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Summary and outline of this thesis 

The in-situ or direct transesterification is a technique of great value, because it is able to 

extract and convert triglycerides into alkyl esters of fatty acid (or biodiesel) in a single step, 

bypassing the use of large quantities of organic solvents of lipid extraction stage. 

The outline of this thesis begins with a general introduction. In Chapter 1, we address the 

general objectives of our thesis with regards to the development of a technology for the 

production of biodiesel by in-situ transesterification from the biomass of the microalga of 

Botryococcus brauni. The hypothesis raised was, that a continuous extraction system of 

microalgae biomass using a mixture of methanol/co-solvent and acid catalyst could 

promote the oil extraction, esterification and transesterification reactions simultaneously to 

reach higher productivity compared to a conventional biodiesel production process. 

In Chapter 2, we made a literature review of advances in direct transesterification of 

microalgal biomass for biodiesel production, including: different catalyst, critical 

parameters and novel approach for this process. Microalgae biomass is an interesting raw 

material to produce biodiesel. However, there are several drawbacks that must be solved 

before their industrial application in biodiesel production by using transesterification as 

conversion process. The main problems are related with the high water content of the 

biomass (over 80%) and the several process necessaries for its production such as: drying, 

cell disruption, oils extraction, transesterification and biodiesel refining. In comparison 

with traditional method (extraction and transesterification), the use of direct 

transesterification could be a cheaper alternative since the cell disruption, lipid extraction 

and transesterification are carried out in one step, with a direct reaction of oil-bearing 

biomass to biodiesel.  
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In Chapter 3, we show different operational strategies for biodiesel production by direct 

transesterification of microalgal biomass (Botryococcus braunii). These operational 

strategies were performed in two reaction systems: a conventional stirred batch reactor 

(SBR) and a reflux extraction reactor (RER). This evaluation included the use of different 

acyl acceptors, also of the application of different acid catalysts and solvent mixtures. The 

highest biodiesel production yields (80.6%) were obtained in the RER, using methanol as 

acyl acceptor and H2SO4 as catalyst. On the opposite, the lowest biodiesel production yield 

(64.5% wt) was observed in the SBR system using methanol 

In Chapter 4, we observed an improvement in the FAME yield of in situ transesterification 

from microalgal biomass through particle size reduction in a stirred batch reactor. In this 

study, three particle size fractions (Size 1: <150 µm; Size 2: 150 µm< D< 500 µm; Size 3: 

>500 µm) were studied. According to the obtained results, the best FAME yield was 

obtained when the particle size decreased due to increment of the specific surface area.  It is 

suggested that the decrease in the particle size increases mass transfer and therefore lipids 

extraction performance. In addition, mechanical grinding could cause cell wall disruption, 

enhancing solvent permeability into the cell during to reaction.  

In the Chapter 5, we show the feasibility of FAME production from in-situ 

transesterification of biomass microalgae with an acyl acceptor maintained to continuous 

reflux. In this system, lipids could be extracted and then esterified in presence of higher 

solvent volume, hence favoring product formation. Although in this  system does not use 

any application of shear stress to produce microalgae cell wall disruption, the highest 

FAME yield were obtained in this configuration due to the fact that the main lipids 

extraction mechanism was the diffusion. In this configuration, 80% wt of FAME yield was 

reached, but with the incorporation of a co-solvent into reaction (47% v/v of hexane), this 
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FAME yield increased to 94% wt. However, at upper levels of co-solvent a decrease on 

FAME yield was observed. It is suggested a decrease of the selectivity to polar lipid of 

microalga membranes with the increase co-solvent dosage.  

In Chapter 6, we show the feasibility of FAME production from wet microalgal biomass 

using a SBR, besides addressing the evaluation of the reaction kinetics. We observed that 

the reaction was tolerant to a moisture content of the biomass lower to 30% wt. Regarding 

reaction kinetics, the proposed model of FFA esterification and acylglycerols 

transesterification was suitable. 

 Finally, in Chapter 7 we present a general discussion and conclusion of this work, where 

the highest FAME yield was obtained in the reflux extraction reactor. However, in this 

system it is very difficult to calculate the real solvent ratio. Besides, it requires of large 

reaction time to reach the FAME extraction complete. Instead, in a stirred batch reactor, 

where the solvent is in direct contact with the biomass, the control of solvent volume is 

simple.  
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General Introduction 

1.1 Introduction  

Today energy is the most important resource for mankind and its sustainable development 

is becoming one of the global problems confronting the world due to the energy crisis. 

Major energy resources come from fuels, due to their energy content with significant 

amounts. Nowadays, there is a strong dependence of our life on fossil fuels such as petrol 

oil, coal and natural gas, since more than 80% of the world’s energy needs are from fossil 

fuels in the industrial production sector, domestic uses or in the transportation sector. The 

problem is mainly that the population growth is not covered by domestic crude oil 

production and its derivatives. In addition, the formation of fossil fuels requires millions of 

years, hence the petrol fuels are non-renewable as well as the change of the crude oil prices 

leads to global and international conflicts especially in the developing countries. Renewable 

energy is considered as one of the most important resources in many countries around the 

world, which accounts for about 10% of the world’s energy consumption and can be 

converted into other usable forms of energy as biofuels. Liquid biofuels have become a 

green important alternative fuel that offers several advantages including its renewability, 

high energy content and low emission profile of carbon dioxide.  

Biodiesel is a renewable non-toxic, biodegradable fuel that has a high cetane number and 

calorific value, low sulfur and aromatic, apart from a high flash point and lubricity 

(Demirbas, 2007; Ma & Hanna, 1999). In its burning emissions unburned hydrocarbons by 

over 90% and among 75-90% of polycyclic aromatic hydrocarbons are reduced. In 

addition, the emissions of particulate matter and carbon monoxide compared with 
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petroleum diesel are reduced, although nitrogen oxide emissions are slightly 

ncreased(Demirbas, 2007). 

Biodiesel has been produced mainly from oilseed intended to food consumption, such as 

rapeseed or soybeans (first-generation fuels), which has limited its development, because it 

competes directly with food. With the development of fuel of second and third generation, 

both microalgae and  other non-conventional raw materials such as oil palm, jatropha and 

waste oil, have generated great interest (Berchmans & Hirata, 2008b; Lozada et al., 2010).  

Microalgae have several advantages such as a higher rate of CO2 sequestration (up to 6,24 

Kg m-3 day-1), contrasting traditional crops (De Schamphelaire & Verstraete, 2009).  The 

highest yields in the production of lipids that the traditional crops. In relation to the 

volumes of water required for the cultivation of microalgae, they are up to 8 times  lower 

compared with a rapeseed crop, and  similar to a corn crop, but up to 10 times higher than 

switchgrass crops (Dismukes et al., 2008); microalgae can grow even in brackish water 

such as Dunaliella salina or non-arable land (Mata et al., 2010) or in 

wastewater with high organic matter content, as derived from agricultural waste (Mata et 

al., 2010; Wang et al., 2008a). Instead, oilseed crops only in fresh water (Dismukes et al., 

2008); microalgae also require minor extensions for their cultivation and during the 

exponential growth, they can duplicate their biomass content in 3.5 h with an oil content 

between 20% and 50% (on basis of dry weight biomass); The production of different types 

of lipids and hydrocarbons depending on the species of microalgae is another advantage 

that they have (Chisti, 2007; Mata et al., 2010) 
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Since its inception, biodiesel production based on traditional crops has been limited by the 

high cost of raw material. It is estimated that the cost of oil corresponds to a number near 

80% of the total cost of biodiesel production (Shi and Bao, 2008). To reduce this limitation, 

the research has been focused on finding cheaper feedstocks such as waste oil or non-

traditional crops e.g. jatropha or castor, among others. 

The research has been focused on the reduction of stages of the process such an alternative 

for mitigating the high cost of feedstock, or supercritical and direct or in-situ 

transesterifications.  

In transesterification with supercritical fluids (or non-catalytic transesterification) steps of 

removal of the catalyst and of saponified products are eliminated but their high costs limit 

their use (Cao et al., 2005; Kasteren et al., 2007). In contrast, the  in-situ transesterification, 

a direct conversion of biomass to monoester is possible, thereby eliminating the steps of 

extraction and purification of raw material (Ehimen et al., 2010b; Harrington & D’Arcy-

Evans, 1985; Harrington & D'Arcy-Evans, 1985b; Ozgul-Yucel & Turkay, 2002; Özgül & 

Türkay, 1993; Revellame et al., 2010; Shiu et al., 2010). Higher conversions into biodiesel 

have been obtained with in-situ transesterification compared with the conventional method 

(Harrington & D’Arcy-Evans, 1985; Harrington & D'Arcy-Evans, 1985b; Kildiran et al., 

1996b; Ozgul-Yucel & Turkay, 2002; Özgül & Türkay, 1993; Siler-Marinkovic & 

Tomasevic, 1998; Yi-Hsu & Shaik, 2005; Zeng et al., 2009b).  

Only a few reported studies regarding the production of biodiesel have focused on the 

production of biodiesel from microalgae, the majority has been limited to the increase of 

lipid productivity and culturing algae on a large scale (Krohn et al., 2011).  
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Besides, the in-situ transesterification has yielded high conversions to biodiesel in 

microalgae. However, eliminating the oil extraction step is one of the main challengers in 

the industrial production of biodiesel from microalgae. Lipid extraction from microalgae is 

performed by solvent extraction and not by conventional physical methods as expeller due 

to difficulties in breaking the cell wall, which is composed mainly by algaenan (Ehimen et 

al., 2010b)  

The enormous potential to develop a process of in-situ transesterification of biomass to 

biodiesel is interesting to be evaluated. It could simplify the process and get a more 

efficient way  
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1.2 Hypothesis and research objectives 

1.2.1 Hypothesis of the thesis: 

The mixture of solvents and acid catalyst in a system of simultaneous oil extraction and 

transesterification promotes oil extraction, increasing the kinetics of esterification and 

transesterification of lipids, because it is possible to maintain a higher stoichiometric ratio 

methanol-oil during the reaction. 

1.2.2 Research objectives 

1.2.2.1 General objective  

To improve the productivity in the production of biodiesel by direct transesterification of 

the Botryococcus braunii microalgae biomass in a simultaneous system of oil extraction, 

esterification and transesterification using a homogeneous acid catalyst. 

1.2.2.2 Specific objectives of the thesis 

1. To determine the influence of the solvent mixture in lipids extraction yield of 

Botryococcus braunii microalga biomass in a continuous.extraction system  

2. To determine the influence of the solvent mixture in the biodiesel production of 

Botryococcus braunii microalga biomass in a system of simultaneous oil extraction and 

transesterification using a homogeneous acid catalyst.  

3. Implementing of a continuous extraction system for oil extraction and biodiesel 

production from Botryococcus braunii microalga biomass using a homogeneous acid 

catalyst. 



 

 

 

 

 

 

Chapter 2 
Advances in direct transesterification of microalgal 

biomass for biodiesel production 
  

Published in Rev. Environ. Sci. Biotechnol. (2013) 12 (2): 179-199 
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1Scientific and Technological Bioresource Nucleus, Universidad de La Frontera, Casilla 54-

D, Temuco, Chile.  

2Departamento de Ingeniería Química, Universidad de La Frontera, Casilla 54-D, Temuco, 

Chile3 
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1. Introduction  

Increasing attention has been focused on the utilization of microalgae biomass as non-

conventional feedstock for biodiesel production. Compared to first generation biodiesel, 

microalgae strains can be cultivated on non-arable land using both, saline or wastewater 

with high organic matter content (Mata et al., 2010; Tredici et al., 1992; Wang et al., 

2008b; Widjaja et al., 2009). In addition, microalgae are characterized by a high biomass 

productivity, rapid lipid accumulation and a high CO2 sequestration rate (up to 6.24 Kg m-3 

day-1) compared to traditional crops (De Schamphelaire & Verstraete, 2009; Halim et al., 

2011; Tramper et al., 2003). According to several reports, lipids content of microalgae can 

vary between 15 and 75% in dry matter (Chisti, 2007; Mata et al., 2010). Lipids 

composition depends on the species and culture conditions, as are mainly composed by two 

fractions: i) saturated and monounsaturated fatty acids and acylglycerols which are suitable 

for biodiesel production (neutral lipids) and ii) waxes, sterols, ketones, hydrocarbons, 

carotenes and chlorophylls or unsaponifiable matter not suitable for biodiesel production. 

This latter fraction interferes in biodiesel production because of its foaming properties, 

which difficults the separation of the reaction products (Vera et al., 2011). This 

unsaponifiable matter is not affected during biodiesel preparation and it has no harmful 

effects in engines, except for a change in the crystallization onset temperature caused by 

polar sterols (Van Gerpen et al., 1996). 

Although there are several research works published in the field of transesterification of 

lipids derived from oilseeds, only few studies focused on the conversion of microalgae 

lipids by transesterification are available in the scientific literature. In fact, the main topics 

already published on biofuels production from microalgae deal with microalgae cultivation 
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conditions and the selection of most adequate strains, rather than the downstream process 

(Krohn et al., 2011; Mutanda et al., 2011). 

The processes to obtain biodiesel from microalgae by transesterification have several 

bottlenecks that difficult its industrial production. In fact, there are two main bottlenecks 

that directly affect the reaction yield:  i) to extract internal lipids is energetically 

demanding, as the cell wall of some species of microalgae can strongly modulate any 

extraction process and ii) lipids extraction yield is negatively affected in wet biomass. 

These key issues indicate the necessity of several process steps including biomass drying, 

cell disruption, lipids extraction, lipids separation, transesterification, and biodiesel 

purification.  

In this sense, direct transesterification of wet microalgae biomass may be considered as a 

promissory alternative that could simplify the biodiesel production process from microalgae 

by reducing the number of steps necessary to obtain the biofuel. In this scheme, extraction 

and transesterification are carried out in one step, with a direct reaction of oil-bearing 

biomass to biodiesel, avoiding the steps of cell disruption and lipids extraction from the 

feedstock.  

Therefore, the aim of this work was to review the different alternatives to produce biodiesel 

from microalgae, including the use of the whole biomass for biodiesel production, the use 

of different catalysts, besides a critical analysis of operational parameters and a novel 

approach for this process. 

2. Microalgae as feedstock biodiesel production 

Microalgae are photosynthetic eukaryotic organisms which can produce high-added-value 

compounds such as hydrocarbons, pigments, carbohydrates, proteins and lipids (Banerjee et 
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al., 2002; Chisti, 2007; Tran et al., 2009). These microorganisms can accumulate important 

quantities of lipids (Balat & Balat, 2010), and additionally, they present a fast growth and 

high productivity compared to agricultural crops (Chisti, 2007; Mata et al., 2010). 

Therefore, microalgae appear as an important feedstock for producing different types of 

biofuels (Sim et al., 2001) such as methane, bioethanol  and biodiesel (Banerjee et al., 

2002; Chisti, 2007; Khan et al., 2009; Melis & Happe, 2001; Spolaore et al., 2006). 

Besides, from exhausted microalgae biomass (before or after lipid extraction), a series of 

by-products of high added value can be produced, including nutraceuticals, biopolymers 

and fertilizers thus advancing in the microalgae biorefinery concept (Dismukes et al., 2008; 

Loera-Quezada & Olguín, 2010). 

Additionally, from an ecological and environmental point of view, microalgae cultures 

have a smaller ecological footprint because the land area needed for its production is 1-2 

orders of magnitude lower than conventional crops (as shown in Table 1). For instance, 

conventional crops such as soybean can produce approximately 636 L lipids/ha whereas 

microalgae could produce up to 58,700 L lipids/ha based on 30% lipids content in dried 

biomass.  
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Table 1. Comparison of different feedstocks for biodiesel production 

 

Depending on the specie and the culture conditions the lipids content in microalgae 

biomass can vary between 15% and 75% w/w, being the most common range between 20 

and 30% (Table 2). There are several reports in the literature related to the selection of the 

best microalgae strain for biodiesel production; however no clear selection criteria has been 

already establish. Rodolfi et al. (2009) found that Nannochloropsis is one of the best 

candidates for lipids production between 30 screened strains of microalgae, due its high 

lipids content. Lee et al. (2010) found that B. braunii is the best candidate for biodiesel 

production due its high lipids content in relation to C. vulgaris and Scenedesmus sp. 

However, B. braunii grows on fresh water, limiting its application compared to saline 

microalgae. Other researchers have focused on Chlorella sp, because it is readily available 

Oil crop Oil yield  
(L oil/Ha)  

Land area 
(m2 year/kg 
biodiesel) 

Oil content  
(% oil by wt 
in biomass) 

Prices 
(USD/ton) 

 

References 

First generation feedstock (Edible oils)   
Soybean 636 18 18 684 (Mata et al., 2010) 
Rapeseed 974 12 37-50 683 (Mata et al., 2010) 
Palm 5,366 2 36 478 (Mata et al., 2010) 
Second  generation feedstock    
Jatropha 741 15 Seed: 35-40 

Kernel: 50-
60 

739 (Gui et al., 2008a; 
Mata et al., 2010; 

Tomomatsu & 
Swallow, 2007) 

Castor 1307 9 48 1025 (CastorOil, 2012; 
Mata et al., 2010) 

 
Waste cooking 
oil 

- - - 224 (Balat, 2011) 

Yellow grease - - - 374 (Balat, 2011) 
Third  generation feedstock   
Microalgae 58,700-

136,900 
0.1-0.2 30-70 - (Mata et al., 2010) 
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and can be easily cultured at laboratory scale (Ahmad et al., 2011; Miao & Wu, 2006; 

Rodolfi et al., 2009; Xu et al., 2006). 

 

Table 2. Oil content of some microalgae (Chisti, 2007; Khan et al., 2009; Sakthivel et al., 
2011; Taher et al., 2010) 

Algal group Microalgae Oil content (% dry wt) 
 Botryococcus braunii 29-75 
Green algae Dunaliella primolecta 23 
 Tetraselmis sueica 15-23 
 Chlorella sp 28-32 
Diatoms Phaeodactylum tricomutum 20-30 
 Cylindrotheca sp 16-37 
 Nannochloris sp 20-35 
Eustigmatophytes Nannochloropsis sp 31-68 

 Isochrysis sp. 25-33 
 

The main lipids-producing microalgae species have a similar lipids profile, generally 

equivalent to vegetable oil from plants suitable for biodiesel production (Xu et al., 2006), as 

shown in Table 3. A typical fatty acids profile is composed by oleic (18:1), palmitic (16:0), 

stearic (18:0), iso-margaric 17:0, and linoleic (18:2) acid (Demirbas, 2009b; Demirbas & 

Demirbas, 2011). Table 3 shows the fatty acids composition of different vegetable species, 

where the high proportion of saturated and monounsaturated fatty acids are considered 

optimal to meet biodiesel quality standards (Dayananda et al., 2005; Demirbas, 2009b). 

However, not all lipids accumulated in microalgae can be transformed into biodiesel, 

indicating that neutral lipids is most important than total lipids content. The fatty acids 

profile is also affected by environmental factors and cultivation conditions, and may vary 

during different growth phases. Table 4 shows that the fatty acids composition of B. braunii 

can vary with different growth temperatures. In addition, it has been reported that nitrogen 

deficiency and salt stress could induce the accumulation of C18:1. Besides, it has been 
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shown that the presence of iron could stimulate the accumulation neutral lipids in Chlorella 

microalgae due to the modification of the metabolic pathways related to lipids 

accumulation (Liu et al., 2008; Mata et al., 2010; Sayadi et al., 2011; Sharma et al., 2012).  

Despite the several advantages of using microalgae biomass for lipids production compared 

to oil crops, the high production costs, around 4-10 times more expensive than petroleum-

derived fuels or first generation biodiesel (Groom et al., 2008) suggest that processing 

microalgae in a biorefinery concept could be a possible solution to overcome the 

economical problem in the near future. 
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Oils 

Table 3. Properties of feedstock used for biodiesel *) Waste cooking oils 
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First generation feedstock             
Soybean 32.6 914 - -3.9 -12.2 117-

143 
 10.7 3.9 22.8 50.8 6.8 - - 0.5 (Barnwal & Sharma, 2005; 

Ganesan et al., 2009a) 
Rapeseed 37 911 - -

3.9 
-32 94-

120 
 6.1 2.3 56.0 24.2 0.5 - - 0.7 (Barnwal & Sharma, 2005; 

Ganesan et al., 2009a) 
Sunflower 39.9 916 - 7.2 -15 110-

143 
 6.7 4.5 17-20 68.8 - - - - (Barnwal & Sharma, 2005; 

Ganesan et al., 2009a) 
Palm 41.67 - 0.15 11 8 35-61  42.8 4.5 40.5 10.1 0.2 - - 1.1 (Ma & Hanna, 1999; Moser, 2009) 
Second  generation feedstock             
Jatropha 35.4 918 0.24 - -6 101  14.2 6.9 43.1 34.3  - - 1.4 (Balat, 2011; Gui et al., 2008a) 

 
Camelina 28.2

8 
- 2.06 -

10 
-17 -  6.8 2.7 18.6 19.6 32.6 - -  (Moser & Vaughn, 2010) 

Castor 240 960 4.9 -
12 

-32 39.5  1.3 1.2 3.6 5.5 0.5 86 - - (Chakrabarti & Ahmad, 2008; Gui et 
al., 2008b; Martín et al., 2010) 

WCO(*) 36.4 - - - 11 141.5  20.4 4.8 52.9 13.5 0.8 - - 4.6 (Balat & Balat, 2010) 
Third  generation feedstock            

L. starkeyi - - - - - -  33.0 4.7 55.1 1.6 - - - 4.8 (Li et al., 2008) 
R. turoloides - - - - - -  24.3 7.7 54.1 2.1 - - - 1.1 (Li et al., 2008) 
M. isabellina - - - - - -  24–35 3.5–

8.0 
49–
54 

2–
11 

- - 0.4–
2 

- (Subramaniam et al., 2010) 

M. rouxii - - - - - -  20.1 9.6 22 17  - 18.1  (Jeennor et al., 2006) 
E. coli - - - - - -  25.0 - 31.8 - - - - 47.61 (Shaw & Ingraham, 1965) 
F. chlorophenolica - - - - - -  53.4 - 2.43 - - - - - (El-Naggar & El-Aaser, 2004) 
Microalgae - - - - - -  15 11 36 - - - - 15.8 (Demirbas & Demirbas, 2011) 
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Table 4. Fatty acid composition of some algae (% total fatty acids)  

Fatty acid Nannochloropsis 
sp 1 

Chlorella 
Sorokiniana1  

Chorella 
vulgaris1 

Isochrysis 
galbana1  

Spirulina 
platensis1 

Brotryococcus  
Braunii 2,3 

Brotryococcus  
Braunii 2,4 

Brotryococcus  
Braunii 2,5 

C12:0      0.10 0.27 0.55 
C14:0 6.90   23.10 29-34 1.00 1.49 3.40 
C14:1      0.09 0.16 0.41 
C15:0      0.71 0.68 1.62 
C16:0 19.90 40.00 18.00 14.00  26.24 24.68 28.34 
C16:1ω5     5.00-7.00    
C16:1ω6      0.37 0.62 0.43 
C16:1ω7 27.40 4.00 5.00 2.00  0.47 2.76 4.01 
C16:1ω9    1.00 36-39    
C16:1ω13      0.07 0.33 0.51 
C16:2 ω7  11.00 12.00 1.00     
C16:3  17.00 2.10      
C18:0    1.10 1.00-2.00 2.52 3.05 3.22 
C18:1 ω7    1.00  2.47 1.52 1.25 
C18:1 ω9 1.70 5.00 9.20 13.00 1-2 0.14 14.66 3.58 
C18:2 3.50 36.00 43.00 5.00 1.00-2.00 8.28 6.03 8.87 
C18:3      40.31 25.65 23.67 
C20:0      0.28 0.43 0.37 
C20:4      0.18   
C20:5 34.90   5.00  0.25   
20:3      0.16   
22:0      0.22 0.21 0.12 
24:0      0,32 0,29 0,19 
1(Hu et al., 2008), 2 (Kalacheva et al., 2002)3 cultivation temperature of 18°C for 6 days, 4 cultivation temperature of 25°C for 6 days 5 
cultivation temperature of 32°C for 6 days. 
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3. Transesterification for the synthesis of biodiesel  

Biodiesel is normally produced by transesterification of lipids (mainly triglycerides, TGs) 

using an alcohol as acyl acceptor and a catalyst (Khan et al., 2009; Meher et al., 2006; 

Mittelbach, 1996). Either primary or secondary short-chain alcohols are often used, such as 

methanol, ethanol or isopropanol (Ghadge & Raheman, 2006; Ma & Hanna, 1999). 

The production of biodiesel from microalgae as well as first generation biodiesel has been 

mainly performed in two stages, the first stage consisting in lipids extraction and the second 

one in biodiesel production (Figure 1). Lipids extraction from microalgal biomass is an 

important step in the overall process of biodiesel production. Extracting cellular internal 

lipids is energetically demanding (Brennan & Owende, 2010; Golueke et al., 1957), being 

necessary to apply cell disruption methods (Lee et al., 2010; Mendes-Pinto et al., 2001). 

The extraction of microalgae lipids is usually performed using solvents (Ehimen et al., 

2010a). Soxhlet extraction with hexane and the Blight and Dyer extraction method using a  

mixture of solvents (chloroform/methanol) are the most used techniques for lipids 

extraction from microalgae (Lee et al., 2010), where the extraction efficiency decreases 

with the increment of water content in the biomass. Other available techniques are 

supercritical fluid extraction, microwaves, ultrasound-assisted extraction and heat reflux 

extraction (Koberg et al., 2011). Supercritical carbon dioxide extraction has some 

advantages compared to other used techniques, including favorable mass transfer rates and 

production of solvent-free extracts, but the high costs associated to this process (equipment 

and operation) are the main disadvantages (Amaro et al., 2011; Koberg et al., 2011). 

 Extraction is the most important process before transesterification of lipids takes place, as 

its efficiency is directly related to the overall process efficiency in biodiesel production. 
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Therefore, it is necessary to develop cheaper and efficient extraction processes to reach 

industrial biodiesel production using wet microalgae at appropriate costs. 

 

 

 

 

 

 

 

 

 

Figure 1. Conventional process of producing biodiesel 

 

3.1 Catalysts used in microalgae lipids transesterification  

Transesterification of lipids for biodiesel production from microalgae has been carried out 

by both homogenous and heterogeneous catalysis (Nagle & Lemke, 1990b; Vijayaraghavan 

& Hemanathan, 2009). The main advantages and disadvantages of both catalysis types are 

shown in Table 5. In addition, Table 6 shows a summary with the most used catalysts for 

microalgae lipids transesterification. 

oil extraction oil purification TransesterificationBiomass 

Catalyst Alcohol: 

SeparationGlycerol 

Neutralization and 
washingDryer Methanol removalFinished 

Biodiesel 
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Table 5. Advantages and disadvantages of the main types of catalysts used for  transesterification  1 
Catalyst Advantages  Disadvantages  References 

Homogeneous 
Alcaline  
 

(a)Higher reaction rate and higher 
conversion (> 90%).  
(b) Low cost and widely available. 
 
  

(a) Formation of soaps for saponification in presence 
of FFA (>1%) and water (>0.06%). 
(b) Necessity of a stage for removing the catalyst. 
(c) Wastewater production for washing the biodiesel to 
removal glycerol and rest of catalyst 

(Antolín et al., 2002; Huang 
et al., 2010; Ma & Hanna, 
1999; Meher et al., 2006; 
Vicente et al., 2004) 

Heterogeneous 
alkaline 

(a) Higher reaction rate than acid catalyst. 
(b) Easy separation of catalyst from product. 
(c) Possibility to reuse and regenerate the 
catalyst 

(a) Sensitive to FFA content in oil with of soap 
formation  

(b) Leaching of catalyst during the reaction  

(!!! INVALID CITATION 
!!!) 

Homogeneous 
acid 
 

(a) It does not affected by water content of 
raw material and FFA feedstock 

(b) Simultaneous esterification and 
transesterification  

(a)Low reaction rate (4000 times slower than the 
alkali-catalyzed transesterification). 
(b) Necessity for catalyst neutralization  
(c) Necessity of a stage for removing the catalyst. 
 

(Ghadge & Raheman, 2006) 
 

Heterogeneous 
acid 
 

(a)It does not affected by water content of 
raw material and FFA feedstock 
(b) Simultaneously esterification and 
transesterification  
(c )Easy separation of catalyst from product. 
(d )Possibility to reuse and regenerate the 
catalyst 

(a) Leaching of catalyst during the reaction 
(b)High reaction temperature, high molar ratio 
alcohol/oil and high reaction time are required  

(!!! INVALID CITATION 
!!!) 
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Table 6  Transesterification of microalgae oils 
           Reaction conditions Physicochemical properties of biodiesel 

Alkyl 
esters 
(%) 

 
Microalgae  

Catalyst 
 

Algae: Catalyst 
( wt or vol. 
/wt or vol.) 

 
T 

(°C) 

 
oil: alcohol 

(wt or mol or 
vol/vol. or mol) 

 
Time 
(min) 
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/g
)  

References 

Homogeneous catalyst  
Schizochytrium 
limacimun 

H2SO4 1:0.6 
(vol oil/vol) 

90 1:3.4 
(wt /ml 

methanol) 

40 - - - - - - 66.3715
2.662 

(Johnson & Wen, 
2009) 

Chlorella 
protothecoides 

H2SO4 1:1 
(vol oil/vol) 

30 1:56 
(mol /mol 
methanol) 

240 864 5.2 115 -12 41 0.37 80 (Xu et al., 2006) 

Chlorella 
protothecoides 

H2SO4 1:0.60 
(vol oil/vol) 

50 1:30 mol /mol 
methanol 

300 862 - - - - - >70 (Miao & Wu, 
2006) 

Tetraselmis suecica H2SO4 1:0.018 
(vol oil/vol) 

80 1:20 (wt /ml 
methanol) 

20 - - - - - - 78 (Wahlen et al., 
2011a) 

 
Freshwater algae KOH 1:0.0125 

(wt oil/wt) 
- 10:3 (wt 

triglyceride/ml 
ethanol) 

540 801 - 98 -14 40 0.4 - (Vijayaraghavan & 
Hemanathan, 

2009) 
Oedigonium sp. NaOH 1:0.083 

(wt oil/wt) 
 1:8 (vol /vol 

methanol) 
- - - - - - - >90 (Hossain et al., 

2008) 
Heterogeneous catalyst            

Nannochloropsis 
oculata 

CaO/Al2O3 1:0.02 (wt /wt) 50 1:30 
(mol/mol) 

240 - - - - - - 97.53 (Umdu et al., 
2009) 

Enzymatic catalyst            
Chlorella 
protothecoides 

candidiasis 
sp. 

1:0.75 
(wt/wt) 

- 1:3(mol oil/mol 
methanol) 

720 - - - - - - 98 (Li et al., 2007) 

1 With addition of Chloroform (4ml) and dry algae. 2 With addition of Chloroform (4ml) and Wet algae   380% loading CaO in Al2O3 
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3.1.1 Homogeneous catalysis 

Homogeneous alkaline catalysis 

Homogeneous catalysis includes alkaline and acid catalysts (Ganesan et al., 2009a; Lam et 

al., 2010). Homogeneous alkaline catalysis has been the most used route for biodiesel 

production from oils and fats, as it catalyzes the reaction at low temperature and 

atmospheric pressure. In addition, high conversion yield can be achieved in short  times 

(minutes), being the most economical way to catalyze the transesterification reaction 

(Freedman et al., 1984; Fukuda et al., 2001; Ganesan et al., 2009a; Hossain et al., 2008; 

Lam et al., 2010). NaOH is widely used in homogeneous alkaline industrial catalysis 

(Meher et al., 2006), as  it promotes high reaction biodiesel productivities and has a low 

cost (Ma & Hanna, 1999). After transesterification, the catalyst, glycerol and other 

impurities such as soap must be removed. Saponification compounds containing alkaline 

metals may increase biodiesel ash content and particulate matter emissions. In addition, 

alkaline metals may generate some problems in the engines, such as corrosion of motor 

components and deactivation of catalytic converters (Cooke et al., 2009; Meher et al., 

2006). 

Biodiesel production from microalgae lipids has been performed using both acid and 

alkaline homogeneous catalysis (Nagle & Lemke, 1990b; Vijayaraghavan & Hemanathan, 

2009). However, due to the high FFA content in microalgae lipids alkaline catalysts are not 

suitable for biodiesel production (Ehimen et al., 2010a; Miao & Wu, 2006). Nagle and 

Lemke (1990) reported that the use of acid catalysts produced higher biodiesel conversion 

yield from microalgae lipids compared to alkaline catalysts under the same reaction 

conditions. In addition, Hossain et al. (2008) reported the possible conversion of lipids 
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from Spirogyra sp. and Oedogonium sp with sodium hydroxide as catalyst into biodiesel, 

however using hexane as co-solvent in the transesterification process. 

Homogeneous acid catalysis 

Acid catalysts are used when the free fatty acids (FFA) content in lipids is higher than 1% 

wt. (Lam et al., 2010; Ma & Hanna, 1999; Schuchardt et al., 1998). Therefore, liquid acid 

catalysts have been proposed to overcome the limitations of high FFA content. The most 

used acid catalysts in the transesterification process are H2SO4 and HCl. Both have the 

advantage of promoting high conversion yields from feedstocks with high acidity, due to 

FFA esterification. However, they require larger response times unlike alkaline catalysts 

(Ganesan et al., 2009b; Krohn et al., 2011; Nagle & Lemke, 1990b). 

The use of acid catalysts can promote both transesterification and esterification reaction of 

microalgae lipids. Miao and Wu (2006) reported biodiesel production yields higher than 

70% wt. in 5 h with H2SO4 as catalyst using the microalgae Chlorella protothecoides with a 

lipids content of 55% wt. (Table 6). Moreover, Johnson and Wen (2009) reported 

conversions over 50% wt. using the microalgae Schizochytrium limacinum with a shorter 

reaction time (40 min) due to the addition of chloroform in the reaction.  

 

Two-step reaction using homogeneous catalysis 

Some studies have proposed a combination of both catalysts acid and alkaline to produce 

biodiesel from lipids with a high FFA content (Francisco et al., 2010; Lam et al., 2010). 

Initially, an acid catalyst is used to convert FFA into esters through esterification. When 

FFA content in the lipids is reduced to less than 1 % wt., a second transesterification step of 

lipids can be performed by using an alkaline catalyst (Canakci, 2007; Canakci & Van 

Gerpen, 2003; Felizardo et al., 2006). Canakci and Van Gerpen (2003) reported the 
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production of biodiesel from feedstocks with high FFA content via a two-step method. The 

feedstock was first treated with H2SO4 to reduce FFA level to less than 1 % wt., followed 

by transesterification catalyzed by KOH. 

Francisco et al. (2010) reported the biodiesel production from microalgae lipids in two 

steps, where they found a saponification followed by esterification using H2SO4. According 

to Canakci (2007) the efficiency of the two-step catalysis method of lipids with a high FFA 

content could be higher than 90%. However, high concentrations of the alkaline catalysts 

are necessary, due to the neutralization produced by the presence of the acid catalyst from 

the first step, increasing the operational costs (Kulkarni & Dalai, 2006; Lam et al., 2010). 

Despite the high conversion yields reached by homogeneous catalysis, there is always a 

catalyst loss after the reaction. The catalyst may remain in the biodiesel phase, and 

therefore a biodiesel refining or washing step is needed. In this sense, the use of 

heterogeneous catalysis in biodiesel production will play a relevant role in the near future. 

3.1.2 Heterogeneous catalysis 

Different solid catalysts have been developed for biodiesel production, such as zeolites, 

oxides, hydrotalcites, and exchange resins, among others. Heterogeneous catalysis has 

several advantages as it is a non-corrosive process, environmentally friendly and presents 

fewer disposal problems. Solid catalysts can also be designed to give higher activity, 

selectivity and longer catalyst lifetimes, but the energy requirements are higher (Liu et al., 

2007). Heterogeneous catalysis includes alkaline and acid solid catalysts. 

 

Heterogeneous alkaline catalysis 
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Heterogeneous alkaline catalysis is widely used in the transesterification process, as it 

promotes a faster reaction rate and an easily separation of the final product (Lam et al., 

2010; Liu et al., 2007). Calcium oxide has been the most used solid alkaline catalyst in 

transesterification of lipids or fats. The use of CaO for biodiesel production has drawn 

much attention due to its high basic strength and low solubility in methanol, being 

synthesized from cheap sources like limestone and calcium hydroxide (Zabeti et al., 2009). 

However, CaO can be consumed during transesterification as it reacts with glycerol 

forming calcium diglyceroxide (Kouzu et al., 2008a; Kouzu et al., 2009). In addition, CaO 

is rapidly hydrated and carbonated in air presence, deteriorating its catalytic performance. 

The reduction of its catalytic activity is produced by the adsorption of CO2 and H2O on the 

solid surface in the form of carbonates and hydroxyl groups (Granados et al., 2007; Hattori, 

1995). Nevertheless, the catalytic activity of CaO can be regenerated by means of thermal 

treatment at 700°C (Lam et al., 2010). 

Heterogeneous alkaline catalysis has been reported in the process of lipids and fats 

transesterification including MgO, SrO, BaO, and mixed Mg-Al2O3, among other catalysts 

(Lam et al., 2010; Liu et al., 2007). However, the use of solid alkaline catalysts can result in 

low biodiesel conversion yields when high FFA content is present in lipids, promoting soap 

formation. For instance, CaO and MgO can promote the formation of calcium and 

magnesium soap, being their use restricted in the case of microalgae oil transesterification 

(Kouzu et al., 2008b; Liu et al., 2007; Umdu et al., 2009). Moreover BaO has been 

suggested as an effective catalyst that promotes the reaction due to its high activity or high 

strength of basic sites compared to other oxides. The number of basic sites per weight unit 

for this type of catalysts increases in the order MgO < CaO < SrO < BaO (Hattori, 1995; 

Zhang et al., 1988). However, BaO has been also reported as an unsuitable catalyst for this 



 

23 
 

process, as it dissolves in methanol and has a low surface area (Lam et al., 2010; Patil et al., 

2011c). In addition, SrO has been found to be suitable for the transesterification of 

vegetable lipids with a conversion yield higher than 95%, maintaining its activity even after 

10 repeated cycles (Liu et al., 2007; Zhang et al., 1988). 

Umdu et al (2009) reported the transesterification of lipids from the microalga 

Nannochloropsis oculata by using CaO and MgO supported on alumina. They reported that 

pure CaO and MgO were not active and CaO/Al2O3 catalyst showed the highest activity, 

due to high basicity (number of basic sites per square meter) and basic strength. The highest 

yield (97.5%) was obtained when loading CaO on Al2O3 (80-20% wt.) using a 

methanol/lipid molar ratio of 30:1. 

Other important catalyst used in the transesterification of lipids is K3PO4, which has shown 

a high catalytic activity in the reaction. K3PO4 can be hydrolyzed in the presence of water, 

forming HPO4
2−, H2PO4

− and OH− ions in the reaction solution, being the resulting reaction 

mixture strongly alkaline (Thanh et al., 2012). Guan et al (2009) found a yield of 97.3% in 

the transesterification of waste lipids using a catalyst concentration of K3PO4 of 4 wt.% at 

60 °C for 120 min. 

 

Heterogeneous acid catalysis 

Solid acid catalysts have a strong potential to replace liquid acid catalysts in biodiesel 

produced from microalgae lipids (Ganesan et al., 2009a). The most used catalysts in 

heterogeneous acid catalysis for lipids transesterification are zirconium oxide (ZrO2), 

titanium oxide (TiO2), zeolites, ion exchange resins and heteropolyacids. 

ZrO2 has been used as a solid acid catalyst for transesterification of different feedstocks due 

to its strong surface acidity. This acidity can be enhanced by coating the surface with 
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anions like sulfate, tungstate and alumina. The combination of Al2O3 or tungsten oxide 

(WO3) with ZrO2 enhances the acidity and mechanical strength of the catalyst. On the 

opposite, the mixture of ZrO2 with sulfuric acid (H2SO4) is not effective due to sulfate 

leaching during transesterification (Lam et al., 2010).  

In biodiesel production from microalgae, the Mcgyan® Process has been reported. The 

Macgyan® process uses porous metallic oxides composed by ZrO, TiO and Al2O3 that 

simultaneously esterified and transesterified FFA and triglycerides (TG) to biodiesel under 

supercritical conditions, with residence times of only a few seconds (Krohn et al., 2011; 

McNeff et al., 2008). 

The main advantages of acid heterogeneous catalysis for the transesterification of 

microalgae lipids are the possible catalyst recovery and reutilization, and higher efficiency. 

However, more research is necessary specifically in the re-activation process for their 

suitable reutilization.  

 

3.1.3 Enzymatic catalysis 

Biological catalysts can be used to transform lipids with high FFA content, such as 

microalgae lipids, which is a limitation for homogeneous alkaline catalysis. FFA can be 

esterified to alkyl esters in the reaction using lipases. Lipases do not require excessive 

energy expenditures and if the catalyst is immobilized, it facilitates its recovery and reuse 

(Azócar et al., 2011; Ciudad et al., 2011; Fukuda et al., 2001). However, the lower 

productivity due to higher reaction times added to the high cost of biological catalysts 

limits its development. 

In relation to microalgae biodiesel production, there are only few reports related to 

transesterification with lipases. Li et al (2007) reported 98% yield of biodiesel for the 
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transesterificación of microalgae lipids of Chlorella protothecoides using 75% of lipase 

candidiasis sp (12,000 U g-1, based on lipids quantity) and a 3:1 methanol to lipids molar 

ratio for a reaction time of 12 h. The main problem of using lipases as catalyst is related to 

the lipids composition and the presence of possible inhibitors that could affect the 

performance of the biological catalyst (Liu et al., 2010). 

Several steps are necessary to extract the lipids from microalgae biomass. It is necessary to 

dry the biomass to increase the lipids extraction yield and to use solvents for the extraction 

process. In addition, a solvent recovery stage including biodiesel refining is needed. In this 

sense, the exploration of other alternatives such as the direct use of biomass in an in-situ 

transesterificaction process may be also attractive. 

 

3.2 Direct transesterification of microalgae biomass 

The production of biodiesel is mainly based on the use of refined lipids as feedstock, which 

contribute up to 70% of the total biodiesel costs (Haas et al., 2006). Therefore, reducing the 

lipids extraction and purification steps could be a useful way to decrease biodiesel 

production costs from microalgae (Amaro et al., 2011). 

An alternative to the conventional process (Figure 2) is the direct transesterification, where 

the lipid extraction and transesterification are carried out in one step, with a direct reaction 

of oil-bearing biomass to biodiesel (Amaro et al., 2011; Ehimen et al., 2010a; Haas et al., 

2006). 

The first research of direct transesterification was published by Harrington and D’Arcy-

Evans (1985). In fact, using sunflower seeds authors obtained more biodiesel (up to 20%) 

by direct transesterification compared to the conventional lipid extraction and 
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transesterification process (Harrington & D'Arcy-Evans, 1985a). This method could be 

advantageous when using microalgae biomass, as the lipid extraction process from 

microalgae is usually performed by a specific solvent (Ehimen et al., 2010a). A solvent that 

could be simultaneously used for the extraction process and as acyl acceptor for 

transesterification would be desirable for decreasing total biodiesel production costs. In 

addition, Wahlen et al. (2011) reported that biodiesel production yield could be 

incremented by the extraction of fatty acids from membrane phospholipids of microalgae 

cells. Table 7 shows a summary of different studies on direct transesterification for 

biodiesel production from microalgae biomass. This method has a potential application in 

biodiesel production at industrial level using different raw materials. According to different 

reports, the most important parameters influencing in the process are: a) alcohol/lipids 

molar ratio, b) catalyst dosage, c) reaction time, d) temperature, e) the use of a co-solvent 

and f) the water content of the biomass (Ehimen et al., 2010a; Georgogianni et al., 2008; 

Griffiths et al., 2010; Haas et al., 2004; Harrington & D’Arcy-Evans, 1985).  

 

 

 

 

 

 

 

Figure 2. In-situ transesterification process of producing biodiesel 

Biomass 

Finished 
Biodiesel 

Glycerol 

Neutralization and 
washingDryer

SeparationTransesterification Methanol removal
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Table 7. Direct transesterification of microalgae biomass 
 

 
1 Chloroform as solvents use (4ml) and dry algae. 2Chloroform as solvents use (4ml) and wet algae. 

  
Reaction conditions 

Physicochemical 
properties of 

biodiesel 
  

Microalgae Catalyst Algae: Catalyst 
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mol) 

Time 
(min) 

 

D
en

si
ty

 (K
g/

m
3 ) 

V
is

co
si

ty
 (c

St
) 

Fl
as

h 
po

in
t (

°C
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Alkyl 
Esters 
(%) 

References 

Conventional direct transesterification 
Schizochytrium 
limacimun 

H2SO4 1:0.6 
(wt dry algae/ml) 

90 1:3.4 (wt/ml 
methanol) 

40 - 3.87 204 63.471 
 

(Johnson & Wen, 2009) 

Schizochytrium 
limacimun 

H2SO4 1:0.6 
(wt wet algae/ml) 

90 1:3.4 (wt wet 
algae/ml methanol) 

    7.762 (Johnson & Wen, 2009) 

Chrorella H2SO4 1:1 
(wt dry algae /wt) 

90 1:4 (wt/ml 
methanol) 

480 883 - - - (Ehimen et al., 2010a) 

Chaetoceros gracilis H2SO4 1:2.2 (v oil/ml)  80 1:20 (wt/ ml 
methanol) 

10 - - - 32.9 (Wahlen et al., 2011a) 

Nannochloropsis sp. SrO 1:0.3 (wt /wt) 60  5 - - - 2.9 (Koberg et al., 2011) 
Assisted direct transesterification         
         

Supercritical methanol          
Nannochloropsis sp. - - 255 1:9 (wt wet algae 

/ml methanol) 
25 - - - 90 (Patil et al., 2011b) 

Microwave       
Nannochloropsis sp. KOH 1:0.02  

(wt dry algae /wt)  
- 1:12 (wt dry algae 

/ml methanol) 
4 - - - >77 (Patil et al., 2011a) 

 
Nannochloropsis sp. SrO 1:0.3 (wt /wt) 60 1:1 (wt dry algae 

/ml methanol) 
5 - - - 37.1 (Koberg et al., 2011) 

 
Ultrasound radiation         
Nannochloropsis sp. SrO 1:0.3 (wt /wt) 60 1:1 (wt dry algae 

/ml methanol) 
5 - - - 20.9 (Koberg et al., 2011) 
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3.2.1 Critical parameters in the direct transesterification of microalgae biomass 

3.2.1.1Alcohol type and alcohol/lipids molar ratio 

In the direct transesterification process, alcohol performs a vital role in the reaction, acting 

as both solvent (extracting the lipids from the cells) and as acyl acceptor (converting lipids 

to fatty acid alkyl esters) (Georgogianni et al., 2008; Wahlen et al., 2011a). 

Methanol has been the most used alcohol in the direct transesterification process, although 

it can extract less TG from microalgae biomass compared to other alcohols in a direct 

transesterification process (Georgogianni et al., 2008; Kildiran et al., 1996b). In this type of 

reactions, the effect of alcohol is complementary to the type of catalyst. A homogenous 

catalysis (alkaline or acid), facilitates the lipids extraction with an increase in the 

production to biodiesel by direct transesterification of biomass. 

In direct transesterification, higher efficiencies in the extraction of TG have been reported 

for primary alcohols of longer chains such as ethanol, 1-propanol, 1-butanol, 2-methyl-1-

propanol, and 3-methyl-1-butanol, among others (Kildiran et al., 1996b; Wahlen et al., 

2011a). 

Wahlen et al (2011) reported the use of primary alcohols of longer chains in the direct 

transesterification of the microalgae Chaetoceros gracilis. They found TG higher extraction 

yields with primary alcohols of longer chains, rather using than methanol. However, when 

H2SO4 was used as catalyst, alcohol type presented no significant effect in fatty acid alkyl 

esters production yield, being similar to those obtained with methanol. 

Normally, the methanol/lipids molar ratios used for direct transesterification are much 

higher than the stoichiometric value to favor products formation as transesterification is an 

equilibrium reaction. For the direct transesterification of sunflower lipids, methanol/lipids 
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molar ratios of 532:1 (Harrington & D'Arcy-Evans, 1985a), 300:1 (Siler-Marinkovic & 

Tomasevic, 1998), and 543:1(Haas et al., 2004) have been reported. For direct 

transesterification of rapeseed lipids values of 275:1 (Haagenson et al., 2010) have been 

reported, while for soybean oil values of 226:1 (Haas et al., 2004). 

Ehimen et al (2010) used a methanol/lipids molar ratio between 105:1 and 524:1 for the 

direct transesterification of Chlorella biomass. They observed a reduction of specific 

gravity with the increase in the methanol/lipids molar ratio from 105:1 to 315:1 and with 

increasing temperature from 23°C to 90°C. However, no significant trends were observed 

when a higher methanol/lipids molar ratio was used (higher than 315:1). Alcohol excess 

plays also a role as extraction solvent, providing access of alcohol and catalyst to the 

substrate, altering the permeability of the solid substrate (Haas & Scott, 2007). In the 

reaction, methanol excess is responsible for breaking linkages between glycerin and fatty 

acids, being its presence essential in the process (Al-Widyan & Al-Shyoukh, 2002). 

However, a high methanol excess can provoke a decrease in the separation yield between 

ester and glycerin phases (Miao & Wu, 2006). 

Although direct transesterification may need a higher solvent volume, it could be an 

alternative for industrial microalgae biodiesel production, as the solvent could be recovered 

and reused in the process in a closed loop, reducing thus the negatively impact of the 

solvents in the whole process costs 

3.2.1.2 Catalysts role   

The production of biodiesel by direct transesterification has been mainly performed by 

using acid catalysis, due to high FFA content of microalgae lipids. Here, sulfuric acid has 
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been the most used catalyst as it converts both TAG and FFA into biodiesel (Ehimen et al., 

2010a; Wahlen et al., 2011a).  

Regarding the dosage of catalyst used in transesterificacion of biomass, values between 20 

and 100% (based on lipids content in biomass) have been reported. In this process, the 

catalyst might facilitate the lipids extraction due to the cell wall rupture, complementing the 

alcohol role in the lipids extraction. 

Miao and Wu (2006) used the microalgae Chlorella protothecoides and applied 

concentrations ranging from 25% to 100% wt. (based on lipids content) of acid catalyst. 

They reported an increment in biodiesel yield with catalyst concentrations up to 60%. 

Although higher catalyst concentrations could reduce reaction time (Al-Widyan & Al-

Shyoukh, 2002; Siler-Marinkovic & Tomasevic, 1998), they reported that higher 

concentrations of the acid catalyst reduced the reaction yield, probably due to lipids 

destruction in such acidic conditions. 

Although acid catalyst concentration is a very important parameter in transesterification 

efficiency (Demirbas, 2007; Meher et al., 2006; Schuchardt et al., 1998), in the case of 

direct transesterification this parameter however does not show a clear effect in biodiesel 

production yield.  

3.2.1.3 Temperature and reaction time  

Previous studies of conventional and direct transesterification have demonstrated that when 

increasing the temperature the time necessary to reach maximum biodiesel yield decreases 

(Ozgul-Yucel & Turkay, 2002; Wahlen et al., 2011a). This effect has been mainly reported 

for acid catalyzed transesterification reactions (Canakci & Van Gerpen, 2003; Ozgul-Yucel 

& Turkay, 2002; Wahlen et al., 2008). This increment can be attributed to an enhanced 
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miscibility between the reacting species (Ehimen et al., 2010a; Ozgul-Yucel & Turkay, 

2002). Temperature is fundamental in the transesterification process, and to a positive 

effect in lipids extraction yield due to an increment in lipids solubility. In addition, high 

temperatures may increase biodiesel production yield, but also producing a possible lipids 

degradation (Canakci and Van Gerpen 2003) 

3.2.1.4 Co-solvents 

In direct transesterification of microalgal biomass, the selected alcohol must fulfill two 

simultaneous roles: to extract the lipids and to participate as acyl acceptor in the 

transesterification reaction. Due to the low performance of aliphatic alcohols such as 

methanol as lipids extractants from biomass, the incorporation of a co-solvent in the 

reaction medium has been evaluated. The use of co-solvents could improve the 

performance of direct transesterification systems. In fact, an appropriate co-solvent can 

improve mass transfer and accelerate lipids extraction, even reducing the extraction time 

(Johnson & Wen, 2009; Zeng et al., 2009a). 

Zeng et al. (2009) evaluated the lipids extraction yield at 25°C for 60 min with different 

solvents, detecting that the highest extraction yield was obtained for diethoxymethane 

(96%), followed by hexane (93%), tetrahydrofuran (93% ) and methanol (< 9%). This low 

lipids extraction yield obtained with methanol indicates that this solvent is not suitable to 

perform direct transesterification of microalgal biomass; however, lipids extraction could 

be increased by incorporating a suitable co-solvent in the reaction medium.  

Different co-solvents have been used for the direct transesterification of oilseed biomass, 

such as: tetrahydrofuran (THF), diethoxymethane (DEM), hexane, benzene, toluene, 

chloroform and petroleum ether (Carrapiso & García, 2000; Johnson & Wen, 2009; Zeng et 
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al., 2009a). Benzene and toluene lipids extraction yield is higher compared to chloroform, 

but benzene is toxic. Several researchers have used toluene as co-solvent, however, toluene 

can overlap the peaks of short-chain fatty acid methyl esters, interfering the measurement 

and quantification of biodiesel content (Carrapiso & García, 2000; Sukhija & Palmquist, 

1988).  

Zeng et al (2009) found that DEM was a suitable co-solvent in the direct transesterification 

of sunflower seed with methanol. In addition, Johnson and Wen (2009) found that 

chloroform was a more suitable co-solvent in the direct transesterification of microalgae 

Schizochytrium limacinum at 90°C and for 40 min. Johnson and Wen (2009) reported a 

biodiesel yield of 63.47% using chloroform as co-solvent. The lowest biodiesel yields were 

obtained with hexane (9.15%) and petroleum ether (9.71%). 

3.2.1.5 Direct transesterification using wet biomass 

The influence of microalgae moisture levels is relevant regarding biofuel production costs. 

According to several reports, high moisture content in the biomass has a negative effect on 

lipids conversion yield into biodiesel as hydrolysis reactions of lipids with the formation of 

fatty acids are promoted (Ehimen et al., 2010a; Johnson & Wen, 2009; Wahlen et al., 

2011a). Ehimen et al (2010) reported a reduction in lipids conversion yield to biodiesel 

with an increment in water content for direct transesterification using Chlorella biomass. 

When the biomass moisture level reached 0.7% wt, a conversion yield of 81.7% wt was 

observed, however, for Chlorella biomass with 73% wt water content only a 19.5% wt 

conversion yield into biodiesel was obtained. 
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An alternative to overcome the effect of water content in biomass for the direct 

transesterification process is the increase in methanol dosage and the use of supercritical 

processes.  

 

a) Increasing methanol excess 

The negative effect of high water content can be partially compensated by using more 

methanol in the reaction (Wahlen et al., 2011a). Wahlen et al (2011) observed that an 

increase in water content, provoked a reduction from 100% to 50% in biodiesel production 

yield when using wet algae biomass for direct transesterification. However, when 

increasing the methanol/biomass wt. ratio from 25 to 53, the biodiesel production yield was 

improved from 50% to 84% using an equal content of water and biomass. 

Increasing the methanol volume in direct transesterification reaction is an alternative to 

reduce costs associated to biomass drying process, although it remains uncertain whether 

these savings will offset the cost of the increased methanol volume. 

 

b) Supercritical processes 

A catalyst-free method for biodiesel production has been recently developed by employing 

supercritical methanol (Demirbas, 2009a). This process is carried out at high reaction 

temperature and pressure (> 240 °C and > 8 MPa, respectively) (Kusdiana & Saka, 2004). 

Supercritical methanol can form a single phase with lipids, in contrast to the two phases at 

the normal conditions. This can be achieved because the decrease in the dielectric constant 

of methanol at supercritical state. In such a supercritical process, the reaction was 

completed in a very short time within 2 to 4 min, and no feedstock pretreatment (reduction 

of FFA and water) and post-reaction processes (washing) are needed (Song et al., 2008).  
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This method has been mainly used for biodiesel production from lipids, where FFA and 

triglycerides can be simultaneously esterified and transesterified (Kusdiana & Saka, 2004). 

Although the high costs and energy requirements have limited its development, Kusdiana 

and Saka (2004) reported optimum transesterification conditions of rapeseed oil to 

biodiesel at 350°C, 43 MPa and 4 min with an oil/methanol molar ratio of 1:42.  

Supercritical processes have been also used in the direct transesterification of microalgal 

biomass, as alcohol in supercritical state (methanol) can simultaneously extract and 

transesterify the lipids (Patil et al., 2011b).  

Supercritical transesterification can be considered as an alternative process to reduce costs 

associated with drying microalgal biomass for biodiesel production. High moisture content 

does not interfere in the reaction unlike a standard alkaline catalyzed transesterification. 

Patil et al. (2011b) reported biodiesel production using wet algal biomass containing about 

90% water under supercritical methanol conditions. They reached 90 % biodiesel yield 

applying a   wet microalgal biomass/methanol ratio of 1:9 wt/v, a reaction time of 25 min 

and reaction temperature of 255°C, when performing direct transesterification of 

Nannochloropsis. 

Recently, a process that combines two processing steps of microalgal biomass, including 

lipids hydrolysis and further transesterificaction has been reported (Levine et al. 2010). In 

the first step, wet microalgal biomass reacts under subcritical water conditions to hydrolyze 

intracellular lipids, to conglomerate cells into an easily filterable solid that retains the 

lipids, and produces a sterile, potentially nutrient-rich aqueous phase. In the second step, 

the wet FFA rich solids are subjected to supercritical direct transesterification with ethanol 

to produce biodiesel in the form of fatty acid ethyl esters (FAEE). 
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3.3 Novel approaches in direct transesterification of microalgal biomass  

To improve the direct transesterification process, different technologies have been applied 

mainly including microwave and ultrasonic technology. 

3.3.1 Microwave technology 

Transesterification can be performed using different heating systems, also including 

microwave radiation. Microwave radiation is a non-ionizing radiation that influences 

molecular motions such as ion migration or dipole rotation, not altering the molecular 

structure. A molecule possessing a dipole moment is sensitive to external electric fields. 

Therefore, when it is exposed to microwave radiation, its dipole rotation will attempt be 

aligned with the applied electric field (Refaat, 2010).  

In microwave-assisted transesterification, methanol absorbs microwave radiation, 

redirecting its dipole quickly. This rearrangement allows the destruction of the methanol-

lipids interface extracted from the dry algae (Patil et al., 2011a) 

Transesterification reaction carried out under microwave radiation is efficiently accelerated 

to short reaction times. Besides, a drastic reduction in glycerol production is observed 

(Azcan & Danisman, 2008; Barnard et al., 2007; Hernando et al., 2006; Rathana et al., 

2010). The microwaves transfer energy in an electromagnetic form, and the oscillating 

microwave field tends to move continuously to polar ends of molecules or ions (Azcan & 

Danisman, 2008). Consequently, collisions and friction between the moving molecules 

generate heat (Marra et al., 2010). Heat is transferred directly into the reaction media with a 

rapid temperature increase throughout the sample (Lam et al., 2010). 

In microwave assisted transesterification of lipids mainly alkaline catalysts have been used. 

Hernando et al. (2006) reported 92% biodiesel yield from rapeseed lipids with 1.3% wt. 
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NaOH after 5 min, while Azcan and Danisman (2008) reported 93.7% biodiesel yield from 

rapeseed lipids with 1% wt. KOH in 5 min. Moreover, research concerning the use of 

microwaves in transesterification of feedstocks with a high FFA content has been already 

published. Rathana et al. (2010) reported a two-step process assisted by microwave 

irradiation with kenaf seed lipids. In the first stage FFA levels decreased from 11% wt. to 

0.312% wt. using sulfuric acid as catalyst, while in the second step, lipids were methylated 

under microwave radiation, reporting 94% biodiesel yield with 0.55% wt. KOH in 6.5 min. 

Barnard et al. (2007) reported the production of biodiesel from waste cooking oil in only 

one step, under continuous flow. In that study 97.9% biodiesel yield, after 10 min with 1% 

wt. KOH and flow rate of 2 L/min was observed. 

Microwave irradiation has been used in the past to extract lipids from biomass, soils and 

vegetable feedstock (Pan et al., 2002).  Microwaves can penetrate through the cell wall 

structure with an efficient recovery of oils, and currently microwaves are a tool for 

simultaneous extraction and transesterification of biomass for biodiesel production, making 

their use in microalgal biomass feasible (Patil et al., 2011a).  

Microwave-assisted transesterification reaction could be performed to produce biodiesel 

without catalysts. However in this process uses higher temperatures, larger volumes of 

solvents and longer reaction times (Geuens et al., 2008). 

The microwave-assisted transesterification process requires suitable dry algae-methanol 

ratio for favoring simultaneous extraction and transesterification. According to Patil et al. 

(2011a), higher biomass to methanol ratios could shift the transestefication forward perhaps 

due to increased contact area between methanol and lipids, resulting in higher biodiesel 

yields. Regarding catalysts, it has been reported that homogeneous catalysis using KOH is 
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more suitable for microwave irradiation unlike solid catalysts (Patil et al., 2011a; Refaat, 

2010) 

In the microwave-assisted transesterification of microalgae biomass a more efficient 

process has been achieved when using homogeneous alkaline catalysis. The lower 

efficiency of  the heterogeneous catalysis is related to the few centimeters of penetration 

depth of microwave radiation (Andrade et al., 2011). Koberg et al. (2011) reported a FAME 

yield of 37.1% with SrO (30% wt.) using a methanol–chloroform mixture (1:2 v/v) after 5 

min.  On the opposite, Patil et al. (2011a) reported a yield over 70% wt. using KOH (2% 

wt.) as catalyst, dry algae to methanol (wt/v) ratio of about 1:12 and reaction time of 4 min 

(Table 7).   

3.3.2 Ultrasonic technology  

Ultrasonic technology is an effective method to enhance mass transfer rate between 

immiscible phases (Georgogianni et al., 2006; Ji et al., 2006; Pan et al., 2002). This high 

frequency sound wave can compress and stretch the molecular spacing of media in which it 

passes through. Thus, these molecules could remain continuously vibrating with the 

formation of fine micro-bubbles or micro-cavities, and energy generation (Ji et al., 2006; 

Lam et al., 2010). 

Ultrasonic technology applied in transesterification has proven to be an efficient mixing 

technique which provides sufficient activation energy to initiate the reaction. Ji et al. (2006) 

reported that, a biodiesel yield of 99% in 5 min using ultrasonic technology is possible, in 

comparison to 1 h using stirred batch reactor  systems. Besides, the molar ratio of alcohol to 

lipid can minimize and reduce energy consumption compared to the conventional method 

(mechanical stirring) (Lam et al., 2010).  
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Microwave and ultrasonic technology can accelerate the microalgae cells disruption, and as 

a result an easier release of oil can be observed. Both techniques can be used in the direct 

transesterificaction of microalgal biomass with reaction times lower than conventional 

catalysis (Demirbas, 2007; Meher et al., 2006; Schuchardt et al., 1998). 

In relation to microalgae, a recent work of Koberg et al. (2011) reported a FAME yield of 

20.9%, much higher than the control (2.9%), for the direct production of biodiesel from 

Nannochloropsis using ultrasonic technique.  

 

4. Conclusion 

Biodiesel production from microalgae biomass is still one of the most important topics 

under research, mainly because of the high energy demand involved in biomass 

pretreatment, lipids extraction and biodiesel refining. Therefore the application of direct 

transesterification could be an alternative to reduce the critical steps to produce biodiesel, 

avoiding the lipid extraction process and simultaneously reducing the necessary equipment. 

In addition, direct transesterification could be used using the same extraction solvent or 

could be even improved by adding a co-solvent. Moreover, some important issues in the 

future will be related to the purification of biodiesel from microalgae. 

The most important parameter in direct transesterification seems to be the biomass water 

content, decreasing the efficiency of the system with an increase in water content. 

Therefore, future research should be focused in this aspect to directly handle microalgae 

biomass with its characteristic high water content. 

The incorporation of promising technologies for lipids transesterification and biodiesel 

production, such as supercritical process, microwave and ultrasonication, might enhance 
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mass transfer rates between the immiscible phases diminishing the reaction time. However, 

it is still necessary to decrease the costs of these technologies so they can be suitable 

alternatives in future industrial applications. 
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1. Introduction 

Microalgae are receiving increasing attention worldwide as an alternative and renewable 

source for energy production. Microalgae have higher lipids production yields, which have 

been reported between 58000 L/ha and 136000 L/ha, besides they have much faster growth-

rates than terrestrial crops. (Demirbas, 2011) Instead, oil from oilseeds such as rapeseed or 

soybean present oil yields of 1190 L/ha and 446 L/ha, respectively. Besides, microalgae can 

grow in wastewater with high organic matter content, as a wastewater of carpet mill 

effluents; (Chinnasamy et al., 2010; Park & Craggs, 2010) or even in brackish water and 

use non-arable land, also requiring less land extensions for their cultivation. Additionally, 

microalgae can produce different types of lipids and hydrocarbons depending on the species 

of microalgae.  

Despite the several advantages of using microalgae for biofuels production compared to oil 

crops, they production at industrial scale still faces relevant problems, mainly due to the 

high costs of biomass production and fuel conversion routes. Microalgal biofuels are 4-10 

times more expensive than petroleum-derived fuels or first generation biodiesel (Groom et 

al., 2008). Key technologies for biofuels production are culture conditions for high oil 

productivity, development of effective and economical microalgae cultivation systems, as 

well as separation and harvesting of microalgal biomass. Besides, cost-effective routes for 

biofuel production including biomass drying, lipids extraction and added-value products 

recovery (e.g. proteins, carbohydrates and pigments) as well as biodiesel production and 

refining processes should be also optimized (Chen et al., 2011). The main critical points are 

biomass drying, with an energy consumption near 80% and lipids transesterification, with a 

10% of the total energy consumption of biodiesel production from microalgae (Lardon et 

al., 2009). The reduction of the energy consumption in these limiting steps is fundamental 
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for a possible industrial scale up. With the purpose of eliminating the biomass drying 

process, the implementation of high temperature and pressure transesterification of wet 

biomass has been tested. In this process, direct conversion under supercritical methanol 

condition appears as a great alternative, because it is a one-step process for direct 

liquefaction and conversion of wet algal biomass into biodiesel. This one-step process 

enables simultaneous extraction and transesterification of lipids (Patil et al., 2011b). 

Patil et al (Patil et al., 2011b) reached 90% wt of biodiesel yield obtained by supercritical 

transesterification using a wet microalgal biomass/methanol ratio of 1:9 wt/v, a reaction 

time of  25 min and a temperature of 255 °C. Moreover, Levine et al (Levine et al., 2010) 

reported a process that combines two steps, lipids hydrolysis (at 250°C) using subcritical 

water and wet biomass, where an easily filterable cells conglomerate (hydrochar) retains 

the lipids, followed by a supercritical transesterification of the hydrochar (at temperatures 

between 275 and 325 °C).  

On the other hand, high conversion yields have been achieved in conventional direct 

transesterification processes at moderate temperatures (< 100°C) with relatively low cost 

equipment. Such developments could be implemented at industrial level, although a large 

alcohol excess is required and the process is highly sensitive to water.  

Other limiting step in using microalgae for biodiesel production is lipids extraction. In fact, 

lipids extraction from microalgae is mainly performed by cell wall disruption methods and 

solvent extraction and not by conventional physical methods, such a screw press, due to 

difficulties in breaking the cell wall. (Pieber et al., 2012a)  

In this sense, in-situ transesterification could be a way to reduce biodiesel production costs 

by eliminating the lipids extraction step.  In-situ transesterification differs from the 

conventional reaction as biomass (oil-bearing materials) is directly treated with a mixture of 
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alcohol and acid or base, resulting in cell wall disruption and the extraction of lipids as fatty 

acid alkyl esters (typically fatty acid methyl esters, or FAME). Extraction and 

transesterification steps occur in one step, with the alcohol acting as both an extraction 

solvent and an acyl acceptor (Hidalgo et al., 2013a).  

The main factors influencing biodiesel production yield in direct transesterification are the 

acyl acceptor and catalyst type. The acyl acceptor has a dual role, as lipids extraction 

solvent and as esterification reagent, also facilitating the access of the catalyst to the 

substrate, due an alteration of the cell wall permeability(Haas & Scott, 2007).   

Due to FFA content, acid catalysts have been used in lipids transesterification from 

microalgae. The use of alkaline catalysts would not be suitable due to saponification of 

FFA from microalgae lipids, leading to soap formation and hindering the separation and 

purification of biodiesel (Wahlen et al., 2011b). Acid catalysts can perform both 

transesterification and esterification of microalgae lipids and may additionally play an 

important role as cell disruption agent (Hidalgo et al., 2013a).  

However, they require larger reaction time and need more solvent volume and higher 

temperature unlike alkaline catalysts.  

Direct transesterification of biomass has been mainly carried out in stirred batch reactor 

(SBR), where the solvent is in direct contact with the biomass(Haas & Wagner, 2011). This 

system is of easy implementation, but it has some disadvantages such as a low lipids 

extraction yield due to a limited diffusion and the necessity of a subsequent step for 

separating the biomass from the reaction product.  

The traditional system used in lipids extraction of oilseeds by solvent could be 

implemented in the direct transesterification of biomass as a reflux extraction system, 
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where the sample is in continuous contact with fresh solvent, facilitating mass transfer, also 

increasing the lipids extraction yield (Wang et al., 2010). 

This system has not been applied in the direct transesterification of microalgal biomass yet, 

its evaluation being of high interest. Besides, reflux extraction reactor (RER) system could 

be an interesting option to diminish the inhibitory effect of water concentration during the 

esterification of FFA. 

Therefore, in this work, different operational strategies for biodiesel production by direct 

transesterification of microalgal biomass were tested. These strategies were applied in two 

different systems: Stirred batch reactor (SBR) and RER. The strategies include the 

evaluation of different acyl acceptors, catalysts and the effect of the solvent mixture in 

FAAE yield. 

B. Braunii was used in this study. While this microalgae is characterized for synthesizing 

and accumulating high amounts of hydrocarbons and ether lipids (Banerjee et al., 2002; 

Metzger & Largeau, 2005), its high content of saturated and monounsaturated fatty acids 

makes this microalga suitable for FAME production (Kalacheva et al., 2002; Kalacheva et 

al., 2001). 

2. Experimental section  

2.1 Materials 

2.1.1 Biomass  

Microalgae Botryococcus Braunii used in this work was donated by Desert Bioenergy S.A., 

Chile.The algae were cultivated in the Microbial Ecology Laboratory of the University of 

Antofagasta in northern Chile. The microalga was flocculated with ferric chloride (FeCl3) 
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in a dosage of 15 mg/L (Martínez et al., 2014). The chemical composition of microalgal 

biomass is shown in Table 1. To obtain a homogeneous material for performing the 

experiments, wet biomass with 80% water content was dried in a tunnel dryer at 60°C for 

48 h until reaching 10% moisture. Finally, the biomass was milled obtaining a fine powder 

(of less than 500 µm), which was refrigerated for further use in the following 30 days. 

Although samples storing at 4°C in amber glass bottles does not prevent lipids degradation, 

peroxidation rate severely declines in such conditions, as observed by Belarbi et al. (2000) 

(Belarbi et al., 2000). 

 

2.1.2 Reactives 

All the solvents used in the reaction were of analytical grade. Methanol and ethanol were 

used as acyl acceptors in the reaction. Petroleum ether and chloroform were used as co-

solvents. Sulfuric acid, hydrochloric acid and Amberlyst-15 (SIGMA Aldrich, acid resin) 

were used as catalysts. Heptadecanoic acid methyl ester of chromatographic purity was 

used as internal standard for chromatographic analyses. 

 

2.2 Experimental set up 

In this work the direct transesterification of biomass was performed in two different 

systems (Figure 1) 
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Figure 1. Systems used for microalgal biomass direct transesterification. a) Stirred batch reactor  (SBR) and b) Reflux extraction 

reactor (RER) 
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2.2.1 Stirred batch reactor  (SBR) 

The SBR consists on a screwed cap vessels (15 mL), where the biomass, solvent (acyl 

acceptor) and catalyst are reacting together. In this process the catalyst has two functions: 

as acid for cell wall disruption and as catalyst for promoting 

transesterification/esterification reactions. The temperature and agitation was controlled in 

an incubator shaker at 55°C and 250 rpm, respectively. An acyl acceptor dosage of 7 mL/g 

was used. This corresponds to a methanol/fatty acid molar ratio of 293:1 and an 

ethanol/fatty acid molar ratio of 204:1. The solvent volume added in SBR was the 

necessary to allow a homogenous mixture between biomass and catalyst.  

 

2.2.2 Reflux extraction reactor (RER)  

The RER was divided in an extraction and a reaction zone. The extraction zone consists of 

a butt extractor tube coupled with a condenser, and the reaction zone consists of a round 

flask with flat bottom and heating plate to allow temperature control. In the RER system, 

the lipids extraction is carry out separately from the reaction by a direct contact of the 

biomass with the condensed solvent in the extraction zone. Then, the condensed solvent 

with the extracted lipids flows down to the reaction zone, reacting with the catalyst. A 

methanol/fatty acid molar ratio of 840:1 and an ethanol/fatty acid molar ratio of 582:1 were 

used.  The solvent volume was calculated as the minimum volume to allow a continuous 

contact with biomass.   

To increase FAAE production yield in direct transesterification of microalgal biomass, 

different strategies involving acyl acceptor type, catalyst type and solvent mixtures were 

evaluated and studied in both systems. The operational conditions of the performed 
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experiments are shown in Table 2. The reaction time was established in 5 h according to 

previous experiments (data not shown). In all cases, an acid catalyst concentration of 100% 

wt based on the total fatty acids (TFA) content was used.   

Table 1. Chemical composition of B. Braunii microalgae expressed on a dry matter basis 
(% wt).  

  Content (% wt) 

Microalgae 

Moisture  10.1±2.5 

Total lipids content 21.5±1.3 

Proteins 25.3±1.9 

Ash  18.1±1.2 

Other components 25.1±1.5 

Total lipids content 

Saponifiable lipids (*) 77.0±0.5 

Unsaponifiable lipids 23.0±1.2 

    (*) Saponifiable lipids are transformed to FAAE  

 

FAAE produced were separated by adding petroleum ether to the sample and evaluated 

gravimetrically. In this purpose, the complete separation of FAAE from the biomass, the 

sample was centrifuged at 10.000 rpm for complete separation of the organic phase from 

the biomass. Finally, the supernatant was put into a rotary evaporator to remove the solvent 

and was weighed and used for FAAE content determination by GC-MS 

2.3 Evaluation of acyl acceptor type 

In lipids transesterification, methanol has been the most used acyl acceptor, mainly due to 

its low cost; so methanol was used in the reaction. Besides, ethanol was also evaluated as 

acyl acceptor in the reaction, because in the lipids extraction from microalgae, primary 

alcohols of longer chains (compared to methanol) are able to extract lipids more efficiently. 
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(Wahlen et al., 2011b).The operational conditions of these experiments are shown in Table 

2. 

 

2.4 Evaluation of catalyst type  

In the direct transesterification process, acid catalysts are used due to the high FFA content 

in microalgae lipids. (Wahlen et al., 2011b) In B. Braunii FAA content accounted for 

56.4% of total lipids (as shown in Table 1). Acid catalysts convert both FFA and 

triglycerides (TG) into FAAE. For this purpose, sulfuric acid, hydrochloric acid and 

Amberlyst-15 were used as catalysts.  

Methanol was used as solvent for further experiments due to a higher FAAE yield obtained 

in section 2.3. Sulfuric and hydrochloric acid have been mainly used as catalysts in the 

esterification and transesterification of lipids with high FFA content (Berchmans & Hirata, 

2008a; Demirbas, 2009a). Moreover, Amberlyst-15 has been used with high efficiency as 

acid catalyst for the conversion of lipids with high FFA content (Park et al., 2010). The 

experiments were performed in both systems according to the operational conditions 

summarized in Table 2. 

Table 2.  Operational conditions used in the direct transesterification of microalgal biomass 
trials 
System Temperature 

(°C) 
Solvent 

(mL/g dry 
biomass) 

Agitation 
(rpm) 

Catalyst 
(% on the base of the 

microalgae oil mass content) 
RER Solvent 

boiling point 
40 without 

mixing 
Liquid catalyst: 100% 

Solid catalyst: 20% 
SBR 55 7 200 Liquid catalyst: 100% 

Solid catalyst : 20% 
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2.5 Evaluation of solvents mixture 

Increased lipids extraction yield has been achieved by using organic solvents combination, 

such as chloroform-methanol and hexane-isopropanol, among other mixtures (Lee et al., 

2010). 

In direct transesterification of lipids, the addition of a co-solvent mixture can improve the 

mass transfer, increasing the reaction yield (Johnson & Wen, 2009). Besides, solvents 

mixtures use can increase the extraction of structural lipids from membrane cells, which are 

forming complex molecules with phospholipids and proteins (Halim et al., 2012). Therefore, 

in this process the effect of solvent mixtures was evaluated on FAAE yield. Experiments 

were performed with a solvent/co-solvent ratio of 1:1 v/v. Methanol and ethanol were used 

as acyl acceptors, petroleum ether and chloroform as co-solvents; and sulfuric acid, 

chlorhydric acid and Amberlyst-15 were used as acid catalysts. In addition, the 

incorporation of different proportions of co-solvent (1:3; 1:1 and 3:1 v/v alcohol: co-solvent 

ratio) in the reaction was evaluated. The experiments were carried according to the 

conditions of temperature, solvent volume, agitation and catalyst dosage shown in Table 2. 

All trials were performed in triplicate.  

 

2.6 Analytical methods 

2.6.1 Total fatty acids content 

Total fatty acids (TFA) content, which corresponds to the saponifiable fraction that can be 

converted into FAAE, was determined by lipids extraction of microalgae using a 

chloroform/methanol mixture (Bligh & Dyer, 1959b), where 0.2 g dry microalgae sample 

was sonicated in 0.8 g distilled water for approximately 20 min. Then, the sample was 
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mixed with 3.75 mL chloroform/methanol (1:2) for 1 min in a vortex and later centrifuged 

at 10000 rpm to allow the phases separation. The extracted organic fraction was put into a 

rotary evaporator to remove solvents and the product was weighed and gravimetrically 

quantified as total lipid content (TL% wt in equation 1). After this, the final product was 

hydrolyzed and esterified for FAAE quantification by GC-MS, according to Araujo method 

(Araújo, 1995). TFA was calculated using equation (1): 

푇퐹퐴	(%푤푡) = 	(% )× (% )                                                                           eq. (1) 

FAAE (%wt.): Fatty acid alkyl esters  

TL (% wt.): Total lipid content (in dry microalgae basis) 

Additionally, ash content was determined according to ASTM D 3174(ASTM, D3174) and 

protein content was determined using Kjeldahl method (Dupont et al., 2011).  

 

2.6.2 Chromatographic methods 

FAAE identification and quantification were carried out using a Clarus 600 chromatograph 

coupled to a Clarus 500T mass spectrometer from Perkin Elmer (GC-MS). An Elite-5ms 

capillary column 30 m long, 0.1 μm thick and internal diameter of 0.25 mm was used. The 

vials were prepared by adding 10μL sample to 230μL methyl heptadecanoate (2030 

mg/mL) as internal standard. The following temperature program was used: 150°C for 3.5 

min and then increasing temperature at a rate of 1.1°C/min up to 240°C. Both the injector 

and detector temperature were 250°C and helium (He) was used as the carrier gas.  
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2.6.3 FAAE yield 

FAAE yield used for determining the reaction yield was calculated using equation (2) and 

equation (3): 

푇표푡푎푙	퐹퐴퐴퐸	(%푤푡) = 	 	 	 	( )
	 	( )

푥100                                               eq. (2) 

 

Where total FAAE (% wt) corresponds to the FAAE gravimetric yield and was evaluated 

by GC-MS.  

퐹퐴퐴퐸	푦푖푒푙푑	(%	푤푡):	 (% ) 	 (% )
(% )

 eq. (3) 

 

2.6.4 Statistical analysis 

Differences between FAAE yields means of SBR and RER were analyzed using two-way 

ANOVA with the software JMP-8 and Sigma Stat 3.5. Two-way ANOVA was used to 

detect interaction between strategies. Initially, normality and homogeneity test were 

assessed in all variables and checked by residual plots. Then, analysis of variance (two-way 

ANOVA between groups) and Tukey's test were performed, P-value below 0.05 was 

considered significant. 

3. Results and discussion 

3.1 Effect of acyl acceptors type in SBR and RER systems for FAAE production 

Prior studies of direct transesterification have been performed in a solvent-biomass direct 

contact system or SBR, where alcohol has an important role in the reaction, acting as both 

solvent for lipids extraction from biomass and as the reactant, converting the lipids to 

FAAE. To determine which alcohol would perform better in FAAE production using 
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Botryococcus Braunii microalgae, methanol and ethanol were tested as acyl acceptors in 

SBR and RER systems. The results indicate that the reaction yield was affected by both the 

acyl acceptor type and the used systems (Fig. 2). The acyl acceptors presented an effect in 

both the lipids extraction and FAAE conversion yield, showing a significant yield 

increment when methanol was used in both systems, where a higher FAAE yield was 

observed in RER system. In fact, a FAAE conversion yield of 80.1% wt was observed in 

RER system while only 64.5% wt was obtained in SBR system after 5 h, when methanol 

was used. On the opposite, FAAE conversion yields of 67.7% and 45.0% wt were obtained 

in RER and SBR systems, respectively, when ethanol was used as acyl acceptor.  
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Figure 2. Effect of acyl acceptor type on FAAE yield in the direct transesterification of microalgal 
biomass for SBR and RER systems. Data represents the mean values of three replicates and the 
error bars show the standard deviations. The different letters indicate a significant difference at 
P<0.05. 

 

Lipids produced by microalgae are found both as cytosolic lipid bodies and as structural 

components of cell membranes. In the extraction of structural lipids the polarity of the 
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organic solvent is critical, as these lipids are found in the cytoplasm, forming complexes 

with polar lipids (such as phospholipids) and proteins (Halim et al., 2012). Polar organic 

solvents (such as methanol and ethanol) are able to disrupt these associations by forming 

hydrogen bonds with phospholipids and proteins in the complex (Medina et al., 1998). 

Methanol and ethanol are polar solvents with a high dielectric constant (Mohsen-Nia & 

Amiri, 2013) normally used in the conventional transesterification of lipids, where 

methanol has been the most used acyl acceptor at industrial level, due to its lower price 

(USD 1.6/gal) compared to other alcohols.  

Looking the results of this study, a high FAAE yield was obtained when methanol was 

used, probably due to the higher dielectric constant (more polar) compared to ethanol and 

the different miscibility of the alcohols in the non-polar oil/ester system. Moreover, during 

the reaction, emulsions are usually formed. In fact, in the methanolysis, these emulsions 

break down quickly and easily to form a lower glycerol rich layer and upper methyl ester 

rich layer. On the opposite, in the ethanolysis these emulsions are more stable and the 

separation and purification of esters can be extremely difficult (Ganesan et al., 2009c). 

 Related to the applied systems, in RER configuration higher FAAE yields were reached 

with both acyl acceptors compared to SBR configuration. In both systems the yield is 

limited by the extracted lipids which are transformed into FAAE by the action of acyl 

acceptors present in excess. Indeed, in the direct transesterification lipids pass through a 

lipid bilayer by simple diffusion following the concentration gradient, like in the extraction. 

As in the SBR system the alcohol molar ratio is lower than the RER system, lipids diffusion 

inside of cell could be limited, due to a decrease of the concentration gradient. 

The systems are different in configuration. In the case of SBR, the solvent is the acyl 

acceptor and simultaneously helps to improve the mixture homogenization. In the case of 
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RER, the solvent is always in excess to move the reaction equilibrium of esterification to 

the products side. In the extraction zone, by the application of a reflux system, always fresh 

solvent is in contact with biomass, extracting the lipids for further reaction. In this system is 

very difficult to calculate the real solvent ratio, as it will depend on the design and 

configuration of the system. So, it is clear that the solvent role is different in both systems 

and therefore different solvent:fatty acids ratios were used to optimize the performance of 

each tested system. 

The increase in alcohol: fatty acids molar ratio improves lipids conversion to FAAE. FAAE 

yield reached a maximum of 80.1% wt after 5 h with a solvent: fatty acids ratio of 840:1 in 

RER system. However, FAAE yield of only 64.5% wt was obtained in SBR system using a 

methanol/fatty acids molar ratio of 293:1. The reactants excess present in RER system is 

higher than that of SBR, favoring the mass transfer and the reaction yield. These reactions 

at moderate temperature are highly sensitive to water content and during the reaction, water 

is produced due to esterification of FFA. In CRB, the increase of water content by 

esterification of FFA can dilute the reaction mixture, thereby reducing reaction rates and 

provoking FAAE hydrolysis. (Levine et al., 2013) Instead, RER system can be an option to 

avoid water presence in the reaction due to higher acyl-acceptor volume than CRB, 

diminishing the inhibitory concentration of water in the reaction.  Besides, in RER system 

the biomass is in continuous contact with fresh solvent, enhancing mass transfer and lipids 

diffusion from inside the cell. In this system essentially involves percolation of the solvent 

through the biomass sample, is used in lipids extraction where the solvent is put in a flask 

and then evaporated, the vapors are cooled in the condenser located above the sample and 

the condensed solvent is trickled down through the biomass sample (Ranjan et al., 2010). 
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FAAE yields obtained were higher than the maximum conversion of algal biomass obtained 

by Johnson and Wen (Johnson & Wen, 2009) of 66% wt, but lower than the 88% wt 

maximum conversion in 8 h reached by Ehimen et al. (Ehimen et al., 2010a) using a 315:1 

solvent molar ratio and the 95% wt obtained by Velasquez  et al. (Velasquez-Orta et al., 

2012b) in 24 h, using a solvent molar ratio of 600:1.  

Moreover, using biomass with a moisture content of up to 10% will allow a decrease in 

biomass drying costs, while at moisture levels higher than 10%, water is more difficult to 

remove because it could be bound to pores or the cell wall, rather than free (Velasquez-Orta 

et al., 2013a). 

  

3.2 Effect of catalyst type in SBR and RER systems for FAAE production  

To determine which catalysts type would be more suitable to increase the direct 

transesterification yield, sulfuric acid, hydrochloric acid and Amberlyst-15 were studied as 

catalysts. According to the results, FAAE yield were higher in homogeneous rather than 

heterogeneous catalysis. In the case of the SBR system, the catalyst not only increases the 

reaction rate in the direct transesterification, but can also have an effect on microalgae cell 

wall disruption. Ozgul-Yucel and Turkay (Ozgul-Yucel & Turkay, 2002) reported an 

increment on the solution stickiness, due to the release of intracellular components in the 

direct transesterification of rice bran, when a liquid acid catalyst was used. Higher FAAE 

yields were observed in both reaction systems when H2SO4 was used as catalyst, with a 

FAAE yield of 64.5 and 80.1% for SBR and RER systems, respectively (Fig. 3).  
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Figure 3. Effect of catalysts type in the direct transesterification of microalgal biomass for SBR and 
RER systems. Data represents the mean values of three replicates and error bars show the standard 
deviations. The different letters indicate a significant difference at P<0.05.  

 

In the case of HCl, better results were obtained in RER system with a 67.6% FAAE yield. 

In the acid transesterification of lipids, H2SO4 has shown a superior catalytic activity 

compared to HCl (Al-Widyan & Al-Shyoukh, 2002) and in the direct transesterification of 

oleaginous microbial biomass, Liu and Zao (Liu & Zhao, 2007) have reported higher FAAE 

yields with H2SO4 than HCl. They reported FAAE yields close to 90%, when H2SO4 was 

used, and of 70% yield with HCl as catalyst. 

In the case of the solid catalyst, the best results were observed in RER system. FAAE 

yields of 32.4% and 3.3 % wt in RER and SBR were obtained, respectively. 

Transesterification with Amberlyst-15 was evaluated with a dosage of 20% wt as higher 

concentrations would interfere with the solvent boiling performance in RER system. 

The diminishment of FAAE yield comparing homogeneous catalysis with liquid acids with 

heterogeneous catalysis with solid Amberlyst-15 could be probably caused by a decrease in 

B B 
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the reaction rate due to mass transfer limitation.(Sharma et al., 2011) Besides, in SBR, 

FAAE yield reduction could be coupled with a possible significant impact of the catalysts 

in cell disruption, releasing molecules different from the desired lipids. In general, when 

liquid acid catalysts were used in SBR, the obtained yield was lower than that of RER, 

possibly because some of the cell contents released in the liquid phase may be not lipids, 

but other cellular constituents such as carbohydrates and proteins, which can promote side 

reactions and a diminishment in FAAE yield. Although a significant diminishment in 

FAAE yield was observed with the heterogeneous catalyst, it has the advantage of being 

easily recovered and reused after activation. 

3.3 Evaluation of solvents mixtures 

Higher lipids extraction yields from different bioresources using solvent mixtures have 

been already reported. Normally, solvent mixtures composed by a non-polar and a polar 

organic solvent are used to assure complete lipids extraction from microalgal cells, both in 

the form of freestanding globules and in the form of membrane-associated 

complexes.(Halim et al., 2012) Therefore, mixtures of petroleum ether-methanol, petroleum 

ether-ethanol, chloroform-methanol and chloroform-ethanol were evaluated in both 

reaction systems using a 1:1 v/v solvent/co-solvent ratio (Fig. 4).  

Depending on the nature of the solvent mixture, different percentages of extracted lipids 

which are transformed into FAAE were obtained. Regarding the results shown in Figure 4, 

FAAE yields did not significantly increase by using solvent mixtures in a 1:1 ratio (P<0.05, 

Tukey Test). On the contrary, a reduction in FAAE yield, particularly in SBR system was 

observed.  
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However, with the variation of the solvent:co-solvent ratio (Figures 5 and 6) an increase in 

FAAE yield was detected. This effect was observed in treatments catalyzed by H2SO4 and 

HCl, where a co-solvent use of 25% v/v was incorporated. This means a 3:1 v/v 

methanol/co-solvent ratio in both systems. 
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Figure 4. Effect of solvent mixture in the direct transesterification of microalgal biomass a) 
SBR b) RER. Data represents the mean values of three replicates and the error bars show 
the standard deviations. The different letters indicate a significant difference at P<0.05. 
*W-M: without mixture, only methanol or ethanol. 
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Figure 5. Effect of different solvent:co-colvent ratios in FAAE yield of the direct 
transesterification of microalgal biomass in RER a) solvent: Petroleum ether b) solvent: 
Chloroform. Data represents the mean values of three replicates and the error bars show the 
standard deviations. The different letters indicate a significant difference at P<0.05. *W-M: 
without mixture, only methanol or ethanol. 
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Figure 6. Effect of different solvent:co-colvent ratios in FAAE yield of the direct transesterification 
of microalgal biomass in SBR a) solvent: Petroleum ether b) solvent: Chloroform. Data represents 
the mean values of three replicates  
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subsequently dissolve in the non-polar solvent.(Ryckebosch et al., 2012) Lower solvents 

mixture polarity was reached by incorporating higher volumes of co-solvent, producing 

however lower FAAE yields according to the obtained results. Ryckebosch et 

al.(Ryckebosch et al., 2012), observed lower lipids extraction yields from C. vulgaris with 

the decrease of solvents mixture polarity. The highest lipids extraction yield was obtained 

with a chloroform–methanol mixture of 1:1 (v/v). Instead, with a chloroform–methanol 

mixture of 2:1 (v/v) only 76.5% of the lipids extracted with the 1:1 mixture were obtained. 

These results are in contrast with those of Lee et al.(1996) (Lee et al., 1996) who stated that 

the non-polar/polar solvents ratio has no effect on lipids recovery from fish. 

The application of ethanol/petroleum ether mixtures using a 3:1 v/v ratio catalyzed with 

HCl caused a decrease in FAAE yield in RER system. This reduction can be associated to 

the low solvents mixture polarity caused by the low polarity of ethanol. Besides, HCl has a 

lower catalytic activity compared to H2SO4 (Liu & Zhao, 2007). 

 Higher co-solvent contents in the reaction decreased the yield to FAAE in both systems, 

due to the reduction of alcohol/lipids molar ratio. Acidic transesterification requires a high 

alcohol/lipids molar ratio for increasing FAAE yield (Ganesan et al., 2009c). 

Besides, the reaction is highly sensitive to water content produced by esterification of FFA. 

Higher co-solvent concentrations may increase the inhibitory effect of water in the mixture.  

The higher FAAE yield in RER system can be related to an increase of lipids diffusion 

across of the cell. Moreover, during fatty acids esterification water is produced. Water 

molecules might hydrolyze the esters to fatty acids, provoking a decrease in FAAE yield. 

(Berchmans & Hirata, 2008a) Finally, in RER system the solvent mixture has a boiling 

temperature lower than that of each single component decreasing hydrolysis reaction of 

FAAE to fatty acids (Matsoukas, 2012).  
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The flocculation agent (FeCl3) could act as a Lewis acid catalyst in lipids transesterification 

at high temperatures in the in situ lipids conversion process (Jin et al., 2014). Besides, the 

flocculation agent can produce changes in unsaturated fatty acids however it could be 

beneficial providing an increased lipid stability (Martínez et al., 2014). 

 

4. Conclusions 

Although the RER system does not use any application of shear stress to produce 

microalgae cell wall disruption, highest FAAE yield were obtained in this configuration. In 

RER system, the main lipids extraction mechanism is related to diffusion, as the percolation 

of fresh solvent through the sample does not limit the diffusion of lipids out of the cell. In 

this system a FAAE yield of 80.1% wt using methanol and H2SO4 was obtained, while in 

SBR system FAAE yield was only 64.5% wt.  

Even though the methanol/fatty acid molar ratio used were different in both systems, in 

SBR a high solvent volume could produce the dilution of catalyst (according to  shown in 

the subsequent chapters). The dilution of catalyst could affect its role in the disruption of 

cell wall.  

Moreover, when a solid catalyst was used in both systems, lower FAAE yields were 

observed due mass transfer limitations in the tri-phasic (alcohol-lipid-catalyst) system. 

Finally, the addition of a co-solvent in the reaction increased FAAE yield in both systems, 

but using a 3:1 (v/v) solvent/co-solvent ratio. 

According to the obtained results, the product does not fully accomplish the Normative 

EN 14214, therefore we speak about an unrefined FAAE mixture. 
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1. Introduction  

The use of microalgae as raw material for biodiesel production has several advantages over 

the production from terrestrial plant crops as microalgae can accumulate high quantities of 

triglycerides and free fatty acids (Huang et al., 2010; Umdu et al., 2009). Biodiesel 

production from microalgae does not compete with arable land, their cultivation can even 

use less water and have a small ecological footprint compared to traditional oilseed crops 

(Dismukes et al., 2008; Widjaja et al., 2009). 

There are different technologies available for producing biodiesel from microalgae 

including conventional methods where lipids are extracted and then transformed into 

FAME via transesterification. The main limiting step of this process is however the 

complexity of lipids extraction from microbial cells such as microalgae. In fact, lipids 

extraction from microalgae is mainly performed by cell wall disruption methods and 

solvent extraction and not by conventional physical methods, due to difficulties in breaking 

the cell wall (Ehimen et al., 2010a; Grierson et al., 2001; Pieber et al., 2012b). An 

alternative to the conventional process is the in situ transesterification of biomass to 

biodiesel, where lipids extraction and transesterification are carried out in one step (Hidalgo 

et al., 2013b; Meher et al., 2006). This process eliminates the lipids extraction step and 

could positively impact on process costs for an industrial scaling. 

As reported in several works, in situ transesterification of microalgae has lower FAME 

yield compared to the conventional process. Johnson and Wen (2009), reported a FAME 

yield of 63%wt applying in situ transesterification to Schizochytrium limacinum biomass. 

Hidalgo et al. (2014) reported 65% wt of FAME yield with B. braunii biomass, using a 

methanol:lipids molar ratio of 293:1. Moreover, Ehimen et al. (2010) reported 88% wt of 
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FAME yield using a methanol:lipids molar ratio of 315:1. Therefore, in order to implement 

this process at large scale it is necessary to improve the performance of the reaction.  

According to several authors, particle size has a crucial role on in situ transesterification 

performance, showing an increment on FAME yield with the reduction of the particle size 

(Kasim & Harvey, 2011; Zakaria & Harvey, 2012). During microalgae processing, the 

drying step can cause the formation of microalgae conglomerates and of case-hardening on 

the drying surface (Velasquez-Orta et al., 2013b). Grinding the dried algae diminishes the 

particle size favoring lipids extraction from the cells, due to the increase of particles surface 

area in contact with the solvent. Moreover, there are some reports showing that the 

incorporation of a co-solvent can help to improve lipids extraction; therefore this strategy 

could be applied to increase FAME yield of in situ transesterification process. 

The main goals of this study were to evaluate the effect on FAME yield of microalgae 

conglomerates particle size and co-solvent addition to the reaction mixture during in situ 

transesterification of microalgal biomass. Additionally, the effect of temperature and 

catalysts dosage by using a Box-Behnken experimental design were evaluated. Moreover, 

the effect of the reaction in the particle size as an indirect measure of transesterification 

performance was studied. 

 

2. Experimental section  

2.1 Microalgae  

The microalga Botryococcus braunii used in this work was supplied by Desert Bioenergy 

S.A., (Chile). The biomass was dried at 60°C for 24 h, by spreading a 5 mm layer of wet 

microalgae (80% wt) in a convective dryer until reaching a moisture content near 10%. 
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After this, the dried biomass was milled and then fractioned by using sieves of different 

mesh sizes (150 µm and 500 µm), obtaining three particle size fractions (Size 1: <150 µm; 

Size 2: 150 µm< D< 500 µm; Size 3: >500 µm). Microalgae powder fractions were stored 

at 5°C before used in the experiments. 

 

2.2 Experimental setup 

A series of experiments were conducted to evaluate the effect on biodiesel yield of different 

parameters including particle size of dry microalgae, co-solvent volume in the reaction, 

temperature and catalyst dosage. Petroleum ether due to its low toxicity, low cost, and great 

affinity toward neutral lipid (Ryckebosch et al., 2012), was used as co-solvent in the 

reaction. 

The experiments were performed in vessels with screwed cap (20 ml) containing the 

reaction mixtures. Methanol was used as acyl acceptor of the reaction. Due to a high free 

fatty acids content, sulfuric acid (H2SO4) was used as catalyst, as it can catalyze both 

esterification and transesterification reactions (Ehimen et al., 2010a). The reaction was 

maintained at 200 rpm during 2 h, using 1 g of microalgae powder. The reaction was 

stopped with the addition of hexane and distillated water (2:1 vol/vol), where two phases 

were observed. The upper phase (nonpolar or hexane phase) was separated and hexane was 

evaporated by distillation.  

For the case of co-solvent use, hexane and co-solvent were separated from the product by 

distillation. The solvent free sample was gravimetrically quantified and stored at 4°C for its 

analysis of FAME content by gas chromatography. Heptadecanoic acid methyl ester 

(C17:0) of chromatographic purity was used as internal standard in the quantification. 
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2.2.1 Influence of the methanol: total fatty acids molar ratio on FAME yield recovery  

The methanol:total fatty acids molar ratio effect was evaluated in the range between 23:1 

and 468:1, simultaneously evaluating the three particle size fractions of microalgae. High 

methanol excess was used to ensure a complete submersion of the biomass, allowing a 

homogeneous mixture between biomass and catalyst (Ehimen et al., 2010a). In the 

experiments a catalyst dosage of 75% (based on the total fatty acids content of the biomass) 

was used. A regression analysis was performed related to FAME yield and methanol: total 

fatty acids molar ratio for the different particle sizes and the results were adjusted to a 

polynomial model. Regression analyses were conducted by nonlinear curve-fitting methods 

using Kaleida Graph version 4.0 (Synergy Software) for Windows. 

 

2.2.2 Optimization of the in situ transesterification process 

An experimental Box-Behnken design (BBD) available in JMP software (SAS Institute 

Inc., Cary, NC) was applied to determine the influence of the operational conditions in the 

in situ transesterification process. 

The number of experiments (N) required for the development of BBD was defined by 

equation (1). 

N = 2k(k − 1) 	+ 	n                                                                         eq. (1) 

Where k is the number of factors and n is the number of central points. In this study, k and 

n were set at 4 and 5, respectively, which mean that 29 experiments were run. The 

independent variables used in this study were catalyst concentration (A), reaction 

temperature (B), particle size (C) and co-solvent proportion (D).  
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The independent variables and levels of the factorial design are shown in Table 1. FAME 

yield was used as response variable. The optimal methanol: total fatty acids molar ratio 

obtained was used in these experiments, but incorporating co-solvent according to Table 1. 

Table 1. Independent variables and levels of the Box-Behnken experimental design 

Independent 
variables Levels 

 -1 0 1 
Particle size (µm) <150 150< D <500  >500 
Temperature (°C) 50 60 70 
Co-solvent (% vol/vol) 25 (3.85*) 50 (2.6*) 75(1.35*) 
Catalyst (%wt)** 75 125 150 

* Value in parentheses correspond to polarity index (PI) of the mixture evaluated 
(Snyder, 1978).**On the basis of total fatty acids 

 

2.2.3 Effect of in-situ transesterification on microalgae particle size distribution 

During the in-situ transesterification of biomass, side reactions such as hydrolysis of 

protein and carbohydrates could happen, producing a diminishment of microalgae cell size 

(Velasquez-Orta et al., 2013b). The hydrolysis of cell constituents could consume part of 

the catalyst originally available for the lipids transesterification. Thus, side reactions during 

transesterification were evaluated by determining surface area, pore volume, total organic 

content and particle size distribution before and after in-situ transesterification. In addition, 

residual lipids content was also determined.  

The effect of in-situ transesterification in microalgae conglomerates was evaluated using a 

dosage of 75% and 150% wt of acid catalyst. A high catalyst dosage was used to facilitate 

lipids extraction due to the cell wall disruption, produced by of cell constituents hydrolysis 

such as proteins and carbohydrates during the in-situ transesterification (Ehimen et al., 
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2010a; Velasquez-Orta et al., 2013b). The experiments were performed under optimal 

conditions of temperature and co-solvent proportion, according to the previous results. 

The surface area and pore volume were determined through of the Brunauer Emmett Teller 

(BET) method. The determinations were tested using a nitrogen porosimeter 

(Quantachrome, NOVA, and model number 1000). The total organic carbon was measured 

with an organic carbon analyzer (TOC- VCPH, SHIMADZU).  

The particle size distribution of microalgae powder was analyzed with a laser diffraction 

particle size analyzer SALD-3101 (Shimadzu, Japan). For this instrument, the refractive 

index was set at 1.45 and distilled water was used as a dispersing agent to prevent particle 

aggregation. The residual lipids content was determined as total fatty acids, as described 

below. All the results obtained were analyzed by JMP statistical software. 

 

2.3 Analytical techniques  

2.3.1 Lipids characterization 

Lipids were extracted for their characterization in a soxhlet apparatus. The extraction was 

carried out using 5 g of dry microalga, placed inside the extractor. A methanol/chloroform 

(2:1 vol/vol) solvent mixture was used in the extraction, boiling during 6 hours. Then, the 

solvent and lipids were separated in a rotatory evaporator. Thereby, the extracted lipids 

were gravimetrically quantified as total lipids (TL). In TL both transesterifiable lipids 

(defined as total fatty acids (TFA)) and fatty acid distribution were determined. TFA were 

determined as saponifiable lipids. Saponifiable lipids (SLs) were evaluated by difference 

between TL and unsaponifiable lipids (USLs). USLs were obtained according to AOCS 

method (Cc-6a-53). 
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Total acyl-glycerides (tri-di and mono-glycerides) content was determined according to EN 

14105 by gas chromatographic (GC) methods, using tricaprine as internal standard. The 

acid value as well as free fatty acids (FFA) were titrimetrically determined by using AOCS 

method (Cd 3d-63). Esters content we determined by GC-FID. Phosphatides content was 

evaluated using AOCS method (Ca 12-55). 

Fatty acid distribution from B. braunii was determined by gas chromatography according to 

AOCS method (Ce 2-66). The lipids profile of fatty acids as FAME was prepared via 

saponification followed by boron trifluoride-methanol esterification (AOCS, 2012). 

 

2.3.2 Microalgae biomass characterization 

Moisture content (MC) was determined at 105° C for 2 h using an oven (ASTM, D3173); 

volatiles content (VC) was determined at 925°C for 7 min using a furnace (ASTM, D 3175) 

and ash content (AC) was measured according to ASTM D3176 (ASTM, D3176). In 

addition, fixed carbon (FC) was calculated using equation (2):  

퐹퐶	(%) = 	100	 − 	푉퐶	(%)– 	퐴퐶(%)                                                     eq. (2) 

The high heating value (HHV) or heat of combustion was determined using an isothermal 

bomb calorimeter (Parr-Instruments-Co, model 1108) by combusting the sample 

(microalgae biomass pellet) with excess oxygen at a pressure of 20 atmospheres in a sealed 

vessel (ASTM, D5865). 

 

2.3.3 FAME production yield 

FAME production yield was calculated using equation (3): 
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퐹퐴푀퐸 	(%	푤푡):	
(% ) 	 	(% )

	(%	 )
 eq. (3) 

 

Where, FAME (%wt) represents to quantification by GC-FID of fatty acid methyl esters 

and FAMEg (% wt) corresponds to the gravimetric quantification of lipids converted to 

FAME. TFA (total fatty acid) correspond to the gravimetric quantification of 

transesterifiable lipids, evaluated according to the previously described methodology.  

 

2.3.4 Chromatographic methods 

FAME quantification  

A Clarus 600 chromatograph coupled to a flame ionization detector (FID) from Perkin 

Elmer was used for FAME identification and quantification. A capillary column, Elite-5ms 

(30 m x 250μm x 0.1 μm) was used. The vials were prepared by adding 100 μL sample to 

1000 μL methyl heptadecanoate (1000 mg/mL) as internal standard.  

The following temperature program was used: 150°C for 3.5 min and then increasing 

temperature at a rate of 1.1°C/min up to 240°C. Both the injector and detector temperature 

were 250°C and He was used as the carrier gas.  

 

Acyl-glycerol quantification of the lipids 

A Hewlett Packard 6890 series GC system with FID and a polar capillary column (J&W 

123-5711, 15 m x 320 um x 0.10 um) was used for acyl-glycerol analysis. Helium was used 

as carrier gas (1 ml min-1). A temperature gradient of 15 °C min-1 from 50 to 180 °C, then 7 
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°C min-1 from 180 to 230°C and finally an increase at a rate of 10 °C min-1 to 370°C were 

applied. 

 

3. Results and discussion 

3.1. Microalgae biomass and lipids properties  

The total lipids (TL) content of the microalgae evaluated by soxhlet extraction with 

methanol/chloroform mixture was 29% (wt of dry microalgae). This result is according to 

literature where the lipidic fraction of B. braunii is in the range between 25 and 70% 

(Hidalgo et al., 2013b; Mata et al., 2010).  

From the extracted total lipids two fractions were obtained, SLs and USLs. USLs reached 

35%wt (on the basis of total lipids), being this fraction mainly composed of phytols, sterols, 

hydrocarbons, ketones and pigments (Halim et al., 2012).  A SLs content of 65% (on the 

basis of total lipids), corresponding to 19.1% wt of dry microalgae was obtained. This 

fraction is mainly composed by neutral lipids (acyl-glycerides, free fatty acids (FFA) and 

esters) and polar lipids (phospholipids and glycolipids). 

Table 2 presents the characterization of biomass and lipids from B. braunii microalgae used 

in the present investigation. The different particle size fractions studied did not affect the 

characterization.   

Saponifiable lipids of B. braunii showed both high phospholipids (17.5%) and high FFA 

content (37.2%). In general, microalgae contain primarily polar structural lipids such as 

phospholipids and glycolipids (Olofsson et al., 2012).  

Moreover, a low fraction of acyl-glycerides and esters were found in the lipidic fraction 

(Table 2). This observation is according to available literature reports, where a low acyl-
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glycerides and esters content has been found in B. braunni (Metzger & Largeau, 2005; 

Metzger & Largeau, 1999).  

The fatty acids profile of B. braunii lipids was mainly composed by palmitic acid (C16:0; 

12.9 %wt), oleic acid (C18:1; 58.6 %wt) and stearic acid (C18:0; 5.1%wt). The 

polyunsaturated fatty acids content was 7.25 %wt, composed by linolenic acid (C18:3; 

5.80%), eicosatetraenoic acid (C20:4, 0.51%) and eicosapentanoic acid (C20:5; 0.94% ).  

According to these results, the lipids of this microalgae could be suitable for its use in 

biodiesel, since according to EN 14.214 the maximum level of linolenic acid methyl esters 

(C18:3) a 12%. Nevertheless the levels of polyunsaturated methyl esters (>= 4 double 

bonds) are slightly higher to 1% established in the specification, effecting the stability of 

the sample. 

 
Table 2. Physicochemical properties of B. braunii microalgae biomass and lipid 

Analysis Value 
Microalgae biomass (%wt)* 
 Size 1 Size 2 Size 3 

Fixed carbon 15.5±1.5 17.5±1.1 15.8±0.9 
Volatiles 73.0±0.3 70.4±0.7 72.4±1.1 
Ash 11.5±1.7 12.1±1.1 11.8±1.1 
HHV(MJ kg-1) 19.7±1.4 18.7±1.1 19.5±1.2 

Microalgae lipids (%) ** 
Triglycerides 1.43±0.1   
Diglycerides 1.43±0.3   
Monoglycerides 0.17±0.7   
Free fatty acids 37.2±1.2   
Esters  3.5±1.1   
Phospholipids 17.51±1.2   
Other components 38.76±0.2     

*Dry basis (d.b.) **% vol/vol of saponifiable lipids.  
HHV: High heating value (MJ kg‐1) 
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3.2 In situ transesterification 

3.2.1Effect of methanol:fatty acids molar ratio and particle size fractions 

The amount of alcohol in the reaction plays a major role, directly affecting FAME yield 

(Ehimen et al., 2010a; Wahlen et al., 2011a). As transesterification is an equilibrium 

reaction, the methanol: total fatty acids molar ratio  used for in situ transesterification is 

normally higher than the stoichiometric value to favor products formation (Hidalgo et al., 

2013b). In Figure 1, the effect of particle size and methanol: total fatty acids molar ratio on 

FAME yield is shown, where the increase in methanol: total fatty acids molar ratio 

produced an increase on FAME yield for all particles size fractions studied. 

An analysis of regression was done to correlate FAME yield with methanol: total fatty 

acids molar ratio at different particles size ranges. A polynomial model of second order 

gave the best fit (R2 ≥ 0.90) between FAME yield and methanol: total fatty acids molar 

ratio for size 1 and size 2 (Figure 1b). According to this, the maximum FAME yield 

obtained from polynomial model for the particle size fraction <150 µm (size 1) was 58.12% 

(using a 280:1 methanol: total fatty acids molar ratio), while for particle size 2 (between 

150 and 500 µm) was 53.10% using a 281:1 methanol: total fatty acids molar ratio. The 

values found by the polynomial models were close to empirical data (Figure 1 a). An 

increment in the methanol: total fatty acids molar ratio over this value provoked a 

diminishment in FAME yield. This behavior was observed only for size 1 and 2, probably 

caused by a dilution effect (Velasquez-Orta et al., 2012a), as according to different research 

works, the decrease in the particle size increases mass transfer and therefore lipids 

extraction performance (Porwal et al., 2012; Zakaria & Harvey, 2012). 
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For particle size 3, a polynomial model of third order gave the best fit (R2 ≥ 0.90). The 

maximum FAME yield obtained was 40.76% using a 177:1 methanol: total fatty acids 

molar ratio. 

 

 

 

 

 

 

 

 

 

 

Figure 1. FAME yield at different particle sizes of microalgae powder and methanol: total 
fatty acids molar ratio (75% acid catalyst, 200 rpm, 2 h and 60°C). a) FAME yield where 
data represents the mean values in duplicate and the error bars show the standard 
deviations. The different letters indicate a significant difference at P<0.05. b) Fitted curve 
of polynomial model (R2≥0.90) for FAME yield.  

 

3.2.2 Optimization of experimental design 

A Box-Behnken experimental design was used for the evaluation of different operational 

conditions on FAME yield during in situ transesterification of B. braunii. The experiments 

matrix is shown in Table 3 and regression coefficients are shown in Table 4.  
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Table 3. Experimental matrix of the Box–Behnken design  
Run Catalyst 

(% wt) 
Temperature 

(°C) 
Particle 

size 
 (µm) 

Co-solvent 
(% vol/vol) 

FAME 
yield (% 

wt) 
1 112.5 60 150<D<500  50 48.22 
2 112.5 70 150<D<500  75 38.69 
3 75 60 D<150  50 56.23 
4 112.5 50 150<D<500  25 51.65 
5 150 60 150<D<500  75 61.86 
6 112.5 70 150<D<500  25 75.45 
7 150 60 150<D<500  25 56.13 
8 112.5 70 D<150  50 68.47 
9 112.5 50 150<D<500  75 39.05 
10 112.5 70 D> 500  50 43.88 
11 150 50 150<D<500  50 48.86 
12 150 60 D<150  50 73.67 
13 112.5 50 D> 500  50 43.58 
14 112.5 50 D<150  50 61.13 
15 150 60 D> 500  50 45.26 
16 75 60 D> 500  50 35.01 
17 75 70 150<D<500  50 47.70 
18 150 70 150<D<500  50 58.69 
19 112.5 60 150<D<500  50 60.19 
20 112.5 60 D<150  75 49.00 
21 112.5 60 150<D<500  50 55.03 
22 75 60 150<D<500  75 32.63 
23 112.5 60 D> 500  25 61.87 
24 75 60 150<D<500  25 57.69 
25 112.5 60 150<D<500  50 58.69 
26 112.5 60 150<D<500  50 51.87 
27 112.5 60 D> 500  75 43.12 
28 112.5 60 D<150  25 73.78 
29 75 50 150<D<500  50 41.09 
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Table 4. ANOVA of the polynomial model 

Source Coefficient 
estimatea 

Sum of 
squares 

df Mean 
square 

F-Value P-value 

Model  3270.68 14 233.62 7.90 0.0002** 
Intercept 54.80      
A-Catalyst 6.18 457.88 1 457.88 15.49 0.0015** 
B-
Temperature 

3.96 188.16 1 188.16 6.36 0.0244** 

C-Particle size -9.13 1000.26 1 1000.26 33.83 < 0.0001* 
D-Co-solvent -9.35 1049.24 1 1049.24 35.49 < 0.0001* 
AB 0.80 2.59 1 2.59 0.09 0.7718 
AC -1.80 12.99 1 12.99 0.44 0.5183 
AD 7.70 237.15 1 237.15 8.02 0.0133** 
BC -1.76 12.40 1 12.40 0.42 0.5278 
BD -6.04 145.87 1 145.87 4.93 0.0433** 
CD 1.51 9.09 1 9.09 0.31 0.5881 
A2 -3.23 67.84 1 67.84 2.29 0.1521 
B2 -2.81 51.09 1 51.09 1.73 0.2098 
C2 1.79 20.76 1 20.76 0.70 0.4161 
D2 0.03 0.01 1 0.01 0.00 0.9897 
Residual  413.92 14 29.57   
Lack of Fit  317.80 10 31.78 1.32 0.4234 
aCoefficients refer to the given model. *Significant at level p<0.001. ** Significant at level 
p< 0.05 
 

Using the coefficients determined using JMP software, a polynomial model was obtained. 

The model had a determination coefficient (R2) of 0.89 and the lack of fit was not 

significant. Thereby the model was suitable to describe the effect of the independent 

variables on FAME yield. The polynomial model in terms of non-coded factors (p-value < 

0.05) is shown in equation (4) 

퐹퐴푀퐸푦푖푒푙푑	(%	푤푡) = 54.80 + 6.18퐴 + 3.96퐵 − 9.13퐶 − 9.35퐷 + 7.70퐴퐷 − 6.04퐵퐷    eq. (4) 

As is shown in Table 4, all regression coefficients of the linear terms had a significant 

effect on FAME yield (p-value <0.05). Besides, the interactions between the terms 

catalyst–co-solvent and temperature-co-solvent had statistical significance on FAME yield. 
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A positive coefficient value of the linear terms catalyst (A) and temperature (B) indicate a 

favorable effect on FAME yield. The increase of acid catalyst concentration improved 

FAME yield in the reaction. According to different authors, in in situ transesterification 

process, the catalyst has an important role in cell wall disruption (Carrapiso & García, 

2000; Ozgul-Yucel & Turkay, 2002). In fact, H2SO4 can catalyze side reactions such as cell 

wall carbohydrate hydrolysis , producing low FAME yields (Velasquez-Orta et al., 2013b). 

Thus, high catalyst concentrations are needed to improve FAME yield. 

Temperature affects both lipids diffusion and reaction rate. An increase in the reaction 

temperature improves the miscibility of reacting compounds, consequently increasing 

FAME yield (Zakaria & Harvey, 2012). 

On the other hand, a negative coefficient value of the linear terms particle size (C) and co-

solvent (D) indicate an unfavorable effect on FAME yield. The decreasing of particle size 

is an important factor to obtain higher FAME yields (Kildiran et al., 1996a; Yucel & 

Terzioglu, 2013). An extensive grinding to reduce the particle size increases the diffusion 

coefficient and lipid extraction performance (Kaul et al., 2010). Besides, during in situ 

transesterification a simultaneous lipids extraction and conversion to FAME occurs, and 

thus the lipid extraction performance can be improved by the reduction of particle 

size(Kaul et al., 2010; Kildiran et al., 1996a). In addition, mechanical grinding could cause 

cell wall disruption, enhancing solvent permeability into the cell. 

Even though a pure acyl-acceptor such as methanol has a strong affinity with membrane-

associated lipid complexes due to its ability to form hydrogen bonds, its polar nature is also 

a disadvantage as it limits the interaction with free-standing neutral lipid globules (Halim et 

al., 2012).The incorporation of a non-polar co-solvent has been used to ensure a complete 

lipids extraction from microalgae cells, forming a mixture with the polar acyl-acceptor. 
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Therefore, free lipids (freestanding globules) and lipids associated to the cell membrane as 

polar lipids (such as phospholipids and glycolipids) can be extracted(Halim et al., 2012; 

Hidalgo et al., 2014b).  

Although, the use of a non-polar co-solvent has a positive effect in FAME yield (Table 5), 

high levels of non-polar co-solvent produced a decrease in FAME formation. This could be 

provoked by a decrease in the selectivity and affinity to polar lipids(Lee et al., 2010; 

Shahidi, 2005). A polar solvent has a higher affinity to polar lipids(Grima et al., 2013; 

Grima et al., 1994; Pieber et al., 2012b). A decrease in the polarity index (or relative 

polarity of the solvent mixture) was observed when a non-polar co-solvent was added. The 

polarity index diminished from 5.1 (pure methanol) to 1.35 (with 75% vol/vol petroleum 

ether in the reaction mixture). Besides, adding the non-polar co-solvent improved the SFA 

(saturated FAME) and MUFA (monounsaturated FAME) content, thus diminishing the 

unsaturation index of FAME, leading to a less vulnerable product to lipids peroxidation. 
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Table 5.Fatty acids composition of FAME with size 1 (expressed as a fraction of total fatty 

acids in FAME %) 

 FAME composition 
Fatty acid Methanol 25% of co-

solvent 
50% of co-
solvent 

75% of co-
solvent 

C16:0 10.6±0.1 12.60±0.1 13.70±1.4 15.10±0.4 
C16:1 4.15±0.1 4.01±0.1 4.30±0.3 4.40±0.4 
C18:0 4.05±1.2 5.20±0.1 5.30±0.3 6.70±0.8 
C18:1 62.6±2.2 60.20±0.3 59.20±1.1 57.2±2.5 
C18:2 3.95±0.2 3.10±0.1 2.90±0.4 2.00±0.1 
C18:3 6.15±0.4 5.40±0.1 4.80±1.0 3.80±0.9 
C20:4 0.85±0.4 0.50±0.1 0.20±0.5 0.10±0.1 
C20:5 1.8±0.4 1.12±0.1 0.50±0.9 0.20±0.01 
Other components 5.85±2.6 7.87±0.4 9.10±2.1 10.50±0.7 
Unsaturation 
index* 1.06±0.1 0.94±0.1 0.87±0.1 0.78±0.0 

MUFA 66.75±2.3 64.21±0.2 63.5±0.8 61.60±2.1 
SFA 14.65 ±1.1 17.80±0.0 19.00±1.7 21.80±0.4 
FAME yield 57.90±1.2 78.41±1.2 65.03±1.1 49.21±0.8 
*According to Kates and Baxter (Kates & Baxter, 1962) Optimal reaction conditions: 125% 
wt  acid catalyst, 200 rpm, 2 h, 67°C and using a particle size <150 µm. 
 

The catalyst–co-solvent (AD) and temperature-co-solvent (BD) interactions presented 

statistical significance on FAME yield. The interaction profiles are shown in Figure 2, 

where a significant improvement of FAME yield was observed with the increase of 

temperature and the incorporation of the co-solvent (Figure 2a). The interaction catalyst–

co-solvent (Figure 2b) presented a significant increase on FAME yield with the rise of acid 

catalyst concentration and co-solvent use. FAME yield improvement was observed for a 

catalyst dosage up to 100% wt and a co-solvent volume not higher than 30% vol/vol. At 

higher catalyst levels a decline on FAME yield was observed. Sulfuric acid is a strong 

oxidizing agent and an excessive concentration could lead to the destruction of 

polyunsaturated fatty acids or side reactions of cell constituents (Christie, 1993; Hidalgo et 

al., 2013b).  
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Moreover, particle size-co-solvent (CD) and catalyst-particle size (AC) interactions (Figure 

2c and 2d) show a clear effect of particle size on FAME yield. Higher FAME yields were 

obtained for small particle size fractions. 

. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2. Contour plot of FAME yield for different variable interactions a) co-solvent-
temperature b) co-solvent-catalyst c) co-solvent-particle size d) particle size-catalyst 
 

A theoretical maximum FAME yield of 80.2% (78.3 ±1.2 %, experimental maximum) from 

the polynomial model was obtained. This maximum was reached using a particle size <150 
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µm, a catalyst dosage of 125%, reaction temperature of  67°C and co-solvent dose of 27% 

in the reaction mixture . 

 

3.2.3 Effect of in situ transesterification on microalgae particle size 

During in situ transesterification of biomass the removal of cell constituents such as 

proteins and carbohydrates is possible.  At low catalyst concentration, low FAME yields 

were observed (Figure 2). This is due to the catalyzed hydrolysis of cell constituents of 

microalgae. Thus, increasing the catalyst concentration improves the FAME yield. 

Moreover, the hydrolysis of cell constituents by acid catalyst produces a decrease of 

microalgae conglomerates particle size (Velasquez-Orta et al., 2013b). As shown in Figure 

3, the microalgae particle size diminished during the reaction. This effect was most 

significant when high catalyst dosage was used. 

Statistical analysis of particle size distribution was performed for B. braunii before and 

after of in situ transesterification with high (150% wt) and low (75% wt) sulphuric acid 

dosage. Particle size did not show a normal distribution. Therefore, microalgae powder of 

different particle sizes were statistically compared using the Mann–Whitney test for non-

parametric data. There were significant differences (p <0.05) for the different particle size 

fractions obtained among treatments. For microalgae powder with a size lower than 150 µm 

(size 1), the mean size of 130 µm diminished after reaction down to 105µm using a low 

catalyst dosage and down to 86 µm when using the highest catalyst level. Moreover, for the 

fraction with particle size between 150 and 500 µm (size 2) and mean size of 358 µm, after 

reaction the mean sizes of 286 µm and 125 µm were observed for disrupted particles with 

low and high catalyst dosage, respectively. According to these results, a large reduction of 
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the particles size after of in situ transesterification was obtained for particles of size 2. A 

mean size reduction of 20% (low catalyst dosage) and 65% (high catalyst dosage) was 

observed.  Moreover, for particles with size higher than 500 µm (size 3), a mean size 

reduction close to size 2 was obtained. i.e., being 21% (low catalyst dosage) and 58% (high 

catalyst dosage). In fact, the observed differences for non-disrupted microalgae (mean size: 

2357 µm of size 3) and microalgae after reaction treated with high catalyst dosage (mean 

size: 1011µm) were significant. A lower catalyst dosage in the reaction with microalgae of 

size 3 diminished the mean diameter down to 1849 µm. 
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Figure 3. Particle size distribution of B. braunii before and after of in-situ 
transesterification (a) Size 1<150 µm (b) Size 2: 150 µm < D< 500 µm (c) Size 3 >500 µm. 
Treatment 1: Microalgae after in-situ transesterification using 75% acid catalyst; Treatment 
2: Microalgae after in-situ transesterification using 150% acid catalyst. 
 

Besides, due to acyl-acceptor and catalyst treatment, both the surface area and the pore 

volume increased in microalgae particles (Figure 4a and 4b).The more significant effect of 

the rise of surface area and pore volume was observed for the use of the highest catalyst 

dosage. 
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The reduction of fatty acid content in the microalgal biomass after in situ reaction was 

observed in all particle sizes of the microalga (Figure 4c). The remaining fatty acids content 

in microalgae after reaction was lower for the particle size fraction <150 um. This is 

coincident with the highest FAME yield obtained for this fraction. 

Respect to total carbon content in the biomass, it also diminished after reaction (Figure 4d). 

The reaction reduced both the carbon content derived from fatty acids as well as other cell 

constituents such as polysaccharides, proteins and pigments (Rao et al., 2006). This carbon 

content decline in the biomass after in situ transesterification is due to both the hydrolysis 

of cell constituents catalyzed by H2SO4 and the extraction of polar pigments, such as 

chlorophylls and carotenoids by the acyl acceptor (Henriques et al., 2007; Velasquez-Orta 

et al., 2013b). 
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Figure 4. a) Surface area b) Pore volume c) Total fatty acids content and d) Total organic 
carbon content for the different  particle sizes of microalgae before and after of in-situ 
transesterification. Treatment 1: Microalgae after in-situ transesterification using 75% acid 
catalyst; Treatment 2: Microalgae after in-situ transesterification using 150% acid catalyst. 
Data represents the mean values in duplicate and the error bars show the standard 
deviations. The different letters indicate a significant difference at p<0.05. 
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4. Conclusions 

This study evaluated the essential process parameters of acid in situ transesterification of 

microalgae to produce FAME via an experimental design. Parameters such as temperature, 

catalyst dosage, particle size and co-solvent use were evaluated, where FAME yield was 

significantly affected by the investigated factors.  

The diminishment of microalgae conglomerates particle size improved FAME yield due to 

an increment of the specific surface area of microalgae conglomerates. Moreover, a positive 

effect in FAME yield was observed by adding up to 30% vol/vol of a nonpolar co-solvent 

in the reaction due to an increase in the affinity to membrane lipids of microalgae. In 

addition, the incorporation of the co-solvent improved the stability of the product due to an 

increase in saturated and monounsaturated fatty acids. 

A high dosage of catalyst was necessary to reduce catalyst loss during in situ 

transesterification, due to its consumption in parallel reactions such as hydrolysis of cell 

constituents. 

The best result under optimized conditions was of 80.2% FAME yield using microalgae 

conglomerates particle size <150 µm, catalyst dosage of 125%, reaction temperature of 

67°C and 27% vol/vol of petroleum ether as co-solvent addition to the reaction mixture . 

According to this result, the extraction and subsequent transesterification can be efficiently 

performed at a moderated temperature, which is favorable for the process economics. 
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1. Introduction 

Recent interest in the production of microalgae is mainly related to the use of 

microalgal biomass as renewable source for biofuels and bioproducts development. 

Microalgae have high lipid content which can be used for aquaculture, human nutrition 

or biofuel production.  A lipid yield between 58000 L/ha and 136000 L/ha has been 

estimated. On the other side, oil from oilseeds such as rapeseed or soybean present oil 

yields of 1190 L/ha and 446 L/ha, respectively (Chen et al., 2011; Halim et al., 2010).  

The lipid extraction process is one of the most limiting steps for the development of 

biodiesel production industry based in microalgae. In fact, lipid extraction from 

microalgae is mainly performed by organic solvents and not by conventional physical 

methods, due to difficulties in breaking the cell wall, making microalgae-based 

biodiesel production unfeasible at industrial scale (Ehimen et al., 2010a; Hidalgo et al., 

2013b). 

Simultaneous lipid extraction and esterification/transesterification is a technique of 

great value for biodiesel production from microalgae, as it allows extracting and 

converting fatty acids into fatty acid methyl esters (FAME) in a single step bypassing 

the use of large quantities of organic solvents used in lipid extraction (Jin et al., 2014; 

Wahlen et al., 2011b).  

This process has been traditionally performed by direct contact between the biomass, 

the catalyst and the acyl-acceptor, where a high quantity of acyl acceptor is necessary to 

promote lipids diffusion from inside the cell (Griffiths et al., 2010). In this process, 
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lipids pass through a polar lipid bilayer by simple diffusion following the concentration 

gradient.  

If the biomass is in direct contact with the acyl acceptor, lipids diffusion from cells to 

the acyl acceptor could be limited due to a decreasing concentration gradient in time. 

Thereby, high acyl acceptor volume is necessary to increase lipids extraction. However, 

a high acyl acceptor volume will decrease the acid strength of the catalyst and thus 

decrease the reaction yield (Hidalgo et al., 2014a). Additionally, the acid catalyst 

performs a dual role, as catalyst of the reaction and as a cell wall disruptor agent 

(Ozgul-Yucel & Turkay, 2002). Therefore, a reduction of acid strength of the catalyst 

due to the increase of acyl acceptor volume could have a negative impact on the total 

reaction yield. 

The traditional configuration used in biomass direct transesterification corresponds to a 

closed reaction vessel containing the reaction mixture where the acyl acceptor is in 

direct contact with the biomass (Haas & Wagner, 2011). In this configuration both 

temperature and agitation are maintained during a specified period of time (Ehimen et 

al., 2010a; El-Shimi et al., 2013; Hidalgo et al., 2013b). This system is of easy 

implementation, but lipids extraction will be limited due to a decreasing concentration 

gradient of lipids (outside and inside the cell), requiring a subsequent step for separating 

the biomass from the reaction product (Hidalgo et al., 2014a). Normally, high acyl 

acceptor volume for increasing lipids diffusion and FAME yield has been used in 

biomass transesterification (Ehimen et al., 2010a). Acyl acceptor excess plays also a 

role as extraction solvent, improving the contact between catalyst and biomass, altering 
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the permeability of the solid substrate (Haas et al., 2007). Besides, acyl acceptor excess 

is responsible for breaking linkages between glycerin and fatty acids during the reaction 

(Hidalgo et al., 2013b). Siler-Marinkovic and Tomasevic (1998) used a wide range of 

methanol:lipid molar ratios, ranging between 100:1 and 300:1, for the transesterification 

of macerated sunflower seeds (Siler-Marinkovic & Tomasevic, 1998). Moreover, 

Ehimen et al. (2010) used a methanol:lipid molar ratio between 105:1 and 524:1 for the 

direct transesterification of Chlorella  (Ehimen et al., 2010a). 

Solvent reflux processes have been traditionally carried out for lipid extraction using a 

continuous or discontinuous (soxhlet) extractor. In this sense, the continuous process 

could have application in the production of biodiesel from microalgae and until today, 

only few studies tackle this issue in the literature. In the implementation of this system, 

microalgal biomass is contacted repeatedly with fresh portions of the acyl acceptor and 

in so, lipids can be extracted and esterified in the presence of a high acyl acceptor 

volume, hence favoring product formation. Although in this system no application of 

shear stress is used to produce microalgae cell wall disruption, highest FAME yields 

were obtained using this configuration, probably enhanced by high lipids extraction 

yields due to diffusion (Hidalgo et al., 2014a). According to our previous study, the use 

of solvent reflux increased FAME yield in direct transesterification of microalgal 

biomass. A FAME yield close to 80% was achieved using this configuration in contrast 

to the traditional configuration in batch reactor (FAME yield of only 60%) where the 

biomass is in direct contact with solvent and catalyst.  Although better results were 

obtained in this system, only few studies related to the use of solvent reflux for the 

direct transesterification of microalgal biomass have been published yet. Therefore it 
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appears interesting to test this technique and its operational conditions when using B. 

braunii as a lipid source for microalgae-based biodiesel production. 

Hence, the aim of this work was to carry out direct transesterification of microalgal 

biomass in a reflux extraction reactor (RER), a different configuration compared to the 

used techniques where lipid diffusion is limited. In RER, the microalgae sample is 

repeatedly contacted with pure solvent, thus increasing the lipid extraction and 

conversion yield to FAME. To optimize the operational conditions in this system, an 

experimental design using surface response methodology was developed to find out the 

influence of the operational variables and the interaction among them on FAME yield. 

The variables studied were co-solvent and catalyst concentration. Hexane was used as 

co-solvent in the reaction.  

 

2. Materials and methods 

2.1 Lipid quantification from Botryococcus braunii 

The microalga used in this study was supplied by Desert Bioenergy S.A., Chile. The 

moisture content was 7.8 % wt and size distribution was < 150 µm. The lipids of 

Botryococcus braunii were extracted in a soxhlet apparatus for its quantification and 

characterization using a methanol:chloroform ratio of  2:1 v/v. The extracted lipids (Total 

lipids, TLs) were divided in two main fractions, saponifiable lipids (SLs) and 

unsaponifiable lipids (USLs). SLs were defined as total fatty acids (TFA) or 

transesterifiable lipids.  
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USLs were evaluated according to AOCS method (Cc-6a-53) and SLs by difference 

between TLs and USLs. The determination of USL profile was performed by gas 

chromatography coupled to a mass spectrometry detector (GC-MS) using derivatization 

through silylation with N-Methyl-N-(trimethylsilyl)trifluoroacetamide(MSTFA) in 

pyridine.  

The fatty acid distribution  was determined according to AOCS method (Ce 2-66) (AOCS, 

2012). The acid value as well as FFA were titrimetrically determined using AOCS method 

(Cd 3d-63). Phosphatides content was evaluated using AOCS method (Ca 12-55). Acyl-

glyceride contents (tri-di and mono-glycerides) were determined by gas chromatography 

coupled to a flame ionization detector (GC-FID) using tricaprin as internal standard. 

2.2 Experimental set up  

The experiments were carried out in a reflux extraction reactor (RER). This system has 

been used for lipids extraction, where the biomass is repeatedly contacted with fresh 

portions of solvent. The system operates at the solvent´s boiling temperature for 

maintaining a constant reflux (Luque de Castro & Priego-Capote, 2010). In the 

experiments, the system was coupled to a continuous flow extractor, where the biomass 

was located. In RER, the extracted lipids were contacted with the catalyst and acyl-acceptor 

for its conversion to FAME during 5 h. Methanol was used as acyl-acceptor and sulfuric 

acid (H2SO4) was used as acid catalyst.  

After direct transesterification, methanol was removed by distillation in a rotary evaporator 

and after that hexane (5 mL) was added for FAME extraction while the supernatant was 

removed. The supernatant was washed three times with distilled water (5 mL) to remove 
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traces of catalyst, methanol and hydrophilic components. Afterwards, the sample was 

centrifuged and the supernatant (or non-polar phase) was separated and distilled for its 

gravimetric quantification.  

The solvent free sample was stored at 4°C for FAME determination by GC-FID. 

Heptadecanoic acid methyl ester (C17:0) of chromatographic purity was used as internal 

standard for the quantification. 

FAME yield was calculated using equation (1): 

 

퐹퐴푀퐸 	(%	푤푡):	
(% ) 	 	(% )

	(%	 )
 eq. (1) 

Where, FAME (%wt) represent to quantification by GC-FID of fatty acid methyl esters and 

FAMEg (% wt) corresponds to gravimetric quantification of lipids converted to FAME. 

TFA correspond to the gravimetric quantification of transesterifiable lipids. 

2.2.1 Evaluation of the effect methanol: total fatty acids molar ratio on FAME yield  

The evaluation was performed at five levels of methanol: total fatty acids molar ratios 

(36:1, 76:1, 151:1, 227:1 and 303:1). All the experiments were performed using 75% acid 

catalyst (on the basis of total fatty acids). Additionally, the RER system was compared with 

a control transesterification system (CTS) which consisted of a flask with a condenser and a 

heating plate with magnetic stirrer to maintain a homogeneous mixture during the reaction. 

Thereby in CTS, the biomass is directly contacted with the acyl- acceptor and catalyst. 
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2.2.2 Evaluation of efficiency of FAME extraction in RER 

The removal of total organic carbon (TOC), protein, lipids and pigments of the biomass 

was evaluated before and after the reaction. The results of RER were compared with the 

CTS. The experiments were carried out using 75% acid catalyst (on basis of total fatty 

acids) and the methanol:total fatty acids molar ratio defined in 2.2.1. 

TOC was evaluated in an organic carbon analyzer (TOC- VCPH, SHIMADZU). Protein 

content was determined using Kjeldahl method (Dupont et al., 2011). Lipid content of 

biomass after reaction was quantified by lipid extraction using methanol:chloroform 

according to the already described methodology. The estimation of carotenoids and 

chlorophylls were  evaluated according to the procedure of Lichtenthaler (Lichtenthaler, 

1987).  

2.2.3 Optimization of direct transesterification in a reflux extraction system 

An experimental design using surface response methodology was applied to find out the 

influence of the operational variables on FAME yield during direct transesterification of B. 

braunii biomass. The independent variables used in this study were co-solvent and catalyst 

concentration. Heaxane was selected as co-solvent. Although hexane is less efficient 

compared to other organic solvents in lipid extraction from microalgae (Nagle & Lemke, 

1990a), it has minimal affinity towards polar lipids and hydrocarbons (Grima et al., 1994), 

and its use in mixture with methanol may extract a FAME fraction with higher purity, thus 

diminishing further purification steps. 
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The independent variables and levels of the experimental design are shown in Table 1. 

FAME yield was used as response variable.  In these experiments, hexane was used as co-

solvent in the reaction. 

 

Table 1. Independent variables and levels of experimental design   

Independent variable Levels 
-1.47 -1 0 1 1.47 

Co-solvent (% v/v) 34 
(3.4) 

40 
(3.1) 

55 
(2.3) 

70 
(1.5) 

76 
(1.2) 

Catalyst (% wt on the basis of Total fatty 
acids )* 

59.6 75 112.5 150 165.4 

* on the basis of total Total fatty acids  ** Value in parentheses correspond to polarity index (PI) of mixture 
evaluated according to Snyder (1978) (Snyder, 1978) 

 

2.3. Chromatographic methods 

FAME quantification and distribution 

An Agilent Technologies 7890A GC system with FID and a polar capillary column (J&W 

122-7031, 30 m x 250 um x 0.15 um) were used for FAME identification and 

quantification. Helium was used as carrier gas (0.7 ml min-1) and the sample was injected 

(1 μL) with a split ratio (ratio 100:1). The following temperature profile was used: 60°C for 

2 min, then an increase of temperature up to 200°C at a rate of 10°C min-1, finally a rise 

until 240°Cat a rate of 5 °C min-1.  

 

Acyl-glycerol quantification 

An Hewlett Packard 6890 series GC system with FID and a polar capillary column (J&W 

123-5711, 15 m x 320 um x 0.10 um) were used for acyl-glycerol analysis.  Helium was 

used as carrier gas (1 ml min-1). A temperature gradient of 15 °C min-1 from 50 to 180 °C, 
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then 7 °C min-1 from 180 to 230°C and finally an increase at a rate of 10 °C min-1 to 370°C 

were applied in this determination. 

Lipid profile   

An Hewlett Packard HP 6890 series GC system coupled to a Hewlett Packard 5973 mass 

selective detector was used in the identification and quantification of lipid profile. A 

capillary column (DB-5MS UI, 30 m x 250 um x 0.25 um) and helium (1 ml min-1) were 

used. The sample was injected (1 μL) with split injection (ratio 50:1:1). The following 

temperature program was used: 50°C for 3 min and then increasing temperature at a rate of 

10°C min-1 up to 300°C.  

2.4 Statistical analysis 

The analysis of variance and Tukey's test were performed were analyzed JMP-9 software 

(SAS Institute Inc., Cary, NC). A p-value below 0.05 was considered significant.  

 

3. Results 

A content of 26% of lipids (wt of dry microalgae) extracted by methanol/chloroform 

mixture using a soxhlet extractor was found for B.braunii. From the extracted lipids, a 

58.8% corresponding to transesterifiable lipids defined as total fatty acids (TFA). TFA is 

composed by acyl-glycerols, free fatty acid, esters, phospholipids and glycolipids (Halim et 

al., 2012; Olofsson et al., 2012). A high content of free fatty acid (56.4% wt) and a low 

content of acyl-glycerol were found, according to shown in Table 2.  

The fatty acid profile of B. braunii lipids was composed mainly by oleic acid (C18:1, 

54.9%), followed by palmitic acid (C16:0, 12.2%), linolenic acid (C18:3, 5.5%), stearic 
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acid (C18:0, 3.9%) and linoleic acid (C18:2, 3.57%). A high saturated and 

monounsaturated fatty acids content are suitable for oxidative stability of the sample 

(Demirbas, 2009b). Moreover, a high content of C18:1 has been reported in this specie, due 

to role in the biosynthesis of a biopolymers derived of polymerization of long-chain fatty 

acids known as algaenan (Laureillard et al., 1988). 

Of USLs, a high content was found (41.2% of total lipid extracted). In general a high 

content of USLs has been reported in the lipids from microalgae (Wang & Wang, 2012).   

USLs are mainly formed by sterols, phytols, fatty alcohols and hydrocarbons (Allard & 

Templier, 2000; Perry et al., 1978). Of lipid of B. braunii, the major components of USLs 

found were hydrocarbons (32.6%), alcohols (phytols: 25.3 %) and sterols (Campesterol and 

β-sitosterol: 19.6%).  

Table 2. Composition of lipid of B. braunii microalgae. 

Lipid composition  Content (%) 
Saponifiable lipids *  
Triglycerides  1.7±0.3 
Diglycerides 2.5±0.5 
Monoglycerides 0.9±0.3 
Free fatty acids 46.7±0.1 
Esters 3.1±0.2 
Phospholipids 16.3±0.2 
Unidentified 28.8 
Unsaponifiablelipids **  
Hydrocarbons 32.6±0.5 
Sterols 19.6±1.9 
Alcohols 25.3±1.2 
Ketones 4.6±0.5 
Unidentified 17.9 

*% of saponifiable lipid ** % of unsaponifiable lipid 
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3.1 Effect methanol:total fatty acids  molar ratio on FAME yield  

Different experiments were performed using methanol: total fatty acids molar ratios 

ranging between 38 to 303. As shown in Figure 1, a significant increase of FAME yield up 

to 82 % was observed for RER compared to CTS and was directly proportional to the 

increase in the methanol: total fatty acids molar ratio until 151:1. At higher molar ratios, 

FAME yield remained constant. In this configuration, the main lipid extraction mechanism 

is diffusion, as it involves percolation of the solvent through the biomass, thereby allowing 

the diffusion of internal lipids out of the cell (Hidalgo et al., 2014a). 

On the opposite, for CTS an increase of the methanol: total fatty acids molar ratio from 

38:1 to 227:1 provoked an increment in FAME yield from 17% to 53% wt. However, an 

increase in the methanol: total fatty acids molar ratio above 227:1 produced a decrease in 

FAME yield. This reduction could be related to a dilution effect of the acid catalyst at high 

methanol: total fatty acids molar ratios (Velasquez-Orta et al., 2012a). 

 

 

 

 

 

 

 

 

 

 

 
Figure 1. Evaluation of effect of methanol:total fatty acids  molar ratio on FAME yield in the direct 
transesterification. Reaction condition: 75% acid catalyst (on basis of Total fatty acids), time 
reaction 5 h. Data represents the mean values of duplicates and error bars show the standard 
deviations. The different letters indicate a significant difference at P<0.05. 
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3.2 Spent microalgal biomass characteristics in RER  

Higher FAME yields were observed in RER compared to CTS, suggesting a higher lipid 

extraction yield from biomass. After reaction, microalgal biomass diminished its total fatty 

acids, organic carbon, proteins and pigments content (as shown in Figure 2). A high total 

fatty acids extraction yield was observed in RER, as shown in Figure 2a. This result is 

coincident with the highest FAME yield obtained in RER. The lesser removal of total 

organic carbon in RER (Figure 2b) after direct transesterification can be related to a lower 

extraction yield of microalgae constituents such as protein, pigments and carbohydrates. In 

fact, methanol and sulfuric acid have a dual role during direct transesterification. Methanol 

acts as acyl acceptor as well as a polar nature cell constituents’ solvent, while sulfuric acid 

acts as catalyst as well as hydrolyzing agent of cell constituents, process that is more 

relevant in CTS configuration as in RER the catalyst is not in contact with the biomass. 

Hydrophilic components such as pigments and proteins may form hydrogen bonds with 

methanol used as acyl-acceptor in the reaction (Halim et al., 2012; Henriques et al., 2007).  

Thereby, methanol plays a key role in the extraction of pigments, such as chlorophylls and 

carotenoids, as well as in the removal of proteins and polar lipids of cell wall. Methanol has 

been used in protein extraction replacing conventional membrane proteins extraction 

techniques (which include the use of detergents, chaotropic agents and organic acids) that 

require subsequent sample post-treatment, such as clean-up or pH adjustment (Zhang et al., 

2007). From the obtained results, a high decrease of both pigments and proteins was 

observed in microalgal biomass after reaction in CTS (Figure 2c and 2d). The higher 

protein removal may be related to the affinity of the acyl acceptor to peptides present in the 

cell membrane. Besides, the catalyst can also promote side reactions, such as protein 
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hydrolysis (producing peptides), as well as carbohydrates and other cell constituents 

hydrolysis, producing a higher protein extraction yield in CTS compared to RER. Acid 

catalyst is efficient in the hydrolysis of hydrophobic peptide bonds of microalgae cell wall 

(Tsugita & Scheffler, 1982). In RER however, protein removal is related to protein affinity 

with methanol. Thereby in RER, the obtained FAME presents lower impurities content 

related to hydrolyzed proteins.  

Moreover, when evaluating FAME yield, RER presented a higher conversion compared to 

CTS (Figure 3). Although RER is a suitable configuration to obtain high FAME yields, it 

requires long reaction times to reach a complete transesterification. Instead, in CTS a 

maximum FAME yield close to 60% was reached in 2 h and for a longer reaction time 

FAME yield remained constant. 

The reduction of acyl-glycerols and FFA content was higher and faster in RER. It appears 

that in RER, once the lipids are extracted they are immediately transformed into FAME at 

higher levels of acyl-acceptor and catalyst than CTS. Since in CTS part of the catalyst 

participates in parallel reactions, the lower FAME yield may be caused by a loss of acid 

catalyst efficiency as it reacts with cell constituents provoking their hydrolysis (Carrapiso 

& García, 2000; Ozgul-Yucel & Turkay, 2002).  

Besides, to increase the FAME yield in CTS at a level close to RER, higher solvent 

volumes and catalyst dosage would be required. According to Ehimen et al. (2010)  a high 

FAME yield was obtained when using a methanol:lipids molar ratio higher than 350:1 in 

the direct transesterification of Chlorella sp. (Ehimen et al., 2010a). Moreover, Velasquez-

Orta et al. (2012) obtained a 96.8% of FAME yield using a methanol:lipid molar ratio of 

600:1 (Velasquez-Orta et al., 2012a) 
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Figure 2. Removal of lipid components from microalga biomass before and after of in-situ 
transesterification in RER and CTS. A) Lipid content (as Total fatty acids) b) Carbon content c) 
Protein content d) Pigments (as carotenoid and Chlorophylls). Reaction condition: 75% acid 
catalyst (on basis of Total fatty acids), 151:1 methanol:total fatty acids  molar ratio, time reaction 5 
h. Data represents the mean values of two samples and the error bars show the standard deviations. 
The different letters indicate a significant difference at P<0.05.  
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Figure 3. FAME formation and reduction of FFA and acyl-glycerides during the in-situ 
transesterification of microalgae biomass a) in CTS b) RER. Reaction condition: 75% acid catalyst 
(on basis of Total fatty acids ), 151:1 methanol:Total fatty acids  molar ratio, 6 h. Data represents 
the mean values of two samples and the error bars show the standard deviations.  
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3.3 Optimization of FAME yield in RER 

An experimental design using surface response methodology was applied for the 

optimization of the direct transesterification using a RER. The reaction parameters 

evaluated were co-solvent and catalyst concentration and FAME yield as response variable. 

The experimental design matrix is shown in Table 3 and the regression coefficients 

determined using JMP software are shown in Table 4. Using the coefficients from Table 3, 

the polynomial model was determined. The full prediction model in terms of uncoded 

factors for FAME yield is: 

퐹퐴푀퐸 (%	푤푡) = 90.8 − 12.1 ∙ 퐴 + 3.2 ∙ 퐵 + 1.9 ∙ 퐴퐵 − 9.9 ∙ 퐴 − 2.5 ∙ 퐵  

The determination coefficient (R2) of the model was 0.963.This value indicates that the 

sample variation of 96.3% for FAME yield is attributed to the independent variables 

selected (catalyst and co-solvent) and 3.7% of the total variations are not explained by the 

model. Besides, lack of fit is not significant, thereby this is a suitable model to describe the 

effect of the independent variables on FAME yield. 

 

 

 

 

 

 

Eq.(2) 
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Table 3.Experiment matrix for the factorial design and conversion values (experimental 
and predicted)* *Value in parentheses correspond to codified terms 

Run  Co-solvent (% v/v) 
A 

Catalyst (% wt) 
B 

FAME yield (% wt) 
experimental 

FAME yield (% wt) 
predicted 

1 55 (0) 165.4(1.41) 92.76 90.38 
2 55(0) 112.5 (0) 90.42 90.82 
3 55(0) 112.5(0) 93.52 90.82 
4 40(-1) 150(1) 92.29 91.90 
5 70(1) 75(-1) 61.03 61.37 
6 40(-1) 75(-1) 93.02 89.22 
7 55(0) 112.5 (0) 92.12 90.82 
8 55(0) 112.5 (0) 88.52 90.82 
9 70(1) 150(1) 67.70 71.44 
10 34(-1.41) 112.5 (0) 85.30 88.26 
11 55(0) 59.6(-1.41) 78.95 81.39 
12 55(0) 112.5 (0) 89.52 90.82 
13 76(1.41) 112.5 (0) 57.10 54.20 

 
 
Tabla 4.ANOVA for the model 

Source Coefficient 
estimatea 

Sum of 
squares 

df Mean 
square 

F-Value P-value 

Model  1938.70 5 387.74 36.88 < 0.0001* 
Constant 90.82      
A: Co-solvent -12.08 1163.68 1 1163.68 110.67 < 0.0001* 
B: Catalyst 3.19 80.96 1 80.96 7.70 0.0275** 
AB 1.85 13.69 1 13.69 1.30 0.2914 
A2 -9.85 669.81 1 669.81 63.70 < 0.0001* 
B2 -2.48 42.53 1 42.53 4.04 0.0842 
Residual  73.60 7 10.51   
Lack of Fit  57.48 3 19.16 4.75 0.0831 
aCoefficients refer to the model given. *Significant at level p<0.001. ** Significant at level p< 0.05 
 

The regression coefficients of the co-solvent (A) and catalyst (B) linear terms and the 

quadratic term A2 have a significant effect on FAME yield (p-value < 0.05).  

Negative values of the coefficients for linear and quadratic co-solvent terms indicate an 

unfavorable effect on FAME yield. Even though, the incorporation of a co-solvent 

increased the lipid extraction and FAME yield, also produced a decrease of the selectivity 

due to extracting sterols and hydrocarbons (Table 5).  
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A positive value of the catalyst linear term coefficient indicates a favorable effect on 

FAME yield. The increase of acid catalyst concentration improves FAME yield. The 

contour plot of Figure 4 shows that a significant increase on FAME yield was reached with 

the increase of acid catalyst concentration.  

In Addition, of the results of polynomial model the incorporation of a 47% of co-solvent 

and adding a catalyst dosage of 104% wt produced an increase on FAME yield close to 

15% (95% of theoretical maximum of FAME yield; 93 ±1.5 % of experimental maximum)  

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.Response surface of FAME yield with respect to catalyst dosage and co-solvent volume. 
a) Two-dimensional contour plot. b) Three-dimensional surface plot 
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Table 5.FAME composition and profile of main component of mixture unrefined  
Contents (% wt) Methanol 34% of co-solvent 40% of co-solvent 55% of co-solvent 70% of co-solvent 76% of co-solvent 

FAME profile             
C10:0 0.1±0.1 - - - - - 
C12:0 3.1±0.2 2.9±0.1 2.7±0.1 2.9±0.1 - - 
C12:1 0.2±0.1 0.5±0.1 0.4±0.2 0.5±0.1 - - 
C14:0 0.1±0.1 0.1±0.1 0.3±0.1 0.5±0.1 - - 
C14:1 1.2±0.2 1.1±0.2 0.9±0.1 0.9±0.2 0.7±0.1 - 
C16:0 12.40±0.3 12.22±0.8 13.10±0.4 13.5±0.4 17.8±0.9 19.10±0.9 
C16:1 4.01±0.2 3.96±0.2 3.50±0.2 3.2±0.4 3.1±0.5 3.50±0.1 
C18:0 5.90±0.5 6.80±0.4 6.90±0.4 7.10±0.1 7.8±0.6 11.10±0.5 
C18:1 50.10±0.6 48.10±0.3 48.70±0.8 44.50±0.7 45.1±0.8 45.10±0.9 
C18:2 3.50±0.1 3.57±0.2 2.50±0.1 2.2±0.2 2.1±0.3 2.00±0.2 
C18:3 5.50±0.2 5.52±0.2 4.90±0.2 4.5±0.5 4.1±0.2 5.10±0.1 

C20:0 2.10±0.2 2.00±0.1 2.10±0.1 2.10±0.4 3.2±0.1 3.10±0.2 
C20:1 1.20±0.1 1.10±0.4 1.10±0.1 2.30±0.3 2.2±0.1 - 

C20:4 2.50±0.1 2.10±0.3 2.20±0.2 1.80±0.1 1.9±0.1 - 
C20:5 1.10±0.1 1.07±0.2 0.50±0.2 0.3±0.2 - - 
C22:2 1.05±0.2 0.97±0.1 0.50±0.1 0.4±0.1 - - 
Unidentified 6.04 7.99 9.70 13.30 12.00 11.00 
Unsaturation index* 1.58 0.94 0.87 0.79 0.75 0.68 
FAME yield 82.2±1.2 85.30±1.1 93.2±1.2 90.42±2.1 65.3±1.0 57.10±0.9 

Mixture profile 
      FAME  70.2 65.1 60.2 65.2 63.2 62.5 

Hydrocarbons 15.4 13.8 15.2 14.1 11.5 13.5 
Sterols - 4.3 4.4 4.5 5.1 5.8 
Unidentified 14.4 16.8 20.2 16.2 20.2 18.2 

*According to Kates and Baxter (Kates & Baxter, 1962). Experiment were made with 112.5% wt of catalyst dosage and 151:1 of methanol:Total fatty acids  molar ratio.Data 
represents the mean values of two samples.
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4. Conclusion  

The in-situ transesterification of Botryococcus braunii microalgae with an acyl acceptor 

maintained to continuous reflux was evaluated. The reaction was carried up in a reflux 

extraction reactor (RER), where once lipids were extracted; they were contacted with 

catalyst and acyl acceptor. In this configuration there a physical separation of the zone of 

extraction and reaction that not limit the diffusion of lipid outside of the microalgae.  

In RER the physic separation of lipid extraction zone, improved the FAME yield. In this 

system, the percolation of fresh solvent through the sample does not limit the diffusion of 

lipids outside of the cell. Accordingly, the use of a simultaneous system of extraction-

transesterification in different spaces like in RER, improved the FAME yield. 

FAME yield near 80% wt were obtained when was used RER. Opposite to control 

transesterification system (CTS) where the biomass is in direct contact with catalyst and 

acyl-acceptor, a 53% wt of FAME yield was obtained. Thereby, the use of a continuous 

flow extractor, that it separates the zone of lipid extraction and lipid conversion into 

FAME, it increases the FAME yield during in-situ transesterification of microalgae 

biomass. 

Moreover in RER, the catalyst does not participate on side-reaction such as hydrolysis of 

cell constituents like in CTS. Because of this, there is not loss of catalytic capacity for the 

promoting transesterification/esterification reactions. 

On the other hand, the incorporation of a co-solvent in the reaction for reach a complete 

extraction of lipid outside of cell had a positive effect on FAME yield. The incorporation of 
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co-solvent in the reaction, increased FAME yield from 80% (only methanol) to a maximum 

of 95% when a 47% v/v of hexane was incorporated. However, the selectivity towards non-

saponifiable lipid as sterols was increased, affecting the quality of the sample. 

 

Acknowledgments. This work was supported by Chilean CONICYT Project 7812110004. 

This work was partially supported by FONDECYT project 11110282 and Desert Bioenergy 

SA. 



 

 

 

 

 

 

Chapter 6 
FAME production from microalgal biomass by in-
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1. Introduction  

Microalgae offer several potential advantages as a non-food feedstock for biodiesel 

production as they can accumulate high quantities of lipids (Cheng et al., 2011). In general, 

microalgae contain between 2 to 40 %wt (based on dry weight) of lipids and the lipid 

profile depends on the type of microalgae (Balat & Balat, 2010). These lipids are composed 

by an unsaponifiable and a saponifiable fraction and in addition, some microalgae species 

are rich in neutral lipids compared to other species (Lv et al., 2010). Microalgae  such as 

Chlorella sp, or B. braunii have a high fraction of unsaponifiable compounds mainly 

corresponding to hydrocarbons, phytols, sterols, ketones and pigments among other 

compounds (Hidalgo et al., 2014a; Velasquez-Orta et al., 2013b). Nevertheless, the high 

content of saturated and monounsaturated fatty acids makes them suitable for fatty acid 

methyl ester (FAME) production (Rasoul-Amini et al., 2011)    

Although the high lipid contents of microalgae, the use of these lipids for biodiesel 

production has been limited due to the high energy demand needed in the extraction stage,  

as organic solvents have been used for lipids recovery. Here, traditional Soxhlet extraction 

method with hexane or Blight and Dyer extraction method have been the most used 

techniques for lipids extraction from microalgae at laboratory scale (Hidalgo et al., 2013b).  

A method that has been developed for diminishing the high energy demand in biodiesel 

production is in-situ transesterification (Ehimen et al., 2010b; Mata et al., 2010). However, 

this process has been developed mainly using dry microalgal biomass, where 85% of the 

total energy consumption is needed for drying (Lardon et al., 2009). Therefore, if biomass 

drying could be totally or partially avoided, significant energy and cost savings should be 

expected. Furthermore, microalgal biomass drying can cause the formation of microalgae 
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aggregates and the formation of case-hardening on the drying surface (Velasquez-Orta et 

al., 2013b).  

A significant amount of research work has been performed regarding transesterification 

kinetics for biodiesel production. The main focus of these research works has been the 

evaluation of biodiesel production kinetics from pure lipids. Uzun et al. (2012) investigated 

the effect of the reaction parameters for biodiesel production from waste frying oil and 

reported that the reaction follows a pseudo first order kinetic model (Uzun et al., 2012). 

Shahbazi et al. (2012) reported however that the reaction follows a second order kinetic 

model for biodiesel production when palm oil is used (Shahbazi et al., 2012). In addition, 

Kusdiana and Saka (2001) proposed that the reaction follows a first order kinetic model for 

biodiesel production using rapeseed oil (Kusdiana & Saka, 2001) and Kumar et al. (2011) 

reported that the reaction follows a second order kinetic model with respect to triglyceride 

concentration and a first order kinetic model with respect to methanol concentration for 

biodiesel production from mahua and jatropha oil (Kumar et al., 2011).  

In the case of kinetic studies of biodiesel production from microalgae, there are only very 

few studies already published. In addition, limited research addresses the evaluation of the 

reaction kinetics using a single extraction and transesterification stage. Nautiyal et al. 

(2014) reported that the in-situ transesterification from Spirulina platensis followed a first 

order kinetic model, assuming that transesterification reaction is a function of FAME 

concentration. In this work, the effect of water formation due to free fatty acids (FFA) 

esterification was not discussed. However, microalgae lipids have a high FFA content 

(Ehimen et al., 2010b). Thus, studies where is considered the esterification of lipids could 
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result of interest for understand the kinetic mechanism of conversion of lipid with high 

FFA content to FAME during in-situ reaction of biomass. 

Thereby, this work presents the kinetic study of FAME production from in-situ 

transesterification using partially dried microalgal biomass. The experimental parameters 

such as moisture content, methanol:petroleum ether molar ratio and catalyst concentration 

were investigated to optimize the process. For the optimization of the experimental 

parameters, a Box-Behnken experimental design was developed to find out the influence of 

the operational conditions and the interaction among them on FAME yield. Using the 

optimized conditions of the process, a kinetic study including esterification, 

transesterification and simultaneous transesterification and esterification was performed for 

the determination of the kinetic model involved in the conversion of lipid into FAME by  

in-situ reaction.  

 

2. Materials and methods 

 2.1. Materials 

 B. braunii microalgae used in this study were supplied by Desert Bioenergy S.A, Chile. 

The microalgae used in the evaluation of experimental parameters, was dried. For 

microalgae drying a thickness of 5 mm wet microalgae (with an initial moisture content of 

80% wt) was spread in a glass plate. The plate was then placed into a convective dryer to 

reach moisture contents of 10% wt and 45% wt (based on dry biomass). After that, dry 

microalgal biomass was stored at 5°C. All reagents used for this study were of analytical 

grade. 
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 2.2 Reaction in a single extraction–transesterification stage 

 The experiments were conducted using a vessel with screwed cap (20 ml) which contained 

the reaction mixtures. Methanol was used as acyl acceptor and sulfuric acid (H2SO4) was 

used as catalyst. The reaction was maintained at 200 rpm for 2 h at 60°C, using 1 g 

microalgae. The reaction was stopped with the addition of petroleum ether and distilled 

water (1:1 vol/vol) to the reaction mixture, where two phases were observed. The nonpolar 

upper phase was separated and evaporated to remove the petroleum ether by distillation for 

gravimetric quantification of FAME. Then, the FAME rich phase was analyzed by gas 

chromatography. Heptadecanoic acid methyl ester (C17:0) of chromatographic purity was 

used as internal standard for the quantification of FAME. FAME yield was calculated 

according to Hidalgo et al. (2014).  

In the characterization of the methylated fraction (total fatty acid or TFA) formed by FFA, 

phosphatides and acyl-glycerides, FFA content was determined titrimetrically according to 

AOCS method (Cd 3d-63). Phosphatides content was evaluated using method Ca 12-55 

(AOCS, 2012). Acyl-glyceride contents (tri-, di- and mono-glycerides) were determined by 

gas chromatography using tricaprine as internal standard. 

Using the above procedure, the maximum FAME yield was obtained from the identification 

of suitable reaction parameters. Response surface methodology (RSM), which is an 

efficient statistical technique, was used in the optimization of FAME yield. Minitab (v. 

16.1.0) was used to design and analyze experiments. Box-Behnken design of RSM was 

used to evaluate the effect of reaction parameters on FAME yield. Catalyst concentration 

(% wt of TFA), methanol: petroleum ether ratio (v/v) and moisture content (% wt) were the 

reaction parameters selected. The coded and un-coded levels of the independent variables 

are shown in Table 1. Two replications were carried out for all design points and the 
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experiments were performed in randomized order. Significance of regression coefficients 

was determined with a p-value of < 0.05.  

 

Table 1. Independent variables and  levels used for Box-Behnken design 

Variables  Symbols Levels 
-1 0 1 

Catalyst (% wt of TFA) X1 75 112.5 150 
Moisture (% wt) X2 10(1.4*) 45(6.0*) 80(10.3*) 
Methanol:co-solvent ratio (v/v)** X3 0.33:1 

(75) 
1:1 
(50) 

3:1 
(25) 

* Values in parentheses correspond to volume in solvent mixture (% v/v) 
**Total volume of solvent mixture: 7 ml.  Values in parentheses correspond to the volume of co-
solvent  in solvent mixture (% v/v) 
 
 

2.3 Determination of kinetics constants   

In the kinetic study, the experimental analysis was developed from the optimum 

combination of reaction variables determined previously by the Box-Behnken design. 

The kinetics parameters according to the proposed mechanisms has been fitted with 

experimental data obtained from the literature (Berrios et al., 2007; Farag et al., 2013; 

Nautiyal et al., 2014; Rani et al., 2013) to a non-linear regression model using XLSTAT 

(Version 2014.5.02) added to Microsoft Excel. The suitable selection of the model was 

based on the coefficient of determination (R2) as well as visualization of fitted plots. 

 

2.3.1 Kinetic model of esterification  

For the first scenario, a kinetic model of esterification was evaluated due to high FFA and 

low acyl-glyceride content in microalgae (as shown in Table 2).  The acid catalyzed 
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esterification reaction by which the conversion of FFA into FAME took place using 

methanol (MeOH) like acyl acceptor can be represented as: 

퐹퐹퐴+ 푀푒푂퐻↔퐹퐴푀퐸 + 	퐻 푂 

 

Table 2. Characterization of the methylated fraction of B. braunii lipids  

Lipid composition  Content (%) 
Triglycerides  2.1±0.4 
Diglycerides 1.8±0.2 
Monoglycerides 1.7±0.3 
Free fatty acids 41.1±0.4 
Phospholipids 18.4±0.7 
Unidentified 34.9 

 

The esterification kinetic model considered the following assumptions: the esterification 

reaction was a reversible homogeneous process; the rate of the non-catalyzed reaction was 

negligible compared to the catalyzed reaction; the esterification reaction occurred in the 

lipid phase; the methanol/fatty acids molar ratio used was high enough, thus the methanol 

concentration remained constant throughout the process (Berrios et al., 2007; Farag et al., 

2013; Rani et al., 2013) 

Under these conditions, the reaction was assumed to be pseudo-homogeneous, first-order in 

the forward direction and second-order in the reverse direction (Berrios et al., 2007). Hence 

the kinetic equation can be expressed as: 

	 = − 	 = 푘 	푋 	−푘 	푋 	푋 	 
 

Where XFFA denotes the molar fraction of FFA, XFAME and XWater are the molar fraction of 

FAME and waterformed during the reaction, respectively. K1 and K2 are the kinetic rate 

constants for the forward and reverse reactions, respectively. 

Eq. (2) 

Eq. (1) 
K2 
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It is assumed that at the reaction start (t = 0), XFAME and XWater are zero and 푋 =

푋 − 푋 . 푋  represents the molar fraction of  푋  (molar fraction of FFA converted to 

FAME), and 푋  is the initial molar fraction of FFA. Substituting in Eq (3) we obtain: 

푋퐸 = 푘 	 푋퐹퐹퐴푂 − 푋퐸 −푘 	푋퐸  
 
Integrating Eq. (3) according to Carberry (Carberry, 2001) we obtain:   

 

2	∙ 푘 	 ∙ 훼 ∙ 푡 = 퐿푛 푋퐹퐹퐴푂 푋퐸∙

푋퐹퐹퐴푂 푋퐸∙
 

Where 

훼 = + 퐾 ∙ 푋퐹퐹퐴푂  

 
훽 =  

퐾 =
푘 	

푘 	
 

 

The kinetic parameters (K1 and K2) of the proposed reaction  mechanism, were obtained 

from the fit of experimental data to a non-linear regression model.  

2.3.2 Transesterification kinetic model  

In the second scenario, transesterification reaction takes place. The reaction scheme for 

transesterification is presented according to following expression:  

푇퐺 + 푀푒푂퐻↔퐹퐴푀퐸 + 	퐷퐺 
 

퐷퐺 + 푀푒푂퐻↔퐹퐴푀퐸 + 	푀퐺 
 

 

푀퐺 + 푀푒푂퐻↔퐹퐴푀퐸 + 	퐺푙 
 
 

Eq. (3) 

Eq. (4) 

Eq. (5) 

Eq. (6) 

Eq. (7) 

Eq. (10) 

K2 

K4 

K6 

Eq. (8) 

Eq. (9) 
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Transesterification reaction proceeds in 3 steps in which triglycerides (TG) react with 

methanol to produce diglycerides (DG), which further react with methanol to yield 

monoglycerides (MG) which finally react with methanol to produce FAME and glycerol 

(Jain et al., 2011). However, the overall transesterification reaction results in the formation 

of three moles of FAME (Shah et al., 2014).  

푇퐺 + 푀푒푂퐻↔퐹퐴푀퐸 + 	퐺푙 
 

The overall transesterification reaction follows a first order kinetic model as a function of 

FAME concentration (Kusdiana & Saka, 2001; Shah et al., 2014). Thus, the reaction rate of 

the transesterification reaction can be expressed by Eq. (12).  

푟 =
푑푋 	

푑푡 = 푘 ∙ 푋 	 
 

Where 푋 		refers to the molar fraction of FAME obtained from acyl-glycerides (TG, 

DG and MG). Assuming that the initial molar FAME fraction at time t = 0 is 푋 	 and 

that it increases to 푋 	 at time t, the integration of equation (12) gives: 

∫ 	

	

	

	
= ∫ 푘 ∙ 푑푡 

Solving equation (11) equation 13 is obtained: 

ln 	

	
= 푡 ∙ 푘 

The kinetic contant k was determined  from the fit of experimental data to a non-linear 

regression model by XLSTAT. 

Eq. (11) 

Eq. (12) 

Eq. (13) 

Eq. (14) 
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2.3.3 Simultaneous transesterification and esterification kinetic model  

In the third scenario, transesterification reaction takes place simultaneously with the 

esterification reaction. Thus, a complete reaction mechanism (considering both reactions) 

was considered. The reaction scheme for the simultaneous transesterification and 

esterification reactions is presented in the following expressions: 

 	퐹퐹퐴+ 푀푒푂퐻 → 퐹퐴푀퐸 + 	퐻 푂 
푇퐺 + 푀푒푂퐻 → 퐹퐴푀퐸 + 	퐺푙 

 
The reaction rate equation for simultaneous esterification and transesterification can be 

expressed as:  

	 = 푟 + 푟 = 푘 (푋 − 푋 ) + 푘 푋 ∗ 

 
Where:  

푟 =
푑푋 ∗	

푑푡 = 푘 푋 	 
 

푟 =
푑푋 ∗	

푑푡 = 푘 ∙ 푋 ∗	∗ 
 

푋 = 푋 − 푋  

푋 = 푋 ∗	+ 푋 ∗∗	  

 

푋 ∗	corresponds to FAME production from FFA and 푋 ∗∗ corresponds to FAME 

production from acyl glycerides (TG, DG and MG).	푋  represents the molar fraction of  

푋  (or molar fraction of FFA converted to FAME). Reordering Eq. (17) Eq. 18 can be 

obtained: 

	 = 푘 (푋 − 푋 ) + 푘 (푋 − 푋 ) 

Eq. (17) 

Eq. (15) 

Eq. (16) 

Eq. (18) 
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At the reaction start (t = 0), 푋  and 푋 	 are the initial molar fractions of FFA and 

FAME respectively. 푋 	is the FAME molar fraction at time t. The integration of this 

equation presented in Eq. (19) gives Eq. (20). Finally, through a fit of the experimental data 

to a non-linear regression model the kinetic parameters were obtained. 

 

∫ 	
( ) ( )

	

	
= ∫ 푑푡 

ln 	 ∙(

	 ∙(
= 푡 ∙ 푘  

2.4 Chromatographic methods 

2.4.1 FAME quantification  

An Agilent Technologies 7890A GC system with FID and a polar capillary column (J&W 

122-7031, 30 m x 250 um x 0.15 um) was used for FAME identification and quantification. 

Helium was used as carrier gas (0.7 ml min-1) and the sample was injected (1 μL) with split 

injection (ratio 100:1). The following temperature program was used: 60°C for 2 min, then 

there was an increase of temperature up to 200°C at a rate of 10°C min-1, finally a rise up to 

240°C was performed at rate of 5 °C min-1.  

2.4.2 Acyl-glycerol quantification 

A Hewlett Packard 6890 series GC system with FID and a polar capillary column (J&W 

123-5711, 15 m x 320 um x 0.10 um) was used for acyl-glycerol analysis. Helium was used 

as carrier gas (1 ml min-1). A temperature program of 15 °C min-1 from 50 to 180 °C, 7 °C 

Eq. (20) 

Eq. (19) 
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min-1 from 180 to 230°C and finally an increase at a rate of 10 °C min-1 up to 370°C was 

applied. 

3 Results 

3.1 Process optimization 

A Box-Behnken design of 17 experiments for studying the interactive effects of three 

critical variables of the in-situ transesterification process such as catalyst concentration 

(X1), moisture content (X2) and methanol:petroleum ether molar ratio (X3) on FAME yield 

is presented in Table 3. Different combinations of variables resulted in FAME yields 

varying from 60.7 to 79.7 (% wt). The predicted values calculated using the model ranged 

between 61.4 and 80.3 (% wt).  

Table 4 shows the statistical analysis of variance (ANOVA) to study the significance, the 

effects of significant individual terms and their interactions on the responses as well as 

multiple regression coefficients. The prediction model derived from the regression 

coefficients in terms of coded factors is:  

퐹퐴푀퐸푦푖푒푙푑(%	푤푡) = 72.78 + 1.69푋 − 2.19푋 + 6.77푋 + 0.078푋 푋 + 2.02푋 푋  

1.09푋 푋 − 1.75퐴 − 0.02퐵 − 2.51퐶        

 
 
 
 
 
 
 
 
 
 
 
 

Eq.(21) 
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Table 3 Experimental Box–Behnken matrix design  

Run Catalyst 
(% wt) 

Moisture   
(% wt) 

Methanol: 
petroleum 
ether (v/v) 

FAME yield 
experimental  
(% wt) 

FAME yield 
predicted  
(% wt) 

1 112.5 45 1:1 74.1 72.8 
2 75 80 1:1 66.2 67.1 
3 150 45 3:1 79.7 79.0 
4 150 45 0.33:1 60.7 61.4 
5 150 80 1:1 69.7 70.6 
6 150 10 1:1 75.7 74.8 
7 75 10 1:1 72.4 71.6 
8 112.5 45 1:1 73.1 72.8 
9 112.5 80 3:1 73.9 73.7 
10 112.5 45 1:1 72.3 72.8 
11 75 45 3:1 72.3 71.6 
12 112.5 10 0.33:1 64.4 64.6 
13 75 45 0.33:1 61.4 62.1 
14 112.5 45 1:1 74.2 72.8 
15 112.5 45 1:1 70.2 72.8 
16 112.5 10 3:1 78.7 80.3 
17 112.5 80 0.33:1 64.0 62.4 

 
 
Table 4 ANOVA of the polynomial model 

Source Coefficient 
estimatea 

Sum of 
squares 

df Mean 
square 

F-Value P-value 

Model  490.09 9     54.45 18.13   0.0005* 
Intercept 72.78      
A-Catalyst 1.69 22.84 1 22.84 7.60 0.0282** 
B-Moisture -2.19 38.20 1 38.20 12.72 0.0091** 
C-Methanol:petroleum 
ether ratio 

6.77 366.18 1 366.18 121.89 < 0.0001* 

AB 0.08 0.02 1 0.02 0.01 0.9312 
AC 2.02 16.27 1    16.27 5.42 0.0528 
BC -1.09 4.78 1 4.78 1.59 0.2476 
A^2 -1.75 12.87 1 12.87 4.28 0.0772 
B^2 -0.02 0.00 1 0.00 0.00 0.9832 
C^2 -2.51 26.59 1     26.59 8.85 0.0207 
Residual  21.03  7      3.00   
Lack of Fit  10.11  3     3.37    1.23     0.4071 
R-Squared        0.9589      
Adeq Precision       14.192      
aCoefficients refer to the model given. *Significant at level p<0.001. ** Significant at level p< 0.05 
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According to ANOVA results, the model prediction was significant with a p-value of less 

than 0.0001 to predict FAME yields. The R-squared value of model prediction was 0.9589. 

It implies that 95.89% of the total variation in FAME yield can be attributed to the studied 

experimental variables. Lack of fit value, which is the weighed sum of squared deviations 

between the mean response at each factor level and the corresponding fitted value (Zabeti et 

al., 2010) was not significant for the response with a p-value of 0.4071. Thereby the model 

prediction is fitted to all data. Moreover, the adequate precision (14.192) is much higher 

than 4 for the model prediction, indicating adequate model discrimination. 

Linear terms of catalyst concentration, moisture content and methanol:petroleum ether 

ratio, and quadratic term of methanol:petroleum ether ratio were significant for the model 

with p-values of less than 0.05. A positive value of the linear term catalyst (X1) and 

methanol:petroleum ether ratio (X3) coefficients indicates a favorable effect on FAME 

yield. The increase of acid catalyst concentration improved FAME yield. On the opposite, 

the decrease of catalyst concentration during the reaction because side reactions such as cell 

wall hydrolysis, produced a low FAME yield (Velasquez-Orta et al., 2013b). 

The increase of methanol:petroleum ether ratio has a positive effect on FAME yield due to 

a raise of methanol content  in the reaction. However, a polar pure solvent like methanol 

limited the interaction with freestanding neutral lipid globules. The incorporation of a non-

polar co-solvent in the extractive mixture has been used to ensure a complete lipid 

extraction from cells (Halim et al., 2012). Thereby, free lipids and lipids associated to 

membrane such as polar lipids (phospholipid and glycolipids) were extracted with a 

polar/non-polar solvent mixture (Halim et al., 2012; Hidalgo et al., 2014a).  
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Moreover, a negative value of the linear term moisture content (X2) coefficient indicates an 

unfavorable effect on FAME yield. The increase of moisture content in the reaction favored 

side reactions such as hydrolysis of fatty acids (Kildiran et al., 1996a; Yucel & Terzioglu, 

2013). Nevertheless, FAME conversion from microalgae samples with moisture content 

lower than 30% was not inhibited, suggesting that water volumes in this range are diluted 

by using high solvent mixture volumes. In fact, at this level of microalgae samples 

moisture, the water content in the solvent mixture was close to 5% v/v. 

In the interactions shown in Figure 1 (a and b), it is observed that a higher volume of 

petroleum ether produced a decrease in FAME formation. This could be related to a 

decrease in both selectivity and affinity to polar lipids (Lee et al., 2010; Shahidi, 2005).  

Besides, the use of monophasic solvent mixtures in lipids extraction have shown a positive 

effect, as higher lipids extraction yields are obtained (Bligh & Dyer, 1959a). 

Methanol:petroleum ether in ratios of 1:1 to 3:1 (v/v) are in a stable monophasic state when 

the water content in the solvent mixture is lower than 10 % v/v (Wang & Gustafson, 1994).  

Thereby, the raise of methanol:petroleum ether ratio produced a stable monophasic state, 

which could have favored lipids recovery and FAME conversion yield. Moreover, once the 

reaction was stopped by the addition of petroleum ether and water, a biphasic system was 

formed, where the upper layer contained the produced FAME.     

On the opposite, when methanol:petroleum ether ratio is lower than 1:1 (v/v), two systems 

can be observed: a biphasic mixture formed when water content in the solvent mixture is 

higher than 10 % v/v; and an unstable monophasic mixture when water content is lower 

than 10% (Wang & Gustafson, 1994). Even though during the reaction the miscibility of 

the mixture is enhanced by a temperature and agitation increment, when these variables 

values decrease, the monophasic state disappears. Therefore, water and petroleum ether 
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presence produced the phase separation. However, FAME distribution in each phase can be 

uneven, diminishing FAME yield.  

The diminishment of FAME presence in the supernatant could be related to the formation 

of a hydrophilic FAME micellar complex. Wang and Gustafson et al (1994) reported an 

uneven distribution of lipids in triphasic systems (polar- non-polar solvent - water) due to 

the formation of a micellar complex. The accumulation of FAME in the bottom water phase 

could be related to the formation of a micellar complex of FAME, thereby causing its 

accumulation in the water-rich phase. The formation of the micellar complex could be 

promoted by the presence of phospholipids in the biomass. 

A theoretical maximum FAME yield of 80.2% (77.3 ±1.5 %, experimental maximum) 

derived from the polynomial model was obtained. This maximum was reached using a 

28.5% moisture content in microalgae, a catalyst dosage of 148.7 %, and adding a 

methanol:petroleum ether ratio of 2.9:1 v/v (24.5% v/v of co-solvent) into the reaction 

mixture.  

 According to the obtained results, the reaction occurred even using a biomass with a high 

moisture content. At this moisture level, the reaction was not inhibited due to the high 

solvent volume in the reaction medium. Besides, according to the literature, the result of 

FAME yields obtained in this study were higher than the maximum conversion of 60% 

reached by Velasquez et al (2013) when using wet biomass with 10% moisture content 

(Velasquez-Orta et al., 2013b) or the 66% of FAME yield obtained  by Johnson and Wen 

(2009) with dry biomass (Johnson & Wen, 2009).  
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Figure 1. Contour plots of FAME yields with respect to variable interactions a) Moisture content-
catalyst b) Methanol:petroleum ether-catalyst c) Methanol:petroleum ether-moisture content. 
 

3.2 Reaction kinetics  

3.2.1 Esterification kinetic model  

An esterification kinetic model for the transformation of FFA into FAME was evaluated, 

assuming a pseudo-homogeneous reaction of first-order in the forward direction (products 
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formation) and second-order in the reverse direction. The kinetic constants were obtained 

from Eq. (3) and Eq.(4) after fitting the experimental data to a non-linear regression model.  

In Figure 2 the fit of the experimental data to the predictive model is shown. It can be seen 

that the model predicts quite satisfactorily the experimental results as a high correlation 

between the experimental data and the predictive model is observed. The coefficient of 

determination (R- squared: 0.97) found implies that the accuracy of the predictive model is 

adequate. Thus, the esterification reaction follows a of first order kinetic model in the 

forward direction and second-order in the reverse direction. 

The reaction rate constants found were 0.031 min-1 and 0.00011 min-1 for K1 and K2 

respectively (see Table 5). It can be concluded that K2 value is negligible compared to K1 

value, which indicates that hydrolysis is the main reaction taking place. 

These reaction rate constants are in a similar range of already reported values in the 

literature. The reaction rate constants obtained for FAME production from lipids with high 

FFA content has been reported in the range of 0.01–0.08 min-1 for K1  and lower than 0.001 

for  K2 (Berrios et al., 2007; Farag et al., 2013; Nautiyal et al., 2014; Rani et al., 2013).   

Farag et al. (2013) reported higher reaction rate constants (K1: 0.015 to 0.025 min-1 and K2: 

0.00016 to 0.0001 min-1) for FAME production from waste cooking oil assuming pseudo-

homogeneous first-order kinetic in the forward direction and second-order in the reverse 

direction. On the opposite, Rani et al (2013) found values of 0.003 and 0.001 L mol-1 min-1) 

for K1and K2 respectively in FAME production from jatropha oil, assuming a second order 

kinetic model for both the forward and backward reaction.  
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Figure 2. FAME formation from FFA. Reaction condition: 28.5% moisture content, catalyst dosage of 
148.7%, methanol:petroleum ether ratio of  2.9:1 v/v  and 60°C. Filled circle: experimental data; continuous 
line: model. Filled square: FFA content. 

 

3.2.2 Transesterification kinetic model  

A transesterification kinetic model for the transformation of acyl-glycerides into FAME 

was evaluated from Eq. 12 and Eq. 14. In Figure 3 experimental data of FAME conversion 

and the fit using a predictive model is observed. The predictive model appropriately 

adjusted  to the experimental data with a coefficient of determination of 0.94, implying the 

accuracy of the predictive model. The reaction rate constant found for transesterification of 

acyl-glycerides was 0.0037 min-1 (see Table 5). According to the results already reported in 

the literature, Nautiyal et al. (2014) reported a reaction rate constant of 0.001 min-1 for 

FAME production from Spirulina platensis by in-situ transesterification, assuming a first 

order kinetic model as a function of the products formation. Jain and Sharman (2011) and 

Jain et al. (2010) obtained a reaction rate constant of 0.0031 min-1 for the acid catalyzed 
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transesterification of Jatropha curcas oil and waste cooking oil (Jain & Sharma, 2010; Jain 

et al., 2011). 

The transesterification reaction rate constant was lower compared to that obtained by 

esterification. During the start of the reaction under acid-catalyzed conditions, both FFA 

and acyl-glycerides initially require the activation of their carboxylic/carbonyl functions by 

protonation. The alkyl chain of an acyl-glyceride molecule however can interfere with the 

activation of its carbonyl group (Shu et al., 2011). Thus, acyl-glycerides are more difficult 

to activate compared to FFA. Moreover, the presence of intermediate reactions of acyl-

glycerides interferes in the transformation into FAME, making acid catalyzed 

transesterification reaction rate slower (Freedman et al., 1986). Indeed, Figure 3 shows that  

transformation of acyl-glycerides into FAME was  lower and incomplete compared to 

esterification of FFA.  

   

 Figure 3. FAME formation from acyl-glycerides. Reaction condition: 28.5% moisture content, catalyst 
dosage of 148.7%, methanol:petroleum ether ratio of  2.9:1 v/v  and 60°C. Filled circle: experimental data; 
continuous line: model. Filled square: FFA content. 
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3.2.2 Simultaneous esterification and transesterification kinetic model 

 Although the reaction rate constant of acyl-glycerides transesterification into FAME is 

low,, the reaction took place. Therefore this reaction must be considered in the evaluation 

of the kinetic mechanism involved in FAME production.  

The kinetic model of simultaneous esterification and transesterification for the 

transformation of lipids into FAME was evaluated from Eq. (18) and Eq. (20).  Figure 4(a) 

shows that the fit of experimental data to a predictive model is suitable presenting a 

coefficient of determination of 0.94.  

As already mention, the transesterification reaction rate constant was lower compared to 

that obtained by esterification. For the simultaneous model, values  of 0.034 min-1 and 

0.003 min-1 for K1 (esterification reaction) and K2 (transesterification reaction) were 

obtained, respectively.  

Moreover, higher FAME conversion yields (see Table 5) were reached when the 

simultaneous esterification and transesterification reaction mechanism was taken into 

account. This trend was also observed in Figure 4(b), where is showed the differences of 

FAME obtained from the models evaluated.  
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Figure 4. FAME formation from simultaneous esterification and transesterification.(a) FAME formation from 
TFA (methylated fraction) and model fitted (Filled circle: experimental data; continuous line: model) ( b) 
FAME formation from FFA (filled triangle), acyl-glycerides (empty  square) and TFA (cross). Reaction 
condition: 28.5% moisture content, catalyst dosage of 148.7%, methanol:petroleum ether ratio of  2.9:1 v/v  
and 60°C.  
 
 

Table 5. Kinetic parameters for esterification and transesterification reaction. 
 Esterification of 

FFA 
Transesterification 
of acyl-glycerides 

Esterification and 
Transesterification 

Kinetic 
constants 

K1: 0.031 min-1 

(forward 
direction) 

 
K2: 0.0011 min-1

 
(reverse direction) 

K: 0.0037 min-1 K1 : 0.034 min-1 

(Esterification reaction) 
 

K2 : 0.0030 min-1 
(transesterification 

reaction) 

FAME 
yield (%) 

64.1 ±1.1 % 7.4±1.1 % 71.5 ±1.1. % 

 

4. Conclusion  

In the study of FAME production from wet microalgae using a single in-situ 

transesterification, the experimental parameters evaluated were significant for the process. 

A theoretical maximum FAME yield of 80.1% was reached according to the experimental 
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model, using microalgal biomass with a 28.5% moisture content, a catalyst dosage of 

148.7%, and using a methanol:petroleum ether  ratio 2.9:1 v/v in the reaction mixture.  

The obtained results allow us to conclude that the use of wet biomass is suitable for FAME 

production, diminishing the intensity of the required drying step of microalgae, without 

affecting FAME conversion due to inhibition by water in the system. The reaction medium 

was tolerant to a biomass moisture content of up to 30% wt, mainly because of the high 

solvent volume used in the reaction. Regarding catalyst concentration, a high dosage is 

necessary to reach high FAME yields due to catalyst consumption by side reactions such as 

hydrolysis of cell wall and other cell constituents. Although the incorporation of a co-

solvent into reaction medium increased FAME yield, a high co-solvent volume provoked a 

negative effect on lipids extraction and FAME production, due to a polarity decrease in the 

extractive mixture.  

Regarding reaction kinetics, a model of esterification, transesterification and simultaneous 

esterification and transesterification reactions were evaluated. The esterification model 

satisfactorily represented the overall reaction due to high FFA content in lipids. However, 

when analyzing the transesterification reaction model, it was observed that the reaction 

took place but with a low FAME yield. Thereby, transesterification effect cannot be 

dismissed in the overall FAME production rate. 

As esterification and transesterification took place, the third studied reaction mechanism of 

simultaneous esterification and transesterification was evaluated. The results show a higher 

FAME yield with respect to the other kinetic models evaluated, as expected. 
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7.1 General discussion 
 
 
In the present study we aimed to develop a technology for the production of biodiesel by in-

situ transesterification from the biomass of the microalga Botryococcus brauni. This 

technique is of great value for biodiesel production from microalgae, because it is able to 

extract and convert the lipids into alkyl esters of fatty acid in a single stage. In this process 

it is possible bypassing the use of large quantities of organic solvents used in the lipid 

extraction stage.  

In order to achieve the above, we approach the subject in the following parts: Evaluation of 

different operational strategies for biodiesel production by direct transesterification of 

microalgal biomass (in Chapter 3), where two reaction systems were evaluated: 

conventional batch reactor (CBR) and Stirred extraction reactor (SER). The highest 

biodiesel production yields (80.6%) after 5 h with a solvent: fatty acids ratio of 840:1, was 

obtained in the reflux extraction reactor. On the opposite, 64.5% FAME yield in the 

conventional batch reactor but used methanol/fatty acids molar ratio of 293:1. In both 

systems the yield is limited by the extracted lipids which are transformed into FAME by the 

action of acyl acceptors present in excess. However, in CBR the solvent acts as acyl 

acceptor and simultaneously helps to improve the mixture homogenization. In RER, the 

solvent is always in excess to move the reaction equilibrium of esterification to the products 

side. However, in this system is very difficult to calculate the real solvent ratio, as it will 

depend on the design and configuration. Instead CRB, the control of solvent volume used is 

easy.  
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Even though the methanol/fatty acid molar ratio used were different in both systems,   in 

RER were higher than SBR. In SBR a solvent volume very high could produce the dilution 

of catalyst, thus affect its role in the disruption of cell wall. 

 Then, in Chapter 4 we analyzed the effect of particle size reduction on FAME yield 

obtained by in-situ transesterification using a conventional batch reactor. From the results 

obtained we found that the decrease in the particle size improved the access of solvent into 

biomass due to increasing in surface area. Thus, this resulted in an increase on lipid 

extraction and its subsequent conversion to FAME. In the evaluation of the effect of 

methanol:fatty acids molar ratio on the different particle size fractions, a maximum FAME 

yield with particle size fraction <150 µm (58.12%  wt using a 280:1 methanol: total fatty 

acids molar ratio) was found, while for a particle size between 150 µm and 500 µm was 

53.10% using a 281:1 methanol: total fatty acids molar ratio. An increment in the methanol: 

total fatty acids molar ratio over this value provoked a diminishment in FAME yield. On 

the other hand of the optimization of process, evaluating the synergistic effect of particle 

size, co-solvent dosage, temperature and catalyst dosage a maximum theoretical FAME 

yield of 80.2% (78.3 ±1.2 %, experimental maximum) was found. This maximum was 

reached using a particle size <150 µm, a catalyst dosage of 125%, reaction temperature of  

67°C and co-solvent dose of 27% in the reaction mixture. The evaluation of time to reach 

maximum FAME yield, was not presented in this chapter. The maximum FAME yield was 

reached in 2 h low the tested conditions. 

In Chapter 5 in order to optimize the in-situ transesterification in a RER, due to higher 

FAME yield obtained with this configuration in Chapter 3. In this configuration there a 

physical separation of the zone of extraction and reaction that not limit the diffusion of lipid 
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outside of the microalgae. In this configuration there a physical separation of the zone of 

extraction and reaction that not limit the diffusion of lipid.   

In the evaluation of the methanol:fatty acids molar on FAME yield was observed that the 

increase of FAME yield was directly proportional to the increase of methanol:fatty acid 

molar ratio until 151:1. At higher molar ratios, FAME yield was maintained constant. 

According to this result is possible decrease the solvent volume used in RER, however 

require of large reaction time to reach the FAME extraction complete (5 h). Moreover, of 

the optimization of process, evaluating the synergistic effect of catalyst and co-solvent 

dosage in this system a maximum theorical of FAME yield of 95% (93 ±1.5 %, 

experimental maximum) was found, using a catalyst dosage of 104% and 47% of co-

solvent, respectively. The incorporation of cosolvent increased, the lipid extraction of low 

polarity,with  an increase  close to 15% of the FAME yield. 

 

In general, the studies of in-situ transesterification from microalgal biomass has been 

developed mainly using dry biomass, due to negative effect of water in the reaction. In 

Chapter 6, we show the feasibility of FAME production from wet microalgal biomass via a 

single extraction–transesterification stage in a conventional batch reactor. A theoretical 

maximum FAME yield of 80.2% (77.3 ±1.5 %, experimental maximum) using a biomass 

with a 28.5% moisture content, a catalyst dosage of 148.7%, and adding a 

methanol:petroleum ether molar ratio of 2.9:1 v/v was found (24.5% v/v% of co-solvent).  

While the reaction was tolerant to a moisture content of the biomass low to 30% wt., 

require of high levels of methanol and catalyst dosage. From kinetic model, as esterification 

and transesterification took place, the mechanism of simultaneous esterification and 

transesterification represent the reaction.   
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In thesis, we hypothesized also that a continuous extraction system of microalgae biomass 

using a mixture of methanol/co-solvent could promote the oil extraction, esterification and 

transesterification reactions simultaneously to reach higher productivity compared to a 

conventional biodiesel production process. While, the incorporation of a co-solvent into 

reaction increased the nonpolar lipid extraction that have a low affinity to methanol, the 

selectivity to extract the polar lipid constituents of membranes was decreased. Moreover, 

the selectivity toward neutral non-saponifiable lipid as sterols, was increased, thereby 

affecting the quality of sample. 

 
 
 

7.2 Concluding remarks  
 
Taking into account the main results, it can be concluded that: 
 

- The highest FAME yields were obtained in the reflux extraction reactor, where the 

extraction zone and reaction zone is coupled. In this systems is easy the separation 

of biomass of the product (FAME mixture) and acid catalyst. This could favor the 

recycling of the acid alcohol (methanol + acid catalyst) in subsequent process of 

transesterification. However, in this system is very difficult to calculate the real 

solvent ratio, as it will depend on the design and configuration. Besides, require of 

large reaction time to reach the FAME extraction complete. However, the time de 

reaction could be resolved by pretreatment of biomass. 

 

- In a conventional batch reactor, where the solvent is in direct contact with the 

biomass, even if lower FAME yield was reached, the control of solvent volume is 
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simple. Besides, the maximum FAME yield was reached to lower time reaction than 

in reflux extraction reactor. However, is difficult the recycling of the acid alcohol in 

subsequent reactions due to high content of impurities (pigments, hydrolyzed 

protein, waste microalgae, among others). 

 
 

- Finally, the incorporation of unpolar co-solvent into reaction, increased both the 

lipid contents (mainly of unpolar lipids) and the content of saturated and 

monounsaturated FAME. Added to the effect of reducing the requirements of 

methanol in the system. 

7.3 Future directions  

Results of this thesis support the hypothesis that a continuous extraction system of 

microalgae biomass using a mixture of methanol/co-solvent could promote the oil 

extraction, esterification and transesterification reactions simultaneously to reach higher 

productivity.  

However, we believe that is absolutely necessary further research in the laboratory to test 

this hypothesis using other solvents that improve the extraction of saponifiable lipids 

during the in-situ reaction. Therefore, more studies are necessary to evaluate the effect of 

other solvents less toxic and cheaper in the reaction. Besides, it is necessary to evaluate to a 

temperature range higher, the conventional batch reactor, for compare them with this study. 

Lastly is necessary assess the possibility of use it again the residual solvent (acid alcohol) 

in the reaction. 



References 
 

1. Ahmad, A., Yasin, N., Derek, C., Lim, J. 2011. Microalgae as a sustainable energy 
source for biodiesel production: A review. Renewable and Sustainable Energy 
Reviews, 15(1), 584-593. 

2. Al-Widyan, M., Al-Shyoukh, A. 2002. Experimental evaluation of the 
transesterification of waste palm oil into biodiesel. Bioresour. Technol. , 85(3), 253-
256. 

3. Allard, B., Templier, J. 2000. Comparison of neutral lipid profile of various 
trilaminar outer cell wall (TLS)-containing microalgae with emphasis on algaenan 
occurrence. Phytochemistry, 54(4), 369-380. 

4. Amaro, H., Guedes, A., Malcata, X. 2011. Advances and perspectives in using 
microalgae to produce biodiesel. Applied Energy, 88(10), 3402-3210. 

5. Andrade, J., Pérez, A., Sebastian, P., Eapen, D. 2011. Retracted: A review of bio-
diesel production processes. Biomass and Bioenergy, 35(3), 1008-1020. 

6. Antolín, G., Tinaut, F., Briceño, Y., Castaño, V., Pérez, C., Ramírez, A. 2002. 
Optimisation of biodiesel production by sunflower oil transesterification. 
Bioresource Technology, 83(2), 111-114. 

7. AOCS. 2012. AOCS Methods For Biodiesel Feedstock Quality. in: Official 
Methods and Recommended Practices of the AOCS, 6th Edition, 2nd Printing. 

8. Araújo, J. 1995. Química de los alimentos: teoria e prática. Impresa Universitaria. 
Universidad Federal de Viscosa, Brasil. 

9. ASTM. D3176. Standard Practice for Ultimate Analysis of Coal and Coke. 
10. ASTM. D3174. Standard Test Method for Ash in the Analysis Sample of Coal and 

Coke from Coal. 
11. ASTM. D5865. Standard Test Method for Gross Calorific Value of Coal and Coke. 
12. ASTM. D3173. Standard Test Method for Moisture in the Analysis Sample of Coal 

and Coke. 
13. ASTM. D 3175. Standard Test Method for Volatile Matter in the Analysis Sample 

of Coal and Coke. 
14. Azcan, N., Danisman, A. 2008. Microwave assisted transesterification of rapeseed 

oil. Fuel, 87(10-11), 1781-1788. 
15. Azócar, L., Ciudad, G., Heipieper, H.J., Muñoz, R., Navia, R. 2011. Lipase-

catalyzed process in an anhydrous medium with enzyme reutilization to produce 
biodiesel with low acid value. Journal of Bioscience and Bioengineering, 112(6), 
583-589. 

16. Balat, M. 2011. Potential alternatives to edible oils for biodiesel production - A 
review of current work. Energy Conversion and Management, 52(2), 1479-1492. 

17. Balat, M., Balat, H. 2010. Progress in biodiesel processing. Applied Energy, 87(6), 
1815-1835. 

18. Banerjee, A., Sharma, R., Chisti, Y., Banerjee, U. 2002. Botryococcus braunii: A 
Renewable Source of Hydrocarbons and Other Chemicals. Critical Reviews in 
Biotechnology, 22(3), 245-279. 



 

132 
 

19. Barnard, T., Leadbeater, N., Boucher, M., Stencel, L., Wilhite, B. 2007. 
Continuous-Flow Preparation of Biodiesel Using Microwave Heating. Energy & 
Fuels, 21(3), 1777-1781. 

20. Barnwal, B., Sharma, M. 2005. Prospects of biodiesel production from vegetable 
oils in India. Renewable and Sustainable Energy Reviews, 9(4), 363-378. 

21. Belarbi, E.H., Molina, E., Chisti, Y. 2000. A process for high yield and scaleable 
recovery of high purity eicosapentaenoic acid esters from microalgae and fish oil. 
Enzyme Microb. Technol. , 26(7), 516-529. 

22. Berchmans, H.J., Hirata, S. 2008a. Biodiesel production from crude Jatropha curcas 
L. seed oil with a high content of free fatty acids. Bioresour. Technol., 99(6), 1716-
1721. 

23. Berchmans, H.J., Hirata, S. 2008b. Biodiesel production from crude Jatropha curcas 
L. seed oil with a high content of free fatty acids. Bioresource Technology, 99(6), 
1716-1721. 

24. Berrios, M., Siles, J., Martin, M., Martin, A. 2007. A kinetic study of the 
esterification of free fatty acids (FFA) in sunflower oil. Fuel, 86(15), 2383-2388. 

25. Bligh, E., Dyer, W. 1959a. A rapid method for total lipid extraction and 
purification. Canadian journal of biochemistry and physiology 37(911-917). 

26. Bligh, E., Dyer, W. 1959b. A rapid method of total lipid extraction and purification. 
Can J Biochem Physiol 37(8), 911 - 917. 

27. Brennan, L., Owende, P. 2010. Biofuels from microalgae: A review of technologies 
for production, processing, and extractions of biofuels and co-products. Renewable 
and Sustainable Energy Reviews, 14(2), 557-577. 

28. Canakci, M. 2007. The potential of restaurant waste lipids as biodiesel feedstocks. 
Bioresource Technology, 98(1), 183-190. 

29. Canakci, M., Van Gerpen, J. 2003. A pilot plant to produce biodiesel from high free 
fatty acid feedstocks. Transactions of the American Society of Agricultural 
Engineers 46(4), 945-954. 

30. Carberry, J. 2001. Chemical and catalytic reaction engineering. Courier Dover 
Publications. 

31. Carrapiso, A., García, C. 2000. Development in lipid analysis: Some new extraction 
techniques and in situ transesterification. Lipids, 35(11), 1167-1177. 

32. CastorOil. 2012. Preview of Comprehensive Castor Oil Report: A report on castor 
oil & castor oil derivatives. 

33. Ciudad, G., Reyes, I., Azócar, L., Briones, R., Jorquera, M., Wick, L.Y., Navia, R. 
2011. Innovative approaches for effective selection of lipase-producing 
microorganisms as whole cell catalysts for biodiesel production. New 
Biotechnology, 28(4), 375-381. 

34. Cooke, B., Abrams, C., Bertram, B. 2009. Purification of biodiesel with adsorbent 
materials. WO 2005/037969 ed. in: The Dallas Group of America, Inc. (374 Route 
22), (Ed.) I.R. The Dallas Group of America, Vol. EP 1 670 882 B1, The Dallas 
Group of America, Inc. (374 Route 22), pp. 1-21. 

35. Chakrabarti, M., Ahmad, R. 2008. Transesterification studies on castor oil as a first 
step towards its use in bio diesel production. Pakistan Journal of Botany, 40(3), 
1153-1157. 



 

133 
 

36. Chen, C.-Y., Yeh, K.-L., Aisyah, R., Lee, D.-J., Chang, J.-S. 2011. Cultivation, 
photobioreactor design and harvesting of microalgae for biodiesel production: A 
critical review. Bioresour. Technol., 102(1), 71-81. 

37. Cheng, C.-H., Du, T.-B., Pi, H.-C., Jang, S.-M., Lin, Y.-H., Lee, H.-T. 2011. 
Comparative study of lipid extraction from microalgae by organic solvent and 
supercritical CO2. Bioresource Technology, 102(21), 10151-10153. 

38. Chinnasamy, S., Bhatnagar, A., Hunt, R.W., Das, K.C. 2010. Microalgae cultivation 
in a wastewater dominated by carpet mill effluents for biofuel applications. 
Bioresour. Technol., 101(9), 3097-3105. 

39. Chisti, Y. 2007. Biodiesel from microalgae. Biotechnol. Adv. , 25(3), 294-306. 
40. Christie, W. 1993. Preparation of ester derivatives of fatty acids for 

chromatographic analysis. Adv. lipid method. , 2, 69-111. 
41. Dayananda, C., Sarada, R., Bhattacharya, S., Ravishankar, G.A. 2005. Effect of 

media and culture conditions on growth and hydrocarbon production by 
Botryococcus braunii. Process Biochemistry, 40(9), 3125-3131. 

42. De Schamphelaire, L., Verstraete, W. 2009. Revival of the Biological Sunlight-to-
Biogas Energy Conversion System. Biotechnol Bioeng. , 103(2), 296-304. 

43. Demirbas, A. 2009a. Biodiesel from waste cooking oil via base-catalytic and 
supercritical methanol transesterification. Energy Convers. Manage. , 50(4), 
923-927. 

44. Demirbas, A. 2007. Importance of biodiesel as transportation fuel. Energy Policy, 
35(9), 4661-4670. 

45. Demirbas, A. 2009b. Production of Biodiesel from Algae Oils. Energ. Source., Part 
A, 31(2), 163 - 168. 

46. Demirbas, A., Demirbas, F. 2011. Importance of algae oil as a source of biodiesel. 
Energy Conversion and Management, 52(1), 163-170. 

47. Demirbas, M.F. 2011. Biofuels from algae for sustainable development. Applied 
Energy, 88(10), 3473-3480. 

48. Dismukes, G., Carrieri, D., Bennette, N., Ananyev, G., Posewitz, M. 2008. Aquatic 
phototrophs: efficient alternatives to land-based crops for biofuels. Curr. Opin. 
Biotechnol. , 19(3), 235-240. 

49. Dupont, D., Grappin, R., Pochet, S., Lefier, D. 2011. Milk proteins:Analytical 
Methods. in: Encyclopedia of Dairy Sciences (Second Edition), (Ed.) J.W. Fuquay, 
Academic Press. San Diego, pp. 741-750. 

50. Ehimen, E., Sun, Z., Carrington, C. 2010a. Variables affecting the in situ 
transesterification of microalgae lipids. Fuel, 89(3), 677-684. 

51. Ehimen, E.A., Sun, Z.F., Carrington, C.G. 2010b. Variables affecting the in situ 
transesterification of microalgae lipids. Fuel, 89(3), 677-684. 

52. El-Naggar, M., El-Aaser, S. 2004. Fatty acid composition and the growth substrate 
of free and immobilized cells of Flavobacterium chlorophenolica. Egyptian Journal 
of aquatic research, 30, 207-215. 

53. El-Shimi, H., Attia, N., El-Sheltawy, S., El-Diwani, G. 2013. Biodiesel Production 
from Spirulina-Platensis Microalgae by In-Situ Transesterification Process. JSBS, 
3, 224-233. 

54. Farag, H., El-Maghraby, A., Taha, N.A. 2013. Kinetic study of used vegetable oil 
for esterification and transesterification process of biodiesel production. 
International Journal of Chemical and Biochemical Sciences, 3, 1-8. 



 

134 
 

55. Felizardo, P., Neiva Correia, M., Raposo, I., Mendes, J., Berkemeier, R., Bordado, 
J. 2006. Production of biodiesel from waste frying oils. Waste Management, 26(5), 
487-494. 

56. Francisco, É., Neves, D., Jacob-Lopes, E., Franco, T. 2010. Microalgae as feedstock 
for biodiesel production: Carbon dioxide sequestration, lipid production and biofuel 
quality. Journal of Chemical Technology & Biotechnology, 85(3), 395-403. 

57. Freedman, B., Butterfield, R.O., Pryde, E.H. 1986. Transesterification kinetics of 
soybean oil 1. Journal of the American Oil Chemists’ Society, 63(10), 1375-1380. 

58. Freedman, B., Pryde, E., Mounts, T. 1984. Variables affecting the yields of fatty 
esters from transesterified vegetable oils. Journal American Oil Chemistry Society, 
61, 638-1643. 

59. Fukuda, H., Kondo, A., Noda, H. 2001. Biodiesel Fuel Production by 
Transesterification of Oils. Journal of Bioscience and Bioengineering, 92, 405-416. 

60. Ganesan, D., Rajendran, A., Thangavelu, V. 2009a. An overview on the recent 
advances in the transesterification of vegetable oils for biodiesel production using 
chemical and biocatalysts. Rev. Environ. Sci. Biotechnol., 8(4), 367-394. 

61. Ganesan, D., Rajendran, A., Thangavelu, V. 2009b. An overview on the recent 
advances in the transesterification of vegetable oils for biodiesel production using 
chemical and biocatalysts. Reviews in Environmental Science and Biotechnology, 
8(4), 367-394. 

62. Ganesan, D., Rajendran, A., Thangavelu, V. 2009c. An overview on the recent 
advances in the transesterification of vegetable oils for biodiesel production using 
chemical and biocatalysts. Rev Environ Sci Biotechnol, 8(4), 367-394. 

63. Georgogianni, K., Kontominas, M., Avlonitis, D., Gergis, V. 2006. 
Transesterification of sunflower seed oil for the production of biodiesel: effect of 
catalyst concentration and ultrasonication. International Conference on Energy and 
Environmental Systems, 425-429. 

64. Georgogianni, K., Kontominas, M., Pomonis, P., Avlonitis, D., Gergis, V. 2008. 
Conventional and in situ transesterification of sunflower seed oil for the production 
of biodiesel. Fuel Process. Technol. , 89(5), 503-509. 

65. Geuens, J., Kremsner, J., Nebel, B., Schober, S., Dommisse, R., Mittelbach, M., 
Tavernier, S., Kappe, C., Maes, B. 2008. Microwave-assisted catalyst-free 
transesterification of triglycerides with 1-butanol under supercritical conditions. 
Energy & Fuels, 22(1), 643-645. 

66. Ghadge, S., Raheman, H. 2006. Process optimization for biodiesel production from 
mahua (Madhuca indica) oil using response surface methodology. Bioresource 
Technology, 97(3), 379-384. 

67. Golueke, C., Oswald, W., Gotaas, H. 1957. Anaerobic digestion of algae Applied 
microbiology, 5, 47-55. 

68. Granados, M., Poves, M., Alonso, D., Mariscal, R., Galisteo, F., Moreno-Tost, R., 
Santamaría, J., Fierro, J. 2007. Biodiesel from sunflower oil by using activated 
calcium oxide. Applied Catalysis B: Environmental, 73(3-4), 317-326. 

69. Grierson, S., Strezov, V., Bray, S., Mummacari, R., Danh, L.T., Foster, N. 2001. 
Assessment of Bio-oil Extraction from Tetraselmis chui Microalgae Comparing 
Supercritical CO2, Solvent Extraction, and Thermal Processing. Energy & Fuels, 
26(1), 248-255. 



 

135 
 

70. Griffiths, M., van Hille, R., Harrison, S. 2010. Selection of Direct 
Transesterification as the Preferred Method for Assay of Fatty Acid Content of 
Microalgae. Lipids, 45(11), 1053-1060. 

71. Grima, E., González, M.J., Giménez, A. 2013. Solvent Extraction for Microalgae 
Lipids. in: Algae for Biofuels and Energy, (Eds.) M.A. Borowitzka, N.R. 
Moheimani, Vol. 5, Springer Netherlands, pp. 187-205. 

72. Grima, E.M., Medina, A.R., Giménez, A.G., Sánchez Pérez, J.A., Camacho, F.G., 
García Sánchez, J.L. 1994. Comparison between extraction of lipids and fatty acids 
from microalgal biomass. J. Am. Oil Chem. Soc. , 71(9), 955-959. 

73. Groom, M., Gray, E., Townsend, P. 2008. Biofuels and Biodiversity: Principles for 
creating better policies for biofuel production. Conserv. Biol., 22(3), 602-609. 

74. Gui, M., Lee, K., Bhatia, S. 2008a. Feasibility of edible oil vs. non-edible oil vs. 
waste edible oil as biodiesel feedstock. Energy, 33(11), 1646-1653. 

75. Gui, M.M., Lee, K.T., Bhatia, S. 2008b. Feasibility of edible oil vs. non-edible oil 
vs. waste edible oil as biodiesel feedstock. Energy, 33(11), 1646-1653. 

76. Haagenson, D., Brudvik, R., Lin, H., Wiesenborn, D. 2010. Implementing an In Situ 
Alkaline Transesterification Method for Canola Biodiesel Quality Screening. 
Journal of the American Oil Chemists' Society, 87(11), 1-8. 

77. Haas, M., McAloon, A., Yee, W., Foglia, T. 2006. A process model to estimate 
biodiesel production costs. Bioresource Technology, 97(4), 671-678. 

78. Haas, M., Scott, K. 2007. Moisture Removal Substantially Improves the Efficiency 
of in Situ Biodiesel Production from Soybeans. J. Am. Oil Chem. Soc, 84(2), 197-
204. 

79. Haas, M., Scott, K., Marmer, W., Foglia, T. 2004. In situ alkaline 
transesterification: An effective method for the production of fatty acid esters from 
vegetable oils. J. Am. Oil Chem. Soc, 81(1), 83-89. 

80. Haas, M., Wagner, K. 2011. Simplifying biodiesel production: The direct or in situ 
transesterification of algal biomass. Eur. J. Lipid Sci. Technol. , 113(10), 1219-
1229. 

81. Haas, M.J., Scott, K.M., Foglia, T.A., Marmer, W.N., USDA, A. 2007. The General 
Applicability of in Situ Transesterification for the Production of Fatty Acid Esters 
from a Variety of Feedstocks. J. Am. Oil Chem. Soc., 84(10), 963-970. 

82. Halim, R., Danquah, M., Webley, P.A. 2012. Extraction of oil from microalgae for 
biodiesel production: A review. Biotechnol. Adv., 30(3), 709-732. 

83. Halim, R., Gladman, B., Danquah, M., Webley, P. 2011. Oil extraction from 
microalgae for biodiesel production. Bioresource Technology, 102(1), 178-185. 

84. Halim, R., Gladman, B., Danquah, M.K., Webley, P.A. 2010. Oil extraction from 
microalgae for biodiesel production. Bioresour. Technol., 102(1), 178-185. 

85. Harrington, K., D'Arcy-Evans, C. 1985a. Transesterification in situ of sunflower 
seed oil. Ind. Eng. Chem. Prod. RD, 24(2), 314-318. 

86. Harrington, K., D’Arcy-Evans, C. 1985. A comparison of conventional and in situ 
methods of transesterification of seed oil from a series of sunflower cultivars. 
Journal of the American Oil Chemists' Society, 62(6), 1009-1013. 

87. Harrington, K.J., D'Arcy-Evans, C. 1985b. Transesterification in situ of sunflower 
seed oil. Industrial & Engineering Chemistry Product Research and Development, 
24(2), 314-318. 

88. Hattori, H. 1995. Heterogeneous Basic Catalysis Chemical Reviews  95, 537-550. 



 

136 
 

89. Henriques, M., Silva, A., Rocha, J. 2007. Extraction and quantification of pigments 
from a marine microalga: a simple and reproducible method. in: Communicating 
Current Research and Educational Topics and Trends in Applied Microbiology 
(Ed.) F. Publishers. Spain, pp. 586-593. 

90. Hernando, J., Leton, P., Matia, M., Novella, J., Alvarez-Builla, J. 2006. Biodiesel 
and FAME synthesis assisted by microwaves: Homogeneous batch and flow 
processes. Fuel, 86(10-11), 1641-1644. 

91. Hidalgo, P., Toro, C., Ciudad, G., Navia, R. 2013a. Advances in direct 
transesterification of microalgal biomass for biodiesel production. Rev Environ Sci 
Biotechnol, 12(2), 179-199. 

92. Hidalgo, P., Toro, C., Ciudad, G., Navia, R. 2013b. Advances in direct 
transesterification of microalgal biomass for biodiesel production. Rev. Environ. 
Sci. Biotechnol., 12(2), 179-199. 

93. Hidalgo, P., Toro, C., Ciudad, G., Schober, S., Mittelbach, M., Navia, R. 2014a. 
Evaluation of Different Operational Strategies for Biodiesel Production by Direct 
Transesterification of Microalgal Biomass. Energy Fuels, 28, 3814−3820. 

94. Hidalgo, P., Toro, C., Ciudad, G., Schober, S., Mittelbach, M., Navia, R. 2014b. 
Evaluation of Different Operational Strategies for Biodiesel Production by Direct 
Transesterification of Microalgal Biomass. Energy & Fuels, 28, 3814−3820. 

95. Hossain, S., Nasrulhaq, A., Chowdhury, P., Naqiuddin, M. 2008. Biodiesel Fuel 
Production from Algae as Renewable Energy. American Journal of Biochemistry 
and Biotechnology 4(3), 250-254. 

96. Hu, Q., Sommerfeld, M., Jarvis, E., Ghirardi, M., Posewitz, M., Seibert, M., 
Darzins, A. 2008. Microalgal triacylglycerols as feedstocks for biofuel production: 
perspectives and advances. Plant Journal, 54(4), 621 - 639. 

97. Huang, G., Chen, F., Wei, D., Zhang, X., Chen, G. 2010. Biodiesel production by 
microalgal biotechnology. Appl. Energy, 87(1), 38-46. 

98. Jain, S., Sharma, M. 2010. Kinetics of acid base catalyzed transesterification of 
Jatropha curcas oil. Bioresource technology, 101(20), 7701-7706. 

99. Jain, S., Sharma, M., Rajvanshi, S. 2011. Acid base catalyzed transesterification 
kinetics of waste cooking oil. Fuel Processing Technology, 92(1), 32-38. 

100. Jeennor, S., Laoteng, K., Tanticharoen, M., Cheevadhanarak, S. 2006. 
Comparative fatty acid profiling of Mucor rouxii under different stress conditions. 
FEMS Microbiology Letters, 259(1), 60-66. 

101. Ji, J., Wang, J., Li, Y., Yu, Y., Xu, Z. 2006. Preparation of biodiesel with the 
help of ultrasonic and hydrodynamic cavitation. Ultrasonics, 44(Supplement 1), 
e411-e414. 

102. Jin, B., Duan, P., Xu, Y., Wang, B., Wang, F., Zhang, L. 2014. Lewis acid-
catalyzed in situ transesterification/esterification of microalgae in supercritical 
ethanol. Bioresour.Technol., 162, 341-349. 

103. Johnson, M., Wen, Z. 2009. Production of Biodiesel Fuel from the 
Microalga Schizochytrium limacinum by Direct Transesterification of Algal 
Biomass. Energy Fuels, 23(10), 5179-5183. 

104. Kalacheva, G., Zhila, N., Volova, T., Gladyshev, M. 2002. The Effect of 
temperature on the lipid composition of the green alga Botryococcus. Microbiology, 
71(3), 286-293. 



 

137 
 

105. Kalacheva, G.S., Zhila, N.O., Volova, T.G. 2001. Lipids of the Green Alga 
Botryococcus Cultured in a Batch Mode. Microbiology, 70(3), 256-262. 

106. Kasim, F.H., Harvey, A.P. 2011. Influence of various parameters on reactive 
extraction of Jatropha curcas L. for biodiesel production. Chem. Eng. J. , 171(3), 
1373-1378. 

107. Kates, M., Baxter, R. 1962. Lipid composition of mesophilic and 
psychrophilic yeasts (Candida species) as influenced by environmental temperature. 
Can. J. Biochem. Physiol. , 40(9), 1213-1227. 

108. Kaul, S., Porwal, J., Garg, M.O. 2010. Parametric Study of Jatropha Seeds 
for Biodiesel Production by Reactive Extraction. J. Am. Oil Chem. Soc. , 87(8), 
903-908. 

109. Khan, S., Rashmi, Hussain, M., Prasad, S., Banerjee, U. 2009. Prospects of 
biodiesel production from microalgae in India. Renewable and Sustainable Energy 
Reviews, 13(9), 2361-2372. 

110. Kildiran, G., Yücel, S., Türkay, S. 1996a. In-situ alcoholysis of soybean oil. 
J. Am. Oil Chem. Soc. , 73(2), 225-228. 

111. Kildiran, G., Yücel, S., Türkay, S. 1996b. In-situ alcoholysis of soybean oil. 
J. Am. Oil Chem. Soc, 73(2), 225-228. 

112. Koberg, M., Cohen, M., Ben-Amotz, A., Gedanken, A. 2011. Bio-diesel 
production directly from the microalgae biomass of Nannochloropsis by microwave 
and ultrasound radiation. Bioresource Technology, 102(5), 4265-4269. 

113. Kouzu, M., Kasuno, T., Tajika, M., Sugimoto, Y., Yamanaka, S., Hidaka, J. 
2008a. Calcium oxide as a solid base catalyst for transesterification of soybean oil 
and its application to biodiesel production. Fuel, 87(12), 2798-2806. 

114. Kouzu, M., Kasuno, T., Tajika, M., Yamanaka, S., Hidaka, J. 2008b. Active 
phase of calcium oxide used as solid base catalyst for transesterification of soybean 
oil with refluxing methanol. Applied Catalysis A: General, 334(1-2), 357-365. 

115. Kouzu, M., Yamanaka, S.-y., Hidaka, J.-s., Tsunomori, M. 2009. 
Heterogeneous catalysis of calcium oxide used for transesterification of soybean oil 
with refluxing methanol. Applied Catalysis A: General, 355(1-2), 94-99. 

116. Krohn, B., McNeff, C., Yan, B., Nowlan, D. 2011. Production of algae-
based biodiesel using the continuous catalytic Mcgyan process. Bioresource 
Technology, 102(1), 94-100. 

117. Kulkarni, M., Dalai, A. 2006. Waste Cooking Oil an Economical Source for 
Biodiesel: A Review. Industrial & Engineering Chemistry Research, 45(9), 2901-
2913. 

118. Kumar, G.R., Ravi, R., Chadha, A. 2011. Kinetic studies of base-catalyzed 
transesterification reactions of non-edible oils to prepare biodiesel: the effect of co-
solvent and temperature. Energy & Fuels, 25(7), 2826-2832. 

119. Kusdiana, D., Saka, S. 2004. Effects of water on biodiesel fuel production by 
supercritical methanol treatment. Bioresource Technology, 91(3), 289-295. 

120. Kusdiana, D., Saka, S. 2001. Kinetics of transesterification in rapeseed oil to 
biodiesel fuel as treated in supercritical methanol. Fuel, 80(5), 693-698. 

121. Lam, M., Lee, K., Mohamed, A. 2010. Homogeneous, heterogeneous and 
enzymatic catalysis for transesterification of high free fatty acid oil (waste cooking 
oil) to biodiesel: A review. Biotechnology Advances, 28(4), 500-518. 



 

138 
 

122. Lardon, L., Hélias, A., Sialve, B., Steyer, J.-P., Bernard, O. 2009. Life-Cycle 
Assessment of Biodiesel Production from Microalgae. Environ. Sci.Technol., 
43(17), 6475-6481. 

123. Laureillard, J., Largeau, C., Casadevall, E. 1988. Oleic acid in the 
biosynthesis of the resistant biopolymers of Botryococcus braunii. Phytochemistry, 
27(7), 2095-2098. 

124. Lee, C., Trevino, B., Chaiyawat, M. 1996. A simple and rapid solvent 
extraction method for determining total lipids in fish tissue. J. AOAC Int., 79, 487–
492. 

125. Lee, J., Yoo, C., Jun, S., Ahn, C., Oh, H. 2010. Comparison of several 
methods for effective lipid extraction from microalgae. Bioresour. Technol. , 
101(1), 575-577. 

126. Levine, R., Pinnarat, T., Savage, P. 2010. Biodiesel Production from Wet 
Algal Biomass through in Situ Lipid Hydrolysis and Supercritical 
Transesterification. Energy Fuels, 24(9), 5235-5243. 

127. Levine, R.B., Bollas, A., Savage, P.E. 2013. Process improvements for the 
supercritical in situ transesterification of carbonized algal biomass. Bioresour 
Technol, 136, 556-64. 

128. Li, Q., Du, W., Liu, D. 2008. Perspectives of microbial oils for biodiesel 
production. Applied Microbiology and Biotechnology, 80(5), 749-756. 

129. Li, X., Xu, H., Wu, Q. 2007. Large-scale biodiesel production from 
microalga Chlorella protothecoides through heterotrophic cultivation in bioreactors. 
Biotechnology and Bioengineering, 98(4), 764-771. 

130. Lichtenthaler, H.K. 1987. Chlorophylls and carotenoids: pigments of 
photosynthetic biomembranes. Methods Enzymol., 148, 350-382. 

131. Liu, B., Zhao, Z. 2007. Biodiesel production by direct methanolysis of 
oleaginous microbial biomass. J. Chem. Technol. Biotechnol., 82(8), 775-780. 

132. Liu, G., Lin, Q., Jin, X., Wang, X., Zhao, Y. 2010. Screening and 
fermentation optimization of microbial lipid-producing molds from forest soils. 
African Journal of Microbiology Research 4(14), 1462-1468. 

133. Liu, X., He, H., Wang, Y., Zhu, S. 2007. Transesterification of soybean oil 
to biodiesel using SrO as a solid base catalyst. Catalysis Communications, 8(7), 
1107-1111. 

134. Liu, Z., Wang, G., Zhou, B. 2008. Effect of iron on growth and lipid 
accumulation in Chlorella vulgaris. Bioresource Technology, 99(11), 4717-4722. 

135. Loera-Quezada, M., Olguín, E. 2010. Las microalgas oleaginosas como 
fuente de biodiesel: retos y oportunidades. Revista Latinoamericana de 
Biotecnología Ambiental y Algal, 1(1), 91-116. 

136. Lozada, I., Islas, J., Grande, G. 2010. Environmental and economic 
feasibility of palm oil biodiesel in the Mexican transportation sector. Renewable and 
Sustainable Energy Reviews, 14(1), 486-492. 

137. Luque de Castro, M.D., Priego-Capote, F. 2010. Soxhlet extraction: Past and 
present panacea. J. Chromatogr. A 1217(16), 2383-2389. 

138. Lv, X., Zou, L., Sun, B., Wang, J., Sun, M.-Y. 2010. Variations in lipid 
yields and compositions of marine microalgae during cell growth and respiration, 
and within intracellular structures. Journal of Experimental Marine Biology and 
Ecology, 391(1–2), 73-83. 



 

139 
 

139. Ma, F., Hanna, M. 1999. Biodiesel production: a review. Bioresource 
Technology, 70(1), 1-15. 

140. Marra, F., De Bonis, M.V., Ruocco, G. 2010. Combined microwaves and 
convection heating: A conjugate approach. Journal of Food Engineering, 97(1), 31-
39. 

141. Martín, C., Moure, A., Martín, G., Carrillo, E., Domínguez, H., Parajó, J.C. 
2010. Fractional characterisation of jatropha, neem, moringa, trisperma, castor and 
candlenut seeds as potential feedstocks for biodiesel production in Cuba. Biomass 
and Bioenergy, 34(4), 533-538. 

142. Martínez, M.R., Ulloa, G., Saldívar, J., Beristain, R., Meza-Escalante, E.R. 
2014. The best recovery of Nannochloropsis oculata from the culture broth and 
effect on content of lipids. Journal of Renewable and Sustainable Energy, 6(1), -. 

143. Mata, T., Martins, A., Caetano, N. 2010. Microalgae for biodiesel production 
and other applications: A review. Renew. Sust. Energ. Rev.  , 14(1), 217-232. 

144. Matsoukas, T. 2012. Fundamentals of Chemical Engineering 
Thermodynamics. 

145. McNeff, C., McNeff, L., Yan, B., Nowlan, D., Rasmussen, M., Gyberg, A., 
Krohn, B., Fedie, R., Hoye, T. 2008. A continuous catalytic system for biodiesel 
production. Applied Catalysis A: General, 343(1-2), 39-48. 

146. Medina, A.R., Grima, E.M., Giménez, A.G., González, M.J.I. 1998. 
Downstream processing of algal polyunsaturated fatty acids. Biotechnol. Adv., 
16(3), 517-580. 

147. Meher, L., Vidya Sagar, D., Naik, S. 2006. Technical aspects of biodiesel 
production by transesterification--a review. Renew. Sust. Energ. Rev., 10(3), 248-
268. 

148. Melis, A., Happe, T. 2001. Hydrogen Production. Green Algae as a Source 
of Energy. Plant Physiol., 127(3), 740-748. 

149. Mendes-Pinto, M., Raposo, M., Bowen, J., Young, A., Morais, R. 2001. 
Evaluation of different cell disruption processes on encysted cells of 
Haematococcus pluvialis: effects on astaxanthin recovery and implications for bio-
availability. Journal of Applied Phycology, 13(1), 19-24. 

150. Metzger, P., Largeau, C. 2005. Botryococcus braunii: a rich source for 
hydrocarbons and related ether lipids. Appl. Microbiol. Biotechnol. , 66(5), 486-496. 

151. Metzger, P., Largeau, C. 1999. Chemicals of Botryococcus braunii, London. 
152. Miao, X., Wu, Q. 2006. Biodiesel production from heterotrophic microalgal 

oil. Bioresource Technology, 97(6), 841-846. 
153. Mittelbach, M. 1996. Diesel fuel derived from vegetable oils, VI: 

Specifications and quality control of biodiesel. Bioresource Technology, 56(1), 7-
11. 

154. Mohsen-Nia, M., Amiri, H. 2013. Measurement and modelling of static 
dielectric constants of aqueous solutions of methanol, ethanol and acetic acid at 
T=293.15°K and 91.3kPa. J. Chem. Thermodyn., 57(0), 67-70. 

155. Moser, B. 2009. Biodiesel production, properties, and feedstocks. In Vitro 
Cellular &amp; Developmental Biology - Plant, 45(3), 229-266. 

156. Moser, B.R., Vaughn, S.F. 2010. Evaluation of alkyl esters from Camelina 
sativa oil as biodiesel and as blend components in ultra low-sulfur diesel fuel. 
Bioresource Technology, 101(2), 646-653. 



 

140 
 

157. Mutanda, T., Ramesh, D., Karthikeyan, S., Kumari, S., Anandraj, A., Bux, F. 
2011. Bioprospecting for hyper-lipid producing microalgal strains for sustainable 
biofuel production. Bioresource Technology, 102(1), 57-70. 

158. Nagle, N., Lemke, P. 1990a. Production of methyl ester fuel from 
microalgae. Appl. Biochem. Biotech., 24-25(1), 355-361. 

159. Nagle, N., Lemke, P. 1990b. Production of methyl ester fuel from 
microalgae. Applied Biochemistry and Biotechnology, 24-25(1), 355-361. 

160. Nautiyal, P., Subramanian, K.A., Dastidar, M.G. 2014. Kinetic and 
thermodynamic studies on biodiesel production from Spirulina platensis algae 
biomass using single stage extraction–transesterification process. Fuel, 
http://dx.doi.org/10.1016/j.fuel.2014.06.063. 

161. Olofsson, M., Lamela, T., Nilsson, E., Bergé, J., Del Pino, V., Uronen, P., 
Legrand, C. 2012. Seasonal Variation of Lipids and Fatty Acids of the Microalgae 
Nannochloropsis oculata Grown in Outdoor Large-Scale Photobioreactors Energies 
5, 1577-1592. 

162. Ozgul-Yucel, S., Turkay, S. 2002. Variables affecting the yields of methyl 
esters derived from in situ esterification of rice bran oil. J. Am. Oil Chem. Soc, 
79(6), 611-614. 

163. Özgül, S., Türkay, S. 1993. In situ esterification of rice bran oil with 
methanol and ethanol. Journal of the American Oil Chemists' Society, 70(2), 145-
147. 

164. Pan, X., Niu, G., Liu, H. 2002. Comparison of microwave-assisted extraction 
and conventional extraction techniques for the extraction of tanshinones from Salvia 
miltiorrhiza bunge. Biochemical Engineering Journal, 12(1), 71-77. 

165. Park, J.-Y., Wang, Z.-M., Kim, D.-K., Lee, J.-S. 2010. Effects of water on 
the esterification of free fatty acids by acid catalysts. Renew. Energ. , 35(3), 614-
618. 

166. Park, J., Craggs, R. 2010. Wastewater treatment and algal production in high 
rate algal ponds with carbon dioxide addition. Water Sci Technol, 61(3), 633-639. 

167. Patil, P., Gude, V., Mannarswamy, A., Cooke, P., Munson-McGee, S., 
Nirmalakhandan, N., Lammers, P., Deng, S. 2011a. Optimization of microwave-
assisted transesterification of dry algal biomass using response surface 
methodology. Bioresource Technology, 102(2), 1399-1405. 

168. Patil, P., Gude, V., Mannarswamy, A., Deng, S., Cooke, P., Munson-McGee, 
S., Rhodes, I., Lammers, P., Nirmalakhandan, N. 2011b. Optimization of direct 
conversion of wet algae to biodiesel under supercritical methanol conditions. 
Bioresour. Technol., 102(1), 118-122. 

169. Patil, P., Gude, V., Pinappu, S., Deng, S. 2011c. Transesterification kinetics 
of Camelina sativa oil on metal oxide catalysts under conventional and microwave 
heating conditions. Chemical Engineering Journal, 168(3), 1296-1300. 

170. Perry, G., Gillan, F., Johns, R. 1978. Lipid composition of a Prochlorophyte 
J. Phycol., 14(3), 369–371. 

171. Pieber, S., Schober, S., Mittelbach, M. 2012a. Pressurized fluid extraction of 
polyunsaturated fatty acids from the microalga Nannochloropsis oculata. Biomass 
Bioenergy 47(0), 474-482. 



 

141 
 

172. Pieber, S., Schober, S., Mittelbach, M. 2012b. Pressurized fluid extraction of 
polyunsaturated fatty acids from the microalga Nannochloropsis oculata. Biomass 
Bioenergy 47, 474-482. 

173. Porwal, J., Bangwal, D., Garg, M., Kaul, S., Harvey, A., Lee, J., Kasim, F., 
Eterigh, E. 2012. Reactive-extraction of pongamia seeds for biodiesel production. J. 
Sci. Ind. Res., 71, 822-828. 

174. Rani, K.N.P., Kumar, T.P., Neeharika, T.S.V.R., Satyavathi, B., Prasad, 
R.B.N. 2013. Kinetic studies on the esterification of free fatty acids in jatropha oil. 
European Journal of Lipid Science and Technology, 115(6), 691-697. 

175. Ranjan, A., Patil, C., Moholkar, V.S. 2010. Mechanistic Assessment of 
Microalgal Lipid Extraction. Ind. Eng. Chem. Res. , 49(6), 2979-2985. 

176. Rao, A.R., Sarada, R., Baskaran, V., Ravishankar, G.A. 2006. Antioxidant 
Activity of Botryococcus braunii Extract Elucidated in Vitro Models. J. Agric. Food 
Chem., 54(13), 4593-4599. 

177. Rasoul-Amini, S., Montazeri-Najafabady, N., Mobasher, M.A., Hoseini-
Alhashemi, S., Ghasemi, Y. 2011. Chlorella sp.: A new strain with highly saturated 
fatty acids for biodiesel production in bubble-column photobioreactor. Applied 
Energy, 88(10), 3354-3356. 

178. Rathana, Y., Roces, S., Bacani, F., Tan, R., Kubouchi, M., Yimsiri, P. 2010. 
Microwave-Enhanced Alkali Catalyzed Transesterification of Kenaf Seed Oil 
International Journal of Chemical Reactor Engineering, 8, 1-8. 

179. Refaat, A. 2010. Different techniques for the production of biodiesel from 
waste vegetable oil. . International Journal of Environmental Science and 
Technology, 7(1), 183-213. 

180. Revellame, E., Hernandez, R., French, W., Holmes, W., Alley, E. 2010. 
Biodiesel from activated sludge through in situ transesterification. Journal of 
Chemical Technology & Biotechnology, 85(5), 614-620. 

181. Rodolfi, L., Chini, G., Bassi, N., Padovani, G., Biondi, N., Bonini, G., 
Tredici, M. 2009. Microalgae for Oil: strain selection, induction of lipid synthesis 
and outdoor mass cultivation in a low-cost photobioreactor. Biotechnology and 
Bioengineering, 102(1), 100-112. 

182. Ryckebosch, E., Muylaert, K., Foubert, I. 2012. Optimization of an 
Analytical Procedure for Extraction of Lipids from Microalgae. J. Am. Oil Chem. 
Soc., 89(2), 189-198. 

183. Sakthivel, R., Elumalai, S., Mohommad, M. 2011. Microalgae lipid research, 
past, present: A critical review for biodiesel production, in the future. Journal of 
Experimental Sciences 2(10), 29-49. 

184. Sayadi, M., Ghatnekar, S., Kavian, M. 2011. Algae a promising alternative 
for biofuel. Proceedings of the International Academy of Ecology and 
Environmental Sciences, 1(2), 112-124  

185. Schuchardt, U., Sercheli, R., Matheus, R. 1998. Transesterification of 
Vegetable Oils: a Review. Journal of Brazilian Chemical Society, 9(1), 199-210. 

186. Shah, K.A., Parikh, J.K., Maheria, K.C. 2014. Optimization Studies and 
Chemical Kinetics of Silica Sulfuric Acid-Catalyzed Biodiesel Synthesis from 
Waste Cooking Oil. BioEnergy Research, 7(1), 206-216. 

187. Shahbazi, M.R., Khoshandam, B., Nasiri, M., Ghazvini, M. 2012. Biodiesel 
production via alkali-catalyzed transesterification of Malaysian RBD palm oil–



 

142 
 

Characterization, kinetics model. Journal of the Taiwan Institute of Chemical 
Engineers, 43(4), 504-510. 

188. Shahidi, F. 2005. Recovery of Oils and Fats from Oilseeds and Fatty 
Materials. Sixth ed. in: Bailey’s Industrial Oil and Fat Products, (Ed.) I. John 
Wiley & Sons, Vol. six. New Jersey, pp. 99-189. 

189. Sharma, K., Schuhmann, H., Schenk, P. 2012. High Lipid Induction in 
Microalgae for Biodiesel Production. Energies 5, 1532-1553. 

190. Sharma, Y.C., Singh, B., Korstad, J. 2011. Latest developments on 
application of heterogenous basic catalysts for an efficient and eco friendly 
synthesis of biodiesel: A review. Fuel, 90(4), 1309-1324. 

191. Shaw, M., Ingraham, K. 1965. Fatty Acid Composition of Escherichia coli as 
a Possible Controlling Factor of the Minimal Growth Temperature. Journal 
Bacteriology 90(1), 141-146. 

192. Shiu, P., Gunawan, S., Hsieh, W., Kasim, N., Ju, Y. 2010. Biodiesel 
production from rice bran by a two-step in-situ process. Bioresource Technology, 
101(3), 984-989. 

193. Shu, Q., Gao, J., Liao, Y., Wang, J. 2011. Reaction kinetics of biodiesel 
synthesis from waste oil using a carbon-based solid acid catalyst. Chinese Journal 
of Chemical Engineering, 19(1), 163-168. 

194. Siler-Marinkovic, S., Tomasevic, A. 1998. Transesterification of sunflower 
oil in situ. Fuel, 77(12), 1389-1391. 

195. Sim, S., An, J., Kim, B. 2001. Two-phase extraction culture of Botryococcus 
braunii producing long-chain unsaturated hydrocarbons. Biotechnology Letters, 
23(3), 201-205. 

196. Snyder, L.R. 1978. Classification off the Solvent Properties of Common 
Liquids. Journal of Chromatographic Science, 16(6), 223-234. 

197. Song, E., Lim, J., Lee, H., Lee, Y. 2008. Transesterification of RBD palm oil 
using supercritical methanol. The Journal of Supercritical Fluids, 44(3), 356-363. 

198. Spolaore, P., Joannis-Cassan, C., Duran, E., Isambert, A. 2006. Commercial 
applications of microalgae. Journal of Bioscience and Bioengineering, 101(2), 87-
96. 

199. Subramaniam, R., Dufreche, S., Zappi, M., Bajpai, R. 2010. Microbial lipids 
from renewable resources: production and characterization. Journal of Industrial 
Microbiology &amp; Biotechnology, 37(12), 1271-1287. 

200. Sukhija, P.S., Palmquist, D.L. 1988. Rapid method for determination of total 
fatty acid content and composition of feedstuffs and feces. Journal of Agricultural 
and Food Chemistry, 36(6), 1202-1206. 

201. Taher, H., Al-Zuhair, S., Al-Marzouqi, A., Farid, M. 2010. A Review of 
Enzymatic Transesterification of Microalgal Oil-Based Biodiesel Using 
Supercritical Technology. Enzyme Research 2011(ID 468292), 1-25. 

202. Thanh, L.T., Okitsu, K., Boi, L.V., Maeda, Y. 2012. Catalytic technologies 
for biodiesel fuel production and utilization of glycerol: A review. Catalysts, 2(1), 
191-222. 

203. Tomomatsu, Y., Swallow, B. 2007. Jatropha curcas biodiesel production in 
Kenya: Economics and potential value chain development for smallholder farmers. 

204. Tramper, J., Battershill, C., Brandenburg, W., Burgess, G., Hill, R., Luiten, 
E., Müller, W., Osinga, R., Rorrer, G., Tredici, M., Uriz, M., Wright, P., Wijffels, 



 

143 
 

R. 2003. What to do in marine biotechnology? Biomolecular Engineering, 20(4–6), 
467-471. 

205. Tran, H., Hong, S., Lee, C. 2009. Evaluation of Extraction Methods for 
Recovery of Fatty Acids from Botryococcus braunii LB 572 and Synechocystis sp. 
PCC 6803. Biotechnology and Bioprocess Engineering, 14(2), 187-192. 

206. Tredici, M., Margheri, M., Zittelli, G., Biagiolini, S., Capolino, E., Natali, 
M. 1992. Nitrogen and phosphorus reclamation from municipal wastewater through 
an artificial food-chain system. Bioresource Technology, 42(3), 247-253. 

207. Tsugita, A., Scheffler, J.-J. 1982. A Rapid Method for Acid Hydrolysis of 
Protein with a Mixture of Trifluoroacetic Acid and Hydrochloric Acid. Eur. J. 
Biochem., 124(3), 585-588. 

208. Umdu, E.S., Tuncer, M., Seker, E. 2009. Transesterification of 
Nannochloropsis oculata microalga's lipid to biodiesel on Al2O3 supported CaO 
and MgO catalysts. Bioresour. Technol. , 100(11), 2828-2831. 

209. Uzun, B.B., Kılıç, M., Özbay, N., Pütün, A.E., Pütün, E. 2012. Biodiesel 
production from waste frying oils: optimization of reaction parameters and 
determination of fuel properties. Energy, 44(1), 347-351. 

210. Van Gerpen, J., Hammond, E., Johnson, L., Marley, S., Yu, L., Lee, I., 
Monyem, A. 1996. Determining the Influence of Contaminants on Biodiesel 
Properties. Iowa State University. 

211. Velasquez-Orta, S.B., Lee, J.G.M., Harvey, A. 2012a. Alkaline in situ 
transesterification of Chlorella vulgaris. Fuel, 94, 544-550. 

212. Velasquez-Orta, S.B., Lee, J.G.M., Harvey, A. 2012b. Alkaline in situ 
transesterification of Chlorella vulgaris. Fuel, 94(0), 544-550. 

213. Velasquez-Orta, S.B., Lee, J.G.M., Harvey, A.P. 2013a. Evaluation of 
FAME production from wet marine and freshwater microalgae by in situ 
transesterification. Biochem. Eng. J., 76(0), 83-89. 

214. Velasquez-Orta, S.B., Lee, J.G.M., Harvey, A.P. 2013b. Evaluation of 
FAME production from wet marine and freshwater microalgae by in situ 
transesterification. Biochem. Eng. J., 76, 83-89. 

215. Vera, C., Busto, M., Juan Yori, J., Torres, G., Manuale, D., Canavese, S., 
Sepúlveda, J. 2011. Biodiesel Refining - A Review. in: Biodiesel - Feedstocks and 
Processing Technologies, (Ed.) M.S.a.G. Montero. 

216. Vicente, G., Martínez, M., Aracil, J. 2004. Integrated biodiesel production: a 
comparison of different homogeneous catalysts systems. Bioresour. Technol., 92(3), 
297-305. 

217. Vijayaraghavan, K., Hemanathan, K. 2009. Biodiesel Production from 
Freshwater Algae. Energy Fuels, 23(11), 5448-5453. 

218. Wahlen, B., Barney, B., Seefeldt, L. 2008. Synthesis of Biodiesel from 
Mixed Feedstocks and Longer Chain Alcohols Using an Acid-Catalyzed Method. 
Energy & Fuels, 22(6), 4223-4228. 

219. Wahlen, B., Willis, R., Seefeldt, L. 2011a. Biodiesel Production by 
Simultaneous Extraction and Conversion of Total Lipids from Microalgae, 
Cyanobacteria, and Wild Mixed-Cultures. Bioresour. Technol. , 102(3), 2724-2730. 

220. Wahlen, B.D., Willis, R.M., Seefeldt, L.C. 2011b. Biodiesel production by 
simultaneous extraction and conversion of total lipids from microalgae, 
cyanobacteria, and wild mixed-cultures. Bioresour. Technol., 102(3), 2724-30. 



 

144 
 

221. Wang, Bei, Li, Yanqun, Wu, Nan, Lan, Christopher. 2008a. CO2 bio-
mitigation using microalgae. Applied Microbiology and Biotechnology, 79(5), 707-
718. 

222. Wang, B., Li, Y., Wu, N., Lan, C. 2008b. CO2 bio-mitigation using 
microalgae. Appl. Microbiol. Biotechnol. , 79(5), 707-718. 

223. Wang, G., Wang, T. 2012. Characterization of Lipid Components in Two 
Microalgae for Biofuel Application. Journal of the American Oil Chemists' Society, 
89(1), 135-143. 

224. Wang, P., Zhang, Q., Wang, Y., Wang, T., Li, X., Ding, L., Jiang, G. 2010. 
Evaluation of Soxhlet extraction, accelerated solvent extraction and microwave-
assisted extraction for the determination of polychlorinated biphenyls and 
polybrominated diphenyl ethers in soil and fish samples. Anal. Chim. Acta, 663(1), 
43-48. 

225. Wang, W.Q., Gustafson, A. 1994. Lipid determination from monophasic 
solvent mixtures: influence of uneven distribution of lipids after filtration and 
centrifugation. Journal of Lipid Research, 35(12), 2143-50. 

226. Widjaja, A., Chien, C.-C., Ju, Y.-H. 2009. Study of increasing lipid 
production from fresh water microalgae Chlorella vulgaris. J. Taiwan Inst. Chem.E., 
40(1), 13-20. 

227. Xu, H., Miao, X., Wu, Q. 2006. High quality biodiesel production from a 
microalga Chlorella protothecoides by heterotrophic growth in fermenters. Journal 
of Biotechnology, 126(4), 499-507. 

228. Yi-Hsu, J., Shaik, R.V. 2005. Rice bran oil as a potential resource for 
biodiesel: A review. Journal of scientific & industrial research, 64(11), 866-882. 

229. Yucel, S., Terzioglu, P. 2013. An alternative fatty acid alkyl esters 
production method: In situ transesterification. in: Recent Research Developments in 
Lipids, (Ed.) S.G. Pandalai, Vol. 9, Transworld Research Network. Kerala, India, 
pp. 101-124. 

230. Zabeti, M., Daud, W.M.A.W., Aroua, M.K. 2010. Biodiesel production 
using alumina-supported calcium oxide: an optimization study. Fuel Processing 
Technology, 91(2), 243-248. 

231. Zabeti, M., Wan Daud, W., Aroua, M. 2009. Activity of solid catalysts for 
biodiesel production: A review. Fuel Processing Technology, 90(6), 770-777. 

232. Zakaria, R., Harvey, A.P. 2012. Direct production of biodiesel from rapeseed 
by reactive extraction/in situ transesterification. Fuel Process. Technol. , 102, 53-
60. 

233. Zeng, J., Wang, X., Zhao, B., Sun, J., Wang, Y. 2009a. Rapid In Situ 
Transesterification of Sunflower Oil. Industrial & Engineering Chemistry Research, 
48(2), 850-856. 

234. Zeng, J., Wang, X., Zhao, B., Sun, J., Wang, Y. 2009b. Rapid In Situ 
Transesterification of Sunflower Oil. Ind. Eng. Chem. Res. , 48(2), 850-856. 

235. Zhang, G., Hattori, H., Tanabe, K. 1988. Aldol Addition of Acetone, 
Catalyzed by Solid Base Catalysts: Magnesium Oxide, Calcium Oxide, Strontium 
Oxide, Barium Oxide, Lanthanum (III) Oxide and Zirconium Oxide. Applied 
Catalysis, 36(0), 189-197. 

236. Zhang, H., Lin, Q., Ponnusamy, S., Kothandaraman, N., Lim, T.K., Zhao, 
C., Kit, H.S., Arijit, B., Rauff, M., Hew, C.-L., Chung, M.C.M., Joshi, S.B., 



 

145 
 

Choolani, M. 2007. Differential recovery of membrane proteins after extraction by 
aqueous methanol and trifluoroethanol. Proteomics, 7(10), 1654-1663. 

 

 


