectively [1,26].

The transesterification reaction using homogeneous acid catalysts is preferred for the con‐
version of raw materials containing high levels of free fatty acids, because the acid catalyst
can promote simultaneously the transesterification of the triglycerides and esterification of
the free fatty acids to alkyl esters [27]. Although esterification of free fatty acids may pro‐
ceed with a relatively high rate and high yields can be achieved, the kinetics of triglycerides
transesterification is much slower, requiring high temperatures (above 373 K) and 24 hours
of reaction for completion [12].

Thus obtaining of esters in two reaction steps for substrates with high acidity has been pro‐
posed, consisting of two approaches: (a) the acid esterification of free fatty acids and subse‐
quent the alkaline transesterification of triglycerides [28-31] or (2) enzymatic hydrolysis of
triglycerides, followed by the acid esterification of the fatty acids produced [32-34].

The use of heterogeneous chemical catalysts in alcoholysis of vegetable oils reduces the diffi‐
culties of separation of products and catalyst, resulting in the generation of lower effluents
volume. The literature suggests the use of various acid and basic catalysts [35-37], with cata‐
lysts reuse in the process. However, heterogeneous chemical catalysis generally shows low
yields compared to homogeneous alkaline catalysis.

The reaction catalyzed by enzymes (lipases) provides easy separation of catalyst from the re‐
action medium, catalyst reusability and higher purity of the reaction products. However, to
date, the main disadvantages of this method refers to the long reaction times needed and the
high cost of the enzymes [14], that progressively are deactivated during reaction course. The
enzyme method can be conducted in the presence of organic solvents in order to minimize
mass transfer limitations, immiscibility between phases and catalyst deactivation, requiring
the use of higher ratios of solvent/vegetable oil (in the order of 40/1) to provide satisfactory
reaction rates [38]. For the production of biodiesel in enzyme systems using pressurized sol‐
vents, smaller amounts of solvent can be used and the solvent can be easily separated from
the reaction medium by system decompression [38-41]. High conversions have been report‐
ed for both systems but the use of high enzyme to substrates ratios has hindered large-scale
implementation of such technique.
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The efficiency of microwave irradiation [42-44] and the use of ultrasonic technology [45-47]
in the transesterification of vegetable oils using different catalysts has been reported with
the advantage of high reaction rates compared to conventional processes.

Recently, a catalyst-free technique for the transesterification of vegetable oils using an alco‐
hol at supercritical conditions has been proposed, keeping the benefits of fuel quality and
taking into account environmental concerns [48-53]. According to the current literature, cat‐
alyst-free alcoholysis reactions at high temperature and pressure conditions provide im‐
proved phase solubility, decreased mass-transfer limitations, afford higher reaction rates
and simpler separation and purification steps [24]. Besides, it has been shown that the so-
called supercritical method is more tolerant to the presence of water [54] and free fatty acids
[54,55] than the conventional alkali-catalyzed technique, and hence more tolerant to various
types of vegetable oils, even for fried and waste oils.

The reaction for biodiesel production at 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 [56-60] and reaction of glycerol formed with
other components of the reaction medium [61-64], hence decreasing the reaction conversion
[65-68,57,58]. Current literature shows some alternatives to reduce the expected high operat‐
ing costs and product degradation, and such strategies usually involve: (i) addition of co-
solvents [69-74]; (ii) two-step process with glycerol removal in the first step [75-77]; (iii) two-
step process comprising hydrolysis of triglycerides in subcritical water and subsequent
esterification of fatty acids [65,66,78]; (iv) use of microreator systems operating in continu‐
ous mode [74,79] and use of packed bed reactor [80].

The aim of this work is to provide a brief review on the continuous production of fatty acid
ethyl esters (FAEE) by non-catalytic process using ethanol at supercritical conditions. These
results are part of a broader project aimed at building a platform to allow the development
of a new process for the production of biodiesel from vegetable oils. A section of this chapter
will be dedicated to reviewing the characteristics of the supercritical method, comprising the
research in the production of FAEE in continuous mode evaluating the role of process varia‐
bles such as temperature, pressure, molar ratio of oil:ethanol and residence time. This re‐
view also focuses on the different configurations of reaction systems, like tubular reactor,
microtube reactor, packed bed tubular reactor, as well as the experimental simulation of re‐
actors in series and reactor with recycle. The effect of addition of co-solvent (carbon diox‐
ide), water and free fatty acids to the reaction medium on the FAEE yield are evaluated and
decomposition of FAEE produced and conversion of oil to FAEE are also considered.

2. Characteristics of the non-catalytic supercritical method for biodiesel
production

The  transesterification  reaction  using  a  solvent  at  pressurized  conditions  is  one  of  the
methods used for the synthesis of biodiesel [48]. This can be a secure way, without caus‐
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ing environmental damage, and requires less investment in the overall process, since the
equipment  cost  is  offset  by  the  high  reaction  rates,  better  efficiency  and  lower  cost  of
products purification.

Glisic & Skala [81] reported the economic analysis of the processes for biodiesel produc‐
tion using homogeneous  alkaline  catalysis  and supercritical  method,  noting that  energy
consumption  is  extremely  similar  in  both  cases.  Since  in  the  supercritical  method  the
heating  step  involves  high  energy  consumption,  costs  are  compensated  by  the  simpler
purification step of  the products  (esters  and glycerol),  requiring lower power consump‐
tion, which leads to a high costs step of the conventional process.  Deshpande et al.  [82]
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
actual conventional methods.

The production costs of biodiesel can be minimized by the sale of by-products generated by
the transesterification process, such as glycerin. However, when using the conventional
method by alkaline catalysis, traces of catalyst can be found in the glycerin, which limits the
use of this product. Thus subsequent purification steps are required [83,84], a fact that is not
needed in the supercritical method, which proceeds with simple purification and separation
of the biofuel produced and generates a high-pure glycerin [48,49,85].

Marchetti & Errazu [85] evaluated different processes for biodiesel production using veg‐
etable  oils  with high content  of  free  fatty  acids,  including the  supercritical  method and
stated that the supercritical method is an attractive alternative from a technological point
of view. Additionally, from the economic point of view, less wastewater is produced and
a high quality glycerin is  generated as  a  byproduct,  however higher energy is  required
by the reaction step.

The reactivity in the supercritical state is higher than in the liquid or gas, which facilitates
the transesterification reaction [86]. The supercritical point of ethanol and methanol are 514
K and 6.14 Mpa [27,51] and 513 K and 8.09 Mpa [48], respectively. The non-catalytic produc‐
tion of biodiesel with supercritical alcohol provides high reaction yields, since it promotes
the simultaneous hydrolysis and transesterification of triglycerides and esterification of free
fatty acids present in vegetable oil [50].

The supercritical method has the following advantages over other methods used for biodie‐
sel production [67]:

a. Catalyst is not used in the reaction and purification procedures are much simpler, since
the separation process of the catalyst and the saponified product is not required;

b. The supercritical reaction requires shorter reaction time than the traditional catalytic
transesterification and the conversion rate is high. The catalytic transesterification re‐
quires, in some cases, hours to reach the reaction equilibrium, while supercritical meth‐
od only minutes;

c. Low quality substrates of can be used in the supercritical method, since high levels of
free fatty acids and water do not have a negative effect on the reaction.
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The alcohol in the supercritical state solves or reduces the possible formation of two phases
to form a single homogeneous phase, by decreasing the dielectric constant of alcohol in the
supercritical state, which results in increased solubility of the oil [24]. Ma & Hanna [1] re‐
ported that the solubility of triglycerides in methanol increases at a rate of 2 to 3% (w/w) of
10 K increase in temperature.

Some disadvantages of supercritical method are nevertheless pointed out: high alcohol to oil
ratios are required (in the order of 40:1), best results are obtained at temperatures above 573
K and high pressures, typically 20 MPa, which leads to high processing costs and energy
consumption. In addition, the quality of biodiesel may be compromised by the low stability
of certain fatty acid esters exposed to the drastic reaction conditions required. Thus, due to
drastic increase in costs associated with the use of excess alcohol and equipment due to op‐
eration at high temperatures and pressures, improvements to the supercritical method for
producing biodiesel are required [87].

Kiwjaroun et al. [88] investigated the biodiesel production processes by supercritical metha‐
nol combined with and alkaline catalyst and the impacts generated by each process on the
environment, using LCA (life cycle analysis) as a tool. It was observed by these researchers
that the supercritical method is advantageous compared to conventional method due to the
less amount of wastewater generated, however, creates a high impact on the environment,
mainly due to the large amount of alcohol used in the process, emphasizing the need for re‐
search regarding the reduction in operating conditions (temperature, pressure) and the
amount of alcohol used in the process. Marulanda [89] evaluated the potential environmen‐
tal impact assessment of the process for biodiesel production by non-catalyst supercritical
method and conventional base-catalyzed process. The environmental assessment results in‐
dicated the supercritical process, even when working at a 42:1 molar ratio, has a lower im‐
pact than the conventional base-catalyzed process.

2.1. Decomposition

During supercritical transesterification, the high temperatures (above 573 K) employed and
long reaction periods, a decrease in the conversion can be observed [7,57,65-68,73].

He et  al.  [67]  evaluated the results  obtained for  the transesterification of  soybean oil  in
supercritical methanol and concluded that the reason for the decrease in reaction yield is
the decrease in the content of unsaturated esters, caused by isomerization, hydrogenation
and  thermal  decomposition  that  would  consume  such  esters,  especially  C18:2  (linoleic)
and  C18:3  (linolenate).  Imahara  et  al.  [56]  evaluated  the  thermal  stability  of  different
samples of biodiesel and fatty acid esters in different conditions of temperature and pres‐
sure. The authors found that thermal degradation is more pronounced for the unsaturat‐
ed  esters  above  573  K  and  19  MPa  and  thermal  stability  of  saturated  esters  is  also
affected. Kasim et al. [63] report that the percentage of trans isomers can reach levels up
to  16%  under  certain  reaction  conditions  (30  MPa,  573  K)  for  the  transesterification  of
rice bran oil in methanol.
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At  the  supercritical  reaction  conditions,  side  reactions  with  the  participation  of  the
glycerol  formed  as  byproduct  can  cause  the  degradation  of  other  components  present
in  the  reaction  medium.  For  instance,  Anistescu  et  al.  [61]  performed  the  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  occurred.  Aimaretti  et  al.  [62]  evaluated  the
reaction  of  refined  soybean  oil  with  supercritical  methanol  at  different  reaction  condi‐
tions  and  at  the  conditions  studied  by  the  authors,  glycerol  was  not  formed.  It  is  re‐
ported  that  glycerol  is  converted  into  lower  molecular  weight  products  and  water  at
the  beginning  of  the  reaction  and that  water  reacts  with  triglyceride  to  form free  fatty
acid,  thus increasing the acidity of  the product.  In the course of  the reaction,  these fat‐
ty  acids  are  converted  into  methyl  esters.  Also,  the  glycerol  may  react  in  different
ways:  (i)  decomposition  to  produce  products  of  lower  molecular  weight,  such  as  acro‐
lein,  acetaldehyde,  acetic  acid,  among  others,  (ii)  polymerization  to  form  polyglycerols,
which  occur  at  high  temperature  conditions  and  (iii)  etherification  with  methanol  to
produce  ethers  of  glycerol,  thus  consuming the  alcohol  in  the  reaction  medium.  Lee  et
al.  [90],  in  the  synthesis  of  biodiesel  from waste  canola  oil,  reported  that  side  reaction
was  obtained  by  reacting  glycerol  and  supercritical  methanol  at  543  K/10  MPa  for  15,
30  and  45  minutes.  The  experimental  results  showed  that  these  reactions  could  posi‐
tively  affect  the  overall  biodiesel  yield by providing oxygenated compounds such as  3-
methoxy-1,2-propanediol,  dimethoxymethane,  and 2,2-dimethoxypropane as  well  methyl
palmitate  and methyl  oleate.

In  Vieitez  et  al.  [57]  a  novel  and simple GC method was proposed to  evaluate  de per‐
centage  of  overall  decomposition.  Samples  were  treated with  BF3/MeOH [91]  to  deriva‐
tize  all  of  the  fatty  acids  (mono-,  di-,  and triglycerides,  free  fatty  acids,  and also  ethyl
esters)  to  the  corresponding  methyl  esters,  and  then  analyzed  by  GC.  For  the  evalua‐
tion  of  the  degradation  percentage,  palmitic  acid  was  assumed  not  liable  to  degrada‐
tion,  considering  its  high  stability,  and was  taken as  reference  (as  an  internal  standard
"native").  Thus,  degradation was estimated as:

Decomposition (%)= 100× 1− (∑ Pi
P16:0

)
S

× ( P16:0

∑ Pi
)
O

where ΣPi was the summation of all fatty acid methyl ester percentages, P16:0 was the per‐
centage of 16:0 ethyl ester, and subscripts “s” and “o” indicate that the expressions between
brackets were evaluated considering the composition of the sample product and the original
oil, respectively [57].

The use of the term "decomposition" of fatty acids referred to the decrease in its percentage
(determined by gas chromatography) due to the formation of other compounds (not neces‐
sarily imply that they have "broken" but have suffered some type of alteration). Since there
is no information about the determination of this parameter type, the method described be‐
low can be considered a new contribution to the area of the synthesis of biodiesel in super‐
critical alcohols.
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2.2. Addition of co-solvent

A question to be considered is the addition of co-solvents to the reaction medium that can
provide milder operation conditions, since the use of co-solvents reduces the limitations of
mass transfer between phases involved [92] and increases the reaction rate offering an ho‐
mogeneous reaction media [69,70].

As co-solvents in supercritical transesterification it can be used non-polar compressed gases,
for example, carbon dioxide, methane, ethane, propane, n-butane and their mixtures [92].
Some studies have reported the use of heptane/hexane as co-solvent [93-95]. Among these
the use of CO2 at supercritical conditions has shown a promising future for environmentally
friendly chemical processes, because it comprises a nonflammable solvent, nontoxic, inex‐
pensive and readily available in high purity. Indeed, besides being a good solvent for extrac‐
tion, carbon dioxide has also proved useful as solvent reaction medium [96]. However, a
limiting factor for the use of carbon dioxide is low mutual solubility CO2-triglycerides,
which means that high pressures are required to solubilize the reagents [97].

The use of propane and n-butane as compressed solvent or even in the supercritical state
seems to be a nice substitute for a variety of solvent in reactive systems. These gases offer as
the main advantage the low pressure transitions systems found mainly in vegetable oils due
to the higher solubility exhibited compared to that the use of CO2 [97,98]. Pereda et al. [99]
reported that the use of propane in the hydrogenation of triglycerides increases the miscibil‐
ity of the components of the mixture, allowing the reaction to occur under conditions of a
single homogeneous phase.

Yin et al. [72] reported that esters yield for the reaction using supercritical methanol in‐
creased when using carbon dioxide as cosolvent. Imahara et al. [93], in the alcoholysis of
canola oil in methanol with the addition of supercritical CO2, found that the addition of co-
solvent increases the reaction yield, however, high molar percentage of CO2 (above 0.1 CO2/
methanol) led to a decrease in reaction conversion.

2.3. Two-step reaction

Based on the reports available in the literature it is suggested that the transesterification of
vegetable oils at supercritical conditions can be conducted on alternative systems in order to
reduce raw material costs and operating costs. There is a growing emphasis on the proposed
system with a two-step reaction using reactors in series, with higher conversions to the sys‐
tem in one step [66] at mild operating temperatures and pressures and decreasing the
amount of alcohol used in the process [87].

Kusdiana & Saka [65] and Minami & Saka [66] proposed the continuous synthesis of bio‐
diesel from canola oil in two reaction steps, which consists primarily in the hydrolysis of
triglycerides  in  pressurized  water  and  subsequent  esterification  of  fatty  acids  in  super‐
critical methanol,  with glycerol removed prior to FFA methyl esterification. This process
is  carried out  under more moderate temperature and pressure compared to the process
in one step.
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Busto et  al.  [100]  reported that  tubular  reactors  for  supercritical  transesterification must
operate  in  order  to  minimize  the  axial  dispersion,  and as  suggested  by  the  authors,  to
satisfy  this  condition:  reactions  in  a  tubular  reactor  with  separation  step  of  unreacted
products, with recycle the same or two or more reactors in series with intermediate sepa‐
ration of glycerol generated. One advantage of removing the glycerol formed in the reac‐
tion mixture is to allow the reaction to occur at lower ratios of alcohol to oil  increasing
the  reaction  rate  for  the  production  of  biodiesel  [87].  As  cited  by  Aimaretti  et  al.  [62],
along  the  reaction,  the  alcohol  used  in  the  process  is  required  by  secondary  reactions,
which occur with glycerol.

D'Ippolito et  al.  [75]  evaluated theoretically  the non-catalytic  process  for  producing bio‐
diesel from experimental data and information available in the literature to determine an
operating mode and operating conditions that  reduce energy consumption and increase
product quality. Results obtained suggest that the two-step process with intermediate re‐
moval  of  glycerol  decreases  the  ratios  of  methanol  to  oil  to  about  10-15 times.  Further‐
more,  not  only  the  system  pressure  can  be  reduced  as  energy  costs.  In  the  process
proposed by Crawford et al.  [87],  it  is  suggested that the obtained esteres by supercriti‐
cal  route can be made by transesterification 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 proceeded in this way can greatly de‐
crease the amount of alcohol to be used in the process.

2.4. Intensification technologies in continuous biodiesel production

In the transesterification of vegetable oils, reaction rate can be limited by mass transfer be‐
tween oil and alcohol because the very poor mutual miscibility. Hence, some process inten‐
sification technologies have been developed and applied to improve mixing and mass/heat
transfer between the two liquid phases in recent years. Reaction rate is greatly enhanced and
thus residence time may be reduced. Some of the technologies have been applied successful‐
ly in commercial production [101]. To reduce the limitations of mass and heat transfer in
chemical reactions, literature indicates to conduct these reactions in microreactors [102-105]
and in packed bed reactors [106-109].

In microreactors, mass and heat transfer increase due to the small size and large contact area
[110] and the lowest internal diameters promote interaction with the reagents at the molecu‐
lar level [111]. The internal diameter of microreactors, are typically10-300 μm [102,103]. Sun
et al. [109] used reactors with 0.025 to 0.053 cm inner diameter and Guan et al. [112] used
reactors with different inner diameters: 0.04, 0.06, 0.08 and 0.1 cm, calling them as microtube
reactors. Furthermore, higher conversion and selectivity are obtained in a shorter reaction
time as compared to batch system [102,113].

The  rates  of  transesterification  for  biodiesel  production  are  controlled  by  the  rate  of
mass  transfer  between phases  [112],  being  applied  high  rates  of  agitation  for  the  batch
system.  Sun  et  al.  [109]  studied  the  production  of  biodiesel  using  alkaline  catalysis
with  capillaries  microreactors,  and  reported  that  the  residence  time  is  significantly  re‐
duced  by  the  use  of  these  reactors  compared  to  the  conventional  process  in  batch
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mode.  Guan  et  al.  [112]  investigated  the  synthesis  of  biodiesel  using  microtube  reac‐
tors  for  the  alcoholysis  of  sunflower  oil  by  basic  catalysis,  evaluating  the  influence  of
the  length  and internal  diameter  of  the  reactor.  The  conversion of  the  oil  was  strongly
influenced by reactor  geometry  and the  best  results  were  obtained for  the  reactor  with
smaller  diameter  and greater  length.

Although the phenomenon related to mass transfer is a key parameter to obtain better yields
in biodiesel by the supercritical method and one approach suitable is the use of packed bed
reactor. The packed bed system maximizes the interfacial surface area between the two
phases (oil and alcohol) and the contact of the immiscible liquid-liquid two phases are im‐
proved towards achieving excellent mass transfer performance, which is obtained by ex‐
truding one phase into another, as the two phases flow through the particles openings, as
commonly found in a packed bed reactor [106,114, 115].

Ataya et al. [106] reported the acid-catalyzed transesterification of canola oil with metha‐
nol  using  a  packed bed reactor  and showed that  the  mass-transfer  limitations  for  two-
phase experiments can be effectively overcome using a liquid-liquid packed bed reactor.
Santacesaria et al. [108] performed the transesterification reactions in a simple tubular re‐
actor filled with stainless steel  spheres of  different sizes and obtained that the reactions
like methanol–soybean oil  transesterification,  mass transfer rate can greatly be increased
also by favoring an intense local turbulence. The effects of packed bed reactor can be ob‐
served  in  other  chemical  reactions,  for  instance,  Su  et  al.  [115]  evaluated  the  effect  of
packed microchannel reactors to perform the nitration of o-nitrotoluene with mixed acid
and reported that the yield of this liquid-liquid multiphase reaction is increased by con‐
ducting the reaction using the packed reactor.

3. Configuration of reactors in continuous mode for supercritical
ethanolysis

The following sections are dedicated to provide an overview of results obtained in supercrit‐
ical ethanolysis in different reactor configurations. The schematic diagram of the experimen‐
tal setup, developed by our research group, is shown in Figure 2. In these experiments, the
residence time was simply computed dividing the volume of the reactor (mL) by the flow
rate of substrates (mL/min) set in the liquid pump.

Results reported are in relation to content of esters in the sample determined by gas chroma‐
tography, following the European normative EN 14103 [116]. The data related to decomposi‐
tion refer to derivatization of the samples with BF3/methanol [91] to derivatize all of the fatty
acids (mono-, di-, and triglycerydes, free fatty acids, and also ethyl esters) to the correspond‐
ing methyl esters and then analyzed by gas chromatography. For the evaluation of the de‐
composition percentage, palmitic acid was assumed not liable to degradation, considering
its high stability [56,67]. These experimental procedures as well as analytical methods used
are described in detail in the work of Vieitez et al. [57] and Silva et al. [79].
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Figure 2. Schematic diagram of the experimental apparatus. RM - reactional mixture; MS - mechanical stirring device;
LP - high-pressure liquid pump; CV - check-valve; A - solvent reservoir; B - thermostatic baths; SP - syringe pump; F -
furnace; R - reactor; T1 - temperature indicator at the reactor inlet; T2 - temperature indicator at the reactor outlet; DA
- data acquisition system; CS - cooling system; V1 - feed valve; PI - pressure indicator; PIC - controller; V2 - pressure
control valve; S - glass collector; G - gas output. Taken with permission from Silva et al. [79].

3.1. Tubular reactor

The tubular reactor utilized was made of stainless steel tubing (316L 1/4 in. OD internal di‐
ameter of 3.2 mm HIP), being used in the work of Silva et al. [68], Vieitez et al. [57], Vieitez
et al. [7], Bertoldi et al. [73], Vieitez et al. [117], Vieitez et al. [58], Vieitez et al. [118], Silva et
al. [77], Vieitez et al. [119] and Vieitez et al. [120]. In these works, several approaches were
made in order to optimize transesterification reactions for biodiesel production in supercriti‐
cal ethanol in continuous tubular reactor and the better yields achieved for each study are
presented in Table 1.

Silva et al. [68] investigated the effect of the variables temperature, pressure, oil to ethanol mo‐
lar ratio and residence time on the yield of ethyl esters in the transesterification reaction of re‐
fined soybean oil. In that work, it was observed that an increase in temperature led to a sharp
enhancement of reaction conversions and faster initial reaction rates. Also, as reaction time de‐
velops, a decline in the conversion reaction was observed for the temperature of 648 K. The re‐
action pressure had influence on the FAEE yields, with better yields obtained at 20 MPa.
Regarding the effect of oil to ethanol molar ratio, results obtained by that study demonstrated
that after a certain period of time higher values of molar ratio of ethanol to oil afford better con‐
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versions in shorter reaction times. This fact could be expected to a certain extent because in cat‐
alyst-free reactions an increase in the alcohol-to-oil molar ratio should provide greater contact
between substrates, thus favoring reaction conversion. Besides, an excess of reactant could also
shift the reaction to ethyl esters formation. In the experimental range investigated the authors
reported ~80% in ethyl esters at the operating conditions shown in Table 1.

Vegetable oil Conditions and additional information FAEE yield

[%]

Decomposition

[%]
Reference

Refined

soybean oil

1:40 oil to ethanol molar ratio; 623 K; 20 MPa;

35 min
~80.0 NR [68]

Refined

soybean oil

1:40 oil to ethanol molar ratio; 623 K; 20 MPa;

28 min and water content of 2.5 wt%
70.0 ~ 14.0

[57]
Refined

soybean oil

1:40 oil to ethanol molar ratio; 623 K; 20 MPa;

28 min and water content of 2.5 wt%
70.0 ~ 14.0

Refined

soybean oil

1:40 oil to ethanol molar ratio; 573 K; 20 MPa;

52.5 min and water content of 5 wt%
70.0 3.0 [7]

Degummed

soybean oil

1:40 oil to ethanol molar ratio; 623 K; 20 MPa;

28 min and water content of 10 wt%
55.0 NR [117]

Castor oil 1:40 oil to ethanol molar ratio; 573 K; 20 MPa;

28 min and water content of 5 wt%
75.0 ~11.0 [58]

Sunflower oil 1:40 oil to ethanol molar ratio; 623 K; 20 MPa;

42 min and water content of 5 wt%
~69.0 ~14.0

[119]
High oleic

sunflower oil

1:40 oil to ethanol molar ratio; 623 K; 20 MPa;

42 min and water content of 5 wt%
~75.0 <5.0

Refined

soybean oil

1:40 oil to ethanol molar ratio; 573 K; 20 MPa;

~48 min and addition of 10% of free fatty

acids to oil

90.0 <5.0

[120]
High oleic

sunflower oil

1:40 oil to ethanol molar ratio; 623 K; 20 MPa;

~48 min and addition of 10% of free fatty

acids to oil

85.0 ~8.0

Rice bran oil 1:40 oil to ethanol; 573 K; 20 MPa; 26 min and

addition of 10% of free fatty acids to oil
82.0 <5.0

Refined

soybean oil

1:40 oil to ethanol molar ratio; 598 K; 20 MPa;

110 min and CO2 to substrates mass ratio of

0.05:1

76.0 NR [73]

Refined

soybean oil

1:1 oil to ethanol mass ratio; 598 K; 20 MPa;

30 min and operated with two reactors in

series

74.0 ~5.0

[77]

1:1 oil to ethanol mass ratio; 598 K; 20 MPa;

30 min and operated with recycle of 40 wt%
75.0 ~4.0

NR = not reported

Table 1. Comparison of results obtained for transesterification reactions with supercritical ethanol in tubular reactor.
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Industrial scale synthesis of biodiesel generally relies on the transesterification of vegetable
oils with a short-chain alcohol, mainly methanol, using chemical catalysts [12]. Because etha‐
nol is readily available from fermentative processes using biomass from a varied source,
ethanol biodiesel appears as a 100% renewable alternative, additionally enabling the re‐
placement of traditionally used methanol by an innocuous reagent. Besides, in the Brazilian
context, ethanol has been the natural choice because Brazil is one of the biggest ethanol pro‐
ducers in the world, with a well established technology of production and large industrial
plant capacity installed throughout the country. However, the cost of ethanol is still higher
than that of methanol, in particular where absolute (dry) ethanol is used in processes based
on conventional catalytic methods [1,3].

Adopting the best experimental conditions (soybean oil to ethanol molar ratio of 1:40, 623 K
and 20 MPa) reported by Silva et al. [68], Vieitez et al. [57] evaluated the effect of water con‐
tent (2.5 wt% to 10 wt%) on the reaction yield. Results showed that the presence of water in
the reaction medium seems to have a positive effect on the FAEE production. A significant
increase in the ester content was observed for 598, 573, and 548 K for all residence time stud‐
ied, suggesting that reaction conversions should be improved by the presence of water in
the reaction medium. No relevant changes were observed corresponding to 623 K, probably
due to the persistence of side degradation reactions. A moderate increase in the ester content
also was found for the reaction performed at 523 K, which seemed to be the minimum tem‐
perature value that should be considered for conducting catalyst-free transesterification re‐
actions under supercritical conditions. For all values of water content in the reaction
medium, a point of maximum of ester yield was found within the residence time range in‐
vestigated. The maximum FAEE concentration was found at 28 minutes of residence time
for water content values of 0, 2.5, and 5%, while higher values of water content (7.5 and
10%) showed a maximum ester content for 42 minutes of residence time. The maximum
point of ester content was positively affected by the presence of water in the reaction medi‐
um; i.e., at 300ºC and 52.5 min, an increase in water content from 0 to 5% led to an increase
in FAEE concentration from 29.7 to 70.0%, respectively. Therefore, the presence of water in
the reaction medium showed a favorable effect on the ester synthesis, due to its possible cat‐
alytic role for the transesterification process and reduction of fatty acids degradation [7].

As observed by Silva et al. [68], a decrease in reaction yield by increasing the reaction time
was found. As shown in Figure 3 [57], significant differences were noticed between the fatty
acid composition of the starting soybean oil compared to that of the original product, in‐
volving the reduction in the polyunsaturated fatty acid ethyl ester percentage (C18:1, C18:2
e C18:3) and the production of trans isomers, originally absent (Figure 3). Also, the authors
reported high percentage of fatty acid decomposition in the temperature of study (623 K).
For yields > 80% about 12 wt % of decomposition was observed and about 4.0% of triglycer‐
ides for system without addition of water.

Considering the occurrence of fatty acids decomposition at high residence times and the for‐
mation of isomers of ethyl esters formed, Vieitez et al. [7] reported the effect of temperature
(523 K to 623 K) and water content (5 wt% to 10 wt%) on these factors and yield of esters. It
was observed that temperature strongly affected the degree of degradation with values of
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about 12 wt% and 28 wt% at 598 K and 623 K, respectively, for addition of 5 wt% of water in
the reaction medium and high residence times. Moreover, the degradation phenomenon de‐
creased as water concentration increased from 0 wt% to 10 wt%.

Figure 3. GC analysis of (a) soybean oil and (b) the product of the reaction (processed oil) performed at 350 °C, 20
MPa, 0% water, oil to ethanol molar ratio of 1:40 and 28 min of residence time. Peaks identification: C16:0 (1), C18:0
(2), trans-C18:1 (3), cis-9-C18:1 (4), cis-11-C18:1 (5), trans-6,12-C18:2 (6), cis-6,trans-12-C18:2 (7), trans-6,cis-12-C18:2
(8), cis-6,cis-12-C18:2 (9), and cis-9,12,15-C18:3 (10). Taken with permission from Vieitez et al. [57].

With respect to the effect of water concentration in the reaction medium on the degradation
level, it was observed that the degradation phenomenon decreased as water concentration
increased from 0 to 10 wt %. This reduction is in agreement with results showing that the
addition of water may provide lower degradation levels and, accordingly, higher reaction
conversions. Although no previous studies under similar conditions were found, these re‐
sults are in agreement with some available references concerning the well-known favorable
effect of the relatively low water activity on the oxidative stability of methyl linoleate or of
vegetable oils. This phenomenon was attributed to different mechanisms, like the bonding
of hydroperoxides, which decreases their reactivity, and an antioxidant effect due to hydra‐
tion of traces of metals, which reduces their catalytic action [7].

The feedstock flexibility is the most important advantage to consider for biodiesel produc‐
tion methods because the resultant biodiesel price strongly depends on the feedstock price
[121,122]. The cost of the raw materials currently represents about 70% of the total produc‐
tion cost [11]. The free fatty acids and water content in low grade feedstocks and hydrated
ethanol pose a negative effect on the conventional homogeneous alkali-catalyzed process
and heterogeneous catalytic methods, but can be successfully used in the transesterification
reaction using an alcohol at its supercritical conditions. The evaluation of the effect of these
variables on the efficiency of the transesterification reaction is highlighted. As shown in pre‐
vious studies, the water content promotes the conversion of esters and decreases the degree
of decomposition. Regarding the quality of the vegetable oil, studies concerning the effect of
the vegetable oil type and free fatty acid content should be performed.
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While growth within the biodiesel sector can contribute to increase the price of soybean oil
and other biodiesel source materials, the competitiveness of the sector can be adversely af‐
fected by these very same prices changes, as well as other economic factors. These emerging
trends suggest that food and energy markets are likely to be more strongly linked in future -
such that spikes and fluctuations in the prices of energy lead to corresponding changes in
food prices [123]. Currently, the main resource for biodiesel production in Brazil is soybean
oil, comprising about 80% of total feedstock [124], however, recently raw material price in‐
creases has motivated the use other raw materials towards a future global leadership of the
country in biodiesel production and use of non-edible and waste oils with low-added value.

The ethanolysis of degummed soybean oil was reported by Vieitez et al. [117] to evaluate the
use of alternative raw materials in order to reduce the production costs. The experiments were
performed at 20 MPa, 623 K and oil to ethanol molar ratio of 1:40 and lower ester contents were
obtained with degummed oil than from using refined oil. At 28 minutes of residence time about
~ 80% and 40% of esters were obtained for refined and degummed oil, respectively. Many pos‐
sible reasons for these results are mentioned by the authors, like the possible adverse effect of
some minor components with a higher concentration in the degummed oil, e.g. pigments or hy‐
droperoxides, with a known pro-oxidant effect on the fatty acids.

In the same context, to in the search of low-cost raw materials, alternative to refined soybean
oil, Vieitez et al. [58] evaluated the possibility of producing ethyl esters from castor oil, a
plant considered interesting as a potential raw material for biodiesel production. The effect
of temperature (523 K to 623 K) and water content (5 wt% to 10 wt%) was evaluated by
keeping the pressure fixed at 20 MPa and oil to ethanol molar ratio of 1:40. The authors re‐
ported FAEE yields in the order of 75% at 573 K, 5 wt% of water content and 28 minutes of
residence time. The authors emphasized that special care should be taken into account con‐
cerning reaction temperature, which could favor the occurrence of side reaction involving
the consumption of high percentage do fatty acids when increased over 573K. For example,
it was related >70.0 % of decomposition at 623 K for high residence times (> 28 minutes).

In a later study, Vieitez et al. [119] focused on the dependence of esters yield and decompo‐
sition as a function of vegetable oil composition (Table 2). The results obtained show a rela‐
tion between the composition of vegetable oil and content of esters. Note that the content of
esters, regardless of residence time considered, decreases in the following order: high oleic
sunflower oil> sunflower oil> soybean oil> castor oil. This order, except by castor oil, is in‐
versely with the degree of unsaturation of each oil, which confirms that the efficiency of the
process dependency of the stability of the oil used. The castor oil has a high percentage of
decomposition. This percentage increases in the following order for the vegetable oils stud‐
ied: high oleic sunflower oil <sunflower oil <soybean oil << castor oil.

Considering that decomposition phenomenon may strongly affect the ester yield and that
the chemical stability is mainly determined by the insaturation degree of the fatty material,
it is of major interest to study the behavior of oils with different fatty acid compositions in
this process. Table 2 shows the composition of the different oils studied and their corre‐
sponding iodine value (IV), which indicates concerning solely the fatty acid composition,
HO-SFO should be the oil with the higher stability (lower IV), followed by SFO and SBO.
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Fatty acid Soybean oil Castor oil Sunflower oil High oleic sunflower oil

16:0 10.9 1.0 6.2 3.5

18:0 3.5 0.9 3.3 2.5

18:1 26.0 3.4 32.0 87.4

18:2 52.7 4.6 56.3 4.7

18:3 5.0 0.4 0.4 0.2

18:1-OH --- 88.7 --- ---

IV(a) 129.2 --- 128.5 85.3

Table 2. Fatty acid composition (wt%) of de vegetable oils studied. ((a)IV was calculated according method AOCS Cd
1c-85 [125])

The decomposition phenomenon was also studied in the work of Vieitez et al. [118], in
which the stability of ethyl esters from soybean oil (SBOEE) exposed to high temperatures in
supercritical ethanol was determined. In order to separately study the effect of such phe‐
nomenon, pure SBOEE were mixed with ethanol at a molar ratio 40:3 (ethanol:SBOEE) and
exposed for different periods to supercritical conditions in a continuous system, at 20MPa
and different temperatures. It was experimentally observed that the ester content of the
processed samples were lower than that corresponding to the original SBOEE, indicating the
occurrence of decomposition processes, which were more important as the temperature and
residence time increased. The content of polyunsaturated esters of the treated SBOEE was
lower than that of the starting mixture, showing that the decomposition rate was highly de‐
pendent on the nature and instauration degree of the alkyl chain. Therefore, results show
that the exposure of the SBOEE to severe conditions required for efficiently performing the
ethanolysis of vegetable oils by the supercritical method could cause the occurrence of im‐
portant degradation processes of the lipid material. Such phenomenon could be identified as
the main reason why the products from the supercritical transesterification of oils are less
unsaturated than the raw materials. According to the results, the decomposition phenomen‐
on is “selective” towards the polyunsaturated fatty esters, and there are no reasons to attrib‐
ute such selectivity to the transesterification itself. Results also suggest that, in terms of the
preservation of the integrity of the fatty acid chain, a supercritical transesterification process
should not be performed at temperatures above 573 K, due to the high increase in the de‐
composition rate.

Recently, Vieitez et al. [120] evaluated the effect of the concentration of free fatty acids
(FFAs) and type of vegetable oil on the yield of the reaction and decomposition of fatty
acids. That work studied the effect of the addition of FFAs at various proportions to differ‐
ent vegetable oils (soybean oil, rice bran oil, and high oleic sunflower oil) on the efficiency of
their conversion to ethyl esters by a continuous supercritical ethanolysis. When the reactor
was operated at 573 K and 20 MPa with soybean oil using an alcohol/oil molar ratio of 40:1,
an ester content of 53% was obtained. Under identical conditions but processing soybean oil
with 10% of FFAs, the ester content rose to 91%. A similar favorable effect of the addition of
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FFAs on the efficiency of the process was observed when processing rice bran oil and high
oleic sunflower oil. Processing oils from different origins may lead to different ester contents
in the final product because of the occurrence of decomposition phenomenon at different ex‐
tents depending upon oil composition and stability. Results showed that the addition of
FFAs is a useful tool for favoring alcoholysis against decomposition, with the consequence
of a substantial increase in process efficiency. Therefore, the addition of FFAs could be a
useful for improving the supercritical transesterification of oils with a low initial acidity and
low-quality fats, such as highly hydrolyzed RBO, which could be efficiently converted to bi‐
odiesel using this technology. Several favorable effects on the process can be attributed to
the presence of high levels of FFAs in the raw material: a catalytic role in the transesterifica‐
tion of triacylglycerides, a high esterification rate of FFA themselves, and a dilutive effect on
the glycerol in the reaction medium (thus avoiding several unwanted side reactions). The
contribution of all of these factors permitted us to achieve high efficiencies even at milder
reaction conditions, thus minimizing the decomposition phenomenon, which has been
pointed out as one of the main drawbacks of the supercritical method [119].

As observed in the studies presented in Table 1, the high transesterification conversion re‐
quires high temperature, high pressure and high alcohol to oil molar ratio. Indeed, the high
temperature and pressure require high initial investments (equipment costs) for the imple‐
mentation of such process operated and safety management policy. As a result of the high
alcohol to oil molar ratio greater energy consumption in the reactants pre-heating and recy‐
cling steps is unavoidable. Moreover, the high amount of alcohol in the biodiesel product
retards the biodiesel-glycerol phase separation. Therefore, the use of those original parame‐
ters results in high capital costs, especially for the reactor and pump, being somewhat high‐
er than the novel catalytic methods [126]. To increase the technical and economical
feasibility of supercritical method, further studies are required to reduce the energy con‐
sumption and operating parameters of this process.

In an attempt to reduce the operating conditions of the transesterification reaction, Bertoldi
et al. [73] proposed for the first time the addition of carbon dioxide as a co-solvent in the
reaction medium for reactions in continuous mode. The experiments were performed in the
temperature range of 573-623 K, from 7.5 to 20 MPa, oil to ethanol molar ratio of 1:10 to 1:40
and co-solvent to substrates mass ratio from 0:1 to 0.5:1. Results showed that the yield of
ethyl esters decreased with increasing addition of carbon dioxide to the system. At 623 K; 20
MPa; oil to ethanol molar ratio of 1:40 and 35 min it was observed about 80% of esters yield
for system without co-solvent [68] and about 40 % for addition of CO2 to substrates mass
ratio of 0.05:1. Phase equilibrium data for the binary system ethanol-CO2 shows the exis‐
tence of high mutual solubility for these compounds [127,129]. On the other hand, very poor
solubility of carbon dioxide in soybean oil has been reported in the literature [97]. Thus, it is
possible that the co-solvent is dragging some amount of ethanol from the oil phase, causing
the occurrence of a two-phase flowing system, decreasing the content of ethanol in contact
with the vegetable oil with a consequent reduction in reaction conversion.

Another proposal considered was the non-catalytic production of fatty acid ethyl esters
from soybean oil in a two-step process with experimental simulation of two reactors operat‐
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ed in series and a reactor with recycle, reported by Silva et al. [77]. The justification of the
authors refers to the reaction conducted in two steps with reactors in series and/or recycling
the leaving stream with intermediate removal of glycerol can increase the yield of the reac‐
tion, since the reaction may take place at lower alcohol to oil ratios, increasing the reaction
rates of ester production [87]. The reaction of glycerol formed during the process with other
components of the reaction medium may lead to a decrease in ester yield [66] and the unde‐
sirable consumption of alcohol [62,90]. Another important point of conduction of reactions
in two steps is that the non-reacted products, diglycerides and monoglycerides, and also the
esters formed may act as co-solvents in the reaction medium, increasing the solubility be‐
tween the phases [100,130]. For the reactor in series it was reported 74% in esters at 598 K, 20
MPa, oil to ethanol mass ratio of 1:1 and 30 minutes of residence time for the second reaction
step. For the system with recycle of 40 wt% at similar conditions it was obtained 75%. In
both cases the degree of decomposition was lower than 5.0%.

3.2. Microtube reactor

Microreactor systems designed for continuous production have been studied in recent years
for the transesterification of vegetable oils [109,112]. In the microreactor system, mass and
heat transfer could be greatly intensified due to its small space with a large surface area-to-
volume ratio [112], providing high process yields in low reaction times [109].

In this context, Silva et al. [79] developed a microtube reactor of stainless steel tubing (316L
1/16 in. OD internal diameter of 0.76 mm HIP) to evaluate the effects of inner diameter on
the FAEE yield and compare the results with those reported by Silva et al. [68] for the same
conditions using a tubular reactor. At lowest temperature (523 K) only 3.12 % FAEE yield is
obtained in the tubular reactor, while 19% is reached using the microtube reactor. At 598 K
this yield is increased from 38% to 53% when changing from the tubular to the microtube
reactor at the same residence time. Such results demonstrate that higher ethyl esters yields
can be achieved at lower temperatures, short reaction times with a smaller reactor inner di‐
ameter, hence minimizing the total decomposition of fatty acids.

In the work of Silva et al. [79] it was evaluated the effect of process variables (temperature,
pressure and oil:ethanol molar ratio) on the yield of esters and decomposition. It was found
that this variable had a positive effect on FAEE yield. In that work, it was noticed that an
increase pressure and lowest ratios of ethanol to oil led to higher degrees of decomposition.
It was also observed higher decomposition rates for oil:ethanol molar ratio of 1:10 and pres‐
sure of 20 MPa. In the experimental range investigated, appreciable yields were obtained
(70%) at 598 K, 20 MPa and oil to ethanol molar ratio of 1:20, with low total decomposition
of fatty acid (<5.0 wt%).

Considering the increasing reaction rates and improved mass transfer between phases in the
conduction of reactions in a microtube reactor and the results obtained by Bertodi et al. [73]
when using a cosolvent for the continuous tubular reactor, Trentin et al. [74] evaluated the
addition of carbon dioxide on the reaction medium of soybean oil transesterification carried
out in a microtube reactor. Results showed that ethyl esters yields obtained increased with
increasing addition of carbon dioxide to the system and the highest yields were obtained
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with addition of co-solvent to substrate mass ratio of 0.2:1 to the reaction medium. The au‐
thors reported that the differences found in relation the conduct of the reactions in the tubu‐
lar reactor [73] can be attributed to the problems of mass transfer in the tubular reactor and
due to the fact that the 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 sur‐
face area-to-volume ratio, leading to higher process yields.

Silva et al. [76], conducted reactions in two steps in a microtube reactor: two-series reactors
and reactor with recycle, conducted. It was obtained about 78% of ethyl esters yields and
<2.0 wt% of decomposition for 45 min in the simulation of two reactors operated in series at
573 K, 20 MPa, oil to ethanol mass ratio of 1:1 (for the one-step process the authors shows 40
% of ethyl esters in the same conditions at 25 min). These results are higher than those re‐
ported by Silva et al. [77] at lower temperature and lower decomposition degree, as was also
observed for reactions with recycle. Furthermore, in that work, glycerol was obtained with
~90 wt% of purity (after evaporation of ethanol and simple decantation) for the system with
recycle and this fact of course should be taken into account for the purpose of implementa‐
tion of a cost-effective transesterification process.

3.3. Packed-bed reactor

Results presented for the transesterification in microtube reactors are undoubtedly signifi‐
cant. However, production capacities of the above microreactors are considerably lower
than those of conventional reactors by reason of their specific structures. Fulfilling the vol‐
ume requirements of small-fuel biodiesel processing plants for distributive applications
seems difficult. It is thus a challenge to identify a method for maximizing high synthesis effi‐
ciency by mixing at the microscale as well as for increasing biodiesel production remarkably
[107]. An alternative to these problems would be to conduct the reactions in packed-bed re‐
actors filled with different materials in different diameters, such as stainless steel spheres
[108], metal foams [107] and glass beads [106].

In the work of Andrade et al. [80] a packed-bed tubular reactor was developed, which was
made of stainless steel tubing (316 L 1/4 in OD inner diameter 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 di‐
ameter). The results obtained by authors demonstrate that much higher ethyl esters yields
can be achieved with this configuration. It can be seen observed in the results that at 548 K
only 11.5% FAEE yield was obtained in the tubular reactor (TR), while 35% is reached using
packed-bed tubular reactor (PBTR). At 573 K this yield is increased from 16% to 55% from
the use TR to the PBTR at the same residence time. Such results demonstrate that much
higher ethyl esters yields can be achieved at lower temperatures, small reaction times, also
minimizing the total decomposition of fatty acids with the use of packed-bed tubular reac‐
tor. The increased performance of the reaction in the PBTR may be possibly due to the maxi‐
mized interfacial surface area between the two flowing phases.

Silva et al. [79] proposed the use of microtube reactor for continuous synthesis of FAEE and
reported yields of about 53% at 598 K, 20MPa, oil to ethanol molar ratio of 1:20 and resi‐
dence time of 25 min. At similar conditions with addition of carbon dioxide as co-solvent
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(CO2 to substrate mass ratio of 0.2:1) in the microtube reactor, Trentin et al. [74] reported
58% of FAEE yield. At this same condition, the reaction conducted in the work of Andrade
et al. (2012) in the PBTR, resulted in FAEE yields about 60%.

With the use of PBTR it can be obtained yields as high as ~ 83% at 598 K, 20 MPa, oil to etha‐
nol molar ratio of 1:40 and 42 minutes of residence time. In such condition, it was observed
6.0 wt% of decomposition. In the evaluation of the effect of water content on the conversion,
the authors reported 90% yield of ethyl esters and <5.0 wt% of decomposition at similar con‐
ditions with addition of 10 wt% of water to the reaction medium.

4. Conclusion

The non-catalytic transesterification at supercritical conditions is a promising method for es‐
ters production and has strong advantages, such as fast reaction time, feedstock flexibility,
production efficiency and environmentally friendly benefits, but as observed in this manu‐
script the application of this methodology has some limitations, such as the operation condi‐
tions of elevated temperature and pressure and the use of higher amounts of alcohol in the
reaction medium, which results in high energy costs for the process and degradation of the
products generated. The analysis of these facts generate critical of the use of supercritical
technology in transesterification reactions making them an open problem. Furthermore, pro‐
spective research is reducing the operating parameters and the decomposition of the reac‐
tion components are required to industrial scale application of the supercritical method.
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