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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 
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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).  



Chapter 1 

16 

 

 

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, 
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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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Abstract 

Systematic experiments on the expression of rubber seed oil from dehulled rubber 

seeds in a hydraulic press were performed in the presence and absence of ethanol. The 

effect of seed moisture content (0-6 wt%, wet basis), temperature (35-105 oC), pressure 

(15-25 MPa) and ethanol to seed ratio (0-21 vol/wt%) on the oil recovery was 

investigated. An optimum oil recovery of 76 wt%, (dry basis) was obtained (1.6 wt% 

moisture content, 14 vol/wt% ethanol, 20 MPa, 75 °C, 10 min pressing time). The 

experimental dataset was modelled using two approaches, viz i) the Shirato model and 

ii) an empirical model using multi-variable non-linear regression. Good agreement 

between models and experimental data was obtained. Relevant properties of the 

rubber seed oil obtained at optimum pressing conditions (free fatty acid content, 

viscosity, density, water and P content, cold flow properties and flash point) were 

determined. The pressed rubber seed oil has a relatively low acid value (2.3 mg KOH/g) 

and is suitable for subsequent biodiesel synthesis. 
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Rubber seeds, hydraulic pressing, solvent assisted, regression model, Shirato model 
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2.1 Introduction 

The rubber tree (Hevea brasiliensis) is a perennial plantation crop which has been 

cultivated mainly as a source of natural rubber. However, the tree also produces a 

rubber seed, of which its valorisation has received limited attention untill now. The 

yield of rubber seeds is reported to be in the range of 100-1200 kg/ha/y [1, 2]. From a 

biorefinery perspective, the identification of high added value outlets for the rubber 

seeds is highly relevant as it increases the overall value of the rubber plantation to 

processed latex value chain [3].  

The seeds consist of a kernel surrounded by a hard shell. The kernel contains 40-50 % 

w of oil [4, 5] embedded in a protein rich matrix. The oil, also known as rubber seed oil 

(RSO), may be a valuable source for biofuel production [6, 7]. In addition, it may find 

applications as lubricants, ingredient in soaps and alkyd resins [8]. The protein rich 

matrix may be used as cattle feed, as a feed for biogas production, for binderless board 

production [9] and as a feed for thermochemical processes like pyrolysis [10, 11]. 

A number of studies have been reported on the expression of RSO and these are 

summarised in Table 1. Most studies involve solvent extraction using a hydrocarbon 

solvent (hexane, petroleum ether) or a chlorinated solvent. The oil yields cover a wide 

range and are between 5 and 49 wt%.  

 

Table 1 Overview of literature studies on oil isolation from rubber seeds 

Isolation technique Conditions Oil Yielda  FFAb content  

(wt%) 

Ref.  

Solvent 68-69 °C, n-hexane, 6 hr 41.6 % 7.6 [2] 

Solvent 40-60 °C, petroleum ether 45.6 % 2 [6] 

Solvent 27°C, carbon tetrachloride,  

overnight 

38.9 %b  [15] 

Solvent 68-69 °C, n-hexane 49 % 4 [16] 

Solvent 68-69 °C, n-hexane, 4 hr 45 % - [17] 

Mechanical (hydraulic) 70 °C, 8 MPa  28.5 % 38 [17] 

Mechanical 27 °C 5.4 %  - [7] 

Mechanical + solvent 27 °C, hexane/seed  

wt. ratio: 0.8 % 

49 % 2 [7] 

a kernel (dehulled seed) unless stated otherwise b FFA (free fatty acid), estimated from acid value 

(mg KOH/g) 

 

Three studies have been performed using mechanical pressing, involving either a 

hydraulic or screw press. The yields in this case are typically lower than for solvent 

extraction and between 5.4 and 28.5 wt%. Improved yields are possible by using 

solvent assisted hydraulic pressing. For instance, Morshed et al. (2011) showed that the 
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use of hexane in mechanical pressing increased the yield from 5.4 to 49 wt% (Table 1). 

Addition of a solvent during oil pressing has also been applied successfully to increase 

oil yields for the extraction of cotton, sunflower and soybean seeds [12, 13].  

Table 1 shows that the free fatty acid (FFA) content of the product oils varies from 2-38 

wt% for the reported studies. For biodiesel synthesis, an FFA value of 3 wt% [14] is 

acceptable. The high FFA values are not necessary an intrinsic feature of the RSO but 

will depend on the processing conditions and technology, and also by the storage 

conditions of the seeds [14].  

This paper presents a systematic study of the influence of pressure, temperature, 

moisture content and the use of a solvent on the pressing behaviour of dehulled rubber 

seeds in a laboratory scale hydraulic press. These process variables have shown to be 

of high importance for both oil yields and product quality [18-20]. A large number of 

experiments were performed and modelled using appropriate models. Ethanol was 

selected as the solvent of choice as it may be obtained from renewable resources.  

 

2.2 Theory: the Shirato model 

Several mathematical models for the expression of oilseeds have been developed, which 

may be categorized as i) models based on the nature of cell structures [21], ii) empirical 

models [22], and iii) Terzaghi-type models [23]. The first model requires fundamental 

insights in the expression process. However the information of the cell structure and 

cell dimensions is not easy to obtain, which limits its applicability.   

Empirical models enable the prediction of oil yields but are often limited to specific 

seeds and processing equipment. Terzaghi models allow for a good description of the 

expression process, however, the model assumes that the cake thickness remains 

constant during pressing which is often not a good assumption. The Shirato model is a 

modified Terzaghi-type model. It has been applied successfully to model the hydraulic 

pressing of dry cocoa nibs and several oilseeds [18, 19]. It is a dynamic model which 

uses the cake thickness of a sample as a function of time and processing parameters as 

input. The cake thickness is expressed as the consolidation ratio (Uc), defined as the 

difference between cake thicknesses at the start of the process and the cake thickness 

at time ‘t’ divided by  the maximum difference in cake thickness (before and after the 

process). This consolidation ratio can be described as a function of time, pressure and 

material properties (eq 1).  

Uc(t) =
L(0)−L(t)

L(0)−L(tend)
= (1 − B) {1 − exp (

−π2Cet

4ω0
2 )} + B {1 − exp(−(

E

G
). t)}   

Where 𝐶𝑒 =
𝑃

µ1𝜌𝑠𝛼
𝛿𝑒

𝛿𝑃

                                              (1)  
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With  

Uc  consolidation ratio (-) 

L(0) cake thickness at tinitial (m) 

L(t) cake thickness at tinitial (m) 

L(tend) cake thickness at tend (m) 

B  relative contribution of secondary consolidation 

Ce  consolidation coefficient (m2/s) 

ωo  volume of solids per unit area (m3/m2) 

t  time (s) 

E/G creep constant (s-1) 

P   pressure (Pa) 

μ1  liquid viscosity (Pa.s) 

ρs  solid density (kg/m3) 

α  filtration resistance (m/kg) 

e  void ratio (-) 

 

The Shirato model consists of the sum of two terms, primary and secondary 

consolidation (creep). The relative contribution of the second term is given by the (fit) 

parameter B. For an individual pressing experiment, the consolidation ratio versus time 

is determined at a constant value of the pressure P. Parameter fitting allows calculation 

of the value of α, B and E/G for this particular experiment. When performing 

experiments at different pressures, the values for the individual cake resistance α may 

be correlated using the following relation: 

 

 α = α0. (1 +
P

Pa
)β                                                                             (2) 

 

Where 

αo material constant for filtration resistance (m/kg) 

β material constant for filtration resistance (-) 

 

Parameter fitting for the experiments at different pressures allows calculation of α0, the 

pressure independent filtration resistance and the value of β, which is a measure for the 

pressure dependence of the cake resistance. A large value for β (> 1) is indicative for a 

hard material.  Besides the cake thickness, the oil yield in the form of an oil recovery is 

also determined for each pressing experiment. The oil recovery can be related to 

material properties using eq. 3. 

 

Oilrecovery(wt%) = (
(1−F0)ερo

(1−ε)ρsFo
− 1) 𝑥100%                                           (3) 
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Where 

ε final average porosity (m3 non solid/m3 total) 

Fo original oil content of the seeds (wt%, d.b.) 

ρo oil density (kg/m3) 

ρs solid density (kg/m3) 

 

The values for F0, ρo and ρs were determined experimentally in separate experiments 

(see experimental section for details). In combination with the experimentally 

determined oil recovery for an individual experiment, the cake porosity ε for each 

individual experiment may be determined. ε values for experiments at different 

pressures may be correlated using eq 4: 

 

(1 − ε) = (1 − ε0). (1 +
P

Pa
)n                                                            (4) 

 

Here,  

εo material constant for porosity (m3 non solid/m3 total) 

n material constant for porosity (-) 

Pa threshold pressure (Pa) 

 

The threshold pressure was set at 5 MPa. 

 

2.3 Materials and methods 

2.3.1 Materials 

Seeds from the rubber tree (Hevea brasiliensis) were obtained from Bengkulu, 

Indonesia. Ethanol (absolute, pro analysis) was obtained from Merck (Darmstadt, 

Germany).  

 

2.3.2 Moisture conditioning 

The total moisture content of the samples was determined using Method B-1 4 of the 

German standard methods [24]. It involves heating the dehulled rubber seeds in the 

oven at 103 °C until constant weight.  

For experiments at different oil seed moisture contents, the dehulled seeds were heated 

at 60 °C for a certain time until the desired moisture content (0-6 wt%, wet basis (w.b.)) 

was reached. The moisture content of the sample was determined using Method B-1 4.  

The samples were stored in sealed plastic bags. The moisture content before an actual 

hydraulic pressing experiment was experimentally determined to ensure that the 

moisture content was retained and not affected by storage.   
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2.3.3 Oil content measurement 

The oil content of the rubber seeds used in this investigation were determined using 

soxhlet extraction, based on method B-1 5 of the German standard methods [24]. The 

seeds were manually dehulled and dried overnight at 103 °C before analysis. The dried 

kernels were grinded using a coffee grinder. Approximately 5 g of sample was weighed 

with an accuracy of 0.0001 g and transferred to a soxhlet thimble, covered with cotton 

wool and extracted with n-hexane (100 mL) for at least 6 h. The solvent was evaporated 

in a rotary evaporator (atmospheric pressure, 69 °C) and the samples were 

subsequently dried in an oven at 103 °C until constant weight. The oil content is 

reported as gram oil per gram sample on a dry basis (d.b).  

2.3.4 Hydraulic pressing 

A schematic representation of the hydraulic press used in this investigation is shown in 

Fig. 1.  
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Figure 1. Schematic representation of the laboratory hydraulic press used in this study 

[20] 

 

The sample was placed on a perforated plate (holes of 1 mm diameter) in the pressing 

chamber and covered with a stainless steel grid (100 mesh). The temperature in the 

pressing chamber is adjustable and was between 30–120 °C. The pressing chamber was 

made from stainless steel with a diameter of 20 mm and a height 70 of mm. Pressures 

up to 25 MPa are possible by using a hydraulic plunger.  
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The press is equipped with a thermocouple (±1 °C) and a pressure indicator (±1 MPa), 

as well as a device (Voltcraft VC820) connected to a computer for online monitoring of 

the cake thickness as a function of the press time. Approximately 7 g of sample was 

placed in the pressing chamber and preheated for 5 min before pressing. The default 

press setting and the variation of each parameter are shown in Table 2. 

 

Table 2 Base case and range of variables for hydraulic pressing of dehulled rubber seeds 

Parameter Base case Range 

Pressure, P (MPa) 20 15-25 
Temperature, T (°C) 35 35-105 

Moisture content, MC (wt%, w.b.) 2 0-6 
Sample weight (g) 7 - 

Solvent to seed ratio, SR (vol/wt%) 0 7-21 
Pressing time (min) 10 - 

 

In case a solvent was used, the sample was added to the pressing chamber and the 

appropriate amount of solvent was introduced before the pressure was applied to the 

sample.  

 

2.3.5 Design of experiments, statistical analysis and optimisation 

Non-linear multi-variable regression was used to model the experimental data and for 

this purpose the Design Expert Version 7.0.0 software package was used. The data were 

modelled using the following second-order polynomial equation:   

𝑦 = 𝑏0 + ∑ 𝑏𝑖𝑥𝑖 +
4
𝑖=1 ∑ 𝑏𝑖𝑖𝑥𝑖

2 +4
𝑖=1 ∑ ∑ 𝑏𝑖𝑗𝑥𝑖𝑗 + 𝑒4

𝑗=𝑖+1
3
𝑖=𝑗                                            (5)  

 

Here y is a dependent variable (oil recovery), xi and xj are the independent variables 

(pressure, temperature, moisture content, solvent amount), bo, bi, bii and bij are 

regression coefficients of the model whereas e is the model error.  

The regression equations were obtained by backward elimination of non-significant 

coefficients. A coefficient was considered statistically relevant when the p-value was 

less than 0.05. The optimum conditions for the solvent assisted hydraulic pressing of 

dehulled rubber seeds were determined using the numerical optimisation function 

provided in the software package.  

2.3.6 Data analysis 

Oil yield and oil recoveries were determined for all experiments. The oil yield is defined 

as the amount of pressed RSO obtained from a certain amount of dehulled rubber seeds 

(eq 6). The oil recovery is defined as the actual amount of oil obtained from a sample 

divided by the maximum amount of oil that can be obtained from a certain amount of 

dehulled rubber seeds, the latter determined using solvent extraction (eq 7).   
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Yield(wt%, d. b. ) = 
amountofpressedoil(g)

intakeofdehulledrubberseedsample(g)
x100 %                         (6) 

 

Oilrecovery(wt%, d. b. ) =


amountofpressedoil(g)

oilcontentbysolventextraction(%d.b.)xintakeofdehulledrubberseedsample(g)
x100%                              (7)                         

 
All measurements were performed at least in duplicate and the average values are 

reported.  

 

2.3.7 Analytical methods 

The density of the oils was measured with a pycnometer at 10 °C intervals between 30 

and 100 oC. For this purpose, 10 ml of a sample was placed in the measuring cell and 

equilibrated to within 0.1 oC of the desired temperature. Reported values are the 

average of duplicate measurements. 

The viscosity of the sample was determined using a rheometer AR1000-N from TA 

instrument. A cone-and-plate viscometer was used with a cone diameter of 40 mm and 

a 2o angle. The measurement was performed at different temperatures with a shear rate 

of 15 s-1.   

The fatty acid composition of the oil was analysed by gas chromatography-mass 

spectrometry (GC-MS) using a Hewlett-Packard 5890 series II Plus device in 

combination with a with HP chemstation G1701BA using the B0100/NIST library 

software. Detailed description of the GC method and other analytical methods for water 

content, acid value, flash point, cloud point and pour point are as described elsewhere 

[3]. The phosphorus content analysis of the RSO was performed at ASG Analytik-Service 

GmbH, Neusass, Germany according to the method described in EN 14107. 

2.4 Results and discussion 

2.4.1 Rubber seed characteristics 

The experiments were carried out using fresh rubber seeds obtained from Bengkulu, 

Indonesia. The seeds had an average width and length of 2.4 and 2.9 cm. The seeds 

consist of a shell (39 wt%, d.b.) and a kernel (61 wt%, d.b.). Initial moisture content of 

the seeds and kernels as received were 10 and 8 wt%, w.b. respectively. The dehulled 

seeds had an average oil content of 49 ± 0.3 wt%, as determined using a standardized 

Soxhlet extraction with n-hexane. This value is at the high end of the oil content range 

(39-49 wt%) reported in the literature (Table 1). 

2.4.2 Non-solvent assisted hydraulic pressing 

Exploratory pressing experiments in the absence of a solvent were performed in a 

laboratory hydraulic pressing machine (Fig. 1) to gain insight on the influence of 
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pressing conditions on the oil recovery of the dehulled rubber seeds. Pressing 

conditions for the non-solvent hydraulic pressing experiments (NSHP), particularly the 

moisture content, temperature and pressure were varied systematically (Table 2). The 

effects of moisture content and temperature on oil recovery and acid content of the oil 

are shown in Figs. 2 and 3. The applied pressure (15-25 MPa) did not have a significant 

effect on the oil recovery (63-66 wt%, d.b., figure not shown).  

The effect of moisture content on the oil recovery and acid value of the pressed oil are 

given in Fig. 2. The oil recovery shows an optimum regarding the moisture content and 

the highest recovery at these non-optimised conditions was about 55 wt% at a moisture 

content of about 2-3 wt%, w.b. A possible explanation is that at optimum moisture 

content values, the pressure is distributed equally in all directions, causing more oil 

cells to be deformed leading to higher oil release. At higher moisture contents, the liquid 

phase absorbs most of the pressure load, resulting in a lower oil recovery [25].  

An overview of optimum moisture contents for the mechanical pressing of various 

oilseeds is given in Table 3. The values range between 2.1 and 10 wt% for whole and 

dehulled seeds. Thus, it can be concluded that the optimum moisture content depends 

on the nature of the oilseeds and the pressing conditions. A higher optimum moisture 

content was previously reported for dehulled rubber seeds (10 wt%) pressed at 70 °C 

and 8 MPa [17]. The reported oil yield was 28.5 wt%, d.b., slightly higher than the yield 

(27.4 wt%, d.b.) obtained in this study. 
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Figure 2. Effect of moisture content of the dehulled rubber seeds on oil recovery and 

acid value of the product oil (20 MPa, 35 °C, solvent free) 
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Table 3 Optimum moisture content for mechanical pressing of different oilseeds 

Oilseed Optimum moisture content (wt%) Ref.  

Sesame (whole) 2.1 [19] 

Linseed (whole) 4.7 [19] 

Flax (whole) 2.1 [26] 

Cotton (whole) 5.4 [27] 

Sunflower (whole) 6 [28] 

Jatropha (dehulled) 4 [20] 

Rubber (dehulled) 10 [17] 

 

The moisture content also has a significant impact on the acid value of the product oil, 

see Fig. 2 for details. The acid value increases from 1.0 to 3.0 mg KOH/g when going 

from negligible rubber seed moisture content to 6 wt%, w.b. moisture. At higher 

moisture contents, the triglycerides are likely more prone to hydrolyses to form free 

fatty acids (FFA) with a concomitant increase in the acid value. 

Thus, it may be concluded that the moisture content is an important process variable 

that affects both the oil recoveries and the product quality in terms of acidity. Clearly, 

the use of rubber seeds with a low moisture content is favored. The economically 

optimum moisture content will depend on the balance between process and product 

requirements. Seeds with a reduced moisture content will lead to products with a low 

FFA content and higher oil recoveries, though this goes at the expense of higher cost for 

seed drying.  

 

The effect of temperature on the oil recovery is given in Fig. 3. The oil recovery increases 

at higher temperatures (25-110 °C), though seems to level off between 100 and 110 °C. 

This increase is likely due to temperature induced changes in the physical properties of 

the dehulled seeds. At elevated temperatures, the dehulled seed tissues are softened 

and the viscosity of the oil will also be lowered. As a consequence, the permeability 

increases which enhances the flow of oil through the matrix [29, 30].  

 

Thus, on the basis of the NSHP experiments, the optimum conditions to obtain a 

reproducible oil recovery of 69 ± 0.4 wt% d.b. and a yield of 34 ± 0.2 wt%, d.b. were at 

a pressure of 20 MPa, seeds with a moisture content of about 2 wt% and a temperature 

of 85 °C. The yield is higher compared to other studies reported on the mechanical 

pressing of rubber seeds (5.4 wt% at 27 °C [7] and 28.5 wt% at 70 °C [17], see Table 1 

for details). This is most probably due to the use of a combination of a higher 

temperature and a lower moisture content in our study. 
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Figure 3. Effect of temperature on oil recovery and acid value of dehulled rubber seeds 

(20 MPa, 2 wt%, w.b. moisture content, solvent free) 

 

2.4.3 Solvent assisted hydraulic pressing  

Solvent assisted hydraulic pressing (SAHP) experiments were carried out using 

ethanol. Ethanol was chosen as a solvent as it is available from renewable resources and 

poses less handling risks than n-hexane [31]. The ethanol amount to (dehulled) seed 

was varied between 7-21 vol/wt%. The pressure and moisture content were set 

constant at the optimum conditions obtained in the NSHP experiments except the 

temperature, which was set at 75 °C (slightly below the boiling point of ethanol).  

Figure 4 shows the effect of solvent to seed ratio on the oil recovery. Addition of ethanol 

as a solvent has a positive effect on the oil recovery. When using 14 vol/wt% of ethanol 

on the seeds, the oil recovery increased from 66 in the absence of a solvent to 74 wt%, 

d.b in the presence of ethanol. So far, we do not have a sound explanation for the 

positive effect of ethanol on oil recoveries. It is well possible that the permeability of 

the oil is enhanced by ethanol assisted rupture of cell structures in the matrix.  

 

The effect of the solvent to seed ratio is not very pronounced within the experimental 

range (7-21 vol/wt%) and this is confirmed by subsequent experiments and modelling 

activities (vide infra). A previous study on solvent-assisted extrusion of sunflower seeds 

showed an increase of 6 wt% in oil recovery when 2-ethylhexanol was used as a solvent 

[13], close to the value found in this study (8 wt% improvement). Based on these 

findings, a 14 vol/wt% ratio of ethanol on dehulled seeds was selected as the base case 

for subsequent modelling studies.  
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Figure 4. Effect of solvent to seed ratio on oil recovery (20 MPa, 75 °C, 2 wt%, w.b. 

moisture content 

 
2.4.4 Data modelling using the Shirato model 

2.4.4.1 Estimation of material properties 

The Shirato model was applied to model the experimentally determined cake heights in 

the form of a consolidation ratio versus the time. In combination with the 

experimentally determined oil recoveries, it also allows determination of among others 

relevant material properties of dehulled rubber seeds. A total of 20 experiments were 

performed in a range of pressing conditions and the results are shown in Fig. 5 and 

Tables 4-5.  

The Shirato model gives a good description of the SAHP and NSHP of rubber seeds, see 

Fig. 5 for details. The values for B, a measure for secondary consolidation (creep) is 

between 0.04 and 0.17, indicating that primary consolidation is by far more important 

than secondary consolidation. The creep constant E/G varies between 0.056 and 0.092. 

The experimental data obtained isothermally at different pressures (exp. 9-17 in Table 

4) allows calculation of the values for ε0, n, α0, β (section 2.3 for more details). These are 

given in Table 5 for both SAHP and NSHP and will be discussed in the following.   

The values for B for SAHP and NSHP are equal and indicate that the contribution of 

secondary consolidation to the total process for both SAHP and NSHP is comparable. 

The same holds for the creep constant (E/G), indicating that secondary consolidation is 

not influenced by the presence of ethanol. However, the material constants like porosity 

and filtration resistance differ considerably for SAHP and NSHP, see Table 5 for details. 

Dehulled rubber seeds forms a very dense cake at all pressures investigated leading to 

relatively high filtration resistances (high value of αo). The calculated αo for the NSHP 
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model is in the same order of magnitude as those reported for cellular biological solids 

[32]. The value of αo for SAHP of rubber seed kernels is one order of magnitude lower 

than in the absence of a solvent. Possibly, the addition of ethanol increases the 

permeability of oil and rupture of cell structures in the matrix [33]. The addition of 

solvent also reduced the pressure dependency of the filtration resistance as shown by 

la ower value of β for SAHP in comparison with NSHP.  

0 20 40 60 80 200 400 600

0.0

0.2

0.4

0.6

0.8

1.0

C
o

n
so

li
d

at
io

n
 r

at
io

, 
U

c (
-)

Time, t (sec)

 SAHP

 NSHP

 

0.0 0.2 0.4 0.6 0.8 1.0

0.0

0.2

0.4

0.6

0.8

1.0

U
c m

o
d

el
 (

-)

U
c
 data (-)

 SAHP

 NSHP

 

 
Figure 5. Consolidation ratio versus time and parity plot for typical SAHP and NSHP 

experiments using dehulled rubber seeds (SAHP: 20 MPa, 75 °C, 2 wt%, w.b. moisture 

content, 14 vol/wt%, NSHP: 20 MPa, 75 oC, 2 wt%, w.b. moisture content, solvent free)  
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Table 4 Overview of experiments for dehulled rubber seeds at different pressing 

conditionsa 

No 

 

T 

(°C) 

MC  

(wt%, w.b.) 

SR  

(vol/wt%) 

P  

(MPa) 

Bb 

(-) 

E/Gb 

(-) 

αb 

(m/kg) 

1 35 0 - 20 0.04 0.0056 3.8 x 1011 

2 35 2 - 20 0.07 0.0068 3.6 x 1011 

3 35 4 - 20 0.09 0.0056 4.1 x 1011 

4 35 6 - 20 0.10 0.0051 3.9 x 1011 

5 65 2 - 20 0.10 0.0055 3.5 x 1011 

6 85 2 - 20 0.14 0.0057 3.6 x 1011 

7 105 2 - 20 0.17 0,0092 3.8 x 1011 

8 75 2 - 15 0.08 0.0056 2.5 x 1011 

9 75 2 - 20 0.07 0.0051 3.4 x 1011 

10 75 2 - 25 0.16 0.0075 4.0 x 1011 

11 65 2 14 15 0.09 0.0066 2.2 x 1010 

12 65 2 14 20 0.11 0.0066 2.6x 1010 

13 65 2 14 25 0.12 0.0061 3.4 x 1010 

14 75 2 14 15 0.12 0.006 3.6 x 1010 

15 75 2 14 20 0.09 0.0052 6.6 x 1010 

16 75 2 14 25 0.12 0.0061 9.7 x 1010 

17 55 2 14 20 0.12 0.0069 1.8 x 1010 

18 75 2 14 20 0.1 0.006 6.4 x 1010 

19 65 2 7 20 0.12 0.0069 2.3 x 1010 

20 65 2 21 20 0.09 0.0074 2.5 x 1010 
a T: Temperature, MC: Moisture content, SR: Solvent to seed ratio , P: Pressure b Obtained by 

parameter fitting using eq 1 

 

In Table 5, it can be observed that dehulled rubber seeds have a lower value of n (0.02-

0.04) as compared to dehulled jatropha (0.09) and whole linseed (0.19).  This indicates 

that the pressure dependency of the porosity is relatively limited [19]. A lower value of 

n implies that dehulled rubber seed is less compressible as compared to dehulled 

jatropha at the studied conditions. Addition of a solvent slightly decreased the porosity 

and its pressure dependence. The relatively high values of β in comparison to dehulled 

jatropha seed (0.48) indicate that dehulled rubber seeds can be considered to be highly 

compressible material at the conditions studied [19].  
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Table 5 Material properties estimated from the Shirato model 

Parameter 

 

Dehulled 

rubber seeda 

Dehulled 

rubber seedb 

Dehulled 

rubber seedc 

Dehulled 

jatrophad 

Whole 

linseede 

ε0 (-) 0.67± 0.004 0.66± 0.002 0.67± 0.003 0.32 0.56 

n (-) 0.02± 0.007 0.02± 0.001 0.04± 0.002 0.09 0.19 

R2 0.93 0.96 0.96 0.99 0.97 

α0 (m/kg) 9.5 x 1010 9.9 x 1010 6.7 x 1011 6.8x 1010 3.7x 109 

Β 1.08± 0.1 1.16± 0.12 1.44± 0.02 0.48 1.55 

R2 0.97 0.97 0.97 0.63 0.99 

B (-) 0.11 ± 0.02 0.11 ± 0.02 0.11±0.06 0.64±0.08 0.12±0.06 

E/G (s-1) 0.006± 0.0003 0.006± 0.0004 0.006± 0.001 0.005-0.006 0.006-0.008 
a  65 °C, 15-25 MPa, 2 wt%, w.b., 14 vol/wt% of solvent,  
b 75 °C, 15-25 MPa, 2 wt%, w.b., 14 vol/wt% of solvent  
 c 75 °C, 15-25 MPa, 2 wt% w.b., solvent free,   

d 40 °C, 20-70 MPa, dry seeds, solvent free [19] 
 e 40 °C, 10-70 MPa, dry seeds, solvent free [19] 

 

2.4.4.2 Effect of operating conditions on consolidation ratio for NSHP 

From preliminary NSHP screening experiments (vide supra), the temperature and 

moisture content were shown to have the largest effects on oil recoveries compared to 

pressure and solvent to seed ratio (Figures 2-4). As such, these variables were studied 

in more detail by performing additional experiments (Table 4) for NSHP and the results 

were modelled using the Shirato model. The experimental ranges were between 0 and 

6 wt% for the moisture content and 35-105 °C for the temperature (Table 2).  

 

The effect of the temperature on the consolidation ratio versus time is given in Fig. 6. 

Higher temperatures in the range 35-85 °C results in a more rapid decrease in the filter 

cake thickness. These findings may be explained by considering that the elasticity of the 

solid matrix increases at higher temperatures and becomes highly compressible [18-

20]. However, a further increase from 85 to 105 °C does not lead to an increase in the 

rate of expression. Thus, on the basis of the experimental data and supported by the 

Shirato model, we can conclude that the rate of expression for NSHP increases with i) 

pressing temperature till a maximum at 85 °C and ii) when using dehulled rubber seeds 

with a low moisture content. 

 

The effect of moisture content on the consolidation ratio versus time is given in Fig. 7. 

The final consolidation ratio is essentially similar for all MC’s but the final value is 

achieved at a shorter time for lower moisture contents. The contribution of secondary 

consolidation increases with an increase in moisture content as illustrated in Fig. 8. The 
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creep constant and specific filtration resistance are approximately independent of the 

moisture content (Fig. 8). These trends are in agreement with the results reported for 

the hydraulic pressing of sesame seed [19].   

0 20 40 60 200 300 400 500 600

0.0

0.2

0.4

0.6

0.8

1.0

C
o

n
so

li
d

at
io

n
 r

at
io

, 
U

c 
(-

)

Time, t (s)

 35
o
C

 65
o
C

 85
o
C

 105
o
C

 
Figure 6. Consolidation ratio versus time at different temperatures for dehulled rubber 

seeds (20 MPa, 2 wt%, w.b., solvent free) 
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Figure 7.. Consolidation ratio versus time at different moisture contents of the dehulled 

rubber seeds (35 °C, 20 MPa, solvent free) 
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Figure 8. Effect of moisture content on the material properties of dehulled rubber seeds 

(35 °C, 20 MPa, solvent free) 
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2.4.5 Empirical modelling of oil recoveries using design experiments for SAHP 

To gain further detailed insights in the effects of process variables on oil recovery for 

SAHP, a new set of experiments was performed and the data were modelled using multi-

variable non-linear regression. The pressing conditions and particularly the moisture 

content, temperature, pressure and solvent to seed ratio were varied systematically 

using a four-factor face centered Central Composite Design (CCD, Table 6) and a total of 

30 experiments was performed.  

 

Table 6 Level and range of variables for the CCD for SAHP 

Factors 
Levels 

-1 0 1 

Pressure, P (MPa) 15 20 25 
Temperature, T (°C) 55 65 75 
Moisture content, MC (wt%, w.b.) 1 2 3 
Solvent to seed ratio, SR (vol/wt%) 7 14 21 

 

The experimental oil recoveries were between 53.3 to 73.8 wt%, d.b (Table 7), 

indicating that the pressing variables have a large impact on the oil recovery. The effect 

of pressing conditions on the oil recovery was modelled and the model coefficients are 

given in Table 8. The analysis of variance (ANOVA) data are provided in Table 9 and 

reveal that the model describes the experimental data very well (low p-value, high R-

squared values). This is also illustrated by a parity plot showing the experimental and 

modelled oil recovery (Fig. 9). The solvent to seed ratio (SR) was not statistically 

relevant (p > 0.05) and was excluded from the model. 

 

A visualization of the effect of process variables on the oil recovery is given in Fig. 10. 

Higher temperatures have a positive effect on the oil recovery. An optimum in oil 

recovery for both moisture content and pressure was observed, the exact value being a 

function of the other process variables. The Design Expert software allows calculation 

of the optimum conditions to attain the highest oil recovery for the SAHP in the 

experimental window. A number of optima (5) with oil recoveries of about 75% were 

calculated, all at a pressure of 20 MPa, a temperature of 75 °C, and a moisture content 

between 1.3 and 1.9 wt%. An experiment was performed at one of these optima 

(moisture content 1.6 wt%, solvent to seed artio of 14 vol/wt%) to verify the model 

predictions. Good agreement between experimental (75.7%) and modelled oil recovery 

(75.4%) was observed.  
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Table 7 Experimental conditions and the percentage of oil recovery (wt%, d.b.)a 

 

No P T MC SR Oil recovery (wt%, d.b.) 

 (MPa)  (°C) (wt%, w.b.) (vol/wt%) Actual Predicted 

1 25 55 3 7 54.7 53.7 

2 25 65 2 14 69.0 69.1 

3 15 65 2 14 67.5 68.2 

4 15 75 3 7 58.9 57.1 

5 15 55 3 21 55.4 52.7 

6 15 75 3 21 56.3 57.1 

7 15 55 3 7 50.0 52.7 

8 15 75 1 21 70.9 71.4 

9 25 55 1 7 64.7 63.9 

10 20 65 2 7 68.7 70.5 

11 25 55 3 21 53.3 53.7 

12 15 55 1 21 64.6 62.9 

13 20 65 2 21 72.6 70.5 

14 25 75 3 7 57.5 58.1 

15 25 75 3 21 57.9 58.1 

16 20 65 2 14 71.0 70.5 

17 25 75 1 7 72.8 72.3 

18 20 65 2 14 73.0 70.5 

19 20 65 2 14 69.0 70.5 

20 20 65 2 14 69.0 70.5 

21 20 65 2 14 70.0 70.5 

22 20 65 3 14 56.4 57.2 

23 20 65 1 14 69.5 69.5 

24 15 75 1 7 70.4 71.4 

25 15 55 1 7 62.4 62.9 

26 25 55 1 21 62.0 63.9 

27 25 75 1 21 73.2 72.3 

28 20 65 2 14 72.0 70.5 

29 20 75 2 14 73.8 73.7 

30 20 55 2 14 66.9 67.3 
a P: Pressure, T: Temperature, MC: Moisture content, SR: Solvent to seed ratio  
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Table 8 Coefficients for the empirical model of oil recovery for SAHP (wt%, d.b.) 

Variable Coefficient 

Constant -11.61 

P 3.06 

T 0.53 

MC 29.1 

T.MC -0.1 

P2 -0.074 

MC2 -7.15 

P: Pressure (MPa), T: Temperature (°C), MC: Moisture content (wt%, w.b.)  

 

Table 9 ANOVA for the SAHP of dehulled rubber seeds 

  SS DF MS F p-value R2 values 

Model 1410 6 235 104 < 0.0001 R2 0.96 

Error 52 23 4.7   R2adjusted 0.96 

Total 1462 29       R2predicted 0.94 
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Figure 9. Parity plot for the empirical model of SAHP 
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Figure 10. Response surface showing the interaction between two parameters on oil 

recovery (a) temperature and pressure (2 wt%, w.b., 14 vol/wt%) (b) moisture content 

and temperature (20 MPa, 14 vol/wt%) 
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2.4.6 Composition and relevant product properties of RSO 

The fatty acid composition of the pressed oil obtained at optimum pressing conditions 

for SAHP (20 MPa, 1.6 wt%, w.b., 75 °C, 14 vol/wt%) was determined (GC) and shown 

to consist mainly of palmitic acid (12.2 %), stearic acid (7.3%), oleic acid (28.1%), 

linoleic acid (38.2%) and linolenic acid (14.2%). The measured fatty acid composition 

is in the same range as reported by Ramadhas et al. (2005) viz.; 10.2% palmitic acid, 

8.7% stearic acid, 24.6% oleic acid, 39.6 % linoleic acid and 16.3% linolenic acid.  

Relevant product properties of the pressed RSO after quantitative ethanol removal (GC) 

are shown in Table 10. The acid value of the oil is (2.3) relatively low compared to the 

acid value reported for RSO in the literature (2 to 38 mg KOH/g; Table 1). A possible 

explanation for the low value is that the seeds used in this study were freshly obtained 

from the plantation and directly dried to a MC below 7 wt% before storage [17]. The 

flash point (290 °C) is within the range as reported in the literature (198 to 294 °C) [4, 

5], as well as the cloud point (0 oC versus -1 to 0 °C in literature). Data for the pour point 

of RSO are not available in the literature. The pour point for RSO is close to the reported 

value for RSO methyl ester (-5 to -8 °C) [4, 5].  The cloud point and pour point of RSO in 

comparison to palm oil [34, 35], ground nut oil [36] and rapeseed oil [37] are presented 

in Fig. 11. The pour point, which is a function of the degree of unsaturation of the fatty 

acid chains and typically decreases with higher unsaturation level, is in the expected 

range for plant oils.  

 

Table 10 Properties of pressed RSO at optimum conditions (20 MPa, 1.6 wt%, w.b., 75 

°C, 14 vol/wt%) 

Property RSO 

Acid value (mg KOH/g) 2.3 

Water  content (mg/kg) 300 

Phosphorus content (mg/kg) 57.7 

Flash point (°C) 290 

Pour point (°C) -4 

Cloud point (°C) 0 

 

The phosphorus content (58 mg/kg) is higher than the threshold limit (3 mg/kg) set by 

the pure plant oil quality standard DIN 51605 [39]. For biodiesel synthesis, a 

phosphorus content above 50 mg/kg may reduce the yield by 3-5% [40]. Thus, a 

purification and particularly a degumming procedure to remove the phosphorus 

content will be required before the RSO can be used for efficient biodiesel synthesis. 

The temperature dependence of both density and viscosity of the pressed rubber seed 

oil are required input for the Shirato model (eq 1). Both properties were measured at a 

range of temperatures (Fig. 12) and fitted using eq (8) and (9): 
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 𝜌 = 𝜌1 − 𝜌0𝑇                                                                                                                                       (8) 

 

Where 

ρ       density (g/cm3) 

T       temperature (oC) 

ρo, ρ1  fit parameters (g/cm3.oC and g/cm3) 

 

𝜇 = 𝜇0exp(𝜇1/(𝑅𝑇))                                                                                                                        (9) 

 

Where 

μ       dynamic viscosity (Pa.s) 

T       temperature (K) 

R      universal gas constant (J/mol.K) 

μo,μ1  fit parameters (Pa.s and J/mol.K) 

 

Good fits were obtained (R2 of 0.99) with values for ρo and ρ1 of 6.9 x 10-4 g/(cm3.oC) and 

0.95 g/cm3, respectively and μo and μ1 values of 4.6 x 10-6 Pa.s and 23.1 kJ/mol, 

respectively.  

 

2.5 Conclusions and outlook 

Systematic experiments on rubber seed oil expression have been performed both in the 

absence (NSHP) and presence of ethanol (SAHP). In the absence of a solvent (NSHP), 

the highest oil recoveries (69 wt%) were obtained at 2 wt% moisture content, 20 MPa, 

85 °C and 10 min pressing time. A 7% improvement in oil recovery was possible by 

expression in the presence of ethanol (SAHP) at 1.6 wt% moisture content, 14 vol/wt% 

ethanol, 20 MPa, 75 °C and 10 min pressing time.   

 

The experimental data set was modelled using two approaches, viz. i) a fundamental 

dynamic model known as the Shirato model for the consolidation ratio versus the time 

profiles (NSHP and SAHP) and ii) an empirical model for oil recoveries using multi-

variable non-linear regression (for SAHP). Both models gave a good description of the 

experimental data. Parameter estimation for the Shirato model indicates that the 

dehulled rubber seeds are relatively hard materials as indicated by the low value of n 

(0.02-0.04) as compared to dehulled jatropha seeds (0.09) and whole linseed (0.19). In 

addition, we can conclude that the rate of expression for NSHP increases with i) 

pressing temperature untill a maximum at 85 °C and ii) when using rubber seeds with 

a low moisture content. The non-linear regression model for the oil recovery using 

SAHP suggests that the moisture content of the dehulled seeds and temperature have 

the largest effect on the oil recovery followed by pressure and solvent to seed ratio. At 
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optimum conditions, a reproducible oil recovery of 76 wt%, d.b. and an oil yield of 37 

wt%, d.b. were obtained.  

Relevant properties of the RSO were determined and indicate that the RSO obtained in 

this study can be used as a feedstock for biodiesel production, provided that the P 

content is reduced e.g. by degumming. The use of SAHP with ethanol may have an 

advantage when aiming for the production of fatty acid ethyl esters (FAEE). Integration 

of an initial SAHP of the seeds followed by subsequent ethanolysis of the RSO produced 

is an attractive process option as it i) leads to higher overall biodiesel yields due to 

improved RSO recoveries in the first step when using ethanol assisted oil expression 

and ii) eliminates the use of ethanol separation from the RSO after the oil expression by 

e.g. distillation, which is energy and capital intensive.  

 

2.6 Nomenclature  

MC          Moisture content [wt%, w.b.] 

NSHP     Non-solvent hydraulic pressing 

P              Pressure [MPa] 

SR           Solvent to seed ratio [vol/wt%] 

SAHP     Solvent assisted hydraulic pressing 

T             Temperature [°C] 
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Abstract 

The moisture uptake/release versus time profiles for two different batches of rubber 

seeds, one with an initial water content of 3.1 wt% (PT, obtained drying the seeds at 60 

°C for 3 days) and another with a moisture content 10.7 wt% (NPT, as received) were 

determined at 27 °C and a relative humidity of 67% for a period of two months. The 

moisture versus time curves were modelled using an analytical solution of the 

instationary diffusion equation and allowed determination of the diffusion coefficient 

of water in the rubber seeds at 27 °C. In addition, the oil content of the seeds and the 

acid value of isolated rubber seed oil were also determined periodically for a two 

months period. The acid value of the isolated rubber seed oil increased from both cases 

(NPT from 0.84 to 4.19 mg KOH/g and PT from 0.51 to 2.13 mg KOH/g). The effect of 

storage time and conditions (27 °C, closed container) on the acidity of the rubber seed 

oil and rubber seed ethyl esters were also evaluated. Freshly isolated rubber seed oil 

and rubber seed ethyl esters derived thereof have a relatively low acid value of 0.52 and 

0.32 mg KOH/g respectively. The acid value of rubber seed oil only slightly increased 

during storage (0.52 to 0.60 mg KOH/g), whereas the acid value of the rubber seed ethyl 

esters (0.32 to 0.33 mg KOH/g) is about constant.  
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3.1 Introduction 

Biodiesel is an important renewable transportation fuel produced from triglycerides 

like virgin plant oils and waste cooking oils [1-3]. It is commercially available and 

widely used in many countries such as the US, Indonesia, Brazil, Germany and other 

European countries. Global biodiesel production grew at an average annual rate of 17 

% from 2007 to 2012 [4]. In the US, the biodiesel industry recorded a total volume of 

nearly 5.67 million ton in 2013, which exceeds the 2.52 million ton/annum target set 

by the Environmental Prtection Agency’s Renewable Fuel Standard [5]. The production 

of biodiesel in Europe has also increased dramatically in the period 2000-2011 and 

accounts for 41% of the global biodiesel output [4]. This increase is driven by the 

European Union objective of a 10% biofuel share in the transportation sector by 2020 

[6]. 

A wide range of oil-bearing crops have been identified as potential sources for the 

production of biodiesel. Edible oils such as rapeseed, sunflower oil, palm oil and 

soybean oil account for more than 95% of the current feeds used for biodiesel 

production [2]. However, there are many concerns regarding the use of such plant oils 

for non-food applications like biodiesel production and this stimulated the search for 

alternative feeds for the biodiesel industry.  

A possible solution is the use of non-edible oils with a high productivity (oil yield per 

ha per year). Various studies have been performed to investigate the potential of such 

oils as the feedstock to produce biodiesel, examples are jatropha, karanja and rubber 

seed oil [7-9]. The latter oil (RSO), derived from rubber seeds, is considered a promising 

source because the seeds are reported to contain a high amount of oil (40-50 wt%) [10, 

11] and the seeds are currently regarded as a waste. The productivity of rubber seeds 

is reported to be in the range of 100-1200 kg/ha/y [12, 13]. From a biorefinery 

perspective, the valorisation of rubber seeds by biodiesel production is highly relevant 

as it increases the economic attractiveness of the rubber plantations. 

The conversion of RSO into biodiesel has been reported in the literature [10, 14]. 

However, the reported high acid value of RSO renders the conversion into biodiesel 

difficult [10]. Typically, an acid value of 4 mg KOH/g is set as the maximum for plant 

oils [15] whereas acid value for RSO between 2 and 81.6 mg KOH/g have been reported 

[15]. These high free fatty acid (FFA) values are not necessary an intrinsic feature of the 

RSO, but will be a function of the processing conditions and technology, as well as the 

storage conditions of the seeds [15].  

 

Literature data on the effect of seed storage on the quality of RSO are scarce and only 

one study is available [15] (Table 1). In this study, rubber seeds were stored at two 

different storage conditions viz i) in a controlled laboratory setting (entry 1 in Table 1) 
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and in a traditional storehouse (entry 2 in Table 1). The acid value of isolated RSO for 

entry 1 increased from 2 to 8.6 mg KOH/g, whereas a higher difference was found for 

condition 2 (from 2 to 30.8 mg KOH/g). In the same report, the effect of storage on the 

acid value of crude RSO was provided [15]. After two months at 27 °C, the acid value 

increased from 18.1 to 31 mg KOH/g (Table 1, entry 3).  

 

Table 1 Overview of studies on the influence of storage conditions on the acid value of 

rubber seed, rubber seed oil and rapeseed methyl esters 

No Material Storage conditions Acid value (mg KOH/g) Ref.  

   Initial Final  
1 Rubber seed Open crates  

(27 °C,  51 % RH)a)  
2 8.6 b) [15] 

2 Rubber seed Large storage room  
(27 °C,  51 % RH)a  

2 30.8b) [15] 

3 RSO Closed container  
(27 °C,  51 % RH)a)  

18.1 31 b) [15] 

4 Rapeseed  
methyl ester 

Closed container  
(4 °C)  

0.15 0.22c) [16] 

5 Rapeseed  
methyl ester 

Closed container  
(20 °C)  

0.15 0.28c) [16] 

6 Rapeseed  
methyl ester 

Closed container 
(40 °C)  

0.15 0.75c) [16] 

a) estimated room temperature and relative humidity (RH) b) after 2 months storage c) after 12 

months storage 

 

Studies on the influence of storage on relevant product properties of RSO ethyl esters 

are not available in the open literature. As such, the degradation of rapeseed oil methyl 

esters under different storage conditions was used as the benchmark [16]. Here, the 

acid value increased slightly from 0.15 to 0.22 after one year of storage at 4 °C (refer to 

Table 1 for storage conditions). Higher storage temperatures (from 4 to 40 °C) led to an 

increase in the acid value from 0.22 to 0.75 mg KOH/g.  

Therefore, we can conclude that detailed studies on the effect of storage time of rubber 

seed on relevant properties are not yet available. In addition, the one step trans-

esterification of RSO with ethanol has never been reported before. We here report the 

influence of storage time on i) the moisture content of rubber seeds and the acid value 

of the oil within the seeds, ii) the acidity of isolated RSO and iii) the acidity of RSO ethyl 

esters prepared from RSO. For rubber seeds, the effect of storage conditions on the 

moisture content of two different rubber seed fraction, one with an initial moisture 

content of 10.7 wt% and another with a moisture content of 3.1 wt%, were determined 

and modelled. The latter allowed estimation of the diffusion coefficient of water in the 

rubber seeds at 27 °C, which has not yet been reported in the literature. In addition, the 

effect of storage on the acid content of the oil in the rubber seeds, isolated RSO and RSO 
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ethyl esters was investigated (27 °C, closed vessels). For this purpose, RSO ethyl esters 

were synthesised and relevant product properties after synthesis were determined, 

which is an absolute novelty of this paper.  

3.2 Materials and Methods 

3.2.1 Materials 

Seeds from the rubber tree (Hevea brasiliensis) were obtained from Bengkulu, 

Indonesia. The mature fruits were harvested in September 2012. The seeds were dried 

in open air in the sun for one week before being stored in crates (27 °C). The seeds were 

stored at room temperature (27 oC) before experiments were carried out at the Institut 

Teknologi Bandung, Indonesia. The moisture content of the rubber seeds upon receipt 

was 11 wt%, w.b. (wet based) whereas the moisture content of the dehulled rubber 

seeds was 8 wt%, w.b. Ethanol (absolute, pro analysis) and n-hexane (99 wt%, for 

analysis) was obtained from Emsure. Sodium ethoxide solution (21 wt%) in ethanol 

and CDCl3 (99.8 atom % D) were obtained from Sigma-Aldrich. 

3.2.2 Storage conditions 

The rubber seeds (20 kg) were split in two fractions of 10 kg. One of the fractions was 

exposed to a pretreatment (PT) procedure, consisting of drying the seeds in an oven at 

60 oC for 3 days (PT). The other fraction was used as such (NPT). Both fractions were 

stored in a crate (50 cm x 30 cm x 18 cm) at 27 °C, see Table 2 for details. The humidity 

and temperature of the storage room were measured periodically. In addition, the 

moisture and oil content of the seeds and the acid value of the isolated RSO samples 

were periodically monitored for a two months period. RSO and RSO ethyl esters were 

stored in closed 20 mL glass bottles at 27 °C. The acid values were periodically 

determined for a two months period. An overview of the storage conditions and 

measured variables are given in Table 2.  

Table 2 Overview of storage conditions for rubber seed, RSO and RSO ethyl ester 

Material Storage conditions Measured variable 

Rubber seeds No pre-treatment, seeds stored in  

a crate (50 cm x 30 cm), in layers of  

18 cm at 27 °C (NPT) 

Humidity, temperature,  

moisture content, oil content  

(after Soxhlet extraction),  

acid value (after isolation) 

Rubber seeds Pre-treatment at (60 °C, 3 days),  

seeds stored in a crate  

(50 cm x 30 cm), in layers of 

 18 cm at 27 °C (PT) 

Humidity, temperature,  

moisture content, oil content  

(after Soxhlet extraction), 

acid value (after isolation) 

RSO Stored in a closed container at 27°C Acid value 

RSO  ethyl esters Stored in a closed container at 27°C Acid value 
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3.2.3 Determination of the moisture content of the rubber seeds 

The total moisture content of the rubber seeds was determined using Method B-1 4 of 

the German Standard Methods (DGF, 2002). It involves heating the dehulled rubber 

seeds in the oven at 103 °C until constant weight.  

3.2.4 Determination of the oil content of the rubber seeds 

The oil contents of the rubber seeds were determined using a Soxhlet extraction, based 

on method B-1 5 of the German standard methods. The seeds were dehulled and dried 

overnight at 103 °C before analysis. The dried kernels were grinded using a coffee 

grinder. Approximately 5 g of sample was weighed with an accuracy of 0.0001 g and 

transferred to a Soxhlet thimble, covered with cotton wool and extracted with n-hexane 

for at least 6 h. The solvent was evaporated in a rotary evaporator (atmospheric 

pressure, 69 °C) and the samples were subsequently dried in an oven at 103 °C until 

constant weight. The oil content is reported as gram oil per gram sample on a dry basis.  

3.2.5 Hydraulic pressing of RSO 

A laboratory-scale hydraulic press was used to expel the oil from the rubber seeds. A 

detailed description of the hydraulic press is described elsewhere [17]. Prior to 

expression, the seeds were dehulled and dried in an oven at 60 °C for three days. 

Approximately 7 g of dried kernel (dehulled rubber seeds) was placed in the pressing 

chamber and pressed at 27 °C and 20 MPa for 10 min. The isolated RSO was stored at 

27 °C and the acid value was determined using an acid-base titration.   

3.2.6 Synthesis of rubber seed oil ethyl esters 

RSO ethyl ester were synthesised in a glass batch reactor (20 mL) immersed in a water 

bath. The reactor was filled with RSO (5 mL), ethanol (1.2 g, 6:1 molar ratio of ethanol 

to oil) and sodium ethoxide (0.2 g, 1 wt% catalyst with regards to the oil). The content 

was stirred using a magnetic stirrer at a rotational speed of 600 rpm. A number of 

experiments were performed at a range of temperatures (20 to 70 °C). Sampling of the 

reactor contents was performed at fixed time intervals. The samples were quenched 

with 0.1 M HCl in water. The top layer was separated and analysed with 1H NMR 

(Nuclear Magnetic Resonance, vide infra).  

   

3.2.7 Product analysis 

The biodiesel yield was determined using 1H NMR as described by Abduh et al. [9]. 

Detailed descriptions of the analytical methods for water content, acid value, flash 

point, cloud point and pour point are as described elsewhere [9].  

The density of the oil was measured at 30-100 °C using a standard picnometer. For this 

purpose, 10 ml of a sample was placed in the measuring cell and equilibrated to within 
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0.1 °C of the desired temperature. Reported values are the average of duplicate 

measurements. 

The viscosity of the sample was determined using a cone-and-plate viscometer 

(AR1000-N from TA instrument) with a cone diameter of 40 mm and a 2° angle. The 

measurement was performed at 30-100 °C with a shear rate of 15 s-1 [18]. 

 
3.3 Results and discussion 

3.3.1 Rubber seed characteristics 

The experiments were carried out with fresh rubber seeds obtained from Bengkulu, 

Indonesia. The seeds contain 61 wt%, d.b. (dry basis) kernels, and the remainder being 

the shells. The initial moisture content of the seeds and kernels as received were 

approximately 11 and 8 wt%, w.b. (wet basis), respectively. The dehulled seeds had an 

average oil content of 49.7 wt% d.b., as determined by a Soxhlet extraction with n-

hexane. This value is within the 40-50 wt% oil content range as reported in the 

literature [10]. 

 

3.3.2 Effect of storage time of the moisture content of the rubber seeds 

The effect of the storage time on the moisture content of the rubber seeds was 

determined for rubber seeds with two initial moisture contents (3 wt%, and 10.8 wt%). 

For the latter, the seeds as received were used (NPT), whereas the seeds with the 

reduced moisture content were obtained by drying the seeds for 3 days at 60 oC (PT). 

The temperature and relative humidity (RH) of the storage room were measured 

periodically for a 60 day period (Fig. 1) and was shown to be about constant (27°C, 67% 

RH). Samples of both seed fractions (NPT, PT) were also taken periodically and the 

moisture content was determined, see Fig. 2 for details.  
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Figure 1. Temperature and relative humidity of the rubber seed storage room 
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Figure 2. Effect of storage time on moisture content of the rubber seeds (27 °C, 65 % 

RH) 

The moisture content of the pre-dried seeds increased slowly in time and after 60 days, 

equilibrium was not yet attained. Similarly, the moisture content of the non-treated, as 

received, reduces slowly. Extrapolation suggest that the equilibrium moisture value of 

the rubber seeds at the prevailing storage conditions is about 9 wt%. This value is in 

the range reported for jatropha, soybean, sunflower and linseed as shown in Table 3.   

 

Table 3 Equilibrium moisture values for different oilseeds  

Oilseed Equilibrium  
moisture content (wt%) 

Storage  
temperature (°C) 

RH (%) Ref. 

Jatropha 8.6 25-30 60-70 [17] 
Soybean 10.1 25 65 [19] 
Sunflower 7.4  25 65 [19] 
Linseed 8 25 65 [19] 

 

3.3.3 Modelling of the moisture content of the rubber seeds versus time  

The rubber seed moisture content versus time profiles (Fig. 2) were modelled using an 

analytical solution of the diffusion equation for a sphere, see eq 1 for details [20-22].  

 

𝑀𝑅 =
𝑀−𝑀0

𝑀𝑒−𝑀0
= 1 −

6

𝜋2
∑

1

𝑚2
∞
𝑚=1 𝑒

[
−𝑚2𝜋2𝐷𝑒𝑓𝑓𝑡

𝑟0
2 ]

                                                           (1) 
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Where  

MR Moisture ratio at time t (wt%) 

M  Moisture content at time t (wt%) 

M0   Initial moisture content (wt%) 

Me   Equilibrium moisture content (wt%) 

Deff  Effective diffusion coefficient (m2/s) 

r0   Radius (m) 

t   Time (s) 

m   Counter 

 

The following assumptions were made: 

1. The initial concentration of water is uniform throughout the kernel 

2. For time > 0, the surface and the moisture concentration of the environment are in  

equilibrium and surface resistance is negligible 

3. The moisture content of the environment is constant 

4. The diffusion coefficient of water in the kernel is independent of the moisture 

concentration 

5. The rubber seeds are spherical with an average radius of 0.015 m.  

 

The experimental data as given in Fig. 2 for both rubber seed fractions were modelled 

using eq. (1), and this allowed the determination of the equilibrium moisture content 

of the seeds (at 67%  RH and 27 °C) and the diffusion coefficients of water in the rubber 

seeds. The results are shown in Table 4 and Fig. 3. The model is in good agreement with 

the experimental data. 

 

Table 4 Estimated equilibrium moisture content of rubber seeds and effective diffusion 

coefficient of water in the rubber seedsa)  

Parameter NPT PT 
Me (wt%) 9.02 ± 0.09 8.97 ± 0.08 
Deff  (m2/s) 0.49 x 10-11 ± 0.06 x 10-11 0.78  10-11 ± 0.09 x 10-11 

a)obtained by solving eq. (1), 27°C, 67% RH 
 

The estimated equilibrium moisture content of both rubber seed fractions is identical 

within the experimental error and approximately 9.0 wt%, in line with other oil seeds 

(Table 3). The modelled diffusion coefficient of water in the rubber seeds as received 

(NPT) is 0.49 x 10-11 m2/s, which is slightly lower than for the pre-dried samples (PT, 

0.78 x 10-11 m2/s). These differences are likely due to the occurrence of structural 

changes upon drying after 3 days for 60 h (PT). To the best of our knowledge, the 

moisture diffusion coefficient of water in rubber seeds has not yet been reported to 
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date. The modelled diffusion coefficients for NPT and PT are slightly higher than the 

diffusion coefficients of water in wheat viz. 0.22-0.31 x 10-11 m2/s (27-31 °C) [23].  
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Figure 3. Moisture ratio as a function of time for both rubber seed fractions 

 

3.3.4 Oil content of rubber seeds and acid value versus storage time 

The oil content of the kernel (dehulled rubber seeds) for both seed fractions (NPT and 

PT) was determined periodically by taking a certain amounts of seeds and subjecting 

them to a standardized Soxhlet extraction with n-hexane. The initial oil content of the 

rubber seeds as received was 49.7 wt%, d.b. After two months of storage, the oil content 

was slightly reduced to 47.8 wt%, d.b.  Similar observations were found for the oil 

content of the pre-dried rubber seeds (48.9 wt%, d.b. after 2 months versus 49.7 wt%, 

d.b. initial oil content). As such, the oil content is not largely affected by the time of 

storage, at least not for a period of two months.  

However, the acid value of the RSO obtained after pressing the seeds increased from 0.8 

to 4.2 mg KOH/g for NPT and 0.5 to 2.1 mg KOH/g for PT upon storage, as shown in Fig. 

4. Thus, it can be concluded that the acid value of the RSO in the stored seeds is a 

function of the storage time, with longer times leading to higher acid values. In addition, 

the effect is more pronounced for seeds with a higher initial water content (NPT). As 

such, a thermal pre-treatment to reduce the moisture content of seeds before storage 

may have a positive effect on the acid value development versus time of the isolated 

RSO.  

These findings suggest that water plays a role in the development of acid components 

in the seeds. This may be rationalised by considering that the acid species formed upon 



Chapter 3 

 

71 

 

storage are likely free fatty acids, formed by the hydrolysis of triglycerides, possibly 

catalysed by enzymes present in the seeds. As such, a higher water content in the seeds 

is expected to favor FFA formation. In addition, the rate of FFA formation in the dried 

seeds may also be reduced due to a (partly) deactivation of the enzymes by the pre-

treatment at 60 °C for 3 days. The range of acid values of the RSO for the storage 

experiments is relatively low (0.5- 4.2 mg/kg KOH) compared to the acid value reported 

in the literature for RSO, which varies from 2 to 81.6 mg KOH/g [15].  

0 10 20 30 40 50 60

0.0

0.6

1.2

1.8

2.4

3.0

3.6

4.2

 NPT

 PT

A
ci

d
 v

al
u
e 

(m
g
 K

O
H

/g
)

Storage time (day)
 

Figure 4. Effect of storage time on acid value of pressed RSO for NPT and PT  

 
3.3.5 Influence of storage time on the acid value of RSO 

Besides detailed knowledge on the effect of storage time on relevant properties of the 

rubber seeds (vide supra), it is also of high relevance to get insights in the effect of 

storage time on the product properties of the RSO. For this purpose, a freshly prepared 

sample of RSO was prepared. Seeds as received were dehulled and dried in an oven at 

60 °C for three days. The kernels were pressed using a laboratory scale hydraulic press 

(20 MPa, 35 °C, 10 min).  Relevant properties of the RSO were determined and are 

shown in Table 5. The water content, flash point, pour point and cloud point resembles 

other plant oils reported in the literature [1].  

 
The isolated and characterised RSO was stored at 27 °C in a closed container and the 

acidity, a very important product quality indicator, was periodically measured using an 

acid-base titration. The results are shown in Fig. 5. The initial acid value was 0.52 mg 

KOH/g, and slightly increased to 0.6 mg KOH/g upon storage. The trend is different 

from the acid development curve observed for the rubber seeds, where the acidity 

increase in time is much more pronounced than for the oil. A likely explanation is the 
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by far lower water content in the oil (300 ppm) than in the seeds, which will affect the 

rate of hydrolysis of triglycerides. In addition, enzyme activity is likely negligible in the 

pressed oil. [15]. Zhu et al. observed that the acid value of a crude RSO increased from 

18.1 to 31 mg KOH/g after 2 months of storage, an increase of 71 % as compared to only 

15% observed in this study. A possible explanation for the differences is differences in 

initial water content of the samples. 

 
Table 5 Properties of isolated RSOa)  

Property RSO 

Density at 40 °C (kg/m3) 920 

Viscosity at 40 °C (Pa.s) 0.033 

Acid Value (mg KOH/g) 0.52 

Water  Content (mg/kg) 300 

Flash point (°C) 290 

Pour point (°C) - 4 

Cloud point (°C) 0 
a) pressing conditions: 20 MPa, 35 °C, dried kernels (negligible moisture content)
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Figure 5. Effect of storage time on acid value of stored rubber seed oil 

 

3.3.6 Influence of storage time on the acid value of RSO ethyl esters 

3.3.6.1 Synthesis of RSO ethyl esters  

The isolated RSO obtained in the previous section was used as a feed for the synthesis 

of RSO ethyl esters (RSOEE). The esters were prepared by the reaction of the RSO with 

ethanol using sodium ethoxide as the catalyst in a batch set-up. The low acid value of 
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the RSO (0.6 mg KOH/g) eliminates the necessity of a two step esterification reaction 

(initially an acid catalysed reaction followed by a base catalysed reaction) as proposed 

in another study [10]. The ethanolysis of RSO was performed at the conditions similar 

to the ethanolysis of jatropha oil, which was reported previously by our group [9]. The 

catalyst concentration, ethanol to oil ratio and rotational speed was set at the optimum 

conditions as determined in our previous study for jatropha oil (1 wt% with respect to 

the oil, 6:1 molar ratio of ethanol to oil, 600 rpm). During reaction, samples were taken 

for analyses, allowing preparation of conversion versus time profiles. A number of 

experiments were carried out within a range of temperature (20-70 °C) and the results 

are presented in Fig. 6.  

As expected, higher reaction temperatures not only enhance the rate of the 

esterification reaction but also lead to higher biodiesel yields (Fig. 6). For instance, the 

ester yield was 98 mol% at 70 °C compared to 88 mol% at 20 °C. This observation is in 

line with previous findings in our group that the maximum (equilibrium) conversion 

for the synthesis of fatty acid ethyl ester (FAEE) from jatropha oil increased from 93 

mol% at 50 °C to 98 mol% at 70 °C. This indicates that the equilibrium position of the 

trans-esterification reactions shifts to the right at higher temperatures, implying that 

the trans-esterification reaction is slightly endothermic.  
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Figure 6. Biodiesel yield versus time for the ethanolysis of RSO in a batch set-up (6:1 

molar ratio of ethanol to oil, 1 wt% of catalyst concentration with respect to the oil, 600 

rpm) 

 

The esters yields are higher than reported for the trans-esterification of RSO using 

methanol and NaOH as the catalyst (85%, 6:1 molar ratio of methanol to oil, 1 wt% 
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catalyst with respect to the oil, 30 °C) [14]. This implies that the ethanolysis of RSO is 

faster than methanolysis, supported by other studies [24, 25]. However, literature data 

are conflicting and others report that the reaction with methanol is faster than with 

ethanol [26-28]. These contradictory results are likely due to the fact that the reaction 

is a reactive liquid-liquid system, for which the overall kinetics are not only determined 

by intrinsic kinetics of the reaction but also by mass transport of reactive components 

between the liquid-liquid (L-L) interface. As such, differences in stirring speed, the type 

of impeller (simply a magnetic stirring bar or a well-designed impeller) and geometry 

of the reactor may play an important role. Regarding mass transfer limitations, these 

are expected to be less important in ethanol as the solubility of the plant oil in ethanol 

is better than in methanol [25]. 

3.3.6.2 Relevant product properties of RSOEE 

Relevant properties of the freshly synthesised RSOEE (6:1 molar ratio of ethanol to oil, 

1 wt% of catalyst concentration with respect to the oil, 600 rpm, 70 oC) were 

determined and are provided in Table 6. When possible, the properties were compared 

to the biodiesel standard of EN 14214 for methyl esters. The acid value, water content, 

sodium content, phosphorus content, and flash point are all within specifications.  

 

Table 6 Properties of RSOEE 

Property ROSEE EN 14214 
Acid Value (mg KOH/g) 0.32 0.5 mg KOH/g max 
Water  Content (mg/kg) 400 500 mg/kg max 
Na content (mg/kg) 4 5 mg/kg max 
P content (mg/kg) 2 10 mg/kg max 
Flash point (°C) 171 120 oC min 
Pour point (°C) -2 - 
Cloud point (°C) 0 - 

 

The RSOEE was stored in a closed container at 27 °C and the acid value was monitored 

in time (60 days) using an acid-base titration. The acid value upon storage is about 

constant; from 0.32 to 0.33 mg KOH/g after 2 months. This is in agreement with the 

work by Leung et al. that storage of biodiesel in a closed container at room temperature 

is less susceptible to degradation compared to exposure to air and storage at 40 °C [16].  

 

3.3.7 Comparison of the acid value versus time profiles for rubber seeds, RSO and 

RSOEE 

The initial and final acid values after storage (2 month, 27°C) for the oil in the rubber 

seeds, isolated RSO and RSOEE are shown in Table 7 and compared with literature data. 

The relative increase of the acid value for the oil in the rubber seeds upon storage is 

about the same for the two rubber seed samples used in this study (NPT, PT, 320-

330%). This result is in line with the data reported by Zhu et al. for rubber seeds after 
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2 month of storage in open crates at 27°C and 51% RH (Table 1, entry 1). Worse results 

were reported by Zhu for rubber seeds stored in piles, which showed a 1400% relative 

increase in acid content upon storage at 27 °C (Table 1, entry 2). This is likely due to 

poor ventilation leading to a higher pile temperature and Mildew infection which 

caused an increase in the acid value [15].  

The relative increase in the acidity of the isolated RSO and RSOEE after storage is less 

than for the oil in the seeds. This result indicates that it is advantageous to store the 

isolated oil instead of the seeds to avoid excessive built up of acids, rendering the 

product off- specification.   

 

Table 7 Acid values for rubber seeds, RSO and RSOEE 

Material Acid value (mg KOH/g) Relative increase 
 Initial Final (%) 
Rubber seed    
- NPTa) 0.8 4.2 425 
- PTa) 0.5 2.1 320 
- Entry 1 (Table 1)b) 2 8.6 330 
- Entry 2 (Table 1)b) 2 30.8 1440 
Oil    
- RSO a) 0.52 0.6 15 
- RSO b) 18.1 31 71 
Biodiesel    
- RSO ethyl ester a) 0.32 0.33 3 
- Rapeseed   methyl ester c) 0.15 0.22 47 

a) this study, after 2 months storage b) Zhu et al. after 2 months storage [15] b) Leung et al., after 
12 months storage [16] 

 

3.4 Conclusions and outlook 

The influence of rubber seed storage time on the quality of rubber seed oil has been 

investigated. Long-term seed storage increased the acid value of the oils in the rubber 

seeds. A seed pre-treatment procedure (drying at 60°C for 3 days) was shown to have 

a positive effect and the extent of acid value development in time was lower than for 

the non-pretreated fraction. In addition, the effect of storage time on the product quality 

and particularly the acid value of isolated rubber seed oil and rubber seed ethyl esters 

has also been evaluated. Freshly isolated rubber seed oil and rubber seed ethyl esters 

were shown to have a low acid value of 0.52 and 0.32 mg KOH/g, respectively. The acid 

values only slightly increased upon storage in closed containers (2 month, 27°C). As 

such, it is recommended to store the isolated RSO instead of storing the rubber seeds to 

minimise acid formation in the rubber oil. Formation of the latter should be avoided as 

acids are known to cause major issues during subsequent use (e.g. in stationary 

engines) and processing (e.g. for biodiesel synthesis) of plant oils. 
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Abstract 

The synthesis of fatty acid methyl esters (FAME) from sunflower oil and methanol was 

studied in a continuous centrifugal contactor separator (CCCS) using sodium methoxide 

as the catalyst. The effect of relevant process variables like oil and methanol flow rate, 

rotational speed and catalyst concentration was investigated. A maximum FAME yield 

of 97 mol% was obtained (oil flow rate of 16 mL/min, methanol flow rate of 4 mL/min, 

35 Hz, 1 wt% catalyst with respect to oil). The experimental data were modelled using 

non-linear regression and good agreement between experiments and model were 

obtained. Proof of principle for the synthesis and subsequent refining of FAME in a 

cascade of two CCCS devices will also be provided. Relevant properties of the FAME 

obtained using this technology were determined and were shown to meet the ASTM 

specifications.  

 

Keywords 

Continuous centrifugal contactor separator, sunflower oil, methanol, biodiesel, 

regression model, refining.   
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4.1 Introduction 

The total global biofuels production has reached almost 74.6 million ton in 2011 [1]. 

Biodiesel, besides bioethanol, is an important first generation biofuel and is produced 

from triglycerides like virgin plant oils and waste cooking oils [2-4]. In the US alone, the 

biodiesel industry recorded a total volume of nearly 5.67 million ton in 2013 which 

exceeds the 2.52 million ton/annum target set by the Environmental Prtection Agency’s 

Renewable Fuel Standard [5]. The production of biodiesel in Europe has also increased 

dramatically in the period 2000-2011, and is considered of high importance to meet the 

Europen Union (EU) objective of a 10% biofuels share in the transportation sector by 

2020 [6].  

Conventional biodiesel production involves the trans-esterification of a triglyceride 

with methanol and a homogenous catalyst [7, 8]. The effect of process variables on the 

trans-esterification reaction has been studied in detail [2-4, 9, 10]. In addition, new 

reactor and process concepts have been explored [11, 12]. Recently, we have proposed 

a new reactor configurations for continuous biodiesel synthesis. It involves the use of a 

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

reaction and separation of liquid-liquid systems [13-15].  

The CCCS (Fig. 1) consists of a hollow rotating centrifuge in a static house. The 

immiscible liquids (here a pure plant oils 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. Here, the phases (biodiesel and glycerol) are separated by centrifugal forces 

(up to 900 g), allowing excellent separation of the fluids. 

  

Figure 1. Cross sectional view of the CCCS (left) and a schematic representation of the 

CCCS set-up for biodiesel synthesis (right) [13] 

 

We 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 
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mol% and a volumetric production of 2050 kgFAME/m3reactor.h (reactor volume of 650 

mL) [13]. In addition, fatty acid ethyl esters (FAEE) from Jatropha curcas L. oil and 

ethanol could also be prepared using a modified CCCS device with a reproducible yield 

of 98 mol% and a volumetric production rate of 2270 kgFAEE/m3reactor.h  (reactor volume 

of 650 mL)[15]. The use of the CCCS has two main advantages compared to 

conventional stirred vessels, viz. i) the crude ester 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) [16].  

Crude FAME requires refining before it meets the product specification set by the 

biodiesel industry. Washing with water is the most commonly used refining technique 

[17-19]. Haas et al. [20] proposed two sequential washing steps using NaCl in water 

followed by a washing with aqueous NaHCO3. Karaosmanoglu et al. [21] tested three 

different methods and compared performance: washing with distilled water (50-80 °C), 

dissolution in petroleum ether followed by washing with water, and neutralization with 

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

shown to be a washing step with water at 50 °C.  

In this paper, a systematic study on the continuous synthesis and refining of FAME from 

sunflower oil and methanol using a cascade of two CCCS devices; one for the synthesis 

of FAME and the other one for the subsequent washing of FAME, is reported. The first 

part describes a study on the optimisation of process conditions for biodiesel synthesis 

in the CCCS. For this purpose, the standard CCCS was modified, viz. the annular reaction 

volume was enlarged with the intention to allow the use of higher flow rates at similar 

liquid residence times. A total of forty experiments were performed and the FAME yield 

and the volumetric production rate were modelled using multi-variable non-linear 

regression. Such quantitative data are not available for biodiesel synthesis in a CCCS 

device. The second part describes a study on the use of the CCCS unit for the refining of 

crude FAME using a water wash at elevated temperatures, with the objective to obtain 

biodiesel with product properties within the international specifications. Such refining 

studies using the CCCS to the best of our knowledge have not been reported. Finally, the 

combined use of two CCCS devices in series, one for reaction and one for refining, was 

studied experimentally, and this is an absolute novelty of this paper. 

 

4.2 Materials and Methods 

4.2.1 Materials 

The sunflower oil was purchased from Albert Heijn, the Netherlands. Methanol (99.8 

wt%) was obtained from Labscan. Sodium methoxide solution (25 wt%) in methanol, 

trimethylsulfonium hydroxide solution (0.25 M in methanol), tert-butyl methyl ether 
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(anhydrous, 99.8 wt%), D2O (99.9 atom % D) and CDCl3 (99.8 atom % D) were obtained 

from Sigma-Aldrich.   

4.2.2 Synthesis of FAME in a batch reactor 

The batch experiments were performed in a 250 mL glass batch reactor equipped with 

a heating/cooling jacket connected to a thermostated water bath. Stirring was 

performed with a six-blade Rushton turbine with an impeller of 1.4 cm diameter, placed 

0.5 cm from the bottom and baffles were present to enhance mixing. The temperature 

and rotational speed were varied between 20–60 °C and 3–10 Hz, respectively. Samples 

were taken at fixed intervals during the reaction. The samples (0.5 mL) were quenched 

with 0.1 M HCl (0.5 mL) in water and analysed with 1H NMR (vide infra). 

4.2.3 Synthesis of FAME in a CCCS 

The synthesis of FAME was performed in a modified CCCS type CINC V02. The diameter 

of the outer house was enlarged from 6 to 11 cm with the intention to achieve higher 

biodiesel volumetric production rates. The unit was equipped with a heating jacket 

using water as the heating medium. The reactor temperature reported is the water 

temperature in the jacket. A standard bottom plate with curved vanes was used for all 

experiments. The rotor can either be operated clock or counter clockwise which affects 

the mass flow rate from the annular to the centrifugal zone and as such affects the liquid 

hold-up in the annular zone. For the systematic studies on the effect of process 

conditions on FAME yield, the rotor was operated counter clockwise. For all other CCCS 

experiments (FAME refining and the use of two CCCS devices in series for synthesis and 

refining), the rotor was operated clock wise. A weir size of 23.5 mm (0.925”) was used 

for all experiments.  

The sunflower oil and methanol solution containing the appropriate amount of the 

sodium methoxide catalyst were preheated to 60 °C and the jacket temperature was set 

to 60 °C. The rotor and the oil feed pump were started. As soon as the oil exited the 

heavy phase outlet, the actual reaction was initiated by feeding a sodium methoxide in 

methanol solution to the second inlet. During a run, samples were taken from the crude 

FAME exit. The samples (0.5 mL) were quenched with 0.1 M HCl (0.5 mL) in water and 

analysed with 1H NMR (vide infra). 

 

4.2.4 Refining of FAME in a CCCS 

The refining of FAME was performed in a standard CCCS type CINC V02 equipped with 

a heating/cooling jacket and a standard bottom plate with curved vanes. A weir size of 

24.1 mm (0.95”) was used for all experiments. The rotor was operated in the clockwise 

direction. The crude FAME and reverse osmosis (RO) water were preheated to the pre-

set temperature (between 50–75 °C). The jacket temperature was set at the pre-

determined value (between 50–75 °C). Subsequently, the rotor (20-40 Hz), the crude 
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FAME feed pump (12 mL/min) and RO water feed pump (6-48 mL/min) were started. 

During a run, samples were taken from the FAME outlet and the samples were analysed 

using 1H NMR, Karl-Fischer- and acid value titration.  

4.2.5 Synthesis and refining of FAME in a cascade of CCCS 

Synthesis and refining of FAME was performed in a cascade of two CCCS. The rotor of 

both CCCS units were set to rotate in a clockwise direction. In a typical experiment, the 

sunflower oil and methanol/sodium-methoxide solution were preheated to 60 °C, while 

the jacket temperature was set and maintained at 60 °C. The rotor (35 Hz) and the oil 

feed pump (16 mL/min) were started. As soon as the oil started to exit the heavy phase 

outlet of the first CCCS, the reaction was initiated by feeding the sodium methoxide in 

methanol solution (1 wt% NaOMe with respect to the oil) at a flow rate of 4 mL/min. 

The rotor (35 Hz) of the second CCCS unit and the RO water feed pump (10 mL/min) 

were started as soon as the crude FAME entered the second CCCS unit. The RO water 

was preheated to 50 °C and the jacket temperature of the second CCCS unit was set at 

50 °C. During a run, samples were taken from the FAME outlet of the first CCCS. The 

samples (0.5 mL) were quenched with 0.1 M HCl (0.5 mL) in water and analysed with 
1H NMR (vide infra). Samples were also taken from the refined FAME outlet of the 

second CCCS and were analysed using 1H NMR, Karl-Fischer- and acid value titration. 

4.2.6 Drying procedure for refined FAME 

500 mL of refined FAME was placed in a 1 L vessel. Dry air (5% relative humidity (RH) 

at 20 °C) was introduced at a flow rate of 5 L/min for 30 min through a sparger placed 

at the bottom of the vessel. The product was collected and analysed.  

4.2.7 Statistical analyses and optimisation 

Non-linear multi-variable regression was used to model the date and for this purpose 

the Design Expert Version 7.0.0 software package was used. The following equation is 

used to fit the data from the experiments.   

 
𝑦 = 𝑏0 + ∑ 𝑏𝑖𝑥𝑖 +

4
𝑖=1 ∑ 𝑏𝑖𝑖𝑥𝑖

2 +4
𝑖=1 ∑ ∑ 𝑏𝑖𝑗𝑥𝑖𝑗 + 𝑒4

𝑗=𝑖+1
3
𝑖=𝑗                              (1)  

 
Where y is the dependent variables (FAME yield and FAME productivity), xi and xj are 

the independent variables (oil flow rate, methanol flow rate, catalyst concentration and 

rotational speed), bo, bi, bii and bij are the regression coefficients of the model whereas 

e is the model error.  

The regression equations were obtained by backward elimination of non-significant 

parameters. A parameter was considered statistically relevant when the p-value was 

less than 0.05. The optimum conditions for the synthesis of FAME in the CCCS were 

obtained using the numerical optimisation function provided in the software package.  
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4.2.8 Analytical methods 

The FAME yield was determined using 1H NMR as described by Kraai et al. [19]. The 

fatty acid composition of the oil was analysed by gas chromatography-mass 

spectrometry (GC-MS) using a Hewlett-Packard 5890 series II Plus device. Detailed 

description of the GC method and other analytical methods for water  content, acid 

value, flash point, cloud point and pour point are described elsewhere [15]. The 

phosphorus and sodium content of the sunflower oil and biodiesel products were 

determined at ASG Analytik-Service GmbH, Neusass, Germany according to the 

methods described in EN 14107 and EN 14108, respectively.  

 

4.2.9 Definition of yield and volumetric production rate 

The FAME yield and volumetric production rate are relevant outputs of the 

experiments. The FAME yield was determined by 1H NMR measurements of the product 

phase by comparing the peak areas of the characteristic signal of the methyl ester group 

of the FAME (δ 3.6 ppm) with respect to the characteristic signal of the methyl end 

groups (δ 0.9 ppm).  

 

FAMEyield = 
methylesterpeakarea

methylendgrouppeakarea
x100%(mol%)                                         (2) 

 

The reported FAME yield for a continuous experiment is the average FAME yield of the 

samples after the device reached steady state.  

The volumetric production rate of FAME is defined as the amount of FAME produced 

per (reactor or liquid) volume per time.  

 

Volumetricproductionrate = 
3

𝑜𝑖𝑙
𝑌(

𝑀𝑊𝐹𝐴𝑀𝐸
𝑀𝑊𝑜𝑖𝑙

)𝜌𝑜𝑖𝑙

V
(

𝑘𝑔𝐹𝐴𝑀𝐸

𝑚3.ℎ
)                                         (3) 

 

Where:     

oil  volumetric flow rate of the sunflower oil (m3/h) 

oil  oil density (kg/m3) 

Y                 FAME yield (mol%) 

V   volume (m3)  

MWFAME   molecular weight of FAME (kg/mol) 

MWoil molecular weight of oil (kg/mol) 
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The volumetric production rate may either be defined on the geometric reactor volume 

(VR) of the CCCS or the actual measured liquid uptake (VL) in the device (sum of the 

liquid hold-up in the annular zone and rotor). The geometrical volume of the modified 

CCCS used in this study is 650 mL. Typical values for the VL are 210 mL and 400 mL for 

clockwise and counter clockwise, respectively (6:1 molar ratio of methanol to oil, 1 wt% 

of catalyst concentration with respect to the oil, oil and methanol flow rate of 16 

mL/min and 4 mL/min respectively, 60 °C, 35 Hz). 

 

4.3 Results and discussion 

4.3.1 Screening experiments in a batch reactor  

Exploratory experiments were performed in a batch reactor using sunflower oil, 

methanol and sodium methoxide as the catalyst to gain insights in the optimum reaction 

conditions and particularly the temperature and stirring rate. This information is input 

for the ranges of conditions to be used for the subsequent continuous CCCS 

experiments. The experiments were carried out with commercial sunflower oil. The 

fatty acid composition was determined (GC) and shown to consist mainly of linoleic acid 

(57.4%), oleic acid (30.2%), palmitic acid (8.4%) and stearic acid (4.0%). These values 

are within the range reported in the literature viz.; 60-72% for linoleic acid, 16-32% for 

oleic acid, 6-6.7% for palmitic acid and 3.2-5.1% for stearic acid [22, 23]. The acid value 

was 0.07 mg KOH/g oil, corresponding to a free fatty acid (FFA) value of 0.04 %. The 

water content of the oil was 0.04 vol% while the phosphorus content was below 1 

mg/kg. All values are well below the standards for plant oils [7, 9], and therefore the oil 

was not purified prior to a trans-esterification reaction.t 

A series of experiments with this oil in a batch set-up was performed in a temperature 

range of 20-60 °C, while keeping other relevant conditions constant (6:1 molar ratio of 

methanol to oil, 1 wt% of catalyst with respect to oil, 10 Hz). The effect of reaction 

temperature on the FAME yield is presented in Fig. 2. As expected, temperature has a 

marked effect on the FAME yield and the highest rates were obtained at 60 °C. This is 

mainly a kinetic effect, though mass transfer rates are also known to be positively 

affected as the solubility of methanol in the reactive phase increases [24, 25]. As such, 

the experiments in the CCCS were carried out at 60 °C. 

 

Figure 3 shows the effect of stirring speed (3-10 Hz) on the FAME yield versus time 

while keeping other relevant reaction conditions constant (6:1 molar ratio of 

methanol:oil, 1 wt% catalyst concentration with respect to the oil, 20 °C). At lower 

speed (3 Hz), a lower FAME yield was observed, especially at the initial stage of the 

trans-esterification reaction. This is caused by mass transfer limitations due to the poor 

miscibility of sunflower oil and methanol [26]. When using stirring rates above 7 Hz, 

the FAME yield is essentially independent on the stirring rate, indicating that mass 
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transfer limitations do not play a major role above 7 Hz and that the experiments were 

carried out in the kinetic regime. As such, these data indicate that the overall rate of 

FAME synthesis reaction may in some cases be mass transfer limited and this should be 

taken into account for the continuous CCCS experiments.  
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Figure 2. Effect of temperature on FAME yield in batch (6:1 molar ratio of methanol:oil, 

1 wt% catalyst concentration, 10 Hz) 

0 10 20 30 40 50 60

0

20

40

60

80

100

Y
ie

ld
 (

m
o
l%

)

Time, t (min)

 10 Hz

  7 Hz

  3 Hz

 



Chapter 4 

 

87 

 

Figure 3. Effect of rotational speed on FAME yield in batch (6:1 molar ratio of 

methanol:oil, 1 wt% catalyst concentration, 20 °C) 

4.3.2 Initial screening experiments in a CCCS device  

Initial screening experiments in the modified CCCS device were carried out for 

sunflower oil methanolysis using sodium methoxide as the catalyst at conditions close 

to those found optimal for biodiesel synthesis in the unmodified CCCS. Compared to the 

standard CCCS, the modified CCCS has an enlarged diameter of the outer house (from 6 

to 11 cm), allowing for larger liquid hold ups. The experimental conditions are given in 

Table 1 (screening conditions), the experimental results are provided in Table 2.  

Table 1 Process conditions for the screening and systematic study for the methanolysis 

of sunflower oil in a modified CCCSa 

Variable Screening Systematic study 

Molar ratio of methanol:oil 6:1 6-8:1 

Catalyst concentration, C (wt%) 1.0 0.5-1.5 

Oil flow rate, Fo (mL/min) 16 32-60 

Methanol flow rate, FM (mL/min) 4 8-21 

N (Hz) 35 30-60 

T (°C) 60 fixed at 60°C 

Run time (min) 120 30-60 
a)  Counter clock wise operation of the rotor 

 

Table 2 Volumetric production rates for standard and modified CCCS  

  CCCSa) CCCSb) Modified CCCS Modified CCCS 
Foc) (mL/min) 12.6 12.6 16 16 
FMc) (mL/min) 3.15 3.15 4 4 

Rotational direction Clockwise Clockwise Clockwise 
Counter- 
clockwise 

Geometrical volume (mL) 322 322 650 650 

Typical liquid hold-up in the  
device (mL) 

180 180 210 400 

FAME yield (mol%) 96 96 97 97 

Volumetric production rate 
(kgFAME/m3reactor.h) 

2050 2080 1300 1300 

Volumetric production rate 
(kgFAME/m3liquid.h) 

3670 3730 4040 2120 

a) Kraai et al. [13] b) this study c)FO: Oil flow rate, FM: Methanol flow rate 

 
A typical profile of the FAME yield versus runtime for the modified CCCS is given in Fig. 

4. After about 5 min, steady state was achieved with, in this particularly experiment, a 

FAME yield of 97 mol%. When comparing the performance of the standard CCCS with 

the modified CCCS at clockwise rotor operation, it is clear that the modified CCCS allows 
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for higher inlet flow rates (16 mL/min for the oil) than the original CCCS (12.6 mL/min) 

to obtain similar experimental FAME yields. This positive finding is the result of a larger 

annular liquid hold‐up in the modified CCCS compared to the unmodified version. As 

such, the volumetric production rate in the modified CCCS based on liquid volume in the 

reactor is about 10% higher than for the unmodified version (4040 versus about 3700 

kgFAME/(m3liquid.h)).  

However, in terms of reactor volume, the volumetric production rate obtained for the 

modified version is lower; 1300 kgFAME/m3reactor.h as compared to 2080 

kgFAME/m3reactor.h for the unmodified version. This is due to the larger geometrical 

volume of the modified CCCS as compared to the standard CCCS (650 mL compared to 

322 mL). Hence, a systematic study regarding relevant process conditions (oil and 

methanol flow rate, catalyst concentration and rotor speed) was performed to optimise 

the FAME yield and productivity of sunflower oil methanolysis in the modified CCCS.  
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Figure 4. FAME yield (mol%) for a typical experiment in a modified CCCS (6:1 molar 

ratio of methanol to oil, 1 wt% of catalyst concentration, oil flow rate of 16 mL/min, 

methanol flow rate of 4 mL/min, 60 oC, 35 Hz) 

 
4.3.3 Systematic studies on the effect of process variables on CCCS performance  

Systematic studies on FAME synthesis were performed in a modified CCCS type CINC 

V02 with sunflower oil, methanol and sodium methoxide as the catalyst. The objective 

was to obtain high FAME yields in combination with high FAME productivity. As such, 

the experiments were carried out at typically much higher sunflower and methanol 

flow rates than for the screening experiments discussed above.  In addition, the rotor 

was operated in a counter clockwise manner as this was shown to lead to a higher liquid 

volume in the annular zone (120 mL) than for clock wise operation (45 mL, comparative 
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experiment at a 6:1 molar ratio of methanol to oil, 1 wt% of catalyst concentration with 

respect to the oil and an oil and methanol flow rate of 16 mL/min and 4 mL/min, 

respectively, 60 °C, 35 Hz). An overview of the ranges of process variables for the 

systematic study is given in Table 1. Based on the batch data, the reaction temperature 

was set at 60 °C for all experiments. The run time for the experiments varied between 

30 and 60 min, depending on the oil flow rate (approximately a total of 2000 mL of oil 

feed was used for each experiment). One of the experiment was carried out six times to 

determine the reproducibility of the experimental set-up. The standard deviation 

regarding the FAME yield was 0.8% absolute, indicative that reproducibility is good. 

The results are shown in Table 3.  

The FAME yield ranged between 14 and 94 mol%, the FAME productivity between 330-

3930 kgFAME/m3reactor.h. Highest FAME yield within the experimental window was 

obtained at an oil flow rate of 32 mL/min (10 mL/min methanol), a rotational speed of 

35 Hz and catalyst concentration of 1.25 wt% with respect to the oil. The highest 

volumetric production rate was found for an oil flow rate of 60 mL/min, rotational 

speed of 30 Hz and catalyst concentration of 1.5 wt% with respect to the oil, though the 

FAME yield at these conditions is far below specification (78 mol%).      

Good separation between the biodiesel phase and the glycerol rich layer in the outlets 

was observed for experiments when the FAME yield exceeded 50 mol%. Below these 

values (i.e. at too high flow rates and rotational speed and low catalyst concentration) 

partial separation of the biodiesel phase and glycerol phase was observed. 
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Table 3 Experimental and modelled FAME yield and productivity in the modified CCCS at 

a wide range of operating conditionsa) 

Run FO
b) N b) C b) FM 

FAME Yield 

 (mol%) 

Productivity  

(kg/m3
reactor.h) 

 (mL/min) (Hz) (wt%) (mL/min) Data Model Data Model 

1 40 30 1.5 14 84 87 2820 2890 

2 40 40 1.5 14 84 86 2820 2960 

3 36 35 1.25 11 89 91 2690 2770 

4 40 40 1 14 78 80 2620 2760 

5 36 35 1.25 11 88 91 2660 2770 

6 36 35 1.25 11 89 91 2690 2770 

7 40 30 1 14 83 84 2790 2730 

8 32 40 1.5 9 88 90 2370 2430 

9 36 35 1.25 10 88 90 2660 2740 

10 36 30 1.25 11 88 90 2660 2710 

11 36 35 1 11 86 88 2600 2690 

12 32 40 1 11 90 87 2420 2490 

13 32 30 1.5 9 90 91 2420 2440 

14 36 35 1.5 11 91 91 2750 2780 

15 32 30 1 11 92 94 2470 2560 

16 36 35 1.25 11 88 91 2660 2770 

17 40 40 1.5 11 85 88 2860 3030 

18 36 35 1.25 11 90 91 2720 2770 

19 32 40 1.5 11 90 89 2420 2430 

20 40 40 1 11 81 81 2720 2730 

21 40 30 1 11 79 82 2650 2710 

22 32 40 1 8 86 87 2310 2420 

23 36 40 1.25 11 86 88 2600 2720 

24 32 30 1 8 89 91 2390 2490 

25 32 30 1.5 11 91 93 2450 2440 

26 40 30 1.5 11 85 85 2860 2950 

27 36 35 1.25 13 88 90 2660 2760 

28 32 35 1.25 10 94 94 2530 2580 

29 40 35 1.25 12 86 88 2890 2970 

30 36 35 1.25 11 89 91 2690 2770 

31 30 60 0.5 10 12 13 330 500 

32 45 45 0.5 12 49 52 1850 1950 

33 45 45 1 8 65 69 2460 2520 

34 45 30 1 12 74 77 2800 2870 

35 45 60 1 12 38 39 1440 1640 

36 60 30 0.5 21 38 45 1920 2030 

37 60 30 1.5 21 78 81 3930 4010 

38 60 45 1 16 69 75 3480 3570 

39 60 60 0.5 10 14 15 700 730 

40 60 60 1.5 11 69 74 3480 3560 

a counter clockwise rotor operation b) FO: Oil flow rate, N: Rotational speed, C: Catalyst concentration, 

FM: Methanol flow rate   
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4.3.4 Model development   

The experimental data given in Table 3 were used as input for the development of a 

multi-variable non-linear regression model for both the FAME yield and the volumetric 

production rate.  

4.3.4.1 Regression model for FAME yield 

The coefficients for the regression model for FAME yield (mol%) are provided in Table 

4. Relevant statistical data are given in Table 5.  

 

Table 4 Coefficients for the regression model for FAME yield (mol%) 

Variable Coefficient 
Constant 148.07 
FO -6.27 
N 2.41 
C 1.95 
FM 4.74 
FO.N 0.07 
FO.C 1.0 
FO. FM 0.16 
N.C 0.67 
N. FM -0.10 
FM2 -0.31 
N2 -0.07 
C2 -22.3 
FO: Oil flow rate (mL/min), N: Rotational speed (Hz), C: Catalyst concentration (wt% with respect 

to the oil), FM: Methanol flow rate (mL/min)  
 

Table 5 Analysis of variance for the FAME yield of sunflower oil methanolysis in a CCCS 

  SS DF MS F p-value R2 values 

Model 15638 12 1303 785 < 0.0001 R2 0.99 
Error 44.8 27 1.66   R2adjusted 0.99 
Total 15682 39     R2predicted 0.98 

 

The p-value of the model is very low (< 10-4) which indicates that the model is 

statistically significant. The parity plot (Fig. 5) shows that the fit between the model and 

experimental data is very good. The effect of the process variables on the FAME yield 

are provided in the three-dimensional response surface plots in Fig. 6. It clearly shows 

a complicated interplay between process variables and FAME yield.  At a sunflower flow 

rate of 32 mL/min, Kraai et al. [13] obtained a FAME yield of 71 mol% in an unmodified 

CCCS device (6:1 molar ratio of methanol to oil, 1 wt% of catalyst concentration, 60 oC, 

50 Hz).  
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Figure 5. Parity plot for the regression model for FAME yield  

 

When using the modified CCCS with a similar sunflower oil flow rate, a much higher 

FAME yield (94 mol%) was obtained (7:1 molar ratio of methanol to oil, 1 wt% of 

catalyst concentration, 60 °C, 35 Hz).  This is a positive effect of the enlargement of the 

annular zone, allowing for larger inlet flow rates while maintaining the liquid residence 

time required for high FAME yields. The FAME yield is a function of the rotor speed and 

the model predicts the existence of an optimum rotational speed (Fig. 6a). Such optima 

have also been observed for sunflower oil methanolysis in an unmodified CCCS 

(maximum between 30 and 40 Hz [13]) and jatropha oil ethanolysis (30 and 35 Hz 

[15]). These trends may be rationalised by considering the fact that the overall 

conversion and thus the FAME yield is expected to be a function of both the intrinsic 

kinetics and mass transfer effects. At low rotational speeds (< 30 Hz), the FAME yield is 

likely limited by mass transfer and higher rotational speeds in this regime are expected 

to lead to higher values for the volumetric mass transfer coefficient (kLa) and thus 

higher FAME yields. At higher rotational speeds (> 40 Hz), the FAME yield drops 

dramatically and this is not expected when the reaction is carried out in the kinetic 

regime. This reduction is likely due to a strong reduction of the volume of the dispersed 

phase in the CCCS, leading to lower liquid residence times and as such lowering of the 

FAME yield.      
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Figure 6. Response surface showing the interaction between two parameters on the FAME yield (a) speed and oil flow rate (FM: 14.5 

mL/min, C:1 wt%) (b) catalyst concentration and speed (FO: 45 mL/min, FM: 14.5 mL/min) (c) methanol flow rate and catalyst 

concentration (FO: 45 mL/min, N: 45 Hz) (d) oil and methanol flow rate (C: 1 wt%, N: 45 Hz)
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4.3.4.2 Regression model for volumetric production rate of FAME 

The volumetric production rate of sunflower oil methanolysis as a function of process 

conditions is best described by a model of which the coefficients are given in Table 6. 

Analysis of variance (ANOVA) data are given in Table 7 and reveal that the model 

describes the experimental data very well (low p-value, high R-squared values).  

 

Table 6 Coefficients for the regression model for FAME productivity (kgFAME/m3reactor.h)   

Variable Coefficient 
Constant 2166.05 
FO -137.65 
N 115.42 
C 1278.83 
FM 155.77 
FO.N 1.06 
FO.C 85.85 
FO. FM 3.66 
N.C 11.96 
C. FM -45.05 
FM2 -10.29 
N2 -2.45 
C2 -620.57 
FO: Oil flow rate (mL/min), N: Rotational speed (Hz), C: Catalyst concentration (wt% with respect 
to the oil), FM: Methanol flow rate (mL/min)  

 

Table 7 ANOVA for the FAME productivity of sunflower oil methanolysis in a CCCS 

  SS DF MS F p-value R2 values 

Model 4441 11 404 908 < 0.0001 R2 0.99 
Error 12.5 28 0.44   R2adjusted 0.99 
Total 4454 39     R2predicted 0.98 

 

This is also illustrated by a parity plot with the experimental and modelled FAME 

volumetric production rates (Fig. 7). A visualization of the effect of process variables on 

the volumetric production rate is given in Fig. 8. All process variables affect the 

volumetric production of FAME. As expected and in line with the definition of the 

volumetric production rate (eq. 3), it increases at higher oil flow rates. Higher catalyst 

concentrations lead to higher FAME yield (vide supra) and as such also lead to higher 

volumetric production rates. Similar to the FAME yield, the FAME productivity is also 

highly influenced by the rotational speed and an optimum is observed. 
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Figure 7. Parity plot for the regression model of volumetric FAME production rate 

 

4.3.4.3 Optimisation   

A numerical optimisation function provided in the software package of Design Expert 

Version 7.0.0 was used to predict the highest FAME yield in the modified CCCS within 

the range of variables used for this study. At an oil flow rate of 30 mL/min (12 mL/min 

methanol), a rotational speed of 30 Hz and catalyst concentration of 1.3 wt% with 

respect to the oil, the model predicts a FAME yield of 95 mol%. At these conditions, the 

flow rate is at the lowest end of the range used in the design of experiments. Further 

improvements in FAME yield are possible by a lowering of the flow rates, e.g. to 97 

mol% at 16 mL/min, see screening experiment reported Table 1.   

Subsequently, the model was used to determine the optimum conditions for a FAME 

yield exceeding 90% at highest volumetric production rate. According to the model, the 

best conditions are an oil flow rate of 31 mL/min, rotational speed of 34 Hz, catalyst 

concentration of 1.2 wt% and a methanol flow rate of 10 mL/min (temperature set at 

60 oC). The estimated FAME yield is 94 mol% at a productivity of 2470 kg 

FAME/m3reactor.h. The latter is 25% higher than earlier reported by us using the 

unmodified CCCS (Table 2) [13], showing the potential of the modified CCCS for further 

scale up studies.   
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Figure 8. Response surface showing the interaction between two parameters on the FAME productivity (a) speed and oil flow rate (FM: 

14.5 mL/min, C: 1 wt%) (b) catalyst concentration and speed (FO: 45 mL/min, FM: 14.5 mL/min) (c) methanol flow rate and catalyst 

concentration (FO: 45 mL/min, N: 45 Hz) (d) oil and methanol flow rate (C: 1 wt%, N: 45 Hz) 
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4.3.5 Crude product properties of FAME  

The crude FAME from run 28 (FAME yield of 94 mol%) was analysed and relevant 

product properties were determined. The crude FAME has a water content of 0.02 vol% 

and phosphoruus content of 1 mg/kg. However, the methanol and Na contents are both 

high, viz. of 24 mol% and 42 mg/kg, respectively. In the following section, the 

application of a second CCCS for work-up of the crude FAME using reverse osmosis (RO) 

water will be reported.  

 

4.3.6 Refining of FAME in a CCCS  

The refining of FAME was performed with RO water in a standard CCCS type CINC V02 

with clockwise operation of the rotor. The effect of the rotational speed (20-40 Hz), 

temperature (50-75 oC) and flow ratio of water to biodiesel (0.5 to 4, volume based) on 

relevant properties of the refined FAME were assessed, including methanol, sodium and 

water content and the acid value. The flow rate of the crude FAME was set at a constant 

value of 12 mL/min for each experiment and an experiment was run for at least 120 

min. An overview of the ranges of process variables and the base case is provided in 

Table 8.  

 

Table 8 Base case and range of variables for the refining of crude FAME oil in a CCCS 

Variable Base case Range 

FFAME (mL/min) 12 Constant 

FW/ FFAME (volume based) 1 0.5-4 

FW (mL/min) 12 6-60 

N (Hz) 30 20-40 

T (oC) 75 50-75 

 

A typical profile for the water content and acid value of the refined FAME versus run 

time is given in Fig. 9 (FFAME: 12 mL/min, FW/FFAME: 0.5, 30 Hz, 50 °C). At steady state 

operation, the water content and acid value are approximately constant at 0.22 vol% 

and 0.32 mg KOH/g respectively. For all experimental settings, the results (not shown 

here for brevity) showed that the quality of the refined FAME in terms of methanol, 

water and sodium content as well as acid value did not differ considerably. For all 

experiments, the methanol content in the refined FAME was not detectable. The sodium 

content was below 0.5 mg/kg, and as such satisfies the biodiesel specification. However, 

the water content increased almost ten times, from 0.02 to approximately 0.2 vol% 

which is close the equilibrium solubility of water in FAME [27].   
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Figure 9. Water content (vol%) and acid value (mg KOH/g) versus time for a FAME 

refining experiment in a CCCS (FFAME: 12 mL/min, FW/FFAME: 0.5, 30 Hz, 50 °C) 

 

4.3.7 Synthesis and refining of FAME in a cascade of CCCS devices  

Continuous synthesis and subsequent refining of FAME was performed in a cascade of 

two CCCS devices using sunflower oil and methanol as the feed. The CCCS units were 

connected in series without any buffer vessel as shown in Fig. 10. The first CCCS device 

for FAME synthesis was a modified CCCS, whereas the refining was performed in a 

standard CCCS type CINC V02. Clockwise rotation of the rotor was applied for both CCCS 

devices. 

Three separate experiments with different oil flow rates (16-48 mL/min) were 

performed while other process parameters were kept constant. The operating 

temperature was set at 75 °C for the first and 50 °C for the second CCCS; the rotational 

speed was 35 for the first and 30 Hz for the second CCCS unit. The methanol flow rate 

(containing 1 wt% sodium methoxide catalyst with respect to the oil) was coupled to 

the oil flow rate to ensure the methanol to oil molar ratio of 6. The water flow rate was 

in the second CCCS was set at such a value to ensure a constant water to FAME flow 

ratio of 0.5 in the second CCCS unit. Sampling was performed at the outlet of the first 

CCCS unit to determine the FAME yield, methanol and water content of the crude FAME. 

The run time for the experiments varied between 30 and 90 min, depending on the oil 

flow rate (approximately a total of 1500 mL of oil feed was used for each experiment). 
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Figure 10. Schematic representation of continuous synthesis and refining of sunflower 

biodiesel in a cascade of two CCCS devices. 

 

The results for all experiments are given in Table 9. The FAME yield of the first CCCS 

unit ranged from 91 to 97 mol%. Good separation between the crude biodiesel phase 

and the glycerol rich layer in the outlets was observed for all experiments. The highest 

FAME yield (97 mol%) was obtained at an oil flow rate of 16 mL/min (Table 9).  

Increasing the oil flow rate from 16 to 48 mL/min led to a decrease in the FAME yield 

(91 mol%) due to shorter liquid residence times at higher flow rates. As a result, the 

amount of the unreacted methanol in the crude FAME increased from 23 to 33 mol%. 

Increasing the oil flow rate has no significant effect on the water content of the crude 

FAME.  

 

Table 9 Properties of crude and refined FAME obtained in a cascade of two CCCS 

devicesa) 

Flow rate 
(mL/min) 

FAME 
yieldb) 
(mol%) 

Methanol content  
(mol%) 

Water 
content (vol%) 

Acid value  
(mg KOH/g) 

FOd) FM d) FW d) Crude 
FAME 

Refined  
FAME 

Crude 
FAME 

Refined  
FAME 

Refined FAME 

16 4 10 97 23 n.d.c) 0.03 0.12 0.32 
32 8 20 93 26 12 0.03 0.22 0.32 
48 12 30 91 33 16 0.03 0.37 0.31 

a) conditions: CCCS 1: 1 wt% of catalyst concentration, 6:1 molar ratio of methanol to oil, 60 oC, 
2100 rpm; for CCCS 2: 50 °C, 1800 rpm, flow ratio of water to FAME of 0.5 
b) FAME yield measured at the outlet of the first CCCS unit 
c) n.d, not detected based on 1H NMR measurements 
d) FO: Oil flow rate, FM: Methanol flow rate, FW: Water flow rate 

 

Phase separation performance in the second CCCS is a strong function of the oil flow 

rate to the first CCCS. At an oil flow rate of 16 mL/min, phase separation between the 

refined FAME and water layer in the second CCCS was excellent and the oil phase did 

not contain water droplets. Methanol in the crude FAME was not detectable, indicating 

also good separation performance. In addition, the Na content was below 0.5 mg/kg and 
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the acid value of the refined FAME at all conditions are relatively the same. Hence, 

combined reaction and refining of the crude FAME in a cascade of two CCCS devices was 

successful and FAME with a low methanol and sodium content could be obtained in the 

continuous setup. However, at higher flow rates (FO > 16 mL/min), phase separation 

between the refined FAME and water phase in the second CCCS was cumbersome and 

the refined FAME still contained water droplets.  As such, the refining step is not 

effective yet for oil flow rates exceeding 16 mL/min and further optimisation (e.g. by 

CCCS modifications and weir size selection) is required. 

4.3.8 Properties of the refined FAME obtained in a cascade of two CCCS devices  

Relevant properties of the refined FAME after drying with air are shown in Table 10. 

When possible, the properties were compared to the biodiesel standard set according 

to ASTM D 6751 and EN 14214. It can be concluded that the mono-, di-, tri-, and free 

glycerine content as well as sodium and phosphorus content are below the maximum 

values. The water content, acid value and flash point are also within specification.  

4.4 Conclusions 

Proof of principle for sunflower oil methanolysis and subsequent refining in a cascade 

of two CCCS devices has obtained. In the first CCCS unit, a reproducible FAME yield of 

97 mol% was obtained. Further refining of the crude FAME in the second CCCS unit with 

water was successful and after a drying step with air, purified FAME was obtained with 

product properties within specifications. This configuration has several advantages 

compared to conventional FAME technology. The CCCS devices are compact, robust and 

flexible in operation. In addition, they allow for continuous operation even at small scale 

and are commercially available in various sizes and throughputs. As such, they are 

particularly suitable for mobile biodiesel units. The design and construction of such a 

small scale integrated unit is in progress and the results will be reported in due course. 

The authors acknowledge NWO/WOTRO for financial support of this research carried out 

in the framework of the Agriculture beyond food program.  

 

4.5 Nomenclature  

C  Catalyst concentration [wt% with respect to the oil] 

FAME Fatty acid methyl esters 

FAEE Fatty acid ethyl esters 

FO  Oil flow rate [mL/min] 

FM  Methanol flow rate [mL/min] 

FW`  Water flow rate [mL/min] 

FW/FAME` Water to FAME flow ratio [-] 

N   Rotational speed [Hz] 

T  Temperature [°C] 
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Abstract 

Continuous synthesis and refining of biodiesel (fatty acid methyl esters, FAME) using a 

laboratory bench scale unit was explored. The unit consist of three major parts i)  a 

Continuous Centrifugal Contactor Separator (CCCS) to perform the reaction between 

FAME and methanol, ii) a washing unit for the crude FAME with water/acetic acid 

consisting of a mixer and a liquid-liquid separator and iii) a FAME drying unit with air. 

The continuous setup was successfully used for 4 h runtime without any operational 

issues. The CCCS was operated at an oil flow rate of 32 mL/min, rotational speed of 35 

Hz, 60 °C, a catalyst concentration of 1.2 wt% and a methanol flow rate of 10 mL/min. 

The flow rate of water (containing 1 wt% acetic acid) for the biodiesel washing unit was 

10 mL/min (20 °C); the air flow rate (5 % humidity) was set at 12 L/min. After 4 h 

runtime, approximately 7 kg of refined FAME was produced. The ester content of the 

refined FAME was 98 wt% (GC). Other relevant product properties were also 

determined and were shown to meet the ASTM specifications.  

 

Keywords  

Continuous centrifugal contactor separator; FAME; refining. 
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5.1 Introduction 

Biodiesel, a substitute to diesel fuel, can be produced from various virgin plant oils as 

well as waste cooking oils [1, 2]. Global biodiesel production grew at an average annual 

rate of 17% in the period 2007-2012 [3]. In the US, the biodiesel industry recorded a 

total volume of nearly 5.67 million ton in 2013 which exceeds the 2.52 million 

ton/annum target set by the Environmental Protection Agency’s Renewable Fuel 

Standard [4]. The production of biodiesel in Europe has also increased dramatically in 

the period 2000-2011, driven by the Europen Union objective of a 10% biofuels share 

in the transportation sector by 2020 [5]. 

Conventional production of biodiesel involves the trans-esterification of a triglyceride 

with methanol and a homogenous catalyst [6, 7]. Various studies have been conducted 

to gain insights in the process parameters affecting the trans-esterification reaction [7, 

8]. New reactor and process concepts have been explored [9, 10]. Recently, we have 

proposed a new reactor configuration for the continuous synthesis and refining of 

biodiesel. It involves the use of a Continuous Centrifugal Contactor Separator (CCCS), a 

device that integrates mixing, reaction and separation of liquid-liquid systems and as 

such is an interesting example of process intensification [11-13].  

The CCCS (Fig. 1) consists of a hollow rotating centrifuge in a static house. The 

immiscible liquids (pure plant oil and methanol for this study) 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. 

  

Figure 1.  Cross sectional view of the CCCS (left) and a schematic representation of the 

CCCS set-up for biodiesel synthesis (right) [11] 

 

We 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 
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mol% and a volumetric production of 2050 kgFAME/m3reactor.h [11]. We have also 

modified the CCCS type CINC V02 to achieve a higher biodiesel volumetric production 

rate at a given FAME yield (2470 kg FAME/m3reactor.h for 94 mol% yield). Proof of principle 

for the synthesis and subsequent refining of FAME in a cascade of two CCCS devices has 

also been demonstrated [13]. Phase separation between the biodiesel and water in the 

crude biodiesel washing unit (a second CCCS) was excellent at low flow rates. However 

we observed that the throughput was limited to an oil flow rate of 16 mL/min. At higher 

flow rates, the refined FAME was hazy (still contained small water droplets). This 

limited the overall productivity for the synthesis and refining of biodiesel in a cascade 

of continuous centrifugal contactor separators.  

We here report the continuous synthesis and subsequent refining (acetic acid/water 

wash and drying of biodiesel (FAME) using a laboratory bench scale unit. The unit 

consist of three major parts i) a CCCS to perform the reaction between FAME and 

methanol, ii) a wash unit for the crude FAME (water/acetic acid) consisting of a mixer 

and settler and iii) a FAME drying unit (air). The refining of FAME in the bench scale 

unit was modelled using Aspen and the results were compared with the experimental 

data.  

 
5.2 Materials and Methods 

5.2.1 Materials 

The sunflower oil was purchased from Deli XL (Reddy), the Netherlands.  Methanol 

(absolute, pro analysis) was obtained from Emsure. Sodium methoxide solution (25 

wt%) in methanol and CDCl3 (99.8 atom % D), were obtained from Sigma-Aldrich. n-

Heptane (99 + wt%) was obtained from Acros Organics while (S)-(-)-1,2,4-Butanetriol 

(97.5 wt%), 1,2,3-Tridecanolylglycerol (99.9 wt%) and N-methyl-N-

trimethylsilyltrifuoroacetamide (MSTFA) were purchased from Supelco Analytical.  

5.2.2 Synthesis of FAME in a CCCS 

The synthesis of FAME was performed in a modified CCCS type CINC V02. The diameter 

of the outer house was enlarged from 6 to 11 cm with the intention to achieve higher 

biodiesel volumetric production rates at a given FAME yield [13]. The unit was 

equipped with a heating jacket using water as the heating medium. The reactor 

temperature reported is the water temperature in the jacket. A standard bottom plate 

with curved vanes was used for all experiments. The rotor was operated counter 

clockwise. A weir size of 23.5 mm (0.925”) was used for all experiments.  

The sunflower oil and methanol solution containing the appropriate amount of the 

sodium methoxide catalyst were preheated to 60 °C and the jacket temperature was set 

to 60 °C. The rotor (35 Hz) and the oil feed pump (32 mL/min) were started. As soon as 

the oil exited the heavy phase outlet, the actual reaction was initiated by feeding a 
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sodium methoxide in methanol solution (1.2 wt% NaOMe with regards to the oil) to the 

second inlet at a flow rate of 10 mL/min. During a run, samples were taken from the 

crude FAME exit. The samples (0.5 mL) were quenched with 0.1 M HCl (0.5 mL) in water 

and analysed with 1H NMR (vide infra). 

5.2.3 Continuous washing of FAME in a stirred vessel and a liquid-liquid separator 

Crude FAME produced in the CCCS was pumped to a 1 L stirred vessel at a flow rate of 

40 mL/min. Either RO water or slightly acidic water (formic acid, citric acid, and acetic 

acid) was separately fed to the vessel at a 0.5:1 ratio (water to FAME), while stirring at 

175 rpm. The outlet stream was fed to the bottom of a liquid-liquid separator (55 cm 

high and 6.3 cm diameter) at a flow rate between 50-120 mL/min (depending on the 

water to FAME ratio). The liquid-liquid separator, was initially filled with either RO 

water or slightly acidic water until a level of 15 cm below the top. After a certain time 

(depending on the flow rate), the washed FAME exited the liquid-liquid separator at the 

top. At the same time, a valve was operated at the bottom of the liquid-liquid separator 

to drain the water phase at a flow rate of approximately 10-80 mL/min (depending on 

the water to FAME ratio) to maintain a constant liquid level in the liquid-liquid 

separator.  

5.2.4 Continuous drying of FAME in a bubble column 

The FAME from the wash section was dried continuously in a bubble column of 70 cm 

high and 6.3 cm diameter with air (5 % relative humidity (RH) at 20 °C). The column 

was filled with Raschig rings (height, 1.1 cm; diameter: 0.8 cm). The FAME was fed to 

the bubble column at the top at a flow rate of 40 mL/min. Air (5 % RH at 20 °C) entered 

the column at the bottom at a flow rate of 8‐12 L/min using a sparger (glass filter P1, 

with a diameter of 4 cm and pore size of 100‐160 µm).  

5.2.5 Continuous operation of the bench scale unit 

Figure 2 shows a schematic representation of the lab bench scale unit for the continuous 

synthesis and refining of FAME. The start-up procedure and further operation will be 

described in the following. The sequence was initiated with FAME synthesis in a 

modified CCCS type CINC V02 in a set-up described above (section 2.2). Periodically, 

samples were taken from the crude FAME exit flow (point A in Fig. 2), and the samples 

were analysed by 1H NMR (vide infra). The crude FAME was fed to a 1 L vessel equipped 

with a 5.7 cm diameter magnetic rod for stirring. Simultaneously, acidic water (1 wt% 

acetic acid) was fed to the vessel at a flow rate of 20 mL/min. The wash step was 

performed at room temperature with a stirring speed of 175 rpm. The liquid volume of 

the vessel was maintained at about 240 mL by removing the FAME-water mixture at a 

flow rate of 60 mL/min. This stream was fed to a column filled with water and Raschig 

rings. As soon as the FAME-water mixture entered the column, the outlet valve at the 

bottom of the column was opened and an aqueous bottom stream was removed at a 
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flow rate of 20 mL/min. At point B (refer to Fig. 2), samples were taken from the wet 

FAME exit flow and these were analysed (1H NMR (vide infra) and Karl-Fischer 

titrations to determine the water content).  

The washed FAME was dried in a column (70 cm high and 6.3 cm diameter) equipped 

with a P1 pore size sparger and filled with Raschig rings. The air was pre-heated to 95 

°C by passing it through a water bath before entering the drying column at a flow rate 

of 12 L/min. In the initial stage of operation, the column was allowed to be filled with 

the washed FAME untill 80% maximum level. Subsequently, the level was maintained 

constant by removal of the dried FAME at the bottom of the column by manually 

opening/closing a valve. At point C (refer to Fig. 2), samples were taken from the dried 

FAME exit and the samples were analysed using Karl-Fischer volumetric titration.  

 
Figure 2. Schematic representation of the continuous bench scale unit  

 

5.2.6 Analytical methods 

The FAME yield was determined using 1H NMR as described by Kraai et al. [13]. The 

fatty acid composition of the oil was analysed by gas chromatography-mass 

spectrometry (GC-MS) using a Hewlett-Packard 5890 series II Plus device. Detailed 

descriptions of the GC method and other analytical methods for water  content, acid 

value, flash point, cloud point and pour point were given elsewhere [12]. The 

phosphorus and sodium content of the sunflower oil and biodiesel products were 

determined by ASG Analytik-Service GmbH, Neusass, Germany according to the 

methods described in EN 14107 and EN 14108, respectively. 

5.2.7 Aspen modelling studies for FAME refining 

The refining model for FAME (water wash and drying with air) was developed using the 

Aspen Plus 7.3 software (Fig. 3) and consist of a mixer M1 simulating the mixing in the 

stirred vessel and a decanter C1 simulating phase separation in the liquid-liquid 

separator. The specifications of each unit are shown in Table 1.   
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Figure 3. Aspen PLUS model for the refining of FAME in a dedicated bench scale unit 

 

Table 1 Specifications of the refining units in the Aspen model 

Unit Variable Value 

Mixer M1 Temperature 20 °C 

 Pressure 1 atm 

 Valid phases Liquid 

Decanter C1 Temperature 20 °C 

 Pressure 1 atm 

 Phase-split  Fugacities of two liquids 

 Valid phases Liquid-Liquid 

 Liquid coefficients  Property method  

Absorber C2 Pressure drop Not specified 

 Calculation type Equilibrium 

 Stages 5 

 HETP 12 cm 

 Filling Ceramic Raschig rings 15mm 

 Condenser None 

 Reboiler None 

Dist D1 Number of stages 15 

 Feed stage 2 

 Condenser Total 

 Reflux 1.2 

 Distillate to feed ratio 0.1 mass 

Dist D2 Number of stages 15 

 Feed stage 8 

 Condenser Total 

 Reflux 1.5 

 Distillate to feed ratio 0.2 mass 
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The component properties were estimated using the UNIFAC model. The drying stage 

was modelled by an absorption column (C2, “RadFrac” with no reboiler or condenser).   

Components used in the model were methanol, water, air, glycerol and methyl oleate as 

a model component for FAME. The operating conditions for the wash and drying section 

were set as those used in the experiments.  

 

5.2.8 Definitions of FAME yield, volumetric production rate and residence time 

The FAME yield was determined by 1H NMR measurements of the product phase by 

comparing the peak areas of the characteristic signal of the methyl ester group of the 

FAME (δ 3.6 ppm) with respect to the characteristic signal of the methyl end groups of 

the fatty acid chains (δ 0.9 ppm). The volumetric production rate of FAME is defined as 

the amount of FAME produced per (reactor or liquid) volume per time. Detailed 

descriptions of the yield and volumetric production rate definitions are given elsewhere 

[13].   

The residence time is defined as the fluid hold up in the reactor or wash/drying column 

divided by the flow rate into the reactor or column (Table 2).  

 

Residencetime = 
V

𝐹
(

𝑚𝐿

𝑚𝐿/𝑚𝑖𝑛
)                                                                                          (1) 

Where:     

V  fluid hold up (mL) 

F  volumetric flow rate (mL/min) 

 

Here, the fluid hold up is either based on the total hold-up of both phases or an 

individual phase. Similarly, the volumetric flow rate may be based on the total flow rate 

or an individual flow rate. For the synthesis of FAME in the CCCS, V is defined as the 

total liquid hold up of the FAME-glycerol mixture in the CCCS when the system is 

operated at steady state.  

For the liquid-liquid separator in the wash section, the residence time is based on the 

input flow rate of the water/FAME dispersion and the total liquid hold-up of both 

phases in the column. The latter was determined after the continuous run by draining 

and measuring the FAME-water mixture inside the column.  

 

Table 2 Overview of residence times definitions used in this investigation 

Symbol Description 

τCCCS τ in the CCCS 

τwash τ of FAME-water mixture in the washing column 

τdry,L  τ of FAME in the drying column 

τdry,G τ of air in the drying column 
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For the continuous drying of FAME in the bubble column with air, both the gas and 

liquid residence times were determined. The residence time of FAME in the drying 

column was defined as the liquid hold up in the column divided by the volumetric FAME 

flow rate; the residence time of air in the drying column is the gas hold up divided by 

the air flow rate. The liquid and gas hold up in the column were determined 

experimentally. At steady state operation, the height of the FAME-air mixture (hl+a) was 

measured and, multiplied by the cross sectional area of the column, is the total hold-up 

in the column. The air inlet and FAME inlet and outlet stream were closed and the height 

of the remaining liquid in the column (hl) was measured. This value multiplied by the 

cross sectional area of the column gives the liquid hold up. For a column filled with the 

Raschig rings, the voidage of the filled column has to be considered, which was 82 vol%. 

 

5.3 Results and discussion 

Continuous synthesis and refining of FAME were investigated in a bench scale unit. The 

synthesis of FAME was carried out in a CCCS operated at the optimum conditions 

previously determined in our group [13]. The crude FAME produced in the CCCS was 

used as an input for a continuous FAME washing section with water/acetic acid using a 

stirred vessel followed by a liquid-liquid phase separator. The wash section was 

optimised and modelled with Aspen. The washed FAME was used as input for the 

continuous drying air in a bubble column. The drying unit was optimised and modelled 

with Aspen as well. Based on the optimum conditions obtained for the synthesis, 

washing and drying units, the continuous synthesis and refining of FAME was carried 

out in a bench scale unit and modelled with Aspen. Process design was performed using 

the Aspen plus software to establish mass balances and to optimise the process.  

 

5.3.1 Synthesis of FAME in a CCCS 

Systematic studies on the synthesis of FAME using sunflower oil and methanol in a CCCS 

have been previously studied in detail [13]. A regression model has been developed to 

estimate the optimum conditions for the methanolysis of sunflower oil in the CCCS. At 

the optimum conditions (oil flow rate of 31 mL/min, rotational speed of 34 Hz, catalyst 

concentration of 1.2 wt% and a methanol flow rate of 10 mL/min), the estimated FAME 

yield is 94 mol % (1H NMR) with a productivity of 2470 kgFAME/m3reactor.h. In the current 

study, slightly modified conditions were used for the synthesis of FAME in a CCCS. The 

oil flow rate was set at 32 mL/min whereas the methanol flow rate was set at 10 

mL/min. The catalyst concentration was 1.2 wt% with a rotational speed of 35 Hz. At 

these conditions, a FAME yield of 94 mol% (1H NMR) was obtained with a productivity 

of 2530 kgFAME/m3reactor.h. A further increase in the oil flow rate resulted in the decrease 

of the FAME yield. Hence, an oil flow rate of 32 mL/min was selected as the base case 

for operation of the continuous bench scale unit (vide infra). With this input flow rate, 
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the output volumetric flow rate of crude FAME is between 35‐38 mL/min. As such, the 

flow rate of the crude FAME for the experimental studies in the washing and drying unit 

(discussed in the following sections) was set at 40 mL/min.  

5.3.2 Continuous washing of FAME in a stirred vessel and a bubble column 

The crude FAME produced in the CCCS has an ester content of 98 wt% (GC‐FID), a total 

glycerol content of approximately 1 wt%, an acid value of 0.07 mg KOH/g and a water 

content of 0.01 wt%. However, significant amounts of methanol (3.3 wt%) and sodium 

(34 mg/kg) were present. In this section, the application of a stirred vessel and a liquid‐

liquid separator as shown in Fig. 4 to wash the crude FAME will be discussed.  

 

 
Figure 4. Schematic representation of the continuous wash section of crude FAME 

consisting of a stirred vessel and a liquid‐liquid separator 

 

The crude FAME is initially mixed with water/organic acid in a stirred vessel before 

being separated in the liquid‐liquid separator. Operating conditions and particularly the 

water to FAME ratio (0.25:1 to 2:1, volume based) and type of organic acid (formic acid, 

citric acid, and acetic acid) were varied to determine the conditions for highest 

methanol and sodium removal. The flow rate of crude FAME into the stirred vessel was 

set constant at 40 mL/min. This flow rate is set constant because it is the anticipated 

flow rate of crude FAME coming from the CCCS as discussed in the previous section. The 

flow rate of water was varied from 10‐80 mL/min to obtain the desired water to FAME 

ratio. The residence time in the stirred vessel was about 4 min (based on total flow rate 

of 40 mL/min FAME and 40 mL/min water) and the mixture was stirred at 175 rpm. 

Subsequently, the FAME‐water mixture was fed at a volumetric flow rate of 50‐120 

mL/min (depending on the water to FAME ratio) into the bottom of the liquid‐liquid 
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separator. Initially, the column was filled with either RO water or slightly acidic water.  

After a certain time (depending on the flow rate), the washed FAME exited the column 

at the top. The liquid volume in the column was controlled by a valve in the bottom 

water exit of the unit.   

5.3.2.1 Effect of water to FAME ratio on amount of methanol removed 

The water to FAME ratio was varied from 0.25 to 1 (volume basis) while all other 

conditions were constant (FFAME: 40 mL/min, 175 rpm, 20 °C) and the results are shown 

in Fig. 5. After reaching steady state, methanol recovery levels were between 95 and 

99%. The amount of methanol removed at steady state is a function of the water to 

FAME ratio. At the lowest ratios, the percentage of methanol removed is lower than for 

the highest ratio. This agrees with the results obtained from the modelling of FAME 

washing with Aspen that will be discussed in a later section.  
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Figure 5. Methanol removal for FAME work-up in a stirred vessel/liquid-liquid 

separator versus runtime at different water to FAME ratios (constant FFAME of 40 

mL/min, 20 °C, 175 rpm) 

 

At all water to FAME ratios, except the lowest, the sodium content (2 mg/kg), acid value 

(0.11‐0.14 mg KOH/g) and water content (0.2‐0.21 wt%) in the outlet FAME stream 

were essentially similar. At the lowest ratio (0.25: 1 water: FAME ratio, volume based), 

the sodium content was much higher (10 mg/kg). Combined with the methanol removal 

data, a minimum water to FAME ratio of 0.5 is required for efficient removal of the 

methanol and sodium ions from the crude FAME.  
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5.3.2.2 Effect of organic acids 

The addition of an organic acid to the water phase was investigated, as the presence of 

acids is known to reduce the tendency for emulsion formation in agitated vessels, 

particularly at longer run times [14]. For this purpose, 1 wt% of an organic acid (formic 

acid, acetic acid or citric acid) was added to the water phase. The water to FAME ratio 

was set at 0.5 and the flow rate of FAME was 40 mL/min (175 rpm, 20 °C). 

Emulsion formation was not observed for the runs lasting at least 2 h. As expected, the 

wash of the crude FAME with slightly acidic water increased the acid value from 0.11 

mg KOH/g for water to 0.30 mg KOH/g (water with citric acid). Slightly lower acid values 

were found for the treatment with aqueous formic acid (0.21 mg KOH/g) and acetic acid 

(0.28 mg KOH/g). The water content of the refined FAME after the treatment was 

between 0.25 and 0.28 wt% for both acids, which is close to the value for water only. 

However, when citric acid was used, the water content increased from 0.25 to 0.56 wt%. 

This may be due to the higher solubility of citric acid in the FAME, rendering that the 

FAME more hydrophilic. Addition of organic acid did not have an effect on the removal 

of methanol from the crude FAME. Based on the availability and safety aspects [15], 

acetic acid was selected as the organic acid of choice for further use in the continuous 

integrated bench scale unit. 

In conclusions, the most suitable experimental conditions for the work‐up of crude 

FAME (40 ml/min) in a continuous setup consisting of a stirred vessel and a liquid‐

liquid separator are the use of a water/acetic acid (1 wt%) mixture at a flow rate of 20 

mL/min (residence time of 4 min in the stirred vessel and residence time of 9 min in the 

liquid‐liquid separator, based on total flow rate), a temperature of 20 °C and a stirring 

speed in the stirred vessel of 175 rpm.   

 

5.3.2.3 Modelling of the FAME wash section with Aspen  

The continuous work‐up of the crude FAME according to the set‐up given in Fig. 4 was 

modelled using ASPEN Plus. The model consists of a mixer M1, simulating the stirred 

vessel and a decanter C1 for the phase separation column (Fig. 6). Detailed 

specifications for the mixer (M1) and decanter (C1) are given in Table 1. The percentage 

of methanol removal versus the ratio of water to FAME (0.25‐2, volume based) was 

modelled and the result is shown in Fig. 7. 

Clearly, good agreement between model and the experimental data at steady state are 

obtained. Thus, we can conclude that the FAME wash experiments are performed in the 

equilibrium regime, as modelled by Aspen, and not in the kinetic regime. As such, the 

selected residence times and stirring speeds in the stirred vessel are sufficient to 

achieve good mass transfer rates and to reach physical equilibrium. The percentage of 
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methanol removal increased from 95 to 98 wt% as the water to FAME increased from 

0.2 to 1.  

 
Figure 6. Aspen PLUS model for the wash section of crude FAME consisting of a stirred 

vessel and a separator 
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Figure 7. Experimental data and Aspen model for the methanol removal from FAME at 

different water to FAME ratios (FFAME: 40 mL/min, 20 °C, 175 rpm) 

 

5.3.3 Continous drying of FAME with air in a bubble column 

The wet FAME from the wash unit was dried continuously with air (5 % RH at 20 °C) in 

a bubble column filled with Raschig rings as shown in Fig. 8. The wet FAME used in this 

study had a water content of 0.27 wt% and was fed at a flow rate of 40 mL/min. The 

effect of air flow rate (8‐12 L/min) and column temperature (20‐40 °C) were studied. 

The run time for the experiments was set at 60 min, and as such about 2400 mL of wet 
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FAME was used for each experiment. An overview of the ranges of process variables and 

the base case is provided in Table 3.  

 

 
Figure 8. Schematic representation of the continuous drying section of wet FAME in a 

bubble column 

 

Table 3 Base case and range of variables for the continuous drying of FAME in a bubble 

column 

Variable Base case Range 
FFAME (mL/min) a) 40 Constant 
FA (L/min) a) 8 8-12 
T (°C)  20 20-40 
a) FFAME: FAME flow rate, FA: Air flow rate  
 
 

5.3.3.1 Effect of air flow rate on column performance 
Figure 9 shows a typical profile of the water content in the outlet FAME versus the 

runtime for the drying column. The initial water content was 0.27 wt% and decreased 

with time before reaching a steady state after approximately 10 min. The air flow rate 

has a significant effect on column performance and the water content of the FAME in 

the outlet was reduced from 0.081 to 0.07 wt% as the air flow rate was increased from 

8 to 12 L/min. (Table 4, no Raschig rings).  

 

Table 4 Effect of air flow rate on the water content of the dried FAME and percentage of 

water removal a) 

FA (mL/min) FA/FFAME (vol. based) Water content (wt%) % Water removal  
8   x 103 200 0.084 69  
10 x 103 250 0.076 72  
12 x 103 300 0.070 74  

a) FFAME = 40 mL/min, 20 oC, no Raschig rings 
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Figure 9. Water content for outlet FAME versus runtime for a continuous experiment 

(FFAME: 40 mL/min, FA: 12 L/min, no Raschig rings) 

 

Slightly better performance was observed in the presence of Raschig rings. At an air flow 

rate of 12 L/min, which corresponds to an air to FAME ratio of 300, 78 wt% of the water 

was removed from the FAME which corresponds to a final water content of 0.06 wt%.     

 

5.3.3.2 Effect of temperature on the water content of the FAME 

The effect of column temperature was investigated by using pre‐heated air (95 °C) prior 

to entering the column. For this particular experiment, the FAME flow rate was set at 40 

mL/min whereas the airflow rate was 12 L/min. At these conditions, the temperature 

in the bottom the drying column was 40 °C. At 40 °C, the estimated RH of the air feed 

was approximately 2 % [16]. The measured water content of the dried FAME was 0.04 

wt%, which implies 85 wt% water removal. This value is considerably lower than for an 

experiment at room temperature (0.06 wt%).  The actual behaviour of FAME in relation 

to air drying can be determined based on the sorption isotherm of FAME. The sorption 

isotherm provides the equilibrium of water content in FAME and air (as function of 

temperature and RH). Nevertheless, the equlibirum water content of FAME and air has 

not yet been determined in this study.  

 

5.3.3.3 Modelling with Aspen 

The experimental results for the drying section at room temperature (no Raschig rings) 

were modelled using Aspen Plus (Fig. 10). The model consists of an absorption column 

C2 (“RadFrac” with no reboiler or condenser), see Table 1 for detailed specifications.  
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Figure 10. Aspen PLUS model for the drying of FAME with air (5% RH) in a  bubble 

column 

 

The percentage of water removal as a function of the air flow rate for the experiments 

and the Aspen model is given in Fig. 11. Good agreement between the experimental data 

and the model was observed. The percentage of water removal increases from 55 to 74 

wt% as the air flow rate increased from 5 to 12 L/min. At 12 L/min, the water content 

of the dry FAME is approximately 0.07 wt%. 
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Figure 11. Comparison between experimental data and Aspen model for drying of FAME 

at different air flow rates (FFAME: 40 mL/min, 20 °C, no Raschig rings) 
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5.3.4 Continuous synthesis and refining of FAME in a dedicated bench scale unit 

Continuous synthesis and refining of FAME was performed in a dedicated bench scale 

unit (Fig. 2). The unit consist of three major units i) a reactor (a CCCS), ii) a FAME wash 

section consisting of a mixer and liquid‐liquid separator and iii) a drying unit. The 

methanolysis reaction of sunflower oil was undertaken in the CCCS using sodium 

methoxide as a catalyst. After reaction/separation in the CCCS, the crude FAME stream 

was washed with acidic water to remove the excess of methanol and catalyst. The 

FAME/water dispersion was separated in a column and subsequently the FAME was 

dried in a bubble column using air. The inlet sunflower oil flow rate was set at 32 

mL/min with an excess of methanol (7.5:1 molar excess to oil and 1.2 wt% of catalyst 

regarding to the oil). The temperature of the CCCS was maintained at 60 °C and a 

rotational speed of 35 Hz was applied (counter‐clockwise). A 0.5:1 ratio of water to 

FAME (volume based) was applied for the washing experiments at room temperature 

(20 °C). The water/FAME mixture was mixed in a stirred vessel at 175 rpm before being 

separated in the column. An air flow rate of 12 L/min (atmospheric pressure, 20 °C) was 

used for the drying unit and the temperature at the bottom of the column was 40 °C. 

The continuous setup was operated for 4 h without any operational issues. Samples 

were taken at three points for analyses of relevant FAME properties (see Fig. 2). The 

FAME yield versus run time at the outlet of the CCCS is shown in Fig. 12, revealing that 

stable operation was obtained in the CCCS. The relevant properties of crude FAME, 

washed FAME and dried FAME when the set‐up was operated at steady state are shown 

in Table 5.  

0 30 60 90 120 200 220 240
0

10

70

80

90

100

 

 

Y
ie

ld
 (

m
o

l%
)

Time , t(min)
 

Figure 12.  FAME yield (mol%) at the outlet of the CCCS (oil flow rate of 32 mL/min, 

methanol flow rate of 10 mL/min, 1.2 wt% of catalyst concentration, 60 °C, 35 Hz) 
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Table 5 Properties of crude and refined FAME obtained in a continuous setup 

  Bench scale unita) Cascade of CCCS devicesb) 

Foc) (mL/min) 32 32 
FMc) (mL/min) 10 8 
FWc) (mL/min) 20 20 
FAc) (L/min) 12  
FAME yield (mol%)d) 94 93 
Volumetric production rate  
(kgFAME/m3reactor.h) 

2530 2500 

Methanol content (wt%)   
   Crude FAME 3.3 2.8 
   Washed FAME 0.12 1.3 
  Dried FAME 0.11 - 
Water content (wt%)   
   Crude FAME 0.01 0.03 
   Washed FAME 0.27 0.22 
   Dried FAME 0.04 - 
Acid value (mg KOH/g)   
  Washed FAME 0.28 0.32 
   Dried FAME 0.3 - 

a) this study b) Abduh et al. [13] c) FO: Oil flow rate, FM: Methanol flow rate, FW: Water flow rate, FA: 
Dry air flow rate d)as measured by 1H NMR 

 

After reaction/separation in the CCCS, a FAME yield of 94 mol% (1H NMR) was obtained 

giving to a FAME productivity of 2530 kgFAME/(m3reactor.h). The crude FAME was washed 

with water (containing 1 wt% acetic acid), resulting in a reduction of the methanol 

content from 3.3 to 0.12 wt%. The water content of the FAME increased from 0.01 to 

0.27 wt% during the wash step. Further drying of the wet FAME with (5 % RH at 20 °C) 

gave a FAME with a water level of 0.04 wt%.  

Table 5 also shows a comparison between the results obtained in this study with those 

for the synthesis and refining of sunflower biodiesel in a cascade of two CCCS devices 

[13]. The FAME yield (93‐94 mol%) and volumetric production rate of the produced 

FAME (2500‐2530 kgFAME/m3reactor.h) were essentially similar, as well as the water 

content and acid value of the washed FAME (water content: 0.22 versus 0.27 wt% and 

acid content: 0.28 versus 0.32 mg KOH/g respectively). However, the methanol content 

of the washed FAME reported in this study (0.12 wt%) is an order of magnitude lower 

than for a cascade of two CCCS devices (1.3 wt%). This is likely due to longer residence 

times in the washing section of the bench scale unit described in this work. Relevant 

properties of the refined FAME after drying with air are shown in Table 6. When 

possible, the properties were compared to the biodiesel standards ASTM D 6751 and 

EN 14214. All properties, except the viscosity, are well within the specification. 
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Table 6 Property of refined FAME in comparison with the ASTM D 6751 and EN 14214 

standards 

Property Unit Value ASTM D-6751      EN 14214 
Ester content wt% 98 - 96.5 min 
Density at 15 °C kg/m3 888  - 860 – 900  

Viscosity at 40 °C mm2/s 6.2   1.9 – 6.0  3.50 – 5.00   

Flash point °C 174 °C 93 min 101 min  
Cloud Point °C 1.0 °C - - 
Pour Point °C -3.0 °C - - 
Water content wt% 0.04 0.06 max 500 max 
Acid value mg KOH/g 0.3  0.5 max 0.5 max 
Methanol content wt% <0.11 0.2 max 0.20 max 
Monoglyceride content wt% 0.24 - 0.80 max 
Diglyceride content wt% 0.04 - 0.20 max 
Triglyceride content wt% 0.10 - 0.20 max 
Na content mg/kg  4 5 max 5 max 
P content  mg/kg 1 10 max 10 max 

 

5.3.4.1 Modelling of the refining section of the continuous bench scale unit with Aspen 

An Aspen Plus model was developed for the continuous wash and drying section of the 

process (see Fig. 13) and the results are shown in Table 7. The simulations were 

performed using water containing 1 wt% acetic acid in the washing section and air with 

a 5 % RH (20 °C) for the drying section. Agreement between the model and 

experimental data for the water content of the dried FAME is very good (0.04 wt%). 

Other modelled properties such as the ester content, density and acid values also 

resemble the experimental data reasonably well. However, the model predicts a 

residual amount of methanol in the refined FAME (0.02 wt%), which is a factor of 5 

lower than the experimental one (0.11 wt%, Table 7). A possible explanation is the use 

of a single model component to simulate the FAME properties or inaccurate 

thermodynamic properties of the individual components in the simulation. 

Nevertheless, it seems that the model can be used for further process design.  

 

Table 7 Comparison between model and experimental values of relevant properties of 

refined FAME 

Variable Simulated value Actual value 

Methanol content (wt%) 0.02 0.11 
Water content (wt%) 0.04  0.04 
Ester content (wt%) 99  98  
Density at 15 °C (kg/m3) 872  888  
Acid value (mg KOH/g) 0.5  0.3  

a) washing: FFAME = 40 mL/min, FWater = 20 mL/min, 40 °C, 1 wt% acetic acid, drying: FA = 12 L/min, 
40 °C 
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5.3.5 Process optimisation using Aspen 

The Aspen Plus model (Fig. 13) for the refining section of crude FAME was extended 

with a methanol and water recovery section with the objective to minimise methanol 

and water consumption in the FAME process. For this purpose, the model is extended 

with a work-up section for the water stream exiting the wash section. This stream 

contains significant amounts of methanol that have potential for recycle to reduce the 

variable methanol costs in the process. For this purpose, two distillation columns are 

added (D1 and D2). This results in a methanol stream suitable for recycle in the reactor 

section and a water stream (with acetic acid) that may be reused in the refining section.  

 

 

Figure 13. Aspen PLUS model for the refining of FAME with recycle water  

 

The results of the simulation are given in Table 8 for a crude FAME input of 100 kg/h. 

The water recycle reduces the intake of process water (WATER-IN) from 50 to 2.7 kg/h 

as shown in Table 8.  The amount of acetic acid may also be reduced from 0.5 to 0.07 

kg/h. The pure methanol stream (PUREMETH) contains 99% of methanol and may be 

recycled for the synthesis of FAME, saving approximately 18% of fresh methanol 

needed for the trans-esterification of the sunflower oil. In this study, the R2-water 

stream is combined with the R1-water stream before used as an input for the washing 

of FAME. Nevertheless, the R2-water can be recycled back to the first distillation 

columns (D1) to further purify the water befored used as an input for the washing of 

FAME.   
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Table 8 Compositions of main methyl oleate, methanol, water and acetic acid in the 

streams modelled by An Aspen PLUS model for the refining of FAME with recycle water 

Component Mass Flow (kg/h) 
Crude  
FAME 

Water  
in 

Air  Dry  
FAME 

Pure  
Methanol 

Purge  
Water 

R5-Water 

Methyl Oleate 95.7 0 0 98.9 ~0 ~0 ~0 
Methanol 3.3 0 0 0.02 3.2 0.003 0.01 
Water 0.01 2.74 0.78 0.04 0.003 2.49 57.9 
Air 0  259 0.08 0 0 0 
Acetic acid ~0 0.07  0.04 ~0 0.02 0.02 
a) assuming 100 kg/h of crude FAME as the basis 

 

5.4 Conclusions and outlook 

Continuous production and refining of FAME in a dedicated bench scale unit has been 

studied experimentally. The setup was operated for 4 h without any operational issues. 

A total of 7 kg of refined FAME was produced with relevant properties well within the 

specifications. The refining part of the bench scale unit was modelled using Aspen, and 

agreement between experimental data and the Aspen model was very satisfactory. The 

model can be used for process optimisation and scale up purposes. The use of a CCCS 

device for reaction/separation instead of a conventional stirred vessel/phase separator 

has several advantages compared to conventional FAME technology. The CCCS devices 

are compact, robust and flexible in operation. In addition, the devices allow continuous 

operation even at small scale and are commercially available in various sizes and 

throughputs. The proposed integrated process for the continuous production and 

refining of FAME is particularly suitable for mobile biodiesel units.  

 

5.5 Nomenclature  

τCCCS Residence time of the liquids in the reactor 

τwash Residence time of FAME-water mixture in the wash column 

τdry, L Residence time of FAME in the drying column 

τdry, G Residence time of air in the drying column 

FAME Fatty acid methyl esters 

FA  Air flow rate [mL/min] 

FO  Oil flow rate [mL/min] 

FM  Methanol flow rate [mL/min] 

FW  Water flow rate [mL/min] 

FW/FAME` Water to FAME flow ratio [-] 

VFAME Volume of FAME [mL]  
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Abstract 

The synthesis of fatty acid ethyl esters (FAEE) from Jatropha curcas L. oil was studied 

in a batch reactor and a continuous centrifugal contractor separator (CCCS) using 

sodium ethoxide as the catalyst. The effect of relevant process variables like rotational 

speed, temperature, catalyst concentration and molar ratio of ethanol to oil was 

investigated. Maximum yield of  FAEE was 98 mol% for both the batch (70 °C, 600 rpm,  

0.8 wt% of sodium ethoxide) and CCCS reactor configuration (60 °C, 2100 rpm,  1 wt% 

of sodium ethoxide, oil feed 28 mL/min). The volumetric production rate of FAEE in the 

CCCS at optimum conditions was 112 kgFAEE/m3liquid.min.  

 

Keywords  

Continuous centrifugal contactor separator, Jatropha curcas L., ethanol, FAEE.  
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6.1 Introduction 

Biodiesel is a very attractive biofuel that is produced from various virgin plant oils as 

well as waste cooking oils [1-4]. In 2009, the Europen Union (EU) passed the Renewable 

Energy Directive (RED) which effectively established that renewable energy should 

account for 10% of final energy consumed in transportation sector by 2020 [5]. This 

has stimulated the production of biofuels in Europe and for instance the current 

biodiesel production is estimated at 9.57 million ton/y (2010), 5.5% higher than 2009 

[6].  

Conventional biodiesel production involves trans-esterification of a plant oil with 

methanol in combination with a suitable catalyst [7-12]. Various studies have been 

conducted to gain insights in the process parameters affecting the trans-esterification 

reaction [13-18]. New reactor and process configurations have been developed recently 

such as the Continuous Centrifugal Contactor Separator (CCCS), a device that integrates 

reaction and separation of liquid-liquid systems in a single device [19-28].  

 

The CCCS (Fig. 1) basically consists of a hollow rotating centrifuge in a static reactor 

house. The immiscible liquids enter the device in the annular zone between the static 

housing and the rotating centrifuge, where they are intensely mixed. The formed 

dispersion is then transferred into the hollow centrifuge, through a hole in the bottom. 

Here the phases are separated by centrifugal forces up to 900 g, allowing excellent 

separation of the fluids [26–29]. We have previously demonstrated the potential of the 

CCCS (type CINC V02) to produce fatty acid methyl esters (FAME) from sunflower oil 

and methanol with a reproducible yield of 96 mol% [29].   

In this study, the application of Jatropha curcas L. (jatropha) oil for biodiesel synthesis 

with ethanol as the alcohol source is explored. Jatropha oil has received high interest in 

the last decade, as the oil is non-edible and has potential for a high oil productivity per 

ha per y [30-35]. Ethanol was selected instead of conventional methanol as it has better 

solvent properties and lower toxicity [36] and the ethyl esters are reported to have a 

higher heat content (40-42 MJ/kg) and cetane number than the corresponding methyl 

esters [37]. Furthermore, ethanol is readily accessible from renewable resources like 

sugarcane and allows for the synthesis of a 100% renewable biofuel [38-39].  

Various plant oils have been tested for the trans-esterification with ethanol and an 

overview is given in Table 1. Most of the studies were carried out in batch set-ups at 

laboratory scale using potassium hydroxide and sodium methoxide catalysts. For 

Jatropha oil, four exploratory studies have been reported with KOH, NaOH and NaOMe 

as the catalysts yielding the ethyl esters in 88-99+ mol% yield. Best results were 

obtained at 30 °C, giving > 99.5% yield, though reaction times were long and exceeded 

2 h.  Higher temperatures (70-75 °C) lead to shorter reaction times (30 min) though the 
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yields were considerably lower. However, systematic studies on Jatropha oil synthesis 

with ethanol are lacking. We here report systematic studies on the ethanolysis of 

jatropha oil in a batch and a continuous CCCS device. The effects of process variables on 

FAEE yield were investigated for both reactors to optimise the biodiesel yield.  

 

 

Figure 1. Schematic cross sectional view of the CCCS (courtesy of Auxill, the 

Netherlands) 
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Table 1 Overview of trans-esterification reactions of plant oils with ethanol 

Oil source Catalyst Conditions Yield Ref,  

Cyanara cardunculus 
 oil (12:1 molar ratio 
ethanol:oil) 

1 wt% NaOH Agitated batch,  
75 °C 

95% after  
10 min 

[36] 

Triolein   
(6:1 molar ratio 
ethanol:oil) 

1 wt% KOH Agitated batch,  
25 °C,  1800 rpm 

70% after  
5 min 

[40] 

Rapeseed oil  
 (5.9:1 molar ratio 
ethanol:oil) 

2 mol%  
KOH 

Agitated batch,  
60 °C, 500 rpm 

94% after  
120 min 

[41] 

Palm kernel oil  
(2:10 volume ratio  
ethanol:oil) 

1 wt% KOH Agitated batch,  
60 °C, 

96% after 
 120 min 

[42] 

Sunflower oil  
(7.3:1 molar ratio 
ethanol:oil) 

2 wt% KOH 
Agitated batch,  
80 °C and 600 rpm  

88% after  
60 min 

[43] 

Castor oil  
(16:1 molar ratio 
ethanol:oil) 

1 wt%  
NaOCH2CH3 

Agitated batch,  
30 °C, 400 rpm 

99% after  
30 min 

[44] 

Jatropha oil 
 (excess ethanol) 

KOH, distilled  
water, H2SO4 

Refluxed, 70 °C 93% after  
60 min 

[45] 

Jatropha oil  
(6:1 molar ratio 
ethanol:oil) 

3 wt% KOH Agitated batch,  
75 °C 

83% after  
90 min 

[46] 

Jatropha oil 2.0 wt%  
CH3ONa 

Agitated batch,  
30 °C, 600 rpm 

99% after 
 120 min 

[47] 

Jatropha oil 
 (7.5 vol/wt of  
ethanol:oil 

0.7 wt%  
NaOH 

Agitated batch,  
30 °C, 300 rpm 

99% after  
150 min 

[48] 

 

6.2 Materials and methods 

6.2.1 Materials 

The Jatropha curcas L. oil was obtained by pressing seeds (Cape Verde origin) with a 

mechanical screw press (DansihBT50). Ethanol (absolute, pro analysis) was obtained 

from Emsure. Sodium ethoxide solution (21 wt%) in ethanol and CDCl3 (99.8 atom % D) 

were obtained from Sigma-Aldrich. 

6.2.2 Synthesis of FAEE in a batch reactor 

The synthesis of FAEE was performed in a 250 mL glass batch reactor. The reactor was 

equipped with a double wall heating/cooling jacket connected to a thermostated water 

bath. Stirring was performed with a six-blade Rushton turbine with an impeller of 1.4 

cm diameter, placed 0.5 cm from the bottom. The temperature and rotational speed 

were varied between 30–70 °C and 400–800 rpm. A sampling port was provided for 

sample collection during the reaction. Baffles were inserted to enhance mixing. 
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Sampling was performed at fixed intervals. The samples were quenched with 0.1 M HCl 

in water and analysed with 1H NMR (vide infra). 

6.2.3 Synthesis of FAEE in a CCCS 

The synthesis of FAEE was performed in a CCCS type CINC V02 equipped with a 

heating/cooling jacket and a high-mix bottom plate. The annular zone was extended to 

45 mL. A weir size of 22.2 mm (0.875”) was used for all experiments. The Jatropha oil 

and ethanol solution containing the appropriate amount of the sodium ethoxide catalyst 

were preheated to 70 °C, while the jacket temperature was maintained at 60 °C. The 

rotor (30-45 Hz) and the oil feed pump (12-36 mL/min) were started. As soon as the 

oil started to exit the heavy phase outlet, the reaction was started by feeding the sodium 

ethoxide in ethanol solution (0.75-1.5 wt% NaOEt with regards to the oil) at a flow rate 

of 4.4–40.5 mL/min. During a run, samples were taken from the crude FAEE exit flow 

and the samples were analysed using 1H NMR (vide infra). 

6.2.4 Analytical methods 

The FAEE yield was determined using 1H-NMR. A 0.5 mL sample of the crude FAEE 

phase was directly quenched by adding 0.5 mL of a 0.1 M HCl solution in water to 

neutralize the remaining sodium ethoxide. The dispersion was centrifuged for 10 min. 

A few drops were taken from the top layer and dissolved in CDCl3. The samples were 

then analysed using a 200 MHz Varian NMR. The FAEE yield was determined by 

comparing the intensity of the characteristic quartet signal of the CH2 group of the ester 

end group (δ 4.1 ppm) with respect to the signal of the methyl end group of the fatty 

acids (δ 0.9 ppm). However, one of the resonances of the hydrogen atoms of the CH2 

group of glycerol attached to the remaining triglycerides (δ 4.1 and 4.3 ppm) overlaps 

with the ester end-group and a correction was made to compensate for this effect [49]. 

The fatty acid composition of the oil was analysed by gas chromatography-mass 

spectrometry (GC-MS) using a Hewlett-Packard 5890 series II Plus device in 

combination with a with HP chemstation G1701BA using the B0100/NIST library 

software. A fused-silica column (HP-5 column: 30 m length x 0.25 mm internal diameter 

and 0.25 μm film thickness) was used. Helium was used as the gas carrier at a flow rate 

of 1 mL/min. The oven temperature was initially set at 40 °C for 4 min. Next, the 

temperature was increased to 180 °C at a rate of 15 °C/min. The temperature was then 

increased at 5°C/min to 280°C and held for 10 min at this temperature. A split ratio of 

1:100 was used, the injector and detector temperature were set at 280 °C.  

The water content in the samples was measured by Karl Fischer titration using a 702SM 

Titrino titrator. One ml of sample was weighed and injected into the reaction vessel. 

The amount of water present in the sample was calculated based on the amount of KF 

reagent (Hydranal Solvent) consumed in the titration.   
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The acid value of the samples was measured by an acid-base titration using 

phenolphthalein as the indicator. The sample (3 g) was dissolved in 20 mL of an 

ethanol/ether solvent mixture (1:1). A few drops of phenolphthalein were added and 

the solution was titrated with KOH (0.1 N) in ethanol until a faint colour persisted. The 

acid value is the mass of KOH (in miligrams) required to neutralize 1 g of sample. The 

normality of the KOH solution was determined by a titration with an oxalic acid solution 

(0.2 N). 

The phosphorus and sodium content of the Jatropha oil and biodiesel products was 

performed at ASG Analytik-Service GmbH, Neusass, Germany according to the method 

described in EN 14107 and EN 14108, respectively.  

The flash point of the samples was measured according to the methods described in 

ASTM D 6450 using a MINIFLASH FLP/H/L. 

Cloud- (CP) and pour point (PP) were measured using a Tanaka Scientific Limited Type 

MPC-102 L. The CP and PP of the samples were measured according to methods 

described in ASTM D 6749 and ASTM D 2500. 

 

6.3 Results and discussion 

6.3.1 Experiments in a batch reactor 

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 insights in typical reaction rates for FAEE synthesis. The experiments were 

carried out with an oil obtained from the seeds from Cape Verde. The fatty acid content 

was determined (GC) and shown to consist mainly of palmitic acid (13%), linoleic acid 

(35.5%), oleic acid (45.7%) and stearic acid (5.8%). The measured fatty acid content is 

within the range reported in the literature viz.; 12-15% for palmitic acid, 35-54% for 

linoleic acid, 14-46% for oleic acid and 5-19% for stearic acid [32, 35]. The acid value 

was 1.6 mg KOH/g oil, corresponding with a free fatty acid (FFA) content of 0.8%. The 

phosphorus and water content of the oil were 17.7 mg/kg and 404 mg/kg respectively. 

All values are well below the standards for plant oils, and therefore the oil was not 

purified prior to a trans-esterification reaction.t 

Operating conditions and particularly the molar ratio of ethanol to oil (6:1 to 24:1), 

catalyst concentration (0.6 to 1.2 wt% on oil), temperature (30-70 °C) and rotational 

speed (400-800 rpm) were varied systematically to determine optimum conditions for 

highest FAEE yield. The results of the optimisation studies are illustrated in Fig. 2-Fig. 

4.  

The ethanol to oil molar ratio within the experimental range (6:1 to 24:1) did not have 

a significant effect on the FAEE yield (figure not shown), and a maximum FAEE yield of 
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98 mol% was obtained after about 5 min, irrespective of the ratio. Apparently, a 6 to 1 

excess ethanol to oil molar ratio is sufficient to drive the trans-esterification reaction to 

a yield > 96 mol% [15]. It is also of particular interest to observe that the reaction is 

very fast, and essentially complete within 5 min, which is much faster than the literature 

data reported in Table 1.  

The effect of catalyst concentration on the FAEE yield versus the reaction time is given 

in Fig. 2. A minimum catalyst concentration of 0.8 wt% is required to achieve a FAEE 

yield of 98 mol% after 5 min. A higher catalyst concentration did not lead to higher 

yields. As such, a catalyst intake of 0.8 wt% seems preferred, both from an economic 

point of view, as well as to prevent the formation of soap at higher catalyst loadings. 

Soap formation by saponification is undesirable as it partially consumes the catalyst 

and complicates subsequent separation and purification steps [9].    

Figure 3 shows the effect of rotational speed on the FAEE yield versus time. Though 

some scatter in the data is present, the reaction rate at 400 rpm is lower than at 600 

and 800 rpm. A possible explanation is the occurrence of mass transfer limitations. It is 

well known for trans-esterifications of plant oils with methanol that the reaction 

mixture is a liquid-liquid system at low conversions, consisting of a methanol rich and 

plant oil rich phase [53-55]. In this situation, mass transfer of reactants may have an 

effect on the overall reaction rate and this apparently is also the case for ethanol.   
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Figure 2. Effect of catalyst concentration (6:1 molar ratio of ethanol to oil, 70 °C, 600 

rpm) for Jatropha oil ethanolysis in batch 
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Figure 3. Effect of rotational speed (6:1 molar ratio of ethanol to oil, 0.8 wt% of catalyst 

concentration, 70 °C) for Jatropha oil ethanolysis in batch 

 

The effect of reaction temperature on the FAEE yield is presented in Fig. 4. Higher 

reaction temperatures enhance the rate of the esterification reaction as well as the 

FAEE yield.  
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Figure 4. Effect of temperature (6:1 molar ratio of ethanol to oil, 0.8 wt% of catalyst 

concentration, 600 rpm) for Jatropha oil ethanolysis in batch 
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Temperature effects are reported to be pronounced for the rates of trans-esterification 

reactions [7, 53-55]. Of interest is also the temperature dependence of the maximum 

FAEE yields. The yield was highest at 70 °C (98 mol%), and reduced to 93 and 91 mol% 

for the reactions at 50 and 30 °C, respectively. These data suggest that the equilibrium 

position of the trans-esterification reaction shifts to the right at higher temperatures, 

implying that the trans-esterification reaction is slightly endothermic. Similar 

temperature dependencies of the equilibrium position were observed by Narvaez et al. 

[53] for palm oil methanolysis. Here, the maximum (equilibrium) conversion increased 

from 90.6 at 50 °C to 94.3 mol% at 60 °C. 

 

Noureddini and Zhu [54] reported that the maximum conversion for the trans-

esterification of soybean oil at 70 °C (90 mol%) is considerably higher than at 50 °C (80 

mol%). In addition, Vicente et al. [7] reported that the maximum conversion at 65 °C 

(99 mol%) is higher than at 25 °C (94 mol%) for sunflower oil methanolysis. Thus, on 

the basis of this batch study, we can conclude that the synthesis of FAEE is a fast 

reaction and at optimum conditions (6:1 molar ratio of ethanol to oil, 0.8 wt% of catalyst 

concentration, 600 rpm and 70 °C) a reproducible FAEE yield of 98 mol% was achieved 

after approximately 5 min reaction time. Our reaction rates are much faster than 

reported for Jatropha oil ethanolysis in the literature [45-48], for which more than 60 

min were required to achieve a maximum yield of 93 wt% (Table 1). A possible 

explanation for these differences is a higher FFA and/or water level in the Jatropha oil 

feeds used in these studies, leading to a loss in catalytic activity. For instance, the 

Jatropha oil used by Shah et al. [45] was obtained by mechanical pressing and was used 

as such without any pretreatment. Another explanation for the observed lower 

reactivity are the low temperature (30 °C) and low stirring speed (300 rpm) at which 

the experiments were performed [48]. 

6.3.2 Synthesis of FAEE from jatropha oil in a CCCS 

The production of FAEE was performed with sodium ethoxide as the catalyst in a CCCS 

type CINC V02 using the same Jatropha oil feed as in the batch studies. The effect of the 

flow rate of the oil (12-36 mL/min), ethanol (4.4–13.2 mL/min), catalyst concentration 

(0.75-1.5 wt% with regard to the oil) and rotational speed (1800-2700 rpm) on the 

FAEE yield were assessed. The operating temperature was set at 60 °C for all 

experiments. Experiments at 70 °C, the optimum temperature determined for batch 

experiments (vide supra), were also performed but this lead to reduced separation 

performance, likely due to ethanol evaporation in the hotter parts of the device. The 

ethanol flow rate (containing the sodium ethoxide catalyst) was coupled to the oil flow 

rate to ensure the desired ethanol to oil molar ratio. An overview of ranges of 

operational variables and a base case is given in Table 2.   
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Table 2 Base case and ranges of variables for the ethanolysis of Jatropha oil in the CCCS 

Parameter Base case Range 
Molar ratio of ethanol: oil 6:1 6:1-24:1 
Catalyst concentration (wt%, based on oil) 1.0 0.75-1.5 
Oil flow rate (mL/min) 12 12-36 
Ethanol flow rate (mL/min) 4.4 4.4-40.5 
N (rpm) 2100 1800-2700 
T (°C) 60 n/a 

 

A typical profile of the FAEE yield versus time is given in Fig. 5 (refer to Table 2 for the 

operating conditions). After about 30 min, steady state was achieved with, in this 

particular experiment, an FAEE yield of 98 mol%. Typically, steady state is achieved 

within 4-5 residence times for continuous reactors [51]. When considering a total flow 

rate of about 30 mL/min and a geometric volume of the CCCS of about 220 mL, the 

residence time in case of a high liquid hold-up is in the order of 7 min. Thus, the 

observed time to reach steady state is well within the values predicted by theory. The 

reported FAEE yield for each experiment is the average yield after the system reached 

steady state. The results of the optimisation of each parameter with respect to the FAEE 

yield are illustrated in Fig. 6-Fig. 9 and will be discussed in the following sections. 
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Figure 5. FAEE yield (mol%) versus time in the CCCS (6:1 molar ratio of ethanol to oil, 

1 wt% of catalyst concentration, 60 °C, 2100 rpm) 

 

6.3.2.1 Effect of catalyst concentration 

The catalyst concentration was varied from 0.75 to 1.5 wt% with respect to the oil 

phase, while other parameters were kept constant at base case conditions (Table 2). As 

shown in Fig. 6, an optimum FAEE yield of 94 mol% was obtained for a catalyst 

concentration of 1.0 wt%. This result resembles the results of a previous study on 
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sunflower oil methanolysis in a CCCS [29], where lower yields at higher catalyst intakes 

were related to saponification.  
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Figure 6. FAEE yield (mol%) versus time in the CCCS as a function of the catalyst 

concentration (6:1 molar ratio of ethanol to oil, Foil: 12 mL/min, Fethanol: 4.4 mL/min, 60 

°C, 2100 rpm)  

 

6.3.2.2 Effect of rotational speed  

The effect of rotational speed on FAEE yield was assessed in the range 1800 to 2700 

rpm while keeping the other parameters constant at base case values (Table 2) and the 

result are given in Fig. 7. Clearly, the yield is a function of the rotational speed and 

actually an optimum value at about 2100 rpm was observed. Similar effects were 

recently demonstrated for sunflower oil methanolysis in a CCCS, with a maximum yield 

in the range of 1800–2400 rpm. [29].  

It is well possible that at lower rotational speeds (< 2100 rpm), mass transfer effects 

play a role and reduce the overall reaction rate. However, when mass transfer limitation 

is negligible, as expected at higher stirring rates, a constant FAEE yield is expected, 

corresponding with the intrinsic reaction rate [29, 51]. This is clearly not the case here 

and actually the yield decreases at rotational speeds beyond 2100 rpm. A possible 

explanation may be related to variations in hold-ups of both liquids in the CCCS at 

different rotor speeds, leading to changes in the residence times of the liquids in the 

device. When the liquid hold ups are lowered, the residence times will reduce and as a 

consequence, the yields are expected to drop. Hydrodynamic investigations are in 

progress to determine the liquid hold-ups as a function of the rotational speeds and will 

be reported in due course. 
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Figure 7. FAEE yield (mol%) versus time in the CCCS as a function of rotational speed 

(6:1 molar ratio of ethanol to oil, 1 wt% of catalyst concentration, Foil: 12 mL/min, 

Fethanol: 4.4 mL/min, 60 °C)  

 

6.3.2.3 Effect of oil flow rate 

The oil flow rate was varied in the range of 12–36 mL/min while the other parameters 

were kept constant at base case conditions (Table 2). The ethanol flow rate was coupled 

to the oil flow rate to ensure a fixed 6-fold molar excess of ethanol over jatropha oil [15].  

Figure 8 shows the effect of oil flow rates at different rotational speeds with regards to 

the FAEE yield. An optimum yield of 98 mol% was achieved at a rotational speed of 

2100 rpm and an oil flow rate of 28 mL/min. This optimised oil flow rate is considerably 

higher than our previous results on sunflower oil methanolysis (16 mL/min) in a 

similar CCCS. As a result, the liquid throughput may be considerably increased, leading 

to a significantly larger volumetric productivity of 112 kgFAEE/m3liquid.min (2270 

kgFAEE/m3 reactor.h) as compared to 67 kgFAME/m3liquid.min (2050 kgFAME/m3 reactor.h) in the 

case of continuous synthesis of sunflower oil methanolysis in the CCCS. 

 

To the best of our knowledge systematic studies in the literature to compare the 

reactivity of methanolysis versus ethanolysis for plant oils in general and jatropha oil 

in particular have not been reported. In fact, the scattered results are conflicting [36, 

37, 56], and some authors have reported that ethanol is less reactive than methanol. 

These conflicting results are likely due to the fact that the reaction is a reactive liquid-

liquid system, for which the overall kinetics are not only determined by intrinsic 

kinetics of the reaction but also by mass transport of reactive components between the 
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L-L interface. Regarding mass transfer limitations, these are expected to be less of 

importance than ethanol as the solubility of the plant oil in ethanol is better than in 

methanol [36]. 
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Figure 8. FAEE yield (mol%) versus time in the CCCS as a function of flow rate and 

rotational speed (6:1 molar ratio of ethanol to oil, 1 wt% of catalyst concentration, Foil: 

12-36 mL/min, Fethanol: 4.4-13.3 mL/min, 60 °C) 

 

6.3.2.4 Effect of the ethanol to oil molar ratio 

The effect of the ethanol to oil molar ratio was studied in the range of 6:1 to 24:1 while 

other parameters were kept constant. The oil flow rate was set at 28 mL/min and the 

ethanol flow rate was set accordingly to achieve the desired ethanol to oil molar ratio. 

Other parameters were as given in Table 2. When increasing the ethanol to oil molar 

ratio from 6:1 to 18:1 the time to reach steady state was considerably reduced, an 

implication for a considerably higher reaction rate (Fig. 9). However, a further increase 

to 24:1 ratio did not lead to further rate enhancements. Eventually, after reaching the 

steady state, the FAEE yield for all ethanol to oil molar ratios was approximately similar 

and reached 98 mol%.   
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Figure 9. FAEE yield (mol%) versus time in the CCCS as a function of molar ratio ethanol 

to oil (1 wt% of catalyst concentration Foil: 28 mL/min, Fethanol: 10.3-40.5 mL/min, 60 

°C, 2100 rpm)  

6.3.3 Volumetric production rates of FAEE in batch and the CCCS 

The volumetric production rate of FAEE in the CCCS at optimised setting (see Table 3) 

was estimated to be 112 kgFAEE/m3 liquid.min. This is slightly lower than the estimated 

productivity for a batch process (176 kgFAEE/m3 liquid.min). It implies that further 

improvements of jatroha oil ethanolysis in the CCCS device are possible by further 

process optimisation and modelling studies. Further process optimisation should also 

consider the separation of water from ethanol for the refining purpose.  

Nevertheless, the unique advantage of a CCCS is that it eliminates the need for a settling 

tank after reaction to separate the glycerol layer from the FAEE, which may take up to 

2 h to obtain complete phase separation [52]. Furthermore, the CCCS also offers all the 

benefits of continuous processes (product consistency, higher time on stream), making 

a CCCS an attractive device for the synthesis of biodiesel.  

The estimated productivity of 112 kgFAEE/m3liquid.min corresponds to an annual 

production volume of about 10.1 ton/y. When using a commercially available CCCS type 

CINC V20 with a maximum flow throughput of 757 L/min, the production volume for 

this larger CCCS device may be as high as 4.04 kton/y. In this calculation, it is assumed 

that i) the volumetric production rate in the CINC V20 is equal to that in the smaller 

CCCS and ii) the volumetric ratio for both devices is about 400 [29].  
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Table 3 Optimum conditions for the ethanolysis of Jatropha oil in a CCCS and a batch 

reactor 

Parameter CCCS Batch reactor 

Molar ratio of ethanol: oil 6:1 6:1 

Catalyst concentration (wt%, based on oil) 1.0 0.8 

Oil flow rate (mL/min) 28 n/a 

Ethanol flow rate (mL/min) 10.3 n/a 

N (rpm) 2100 600 

T (°C) 60 70 

FAEE yield (mol%) 98 98 

Productivity (kgFAEE∙/m3liquid.min) 112 176 

 

6.3.4 Properties of FAEE 

Relevant properties of the FAEE after being washed with reverse osmosis water and 

dried with compressed air are shown in Table 4. When possible, the properties were 

compared to the biodiesel standard set in EN 14214. The water, sodium, phosphorus 

and the flash point are well within the specification. The acid content is above the 

specification and further purification steps and/or process optimisations in the 

synthesis step are required.  

 

Table 4 Properties of FAEE produced at optimum conditions in the CCCS  

Property Refined FAEE Specification Limit (EN 14214a) 
Water content 327 mg/kg 500 mg/kg max 
Acid value 3.9 mg KOH/g 0.5 mg KOH/g 
Ethanol content n.d.b   
Cloud point 2 °C  - 
Pour point 0 °C  - 
Sodium content < 0.5 mg/kg 5 mg/kg max 
Phosphorus content < 0.5 mg/kg 10 mg/kg max 
Flash point 162 °C 120 °C min 
a)for biodiesel using methanol as the alcohol source b.n.d:.not detected based on 1H NMR 
measurements  

 

6.4 Conclusions and outlook 

Jatropha oil ethanolysis has been studied in a batch and continuous reactor. At optimum 

conditions, a reproducible FAEE yield of 98 mol% was obtained for both the batch and 

continuous reactor configurations. The experimental volumetric productivity for the 

CCCS is slightly lower than for the batch system. However, as the CCCS is very compact, 

robust and flexible in operation, it has high potential to be used in small scale mobile 

biodiesel units. Actually, such a mobile unit may consist of a cascade of two CCCS in 

series, one for biodiesel synthesis and a second for a refining step with water/acid, 
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followed by ethanol removal in a stripper. The design of such a unit and experimental 

validation is currently in progress.  
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6.5 Nomenclature  

CCCS Continuous Centrifugal Contactor Separator 

FAEE Fatty acid ethyl esters 

FAME Fatty acid methyl esters 

Fethanol Ethanol flow rate [mL/min] 

Foil   Jatropha oil flow rate [mL/min] 

N   Rotational speed [rpm] 

T  Temperature [°C] 
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Abstract 

A series of epoxidized oils were prepared from rubber seed, soybean, jatropha, palm 

and coconut oils. The epoxy content varied from 0.03 to 7.4 wt%, in accordance with 

the degree of unsaturation of the oils (lowest for coconut, highest for rubber seed oil). 

Bulk polymerisation/curing of the epoxidized oils with triethylenetetramine (in the 

absence of a catalyst) was carried out in a batch set-up (1:1 molar ratio of epoxide to 

amine primary groups, 100 °C, 100 rpm, 30 min) followed by casting of the mixture in 

a steel mold (180 °C, 200 bar, 21 h) and this resulted in cross-linked resins. The effect 

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

the epoxide and amine groups was investigated and modelled using multi-variable non-

linear regression. Good agreement between experimental data and model was 

obtained. The rubber seed oil-derived polymer has a Tg of 11.1 °C, a tensile strength of 

1.72 MPa and strain at break of 182%. These values are slightly higher than for 

commercial epoxidized soybean oil (Tg of 6.9 °C, tensile strength of 1.11 MPa and strain 

at break of 145.7%). This comparison highlights the potential of these novel resins for 

industrial/commercial applications. 

 

Keywords 

Epoxidation, rubber seed oil oil, triethylenetetramine, cross-linking, glass transition 

temperature 
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7.1 Introduction 

Epoxy resins are widely used as structural adhesives due to their mechanical 

properties, chemical resistance and high temperature service capability [1]. The glass 

transition temperature (Tg) is one of the most important product properties of an epoxy 

resin as it determines the window of applications. High Tg (100-150 °C) resins are 

typically required for structural adhesives and sheet molding compounds [2, 3] 

whereas low Tg ones (< 30 °C) are suitable as adhesives for electronic and automotive 

applications [4]. The global market for epoxy resins is estimated to reach $8.7 billion by 

2017 [5]. Currently, most epoxy resins are made from fossil resources.  

Plant oils have received considerable attention as renewable resources for the 

production of energy and chemicals in general and as a starting material for polymers 

with product properties in the range for commercial epoxy resins in particular [6]. 

Epoxidized plant oils are attractive starting materials for such advanced materials and 

are already available on industrial scales and widely used as plasticizers and stabilizers 

for the production of polyvinyl chloride (PVC) [7-9]. Epoxidized soybean and linseed 

oils are particularly attractive due to their high reactivity associated with the high 

content of unsaturated fatty acids. The high reactivity of the epoxide group offers the 

possibility to perform curing reactions, e.g. with multifunctional amines [10]. For 

instance, epoxidized soybean oil has been used for the synthesis of new bio-based 

thermosetting resins and also as a toughening agent in epoxy resins [1, 11].  

A potentially very attractive plant oil for the synthesis of advanced materials is the oil 

from rubber seeds of the rubber tree (Hevea brasiliensis). So far, the tree has been 

cultivated mainly as an industrial crop for the production of natural rubber and 

valorisation of the seeds has received limited attention. Rubber seed oil (RSO) is 

particularly attractive as it has a relatively high content of unsaturated fatty acids [12, 

13]. In this paper, we report our findings on the epoxidation of RSO and the subsequent 

application of the epoxidized rubber seed oil as a starting material for the synthesis of 

novel resins. 

Numerous studies have been carried out on the epoxidation of plant oils using organic 

peracids such as performic acid, generated in situ using hydrogen peroxide [14-19]. The 

epoxidation of RSO using performic and peracetic acid generated in situ has been 

reported in the literature [13, 20]. It is possible to achieve up to 91% olefin conversion 

to epoxides after 5 h reaction time at 60 oC (molar ratio carbon-carbon double bonds to 

HCOOH to H2O2 of 2:1:4) [20]. 

Several studies on the utilisation of epoxidized RSO (ERSO) as plasticizer and PVC 

stabilizer have also been reported [12, 21, 22]. However, cross-linking/curing of ERSO 
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with a multifunctional amine compounds (in analogy to the curing chemistry of 

commercial epoxy resins) for the preparation of the corresponding resins has, to the 

best of our knowledge, not yet been reported. In this paper, a systematic study on the 

cross-linking of ERSO with triethylenetetramine (TETA) to develop novel resins is 

reported. The reaction envisaged chemistry for the cross-linking of ERSO with the 

amine is illustrated in Fig. 1.  

The first part describes the synthesis of cross-linked polymers from a series of 

epoxidized oils (EO), being RSO, soybean oil (SO), jatropha oil (JO), palm oil (PO) and 

coconut oil (CO). Bulk polymerisation/curing of the epoxidized oils with 

triethylenetetramine (without the use of a catalyst) was carried out in a batch set-up 

(1:1 molar ratio of epoxide to amine primary groups, 100 oC, 100 rpm, 30 min) followed 

by casting of the mixture in a steel mold (180 oC, 200 bar, 21 h) resulted in cross-linked 

resins. 

The second part describes an experimental study to correlate process conditions, 

particularly temperature, pressure, molar intake of the epoxy to amine groups and 

pressing time with relevant product properties like thermal behaviour (Tg and onset 

decomposition temperature, Tonset). A total of 40 experiments were performed.  The Tg 

and Tonset of the resulting products were modelled using multi-variable non-linear 

regression. Such quantitative data are not yet available for the cross-linking of ERSO 

with amines. The optimum conditions (in terms of Tg and Tonset) for the cross-linking of 

ERSO with TETA were also applied to prepare a range of resins from other epoxidized 

plant oils (SO, JO, PO, CO) with the objective to determine epoxide structure-resin 

property relations. 
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Figure 1. Reaction pathway for the cross-linking of ERSO with amines (RSO is represented by oleic acid; R1 is the remaining triglyceride 

structure) 
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7.2 Materials and Methods 

7.2.1 Materials 

The RSO oil was obtained by pressing rubber seeds from Bengkulu, Indonesia using a 

standard hydraulic press. Soybean and coconut oil were purchased from Albert-Heijn 

and Deli-XL, the Netherlands, respectively.  Palm oil was obtained from IOI Loders 

Croklaan, the Netherlands and jatropha oil form Diligent, the Netherlands. Hydrogen 

peroxide (30 wt%, pro analysis), triethylenetetramine (97 wt%), epoxidized soya bean 

oil (analytical standard) and CDCl3 (99.8 atom % D) were obtained from Sigma Aldrich. 

Toluene (99.5 wt%) was obtained from Lab Scan whereas formic acid (ACS reagent, 99 

wt%) was obtained from Merck Chemicals.  

7.2.2 Eperimental procedure for the epoxidation of plant oils 

The plant oil was mixed with toluene and formic acid (1:12:4 mol ratio with respect to 

the carbon-carbon double bond of the plant oil) in a three-neck round-bottom flask 

(500 mL) equipped with a water bath, a magnetic stirrer, a condenser and a dropping 

funnel. H2O2 (1:25 mol ratio with respect to the carbon-carbon double bond of the plant 

oil) was added dropwise while stirring at 400 rpm and 60 oC for 0.5 h and the reaction 

mixture was stirred for another 1-12 h. After reaction, the water and toluene layer were 

separated. The toluene phase with the EO was washed with a brine solution (5 wt% 

NaCl) until no peroxide was left in the mixture (peroxide test paper as an indicator). 

The toluene was removed by vacuum distillation (55 °C, 100 mbar) followed by drying 

in a vacuum oven (55 °C, 100 mbar) untill constant weight (up to 48 h). The EO was 

analysed by 1H NMR and FT-IR (Fourier Transform-Infrared). The epoxide conversion 

for RSO, JO, SO and PO is approximately 97 mol% whereas the conversion for CO is 

around 58 mol%.   

7.2.3 Preliminary experiments of the amidation of oil with TETA 

The plant oil (RSO, SO, JO, PO, CO) was mixed with TETA using a 1:1 molar ratio of 

carbon-carbon double bonds to primary amine groups and mixed at three different 

temperatures, i) viz. 20 °C for 15 h, 100 °C for 0.5 h and 150 °C for 2 h. The resulting 

products were analysed using 1H NMR and FT-IR defined in general introduction.  

7.2.4 Cross-linking of EO with TETA 

The EO was mixed with TETA at different molar ratios of the epoxide and primary 

amine groups (0.25-2). The mixture was heated at 100 °C and stirred at 100 rpm for 30 

min. Afterward, the mixture was poured into a steel mold plate (100 x 100 x 1 mm3) 

and pressed at 100-200 bar and 100-200 °C (Schwabenthan Polystat 100T) at different 

pressing times (6-48 h).  



                                                                                                 Chapter 7  

 

151 

 

7.2.5 Statistical analysis and optimisation 

Non-linear multi-variable regression was used to model the experimental data and for 

this purpose the Design Expert Version 7.0.0 software package was used. The following 

second-order polynomial equation was used: 

 

𝑦 = 𝑏0 + ∑ 𝑏𝑖𝑥𝑖 +
4
𝑖=1 ∑ 𝑏𝑖𝑖𝑥𝑖

2 +4
𝑖=1 ∑ ∑ 𝑏𝑖𝑗𝑥𝑖𝑗 + 𝑒4

𝑗=𝑖+1
3
𝑖=1                                                          (1)  

 

Where y is the dependent variables (Tg and Tonset), xi and xj are the independent 

variables (molar ratio of epoxide to primary amine groups, pressing time, temperature 

and pressure), bo, bi, bii and bij are the regression coefficients of the model whereas e is 

the error of the model.  

 

The regression equations were obtained by backward elimination of statistically non-

significant parameters. A parameter was considered statistically relevant when the p-

value was less than 0.05. The best conditions to obtain products with the highest Tg 

were obtained using the numerical optimisation function provided in the software 

package. 

7.2.6 Product Analysis 

The carbon-carbon double bond conversion in the plant oil epoxidation reaction was 

determined using 1H NMR. A few drops of the EO were added to CDCl3 and then analysed 

using a 200 MHz Varian NMR. The conversion was determined by comparing the 

intensity of the characteristic quartet signal of the remaining carbon-carbon double 

bond in the epoxidized oil (δ 5.23 ppm) with respect to the signal of the methyl end 

group of the fatty acids (δ 0.9 ppm) divided by the intensity of the characteristic quartet 

signal of the initial carbon-carbon double bond in the oil (δ 5.23 ppm) with respect to 

the signal of the methyl end group of the fatty acid chain (δ 0.9 ppm). 

Epoxideconversion = 1 −
(
𝐷𝐵

𝑀𝐸
)
𝐸𝑂

(
𝐷𝐵

𝑀𝐸
)
𝑜𝑖𝑙

x100%(mol%)                                                               (2) 

Where:  

DB  carbon-carbon double bond peak area 

ME  methyl end group peak area 

1H NMR of EO (200 MHz, CDCl3) δH(ppm): 0.83-0.89 (CH3CH2), 1.22-1.58(-CH2), 1.68-

1.73 (-CHOCHCH2CHOCH-), 2.26-2.31 (-CH2COO-), 2.86-3.09 (-CHOCH-, epoxide), 4.09-

4.28 (OCH (CH2)2), 5.23 (OCH (CH2)2) . 

The epoxy oxygen content (EOC) was determined with a non-aqueous titration method 

as proposed in the literature [23]. The sample (0.5 g) was dissolved in 10 mL acetone 
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and 10 mL of hydrobromic acid (0.1 M in acetic acid). A few drops of crystal violet 

indicator were added and the solution was titrated with perchloric acid (0.1 N) until a 

sharp visual end point was obtained.   

The fatty acid composition of the oil was analysed by gas chromatography-mass 

spectrometry (GC-MS) using a Hewlett-Packard (HP) 5890 series II Plus device. A 

detailed description of the GC method is described elsewhere [24]. 

The acid value of the sample was measured by an acid-base titration using 

phenolphthalein as the indicator. A detailed description of the method is described 

elsewhere [24]. 

The iodine value of the oil can be estimated from the number of carbon-carbon double 

bonds per triglyceride molecule as shown in Eq. 3 [25].  

 

Iodinevalue = 100x
𝑀𝑊𝐼2 𝑥𝑑𝑏

𝑀𝑊𝑜𝑖𝑙
(mgI2/g)                                                                               (3) 

 

Where:  

Db  average number of carbon-carbon double bonds per triglyceride molecule 

MWI2 molecular weight of iodine (g/mol) 

MWoil molecular weight of oil (g/mol) 

 
The viscosity of a product sample was determined using a rheometer AR1000-N from 

TA Instrument. A cone-and-plate viscometer was used with a cone diameter of 40 mm 

and a 2o angle. The measurement was performed at 40 °C with a shear rate of 15 s-1 [26].   

The C and H content of the samples were determined by the elemental analyses on an 

automated Euro EA3000 CHNS analyser with acetanilide as a calibration reference. All 

samples were analysed in duplicate and the average value is reported.  

FT-IR spectra were recorded on a Bruker IFS88 spectrometer equipped with golden 

gate MCT-A detector.  

Differential scanning calorimetry (DSC) analysis was performed using a DSC 2920 from 

TA Instrument with a heating rate of 10 °C /min and cooling rate of 10 °C /min. The Tg 

was determined from the inflection point of the second scanning curve.   

Tensile properties were measured using an Instrom 5565 instrument using the ASTM 

D638 standard. Dumbell shaped samples obtained from the molded resin sheets were 

used.  
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Dynamic mechanical thermal analysis (DMTA) was carried out using a Rheometrics 

scientific solid analyser (RSA II). The testing was performed in a tension mode with a 

strain of 0.5% and a mechanical vibration frequency of 1 Hz at 20 °C [27].  

Thermogravimetric analysis (TGA) was carried out using a Perkin Elmer TGA 7. 

Samples were heated at a heating ramp of 10 °C/min under nitrogen. The definition of 

the Tonset is provided in Figure 2 [2].  

 

Figure 2. TGA profile for a representative sample showing the determination of the 

Tonset  

 

7.3 Results and discussion 

7.3.1 Synthesis and properties of epoxidized oils (EO) 

The epoxidation of five oils with different amounts of carbon-carbon double bonds was 

investigated, viz. RSO, SO, JO, PO and CO. The fatty acid composition of the oils was 

determined (GC) and the results are shown in Table 1. RSO, SO and JO have a high 

content of unsaturated fatty acid chains whereas PO and CO are more saturated. The 

average number of carbon-carbon double bonds per triglyceride molecule was also 

determined (1H NMR) and the results are presented in Table 1. RSO and SO have the 

highest amount of carbon-carbon double bond per triglyceride molecule (4.7 and 4.6 

respectively) followed by JO (3.7), PO (1.9) and CO (0.4), in line with the fatty acid 

composition as determined by GC. The theoretical iodine value (IV) of the oils was 

estimated from the number of carbon-carbon double bonds per triglyceride and is 

shown in Table 1.  
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Table 1 Relevant properties and fatty acid composition of the various oils used in this 

study 

 RSO  SO JO PO CO 
Capric acid (C10:0)     5.6 
Lauric acid (C12:0)  0.3   54.9 
Myristic acid (C14:0)  1.0  1.7 21.6 
Palmitic acid (C16:0) 8.2 10.3 15.1 36.5 9.5 
Stearic acid (C18:0) 7.3 3.4 5.3 3.3 2.3 

Oleic acid (C18:1) 28.1 27.6 41.9 49.3 4.4 
Linoleic acid (C18:2) 38.2 52.0 37.7 9.2 1.7 
Linolenic acid (C18:3) 14.2 5.4    
Carbon-carbon double bonda 4.7 4.6 3.7 1.9 0.4 
Iodine value (mg I2/g)b 134.4 133.9 108.2 58.5 14.9 
Acid value (mg KOH/g) 14.1 0.3 8.9 0.9 0.2 

a) Average number of carbon-carbon double bonds per triglyceride 
b) Theoretical iodine value estimated from the number of carbon-carbon double bonds per 
triglyceride 

 

The iodine values are within the range reported in the literature for RSO (120-136 mg 

I2/g), SO (120-136 mg I2/g) and JO (91-113 mg I2/g). The iodine values for PO (44-58 

mg I2/g) and CO (7-10 mg I2/g) are slightly higher than for the range reported in the 

literature [20, 29-32]. A possible explanation is that the average number of carbon-

carbon double bonds per triglyceride molecule as estimated from the 1H NMR spectra 

for PO and CO are slightly over estimated due to inaccuracies in the integration data. 

The acid values for SO, PO and CO (0.1-0.9 mg KOH/g) are relatively low. Higher values 

are found for RSO (14.1 mg KOH/g oil) and JO (8.9 mg KOH/g oil), which may affect the 

reactivity in the subsequent curing chemistry. All oils were used for the epoxidation 

experiments without further purification.  

Preliminary epoxidation experiments with RSO were carried out in a batch set-up using 

a carbon-carbon double bonds to formic acid to hydrogen peroxide molar ratio of 1:4:25 

at 60 °C [28]. The batch time was varied from 1-12 h to determine the carbon-carbon 

double bond conversion as a function of the batch time (1H NMR).  

Figure 3 shows that the carbon-carbon double bonds conversion reached a maximum 

value of 97 mol% after approximately 6 h reaction time. The number of epoxide groups 

in the product oils, as measured by the epoxy oxygen content (EOC), increased also with 

time before it reached a maximum of 7.4 wt% after approximately 6 h. Hence, a reaction 

time of 6 h is sufficient for a maximum conversion of the carbon-carbon double bonds. 
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Figure 3. Carbon-carbon double bond conversion (mol%) of RSO versus time  (1:4:25 

molar ratio of carbon-carbon double bonds: formic acid: hydrogen peroxide, 60 °C, 400 

rpm) 

 

Based on the preliminary experiments with RSO, the epoxidation of the other oils was 

carried out at similar conditions (1:4:25 molar ratio of carbon-carbon double bonds: 

formic acid: hydrogen peroxide, 60 °C, 400 rpm) for 12 h to ensure maximum 

conversion of the carbon-carbon double bond and highest EOC values.  Approximately 

97 mol% conversion was achieved for SO, JO and PO. However for CO, only 58 mol% 

conversion was obtained, even after the experiment was extended for 24 h. Thus, the 

epoxidation reaction is far from quantitative for CO, likely due to a lower degree of 

unsaturation for this particular oil compared to the other oils used in this study.  

 

7.3.2 Product properties of the EOs 

Relevant product properties of the EOs are presented in Table 2. The EOC values are 

within the range reported in the literature for ESO (6.5-6.9 wt%), EJO (5.1-6.1 %), EPO 

(0.3-2.5 wt%) [19, 26, 33-36]. The oxygen content of the products as determined by 

elemental analysis is the highest for ERSO (18.1 wt%), followed by ESO (17.5 wt%), EJO 

(16.3 wt%), EPO (15.1 wt%) and ECO (14.6 wt%). The EOC values and the oxygen 

content nicely correlated, higher EOC values and thus a higher amount of epoxide 

groups per triglyceride leads to a higher oxygen content of the product.  

 

The viscosity of the EOs is in the range of 0.04 to 0.23 Pa.s, with the lowest values for 

EPO and ECO. It is well known that the viscosity of epoxidized oils is higher than that of 
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the parent oil [16]. For instance, the viscosity of EJO (0.23 Pa.s) is about one order of 

magnitude higher than the viscosity of JO as previously reported in our group (0.034 

Pa.s) [37]. As such, a low viscosity should correspond with a low amount of epoxide 

groups and this is indeed the case.  

Table 2 Composition and product properties of EOsa 

EO Elemental analysis   EOC Viscosity Acid value 
  O (wt%)b C (wt%) H (wt%) (wt%) (Pa.s) (mg KOH/g) 
ERSO 18.1 71.3 10.6 7.4 0.20 9.0 
ESO 17.5 71.8 10.7 6.5 0.17 0.2 
EJO 16.3 72.7 11 5.9 0.23 7.8 
EPO 15.1 73.4 11.5 0.7 0.09 0.3 
ECO 14.6 73.8 11.6 0.03 0.04 0.1 
a N content in all samples below 0.01 wt%. b by difference 

 

The acid value of the EOs is in the range of 0.1 to 9 mg KOH/g and the highest values 

were found for ERSO and EJO. This is due to the higher acid value of the starting 

materials. However, the acid value of the EOs is lower than the one of the corresponding 

oils (Table 1), indicative that ester hydrolysis is negligible during the epoxidation 

reaction.  

The FT-IR spectra of the EOs are provided in Fig 4. Epoxide peaks at around 820 and 

840 cm-1 are particularly visible for the EO’s with the highest amount of epoxide groups 

(ERSO, ESO and EJO). The absence of OH band in the FT-IR spectra (Fig. 3) indicates that 

ring opening of the epoxide to the corresponding vicinal diols does not occur to a 

significant extent [16]. 

 
Figure 4. FT-IR spectra of epoxidized EOs  



                                                                                                 Chapter 7  

 

157 

 

7.3.3 Synthesis of cross-linked polymers 

Epoxidized plant oils not only contain reactive epoxide groups but also ester groups 

which may also show reactivity with amines and form amides. Hence, simultaneous 

aminolysis of the epoxy group and amidation of the ester group may take place during 

the cross-linking with amines as shown in Fig. 1. The latter is normally not taken into 

account because amidation does not hinder network formation [14]. However, 

amidation reduces the average number of reactive epoxy groups per triglyceride 

molecule. This may affect the structure and properties of the cross-linked polymers and 

contribute to the formation of “structurally looser” networks.  

7.3.3.1 Preliminary experiments on the reactivity of TETA and plant oils 

To gain insight in the rate and extent of the amidation of ester groups with amines, a 

number of reactions were carried out with the plant oil feed and TETA. The plant oil 

was mixed with TETA at 1:1 molar ratio of carbon-carbon double bond to primary 

amine groups. Figure 5 shows typical 1H NMR spectra of RSO mixed with TETA at 

different temperatures and mixing/heating times. At prolonged batch times, new 

signals appeared at δ 3.19-3.80 ppm which indicates the formation of amide groups -

C(=O)–NH-CH2  groups [14]. In TETA, the NH-CH2 resonances are present at δ 2.89 ppm. 

The intensity of the resonances between δ 4.09-4.28 ppm, originating from the –CH2 

group of the triglyceride backbone, decreased with time. Proton signals of the 

hydrogens attached to the α-carbon of the carboxyl group (-O-(O=C)-CH2) shifted from 

δ 2.3 ppm to δ 2.10. This indicates the occurrence of an amidation reaction, as 

previously observed for the amidation of SO with n-hexylamine [14].  

 

In Fig. 5, it can be observed that amidation took place even at room temperature though 

is more pronounced at higher temperatures and longer mixing and/or heating times. 

Similar 1H NMR spectra were also observed for the reactions of the other vegetable oils 

with TETA (data not shown for brevity) indicating that (partial) amidation also 

occurred for the other oils.  

The conversion of the ester peak can be estimated from 13C NMR studies.  At the most 

severe conditions (150 °C, 2 h), the conversion of the ester group to the amide is 

quantitative (almost 100% conversion). This is evident from the disappearance of the 

resonances from the ester carbons (-OOC-CH, δ 172.9 and 173.4 ppm) as shown in Fig. 

6. A new signal appeared at δ 173.7 ppm which indicates the presence of an amide 

group, in line with the 1H NMR data.  
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Figure 5. Typical 1H NMR spectra (CDCl3) of RSO mixed with TETA (a) 20 °C,   0 h (b) 20 

°C,  2 h (c) 20 °C,  5 h (d) 20 °C,  15 h (e) 100 °C,  0.5 h  (f) 150 °C,  2 h 

 

 

Figure 6. Typical 13C NMR spectra (CDCl3) of (a) RSO and (b) RSO mixed with TETA (150 

°C, 2h)  
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The FT-IR spectra as shown in Fig. 7 also confirm the formation of an amide unit and 

characteristic peaks of the amide are present at 1635 and 1560 cm-1. In line with the 

occurrence of an amidation reaction is a reduction of the intensity of the ester peak 

(1735 cm-1) upon reaction with TETA.     

Thus, we can conclude that ester amidation is an important reaction to be considered 

during the cross‐linking of EOs with TETA, a fact often neglected in the literature on this 

subject. At higher temperatures and longer mixing and/or heating times, the extent of 

amidation increases and as such may affect the rate of the aminolysis reaction. However, 

the actual extent of the amidation reaction will depend on the relative rate differences 

between the two competitive amidation and the aminolysis reaction. Amidation may be 

of less importance when the aminolysis reaction is much faster than the amidation 

reaction. 

 
Figure 7. The FT‐IR spectra for RSO (a), TETA (b) and RSO mixed with TETA at (c) 20 °C, 

0.5 h (d) 100 °C, 0.5 h (e) 150 °C, 2 h 

 

7.3.3.2 Screening experiments for the cross-linking of EOs with TETA 

The cross‐linking experiments of EOs (ERSO, ESO, EJO, EPO, ECO) with TETA were 

carried out in a batch set‐up followed by casting of the mixture in a steel mold. Initial 

screening experiments were carried out at conditions close to those previously used in 

our group for the cross‐linking of EJO with TETA [28] and involves an initial 

reaction/pre‐mixing in a batch set‐up (variable molar ratio of epoxide to amine primary 

groups, 100 °C, 100 rpm, 30 min) followed by casting of the mixture in a steel mold at 

different process conditions (Table 3).  
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Table 3 Overview of experimental conditions for the synthesis of cross linked polymers 

from EOs and TETA  

Variable Screening Systematic study 

Mold temperature, T (°C) 150 100-200 
Mold pressure, P  (bar) 150 100-200 
Pressing time, t (h) 15 6-48 
Molar ratio of epoxy to primary amine 
Functional group, R (-) 

1 0.25-2 

 

Typical FT‐IR spectra of the cross‐linked polymers are shown in Fig. 8‐9 and indicate 

that both aminolysis and amidation occurred during the cross‐linking reaction. The C=O 

vibration at 1735 cm‐1, arising from the ester bonds, decreases in intensity while two 

amide vibration bands at 1635 (C=O) and 1560 cm‐1 (N‐H) appear for all cross‐linked 

polymers. In addition, a strong sharp signal around 3350 cm‐1 (N‐H), absent in TETA 

(Fig. 7), confirms the presence of secondary amide, formed by the amidation of the EOs 

with TETA. 

 
Figure 8. FT-IR spectra of (a) ERSO and (b) PERSO just after mixing with TETA and (c) 

after cross-linked with TETA (cross-linking conditions: 150 °C, 150 bar, 15 h, 1:1 molar 

ratio of epoxy to primary amine functional group 

 

The Tg of the cross‐linked polymers was determined by DSC, the resulting values 

ranging from ‐3.5 to 6.2 °C. ERSO‐based polymer (PERSO) had the highest Tg (6.2 °C) 

followed by ESO‐based polymer (PESO, 4.4 °C) and EJO‐based polymer (PEJO, 2.7 °C). 

Palm oil based polymer (PEPO) had the lowest Tg (‐3.5 °C) whereas the product of 

coconut oil based polymer (PECO) had no detectable Tg as measured by the DSC. In 
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comparison to other cured resins, PERSO has the highest Tg. Hence, a systematic study 

was performed to optimise the cross‐linking of ERSO with TETA in a laboratory scale 

pressing machine with the objective to obtain a high Tg and Tonset .  

 
Figure 9. FT-IR spectra of polymers derived from the cross-linking of EOs with TETA 

(150 °C, 150 bar, 15 h, 1:1 molar ratio of epoxy to primary amine functional group) 

 

7.3.4 Systematic studies on the cross-linking of ERSO with TETA 

Systematic studies were carried out to investigate the effect of process conditions and 

particularly the temperature, pressure, time and molar ratio of epoxy to primary amine 

functional group on the Tg and Tonset of the cross-linked polymers. From the screening 

reactions for the cross-linking of EOs with TETA, the pre-heating of ERSO mixture with 

TETA was performed at 100 oC for 0.5 h. An overview of the ranges of process variables 

for the systematic study is given in Table 3. One of the experiments was carried out six 

times to determine the reproducibility of the experimental set-up. The relative error 

(based on the standard deviation) on the Tg and Tonset was 1.8% and 3.2 %, respectively. 

The results for all experiments are given in Table 4.  

The Tg ranged between -24 and 12.9 °C whereas the Tonset between 321 and 365 °C. The 

highest Tg (12.9 °C) and Tonset (365 °C) within the experimental window were obtained 

at 1:1 molar ratio of epoxy to primary amine functional group, pressing temperature 

and pressure of 200 °C and 200 bar respectively with a pressing time of 24 h. A tensile 

test was performed to determine the mechanical properties of some representative 

polymers, viz. from run 3 (Tg: 6.9 °C), Run 23 (Tg: 4.8 °C) and Run 28 (Tg: 12.9 °C) and 

the results are shown in Table 5 and Fig. 10. 
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Table 4 Overview of experimental and modelled Tg and Tonset for the cross-linked 
polymers 
 
Run T P T R Tg (°C) Tonset (°C) 
 (oC) (bar) (h) (-) Data Model Data Model 

1 200 200 6 0.5 1.7 4.1 345.0 345.4 
2 150 150 6 0.75 1.2 2.4 348.0 344.8 
3 150 150 15 0.75 6.9 6.0 349.3 350.8 
4 150 150 15 0.75 8.4 6.0 351.2 350.8 
5 150 150 15 0.75 4.1 6.0 345.8 350.8 
6 200 100 6 0.5 2.5 0.7 340.0 340.1 
7 100 200 6 1 -5.9 -10.2 342.8 340.1 
8 200 150 15 0.75 6.1 8.5 351.6 355.0 
9 150 150 15 1 6.2 7.3 355.7 353.3 
10 100 100 6 1 -17.2 -13.5 330.3 334.7 
11 100 100 6 0.5 -21.2 -19.9 323.4 323.7 
12 150 200 15 0.75 7.8 7.7 351.6 353.4 
13 150 150 24 0.75 7.2 6.3 355.5 350.9 
14 150 150 15 0.5 4.3 2.6 345.1 345.9 
15 100 150 15 0.75 -10.9 -10.4 336.5 335.8 
16 150 100 15 0.75 3.5 4.3 344.5 348.1 
17 100 100 24 1 -6.7 -9.6 335.9 334.4 
18 100 200 6 0.5 -12.5 -16.5 331.7 329.0 
19 150 150 15 0.75 5.2 6.0 349.0 350.8 
20 150 150 15 0.75 4.4 6.0 346.6 350.8 
21 100 100 24 0.5 -16.5 -15.9 323.2 323.3 
22 100 200 24 0.5 -15.1 -12.6 326.7 328.6 
23 200 100 24 0.5 4.8 4.7 353.6 352.7 
24 200 100 24 1 8.8 7.6 358.4 356.4 
25 200 200 24 0.5 8.9 8.1 355.0 358.1 
26 100 200 24 1 -9.4 -6.2 340.3 339.7 
27 150 150 15 0.75 7.9 6.0 354.7 350.8 
28 200 200 24 1 12.9 11.0 364.9 361.8 
29 200 200 6 1 5.1 7.0 348.3 349.1 
30 200 100 6 1 4.4 3.6 346.2 343.8 
31 150 150 10 0.75 4.1 4.4 350.1 348.1 
32 150 150 24 0.75 7.2 6.3 355.2 350.9 
33 150 150 36 0.75 0.7 1.8 340.4 342.0 
34 100 100 10 1 -10.7 -11.5 337.5 336.7 
35 100 200 10 1 -8.3 -8.1 340.2 342.0 
36 200 200 48 0.25 -11.0 -11.5 336.1 333.1 
37 200 200 48 0.5 -8.6 -6.9 338.2 338.6 
38 200 200 48 1 -0.8 -4.0 341.3 342.3 
39 200 200 48 1.5 -12.0 -9.6 335.4 336.4 
40 200 200 48 2 -23.0 -23.6 321.1 321.1 
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Table 5 Thermal and mechanical properties of the cross-linked ERSO with TETA for Run 

3a), Run 23b), and Run 28c) 

 Run 3 

 (Tg: 6.9 °C) 

Run 23 

(Tg: 4.8 °C) 

Run 28 

(Tg: 12.9 °C) 
Tensile strength (MPa) 1.42 0.56 1.77 
Strain at auto break (%) 156.9 112.7 199 
Modulus (MPa) 1.9 0.87 1.81 
Modulus (AutYoung) (MPa) 1.31 0.96 1.35 

a) 150 °C, 150  bar, 15 h, 0.75:1 molar ratio of epoxy to primary amine groups 
b) 200 °C, 100  bar, 24 h, 0. 5:1 molar ratio of epoxy to primary amine groups 
c) 200 °C, 200  bar, 24 h, 1:1 molar ratio of epoxy to primary amine groups 
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Figure 10. Strain-stress curves of polymers derived from the crosslinking of ERSO with 

TETA (refer to Table 5 for the conditions of Run 3, Run 23 and Run 28) 

 

In Fig. 10, it can be observed that the tensile strength increased from 0.56 (Run 23) to 

1.77 MPa (Run 28) as the Tg increased from 4.8 (Run 23) to 12.9 °C (Run 28). The 

increase in Tg may be contributed by the increase in cross-link density and 

consequently lead to high modulus and strength [27]. An increase in Tg and modulus 

normally results in a high stiffness, which is normally accompanied by a low percentage 

of strain at break [27]. However, we observed otherwise, likely because the cross-linked 

polymers prepared in this study are in the “leathery” [27] state (Tg ± 10 °C), which 

results in a higher strength than rubbery materials and allows for higher elongations. 
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7.3.4.1 Regression model for Tg 

The experimental data given in Table 4 were used as input for the development of multi-

variable non-linear regression model for the Tg as a function of process conditions.  The 

coefficients for the regression model for the Tg are provided in Table 6 and relevant 

statistical data are given in Table 7. The p-value of the model is very low (<10-4) which 

indicates that the model is statistically significant. The parity plot (Fig. 11) shows that 

the model fits the experimental data reasonably well. The effects of the process 

variables on the Tg are provided in three-dimensional response surface plots provided 

in Fig. 12. The model predicts the existence of an optimum Tg value within the process 

window (Fig. 12b, 12c and 12d).   

 

Table 6 Coefficients for the regression model for Tg (°C) 

Variable Coefficient 
Constant -121.57 
T 1.07 
P 0.03 
t 0.82 
R 45.06 
T.R -0.07 
T2 -0.003 
t2 -0.02 

R2 -16.91 

 

Table 7 Analysis of variance for the Tg of cross-linking of ERSO with TETA 

  SS DF MS F p-value R2 values 

Model 3445 8 431 91.1 < 0.0001 R2 0.96 

Error 151 31 5.2 1.9  R2adjusted 0.95 

Total 3596 39     R2predicted 0.91 
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Figure 11.  Parity plot for the regression model of Tg 
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Figure 12.  Response surface showing the interaction between two parameters on the Tg (a) pressure and temperature (15 h, 1:0.75 

molar ratio of epoxy to primary amine groups) (b) molar ratio of epoxy to primary amine groups and time (150 °C, 150 bar) (c) time 

and pressure (150 °C, 1:0.75 molar ratio of epoxy to primary amine groups) (d) temperature and molar ratio of epoxy to primary 

amine groups (150 bar, 15 h) 
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Increasing the pressing time from 6 h to 24 h leads to higher Tg, values, which indicates 

that network formation still occurs after 6 h reaction time. However, a further increase 

in the pressing time up to 48 h results in a lowering of the Tg. This is most likely due to 

thermal degradation as previously observed by our group for the pressing of cross-

linked EJO with amine [28]. Increasing the molar ratio of epoxy to primary amine 

groups from 0.25 to 1 resulted also in higher Tg values. A similar trend was also 

observed for the cross-linking of EJO with amines [28]. At a molar ratio larger than 1, 

the amine likely reacts with the ester group to form amides and free glycerol. The latter 

may act as a plasticizer and consequently lead to a reduction in the Tg [38].  

 

7.3.4.2 Regression model for Tonset 

The effect of process conditions of the Tonset is best described by a model of which the 

coefficients are given in Table 8. Analysis of variance (ANOVA) data are provided in 

Table 9 and reveal that the model describes the experimental data very well (low p-

value, high R-squared values). This is also illustrated by a parity plot with the 

experimental data and modelled Tonset (Fig. 13). A visualization of the effect of process 

variables on the Tonset is not shown here because the trends were similar as observed 

for the Tg. Optimum conditions were observed for all the process variables except 

pressure. At the optimum conditions, the cross-link density is probably the highest, 

which results in higher Tg and Tonset.  

 
Table 8 Coefficients for the regression model for Tonset (°C) 

Variable Coefficient 

Constant 230.51 

T 0.84 

P 0.05 

T 0.34 

R 65.44 

T.R 0.007 

T2 -0.15 

t2 -0.04 

R2 -19.06 

 

Table 9 ANOVA for the Tonset of cross-linking of ERSO with TETA 

  SS DF MS F p-value R2 values 

Model 3864 9 429 53.2 < 0.0001 R2 0.94 

Error 242 30 7.9 0.9  R2adjusted 0.92 

Total 4106 39     R2predicted 0.90 
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Figure 13.  Parity plot for the regression model of Tonset  

 

7.3.4.3 Optimisation 

A numerical optimisation function was used to predict the highest Tg for the cross-

linked polymers within the range of variables used in this study. According to the model, 

the highest Tg (12 °C) is attainable at a 1:1 molar ratio of epoxide to primary amine 

groups, 180 oC and 200 bar for 21 h. The estimated Tonset at these conditions is 361 °C. 

These conditions were used for subsequent cross-linking reactions of the EOs with 

TETA with the objectives to determine thermal and mechanical properties of the cross-

linked polymers and to identify structure-property relations.   

7.3.5 Synthesis of cross-linked polymers with TETA at optimum conditions 

The synthesis of cross-linked polymers from ERSO, ESO, EPO and EJO using TETA were 

carried out at the optimum conditions (180 °C,  200 bar, 21 h, 1:1 molar ratio epoxy to 

primary amine groups) as predicted by the model (see previous section). A commercial 

epoxidized soybean oil (CESO) was also included as a reference. The reaction of ECO 

with TETA was not investigated as poor results were obtained in the screening 

experiments due to the low amount of reactive epoxide groups per triglyceride.  

7.3.5.1 Thermal and mechanical properties of the polymers 

The thermal and mechanical properties of the cross-linked polymers were determined 

by DSC, TGA and DMTA. The results are presented in Table 10. The Tg of the polymers 

was determined by DSC. PEPO showed the lowest Tg (-1.6 oC), PERSO the highest (11.1 

°C).  These values are higher than those obtained in the screening experiments (refer to 

Table 3 for screening conditions). This is possibly due to higher temperature and 
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pressure as well as longer curing time (180 oC, 200 bar, 21 h). The Tg of PESO is slightly 

lower than that of the CESO based polymer (PCESO). This may be due to the slightly 

lower EOC of ESO (6.5%) as compared to the EOC of CESO (6.9 %).  

The regression model predicts that the Tg of PERSO is 12.0±1.8 °C. This nicely embeds 

the experimental value of 11.1 °C. As such, the model gives a good prediction of the 

experimental dataset. The increase in the Tg when comparing PEPO and PERSO (-1.6 to 

11.1 °C) can be attributed to an increase in the degree of cross-linking, which was 

confirmed by DMTA measurements. The DMTA profiles of the polymers are given in Fig. 

14.  The cross-linking density was estimated from the plateau storage modulus (E’) and 

found to increase from PEPO (136 mol/m3) to PERSO (494 mol/m3) as shown in Table 

10.  The thermal stability of the cross-linked polymers was determined by TGA. The 

onset of decomposition was between 340 and 360 oC.  

 

Table 10 Thermal and mechanical properties of polymers at the optimum conditionsa) 

Polymer Tg  
(oC) 

TMax  
(oC) 

v  
(mol/m3) 

Tensile 
strength 
(MPa) 

Strain at  
auto break 
 (%) 

Modulus 
(MPa) 

Modulus 
(MPa) 
(AutYoung) 

PERSO 11.1 486 494 1.72 182.4 1.77 1.29 
PESO 6.1 487 322 1.03 136.7 1.24 1.18 
PEJO 4.1 488 248 0.94 125.5 1.21 1.11 

PEPO -1.6 490 136 0.18 78.1 0.32 0.44 
PCESO 6.9 489 373 1.11 145.7 1.28 1.17 
Soybean oil 
based[27] 

9.8 511 486 1.34    

Jatropha oil 
based[28] 

8.7   0.82 86.9 1.6  

a)180 °C,  200 bar, 21 h, 1:1 molar ratio epoxy to primary amine groups 
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Figure 14. DMTA curves for polymers derived from the cross-linking of EOs with TETA 
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Tensile tests were performed to determine the mechanical properties of the cross 

linked polymers and the results are shown in Fig. 15 and Table 10. The tensile strength 

varies between 0.18 and 1.72 MPa whereas the modulus is in the range of 0.32 to 1.77 

MPa. Resins with higher Tg values also show higher strengths and modulus. A similar 

trend was observed for the strain at break, see Table 5 for details. This is likely because 

at Tg ± 10 °C, higher tensile strength can be coupled, as reported [27] with higher strain 

at break. 

 
Figure 15. Strain-stress curves of polymers derived from the cross-linking of various 

EOs with TETA 

 

The Tg of PEJO (4.1 °C) is lower than previously reported by our group (8.7 °C). This 

may be due to a lower temperature and shorter pre-mixing time (100 °C and 0.5 h as 

compared to 150 °C and 2 h) during the synthesis. These conditions were selected to 

reduce the level of amidation, which is more prominent at higher temperature and 

longer pre-mixing times (Fig. 4-5).  

PERSO has the highest the cross-link density (494 mol/m3), see Table 10 for details. 

Soybean oil based polymer (PESO and PCESO) have a cross-link density in the range of 

322-373 mol/m3. These values are lower than those reported for azidated soybean oil 

alkynated with soybean oil (486 mol/m3). Low cross-link densities are also observed 

for PEJO (248 mol/m3) and PEPO (136 mol/m3). This may be due to the lower amounts 
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of epoxy groups in the EOs leading to a more dense cross-linked network and 

consequently a lower cross-linked density.  

In brief, we have shown that PERSO has a higher Tg and tensile strength compared to 

PESO, PEJO, and PEPO resins. This may be due to the relatively high level of epoxidation. 

The Tg of PERSO (< 30 °C) indicates that the product may find applications in the field 

of adhesives in the electronic and automotive sector. If necessary, other cross linkers 

may be used instead of TETA to give product with a higher Tg and thus a higher modulus 

and strength.  

 

7.4 Conclusions 

RSO was successfully epoxidized using performic acid (generated in situ) resulting in 

epoxidized rubber seed oil with a high EOC value (7.4%). ERSO was cross-linked with 

TETA and the optimum conditions for high Tg were determined. At the optimum 

conditions (180 °C, 200 bar, 21 h, 1:1 molar ratio of epoxy to primary amine groups), 

the cross-linked material (PERSO) has a Tg of 11.1 °C with a tensile strength of 1.72 MPa 

and an elongation at break of 182 %. These values are higher than for the resin obtained 

by reacting commercial Epoxidized soybean oil with TETA at similar conditions (Tg of 

6.9 °C, tensile strength of 1.11 MPa and strain at auto break of 145.7%). This indicates 

that RSO is a promising raw material for the synthesis of renewable epoxy type resin. 

RSO is particularly attractive as it has a relatively high content of unsaturated fatty acids 

compared to e.g. jatropha and soybean oil.  

This study confirms that the seeds of the rubber tree have good potential for further 

valorisation and that other applications, besides the use of the oil as a biofuel, seem 

viable.  

 

7.5 Nomenclature  

CO  Coconut oil 

CECO Commercial epoxidized soybean oil 

EO  Epoxidized oil 

ECO Epoxidized coconut oil 

EJO Epoxidized jatropha oil 

EPO Epoxidized palm oil 

ERSO Epoxidized rubber seed oil 

ESO Epoxidized soybean oil 

JO  Jatropha oil 

P  Pressure  

PO  Palm oil 

PCECO Commercial Epoxidized soybean oil based polymer 

PECO Epoxidized coconut oil based polymer 
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PEJO Epoxidized jatropha oil based polymer 

PERSO Epoxidized rubber seed oil based polymer 

PESO Epoxidized soybean oil based polymer 

PEPO Epoxidized palm oil based polymer 

RSO Rubber seed oil 

R  Molar ratio of epoxy to primary amine functional group 

SO  Soybean oil 

T  Temperature  

TETA Triethylenetetramine 

Tg  Glass transition temperature  

Tonset Onset decomposition temperature 
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8.1 Application of the biorefinery concept for rubber seeds 

The global market for biobased products is estimated to grow to €200 billion by 2020 

[1]. The pace of this development may be enhanced by using the biorefinery concept, a 

concept which aims to optimise the use of resources and minimise waste production in 

order to maximise benefit and profitability [1]. In a biorefinery, a wide range of 

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

feeds [2]. The biorefinery concept shows close similarities with current petroleum 

refineries. An attractive biorefinery scheme for rubber seeds from the rubber tree 

(Hevea brasiliensis) is shown in Fig. 1. Rubber seeds are of particular interest as these 

are currently not valorised and regarded as waste. The rubber seed yield is reported to 

be in the range of 100-1200 kg/(ha.y) [3, 4]. From a biorefinery perspective, the 

identification of high added value outlets for the rubber seeds is highly relevant as it 

increases the profit for the rubber plantation to latex value chain [5].  

 

 
Figure 1. Biorefinery scheme for rubber seed valorisation   

  

The rubber seeds consist of a kernel (61 wt%) surrounded by a hard shell (39 wt%). 

The kernel contains 40-50 wt% of oil [6, 7] embedded in a protein rich matrix. The oil 

can be isolated from the seeds by using for instance an expeller (Chapter 2 of this 

thesis). With the composition data above and a rubber seed yield in the range of 100-

1200 kg/(ha.y), the rubber seed oil (RSO) yield is estimated to be in the range 5-300 

kg/(ha.y). The oil is a valuable source for the production of biodiesel (and by-product 

glycerol) and biopolymers [8, 9]. The protein rich press cake may find applications as a 

valuable source of protein [10], for instance to be used as cattle feed. In addition, the 

press cake may also be used for the production of biomaterials such as binderless 

boards [11], biogas and as the input for thermochemical processes like pyrolysis [12, 
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13]. In the following, a preliminary economic evaluation will be reported for i) the 

production of RSO from rubber seeds and ii) the conversion of RSO to biodiesel. 

 

8.2 Techno-economic evaluations on the valorisation of rubber seeds to rubber 

seed oil and biodiesel derived thereof 

The techno-economic evaluation reported in this chapter is divided in two parts. The 

first part reports an evaluation for a small scale production unit for RSO from rubber 

seeds using a screw expeller. The second part concerns the synthesis of biodiesel on 

small scale from RSO using CCCS technology.  

8.2.1 Small scale production of RSO from rubber seeds  

8.2.1.1 Production scale 

The production scale was set at an input of 60 kg wet rubber seed per hour, which is 

close to the maximum capacity of the available screw-press in the target area. With an 

estimated yield of 25 wt% of rubber seed oil on wet seeds, the estimated RSO 

production is 15 kg/h. When assuming 12 h per day of operation for 306 days a year, 

the annual RSO production of the unit is 55 ton.  

8.2.1.2 Location 

The RSO production unit is projected to be built in the ex-Mega Rice Project area south 

of Palangkaraya, the capital city of Central Kalimantan, Indonesia. During 1995-2006, 

this area of more than one million hectare of peat and lowland swamp was developed 

for large scale rice cultivation. However, due to improper peatland preparation, the land 

proved unsuitable for rice cultivation and this has led to serious land degradation and 

deforestation.  

Recently, the Indonesian government has drafted a master plan to rehabilitate and 

revitalize the ex-Mega Rice project area in Kalimantan.  

Three major objectives were identified in the master plan: 

1. Rehabilitation and conservation of forest and peat land 

2. Provide an environment for increased agricultural productivity 

3. Support infrastructure and services 

The master plan team proposes to divide the area in four different zones according to 

its hydrologic properties. In the peat free zones (295.000 ha) development in e.g. 

agricultural activities is proposed. 

Currently about 110.000 ha is planted with rice. The average yields are low (1.5-2.5 

tons/ha) due to poor land and water management. Small tree-farm based systems are 

mainly focused on rubber (33.500 ha) and coconut (24.500 ha) production. Palm oil 

trees are also present in the area, however the scale is limited.  Hence, the valorisation 
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of rubber seeds to produce biobased products is seen as a contribution to reach the 

objectives set in the masterplan.  

 

8.2.1.3 Process description 

An overview of the RSO production unit is presented in Fig. 2. Rubber seeds are 

collected by the villagers in the target area during the harvesting season. The seeds 

typically have a moisture content of around 10 wt%. Directly after harvesting, the seeds 

are dried in an oven operated at 60 °C to reduce the moisture content to 7 wt% to 

improve storage stability. The seeds are then stored in sealed plastic bags which are 

placed in a closed plastic container. The (whole) seeds are pressed using a screw-press. 

Initial tests showed that oil yields are improved when using whole seeds instead of 

dehulled seeds and as such a dehuller was not included in the process design. The 

resulting crude RSO is stored in an oil drum for several days to allow solids to settle. 

The clear RSO free of solids is collected and stored in closed plastic containers.  

8.2.1.4 Mass balances 

The mass balance of the process is given in Fig. 2. It assumes an input of 60 kg/h of wet 

rubber seeds (10 wt% water). After drying, 58 kg/h of dried seeds (7 wt% water) are 

pressed using a screw-press. Assuming a crude RSO yield of 28 wt% on wet seeds, it is 

estimated that 17 kg/h crude oil and 41 kg/h of press cake can be obtained. After 

settling of the crude oil, an estimated 2 kg/h of sediment is formed [14] whereas 15 

kg/h of clarified RSO is stored for further use.  

 

 
Figure 2. Process flow diagram and mass balance for RSO production from rubber seeds  

8.2.1.5 Estimation of capital costs 

The total capital and production cost estimates in this techno-economic assessment are 

based on a cost estimation procedure by Garret [15] and Peters and Timmerhaus [16]. 

Overhead, research, financing as well as distribution and marketing cost are excluded 

from the calculation of the total production cost. Land acquisition is excluded from the 

capital costs, as the small scale unit is expected to require a limited amount of space.  
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The total equipment costs based on the process description and mass balance as shown 

in Fig. 2 are estimated at €10.800 (Table 1). The costs are based on online prices [17] 

and data available in the literature [18].  

 
Table 1 Estimated total equipment cost for a 55 ton/y RSO processing unit in 

Palangkaraya, Indonesia 

Item Cost (€) 
Storage facilities  
Seed storage  2.000 
Oil storage 1.600 
Cake storage 2.000 
Subtotal storage facilities 5.600 
  
Process equipment  
Screw press, 60 kg/h 5.000 
Seed drying oven 100 
Weighing balance, 100 kg capacity 100 
Subtotal process equipment 5.200 
Total equipment cost 10.800 

 

The total capital investment (TCI) for the small-scale RSO production facility was 

estimated to be €35.620. This value is the sum of the fixed capital investment (FCI) and 

working capital investment (WCI), which were evaluated independently (Table 2). 

Table 2 Total capital cost for a 55 ton/y RSO processing unit at Palangkaraya, Indonesia 

Direct Cost (DC) Cost (€) 
Equipment Cost (E) 10.800 
Instrumentation and Control  (0.4E) 4.320 
Electrical Distribution System (0.1E) 1.100 
Establishment of Equipment  (0.45E) 4.860 
Total DC 21.100 
  
Indirect Cost (IC)  
Technical and supervision (0.15DC) 3.160 
Unexpected Expenses (0.15FCI) 4.270 
Total IC 7.430 

  
Fixed Capital Investment (FCI)  
FCI = DC + IC 28.490 
  
Working Capital Investment (WCI)  
WCI = 0.2TCI 7.120 
  
Total Capital Investment (TCI)  
TCI = WCI + FCI 35.620 
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8.2.1.6 Total production cost 

An overview of the total production cost estimated for a 55 ton/y RSO processing unit 

in Palangkaraya is given in Table 3. The cost of the rubber seed input was estimated at 

Rp1.500/kg. Assuming a currency exchange of 16.000 IDR/euro, this equals to 

€0.094/kg. The annual electricity required for the process was estimated to be around 

8800 kWh. Assuming an electricity cost of €0.05/kWh [19], the annual cost for 

electricity is €441. The wages for the employees are based on the standard salary for 

employment in Indonesia (€3/h). Assuming 4 employees working a 6 h shift per day 

and that the unit is 12 h/d in operation, the total employee costs is €22.030.  

 

By assigning a market value of €0.17/kg for the press cake [17], the total annual 

production cost is reduced to €25.676. Taking into account the total oil production of 

55 ton/y, the oil production cost is approximately 0.47 €/kg, which is €0.42/L when 

assuming an RSO density of 0.91 kg/L [6]. For comparison, the diesel price at fuel 

stations in the city centre of Palangkaraya is approximately €0.47/L. However, the price 

of diesel outside the city is considerably higher and me be up to €1.25/L. AS such, the 

RSO may be a competitive product for stationary electricity generation using a diesel 

engine.  

 

Table 3 Total production cost for a 55 ton/y RSO processing unit at Palangkaraya, 

Indonesia 

Variable Cost (VC) Cost (€/y) 
Raw materials/year 20.710 
Employees' Salary/year 22.030 
Electricity cost/year 441 
Maintenance (0.01 FCI) 285 
Operating supplies (0.1 Employees' salary) 2.200 
Supervision (0.1 Employees' salary) 2.200 
Administration Cost (0.02 TPC) 540 
Total VC 48.421 
  
Fixed Cost (FC)  
Depreciation (0.1 FCI) 2.850 
Total FC 2.850 
  

Subtotal production cost 51.240 
Co-product credit  
Press cake 25.594 
Total production cost (TPC) 25.676 
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8.2.1.7 Sensitivity analysis 

A sensitivity analysis was performed to investigate the effect of input variables on the 

RSO production costs (Table 4). The sensitivity bounds for the input variable were set 

at 50 and 150% of the base case.  

 

Table 4 Input variables for the sensitivity analysis for a RSO processing unit in 

Palangkaraya, Indonesia 

Input variable 
Total capital investment (€) 
Production capacity (ton/y) 
Price of press cake (€/ton) 
Salaries (€/y) 
Cost of rubber seeds (€/ton) 

 

The results of the sensitivity analysis are summarised in Fig. 3. Clearly, the capital 

investment cost has a relatively minor impact on the production costs of the RSO. Thus, 

optimisation of the design and reduction of the equipment costs should not be 

considered as a major research and development topic. The major variable is the 

amount of RSO produced in the unit. When the unit produces only 7.5 kg/h instead of 

the projected 15 kg/h, the production costs of the RSO increase to €0.93/L. The effect 

of the other three input variables (price of press cake, salary costs and costs of the 

rubber seed) is significant and about equal.    

 

 

Figure 3. Sensitivity analysis for a RSO processing unit in Palangkaraya, Indonesia 
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8.2.2 Small-scale biodiesel production using CCCS technology 

In the paragraph, a techno-economic evaluation for the small scale biodiesel production 

using CCCS technology will be provided. The feedstock is the RSO obtained in the RSO 

production facility described in the previous paragraph.  

8.2.2.1 Production scale 

The production of RSO in the expeller unit is approximately 15 kg/h, see previous 

section for details. When assuming a 98 mol% biodiesel yield from RSO in combination 

with a molecular weight of 0.890 kg/mol and 0.298 kg/mol for RSO and RSO methyl 

esters [9], respectively, the estimated production scale of the biodiesel unit is 

approximately 15 kg/h, which is equivalent to 55 ton/y biodiesel (12 h operation per 

day for 306 days per year). 

8.2.2.2 Location 

As for the RSO production facility, the location for the unit is Palangkaraya, the capital 

city of Central Kalimantan, Indonesia. 

8.2.2.3 Process description 

An overview of the biodiesel process is presented in Fig. 5. It involves storage vessels 

for feeds and products, a reactor/separator (CCCS), a crude biodiesel wash section, a 

biodiesel drying unit, a glycerol and methanol recovery unit. A CCCS type CINC V05 with 

an estimated production capacity of 55 ton/y biodiesel is used as the reactor/separator. 

In the device, the RSO reacts with methanol in the presence of a catalyst (KOH). It is 

assumed that potassium hydroxide has similar performance as NaOMe (Chapter 3 of 

this thesis). It is assumed that the free fatty acid content in the RSO feed is below 1 wt% 

to exclude an initial acid catalysed esterification reaction. The methanol from the crude 

biodiesel and the crude glycerol are recovered using an alcohol recovery unit (Chapter 

5 of this thesis).  

8.2.2.4 Mass balances 

The mass balance of the process is provided in Fig. 4 and is based on a 15 kg/h RSO 

input.  A 6:1 molar ratio of methanol to oil is used which is equivalent to an input of 3 

kg methanol/h to the reactor. The required water for the biodiesel wash unit is set at 

7.8 kg/h, which was found the best ratio in the experimental study described in Chapter 

5 of this thesis. After drying, 15.0 kg/h biodiesel is produced. The water stream from 

the wash section, also containing dissolved methanol is fed to an alcohol recovery unit. 

An additional amount of methanol is recovered in the glycerol work-up. It is assumed 

that 60% of the excess methanol [20] can be recovered (1 kg/h) and may be recycled to 

reduce the amount of fresh methanol used in the process (2.2 kg/h). Besides biodiesel, 

also 1.5 kg/h of glycerol is obtained in a glycerol-work up unit.  
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Figure 4. Process scheme and mass balance for the RSO biodiesel production 

 
8.2.2.5 Capital cost estimations 

The total capital and production cost estimates are, like for RSO in the previous 

paragraph, based on a cost estimation procedure by Garret [15] and Peters and 

Timmerhaus [16]. Overhead, research, financing as well as distribution and marketing 

cost are excluded from the calculation of the total production cost. Land acquisition is 

excluded from the capital costs, as the small scale unit is expected to require a limited 

amount of space.  

The total equipment costs based on the process description and mass balance as shown 

in Fig. 5 are estimated at €40.000 (Table 5). The costs are based on online prices [17] 

and data available in the literature [15, 16]. The price of the CCCS was obtained from 

the supplier (CINC Industries). The equipment cost includes an RSO storage tank with 

a 30-day supply capacity. The total capital investment (TCI) for the small-scale RSO 

biodiesel production facility was estimated to be €123.000 (Table 6). This value is the 

sum of the fixed capital investment (FCI) and working capital investment (WCI), which 

were evaluated independently. Almost one third of the capital investment is for 

purchase of equipment while the other two third are construction cost, indirect cost 

and working capital.  
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Table 5 Total equipment cost for a 55 ton/y mobile biodiesel unit 

Item Cost (€) 
Storage facilities  
Oil storage tank 1.600 
Biodiesel storage tank 1.200 
Crude glycerol storage tank 800 
Methanol storage tank 800 
KOH storage tank 400 
Biodiesel wash tank 900 
Additional storage tank 3.200 
Subtotal storage facilities 8.900 

  
Process equipment  
Methanol/catalyst mixer 250 
CCCS pre-heater 250 
CCCS  20.000 
Washing unit 300 
Drying unit 300 
Methanol recovery unit 10.000 
Subtotal process equipment 31.100 
Total equipment cost 40.000 

 

 

Table 6 Total capital investment for a 55 ton/year mobile biodiesel unit (CINC V05) 

Direct Cost (DC) Cost (€) 
Equipment Cost (E) 40.000 
Instrumentation and Control (0.4E) 16.000 
Electrical Distribution System(0.1E) 4.000 
Equipment installation (0.45E) 18.000 
Total DC 78.000 
  
Indirect Cost (IC)  
Technical and supervision (0.15DC) 11.700 
Unexpected Expenses (0.15FCI) 12.800 
Total IC 24.500 

  
Fixed Capital Investment (FCI)  
FCI = DC + IC 102.500 
  

Working Capital Investment (WCI)  
WCI = 0.2TCI 20.500 
  
Total Capital Investment (TCI)  
TCI = WCI + FCI 123.000 
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8.2.2.6 Production cost 

The cost for raw materials for the 55 ton/y biodiesel unit are provided in Table 7. The 

cost of the RSO feedstock is the estimated RSO price as provided in the previous section 

(€470/ton). The annual electricity consumption was not calculated in detail but taken 

as 10000 kWh, which is the reported electricity requirement for a small scale biodiesel 

production unit [18]. Assuming an electricity cost of €0.05/kWh, the annual electricity 

cost is €500. 

 

Table 7 Raw material costs for a 55 ton/y RSO biodiesel unit  

Raw materials Annual use Cost (€/ton)  Annual cost (€) 

-Rubber seed oil 55 ton 420/ton 23.134 

-Potassium hydroxide 0.6 ton 80/ton 44 

-Methanol 8.1 ton 180/ton 1.454 

-Process water 29 ton 0.29/ton 8 

-Hydrochloric acid 0.6 ton 106/ton 58 

Annual cost of raw materials     24.698 

 

The total production cost for the biodiesel unit is estimated at €64.162 per year (Table 

8). By assigning a market value of €0.33/kg for the glycerol [19], the total annual 

production cost is reduced to €62.344. Combined with the annual production capacity 

(55 ton/y), the biodiesel production cost is approximately €1.13/kg, which is €1.00/l 

when using a biodiesel density of 0.88 kg/L [6].  

 

Table 8 Total production cost for a 55 ton/year RSO biodiesel unit 

Variable Cost (VC) Cost (€) 
Raw materials/year 24.698 
Employees' Salary/year 22.030 
Utility Cost/year 500 
Maintenance (0.01 FCI) 1025 
Operating supplies (0.1 Employees' salary) 2.200 
Supervision (0.1 Employees' salary) 2.200 
Administration Cost (0.02 TPC) 1250 
Total VC 53.912 
  
Fixed Cost (FC)  
Depreciation (0.1 FCI) 10.250 
Total FC 10.250 
  
Subtotal production cost 64.162 
Coproduct credit  
Crude glycerol 1.820 
Total production cost 62.344 

 



                                                                                                     Chapter 8  

 

185 

 

This is considerably higher than the diesel retail price of €0.47/L in the centre of 

Palangkaraya. However, the price of diesel in rural areas is considerably higher and up 

to €1.25/L. Thus, the conversion of RSO into biodiesel may still be economically feasible 

if the estimated production cost does not exceed €1.25 €/L, which is the case in remote 

areas where diesel supply is limited. 

8.2.2.7 Sensitivity analysis 

A sensitivity analysis was performed to investigate the effect of input variables on the 

RSO production costs (Table 9). The sensitivity bounds for the input variable were set 

at 50 and 150% of the base case. The results of sensitivity analysis are shown in Fig. 5. 

 

Table 9 Input variables for the sensitivity analysis for a RSO biodiesel unit in 

Palangkaraya, Indonesia 

Parameter 

Total capital investment (€) 

Production capacity (ton/y) 

Price of glycerol (€/ton) 

Salaries (€/y) 

Cost of RSO (€/ton) 

 

 

Figure 5. Sensitivity results for a 55 ton/y biodiesel unit in Palangkaraya, Indonesia 

Production capacity has the largest effect on the production cost. A reduction in the 

plant capacity to 50% leads to an increase in the biodiesel price to €1.99/L.  An 

increment in the plant capacity to 150% leads to a decrease in the biodiesel price to 

€0.66/L. Other important input variables are the salaries and the cost of the RSO oil. As 

with the RSO unit, the total capital investment has a rather limited effect on the 
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biodiesel production costs. The selling price of the co-product glycerol has the least 

effect on the production cost and as such of less importance. 

8.3 Concluding remarks 

The production cost for RSO in a small-scale rubber seed expeller unit (55 ton RSO/y) 

in Palangkaraya were estimated to be €0.42/L. Capital investment cost have a relatively 

minor impact on the production costs of the RSO. Thus, optimisation of the design and 

reduction of the equipment costs should not be considered as a major research and 

development topic. The major variable is the amount of RSO produced in the unit. When 

the unit produces only 7.5 kg/h instead of the projected 15 kg RSO/h, the production 

costs of the RSO increase to €0.93/L. The effect of the other three input variables 

(market price of press cake, salary costs and costs of the rubber seed) is significant and 

all are showing an about equal sensitivity. For comparison, the diesel price at fuel 

stations in the city centre of Palangkaraya is approximately €0.47/L. However, the price 

of diesel outside the city is considerably higher and may be up to €1.25/L. As such, the 

RSO may be a competitive product for stationary electricity generation using a diesel 

engine both in Palangkaraya as well as the rural areas in the ex-mega rice project. 

In addition, the total production cost for biodiesel at small scale (55 ton/y) from RSO 

using CCCS technology was also evaluated and found to be €1.00/L. This value is 

comparable with the price of diesel in remote areas in the ex-mega rice project area 

close to Palangkaraya (up to €1.25/L).  
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Summary 

Triglycerides are the main chemical components of plant and animal oils and are 

important feeds for the oleochemical industry. Global interest in triglycerides has 

increased dramatically in the last decade. This is mainly due to the production of 

biodiesel from triglycerides, which was estimated at 24.7 million ton in 2013. The 

biodiesel production in Europe has increased exponentially in the period 2000-2011 

and is considered of high importance to meet the EU objective of a 10% biofuels share 

in the transportation sector by 2020. In the US, the biodiesel industry recorded nearly 

6 million ton in 2013. Apart from biodiesel, triglycerides also have high potential for the 

production of (novel) biobased polymers, a market segment which is expected to grow 

to 12 million ton by 2020. 

The main objective of the research presented in this thesis is to identify interesting 

biobased products from the seeds of the rubber tree (Hevea brasiliensis). The seeds are 

of particular interest as they are currently not valorised and regarded as waste. 

Potentially interesting products are rubber seed oil and the protein rich press cake after 

isolation of the oil. From a biorefinery perspective, the identification of high added 

value products from the rubber seeds is highly relevant as it increases the profit for the 

rubber value chain. The research activities are complemented with activities using 

jatropha and sunflower oil. The former has high potential to become a major global 

plant oil in the coming decades, whereas sunflower oil was mainly used as a model oil 

that is easily accessible in high purity.   

In Chapter 2, experimental and modelling studies on the isolation of rubber oil from 

rubber seeds using a laboratory scale hydraulic press in both the absence and presence 

of a solvent are reported. The effect of seed moisture content, temperature, pressure 

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

was modelled using two approaches, viz i) a fundamental model known as the Shirato 

model and ii) a regression model using a statistical approach. An optimum oil recovery 

of 76 wt% was obtained using ethanol as the solvent (1.6 wt% rubber seeds, 14 

vol/wt% ethanol, 20 MPa, 75 °C, 10 min pressing time). Relevant properties of the 

rubber seed oil obtained at optimum conditions were determined. The rubber seed oil 

has a relatively low acid value (2.3 mg KOH/g) and is a suitable feed for the base 

catalysed biodiesel synthesis. 

In Chapter 3, experimental studies on the effects of rubber seed storage conditions 

(humidity and time) on relevant properties of the pressed rubber seed oil are reported. 

The acid value of the isolated rubber seed oil after 2 month seed storage increased 

slightly to values up 4.19 mg KOH/g.  The effect of storage time (27 °C, closed container) 

on the acidity of the rubber seed oil and rubber seed ethyl esters was also evaluated. 



                                                                                              Summary  

 

189 

 

Freshly isolated rubber seed oil and rubber seed ethyl esters derived thereof were 

shown to have a relatively low acid value of 0.52 and 0.32 mg KOH/g respectively. The 

acid value of rubber seed oil only slightly increased during storage (0.52 to 0.60 mg 

KOH/g), whereas the acid value of the rubber seed ethyl esters (0.32 to 0.33 mg KOH/g) 

was about constant. These results indicate that it is better to store the rubber seed oil 

or the esters thereof than the seeds. In addition, moisture uptake/release versus time 

profiles for rubber seeds were determined at 27 °C and a relative humidity of 67% for 

a period of two months. The moisture versus time curves were modelled using an 

analytical solution of the instationary diffusion equation and allowed the determination 

of the diffusion coefficient of water in the rubber seeds at 27 °C.  

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

in a cascade of continuous centrifugal contactor separators (CCCS) is described. The 

effect of relevant process variables like oil and methanol flow rate, rotational speed and 

catalyst concentration was investigated and modelled using non-linear regression. At 

optimised conditions (oil flow rate of 31 mL/min, rotational speed of 34 Hz, catalyst 

concentration of 1.2 wt% and a methanol flow rate of 10 mL/min), the biodiesel yield 

was 94 mol% at a productivity of 2470 kg FAME/m3reactor.h. Proof of principle for the 

synthesis and subsequent refining of biodiesel in a cascade of two CCCS devices is also 

reported.  

In Chapter 5, experimental and modelling studies on continuous biodiesel synthesis 

and refining in a dedicated bench scale unit are reported. The setup consists of three 

major sections: i) a CCCS reactor/separator, ii) a crude biodiesel water wash and iii) a 

biodiesel drying unit using air. The concept was demonstrated for the methanolysis of 

sunflower oil using sodium methoxide as the catalyst. The effect of process conditions 

like flow rates, temperature, acidic water and water to biodiesel ratio was investigated. 

The highest attainable sunflower oil throughput for a conversion of at least 95 mol% 

was 32 mL/min (7.5:1 molar excess to oil and 1.2 wt% of catalyst regarding to the oil 

70 °C, 35 Hz), leading to a FAME productivity of 2460 kg FAME /m3reactor.h. The bench scale 

unit was modelled using Aspen and agreement between experimental data and the 

Aspen model was very satisfactory.  

The proof of principle for the ethanolysis of Jatropha curcas L. oil in a batch reactor and 

a CCCS is provided in Chapter 6. The effect of process variables like catalyst 

concentration, rotational speed, oil flow rate and ethanol to oil molar ratio was 

investigated for the synthesis of ethyl-esters (FAEE) from jatropha oil in a CCCS. 

Maximum FAEE yield was 98 mol% for both the batch (70 °C, 600 rpm, 0.8 wt% of 

sodium ethoxide) and CCCS reactor configuration (60 °C, 2100 rpm,  1 wt% of sodium 

ethoxide, oil feed 28 mL/min). The volumetric production rate of FAEE in the CCCS at 

optimum conditions was 112 kgFAEE/m3liquid.min.  
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In Chapter 7, the synthesis of cross-linked biobased polymers from epoxidized rubber 

seed oil and triethylenetetramine is described. The effect of relevant reaction 

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

primary amine groups was investigated and modelled using non-linear regression. 

Good agreement between experiments and model was obtained. At optimised 

conditions, the cross-linked biobased polymer has a Tg of 11.1 oC with a tensile strength 

and strain at break of 1.72 MPa and 182%, respectively. These values are higher than 

obtained for polymers derived from epoxidised soybean, jatropha, palm and coconut oil 

and for a commercial sample of an epoxidised soybean oil.  

Preliminary techno-economic evaluations on a rubber seed expeller unit and a biodiesel 

unit in central Kalimantan (Palangkaraya) are presented in Chapter 8. The production 

costs for rubber seed oil in a small-scale rubber seed expeller unit were estimated to be 

€0.42/L (55 ton/y). As such, the oil has economic potential to replace diesel in 

stationary diesel engines, e.g. for electricity generation. Sensitivity analysis reveals that 

the capital investment costs have a relatively minor impact on the production costs of 

the RSO. Thus, optimisation of the design and reduction of the equipment costs should 

not be considered as a major research and development topic. The major variable is the 

amount of RSO produced in the unit. In addition, the total production cost for biodiesel 

production at small scale (55 ton/y) from RSO using CCCS technology was also 

evaluated and found to be €1.00/L. This value is comparable to the price of diesel in 

remote areas in the ex-mega rice project area close to Palangkaraya, Indonesia (up to 

€1.25/L).  
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Samenvatting 

Triglyceriden vormen de hoofdbestanddelen van plantaardige oliën en dierlijke vetten 

en zijn belangrijke grondstoffen voor de oleochemie. De wereldwijde interesse in 

triglyceriden is dramatisch toegenomen in de laatste tien jaar, voornamelijk door de 

productie van biodiesel (24.7 miljoen ton in 2013). De biodiesel productie in Europa is 

exponentieel gegroeid in de periode 2000-2011 en wordt van groot belang geacht voor 

het verwezenlijken van de EU doelstelling voor een 10% aandeel van biobrandstoffen 

in de transportsector in 2020. Naast biodiesel hebben triglyceriden ook vele 

mogelijkheden voor gebruik in de productie van (nieuwe) biobased plastics, een 

marktsegment dat naar verwachting zal groeien tot 12 miljoen ton in 2020.  

Het belangrijkste doel van het onderzoek bescheven in dit proefschrift is het 

identificeren van interessante biobased producten uit de zaden van de rubberboom 

(Hevea brasiliensis). De zaden zijn vooral interessant omdat er op dit moment geen 

toepassingen voor zijn en ze als afval beschouwd worden. Mogelijk interessante 

producten zijn rubberzaad olie en de eiwit rijke perskoek die overblijft na het isoleren 

van de olie. Vanuit het oogpunt van een bio-raffinaderij is het identificeren van 

producten met hoge toegevoegde waarde uit de rubber zaden zeer relevant omdat het 

de economische waarde van de rubber waardeketen verhoogd. Het onderzoek is 

aangevuld met experimenten met jatropha en zonnebloem olie. De eerste heeft de 

potentie om een belangrijke plantaardige olie te worden in de toekomst, terwijl 

zonnebloem olie vooral gebruikt is als een model olie die in Nederland makkelijk 

verkrijgbaar is in zuivere vorm. 

In hoofdstuk 2 worden experimentele en modelleer studies beschreven met 

betrekking tot de isolatie van rubber olie uit rubberzaden, al dan niet in de 

aanwezigheid van een oplosmiddel. Het effect van het vochtgehalte van de zaden, pers 

temperatuur en druk en de verhouding tussen oplosmiddel en zaden op de 

olieopbrengst is onderzocht. De experimentele resultaten zijn gemodelleerd met twee 

benaderingen, d.w.z. een fundamenteel model (Shirato) en een regressie model dat 

gebruikt maakt van een statistische benadering. De beste olie opbrengst (76%) is 

behaald met ethanol als oplosmiddel (1.6 wt% rubber zaden, 14 vol/wt% ethanol, 20 

MPa, 75 °C, 10 min pers tijd). Relevante eigenschappen van de rubber zaad olie 

verkregen bij optimale condities zijn bepaald. De rubberzaad olie heeft een relatief laag 

zuurgetal (2.3 mg KOH/g) en is een geschikte grondstof voor de base gekatalyseerde 

synthese van biodiesel. 

In hoofdstuk 3 worden experimentele studies beschreven om de effecten van 

rubberzaad opslagcondities (luchtvochtigheid en tijd) op revelante eigenschappen van 

geperste rubberzaad olie te bepalen. Het zuurgetal van de gewonnen rubberzaad olie 
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na twee maanden zaad opslag nam toe tot maximaal 4.19 mg KOH/g. Het effect van 

opslagtijd (27 °C, gesloten container) op de zuurgraad van de rubberzaad olie en 

rubberzaad ethyl esters zijn ook geëvalueerd. Vers geperste rubberzaad olie en 

afgeleide rubberzaad ethyl esters hebben relatief lage zuurwaardes van respectievelijk 

0.52 en 0.32 mg KOH/g. Het zuurgetal van rubberzaad olie nam slechts licht toe tijdens 

opslag (van 0.52 tot 0.60 mg KOH/g) terwijl het zuurgetal van de rubberzaad ethyl 

esters (van 0.32 naar 0.33 mg KOH/g) vrijwel constant bleef. Deze resultaten geven aan 

dat het beter is om de rubberzaad olie of de esters ervan op te slaan dan de zaden. 

Daarnaast zijn vochtopname/afgifte profielen voor rubberzaden bepaald voor een 

periode van twee maanden bij 27 °C en een relatieve vochtigheid van 67%. De vocht 

versus tijd curves zijn gemodelleerd met een analytische oplossing van de instationaire 

diffusie vergelijking. Op basis van het model is de diffusie coëfficiënt van water in de 

rubberzaden bij 27 °C bepaald.  

In hoofdstuk 4 wordt de synthese en raffinage van biodiesel van zonnebloem olie en 

methanol in een cascade van continue centrifugaal contactor separators (CCCS) 

beschreven. Het effect van relevante proces variabelen zoals olie en methanol 

voedingssnelheid, rotatiesnelheid en katalysator concentratie is onderzocht en 

gemodelleerd met niet lineaire regressie. Bij geoptimaliseerde condities (olie voeding 

van 31 mL/min, rotatie snelheid 34 Hz, katalysator concentratie 1.2 wt% en een 

methanol voeding van 10 mL/min) is de biodiesel opbrengst 94 mol% bij een 

productiviteit van 2470 kgFAME/m3reactor.h. “Proof of principle” voor de synthese en 

opeenvolgende raffinage van biodiesel in een cascade van twee CCCS apparaten is ook 

gegeven. 

In hoofdstuk 5 worden experimentele en modelleer studies naar de continue biodiesel 

synthese en raffinage in een ‘bench-scale’ opstelling beschreven. De opstelling bestaat 

uit drie delen, i) een CCCS reactor separator, ii) een biodiesel was sectie en iii) een 

biodiesel droog eenheid. Het concept is gedemonstreerd voor de methanolyse van 

zonnebloemolie met natriummethoxide als katalysator. Het effect van proces condities 

als voedingssnelheden, temperatuur, zuur water en de verhouding water tot biodiesel 

is onderzocht. De hoogst bereikbare doorzet van zonnebloemolie met een conversie van 

ten minste 95 mol% was 32 mL/min (7.5:1 molaire overmaat tot olie en 1.2 

gewichtsprocent katalysator ten opzichte van de olie 70 °C, 35 Hz). Dit geeft een FAME 

productiviteit van 2460 kgFAME/m3reactor.h. De ‘bench-scale’ opstelling is gemodelleerd 

met Aspen en de overeenkomst tussen de experimentele data en het Aspen model is 

goed. 

“Proof of principle” voor de ethanolyse van Jatropha curcas L. olie in een batch reactor 

en een CCCS wordt beschreven in hoofdstuk 6. Het effect van proces variabelen als 

katalysator concentratie, rotatiesnelheid, olie voedingssnelheid en de molaire 
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verhouding van ethanol tot olie zijn onderzocht voor de synthese of ethylesters (FAEE) 

van jatropha olie in een CCCS. De maximale FAEE opbrengst van 98 %mol in zowel de 

batch (70 °C, 600 rpm, 0.8 wt% natrium ethoxide) als de CCCS reactor (60 °C, 2100 rpm, 

1 wt% natrium ethoxide, olie voeding 28 mL/min). De volumetrische productie 

snelheid van FAEE in de CCCS bij optimale condities is 112 kgFAME/m3 vloeistof.min. 

In hoofstuk 7 wordt de synthese van gecrosslinkte polymeren van geëpoxideerde 

rubberzaad olie en triethylenetetramine beschreven. Het effect van relevante reactie 

condities als tijd, temperatuur, druk en de verhouding epoxide tot primaire amine 

groepen is onderzocht en gemodelleerd met niet lineaire regressie. De overeenkomst 

tussen de experimenten en het model is goed. Bij optimale condities heeft het 

gecrosslinkte polymeer van rubberzaad olie een Tg van 11.1°C en een treksterkte en 

strain bij breuk van respectievelijk 1.72 MPa en 182%. Deze waarden zijn hoger dan 

voor polymeren afgeleid van geëpoxideerde soja-, jatropha-, palm- en kokosolie en voor 

een commercieel monster van geëpoxideerde sojaolie. 

Techno-economische evaluaties aan een rubberzaad expeller en een biodiesel 

productie faciliteit in centraal Kalimantan (Palangkaraya) worden gegeven in 

hoofdstuk 8. De productiekosten voor rubberzaadolie in een kleine schaal rubber zaad 

expeller eenheid zijn geschat op €0.42 per liter (55 ton/j). In potentie heeft de olie de 

mogelijkheid om diesel te vervangen in stationaire diesel motoren, bijvoorbeeld voor 

elektriciteitsopwekking. Gevoeligheids analyse laat zien dat de investeringskosten een 

relatief kleine invloed hebben op de productie kosten van de rubberzaad olie. Proces 

optimalisatie met als doel om de investeringskosten te verminderen zijn dus minder 

relevant. De belangrijkste variabele kostenpost is de hoeveelheid RSO die geproduceerd 

wordt in de eenheid. Daarnaast zijn de totale kosten van de productie van biodiesel van 

RSO met CCCS technologie op kleine schaal geëvalueerd en deze bedraagt ongeveer 

€1.00/L. Deze waarde is vergelijkbaar met de prijs van diesel in  het “ex-mega rice 

project” gebied bij Palangkaraya in Indonesië (tot €1.25/L) 
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