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Chapter 1 Introduction 

 

1.1 Biobased products 

Biomass has great potential for the production of heat and power, transportation fuels, 

chemicals and materials. According to the Farm Bill released by the United States of 

Agriculture, “biobased products are commercial or industrial products (other than 

food or feed) that are composed in whole, or in significant part, of biological products, 

renewable agricultural materials (including plant, animal, and marine materials), or 

forestry material” [1].  

Biobased products can be classified into three categories: biofuels, biobased chemicals 

and biobased performance materials. The global market for biobased products is 

estimated to be large with a market value of €200 billion per year by 2020 [2]. 

Successful implementation can be achieved by using the biorefinery concept, a concept 

with the objective to optimise the use of resources and minimise waste production in 

order to maximise benefit and profitability [2]. In a biorefinery, a wide range of 

processes are coupled for the production of biobased products from different biomass 

feedstocks [3]. The biorefinery concept shows close similarities with current 

petroleum refineries.  

Biofuels like bioethanol and biodiesel are currently commercially available and have 

significant impact on the global transportation fuel sector. Biofuels can be classified in 

generations e.g. first, second and higher generation biofuels, depending on the biomass 

feed and/or the level of maturity of the technology. First generation biofuels are 

produced from biomass sources that may also be used as input for the food and feed 

industries. This has raised discussions regarding food/feed availability (food versus 

fuel discussion) and on the effects of such biofuels on deforestation and excess use of 

arable land [4].  

Second generation biofuels have received high attention the last decade because the 

input for such biofuels are biomass waste, residues or non-food crop biomass. As such, 

they are considered as greener alternatives for not only fossil fuels but also for first 

generation biofuels. By applying the biorefinery concept, biomass sources for second 

generation biofuels may be fully utilised to produce not only biofuels but also higher 

added value chemicals. An overview of existing routes for biomass conversion into 

(second) generation biofuels is given in Fig. 1. Conversion technologies include both 

low temperature processes (fermentations, anaerobic digestion, trans-esterifications) 

and high temperature processes like gasification and pyrolysis.  

In this PhD thesis, the emphasis is particularly on the production of biodiesel from 

different types of biomass feedstock using trans-esterification technology. An overview 
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of biodiesel synthesis, technology, markets and product properties will be given in the 

following section.  

 

 

Figure 1. Biomass valorisation to various biofuels using multiple conversion routes 

(Reproduced with permission) [2] 

 

1.2 Biodiesel: an overview 

Vegetable and animal oils and fats are mainly composed of triglycerides, long-chain 

fatty acids that are chemically bound to a glycerol (1, 2, 3-propanetriol) backbone. 

Biodiesel may be obtained from oils and fats by a trans-esterification reaction, which 

involves reaction with a short chain alcohol, normally in the presence of a catalyst at 

elevated temperature (60-70 °C). The products are biodiesel (a mixture of fatty esters) 

and glycerol, see Fig. 2 for details [5-8]. 

The reaction is very feedstock tolerant and many types of oils and alcohols can be used 

to produce biodiesel. Most commonly used oils are rapeseed, sunflower and soybean 

oil while methanol is the most frequently used alcohol. Although higher alcohols like 

ethanol, 2-propanol and 1-butanol can also be employed, methanol is the preferred one 

as it is the cheapest and mostly readily available alcohol on the global market [9, 10].  
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Figure 2. Trans-esterification of a triglyceride with an alcohol 

 

The primary advantages of biodiesel compared to fossil diesel are a good 

biodegradability, a high level of renewability, low toxicity and a high application 

potential. It can replace diesel fuel in internal combustion engines without major 

modifications. Compared to the diesel fuel, biodiesel exhausts are sulphur free and 

contain less carbon monoxide and lower levels of particulate matters. In addition, the 

combustion process is more efficient, leading to reduced hydrocarbon emissions [4, 11, 

12].  

The biodiesel production chain has been analysed by Life Cycle Assessments (LCA) to 

evaluate environmental performance [13, 14].  Most LCAs reported that the use of 

biofuel instead of conventional diesel reduces fossil energy consumption and 

greenhouse gas emissions by 57-86% [15-17]. Moreover, the biodiesel industry also 

stimulates regional development by job creation in, among others, the agricultural 

sector and may be used as a fuel in the remote areas where fossil fuels are scarce due 

to logistic issues [18]. 

Global biodiesel production in 2013 was estimated at 24.7 million ton [19] with 

European Union (EU) countries, USA and Brazil as the leading producers of biodiesel 

(Fig. 3). Other countries include biodiesel producing countries which contribute less 

than 5% to the global biodiesel production. In the EU, Germany and France are the 

major biodiesel producers followed by Spain and Italy (Fig. 4). According to the 

European Biodiesel Board, the European biodiesel production in 2011 was 8.6 million 

ton, a decrease of 10.6% compared to 2010. This first time decrease in registered 

history of biodiesel production in Europe is most likely due to higher imports from 

countries like Argentina, Indonesia as well as circumvention measures from North 

America [22]. In contrast to the production of biodiesel in Europe, the U.S. biodiesel 

production levels continued to increase to 6 million ton (1.8 billion gallons) in 2013 as 

illustrated in Fig. 5.  
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Figure 3. Distribution of global biodiesel production in 2013 [20] 

 

 

Figure 4. EU biodiesel production [21] 

 

 

Figure 5. U.S biodiesel production from 2003-2013 [17] 
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A commercial biodiesel has to comply with international biodiesel specifications. 

Currently, two major standard specifications for biodiesel are in use, viz. i) the 

American Standard Specifications for Biodiesel Fuel (B100) Blend Stock for Distillate 

Fuel, ASTM D6751 and ii) the European Standard for Biodiesel, EN 14214. An overview 

for the European standard EN 14214 is given in Table 1. The specifications given by the 

ASTM D6751 standard (not shown) closely resemble the EN 14214 standard.  

 

Table 1 European Standard for Biodiesel, EN 14214 [4] 

Property Method DIN EN 14214 

Min.  Max.  Unit 

Ester content EN 14103 96.5 - wt% 

Density (15°C) EN ISO 12185 860 900 kg/m3 

Viscosity (40°C) EN ISO 3104 3.5 5 mm2/s 

Flash point EN ISO 3679 120 - °C 

Sulfur content EN ISO 20884  - 10 mg/kg 

Cetane number EN ISO 5165 51 - - 

Sulfated ash content ISO 3987 - 0.02 wt% 

Water content EN ISO 12937 - 500 mg/kg 

Total contamination EN 12662 - 24 mg/kg 

Copper band corrosion 

(3h, 50°C) 

EN ISO 2160 Class 1 Class 1 Rating 

Oxidation stability 

(110°C) 

EN 14112 6 - H 

Acid value EN 14104 - 0.5 mg KOH/g 

Iodine value EN 14111 - 120 g I2/100 g 

Linolenic acid methyl 

ester 

EN 14103 - 0.2 wt% 

Methanol content EN 14110 - 0.2 wt% 

Monoglyceride content EN 14105 - 0.8 wt% 

Diglyceride content EN 14105 - 0.2 wt% 

Triglyceride content EN 14105 - 0.2 wt% 

 Free glycerol EN 14105/6 - 0.02 wt% 

Total glycerol EN 14105 - 0.25 wt% 

Phosphorus content EN 14107 - 4 mg/kg 

Metals I (Na+K) EN 14108 - 5 mg/kg 

Metals I (Ca+Mg) EN 14538 - 5 mg/kg 

 

In the following sections, the value chain biomass feedstock to biobased products for a 

number of different feeds will be discussed in more detail as this is the major topic of 

this PhD thesis (Fig. 6). Representative and relevant biomass inputs within the scope 

of this thesis will be discussed (sunflower, jatropha and rubber seeds). Subsequently, 

seed processing technologies (mechanical pressing and/or solvent extraction) will be 
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summarised and elaborated upon to obtain the plant oils. Finally, technology to convert 

the oils to biodiesel, including existing and new developments will be provided and the 

use of plant oils for the synthesis of biobased polymers will be evaluated.  

 
 

 
Figure 6. Value chain from feedstock to biodiesel and biobased polymers 

 

1.3 Biodiesel feedstock 
According to Atabani et al., more than 350 oils and fats have been investigated for 

biodiesel production [4]. The suitability of a biomass oil for this purpose depends on 

various factors such as the oil content of the seeds, the oil yield per hectare, the 

production costs and relevant product properties of the oil. It has been reported that 

the cost of the feedstock is about 75% of the overall production cost for biodiesel [4, 

12, 23-27]. Hence, proper selection of suitable raw materials is a major issue and of 

high relevance for the biodiesel industry.  

Biodiesel feedstocks are generally divided into four categories, viz. i) edible vegetable 

oils,  ii) non-edible vegetable oils, iii) waste or recycled oils and iv) animal fats  [4, 12, 

24, 25, 28]. Currently more than 95% of the biodiesel is produced from edible oils such 

as rapeseed (84%), sunflower (13%), palm (1%), soybean and other oils (2%). 

Plantations for edible oils have been established in many countries. However there are 

many issues regarding the use of edible oils for the production of biodiesel such as 

higher prices of vegetable oils due to an extended product portfolio, deforestation, and 

the growing gap between demand and supply of such oil in many countries [29-31].   

Non edible oils such as Jatropha, cotton seed and rubber seed oil are promising 

alternatives to replace edible oils as the feedstock for producing biodiesel. These oils 

are not yet commercially available on large scale, though have good potential in 

different parts of the world. Waste cooking oils and animal fats such as pork lard, beef 

tallow, poultry and chicken fat also can be used for biodiesel production. However, the 

latter feeds often contain high amounts of free fatty acid (FFA) that hinder the trans-

esterification reaction and decrease the biodiesel yield. In addition, the amount of 
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waste cooking oil and animal fats is reported to be rather limited and by far not 

sufficient to replace all edible oils.  

Table 2 shows the estimated oil content and yield for various biodiesel feedstocks. 

Palm tree has the highest oil yield (5.950 L/ha/y) compared to other commercial crops 

such as rapeseed (1.190 L/ha/y) and soybean (446 L/ha/y). Palm oil also has been 

reported to be the economically most attractive feedstock for biodiesel production 

[32].  Microalgae seems to have good potential for biodiesel production due to 

anticipated high oil yields, ranging from 58.700-136.900 L/ha/y (Table 2). However, 

the production costs are still very high and major breakthroughs are required before 

algae biodiesel will be available on commercial scale.  In this PhD thesis, sunflower, 

jatropha and rubber oil are mainly used for biodiesel synthesis. Relevant information 

regarding the crops and the oils obtained thereof are discussed in the following 

sections. 

Table 2 Estimated oil content and yield for different biodiesel feedstock [4] 

Feedstock Oil content (wt%) Oil yield (L/ha/y) 

Castor 53 1.413 

Jatropha seed 50-60 1.892 

Karanja  27-39 225-2250 

Soybean 15-20 446 

Sunflower 25-35 952 

Rapeseed 38-46 1.190 

Palm 30-60 5.950 

Peanut 45-55 2.689 

Rubber seed 40-50 80-120 

Microalgae (low oil content) 30 58.700 

Microalgae (medium oil content) 50 97.800 

Microalgae (high oil content) 70 136.900 

 

1.3.1 Sunflower oil 

Sunflower oil is extracted from the seeds of the Helianthus annunus (family 

Compositae) native to the western USA, Canada and northern Mexico. The sunflower is 

an annual plant that grows in most soils [33, 34], including poor soils provided they are 

deep and well-drained, though deep rich soils are preferred [35]. The plant typically 

grows to 1.5-3 m height but the mammoth varieties may reach up to 4.6 m. The 

sunflower seeds contain up to 25- 45 %-w oil [36, 37].  Sunflower oil is commercially 

used in salads, margarines and as a cooking oil [38, 39]. In addition, sunflower oil is 

also one of the major feedstocks for biodiesel production in the Europe. The fatty acid 

composition and physical properties of a typical sunflower oil are shown in Table 3 and 

Table 4 respectively.  
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Table 3 Fatty acid composition of sunflower, jatropha and rubber seed oil 

Fatty acid  Sunflower oil 

[40, 41] 

Jatropha oil 

 [42, 43] 

Rubber oil  

[44, 45] 

Palmitic acid (C16:0) (%) 6.4-6.9 13.7-15.3 10.2-12.2 

Stearic  acid (C18:0) (%) 2.7-5.0 28.9-44.2 7.3-8.7 

Oleic  acid (C18:1) (%) 22.7-29.3 34.4-50.3 24.6-28.1 

Linoleic acid (C18:2) (%) 48.9-58.3 3.7-9.8 38.2-39.6 

Linolenic acid (C18:3) (%) 0-0.3 0-0.3 14.2-16.3 

 

Table 4 Physico-chemical properties of sunflower oil, jatropha oil and rubber oil 

Property  Sunflower oil 

[40, 41] 

Jatropha oil  

[52, 53] 

Rubber oil  

[44, 45] 

Specific gravity (30 oC) 0.91 0.92 0.92 

Viscosity at 30 oC (Pa.s) 0.033-0.037 0.037-0.042 0.038-0.041 

Acid value (mg KOH/g) 0.04-0.25 0.19-3.5 1-4 

Saponification value (mg KOH/g) 190-194 180-198 186-194 

Iodine value (g I2/100 g) 94-130 95-105 135-143 

 

1.3.2 Jatropha oil 

Jatropha oil can be extracted from the seeds of Jatropha curcas Linn. (Fig. 7) belonging 

to the genus Euphorbiaceae which comprises of 70 species distributed in tropical and 

sub-tropical parts of the world [46].   

 

Figure 7. Jatropha tree (left) and jatropha seed (right) [50] 

 

The jatropha tree is a tropical drought-resistant shrub and has excellent adaptation 

capacity to various soil conditions. The tree typically grows up to 3-4 m height [47] but 

at favorable conditions, it may reach up to 12 m [48] and live up to 50 years [49]. 

Jatropha fruits typically contain 2-3 seeds which are also known as physic nut [46] or 



Chapter 1 

 

11 

 

purging nut [48]. The seeds consist of approximately 60 wt% kernels (dehulled seeds) 

and 40 wt% shell. The kernels contain around 45-55 wt% oil, which corresponds to 30-

40 wt% oil on seeds [46]. The kernel mainly consists of oil (57-59 wt%) whereas the 

shell contains around 84-89 wt% fibers [48]. 

Jatropha oil is traditionally used for soap and lamp oil [43] manufacture. In the last 

decade, it has received high attention as it is considered a very promising feedstock for 

the production of biodiesel [46, 51]. The fatty acid composition and physical properties 

of jatropha oil are shown in Table 3 and Table 4, respectively.  

 
1.3.3 Rubber seed oil 

Rubber seed oil can be extracted from the seeds of Hevea brasiliensis (Fig. 8). Similar to 

the Jatropha tree, natural rubber belongs to the genus Euphorbiaceae that is native to 

the rainforest in the Amazon region of South America. Today, commercially produced 

rubber can be obtained in abundance in Southeast Asia and Western African countries 

such as Indonesia, Malaysia and Nigeria [54]. The rubber tree is a perennial plantation 

crop which is cultivated as an industrial crop mainly for the production of natural 

rubber. The tree typically grows to 15-25 m height during cultivation and may reach 

up to 30-40 m and live up to 100 years. Rubber tree fruits contain a 3-lobed capsule, 

with 1 seed in each lobe. The seeds consist of approximately 50-60 wt% of kernel and 

40-50 wt% of shell. The kernels contain around 40-50 wt% oil which corresponds to 

20-30 wt% oil on seeds [55, 56]. The main constituents in the kernel are lipids (46-68 

wt%) and proteins (17-22 wt%) [45, 57].  

The use of rubber seed oil is still in a state of infancy, though it has, like most plant oils, 

potential for use as a soap, alkyd resin, and lubrication oil [55, 58]. Recently, rubber 

seed oil has been explored as a feedstock for the production of biodiesel [45, 56]. The 

fatty acid composition and physical properties of the rubber oil are shown in Table 3 

and Table 4 respectively. 

 

 

Figure 8. Rubber tree (left) and rubber fruit and seed (right) [59] 
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1.4 Seed processing technology 

Mechanical pressing and solvent extraction are the most commonly used methods for 

the expression of oils from seeds. Expression is a mechanically process where the oil is 

obtained by applying pressure on oil seeds. Solvent extraction involves intimate 

contacting of the oil seeds with an organic solvent with a high affinity for the plant oils 

[60]. Detailed descriptions of mechanical pressing and solvent extraction will be given 

in the following sub-sections.  

1.4.1 Mechanical pressing 

Mechanical pressing is the most popular method for the isolation of oils from vegetable 

oilseeds [61]. Screw and hydraulic presses are examples of equipment available for 

mechanical pressing (Fig. 9). The former is carried out continuously whereas the latter 

is operated in batch mode. For screw pressing, the kernels are typically roasted and 

conveyed and milled in the device. In hydraulic presses, the kernels are typically 

crushed and pre-heated at elevated temperatures before being pressed at high 

pressure for about 10 min [62].  

 
Figure 9. Schematic diagram for (a) an oil screw press [65] and (b) a hydraulic press 

[66] 

 

Mechanical pressing typically recovers 50 to 80 wt% of the available oil from the 

oilseed [63]. The efficiency is a strong function of the type of oil seeds. Optimisation of 

process conditions is required for each seed to obtain high efficiencies [60]. Important 

process variables are pressure, temperature, pressing time, moisture content and 

particle size [60]. Oil recovery can also be increased by the use of suitable pre-

treatment methods, for instance by cracking, dehulling, conditioning, flaking and 

cooking [64].  

Mechanical expression has been modelled using various models viz. empirical models 

[67-69], Terzaghi-type models [70, 71] and oilseed cell models [61, 72, 73]. The use of 

empirical models is often limited and valid for only a certain type of oilseed in a specific 
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mechanical device. The Terzaghi-type models describe the expression process 

reasonably well, though some of the assumptions are not valid in all cases. For instance, 

the first consolidation theory published by Terzaghi [74] assumed that the filter cake 

thickness, compressibility and permeability remains constant during the expression 

process, which is certainly not the case [75]. An improved consolidation model for 

solid/liquid mixtures and semi-solids was developed by Shirato [75, 76]. In this model, 

the consolidation process is divided into two distinct stages; primary and secondary 

consolidation. In the primary consolidation stage, creep effects are assumed to be 

negligible (i.e. the local void ratio depends on the solid compressive pressure only). 

Furthermore, it is assumed that the secondary consolidation occurs at a much slower 

rate than the primary consolidation and involves creep of the solid phase (i.e. the local 

void ratio depends on both the solid compressive pressure and time) [77]. The Shirato 

model has been applied successfully to model the pressing of different seeds [78, 79]. 

Oilseed cell models give a good representation of the expression process. However, the 

cell structure and dimension of the oilseeds, which are important parameters in the 

models, are difficult to measure experimentally and this hinders the application of the 

models considerably [79]. 

1.4.2 Solvent extraction 

Solvent extraction involves contacting the oils seeds with an organic solvent which has 

a high affinity for the plant oil. The mechanism of oilseed extraction involves leaching, 

washing, diffusion and dialysis [80-82]. Figure 10 shows a simple laboratory device 

(Soxhlet extractor) for solvent extraction of oil seeds.  

 

Figure 10. Laboratory scale solvent extractor (Soxhlet) [86] 
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The seeds are usually pre-treated prior to the extraction e.g. by cracking, heating or 

flaking. Pre-treatment distorts cells [83, 84] and leads to cell wall rupture. Oil mass 

transfer rates in the protein rich matrix are governed by capillary flow and depend on 

the viscosity of the oil and solvent. Various solvents are used commercially, of which 

hexane is the preferred one by oilseed processors. However, toxicological and 

environmental concerns related to the use of hexane has stimulated the search for 

alternatives, examples are heptane, ethanol and supercritical carbon dioxide [85].  

A comparison between mechanical expression and solvent extraction is presented in 

Table 5. Advantages of mechanical pressing are the isolation of an oil that is free of 

solvent residues and the process is inherently safer than solvent extraction. However, 

the yield is generally lower and the efficiency seldom exceeds 90 wt% [60, 63].  In 

contrast, for solvent extraction the oil recovery may be close to quantitative [60].   

Table 5 Comparison between mechanical pressing and solvent extraction 

 Mechanical pressing Solvent extraction 

Use of solvent No Yes  

Friction and pressure Yes  No 

Heat Yes Yes 

Yield Lower Higher 

Oil quality Higher Lower 

Efficiency Lower Higher 

 

Hydraulic pressing is considered an appropriate method for the expression of oil from 

oilseeds for small and medium scale farmers in developing countries. Initial investment 

costs and operating costs are lower than for a screw press and solvent extraction 

process [67]. 

A combination of mechanical pressing and solvent extraction has been reported to give 

better results than the individual processes. It involves an initial mechanical seed 

pressing step to reduce the oil content to approximately 20% followed by solvent 

extraction using hexane [87].  

 
1.5 Biodiesel production 

1.5.1 Conventional production of biodiesel 

Typically biodiesel is produced in large production units at a production scale of 

typically higher than 100 kton/y [88]. Most of the existing biodiesel plants are operated 

in batch, using a stirred tank reactor or in continuous processes in a continuous stirred 

tank reactor (CSTR) in series or a plug flow reactor (PFR) [89]. A typical process for the 

production of biodiesel is shown in Fig. 11.  
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Figure 11. Typical process flow diagram for the production of biodiesel 

 

The oil react with the alcohol in the presence of a catalyst for a certain period of time. 

After the reaction, two liquid layers are formed, an upper layer consisting of the crude 

biodiesel and alcohol and a lower layer containing glycerol and residual alcohol. After 

separation, the crude biodiesel is washed with water to remove the unreacted alcohol 

and catalyst residues. The washed biodiesel is dried to meet the water specifications 

and the remaining alcohol is separated by distillation and recycled [6]. Batch 

processing is the simplest commercial method for producing biodiesel. Typically a 

methanol to triglyceride molar ratio of 6:1 is used and the operating temperature is 

about 65 °C, just below the boiling point of methanol. Catalyst loadings range from 0.3 

wt% to about 1.5 wt% on oil. The reaction time is in the range of 20 min to more than 

1 h with an oil conversion between 85 to 94% [6].  

Biodiesel is also produced continuously using cascades of CSTRs in series. A well know 

configuration consists of two CSTR’s in series where the first CSTR has a larger volume 

than the second. In the first CSTR, an intermediate conversion level is aimed for. After 

the reactor, the glycerol layer is separated from the product phase and the latter is fed 

to a second smaller CSTR together with fresh methanol to reach conversions of 

typically around 98 wt%. For high mass transfer rates, the formation of a fine 

dispersion in the reactor is required, thus intense mixing in the CSTR’s is essential. 

However, this leads to down-stream work-up issues, as the separation time between 

the biodiesel and glycerol phase is longer for small dispersions [6]. Figure 12 shows 

examples of a typical biodiesel factory (Pacific Biodiesel Technology, Hawaii) and a 

mobile biodiesel unit (XTRM Cannabis Ventures). The former has a production capacity 

of 168 kton/y, considerably larger than the mobile unit (1.1 kton/y).  
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Figure 12. Examples of a commercial biodiesel production facility (left, Pacific Biodiesel 

Technology, Hawaii) and a mobile biodiesel unit (right, XTRM Cannabis Ventures) 

1.5.1.1 Down- stream processing of crude biodiesel 

Trans-esterification of vegetable oils with alcohols does not only produce biodiesel, but 

also glycerol, free fatty acids and di- and monoglycerides. Proper work-up of the crude 

biodiesel is required to ensure that the biodiesel meets the international specifications 

[6]. The first step involves washing of the crude biodiesel with an immiscible solvent 

with the objective to remove catalyst residues, soap, methanol and free glycerol from 

the biodiesel. Washing with water is the most commonly used refining technique [91-

93]. Two sequential steps of biodiesel washing using an aqueous NaCl solution 

followed by an additional purification step with NaHCO3 in water has been proposed 

[90]. Karaosmanoglu et al. [94] tested three different methods and compared 

performance: washing with distilled water (50 - 80 °C), dilution of the crude biodiesel 

in petroleum ether followed by a water wash with water, and neutralization with 

H2SO4. The best refining method in terms of biodiesel purity and refining cost was 

shown to be a water washing at 50 °C. Refining of biodiesel by membrane separation 

(ceramic and ultrafiltration membranes) has also been developed to reduce water 

usage [95, 96].  

1.5.1.2 Drying of biodiesel 

According to ASTM D 6751, the water content in biodiesel is limited to 0.05 vol%. The 

biodiesel after a water wash often has a relatively high water content, arising from 

small amounts of dissolved water and the presence of fine residual water droplets. The 

latter is often visible by a slight cloudy appearance of the biodiesel. A high water 

content in the biodiesel can promote microbial growth and result in ester hydrolysis to 

form free fatty acids [6, 97].  

Several techniques have been developed to reduce the water content of biodiesel. Most 

use hot air and involve intimate contacting of the biodiesel with air. This may involve 

spray drying to achieve high heat and mass transfer rates. Other techniques involve the 
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use of a bubble column. The speed of drying for such process depends on the 

temperature and the humidity of the air [98]. Vacuum driers and falling film 

evaporators have also been used for water removal from the washed biodiesel. Both 

systems operate at reduced pressure which allows for water evaporation at a much 

lower temperature than at atmospheric pressure [6].  

 
1.5.2 New developments in biodiesel technology 

New developments in biodiesel technology have been reported in recent years, 

particularly with the concept of process intensification (PI) in mind. PI is defined as a 

chemical engineering approach that leads to the development of substantially smaller 

and more energy-efficient technologies [99]. PI is aimed to improve product yield and 

to facilitate separation, with the ultimate aim to reduce investment costs, inventories 

and to improve heat management and/or energy utilisation [100].   

The biodiesel production technologies using the PI concept focus on process 

improvements like higher conversions at shorter residence times, the use of lower 

molar ratios of alcohol to oil, lower catalyst concentrations and lower operating cost 

and energy consumption for down-stream processing [32]. The biodiesel production 

technologies using the PI principle are discussed in detail in the following section.  

1.5.2.1 Continuous centrifugal contactor separators  

A Continuous Centrifugal Contactor Separator (CCCS) is a device that integrates mixing, 

reaction and separation of liquid-liquid systems and as such is an interesting example 

of process intensification [101-103]. The CCCS (Fig. 13) consists of a hollow rotating 

centrifuge in a static house. The immiscible liquids (here a pure plant oil and methanol) 

enter the device in the annular zone between the static house and the rotating 

centrifuge, where they are intensely mixed. The mixture is then transferred into the 

hollow centrifuge through a hole in the bottom of the centrifuge. Here, the product 

phases (biodiesel and glycerol) are separated by centrifugal forces (up to 900 g), 

allowing excellent separation of the fluids. 

 

Kraai et al. have shown the proof of principle for a CCCS (type CINC V02) to obtain fatty 

acid methyl esters (FAME) from sunflower oil and methanol with a reproducible yield 

of 96 mol% [101]. The use of the CCCS has two main advantages compared to 

conventional stirred vessels, viz. i) the crude FAME is in situ separated from the 

glycerol layer by the action of centrifugal forces and not in a separate separation vessel 

and ii) the volumetric production rates exceed those in stirred tanks, likely due to 

higher mass transfer rates as a result of the presence of very fine droplets of the 

dispersed phase, giving rise to high volumetric mass transfer coefficients (kLa) [104].  
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Figure 13. Cross sectional view of the CCCS (left) and a schematic representation of the 

CCCS set-up for biodiesel synthesis (right) [101] 

 
1.5.2.2 Continuous fixed bed operation with supercritical methanol 

McNeff et al. [105] have developed a novel continuous fixed bed reactor for the 

production of biodiesel using metal oxide-based catalyst as shown in Fig. 14.  It has 

been shown that porous metal oxides (e.g. zirconia, titania, and alumina) with different 

surface treatments (acids, base and unmodified) catalyse esterification and trans-

esterification simultaneously under high pressure (172 bar) and elevated temperature 

(300-450 oC). The input of the so called Mcygan process may be inexpensive feeds 

(animal fats, waste cooking oils, acidulated soapstock) with high levels of free fatty 

acids (FFA) as well as different alcohols (methanol, n-propanol, n-butanol). The 

remaining unreacted FFA is removed by adsorption onto an alumina packed-bed 

polisher system called the Easy Fatty Acid Removal (EFAR) system (see Fig. 14). The 

process has been tested for 25 different triglycerides with acid values ranging from 

0.04-88 mg KOH/g (molar ratio of methanol to oil was varied from 32.7 to 73.7).  

 
Feed conversions between 86 and 95 mol% was obtained for a wide range of 

triglycerides with residence times between 5.4 and 56.9 s. The process was scaled up 

to pilot plant scale (49 times scale up factor) to achieve an annual production level of 

more than 136 ton/y. The catalyst in the pilot plant is typically an unmodified TiO2 with 

80 µm particle sizes. The system was operated for more than 115 h continuously using 

refined soybean oil and methanol as the feed with a molar ratio of 32.7 and a reactor 

temperature of 360 oC. The average conversion level was 87.5 mol%. 
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Figure 14. Process flow diagram for the Mcgyan biodiesel process (Reproduced with 

permission) [105] 

 

1.5.2.3 Reactive distillation  

Reactive distillation (RD) is a hybrid process that combines chemical reaction and 

product separation within a single fractional distillation column (Fig. 15) [106]. The 

concept is particularly suitable for equilibrium reactions. Simultaneous separation of 

reactant and product shifts the equilibrium towards the product side, and leads to an 

increase in the conversion and potentially also the selectivity [107, 108]. Various 

studies have been performed to explore the production of biodiesel using RD [91, 108-

110].  
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Figure 15. Representation of the RD biodiesel process (Reproduced with permission) 

[111] 

 

He et al., has developed a novel RD process for biodiesel production from canola oil and 

methanol [111]. The feed passes through an in-line static mixer which also serves as a 

pre-reactor and enters into the RD column near the top. The reactant mixture then 

flows downward in the column. Methanol vapor generated from the product mixture 

in the reboiler moves upwards. The product mixture exits the reboiler to a glycerol-

biodiesel separator. Here, the glycerol and biodiesel are continuously separated 

through gravitation.  

He et al. reported a yield of 94.4% when using a methanol to oil molar ratio of 4:1. This 

lower alcohol to oil molar ratio compared to other processes (typically 6:1 [112, 113]) 

implies that the production costs can be significantly reduced. In addition, shorter 

residence times were required viz. 3 min compared to 60-90 min for conventional 

batch production of biodiesel [114-116].  

1.5.2.4 Membrane reactors for biodiesel synthesis 

Studies on the use of two-phase membrane reactor technology for simultaneous trans-

esterification and separation to produce high quality biodiesel have been reported 

recently [117-123]. This reactor configuration allows reaction and separation to occur 

simultaneously and, by product removal through a membrane, ensures that the 

reversible trans-esterification reaction is shifted to biodiesel formation [124, 125].  

The application of a continuous membrane reactor has been demonstrated for various 

triglycerides with a range of FFA contents such as soybean oil, canola oil, a 
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hydrogenated palm oil/palm oil blend, yellow grease and brown grease [118]. 

Successful trans-esterification was observed for all triglycerides and the produced 

biodiesel satisfied the ASTM D6751 standard.  

1.5.2.5 Ultrasonic cavitation reactors 

Recently, the application of ultrasound has been reported for biodiesel production. The 

use of ultrasound provides mechanical energy for mixing and, speculatively, the 

required energy of activation for the trans-esterification reaction. When using 

ultrasound, radicals are produced during a transient implosive collapse of bubbles that 

accelerate chemical reaction. The radial motion of bubbles generates micro-turbulence 

and creates intimate mixing of the immiscible reactants. High biodiesel yields have 

been reported by using ultrasound [126-133], rationalised by assuming higher mass 

transfer rates due to a higher interfacial area between the oil and alcohol phase.The 

trans-esterification of vegetable oils using low-frequency ultrasound (28–40 kHz) was 

reported by Stavarache et al. [132]. An excellent biodiesel yield of 98% was obtained 

when using ultrasound at a frequency of 28 kHz. At 40 kHz, the reaction time could be 

reduced significantly while maintaining high biodiesel yields [132]. Colluti et al. 

hypothesized that mass transfer is enhanced by an increase in interfacial area when 

using ultrasound (20 kHz) [133].  

1.6 Mobile biodiesel units 

Biodiesel is commercially typically produced in large plants (100 kton/y up to 250 

kton/y) to reduce the manufacturing cost per tonne of products. A parallel 

development is the use of small scale biodiesel units (< 15 kton/y) with local input of 

triglycerides. These small scale units are beneficial to reduce both capital investment 

and transportation cost of feedstock and product [134-136].  

Several patents [134-136] and studies in the open literature [137-139] are available 

regarding mobile biodiesel production facilities. Oliveira et al. [137] demonstrated that 

mobile biodiesel units are beneficial for small scale oilseed producers scattered in 

remote areas, for instance in less developed regions of Brazil. A small scale biodiesel 

unit for use in rural areas has also been developed in Cameroon to provide biodiesel 

and electricity for the local population to cover their energy needs [138]. Phalakornule 

[139] reported that similar projects in Thailand have stimulated local economic and 

social development in rural communities.  

1.7 Biobased polymers from plant oils 

Vegetable oils can be converted to biodiesel, but this is not the sole application of these 

feeds. Already for decades, plant oils are used as input for the oleochemical industry. 

Well known products are fatty acids, cross-linked fatty acids and fatty alcohols, all with 

a broad application potential [140]. Recently, plant oil-based polymeric systems have 

been developed, including oxypolymerised polymers, polyesters, polyurethanes, 



Chapter 1 

22 

 

polyamides, acrylic resins, epoxy resins, and poly-ester/amides [141]. Often, the 

polymerisation of plant oils requires initial conversion to reactive monomers [142]. 

This can be achieved by the introduction of new polymerizable groups in the fatty acid 

chain through functionalization of the carbon carbon double bonds by, for example, 

epoxidation [143].  The high reactivity of the epoxide group towards various functional 

groups such as amines is very appealing for further transformations into polymerizable 

monomers [144]. Hence, oilseeds are promising raw material for the synthesis of 

renewable epoxy type resin, besides the use as a feedstock for biodiesel and this aspect 

will also be covered in this thesis.  

1.8 Thesis outline  

This thesis describes the development of biobased products from oilseeds with an 

emphasis on the synthesis of biodiesel and biopolymers from rubber, jatropha and 

sunflower oil. The overall content of this study can be divided into four sections, viz. i) 

the expression of oilseeds and the determination of the influence of storage conditions 

on product quality (Chapter 2 and 3), ii) proof of principle for the synthesis and refining 

of biodiesel from methanol using a cascade of two CCCS devices, as well as in a 

continuous bench scale unit (Chapter 4 and 5), iii) proof of principle for the synthesis 

of fatty esters from ethanol using a CCCS (Chapter 6) and iv) synthesis of novel epoxy 

resins from oilseeds (Chapter 7) (refer to Fig.16).  

In Chapter 2, experimental and modelling studies on solvent assisted hydraulic 

pressing of dehulled rubber seeds are provided. Dehulled rubber seeds were pressed 

in a laboratory-scale hydraulic press. The effect of seed moisture content, temperature, 

pressure and solvent to seed ratio on the oil yield was investigated. The experimental 

dataset was modleled using two approaches, viz. i) a fundamental model known as the 

Shirato model and ii) a regression model using Response Surface Methodology (RSM). 

Relevant product properties of representative rubber seed oil samples were 

determined.  

Chapter 3 describes the experimental studies on the influence of moisture content of 

rubber seeds on the oil recovery after seed pressing and the acid value of the isolated 

rubber seed oil. In addition, the effect of storage on the product quality of rubber seed 

oil and rubber seed oil ethyl ester was also evaluated.  

In Chapter 4, the synthesis and refining of biodiesel from sunflower oil and methanol 

in a cascade of continuous centrifugal contactor separators is reported. The effect of 

relevant process variables like oil and methanol flow rates, rotational speed and 

catalyst concentration was investigated and modelled using multi variable non-linear 

regression. Proof of principle for the synthesis and subsequent refining of biodiesel in 

a cascade of two CCCS devices was obtained. Relevant properties of the refined 
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biodiesel using this technology were determined and shown to meet the ASTM 

specifications. 

Chapter 5 describes experimental and modelling studies on continuous biodiesel 

synthesis and refining in a dedicated bench scale unit. The unit consists of three units 

viz. 1) an integrated reactor/separator (CCCS), ii) a crude biodiesel upgrading unit 

consisting of a mixer and settler and iii) a drying unit. The concept was demonstrated 

for the methanolysis of sunflower oil using sodium methoxide as the catalyst. The 

effects of process variables like flow rates, temperature, acidic water and water to 

biodiesel ratio on performance of the bench scale unit were investigated. Relevant 

product properties were determined and compared to the international biodiesel 

specifications.  

In Chapter 6, experimental studies on biodiesel synthesis from Jatropha curcas L. oil 

and ethanol in a CCCS are reported. Exploratory experiments were performed in a 

batch reactor to obtain the proof of principle for the ethanolysis of jatropha oil using 

sodium ethoxide as the catalyst and to gain insight in typical reaction rates for the 

synthesis of fatty acid ethyl ester (FAEE). The effect of catalyst concentration, 

rotational speed, oil flow rate and ethanol to oil molar ratio were subsequently 

investigated in a CCCS. Relevant product properties were determined and compared to 

the international biodiesel specifications.  

Chapter 7 describes an experimental study on the synthesis of cross-linked polymers 

from epoxidized rubber seed oil and triethylenetetramine. A series of epoxidized oils 

were prepared from rubber seed, soybean, jatropha, palm and coconut oil. 

Polymerisation of the epoxidized oils with triethylenetetraamine (in the absence of 

solvent and catalyst) resulted in cross-linked elastomers. The effect of relevant 

pressing conditions such as time, temperature, pressure and molar ratio of epoxide to 

primary amine functional group was investigated and modelled using non-linear 

regression.  

Finally, in Chapter 8, preliminary techno-economic evaluations are provided for 

rubber seed pressing and biodiesel production with relevant input form the 

experimental chapters in this thesis. In addition, a biorefinery scheme for rubber seeds 

is proposed. The production costs for rubber seed oil using a small-scale rubber seed 

expeller unit in Palangkaraya, Indonesia (55 ton/y) were estimated. In addition, the 

production costs for biodiesel production from rubber seed oil at small scale (55 ton/y) 

using CCCS technology were also evaluated and compared with the price of diesel in 

remote areas in the ex-mega rice project near Palangkaraya. 
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Figure 16. Overview of the contents of this PhD thesis 
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