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Abstract 
The awareness of environmental problems caused by an increasing standard of living lead to a 

revised view on industrial processes and the handling of resources. During the last decades, 

the tropical, non-edible plant Jatropha curcas L. became a focus of interest especially with 

respect to its high oil content.  

In order to increase the sustainability of its utilization the present work deals with the 

establishment of alternative enzymatic processes for the oil refining as well as with the 

extraction and application of the protein, the most valuable by-product inherent to the residues 

left after oil extraction from the Jatropha seeds.  

Enzymatic degumming of crude Jatropha oil was performed successfully applying Lecitase® 

Ultra. Phosphor content can be decreased below 4 ppm. Enzymatic neutralization was 

achieved esterifying the free fatty acids with glycerol by an immobilized lipase from 

Rhizomucor miehei. Initially, the crucial influencing parameters were determined and 

afterwards the reaction was optimized by the help of a statistical design of experiments. The 

process allows acid number reduction to 0.3 mg KOH per g of oil. Residual fatty acids are 

easily removed within the following refining steps. According to a kinetic investigation, the 

enzymatic neutralization is expected to follow a Ping Pong mechanism with dead end 

inhibition by the acyl-acceptor glycerol. Enzyme regeneration was also investigated and 

found to be most effective applying isopropanol and n-hexane allowing a reutilization of the 

enzyme in at least 13 cycles.  

In order to extract the protein from aqueous-extracted as well as from screw-pressed Jatropha 

residue an aqueous and an enzyme-assisted process were developed. Protein yields of about 

75% were obtained. Different methods for protein recovery and purification subsequent to 

protein extraction were performed and evaluated. In principle, Jatropha proteins show good 

emulsifying as well as gelation behaviour. No foam forming capacity is measured. The 

functionality of enzymatically extracted protein is minor to the functionality of aqueous-

extracted protein. Jatropha protein owns potential for its utilization in technical applications 

such as emulsifiers, biodegradable bags or antifoam reagent.  

The current work revealed Jatropha curcas as a promising source of oil and protein to be 

valorized for their use in technical applications. 
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Zusammenfassung 
Das wachsende Bewusstsein um die Umweltprobleme, welche durch einen steigenden 

Lebensstandard verursacht werden, führte zu einem Umdenken hinsichtlich der Nutzung 

natürlicher Ressourcen und der Nachhaltigkeit industrieller Prozesse. In den letzten 

Jahrzehnten stieg daher das Interesse an der nicht essbaren tropischen Ölpflanze Jatropha 

curcas L. Um ihre nachhaltige Nutzung zu gewährleisten, beschäftigt sich diese Arbeit mit der 

Entwicklung alternativer enzymatischer Prozesse zur Ölraffination sowie zur Extraktion und 

Verwertung der Proteine, dem wertvollsten Nebenprodukt der Ölgewinnung aus Jatropha 

Saat.  

Die enzymatische Entschleimung von Jatropha-Rohöl mittels Lecitase® Ultra ermöglichte 

eine Reduktion des Phosphorgehaltes im Öl unter 4 ppm. Die enzymatische Entsäuerung 

wurde durch Veresterung der freien Fettsäuren mit Glycerin unter Verwendung einer 

immobilisierten Lipase aus Rhizomucor miehei erreicht. Zunächst wurden die kritischen 

Einflussparameter auf die Reaktion ermittelt. Anschließend erfolgte eine Prozessoptimierung 

mittels statistischer Versuchsplanung. Der Prozess ermöglicht eine Reduktion der Säurezahl 

auf 0.3 mg KOH pro g Öl. Die restlichen Fettsäuren können leicht über die folgenden 

Raffinationsschritte abgetrennt werden. Die Kinetik der enzymatischen Entsäuerungsreaktion 

scheint einem Ping Pong Mechanismus mit dead-end Hemmung durch den Acylakzeptor 

Glycerin zu folgen. Die Regeneration der Lipase mittels Isopropanol und n-Hexan stellte sich 

als vielversprechend heraus und ermöglichte eine Wiederverwendung des Enzyms in 13 

Zyklen.  

Um das Protein aus wässrig extrahiertem oder gepresstem Jatropha Rückstand zu extrahieren 

wurden ein wässriger sowie ein enzymatischer Prozess entwickelt. Dabei wurden 

Proteinausbeuten von 75% erreicht. Anschließend wurden verschiedene Methoden zur 

Proteingewinnung und –aufreinigung entwickelt und bewertet. Die Proteine weisen 

vielversprechende Emulgier- und Gelbildungseigenschaften auf. Sie zeigen jedoch kein 

Schaumbildungsvermögen. Die Funktionalität der enzymatisch extrahierten Proteine ist 

geringer als die der wässrig extrahierten Proteine. Jatropha Proteine weisen ein hohes 

Potential auf in technischen Anwendungen, z.B. als Emulgatoren, in bioabbaubaren Mülltüten 

oder als Antischaummittel eingesetzt zu werden.  

Die vorliegende Arbeit zeigte, dass Jatropha curcas eine vielversprechende Öl- und 

Proteinquelle für technische Anwendungen sein kann.  
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CHAPTER 1 
 

General Introduction 

Since the world’s population is steadily growing, the supply of the population with food as 

well as other necessary goods and services is a challenging problem. Along with the 

increasing population, fossil resources decrease – thus requiring the search for sustainable 

alternatives. However, the production of energy from agricultural resources must not compete 

with the production of foodstuff. Adequate solutions to the well-known ‘tank or table’ 

discussion have to be searched for [1].  

In the past years the worldwide demand for vegetable oils ranged at over 170 million tons per 

annum according to the USDA. The greatest amount thereof (about 76%) was served as 

foodstuff. 10% are utilized in the chemical industry, 5% as feed and about 9% for the 

production of biofuels and energy. The demand for vegetable and animal fats and oils for the 

production of biofuels and energy did increase strongly within the last years especially with 

respect to highly industrialized countries. This is amongst others attributed to the increasing 

demand for rapeseed oil for biodiesel production. However, this trend is assumed to cause 

more hunger crisis in third countries [1, 2]. Besides, dwindling resources of mineral oils as 

well as its rising costs and the increasing notice of the environmental pollution caused by 

mineral oils pressed ahead the research on more sustainable alternatives. The non-edible oil 

plant Jatropha curcas L. thus provides a potential alternative to edible raw material such as 

rapeseed or palm fruit.  

However, most utilization concepts of Jatropha curcas L. do only focus on a single product or 

process. Remaining by-products and waste streams are often not considered - thereby 

reducing the economic efficiency of the process and resulting in a poor life cycle assessment. 

Thus, the development of integrated concepts for the utilization of agricultural raw materials 

has to be sought for. In addition, the development of sustainable alternatives to conventional 

chemical processes is and ought to be an important issue of research these days.  
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1.1 Jatropha curcas L. – potential and difficulties 

 

Jatropha curcas L. is an oilseed crop of the family Euphorbiaceae and widespread throughout 

the tropics and subtropics. The name Jatropha is derived from the Greek words iatrós 

(doctor) and trophé (food) in reference to its medicinal use [3]. In the 90s interest in the plant 

increased strongly. This was, inter alia, expressed in its rapidly expanding cultivation. The 

GEXSI predicted acreage of about 13 million ha in 2015 [4]. The interest was essentially 

based on the trend towards sustainability. Jatropha curcas was expected to solve the problems 

caused by an increasing demand for biofuels, since it is a rather non-demanding plant growing 

under various climatic conditions, preferring a temperature of 20-28°C and a rainfall of 480-

2400 mm. The plant can be cultivated at any type of soil enabling its cultivation on marginal 

land not suitable for food cultivation [5]. Traditionally, Jatropha grew wild or was used in 

protecting hedges around arable land [6]. Besides, most genotypes of Jatropha are non-edible 

since they contain several toxic compounds such as phorbol esters and curcin. Thus, Jatropha 

curcas L. was considered to be an alternative energy crop, avoiding the ‘tank or table’ 

discussion.  

However, the enthusiasm about the plant recently damped since several problems were 

noticed as the research on Jatropha was strengthened [7]. Jatropha is still considered as a 

wild and undomesticated plant. Productivity varies widely between individual plants and in 

dependence of the cultivation conditions [8-10]. Since the fruits do not mature simultaneously 

harvesting is very labor intensive and requires therefore manual harvesting [11]. These 

problems are sought to be overcome by breeding [12, 13] and by the generation of a deeper 

knowledge regarding the climatic requirements of the plant [7, 9, 14]. Jatropha curcas 

provides a great potential as a future energy source as described in this work. It thus deserves 

careful attention since its full potential is currently far from being exploited. 

 

1.1.1 Jatropha curcas fruit 

The Jatropha fruit contains one to four seeds. 35% of the seeds are shells while the remaining 

65% belong to the kernel [15]. A picture of the plant and its fruits containing the seeds is 

given below (Figure 1).  
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Figure 1: Jatropha curcas L. fruits (A) and seeds (B). 
 

Since the seeds of Jatropha are rich in non-edible oil (Table 1) and the plant can be cultivated 

on marginal land [16], it provides an alternative oil source for biodiesel production, without 

directly competing with food production [17, 18]. As a by-product from oil extraction, high 

amounts of Jatropha meal with high protein contents (40-60%) are obtained. The meal can be 

used e.g. as organic fertilizer, rodent repellent or for biogas production [15]. It is not directly 

suitable for feed or food applications due to several toxic and anti-nutritional factors such as 

the phorbol esters, lectin and phytate [19]. However, methods for the detoxification of the 

meal are recently being investigated [20] and some non-toxic varieties are known from 

Mexico, too [21]. 

 

Table 1: Average composition of Jatropha curcas L. kernel [22] 

Component Content (%) 

  Dry matter 95 
Protein 31-35 
Lipid 55-58 
Ash 4 
Crude fibre 3 
    
 

 

 

 

A B 
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1.1.2 Jatropha curcas L. oil 

The extraction of Jatropha oil is traditionally performed mechanically, utilizing oil expellers 

or screw-presses. Today, several alternatives to the traditional mechanical extraction are 

commonly applied, such as chemical, enzymatic, supercritical and three-phase partitioning 

extraction [23, 24]. In dependence of the extraction technology the oil qualities as well as the 

quality of the residues left after oil extraction vary widely.  

Several studies focused on the composition and characterization of Jatropha curcas L. oil [15, 

25-27]. However, it is rather difficult to take these results for granted, since the parameters 

can differ strongly with respect to the raw material considered. Thus, the values mentioned in 

this work can only serve as an orientation. The oil content of the seeds varies in dependence 

of the cultivation conditions [28, 29]. The oil is composed of about 97.6% of neutral lipids, 

0.95% of glycolipids and 1.45% of phospholipids [30]. The major fatty acids in the oil are the 

oleic, linoleic, palmitic, and the stearic fatty acid (see Table 2). Fatty acid composition is thus 

similar to sunflower or soybean oil [31].  

 

Table 2: Fatty acid composition of toxic and non-toxic Jatropha curcas oil according to 

Becker and Makkar [15] 

Fatty acid Non-toxic Toxic 
  (%) 

   Myristic acid (14:0) 0.2 0.1 
Palmitic acid (16:0) 13.4 15.3 
Heptadecanoic acid (17:0) 0.1 0.1 
Stearic acid (18:0) 6.4 6.6 
Arachidic acid (20:0) 0.2 0.2 
Behenic acid (22:0) traces traces 
Lignoceric acid (24:0) traces 0.1 
Total saturated 20.3 22.3 

   Palmitoleic acid (16:1; n-7) 0.8 0.9 
Oleic acid (18:1; n-9) 36.5 41.0 
Eicosenoic acid (20:1; n-9) 0.1 0.1 
Total monounsaturated 37.3 42.0 

   Linoleic acid (18:2; n-6) 42.1 35.3 
Linolenic (ALA) acid (18:3; n-3) 0.2 0.3 
Total polyunsaturated  42.3 35.7 
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Free fatty acid content of Jatropha oil also differs strongly depending on the ripeness of fruit, 

the storage conditions, or the oil extraction process [24, 32, 33]. Shah and Gupta [32] reported 

an increase in the free fatty acid content from 2.7 to 12% (w/w) during a storage time of two 

years. 

Phospholipid fraction is composed of 60.5% phosphatidyl choline (PC), 24% phosphatidyl 

inositol (PI) and 15.5% phosphatidyl ethanolamine (PE) [30]. The fatty acid distribution in 

the phospholipid classes was determined by Rao et al. [30] and is given in Table 3. 

 

Table 3: Fatty acid distribution in individual phospholipid classes [30] 

Phospholipid Positional  Fatty acid composition (wt. %)a     
  distribution 16:0 16:1 18:0 18:1 18:2 

       PC total 14.5 ± 0.06   0.4 ± 0.06   6.4 ± 0.01 48.0 ± 0.11 30.7 ± 0.11 

 
sn-1 32.7 ± 0.03   0.7 ± 0.03 13.1 ± 0.21 31.6 ± 0.00 21.9 ± 0.07 

 
sn-2   4.9 ± 0.14   0.7 ± 0.07   1.2 ± 0.07 52.5 ± 0.07 40.7 ± 0.14 

PI total 24.6 ± 0.11   0.7 ± 0.06   4.7 ± 0.02 34.1 ± 0.06 35.9 ± 0.11 

 
sn-1 49.3 ± 0.42   0.3 ± 0.02 11.7 ± 0.07 21.2 ± 0.35 17.5 ± 0.04 

 
sn-2   4.5 ± 0.02   0.3 ± 0.03   1.0 ± 0.03 38.8 ± 0.02 55.4 ± 0.03 

PE total 23.6 ± 0.03   0.6 ± 0.00   4.4 ± 0.00 30.7 ± 0.01 40.7 ± 0.01 

 
sn-1 39.4 ± 0.35   0.7 ± 0.07   9.5 ± 0.04 23.8 ± 0.18 26.6 ± 0.06 

 
sn-2   6.8 ± 0.07   0.7 ± 0.07   1.8 ± 0.21 46.0 ± 0.35 44.7 ± 0.07 

              
a18:3 was found in traces in all the phospholipid classes 

 

Physical and chemical characteristics of the oil vary in dependence of the raw material around 

the values presented in Table 4. 

 

Table 4: Physical and chemical properties of Jatropha curcas L. oil [26, 34] 

Physical/chemical data   

  Relative density (g/ml) 0.9141 
Refractive index 1.4698 
Acid number (mg/g) 10 
Saponifiable matter (mg/g) 196 
Hydroxy value (mg/g) 2.15 
Iodine value (g/100g) 102 
Peroxide value (mval/kg)   0.1-0.2 
Unsaponifiable matter (%) 0.9 
 



CHAPTER 1 

 
 

6 
 

1.1.3 Jatropha curcas L. protein 

As a by-product from oil extraction, high amounts of Jatropha meal are obtained. The meal is 

currently used as organic fertilizer providing an excellent nutrient composition [6, 35]. 

Besides it is a good substrate for biogas production providing even higher yields than cattle 

dung [36, 37]. 

The protein content of the meal is high ranging between 40 and 60% [15]. Thus, for every 

1000 l of Jatropha oil, around 2 t of meal are obtained, containing around 600 kg protein [38]. 

As a consequence, utilization of the extracted protein in technical applications is an 

interesting area of value creation. 

The typical composition of Jatropha meal is given in Table 5. The average molecular weight 

of the proteins is about 50 kDa and thus comparably high [39]. The glutelin fraction is the 

largest one which probably causes bad protein solubility [40]. Next to the glutelin fraction, the 

globulins are the main components followed by the albumins and the prolamins. Percental 

distribution published varies widely [40-42]. Satisfying protein solubility is only reached 

under very alkaline conditions with pH values above 9, while minimum solubility was found 

at a pH value of 4 to 5 [43, 44]. 

 

Table 5: Average composition of Jatropha curcas L. meal [45] 

 Component Content (% in DM) 

  Crude protein 56.4 - 63.8 
Lipid   1.0 -   1.5 
Ash 9.6 - 10.4 
NDF 8.1 -   9.1 
ADF 5.7 -   7.0 
ADL 0.1 -   0.4 
    
 

Functional properties of the protein extracted from Jatropha meals were evaluated with 

regard to food or feed as well as to technical applications [43, 44]. Jatropha protein is 

reported to have good emulsifying and foam forming properties comparable to or even better 

than the ones of sodium caseinate or soy proteins. However the functionality reported was 

quite different since it depends on many variable parameters such as the pre-processing of the 

raw material and the method of protein recovery [43, 44, 46].  
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Besides, recent research activities reported the toxicity of the meal to plants and animals even 

though the phorbol esters were undetectable [47], thus opposing to the application of the meal 

as food or feedstock. The utilization of Jatropha protein for technical applications will 

therefore remain the focus of interest within the next years. 

 

1.2 Industrial oil processing  

The preparation of crude oil for technical or power generating applications necessitates an oil 

refining. The conventional chemical refining process (Figure 2) includes degumming, 

neutralization, bleaching and deodorization and seeks for the removal of non-triglyceride 

impurities from the oil [48].  

 

Figure 2: Flow chart of the conventional chemical refining process 
 

1.2.1 State of the art – industrial challenges 

Conventional refining is afflicted with several disadvantages concerning environmental and 

energetic aspects [49]. Procedures as well as their assets and drawbacks are described in the 

following with respect to crude oil degumming and neutralisation.  
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Conventional degumming 

The degumming is the first step during the refining of crude vegetable oils. It seeks for the 

reduction of the phosphorus content in the oil which mainly derives from phospholipids. 

Chemical structures of the most common phospholipids are illustrated in Figure 3.  
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Figure 3: Chemical structure of the most common phospholipids 

 

Phospholipids have to be eliminated from crude oils since they reduce the oxidative stability 

of the refined oil [50]. This is undesired with respect to edible oil production as well as to 

technical oil applications such as biodiesel production. Additionally, phospholipids inhibit 

chemical catalysts utilized for biodiesel production and they impede the separation of 

biodiesel and glycerol due to their strong emulsifying effect. A high phosphorus content in the 

oil can furthermore lead to the obstruction of the engine since the combustion results in higher 

ash content [30, 51, 52]. Thus, the phosphorus content of the oil has to be reduced to a level 

below 4 ppm according to the biodiesel norm DIN EN 14214 from November 2012. 

Since numerous degumming procedures exist, the focus will be set to the most commonly 

performed approaches. The process carried out depends on the requirements of the refining 

[50, 53]. Water degumming of crude oil was the first degumming process developed [54]. It is 

only suitable as a pre-treatment prior to a second degumming step, since only hydratable  
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phospholipids are eliminated and thus, the residual phosphorus content will range between 60 

and 200 ppm [55, 56]. The procedure is rather simple implying the heating of the oil to 80°C 

followed by the addition of about 2% (w/w) of water to the oil. After 10 min stirring, oil and 

water phase are separated by centrifugation [56, 57].  

Acid degumming of vegetable oil is a variant of water degumming, since both processes are 

similar except for the addition of a degumming acid to the oil instead of just water. Residual 

phosphorus content is lower after acid degumming since non-hydratable phospholipids are at 

least partially eliminated from the oil [55]. Recently, Liu et al. [51] investigated Jatropha 

degumming by a two-step method including water and acid degumming followed by a 

membrane separation process. This approach was able to lower the phosphorus content from 

1200 ppm to 20 ppm. However, it was not possible to reach the required limit for biodiesel of 

4 ppm phosphorus.  

In further developments of the acid degumming process, super-degumming was performed, 

resulting in a maximum residual phosphorus content of 30 ppm. In many cases it is even 

much below that level. The process includes the addition of a strong acid at high temperatures 

of 70°C and high shear mixing, followed by the addition of water at about 25°C [58, 59]. 

Other chemical degumming procedures are for example known as SOFT degumming [60, 61], 

unidegumming [62] or TOP degumming [63, 64]. 

Next to the chemical degumming processes several approaches involving the utilization of 

membranes were followed up in the last decades. These are based on the principle that 

phosphatides tend to form micelles when dissolved in organic solvents. The micelles are then 

retained by a semi-permeable membrane [65-67].  

Due to their environmental impact with regard to energy requirements, wastewater production 

and the utilization of chemicals, these processes should be replaced by more sustainable 

approaches. Enzymatic degumming as described below provides an environmentally friendly 

alternative and concomitantly results in higher oil yields. 
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Conventional neutralization 

Crude oil neutralization is an essential step in the refining process, which follows the 

degumming procedure. The neutralization purposes the removal of free fatty acids from the 

oil. Conventionally, this is mostly done by a chemical refining of the oil. Only lauric oils and 

animal fats are physically refined in order to reduce oil loss since their free fatty acid content 

is often high and the phospholipid content is low [68].  

Chemical refining is achieved by the addition of alkali (sodium hydroxide, sodium carbonate, 

ammonium hydroxide or sodium silicate) to the oil to saponify free fatty acids and precipitate 

them as soap stock. The process is either done batch wise or in a fully continuous centrifugal 

refining [48, 69].  

Sodium hydroxide is the most widely used caustic. However, in strong concentrations it leads 

to the saponification of triglycerides. Thus the combination of sodium hydroxide with milder 

sodium carbonate is a common approach in order to reduce oil loss. The quantity of caustic 

added to the oil depends on its free fatty acid level. Most oils are refined with 0.10 to 0.13% 

excess based on the theoretical amount necessary [70]. 

The soap stock is separated from the oil by centrifugation. After centrifugation the oil is 

washed with hot soft water (> 90°C) or steam condensate in order to remove residual soaps. 

Batch refining requires 8% (w/w) of water while 10 to 20% (w/w) are required in the 

continuous process [69].  

The soap is a good emulsifier. Therefore, some neutral oil is lost together with the soap stock 

[71, 72]. To break the emulsion, the addition of salts (NaCl, KCl, Na2SO4, tannic acid) is 

possible [73]. Sometimes citric or phosphoric acid are added to the oil in order to achieve 

soap elimination [69]. The soap is either sold to soapmakers for further processing or split by 

the addition of sulphuric acid and sold to animal feed manufactures as ‘acid oil’ or it is used 

as a raw material for the production of purified products, such as free fatty acids [69, 70]. 

Poor quality oils with high free fatty acid concentrations are often neutralized by a double 

neutralization technique, applying strong caustics in the first step and milder ones in the 

second step [69]. However, the amount of oil lost caused by the chemical neutralization is 

about three times the original free fatty acid content [48, 49]. Loss can be reduced by physical 

refining of the oil where the free fatty acids are eliminated from the oil by steam stripping  
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instead of their caustic neutralization. However, since this approach is also very energy 

intensive as it requires high temperatures and large amounts of steam, it is only considered for 

highly acidic oils [72]. 

The excessive utilization of aggressive chemicals such as sodium hydroxide or sulphuric acid, 

the production of large quantities of soap stock and wastewater as well as high oil losses and 

high energy requirements reduce the economic viability of the process and contribute to the 

environmental pollution. Only recently, Dijkstra criticized the lack of research and 

development on the neutralization process since shortcomings are widely accepted by the 

industry [68]. Nevertheless, some approaches were pursuit in order to improve the process 

especially with respect to the high oil losses. Involvement of organic solvents appears to be 

promising [74]. Besides, deacidification by re-esterification was investigated. Azhari et al. 

[75] suggested esterifying the free fatty acids of crude Jatropha oil with sulphuric acid 

catalyst in order to reduce oil losses. They achieved a reduction of free fatty acid content from 

25.3% to 0.6% in 3 hours at 60°C using 1% (w/w) of catalyst and 60% (w/w) of methanol.  

However, this approach is also not environmentally friendly. Thus, in particular for the 

application of Jatropha oil aiming at more sustainability, aligned alternatives to the 

conventional pathways are desired. Presently, the most important alternative examined is an 

enzymatic approach as discussed in the following. 

 

1.2.2 Approaches for solutions – enzymatic oil processing 

 

Enzymatic degumming 

Enzymatic degumming is performed by the addition of phospholipases to the crude oil. The 

enhancement of product yields, the savings of operational costs for chemicals and the 

reduction of wastewater achieved by an enzymatic approach have favored its use [76]. The 

first industrial enzymatic degumming process was developed by Lurgi GmbH together with 

Roehm GmbH in the 90s and is known as the EnzyMax® process [77, 78]. The phospholipids 

are thereby hydrolyzed with a phospholipase A2, resulting in the formation of 

lysophosphatides that are washed out with water (Figure 4).  
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Figure 4: Enzymatic cleavage of phospholipids by phospholipases A1 or A2 yielding 

lysophosphatides 

 

The development of the EnzyMax® process initiated numerous further research activities on 

the enzymatic degumming. The process was improved and adjusted to various kinds of oils 

[78, 79] mainly focusing the utilization of phospholipase A1 and A2 (Figure 5). Enzymatic 

cleavage of the phospholipids by phospholipase A1 also leads to the formation of 

lysophosphatides (Figure 4). Besides, the utilization of phospholipases C is also possible. 

These cleave the phospholipids forming 1,2-diacylglycerols and mono-phosphate esters 

(Figure 5). Thus, the oil yield is further increased since the phospholipids are not lost with the 

gums but remain in the oil in the form of diacylglycerols. Jackisch et al. [80] protected an 

enzymatic degumming with a phospholipase C from Bacillus subitilis by patent. However, 

phospholipase C preparation is not commercially available up to now. Purifine® PLC 

disclosed in a patent from Verenium is the only phospholipase C produced industrially. This 

phospholipase is known to be rather specific acting only on phosphatidylcholine and 

phospatidylethanolamine [78]. As a consequence, research activities are needed in order to 

obtain a more unspecific phospholipase C.  
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The combination of different phospholipases in enzymatic degumming is also possible and 

can result in a significant reduction of the reaction time [81].  

 

R1O

O

O P

O

O

O
-

OR2

O

PLA1
PLA2

PLC

    
    
    
     

X

 

Figure 5: Cleavage sites of the different phospholipases. PLA1 = Phospholipase A1, 

PLA2 = Phospholipase A2, PLC = Phospholipase C 

 

Enzymatic neutralization 

Enzymatic deacidification avoids the aforementioned disadvantages of the conventional 

neutralization process thus resulting in higher oil yields and preventing the production of 

soapstock and wastewater. However, up to now, enzyme-catalyzed reactions remain costly 

due to long reaction times and high enzyme costs [48].  

To perform enzymatic deacidification of the crude oil, free or immobilized lipases 

(triacylglycerol hydrolases E.C.3.1.1.3) are applied. These catalyze the esterification of the 

free fatty acids in the crude oil with alcohols (e.g. glycerol) added to the reaction mixture 

following a Ping Pong Bi Bi mechanism [82]. In the first step monoacylglycerols are built up, 

followed by the formation of 1,2- and 1,3-diacylglycerols from the monoacylglycerols. 

Subsequently, the diacylglycerols are built up to triacylglycerols (Figure 6). 
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Figure 6: Lipase catalyzed esterification of free fatty acids with glycerol  

 

Currently, several free and also some immobilized lipases are commercially available [83]. 

Since lipases catalyze not only the esterification reaction but also and preferably the 

hydrolysis of triacylglycerides, the reaction equilibrium shifts towards synthesis on removal 

of water [84]. Nevertheless, a certain amount of water in the reaction system is essential in 

order to maintain lipase activity [18]. Besides, the alcohol added as the acyl acceptor is a 

crucial process parameter since lipase activity is known to be decreased with increasing 

alcohol concentration [85-87]. The knowledge on the influences of substrates and/or products 

on the kinetics of an enzyme-assisted reaction is essential in order to enable a precise process 

description.  

Numerous studies on lipase-catalyzed esterification were published during the past decades. 

Gandhi et al. [88] or Divakar and Manohar [83] reviewed the fundamental aspects concerning 

lipase catalysis. However, an enzymatic approach on the neutralization of crude oil is scarcely 

investigated. The majority of the studies concentrated on a model system utilizing a distinct 

acid and an alcohol component in order to investigate the reaction. Besides, esterification was 

mainly studied in organic solvents, such as n-hexane, n-heptane or tert-butanol [e.g. 87, 89, 

90-92]. Some studies also considered solvent-free esterification of free fatty acids [e.g. 93- 

95]. Solvent-free esterification of crude oils is scarcely investigated. The enzymatic 

esterification of crude oil was mostly performed in highly acidic oils, in deodorizer distillates 

[e.g. 49, 96- 98] or as a pre-treatment prior to the conventional deacidification in order to 

reduce oil losses [48, 96, 99-101]. However, the possibility of an enzyme-assisted 

neutralization of crude palm and fish oil was discussed in a presentation of Cowan and seems 

to be promising [102, 103].  
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1.3 Protein processing industry 

The need for protein preparations did not only increase in food industry. Technical protein 

applications (e.g. glues, film coatings, emulsifiers) are currently gaining more attention, due 

to an increasing awareness of the importance of an integrated and sustainable utilization of 

agro-industrial raw materials. This is supported by the quest of the chemical industry for 

environmentally friendly, bio-degradable processes and products.  

Up to now, soy meal is the most important raw material for protein valorization. However, 

soy meal is a valuable feed. Due to highly topical discussions on the usage of edible materials 

for the production of technical products or energy, non-edible sources of proteins have to be 

searched for. Jatropha residues with their high protein contents (40-60%) appear to be an 

excellent candidate material.  

 

1.3.1 Protein extraction  

Extraction and purification of vegetable proteins is a wide area of research. The most common 

methods available for protein extraction are based on their physicochemical and structural 

characteristics such as solubility, hydrophobicity, molecular weight or their isoelectric point 

[104]. 

The extraction of plant protein necessitates the disruption of the cell walls in order to achieve 

acceptable protein yields [105]. This can be achieved by mechanical, ultrasonic or pressure 

homogenization, as well as by temperature treatment or cell lysis [104, 106]. Protein 

solubilization is then obtained by organic solvents, supercritical water, aqueous or enzymatic 

extraction. Each method displays its advantages and disadvantages. Protein extraction via 

organic solvents, especially by trichloroacetic acid [107] or phenol [108, 109], is the most 

common approach. However, the utilization of organic solvents contributes to environmental 

pollution and is rather dangerous since solvents are flammable and often toxic or explosive. 

Thus, aqueous or enzymatic protein extractions provide environmentally friendlier 

alternatives to the solvent extraction procedures. Several factors influencing the protein 

extraction process are known from previous studies. Amongst others pH value, ionic strength, 

temperature and process time influence protein yield but also protein functionality [110, 111]. 

Detailed information on protein isolation and processing routes can be found in numerous 

reviews [e.g. 112-114]. Alternatively, enzyme-assisted processes using different protease 
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activities might deliver more efficient protein extraction. Proteases express proteolytic 

activity towards the peptide bonds of proteins. They are classified into endo- and 

exoproteases. While endoproteases cleave the peptide bonds in the inner part of the proteins, 

exopeptidases break the peptide bonds starting with the N- or C-terminal end of the proteins 

[115]. The catalytic activity of proteases depends on several external factors such as pH value 

and temperature, which have to be controlled to achieve highest proteolytic activity during 

extraction. An enzyme-assisted protein extraction leads to the formation of protein 

hydrolysates [116]. Taking the functionality of the hydrolysates and their designated 

application into account, an enzyme-assisted protein extraction could be advantageous over 

aqueous extraction, because of the more environmentally friendly conditions and lower 

energy consumption. However, enzyme costs will lower the economy of the process, thus 

requiring the research on enzyme immobilization in order to allow its reutilization.  

 

Jatropha protein extraction is mostly performed by alkaline extraction followed by an 

isoelectric precipitation. However, the extraction is scarcely investigated, since Jatropha has 

only recently been considered as a protein source. Previous studies report protein recovery of 

about 53% to 82% after alkaline extraction and isoelectric precipitation [44, 117, 118]. The 

authors investigated hexane de-oiled Jatropha residue or screw-pressed Jatropha cake, 

respectively. Solubility of Jatropha protein tends to be highest at alkaline pH values of 11 or 

12. The addition of salts is not recommendable since it leads to a salting-out instead of a 

salting-in of Jatropha protein.  

Research activities on the enzyme-assisted protein extraction of Jatropha are also scarce. 

Apiwatanapiwat et al. [119] were the only research group investigating enzymatic hydrolysis 

of Jatropha protein, yet focussing on maximum degree of hydrolysis rather than maximum 

protein yield.  

 

1.3.2 Protein recovery 

After its extraction a suitable method for protein recovery has to be found. Numerous of 

approaches are possible. However, the most suitable option depends on several factors such as 

the nature of the protein, its foreseen application or the processing costs [120, 121]. Protein  
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recovery was traditionally and is until today most commonly performed by isoelectric 

precipitation, ultrafiltration or spray drying of the protein extracts [122-125]. The protein 

concentrates or isolates obtained thereby have a protein content of 48-70% and 85-90%, 

respectively [126]. 

Isoelectric precipitation is based on the fact that every protein depicts its own isoelectric 

point. This one is defined as the pH value at which the protein has no net electric charge. Thus 

protein solubility is lowest. Isoelectric precipitation is not suitable in case of protein 

hydrolysates since their solubility is too good. Increased solubility is caused by the smaller 

peptide size and higher hydrophilicity of the hydrolysates [127, 128]. Precipitation of proteins 

is achieved by the addition of hydrochloric acid, ammonium sulphate or other precipitating 

agents lowering the pH value of the extract until the isoelectric point is reached [129]. In 

order to obtain high precipitation yields other influencing factors such as the precipitation 

temperature or the stirring rate have to be considered, too. After precipitation the obtained 

protein is spray dried or freeze-dried before further utilization.  

Parameters influencing isoelectric precipitation of Jatropha protein were not investigated 

beforehand. However, the isoelectric point of Jatropha protein is expected to range at a pH 

level of approximately 4 [117]. 

As an alternative to the isoelectric protein precipitation, an ultrafiltration of protein extracts is 

commonly applied in order to eliminate low molecular weight impurities such as minerals or 

monosaccharides from the extracts. The ultrafiltration is based on the principle that solutes are 

separated from a solvent through a semi-permeable membrane yielding a retentat containing 

high molecular weight solutes and a permeate containing low molecular weight solutes [130]. 

Particles which are separated are 0.1 to 0.01 µm in size depending on the pore size of the 

membrane utilized. The pore size of the membrane should be one tenth of the particles to be 

concentrated. Efficiency and duration of the process depends on the cut off size of the 

membranes utilized. In order to optimize the process, it is possible to vary several influencing 

parameters such as temperature, flow rate or pressure adjusted in the system [121, 130]. 

However, protein purity achievable by ultrafiltration is limited by protein-mineral interactions 

and the complete rejection of lipids [131]. 

After ultrafiltration the protein is spray dried or freeze-dried. To the author’s knowledge 

Jatropha protein recovery was not done by ultrafiltration up to now.  
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1.3.3 Protein characterization 

The functionality of a protein determines its potential utilization. Most common properties 

evaluated in order to characterize a protein are its water and oil binding capacity, emulsifying 

and foam forming properties and the ability to form films or a gel. 

As described above, Jatropha protein is not suitable as food or feed. Its utilization in technical 

applications, however, can be possible depending on its functionality. Technical applications 

of proteins are numerous (e.g. coatings, adhesives, glues, plasticizers). Interest in new protein-

based products increased in the last decades due to an increasing industrial and also social 

request for biodegradable polymers [132-134]. For instance, wheat glutens are used as 

plasticizers in synthetic materials [132, 135]. Myers estimated the amount of soy proteins 

used in paper coatings to range between 25,000 and 30,000 tons in the USA [136].  

The functionality of the proteins extracted from Jatropha curcas was already investigated 

beforehand [39, 44, 46, 137]. There is a general trend that the protein exhibits good 

emulsifying and film forming properties. However, the functionality is dependent on the pre-

treatment of the Jatropha residue extracted and on the extraction conditions respectively the 

method applied for protein extraction and purification. Thus, the functionality varies within 

broad ranges [126, 138]. 
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CHAPTER 2 
 

Aims of the study  

 

During the last two decades, sustainability in all areas of life has gained significant attention. 

Thus, is the critical review of industrial processes as well as the search for integrated concepts 

regarding the utilization of raw materials a priority activity. 

Jatropha curcas L. seeds comprise high amounts of oil (up to 40%) suitable to be processed 

to biodiesel at large scale. This is accompanied by the accumulation of de-oiled residues from 

oil extraction containing high amounts (up to 60%) of valuable protein. The work at hand is 

addicted to the sustainable utilization of the seeds while focussing on the oil refining and the 

extraction and evaluation of the protein. 

The first part of this thesis concentrates on the refining of Jatropha crude oil. The 

development of new methods for the enzymatic degumming as well as the enzymatic 

deacidification of crude oils is important, since the conventional processes are afflicted with 

certain disadvantages. Enzymatic oil degumming is already applied industrially [77-79]. 

However, the enzymatic degumming of Jatropha crude oil has not been considered before. 

Therefore the degumming efficiency of two commercially available phospholipases should be 

evaluated. The process should be investigated with regard to potential key parameters such as 

reaction time, temperature and enzyme concentration. Residual phosphorus content is aimed 

to be decreased below 4 ppm in order to provide a suitable feedstock for subsequent use in 

technical applications such as transesterification to biodiesel (Chapter 3).  

Neutralization of crude oil is conventionally achieved by the addition of alkali to the oil, 

precipitating the free fatty acids as soap stock. This method results in high oil losses and the 

production of large amounts of waste water. Besides, the utilization of aggressive chemicals is 

required [48, 49]. Presently, the most important alternative examined is an enzymatic 

approach. Up to now, the enzymatic esterification of crude oil was only performed in highly 

acidic oils or in deodorizer distillates [e.g. 49, 96-98] or as a pre-treatment prior to the 

conventional deacidification in order to reduce oil losses [48, 49]. The present thesis aims to  
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generate comprehensive knowledge of enzymatic esterification reaction in order to pave the 

path for an industrial application. The enzymatic neutralization process is subject of the 

Chapters 4-6. Free fatty acids of Jatropha crude oil should be esterified with glycerol utilizing 

an immobilized lipase. First of all, important parameters strongly influencing the reaction as 

well as their ranges and limits should be identified in a preliminary study (Chapter 4). On the 

basis of this pre-study a detailed investigation with a statistical design of experiment should 

evaluate the individual factors as well as their interrelation (Chapter 5). Up to now, enzyme-

catalyzed neutralization is not industrially competitive due to the high costs of enzymes [48]. 

In order to improve the economic efficiency of the process, the regeneration of the applied 

immobilized lipase should be investigated (Chapter 5).  

Detailed knowledge of the reaction system is a prerequisite for any large scale enzymatic 

neutralization processes. In studying the kinetics of enzymatic neutralization of Jatropha 

crude oil elucidation on any inhibition is of key importance. It is hence of profound interest to 

investigate lipase inhibition by glycerol and possibly detect how the second substrate, free 

fatty acids, correlate with the reaction rate (Chapter 6).  

 

Besides, the protein extraction from two different Jatropha residues is investigated. Aqueous-

extracted (Chapter 7) as well as screw-pressed Jatropha residue (Chapter 8) are extracted by 

an alkaline as well as by an enzyme-assisted procedure. Detailed information on protein 

isolation and processing routes can be found in numerous reviews [e.g. 112- 114]. However, 

the alkaline extraction of proteins from Jatropha meal is scarcely investigated, since Jatropha 

has only recently been considered as a protein source [44, 117]. Alternatively, enzyme-

assisted processes using different protease activities might deliver more efficient protein 

extraction. Up to know research activities on the enzyme-assisted protein extraction of 

Jatropha are also scarce [119]. In comparing different methods for protein recovery from 

extracts, the quality and purity of the protein has to be considered as well. Since most of the 

varieties of Jatropha curcas L. contain toxic constituents the protein evaluation should be 

limited to technical applications (Chapter 8).  
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CHAPTER 3 
 

Enzymatic degumming of crude Jatropha oil - Evaluation of impact factors 

on the removal of phospholipids 

 

Abstract 

Jatropha curcas seeds are rich in non-edible oil and this plant has received much interest in 

recent years, especially with respect to biodiesel production. Due to the high content of 

phospholipids crude Jatropha oil has to be refined before further use. Conventional refining 

processes have several environmental and energetic shortcomings. Thus, the search for 

alternative degumming methods has become more relevant. 

This study compares the enzymatic degumming of screw-pressed crude Jatropha oil with 

Lecitase® Ultra (phospholipase A1) and LysoMax® (phospholipase A2). The efficiency of 

phospholipase A2 degumming was significantly lower. Phospholipase A1 showed the highest 

reaction rate at 50°C under continuous stirring at 700 rpm with 3 ml/100 g of water and 

75 ppm of phospholipase added to the oil. To ensure optimum enzyme activity pH was 

adjusted to 5. The phosphorus content was reduced continuously for reaction times up to 

3 hours. The residual phosphorus content was found to be independent of the starting level.  

Laboratory experiments showed that enzymatic degumming of Jatropha oil with 

phospholipase A1 – with adapted parameters – enables the phosphorus content to be reduced 

to levels below 4 ppm.  

 

Adapted from publication: 

GOFFERJÉ, G., MOTULEWICZ, J., STÄBLER, A., HERFELLNER, T., SCHWEIGGERT-
WEISZ, U., FLÖTER, E. (2014). Enzymatic degumming of crude Jatropha oil – Evaluation 
of impact factors. Journal of the American Oil Chemists’ Society, 91 (12), 2135-2141. 
Copyright 2014, Elsevier. Reproduced with permission.  
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3.1 Introduction 
There has been significant interest in the tropical oil plant Jatropha curcas L. over the last 

two decades. This interest is essentially based on the trend towards energy sustainability since 

Jatropha is a fairly non-demanding oil plant growing on any type of soil. Jatropha seeds 

contain about 35% non-edible oil, thus providing an alternative oil source, avoiding the ‘tank 

or table’ discussion. So far, research has mainly focused on the utilization of Jatropha oil for 

biodiesel production [7].  

In order to prepare the crude oil for energetic as well as technical applications refining is 

essential. The conventional chemical refining process includes degumming, neutralization, 

bleaching and deodorization and seeks to remove non-triglyceride impurities from the oil. All 

these steps have disadvantageous environmental and energetic aspects [50].  

This study concentrates on the degumming step, namely the removal of phospholipids from 

the oil. Phospholipids, such as iron phosphatides, can reduce the oxidative stability of the 

vegetable oil and can inhibit chemical catalysts during biodiesel production. In addition, they 

impede the separation of biodiesel and glycerol due to their strong emulsifying effect. A high 

phosphorus content in the oil can furthermore lead to coking in engines and additionally 

results in higher ash content [30, 50, 51].  

Several types of degumming procedures are carried out industrially depending on the 

requirements of the refining. Čmolik and Pokorný [50] reviewed the conventionally 

performed processes such as water and acid degumming. However, conventional chemical 

degumming processes have several shortcomings with respect to oil loss and environmental 

pollution. Hence, research is urgently needed to establish alternative and more sustainable 

processes. Presently, the most important alternative process that has been examined is 

enzymatic degumming. The enhanced product yields, the savings in operational costs for 

chemicals and the reduction of wastewater achieved by an enzymatic process have favored 

this approach [76]. The first industrial enzymatic degumming process was developed by Lurgi 

GmbH and Roehm GmbH in the 1990s (EnzyMax). Here, the phospholipids are hydrolyzed 

with phospholipase A2, resulting in the formation of lysophosphatides which are washed out 

with water. The development of the EnzyMax process initiated numerous research activities 

on enzymatic degumming. The process was further developed for different oils [78, 79].  
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Currently, the most commonly utilized phospholipases in enzymatic degumming are the 

phospholipases A1 (PLA1) and A2 (PLA2) which respectively catalyze the hydrolysis of free 

fatty acids in sn-1 and sn-2 position of the phospholipids. Several phospholipase A 

preparations are commercially available. Their utilization in vegetable oil degumming was 

recently investigated focusing on rice bran [79], rapeseed [139] and soybean oil [140]. The 

phosphorus content of the oils was successfully decreased to less than 10 ppm. This, however, 

falls short of the biodiesel standard DIN EN 14214 of November 2012 which requires a level 

of less than 4 ppm phosphorus in the biodiesel.  

The phosphorus content of crude Jatropha oil varies greatly depending on the Jatropha 

variety, storage time and conditions and the oil extraction method [51, 141]. According to the 

study of Rao et al. [30], the Jatropha oil phospholipid fraction contains 60.5% (w/w) of 

phosphatidyl choline, 24.0% (w/w) phosphatidyl inositol and 15.5% (w/w) phosphatidyl 

ethanolamine. Also, the fatty acid composition and configuration is reported. Saturated fatty 

acids (mainly palmitic and stearic acid) are mostly located in the sn-1 position while 

unsaturated fatty acids (mainly oleic and linoleic acid) are found in the sn-2 position.  

The conventional degumming process combined with ultrafiltration membrane separation of 

Jatropha was recently investigated by Liu et al. [51]. A reduction of the phospholipid content 

from 1200 ppm to 20 ppm was achieved. Hsu et al. [142] reported a new method for 

phospholipid removal from crude Jatropha oil using a mesoporous carbon aerogel membrane 

which decreased the phosphorus content from 87 ppm to 17 ppm. Enzymatic degumming of 

crude Jatropha oil has not yet been reported and is hence the subject of this work. The 

enzymatic degumming was performed using a commercially available PLA1 or PLA2 – two 

enzymes that are expected to be rather unspecific and thus active on all common 

phospholipids [78] – the results are compared to water and acid degumming. 
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3.2 Materials and Methods 

3.2.1 Raw materials and chemicals 

Jatropha seeds were obtained from a local retailer from Rajasthan (India). The seeds were 

stored at 14°C until being processed further. Crude Jatropha oil was extracted by screw-

pressing the seeds and this oil was stored at 0°C until use. The phosphorus content of the oil 

was 43 ppm (1100 ppm phospholipids) and acid value was 9.8 mg KOH per g of oil. 

All chemicals used were obtained from Th. Geyer GmbH & Co. KG (Renningen, Germany) 

and were of analytical grade. Lecitase Ultra (9650 U/g) and LysoMax (800-1100 LATU/g) 

were purchased from Novozymes A/S (Bagsvaerd, Denmark) and Danisco A/S (Copenhagen, 

Denmark) respectively. 

 

3.2.2 Enzymatic degumming 

Preliminary experiments in order to define the design of the processes:  

Degumming procedure utilizing LysoMax, in the following simply referred to as PLA2: 

According to the supplier, PLA2 activity is increased by the addition of NaCl. Therefore, an 

enzyme solution was prepared as follows: a stock solution was prepared consisting of 100 µl 

PLA2 and 900 µl of a 3% (w/w) NaCl solution. A 300 µl aliquot of this solution was taken 

and diluted with 2700 µl of demineralized water, so giving a 1% enzyme solution.  

One hundred grams of screw-pressed crude Jatropha oil was stirred with a magnetic stirrer at 

300 rpm and heated to 50°C. Afterwards, the pH was either adjusted to 5.3 using citric acid 

(1), adjusted to 8.8 using sodium hydroxide (2), or as a third experiment the pH was not 

adjusted (3). One thousand microliters of PLA2 enzyme solution (equaling 100 ppm) was 

added. To sufficiently distribute the enzyme, the oil-water-enzyme mixture was stirred at 

700 rpm for 5 min. The reaction time was 3 hours with stirring at 300 rpm. Inactivation of the 

enzyme was achieved by heating the oil at 90°C for 10 min. The oil and water phases were 

separated by centrifugation (10 min, 4000 g). 

 

Degumming procedure utilizing Lecitase Ultra, in the following simply referred to as PLA1: 

One hundred grams of screw-pressed crude Jatropha oil was stirred with a magnetic stirrer at 

300 rpm. After addition of 2 ml of demineralized water to 100 g of oil, the pH level was 

lowered by adding 60 µl of 10% (w/w) citric acid solution. Then, the mixture was heated to 
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50°C and the pH was adjusted to 5.3 (optimum level reported in [76]) by the addition of 1 M 

NaOH solution. As a second experiment, the degumming was performed without the addition 

of citric acid and sodium hydroxide. The mixture was stirred for 5 min and 50 ppm of PLA1 

was added. Further processing was performed as described for PLA2 degumming.  

 

Parameter screening: 

The effect of different reaction parameters on the reduction of the phosphorus content in 

crude Jatropha oil during enzymatic degumming was studied using PLA1. The process was 

conducted as described above including citric acid pre-treatment. To study the effect of the 

individual parameters each factor was varied as outlined in Table 6 while all other parameters 

were kept constant. 

The initial level of phospholipids was consciously varied. Therefore, either phosphatidyl 

choline was added to the oil or phospholipids were removed by conventional acid 

degumming. 

 

Table 6: Parameters varied in order to investigate the enzymatic degumming of crude 

Jatropha oil with Lecitase® Ultra 

 

Parameter Levels investigated 

  Reaction time (min) 15-30-60-90-120-180-240-300-360 
Temperature (°C) 30-40-50-60 
Stirring rate (rpm) 100-300-500-700 
Water content (ml/100 g) 1-2-3-4-5 
Lecitase® Ultra concentration (ppm) 0-10-25-50-75-100 
Phospholipid concentration of the oil (ppm) 250-440-1100-1700-4100 
    
 

3.2.3 Water degumming 

One hundred grams of screw-pressed crude Jatropha oil was heated to 80°C. After the 

addition of 5 ml of water, the mixture was stirred by a magnetic stirrer at 500 rpm for 15 min. 

Subsequently, the oil and water phases were separated by centrifugation (10 min, 4000 g).  
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3.2.4 Acid degumming 

One hundred grams of screw-pressed crude Jatropha oil was heated to 80°C. Subsequently 

4 ml of a 10% citric acid solution was added and the mixture was stirred at 500 rpm for about 

45 min. Afterwards the mixture was cooled down slowly and the oil and water phases were 

separated by centrifugation (10 min, 4000 g).  

 

All the degumming procedures described above were performed in duplicate. 

 

3.2.5 Analysis of the Jatropha oil 

Determination of the phosphorus content 

The degummed samples were analyzed for their phosphorus content using the method 

outlined in DIN EN 14107: Fat and oil derivatives - Fatty acid methyl esters (FAME) - 

Determination of phosphorus content by inductively coupled plasma emission spectrometry 

(ICP-OES). 

 

Determination of the magnesium and calcium content 

The sum parameter for magnesium and calcium was determined using the method outlined in 

DIN EN 14538: Fat and oil derivatives - Fatty acid methyl esters (FAME) - Determination of 

Ca, K, Mg and Na content by inductively coupled plasma emission spectrometry (ICP-OES). 

 

Acid value determination  

The acid values of the degummed oil samples were determined according to the DGF-

Einheitsmethode C-V2 (06) [12] by titration of the oil sample with 0.1 M KOH. A definite 

amount of oil (approx. 1 g) was dissolved in 50 ml ethanol : diethyl ether mixture (1:1 vol.-

%). Phenolphthalein was added as an indicator and the sample was titrated to the transition 

point with 0.1 M KOH.  

 

Acid values were calculated using the following formula: 

𝐴𝐴𝐴𝐴 𝑣𝑣𝑣𝑣𝑣 [𝑚𝑚/𝑚] =
𝑀𝑀𝑀𝑀𝑀 𝑚𝑀𝑚𝑚 𝐾𝐾𝐾 � 𝑚𝑚

𝑚𝑚𝑚𝑚�𝑥 𝐾𝐾𝐾 𝑐𝑀𝑐𝑐𝑐𝑐𝑐𝑀𝑐𝑐𝑀𝑐 �𝑚𝑚𝑚𝑚
𝑚𝑚 �𝑥 𝐾𝐾𝐾 𝑣𝑀𝑀𝑣𝑚𝑐 [𝑚𝑀] 

𝐼𝑐𝑐𝑐𝑐𝑀𝑀 𝑤𝑐𝑐𝑤ℎ𝑐 𝑀𝑐𝑀 [𝑤]
  (1) 
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pH determination 

An aliquot of 4 ml of the water in oil emulsion was mixed with 4 ml of distilled water. Phase 

separation was achieved by centrifugation (10 min, 4000 g). The pH value of the aqueous 

phase was measured by a pH electrode (ProLab 2000, SI Analytics GmbH; Germany).  

 

3.2.6 Statistical analysis 

Significant differences in residual phosphorus contents were calculated using Anova and the 

Scheffé test (p < 0.05). The data represent the mean ± standard deviation of at least two 

values. 

 

3.3 Results and Discussion 

Conventional degumming processes have inherent disadvantages, such as high oil loss and the 

utilization of aggressive chemicals, and enzyme-assisted processes are considered to be a 

promising alternative. Parameter screening, as reported here is a prerequisite for successful 

development of an enzymatic degumming process. The reaction time, temperature, stirring 

rate, pH value, and enzyme and phospholipid content have already been identified as key 

process parameters [139, 143]. In this study these parameters were varied systematically for 

the enzymatic degumming to Jatropha oil on a laboratory scale. 

 

3.3.1 Modification of the degumming procedures 

Prior to the systematic parameter screening, the basic degumming procedures using PLA2 and 

PLA1 were designed based on preliminary data and literature information. As described by 

the producer, PLA2 activity is high over a wide pH range (between 5 and 10) with an 

optimum at pH 8.5. Dijkstra pointed out that acidic pre-treatment is indispensable for PLA2 

degumming since the enzyme is hydrophilic and thus does not act on non-hydratable 

phospholipids dissolved in the oil [53, 78]. However, no detailed study on PLA2 degumming 

has yet been reported. 

In order to define a degumming strategy, PLA2 degumming was carried out using three 

different approaches as described in the Materials and Methods section. No significant  
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differences were found between the different methods. The initial phosphorus content of 

crude Jatropha oil of 43 ppm was reduced to levels between 15 and 17 ppm. Thus, the 

efficiency of PLA2 degumming appeared to be low regardless of the chosen conditions. 

The optimum pH for the highest activity of PLA1 is stated to be approximately 5 [76]. 

However, as the addition of citric acid to adjust the pH to 5 already causes coagulation and 

precipitation of some of the phospholipids, Dijkstra described PLA1 degumming as an ‘acid 

refining process in disguise’ [78].  

In order to evaluate the impact of the addition of citric acid in PLA1 degumming, the 

procedure was performed with and without an acidic pre-treatment. There was a significant 

difference between the two approaches. Degumming without the addition of citric acid 

reduced the initial phosphorus content of 43 ppm to 15 ppm, while it was reduced to 6 ppm 

with the acidic pre-treatment.  

Based on the discouraging preliminary results, PLA2 degumming was not further pursued. 

The phosphorus reduction achieved with PLA1 was considered far more promising.  

 

3.3.2 Impact of individual process parameters on PLA1 degumming 

Duration of the reaction 

As reaction time is a crucial economic parameter, the enzymatic degumming was monitored 

for processing times between 15 min and 6 hours (Table 6).  

A very fast (less than 15 minutes) decrease in the phosphorus content from initially 43 ppm to 

a level below 15 ppm was achieved (Figure 7). The phosphorus concentration decreased 

further to values close to the required limit of 4 ppm after 4 to 5 hours. This observation is in 

line with the known fact that water degumming (elimination of hydratable phospholipids) is 

fast and the hydrolysis of non-hydratable phospholipids is much slower. 

Figure 7 shows that the phosphorus content remains practically constant after 3 hours reaction 

time. Consequently, all further experiments were limited to 3 hours. Similar results were 

found by Yang et al. [76] who studied enzymatic degumming of rapeseed and soybean oil 

with the same PLA1. However, the phosphorus levels achieved after 5 hours of 8 ppm and 

6 ppm, respectively, are short of the required 4 ppm level.  
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A known side effect of enzymatic degumming with phospholipases of type A is the slight 

increase of the acid value in the oil caused by the cleavage of the phospholipids into free fatty 

acids and lysophosphatides [78], and also by the suppressed, but existing lipase side activity 

of the phospholipases [79, 144]. This should be kept to a minimum. During the first 

15 minutes of the degumming process, a slight increase in the acid value of 0.2 to 0.6 mg 

KOH/g oil was observed. No significant changes in the acid value were observed on further 

progression of the reaction.  

 

 

 

Figure 7: Influence of reaction time on the enzymatic degumming of crude Jatropha oil 

(initial phosphorus content 43 ppm) performed with PLA1 (means with the same superscript 

letters indicate no significant differences (p < 0.05)). Reactions were carried out at 50°C 

under continuous stirring at 300 rpm with 50 ppm of enzyme 

 

Effect of temperature 

Enzyme activity is known to be highly temperature-dependent. However, the general 

application of the Arrhenius equation is overlaid by effects of the thermal stability of the 

enzyme preparation. Therefore, optimal temperatures have to be identified for each type of 

enzyme. Here, the temperature was varied between 30°C and 60°C to study the influence on 

the degumming activity of PLA1 (Table 6).  
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Clearly the highest enzyme activity was found for a temperature of 50°C (Figure 8). At this 

temperature the phosphorus content was reduced to 6 ppm. At higher temperatures the 

phospholipase activity decreases which is attributed to enzyme denaturation. The free fatty 

acid content of the oil was not affected by the chosen temperature. Similar results have 

already been obtained for other vegetable oils [76, 139, 143, 145].  

 

 

Figure 8: Influence of temperature on the efficiency of enzymatic degumming of crude 

Jatropha oil (phosphorus content 43 ppm) using PLA1 (means with the same superscript 

letters indicate no significant differences (p < 0.05)). Reactions were carried out for 3 hours 

under continuous stirring at 300 rpm with 50 ppm of PLA1 

 

Variation of the stirring rate 

In addition to the general fact that stirring improves mass transfer by forced convection, the 

degumming process could also be influenced by the generation/regeneration of the oil-water 

interface during the process. The proximity of the water-soluble PLA1 and oil-soluble 

phosphatides is important for the reaction, as already indicated by earlier studies showing that 

a large interface is required for complete conversion of the phospholipids in minimum time 

and with low enzyme dosage [76, 77]. However, the shear tolerance of PLA1 might interfere 

with the application of high stirring rates. Initially, the oil-water-enzyme mixture was stirred 
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thoroughly at 700 rpm for 5 min to ensure homogenous distribution of the enzyme and a large 

surface area. Subsequently, the stirring rate was reduced to levels between 100 and 700 rpm 

(Table 6).  

Within this range, the enzyme activity increases almost linearly with increasing stirring rates 

(Figure 9). Minimum residual phosphorus levels as low as 1 ppm were achieved at 700 rpm. 

Values lower than the specified 4 ppm were achieved with stirring rates of 500 rpm and 

higher.  

 

 

Figure 9: Influence of stirring rate on the efficiency of enzymatic degumming of crude 

Jatropha oil (phosphorus content 43 ppm) using PLA1 (means with the same superscript 

letters indicate no significant differences (p < 0.05)). Reactions were carried out for 3 hours at 

50°C under continuous stirring with 50 ppm of PLA1 

 

Influence of water addition 

Enzymatic degumming reduces the oil loss and waste water compared to conventional 

processes since the lysophosphatides retain about 50% less oil than the original 

phospholipids. Their presence in the sludge additionally facilitates the separation of the oil 

and water phase. However, a certain amount of water is necessary to keep the water-soluble 

phospholipase acting at the interface of the oil and water [78, 146].  
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Earlier studies on the degumming of crude rice bran oil with the same PLA1 [145] found 

water levels of 1.5 ml/100 g to be optimum. In the present study, the water level was varied 

between 0.5 and 5 ml/100 g (Table 6). The results show that the residual phosphorus content 

of crude Jatropha oil was further reduced by PLA1 with increasing water contents up to 

5 ml/100 g (see Figure 10). The acid value of the oil was not affected by the different process 

conditions. The target of a maximum of 4 ppm phosphorus can be fulfilled by the addition of 

3 ml of water to 100 g of oil. The results were similar to those reported for the degumming of 

crude rice bran oil [145].  

 

 

Figure 10: Influence of water content on the efficiency of enzymatic degumming of crude 

Jatropha oil (phosphorus content 43 ppm) using PLA1 (means with the same superscript 

letters indicate no significant differences (p < 0.05)). Reactions were carried out for 3 hours at 

50°C under continuous stirring (300 rpm) with 50 ppm of PLA1 

 

Phospholipase content 

Enzyme concentration seems to be a crucial parameter for efficient enzyme-assisted 

degumming of Jatropha oil. Therefore, the PLA1 content was varied in the range of 0 to 

100 ppm (Table 6).  
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As expected, higher PLA1 concentrations gave a lower residual phosphorus content 

(Figure 11). As enzymes are still relatively expensive, it is sought to be minimize their use. A 

phosphorus content of less than 4 ppm can be achieved with an enzyme concentration of 

75 ppm. In a similar study on rice bran oil [145], the enzyme dosage (30 to 50 ppm PLA1) 

was only varied in a narrow range and thus did not lead to significant differences in the 

residual phosphorus levels. 

In line with the comments of Dijkstra [53], the degumming procedure was also carried out 

without the addition of a phospholipase to evaluate a potential hidden acid degumming 

contribution. The impact of acid degumming can be seen in Figure 11, with the phosphorus 

content being reduced from 43 ppm to 18 ppm.  

 

Figure 11: Influence of enzyme content on the efficiency of enzymatic degumming of crude 

Jatropha oil (phosphorus content 43 ppm) using Lecitase® Ultra (means with the same 

superscript letters indicate no significant differences (p < 0.05)). Reactions were carried out 

for 3 hours at 50°C under continuous stirring (300 rpm) 
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Influence of the initial phosphorus content 

The natural phospholipid content of crude Jatropha oil varies depending on the Jatropha 

variety, storage time and conditions, and oil extraction method [51, 141] and might have a 

significant impact on the degumming. Therefore, knowledge about the influence of different 

initial levels of phospholipids is quite important. The phospholipid content of the oil was 

varied between 250 and 4100 ppm, which is equivalent to phosphorus contents of 10 to 

160 ppm. The relative reduction of the phosphorus content on enzymatic degumming was 

measured (Figure 12). The higher the initial phosphorus level, the greater was the relative 

reduction of the phosphorus content. The residual phosphorus content was found to range 

between 4 and 6 ppm for all the starting materials. These results indicate that the degumming 

procedure that was used is applicable to a wide range of levels of phosphatidyl choline in the 

starting material without variation in the resulting residual phospholipid content. As Figure 8 

and 11 clearly show, for an initial phosphorus load of 43 ppm there is only limited flexibility 

in reaction time and enzyme usage if the specified target level of a maximum of 4 ppm 

phosphorus is to be achieved.  

 

Figure 12: Relative reduction of the phospholipid content of crude Jatropha oil as a function 

of the initial phospholipid content for enzymatic degumming using PLA1 (means with the 

same superscript letters indicate no significant differences (p < 0.05)). Reactions were carried 

out for 3 hours at 50°C under continuous stirring at 300 rpm with 50 ppm of PLA1 
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3.3.3 Comparison of enzymatic and conventional degumming procedures for screw-

pressed crude Jatropha oil  

Currently, most of the crude oil is degummed conventionally. In order to evaluate the 

potential of enzyme-assisted degumming, the procedures developed in the present study were 

compared to two conventional procedures, namely water and acid degumming. Comparison 

was done with respect to the reduction of the phospholipid and Ca and Mg content. The 

alkaline earth concentration of biodiesel is required to be lower than 5 ppm (biodiesel 

standard DIN EN 14214; November 2012). The initial Ca and Mg content of crude Jatropha 

oil was 14 ppm. 

As already mentioned, the phosphorus content of crude Jatropha oil was about 43 ppm. Water 

degumming reduced the phosphorus content to 19 ppm, while the content was lowered to 

9 ppm by acid degumming. Levels in this range were expected, since it is known that very 

low phosphorus contents cannot be achieved by a single water or acid degumming step [55, 

56], but require more complex approaches such as TOP or dry degumming applying higher 

amounts of acids [64, 147]. The residual phosphorus content of 19 ppm after the water 

degumming procedure is probably mainly caused by non-hydratable salts of phosphatidic acid 

and by poorly hydratable phosphatidyl ethanolamine, but probably also by non-hydratable 

phospholipids and poorly-hydratable salts of phosphatidyl ethanolamine. As expected, the Ca 

and Mg content was not reduced by water degumming and remained at 14 ppm. These results 

are in line with Zufarov et al. [57] confirming that water degumming, in contrast to acid 

degumming, is only suitable for the removal of hydratable phospholipids. Acid degumming 

reduced the phospholipid content to 9 ppm. Simultaneously, the Ca and Mg content was 

halved (Table 7). Acid degumming is based on the decomposition of non-hydratable 

phospholipids by citric acid, thereby also removing Ca and Mg chelated with the acid. Thus it 

is likely that besides the residual phosphatidyl ethanolamine at least some of the non-

hydratable phospholipids were removed during this process.  

These results are in line with the findings of Hvolby [148] who reported that the ratio of 

Ca+Mg/P varies between 0 and 1 as a function of the pH during degumming (see Table 7).  

It was concluded that enzyme-assisted degumming is suitable for lowering the phosphorus 

content of various starting crude Jatropha oils to levels below the required 4 ppm  
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specification. Incubating crude Jatropha oil with 50 ppm of PLA1 at 50°C for 3 hours under 

continuous stirring at 700 rpm produces degummed Jatropha oil with a residual phosphorus 

content of approximately 1 ppm and a Ca and Mg concentration of 5 ppm (Table 7). The 

enzyme-assisted procedure is based on a chemical reaction of enzyme and phospholipids 

yielding lysophosphatides. Thus, no direct correlation to Ca and Mg ions is implied as for 

water and acid degumming. The relationship between phosphorus and Ca and Mg content in 

enzyme-assisted reactions has not hitherto been studied. 

 

Table 7: Comparison of conventional and enzymatic degumming procedures with regard to 

the reduction of phosphorus (P) and Ca and Mg content 

 

Oil phase Content (ppm) 

 
P Ca and Mg 

 
  

Crude Jatropha oil 43 14 
After water degumming 19 14 
After acid degumming   9   7 
After PLA11 degumming   1   5 
     

1 50 ppm PLA1 at 50°C for 3 hours, continuous stirring at 700 rpm 

 

3.4 Conclusions 

The enzymatic degumming of screw-pressed crude Jatropha oil using PLA1 was investigated 

systematically on a laboratory scale. Low residual phosphorus contents of less than 4 ppm 

were achieved using the developed procedure. The robustness of the enzymatic process was 

indicated by the almost identical low levels of residual phosphorus that were achieved 

independent of the initial phosphorus level. 

As the parameter screening was performed one-dimensionally by varying one single 

parameter at a time, additional work should be carried out to study the interrelation of reaction 

parameters. Even though the enzymatic degumming process offers significant benefits, for 

example lower oil loss and the saving of chemicals, the costs incurred for the enzyme still 

make the process economically unviable. Consequently, matters such as enzyme 

immobilization and enzyme regeneration [148, 149] also need to be addressed in addition to 

the process optimization work. 
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Currently, scaling up the laboratory experiments is not feasible since high-shear mixing is 

required in order to guarantee interface creation. Other possibilities for generating the 

required interfaces must be researched. 
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CHAPTER 4 

 

Screening of impact factors on the enzymatic neutralization of Jatropha 

crude oil 

 

Abstract 

Due to the high oil content of the seeds, Jatropha curcas L. became a focus of interest in the 

last decades. In order to prepare the oil for technical applications a refining is essential. This 

study is concerned with the enzymatic neutralization of aqueous-extracted Jatropha oil 

utilizing an immobilized lipase from Rhizomucor miehei. Free fatty acids were esterified with 

glycerol. Factors influencing the reaction were determined applying low acidic oil (acid 

number 4.2 mg KOH per g oil). Stirring rate of 300 rpm is adequate. The reaction rate was 

highest at 60°C. Free fatty acid content was reduced continuously with reaction time between 

4 to 24 hours. The variation of the free fatty acid content of Jatropha oil had only marginal 

influence on the reaction time. The amount of glycerol added to the reaction system was 

found to be optimal between 0.15 and 0.25 mol/L. 3% (w/w) of immobilized lipase were 

enough to saturate the reaction system. A strong interaction between enzyme and glycerol 

content is likely and will be evaluated in an experimental design. The process designed after 

parameter screening yields acid numbers around 0.2 mg KOH per g oil. Remaining fatty acids 

are easily removed during the subsequent refining steps.  

 

 

 

Adapted from publication: 

GOFFERJÉ, G., GEBHARDT, M., STÄBLER, A., SCHWEIGGERT-WEISZ, U., FLÖTER, 
E. (2014). Screening of impact factors on the enzymatic neutralization of Jatropha crude oil. 
European Journal of Lipid Science and Technology, 116, 185-192. Copyright 2014, Elsevier. 
Reproduced with permission. 
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4.1 Introduction 
Jatropha curcas L. is a tropical plant of the family Euphorbiaceae. The name Jatropha is 

derived from the Greek words iatrós (doctor) and trophé (food) in reference to its medicinal 

use [3]. The rather non-demanding plant is growing under various climatic conditions. It 

survives in poor, stony soils and is resistant to drought. Traditionally, Jatropha grew wild or 

was used in protecting hedges around arable land [6]. Within the last two decades interest in 

the plant increased. This is, inter alia, expressed in its rapidly expanding cultivation. The 

GEXSI predicts acreage of about 13 million ha in 2015 [4]. This interest is in essentially 

based on the trend towards sustainability. Since the seeds of Jatropha are rich in non-edible 

oil (about 35%) and the plant can be cultivated on marginal land [16], it provides an 

alternative oil source, without directly competing with food production. Therefore, the 

research focus has so far mainly been the utilization of the oil for biodiesel production [17, 

18].  

Preparation of the crude oil for energetic as well as technical applications necessitates oil 

refining. The conventional refining process includes degumming, neutralization, bleaching 

and deodorization and seeks for the removal of non-triglyceride impurities from the oil [48]. 

All these steps are afflicted with some disadvantages concerning environmental and energetic 

aspects [49]. Thus, in particular for the application of Jatropha oil aiming at sustainability 

aligned alternatives to the conventional pathways are desired.  

The present study is concentrating on the neutralization process, the removal of free fatty 

acids from the oil. Conventionally, this is achieved by the addition of alkali to the oil, 

precipitating the free fatty acids as soapstock [48]. This is also affecting the economic 

viability of the process as significant amounts of oil are removed from the product stream 

together with the soap stock. The amount of oil lost in chemical neutralization is about three 

times the original free fatty acid content. Besides, the excessive utilization of aggressive 

chemicals such as sodium hydroxide and the production of large quantities of soapstock and 

waste water contribute to environmental pollution [48, 49]. Hence, research activities to 

improve the sustainability of this process are essential. Presently, the most important 

alternative examined is an enzymatic approach.  

To perform enzymatic deacidification of crude oil, free or immobilized lipases 

(triacylglycerol hydrolases E.C.3.1.1.3) are applied. These catalyze the esterification of the  
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free fatty acids in the crude oil with alcohols added to the reaction mixture following a Ping-

Pong Bi-Bi mechanism [82]. Currently, several free and also some immobilized lipases are 

commercially available [83]. Since lipases catalyze not only the esterification reaction but 

also and preferably the hydrolysis of triacylglycerides the reaction equilibrium shifts towards 

synthesis on removal of water [84]. 

Enzymatic deacidification avoids the aforementioned disadvantages of the conventional 

neutralization process hence resulting in higher oil yields and preventing the production of 

soapstock and waste water. However, up to now, enzyme-catalyzed reactions remain costly 

due to long reaction times and high enzyme costs [48].  

Numerous of studies on lipase-catalyzed esterification were published during the past 

decades. Gandhi et al. [88] or Divakar and Manohar [83] reviewed the fundamental aspects 

concerning lipase catalysis. Major research activities focussed on the investigation of 

enzymatic esterification in model systems, utilizing a distinct acid and an alcohol component. 

However, esterification was mainly studied in organic solvents, such as n-hexane, n-heptane 

or tert-butanol [e.g. 87, 89, 90-92]. Some studies also considered solvent-free esterification of 

free fatty acids [e.g. 93- 95]. Solvent-free esterification of crude oils is scarcely investigated. 

Thereby, the focus was set on the enzymatic pre-treatment of highly acidic oils prior to the 

conventional neutralization in order to reduce oil losses [48, 96, 99-101]. 

In order to reduce the reaction times and costs, the objective of this research work was to 

systematically study the parameters influencing lipase-catalyzed esterification of free fatty 

acids from aqueous-extracted Jatropha crude oil with low initial acid number of 4.2 mg KOH 

per g of oil and high water contents of up to 5000 ppm. Esterification was performed by the 

addition of glycerol as substrate and utilizing an immobilized triacylglycerol-lipase from 

Rhizomucor miehei as catalyst.  

 

4.2 Materials and Methods 

4.2.1 Raw materials and chemicals 

Jatropha seeds were obtained from Cape Verde. The seeds were stored at 14°C until further 

processing. De-oiling of the seeds was done by water-based extraction process after removal 

of the shells and grinding of the kernels. This aqueous-extracted Jatropha oil was kindly  
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provided by GEA Westfalia Separator AG (Oelde, Germany). The oil exhibits an acid number 

of 4.2 mg KOH per g of oil, a water activity of 0.873 and contained about 5000 ppm of water. 

Screw-pressed Jatropha oil was obtained from JatroSolutions GmbH (Stuttgart, Germany). 

This oil had a water activity of 0.370 and contained about 650 ppm of water. The oils were 

stored at 0°C until use. 

All chemicals used were obtained from Th. Geyer GmbH & Co. KG (Renningen, Germany) 

and were of analytical grade. Lipozyme® RM IM (275 IUN/g) was purchased from 

Novozymes A/S (Bagsvaerd, Denmark). 

 

4.2.2 Enzymatic neutralization 

The effect of different reaction parameters on the reduction in the acid number of aqueous-

extracted Jatropha crude oil during enzymatic neutralization was studied. The parameter 

matrix applied is given in Table 8. To study the effect of the parameters each parameter was 

varied according to Table 8 while all other parameters were kept constant. The actual 

procedure is as follows. Neutralization reactions were performed in heated double-wall 

reactors. 100 g of aqueous-extracted Jatropha crude oil with an acid number of 4.2 mg KOH 

per g of oil and 0.18 mol/L glycerol were stirred with a magnetic stirrer at 300 rpm in order to 

obtain a homogenous mixture. The mixture was heated to 60°C. To start the esterification 

reaction 1% (w/w) of immobilized lipase (Lipozyme® RM IM) was added. Water was 

eliminated from the reaction system by nitrogen stripping (300 ln/h). After a reaction time of 

8 hours, the acid number of the oil was determined following the procedures described in 

Section 4.2.3. The reproducibility was assessed by several repetition experiments and the 

coefficient of variation ranges between 0.02 and 0.04.  
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Table 8: Parameters varied in order to improve enzymatic neutralization of aqueous-extracted 

Jatropha crude oil 

 

Parameter Levels investigated 

  Stirring rate (rpm) 200-300-400-500-600 
Temperature (°C) 40-50-60-70-80 
Reaction time (h) 4-8-12-15-20-24 
Acid number (mg/g) 3.3-5.5-7.1-8.8-10.8-12.4 
Glycerol content (mass.-%) 0.5-1.0-1.8-2.5-3.0 
Immobilisate content (mass.-%) 1-2-3-4-5 
    
 

4.2.3 Analysis of the Jatropha oil 

Acid number determination  

The acid number of the oil was determined according to the DGF-Einheitsmethode C-V2 (06) 

[150] by titration of the oil sample with 0.1 M KOH. A definite amount of oil (app. 1 g) was 

dissolved in 50 ml ethanol : diethyl ether mixture (1:1 vol.-%). Phenolphthalein was added as 

an indicator and the sample was titrated to the transition point with 0.1 M KOH.  

Acid numbers (SZ) were calculated according to the following formula: 

 

𝑆𝑆 [𝑚𝑚/𝑚] =
𝑀𝑀𝑀𝑀𝑀 𝑚𝑀𝑚𝑚 𝐾𝐾𝐾 � 𝑚𝑚

𝑚𝑚𝑚𝑚�𝑥 𝐾𝐾𝐾 𝑐𝑀𝑐𝑐𝑐𝑐𝑐𝑀𝑐𝑐𝑀𝑐 �𝑚𝑚𝑚𝑚
𝑚𝑚 �𝑥 𝐾𝐾𝐾 𝑣𝑀𝑀𝑣𝑚𝑐 [𝑚𝑀] 

𝐼𝑐𝑐𝑐𝑐𝑀𝑀 𝑤𝑐𝑐𝑤ℎ𝑐 𝑀𝑐𝑀 [𝑤]
 (2) 

 

Glycerol content 

The glycerol content was determined enzymatically utilizing EnzytecTM Glycerol Code No 

E1224 kit (r-biopharm AG, Germany). About 200 mg of the oil sample were mixed with 1 ml 

of HPLC-grade water. After storing the mixture at 5°C for 30 min the water phase, containing 

the glycerol, was separated from the oil phase by filtration. Calibration was performed with a 

glycerol-standard. Afterwards the glycerol content of the aqueous phase was determined 

enzymatically, measuring the absorbance of the reaction product NADH at 340 nm.  
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Water activity 

Water activity was determined by capacity measurement utilizing Water Activity Meter 4TEV 

(Aqua Lab, USA). The mean value of three determinations was calculated, respectively. 

 

Hydroperoxide value 

Hydroperoxide value of Jatropha crude oil was determined according to the DGF-

Einheitsmethode C-VI 6a (98) [151] by titration of the oil sample. A definite amount of oil 

(app. 5 g) was dissolved in 30 ml pure acetic acid: chloroform mixture (3:2 vol.-%). After the 

addition of 0.5 ml of a saturated solution of potassium iodide the sample was shaken for 60 s. 

Then 30 ml of distilled water and 0.5 ml of a 1% starch solution were added and the sample 

was titrated until the solution stays colorless for 30 s.  

 

Fatty acid composition 

Fatty acid composition of Jatropha crude oil was determined according to the BÜCHI® 

Caviezel method [152]. A definite amount of oil is saponified with potassium hydroxide. 

Potassium salts of the fatty acids were converted to their free fatty acids by the addition of 

sodium hydrogenphosphate. Free fatty acids were quantified by gas chromatographic analysis.  

 

4.3 Results and Discussion 

Avoiding some disadvantages adherent to the conventional neutralization processes such as 

high oil losses, high consumption of organic solvent and high amounts of waste water, an 

enzyme-assisted process could be an appropriate alternative. To encompass both the 

individual factors as well as the interactions, a statistical design of experiment is a 

prerequisite. However, prior to the optimization experiments, preliminary trials have to be 

done in order to determine critical influencing parameters as well as their ranges and limits. 

 

4.3.1  Characterization of the Jatropha crude oil 

Lipase activity is known to be dependent on the reaction medium. Most previous studies 

investigated lipase activity in various organic solvents [e.g. 87, 89, 90-92]. Different activities 

are expected in crude oil in dependence of its composition.  
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Jatropha crude oil was obtained from an aqueous-extraction process (see Section 4.2.1). Fatty 

acid composition of Jatropha crude oil is given in Table 9 and is comparable to reported 

literature data [15, 75, 153]. Major fatty acids in the oil are oleic (~ 40%), linoleic (~ 40%), 

palmitic (~ 14%) and stearic (~ 6%) fatty acid. Immobilized lipase from Rhizomucor miehei is 

known to be 1,3-positional specific [154, 155]. However the specificity seems to be not very 

high and is dependent on many variables [84]. Selmi et al. [156] reported higher esterification 

rates of lipase from Rhizomucor miehei with long chain (C10-C20) than with short chain fatty 

acids (<C8) in solvent-free system. Besides, the esterification rate was found to be lowered 

with higher degree of unsaturation of the free fatty acids. It is thus expected, that enzyme 

activity will be slightly reduced applying Jatropha crude oil since its degree of unsaturation is 

quite high. Besides, the formation of oxidation products, such as hydroperoxides is favored 

with high degree of unsaturation. Hydroperoxides are known to affect the activity of 

Lipozyme® RM IM. Reaction rate is not affected in the first batch, but the operational 

stability of the enzyme is decreased with hydroperoxide values higher than 5 mequiv/kg if 

applied in consecutive batches [157, 158]. Hydroperoxide value of Jatropha crude oil was 

determined to be 1.03 mequiv/kg and will thus not affect lipase activity. 

 

Table 9: Fatty acid composition of aqueous-extracted Jatropha crude oil  

 

Fatty acid Content (%) 

  Myristic acid (14:0)    2.0 ± 0.1 
Palmitic acid (16:0) 13.3 ± 0.1 
Heptadecanoic acid (17:0)    0.2 ± 0.1 
Stearic acid (18:0)    5.6 ± 0.1 

 
 

Palmitoleic acid (16:1; n-7)    1.7 ± 0.0 
Oleic acid (18:1; n-9) 36.9 ± 0.1 
Eicosenoic acid (20:1; n-9)    0.2 ± 0.2 

 
 

Linoleic acid (18:2; n-6) 36.0 ± 0.1 
Linolenic acid (18:3; n-3)    0.7 ± 0.1 
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4.3.2 Screening of the parameters 

In order to determine how the process parameters stirring rate, temperature, reaction time, 

acid number, glycerol content and immobilized lipase content influence the neutralization 

process they were varied as described in Section 4.2.2.  

 

Stirring rate 

To investigate the influence of shear and mixing on the reaction rate the stirring rate was 

varied between 200 rpm and 600 rpm. The reaction was performed for 8 hours at 60°C 

utilizing 1% (w/w) of Lipozyme® RM IM and 0.18 mol/L of glycerol. As expected, a low 

rotational frequency of 200 rpm resulted in a low reaction rate (data not shown). Reaction rate 

was increased by more than 40% when the stirring rate was increased from 200 rpm to 

300 rpm. A further increase to up to 600 rpm did not yield any considerable change of the 

reaction rate. Higher stirring rates were not examined, because it is expected to result in a 

decline of the reaction rate as reported elsewhere [159]. Too high stirring rates are also 

expected to cause small ruptures on the surface of the immobilized enzyme reducing enzyme 

activity [160]. Consequently the rotational frequency was adjusted to 300 rpm for further 

experiments.  

 

Temperature 

A general rule, discovered by Arrhenius says that the reaction rate is approximately doubled 

for each 10K increase in temperature. However, in enzymatically catalyzed reactions this rule 

is only applicable in a certain temperature range, since the thermal stability of enzyme 

preparations is often limited. Therefore, although the thermal stability of lipase preparations is 

often enhanced by immobilization, the reaction temperature has to be chosen thoroughly 

[161].  

In the present study, the temperature was varied between 40°C and 80°C while keeping the 

remaining parameters constant at the levels given in Section 4.2.2. A temperature optimum 

was found at approximately 60°C giving the lowest acid number after the esterification 

process (Figure 13). Utilizing higher temperatures, the acid number slightly increased. This is 

probably due to a partial thermal deactivation of the enzyme. Noel and Combes [162] 
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investigated the effects of temperature on Rhizomucor miehei lipase and concluded that 

thermal deactivation is mainly caused by the formation of aggregates rather than by protein 

unfolding. Unfortunately, comparable literature data concerning temperature optima of 

enzyme catalyzed esterification reactions utilizing Lipozyme® RM IM are currently not 

available.  

 

 

 

Figure 13: Influence of temperature on the acid number of aqueous-extracted Jatropha crude 

oil (water content 5000 ppm, acid number 4.2 mg KOH per g of oil) utilizing 1% (w/w) of 

Lipozyme® RM IM and 1.8% (w/w) of glycerol. Reactions were carried out for 8 hours under 

continuous stirring at 300 rpm 

 

Reaction time 

The effect of reaction time was studied by variation between 4 hours and 24 hours 

(Figure 14). The acid number was found to increase within the first 4 hours of the reaction. 

This is due to a strong hydrolysis reaction in the initial phase, because water is still present in 

the oil analogue to observations by Sengupta and Bhattacharrya [101]. After water depletion, 

the equilibrium is shifted towards the esterification reaction and the acid number declines. 

After an acknowledgedly long reaction time of 24 hours, the acid number was reduced to 

0.2 mg KOH per g of oil. This remaining low amount of residual fatty acids can easily be 

removed within the subsequent refining steps. There is no literature data to compare these  
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findings, because the focus of enzymatic deacidification was so far mainly set on the 

enzymatic pre-treatment of highly acidic oils prior to the conventional deacidification in order 

to reduce oil losses [48].  

Even though the achieved low acid level of 0.2 mg KOH per g of oil is a promising result the 

corresponding reaction time of about 24 hours is limiting applicability due to cost 

consideration. However, if the reaction time of the enzymatic approach can be significantly 

reduced as for example by increased enzyme content without significant oncosts, the sole 

application of the enzymatic process becomes interesting. 

 

Figure 14: Influence of reaction time on the acid number of aqueous-extracted Jatropha crude 

oil (water content 5000 ppm, acid number 4.2 mg KOH per g of oil) utilizing 1% (w/w) of 

Lipozyme® RM IM and 1.8% (w/w) of glycerol. Reactions were carried out at 60°C under 

continuous stirring at 300 rpm 

 

Glycerol content 

The glycerol level defining the amount of acyl acceptor is known to be one of the most 

significant process parameters for the enzymatic neutralization process [100].  

The optimum content of glycerol is depending on both the type, and the amount of 

immobilized lipase utilized in the reaction [163]. The effects of the variation of glycerol 

content were investigated in the range from 0.05 to 0.30 mol/L. For an 8 hour reaction at 60°C 

with 1% (w/w) of Lipozyme® RM IM the optimum glycerol content is between 0.15 and 

0.25 mol/L as Figure 15 indicates. Resulting acid numbers are approximately 1 mg KOH  
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per g of oil. Both higher and lower glycerol (substrate) levels result in low reaction rates. This 

is in line with the collision model from Lewis and Trautz [164] for low levels. For high levels 

lipase inhibition by glycerol occurs due to a blockage of the nucleophilic site of the enzyme 

[87, 94].  

Different than one could initially expect the optimum level of glycerol is by no means 

stoichiometric to the production of triacylglycerides. Kosugi and Azuma [165] found that 

stoichiometric amounts of glycerol were depleted almost completely after 7 hours, caused by 

the formation of mainly mono- and diacylglycerides in the beginning of the reaction. In the 

further progression of the reaction these partial glycerides are converted to triacylglycerides 

according to the equilibrium conditions between mono-, di- and triacylglycerides. Our study 

confirms these findings because an eight fold stoichiometric level of glycerol resulted after 

8 hours reaction time in glycerol levels as low as 0.05 mg/g, next to levels of 5% (w/w) of 

monoacylglycerols and 10% (w/w) of diacylglycerols.  

 

 

Figure 15: Influence of glycerol content on the acid number of aqueous-extracted Jatropha 

crude oil (water content 5000 ppm, acid number 4.2 mg KOH per g of oil) utilizing 1% (w/w) 

of Lipozyme® RM IM. Reactions were carried out at 60°C, for 8 hours under continuous 

stirring at 300 rpm 
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Concentration of immobilized lipase 

The concentration of the immobilized lipase was varied from 0.5% (w/w) to 5.0% (w/w) 

while keeping the other parameters constant at the levels given in Section 4.2.2. For a given 

reaction time of 8 hours, the acid number decreased with increasing content of immobilized 

lipase until a level of 3.0% (w/w). For higher levels of the immobilized lipase no further 

decrease of the acid number was found. Contrary at higher contents of the immobilized lipase, 

it was even increased (Figure 16). This astonishing fact might be explained by the strong 

interaction between the enzyme and the glycerol content known from a study of Lakshmanan 

et al. who investigated the enzymatic esterification of highly acidic rice bran oil [100]. In fact, 

this observation has to be evaluated in relation to the fixed substrate concentrations set in this 

study. 3% (w/w) of immobilized lipase are sufficient to saturate the reaction system under the 

tested conditions. With higher lipase concentrations triglyceride hydrolysis is likely to be 

promoted due to a substrate limitation caused by decreasing glycerol concentrations. 

Concerning a fixed glycerol content of 0.18 mol/L, optimum esterification rate is achieved 

with about 3.0% (w/w) of immobilized lipase (Figure 16). The interactions between glycerol 

and immobilized lipase content are investigated by the help of a statistical design in a 

subsequent study. Once their relationship is examined, optimum concentration of the 

immobilized lipase can be predicted for any glycerol concentration applied. 

 

Figure 16: Influence of immobilisate content on the acid number of aqueous-extracted 

Jatropha crude oil (water content 5000 ppm, acid number 4.2 mg KOH per g of oil) utilizing 

1.8% (w/w) of glycerol as the acyl acceptor. Reactions were carried out at 60°C, for 8 hours 

under continuous stirring at 300 rpm 
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Since the costs of enzymes are still comparatively high, the main cost factor in enzymatic 

neutralization process of Jatropha oil is the immobilized lipase consumed. Currently the 

enzymatic neutralization is not competitive with conventional caustic deacidification using 

inorganic chemicals. However, the benefit of an immobilized lipase is defined in the 

possibility to reuse the enzyme after regeneration, offering the possibility to lower the 

generated costs. Due to its importance in achieving an economically feasible process, the 

regeneration and reutilization of the immobilized lipase is part of a further study. This work is 

rather focussing on the identification of parameters influencing the neutralization efficiency.  

 

Acid number 

It is well known that the free fatty acid content and thus the acid number of Jatropha oil is 

varying strongly depending on the ripeness of fruit, the storage conditions, or the oil 

extraction process [24, 32, 33]. To evaluate robustness of the process with respect to these 

future feedstock quality variations, oils with different initial acid numbers (3.3 mg up to 

12.4 mg KOH per g of oil) were studied utilizing 1% (w/w) of immobilized lipase and 

0.10 mol/L glycerol. The acid number reached after 8 hours reaction time at 60°C correlates 

almost linearly with the initial acid number (data not shown). This implies that according to 

Figure 14 longer reaction times are required to neutralize highly acidic crude oils. For 

example, an increase in acid number of about 3 mg KOH per g of oil requires an additional 

reaction time of 1 hour to reach the same free fatty acid level. Nevertheless the enzymatic 

neutralization was successfully applied independent of the initial free fatty acid content. It 

seem fair to assume that this implies that the optimized process parameters derived for the 

deacidification of the oil with an acid number of 4.2 mg KOH per g of oil are applicable to 

Jatropha oils with higher acid numbers given the reaction time adjusting accordingly. 

 

4.3.3  Summary and evaluation of screw-pressed Jatropha crude oil in optimized process 

The results document that the enzymatic neutralization process is influenced by several 

parameters. If the parameter set derived here is applied acid numbers as low as 0.2 mg KOH 

per g of oil can be reached. The reaction analysis was performed utilizing 100 g of aqueous-

extracted Jatropha oil with an initial acid number of 4.2 mg KOH per g of oil. The reaction 

mixtures contained 0.18 mol/L glycerol and 1.0% (w/w) of immobilized lipase. Samples were 
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heated to 60°C, stirred at 300 rpm for a reaction time of 24 hours. Even though the process 

time appears to be undue lengthy, the lowest achieved neutralization with acid values of 

0.2 mg KOH per g is remarkable. The reaction rate concerning the utilization of aqueous-

extracted oil, not applied in enzymatic processing before, turned out to be significantly higher 

than with conventionally obtained screw-pressed oils. Screw-pressed Jatropha oil utilized in 

this study has a similar initial acid number of 4 mg KOH per g of oil. Applying identical 

reaction conditions as described above the process yields acid numbers of 1.6 mg KOH per g 

of oil. This is probably due to the high initial water activity of 0.873 of the aqueous-extracted 

oil, which supports enzyme activity throughout the reaction. Screw-pressed Jatropha oil 

studied had an initial water activity of only about 0.370. Despite continuous nitrogen 

stripping, after the first 8 hours of reaction time the water activity of the aqueous-extracted oil 

remained significantly higher (aw= 0.263) than the one of the screw-pressed oil (aw=0.159). 

However, after 24 hours of reaction both water activities reached a value of 0.110. The effect 

of water activity and water content on reaction was investigated earlier and remains difficult 

to evaluate, because it is highly dependent on the reaction system itself [166, 167]. 

 

4.4 Conclusions 

This study revealed that enzymatic neutralization of Jatropha crude oil by esterification of 

free fatty acids with glycerol can be an alternative to the conventional caustic deacidification 

process. It was possible to reach acid numbers as low as 0.2 mg KOH per g of oil, providing 

the opportunity to remove the remaining fatty acids within the further refining steps. The 

progression of the enzymatic neutralization of the extract is depending, most likely coupled 

via the water activity, on the extraction method. The initial assessment of the importance of 

the different parameters content of immobilized lipase, glycerol content, reaction time, 

temperature, stirring rate, and starting oil quality indicate that the full optimization of the 

process is far from trivial because most dependencies are characterized by an intermediate 

optimum. However, it is fair to conclude that glycerol level and reaction time appear to have 

the strongest effect on the final products. The expected interdependency of the effects on the 

different parameters, which was reported earlier [100, 168], was deliberately ignored in this 

study. The study at hand clearly documents the feasibility of the enzymatic neutralization 

process. In order to properly evaluate the potential of the process also in light of the 

economical aspects a more detailed study based on an experimental design is on its way. 
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Currently enzymatic processes tend not to be economically competitive due the relatively 

high cost of enzymes. However, once these cost contribution becomes lower the time for a 

much broader application of enzymatic processes will start. 
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CHAPTER 5 
 

Enzyme-assisted deacidification of Jatropha crude oil by statistical design 

of experiments 

 

Abstract 

Jatropha curcas L. crude oil has variable and often high free fatty acid content. As free fatty 

acids are corrosive, the crude oil has to be refined prior to its utilization in technical 

applications. Conventional refining processes have several environmental and energetic 

shortcomings, and there is a clear need for more sustainable pathways. In this study, an 

enzymatic method was studied for the neutralization of Jatropha oil. Detailed insight into the 

process was achieved by means of a statistical design of experiments utilizing an immobilized 

lipase from Rhizomucor miehei. The free fatty acids were esterified with glycerol. 

The most important impact factors and interactions between factors were identified with 

regard to acid number reduction and the monoacylglycerol, diacylglycerol, and glycerol 

content. Validation experiments showed that the models obtained for acid number and, mono- 

and diacylglycerol development were valid and adequate for optimizing the esterification 

reaction for the desired application. The results generated in this study open the possibility of 

modifying - within limits - the vegetable oil composition depending on the target application 

requirements. The acid number of the crude Jatropha oil could be decreased to 0.4 mg KOH 

per g oil by means of enzymatic esterification. The monoacylglycerol content can be adjusted 

between 1.5% (w/w) and 5.0% (w/w) and diacylglycerol content between 15.6% (w/w) and 

27.1% (w/w). The enzyme regeneration procedure that was developed allows multiple use of 

the enzyme at practically constant activity.  
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Practical applications 

Due to the advantages of an enzyme-assisted neutralization procedure, future industrial 

application of this technology is of great interest. Higher oil yields, no generation of waste 

water, and the avoidance of aggressive chemicals mean this process has greater sustainability 

than the conventional approach requiring the addition of strong bases to the oil in order to 

saponify the free fatty acids. Currently, enzymatic processes tend not to be economically 

viable due the relatively high cost of the enzymes. However, the costs are likely to decrease in 

the future as demand for them increases. Additionally, enzyme regeneration, which was 

carried out successfully in this work, offers the opportunity to further lower the process costs. 
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E. (2014). Enzyme-assisted deacidification of Jatropha crude oil by statistical design of 
experiments. European Journal of Lipid Science and Technology, 116, 1421-1431. Copyright 
2014, Elsevier. Reproduced with permission. 
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5.1 Introduction 
Jatropha curcas L. is a tropical oil plant belonging to the Euphorbiaceae family [35]. There 

has been growing interest in this plant over recent years due to the high oil content (about 

35%) of the seeds. Due to the presence of tumor promoting phorbol esters, the oil is 

unsuitable for consumption. Therefore Jatropha curcas provides an interesting oil source for 

the production of alternative fuels without having the ‘table or tank’ problem [169]. Research 

up until now has focused mainly on the utilization of the oil for biodiesel production [17, 18]. 

There is much interest in replacing the mineral oils that are widely used in technical 

applications (e.g. as lubricants) with biodegradable products that are less harmful to the 

environment. In order for Jatropha or other vegetable oils to be suitable for technical 

applications, intensive pre-processing of the crude oil is required. This includes degumming, 

neutralization, bleaching and deodorization in order to remove impurities from the oil [48]. 

These steps are also rather energy-consuming and polluting [49], further highlighting the need 

more sustainable alternative processes.  

The present study deals with the neutralization process for removing the free fatty acids from 

the oil since free fatty acids are corrosive [170]. Conventionally, the free fatty acids are 

precipitated by the addition of bases such as sodium hydroxide, resulting in the formation of 

an emulsion and therefore also high oil loss. This is particularly the case for high acid oils 

such as Jatropha curcas oil. Further disadvantages of this process are the excessive utilization 

of aggressive chemicals and the production of large quantities of soapstock and waste water, 

contributing to environmental pollution [48, 49]. In order to develop a more sustainable 

process, researchers are currently investigating an enzymatic approach, so avoiding the 

disadvantages of conventional process mentioned before. Enzymatic deacidification is 

achieved by esterification of the free fatty acids in the crude oil with alcohols utilizing a free 

or an immobilized lipase [83]. As lipases (triacylglycerol hydrolases E.C.3.1.1.3) preferably 

catalyze the reverse reaction of triacylglycerol hydrolysis, the reaction equilibrium is shifted 

towards esterification. This is achieved by eliminating the water from the reaction system and 

by utilizing the acyl acceptor in excess [83, 84]. By enzymatic neutralization a mixture of 

mono-, di-, and triacylglycerides is obtained. Thus the emulsifying properties of the oil are 

improved, favoring its use in bio-lubricant applications [171]. Numerous studies on lipase-

catalyzed esterification have been published during recent years. Bornscheuer et al. [172] and  
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Divakar and Manohar [83] reviewed the fundamental aspects of lipase catalysis. Major 

research activities focused on investigation of enzymatic esterification in model systems, 

utilizing a distinct acid and an alcohol component. However, esterification was mainly studied 

in organic solvents, such as n-hexane, n-heptane, and tert-butanol [e.g. 87, 89, 90, 91]. Some 

studies also considered solvent free esterification of free fatty acids [e.g. 93- 95]. Solvent-free 

esterification of crude oils has been little investigated. The focus has been on enzymatic pre-

treatment of highly acidic oils prior to conventional neutralization in order to reduce oil loss 

[48, 96, 99-101]. 

The objective of the present research work was to investigate lipase-catalyzed esterification of 

free fatty acids from aqueous-extracted Jatropha crude oil with the help of a statistical design 

of experiments (DoE). Esterification was performed by the addition of glycerol utilizing an 

immobilized triacylglycerol-lipase from Rhizomucor miehei as the catalyst. The process was 

optimized with regard to acid number reduction. In addition, the influence of reaction 

parameters on the monoacylglycerol (MAG), diacylglycerol (DAG), and glycerol content of 

the oil was evaluated. The statistical design was generated based on a preliminary study that 

focused on key factors affecting the enzymatic process [173]. In order to improve the 

economic efficiency of the enzymatic reaction, regeneration of the immobilized lipase was 

performed and evaluated. 

 

5.2 Materials and Methods 

5.2.1 Raw materials and chemicals 

Jatropha seeds were obtained from Cape Verde. The seeds were stored at 14°C until further 

processing. De-oiling of the seeds was carried out in a water-based extraction process after 

removal of the shells and grinding of the kernels. This aqueous-extracted Jatropha oil was 

kindly provided by GEA Westfalia Separator AG, Oelde, Germany. The oil had a water 

activity of 0.873 and contained about 5000 ppm water. Fatty acid composition of the Jatropha 

oil is given in Gofferje el al. [173]. Phospholipid content of the oil was 150 ppm and thus very 

low. The oil was stored at 0°C until being used.  
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All chemicals used were obtained from Th. Geyer GmbH & Co. KG (Renningen, Germany) 

and were of analytical grade. Lipozyme® RM IM (275 IUN/g) was purchased from 

Novozymes A/S (Bagsvaerd, Denmark). 

 

5.2.2 Statistical design of experiments (DoE) 

In order to investigate the enzymatic esterification of Jatropha crude oil, four independent 

factors were evaluated using a D-optimal design and analyzed by the response surface 

method. Temperature, glycerol content, and reaction time were varied on three stages, while 

the content of the immobilized lipase was varied on four stages (Table 10). The D-optimal 

design was randomized and comprised 60 experiments. Within this set of experiments, there 

were five repeats to evaluate reproducibility. The response factors investigated were the acid 

number, and MAG, DAG, and glycerol content. Experiments were carried out following the 

procedure described in Section 5.2.3.  

 

Table 10: Parameters varied for investigation of the enzymatic esterification of aqueous-
extracted Jatropha crude oil 
 

Parameter Levels investigated Coded levels 

  
 

Temperature [°C] 50/60/70 -1/0/1 
Immobilisate content [%] 1/2/3/4 -1/-0.3/0.3/1 
Glycerol content [%] 1.5/2.0/2.5 -1/0/1 
Reaction time [h] 10/20/30 -1/0/1 
     
 

All the results were afterwards entered into the statistical software in order to calculate a 

mathematical model describing the neutralization process. The mathematical relationship of 

the response factors (y) as a function of the four variables is expressed by coded polynomial 

equations (Equation 3) obtained by regression analysis with backward elimination.  

 

𝑦 = ß0 + ∑ ß𝑐
4
𝑐=1 𝑥𝑐 +  ∑4

𝑐=1  ∑ ß𝑐𝑚
4
𝑚=1 𝑥𝑐𝑥𝑚 +  ∑ ß𝑐𝑐

4
𝑐=1 𝑥²𝑐       (3) 

 

ß0, ßn and ßnm are constant regression coefficients of the model; xn and xm are the four 

variables (x1 = temperature, x2 = reaction time, x3 = immobilisate content, x4 = glycerol 
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content). Linear, quadratic, and interaction terms derived from the equation give information 

about the relative importance of the different components with regard to the particular 

response factor. The significance of all terms was assessed by the F-test (α=0.05). Statistical 

analyses were conducted utilizing the statistical software Design-Expert® Version 8.0.6 

(2011). Studentized residuals were calculated in order to identify outliers. Residuals that 

exceeded +/-2 were considered to be outliers and were eliminated from the design.  

The validity of the resulting models was verified by several experiments. 

 

5.2.3 Enzymatic neutralization 

Neutralization reactions were performed in heated double-wall reactors. Parameters varied as 

well as the levels investigated are given in Table 10. The procedure carried out was as 

follows: 100 g of aqueous-extracted Jatropha crude oil with an acid number of 4.2 mg KOH 

per g of oil were stirred at 3 g with varying amounts of glycerol. The reaction mixture was 

heated to the respective temperature. To start the esterification reaction a defined amount of 

immobilized lipase (Lipozyme® RM IM) was added. Water was eliminated from the reaction 

system by nitrogen stripping (300 ln/h) in order to suppress reverse reaction. Enzyme activity 

is highly dependent on water activity. The rate of esterification using Lipozym® RM IM was 

observed to be highest at a water activity of 0.550 [167] with the enzyme remaining highly 

active at water activity below 0.0001 [166]. Initial water activity of crude Jatropha oil was 

0.873 and was decreased to 0.091 after 24 hours, thus guaranteeing high esterification activity 

throughout the reaction time.  

After a specific reaction time the acid number and MAG, DAG, and glycerol contents of the 

oil were determined following the procedures described in Section 5.2.5.  

 

5.2.4 Enzyme regeneration 

In order to investigate the possibility of enzyme regeneration, a neutralization process was 

performed as described in Section 5.2.3 utilizing 1% (w/w) of immobilized lipase and 1.5% 

(w/w) of glycerol. The reaction was carried out at 50°C for 21 hours. After the reaction, the 

acid number of the oil was determined and the immobilized lipase was regenerated as follows. 

The immobilized lipase was washed with either 20 ml of ethanol, isopropanol, or tert-butanol 

under continuous stirring at 3 g for 10 min. The immobilized lipase was subsequently washed  
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two times with 20 ml of n-hexane in order to wash off the solvent from the first washing step. 

Finally, the immobilized lipase was dried by nitrogen stripping (300 ln/h) and reused in a new 

batch. 

 

5.2.5 Analysis of the Jatropha oil 

Acid number determination  

The acid number was determined according to the DGF-Einheitsmethode C-V2 (06) [150] by 

titration of the oil sample with 0.1 M KOH. A defined amount of oil (app. 1 g) was diluted in 

50 ml of an ethanol : diethyl ether mixture (1:1 vol.-%). Phenolphthalein was added as an 

indicator and the sample was titrated to the transition point with 0.1 M KOH.  

Acid numbers (SZ) were calculated according to the following formula: 

 

SZ [mg/g]=
Molar mass KOH � mg

mmol�x KOH concentation �mmol
ml �x KOH volume [ml] 

Initial weight oil [g]   (4) 

 

Monoacylglycerol (MAG) and diacylglycerol (DAG) content 

Analysis was performed using a gas chromatograph (7890 A, Agilent Technologies, 

Germany) with FID detector. The inlet temperature was 250°C. Helium was chosen as the 

carrier gas at a flow rate of 30 ml/min. The column (ZB-5HT; 30 m x 0.25 mm x 0.10 µm) 

temperature was initially set to 160°C and ramped up to 360°C in 25 min. The FID stayed at 

370°C. Quantification of the MAG and DAG was carried out after calibration utilizing mono-

1-oleate as the external standard and mono-1-myristate as the internal standard. Derivatization 

was performed with N-methyl-N-trimethylsilyl-heptafluorobutyramide (MSHBFA).  

 

Glycerol content 

The glycerol content was determined enzymatically utilizing EnzytecTM Glycerol Code No 

E1224 kit (r-biopharm AG, Germany). About 200 mg of the oil sample were mixed with 1 ml 

of HPLC-grade water. After storing the mixture at 5°C for 30 min, the water phase containing 

the glycerol, was separated from the oil phase by centrifugation (4000 g, 10 min), followed by 

filtration. Calibration was performed with a glycerol-standard. Afterwards the glycerol  
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content of the aqueous phase was determined enzymatically by measuring the absorbance of 

the reaction product NADH at 340 nm. The detection limit was 1 mg/L according to r-

biopharm AG. 

 

Hydroperoxide value 

The hydroperoxide value of Jatropha crude oil was determined according to the DGF-

Einheitsmethode C-VI 6a (98) [151] by titration of the oil sample with 0.01 M sodium 

thiosulfate. A defined amount of oil (app. 5 g) was dissolved in 30 ml of a pure acetic acid: 

chloroform mixture (3:2 vol.-%). After the addition of 0.5 ml of a saturated solution of 

potassium iodide the sample was shaken for 60 s. Then 30 ml of distilled water and 0.5 ml of 

a 1% starch solution were added and the sample was titrated until the solution stayed colorless 

for 30 s.  

 

5.3 Results and Discussion 

The optimization of the enzymatic neutralization of vegetable oils is a complex process 

influenced by several individual process parameters and often, in particular, by their 

interactions. To encompass both the individual factors as well as the interactions, a statistical 

design of experiments is a prerequisite. Prior to the optimization experiments, preliminary 

trials were carried out to the key influencing parameters. Key parameters for the lipase 

catalyzed neutralization of aqueous-extracted Jatropha crude oil were identified in a previous 

study [173]. 

 

5.3.1 The statistical design of experiments (DoE) 

On the basis of the preliminary experiments [173] a statistical DoE was generated in order to 

further improve the enzymatic neutralization process. A D-optimal design was chosen 

because it provides more flexibility than full and fractional factor designs with regard to the 

numbers of levels to be chosen and the type of model applied.  

The parameters varied were the temperature, immobilisate content, glycerol content and 

reaction time. The initial acid number of the Jatropha crude oil was 4.2 mg KOH per g of oil. 

This was not varied within the design, although it of course has an influence on the response 
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factors, as described by Gofferjé et al. [173]. A linear dependence was found between the 

initial acid number and the residual free fatty acid concentration. 

For each response (acid number and MAG, DAG, and glycerol content), a significant model 

and a non-significant lack of fit (LOF) were obtained. The results are described in detail in the 

following sections. The TAG content was not investigated separately as it can be 

approximated from the MAG and DAG content.  

 

Acid number  

Free fatty acids are found in crude oils due to enzymatic, microbial, or hydrolytic cleavage of 

triglycerides [174]. These are undesired for technical applications of the oil because of their 

corrosiveness [170]. Thus the free fatty acid content must be minimized. 

The acid number reduction during the enzymatic neutralization process was described by a 

quadratic model (R² = 0.80; Adj.-R² = 0.75; Pred.-R² = 0.66). The calculation only includes 

58 data points since two runs were identified to be outliers. The mathematical relationship of 

acid number to the variables temperature (x1), reaction time (x2), immobilisate content (x3), 

and glycerol addition (x4) is approximated by the following polynomial equation: 

 

𝐴cid number = 0.40 - 0.09x1- 0.37x2 - 0.21x3 + 0.12x4 + 0.22x1x2 - 0.18x1x3 + 0.12x1x4  

+ 0.19x2x4  - 0.18x3x4 + 0.36x1
2 + 0.38x2²          (5) 

 

The significance of each term is estimated by the p-value (probability). Generally, the null 

hypothesis (no significance) is rejected if the p-value is below or equal to the predefined 

significance level. Statistical evaluation showed that the linear variables x2, x3, and x4 

(Figure 17) had a significant impact on acid number reduction with p-values below 0.05 

(x2: p < 0.0001, x3: p < 0.0001 and x4: p = 0.0144). x1 was added to the equation in order to 

obtain a hierarchical model. Within the range considered in this study, the temperature (x1) 

alone was of minor importance with regard to acid number reduction compared to the other 

parameters. This was also observed in a previous study looking at the impact of temperature 

and enzyme concentration on enzymatic esterification processes [175].  
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All cross-product terms except the cross-product of reaction time and immobilisate 

content (x2x3) showed significant impact on the acid number development revealing p-values 

below 0.05. The quadratic terms of temperature (x1) and reaction time (x2) were also included 

as significant factors. From Equation 5, it is clear that the reaction time has a dominant impact 

on acid number reduction, which is expressed by the highest coefficients for x2² and x2. The 

acid number is reduced with increasing reaction time yielding minimum levels of 0.3 mg 

KOH per g oil after 25 hours. With longer reaction times the acid number increases again. 

This is probably due to the reaction equilibrium which can no longer be directed towards 

esterification at free fatty acid concentrations that low.  

The reaction time is thus a serious bottleneck in lipase-catalyzed esterification reactions, in 

contrast to conventional neutralization processes taking only a few hours.  

The model equation obtained was used to generate three-dimensional response surface plots 

(Figure 17) in order to further evaluate the results. The minima of the plots indicate the 

maximum acid number reduction for determination of the process optimum. However, it is 

not possible to extrapolate the surfaces as the validity of the purely mathematical model is 

limited to the experimental interval studied. In our case, enzyme activity is limited in 

particular by the temperature and substrate concentrations.  

Varying the temperature and reaction time at immobilisate contents of 1, 2, 3 and 4% (w/w) 

the minimum acid number of 0.1 mg KOH per g of oil was reached after a reaction time of 

about 24 hours at 60°C at a high immobilisate content of 4% (w/w) and a glycerol level of 

1.5% (w/w, Figure 17A). Considering the influence of glycerol on the process, optimum acid 

number reduction was achieved applying 1.5% (w/w) of glycerol (Figure 17B). The acid 

number was reduced to 0.2 mg KOH per g of oil after 20 hours of reaction time at 65°C 

adding 4% (w/w) of immobilisate. With regard to minimization of the acid numbers, glycerol 

seems to have a negative impact on the esterification of free fatty acids with higher contents 

reducing reaction efficiency. This effect is known from the literature and is attributed to the 

inhibition of the lipase by glycerol [87, 94]. However, these studies did not investigate 

interactions of glycerol and other reaction parameters. 

Within the parameter range investigated in this study the acid number in the products varied 

between 0.3 mg and 2.8 mg KOH per g of oil. On the basis of these results, optimal 

conditions for minimization of the acid number by enzymatic esterification were calculated  
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using the statistical software Design-Expert® Version 8.0.6 (2011). From a scientific point of 

view it was interesting to achieve the lowest acid number possible. Based on the model, the 

reaction should be performed for 20 hours at 60°C, using 4% (w/w) of immobilisate and a 

glycerol content of 2.0% (w/w). Under these conditions the model predicted an acid number 

of 0.1 mg KOH per g of oil. Although these conditions result in a minimal acid number, this 

parameter set appears economically less favorable. Clearly, reducing the acid number to the 

lowest value possible is not the sole target. For implementation on an industrial scale, 

reducing the processing costs is also essential. In order to pre-process the raw oil for different 

technical applications the acid number target value can be set by choosing the process 

parameters based on the response surfaces provided in this paper (see Section 5.3.3). To 

further improve the process economics, enzyme regeneration was also investigated in this 

study (see Section 5.3.4).  

 

 

Figure 17: Response surface plots of acid number reduction as function of the reaction 

time [h] and temperature [°C] at constant glycerol content of 2.0% (w/w) (A) and as a 

function of immobilisate content [%] and temperature [°C] at constant reaction time of 20 

hours (B) 

 

Monoacylglycerol (MAG) content 

MAGs together with di- and triacylglycerols are generated during the enzymatic esterification 

process [176]. MAGs are known to be hydrophobic emulsifiers and are widely used as 

additives in the food, cosmetics, and chemical industries [177-181]. Thus, the ability to  
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influence the MAG content of the oil via the enzymatic esterification process allows direct 

customization of the oil properties for specific technical applications. This means that the 

addition of emulsifiers as additives (e.g. in metal processing or textile oils) could be made 

obsolete [171]. 

The development of MAG content during the enzymatic neutralization process was described 

by a two factorial interaction model (R²= 0.93; Adj.-R² = 0.92; Pred.-R² = 0.91). The 

calculation only includes 55 data points since five runs are outliers. The mathematical 

relationship between the MAG content and the variables temperature (x1), reaction time (x2), 

immobilisate content (x3), and glycerol content (x4) is approximated as follows:  

 

MAG content  = 2.89 - 0.10x1 + 0.09x2 - 0.11x3 + 1.03x4 + 0.12x1x2 - 0.23x3x4            (6) 

 

The linear variables x1, x2, x3 and x4 had a significant impact on the MAG content 

(x1: p = 0.0200, x2: p = 0.0385, x3: p = 0.0094 and x4: p < 0.0001). The cross-product terms of 

temperature and reaction time (x1x2) as well as immobilisate content and glycerol content 

(x3x4) also had significant impact on the resulting MAG content. As expected, the glycerol 

content (x4) had the most significant impact on the MAG concentration, with glycerol being a 

precursor of MAG. Therefore, the MAG content increases with increasing amount of glycerol 

added to the reaction system. The impact of all other significant terms is similar, which is 

expressed by the similar coefficients.  

In order to further evaluate the results, the model equation was used to generate three-

dimensional response surface plots (Figure 18). The minima of the plots show the minimum 

MAG concentrations. Varying the temperature and reaction time at an immobilisate content 

of 1.3% (w/w) showed the high impact of glycerol content on the final MAG content. As 

expected, the MAG concentration in the oil increased with the amount of glycerol added 

(Figure 18A). However, varying the temperature and reaction time had only a small influence 

on the resulting MAG content. MAG content stayed nearly constant throughout the whole 

range of temperatures and reaction times investigated. Applying 1.5% (w/w) of glycerol 

yielded a MAG concentration between 1.5 and 1.9%. By increasing the glycerol 

concentration, MAG content is also increased, ranging at about 4% for 2.5% (w/w) of 

glycerol, the highest concentration investigated. 
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Regarding the influence of reaction time as a function of the immobilisate and glycerol 

content on the MAG concentration (Figure 18B), the MAG concentration was found to 

increase slightly with reaction time. This was also observed earlier [182] and might be 

attributed to a slight shift in the reaction equilibrium as the reaction proceeds, as described 

above. The lower the residual acid number, the higher the probability of a hydrolysis reaction.  

Within the range of the statistical design, the MAG content varied between 1.4% (w/w) and 

4.7% (w/w). Lowest MAG concentration of 1.4% is obtained after a reaction time of 10 hours 

at 70°C, a glycerol concentration of 1.5% (w/w), and an immobilisate concentration of 

1% (w/w). In contrast, maximum MAG concentration is reached after a reaction time of 

10 hours at 50°C, a glycerol concentration of 2.5% (w/w), and an immobilisate concentration 

of 1% (w/w). 

 

 

Figure 18: Response surface plots of monoacylglycerol content as function of the reaction 

time [h] and temperature [°C] at constant immobilisate content of 1.3% (w/w) (A) and as a 

function of immobilisate content [%] and glycerol content [%]at constant temperature of 

60°C (B) 

 

Diacylglycerol (DAG) content 

Similar to MAGs, DAGs are potential emulsifiers and are formed as intermediates in the 

enzymatic esterification reaction [176]. Thus, in order to characterize the neutralized oil the 

DAG content was determined.  
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The DAG content after enzymatic neutralization is described by a two factorial interaction 

model (R²= 0.87; Adj.-R² = 0.86; Pred.-R² = 0.84). The calculation includes 58 data points. 

The mathematical relationship between the DAG content and the variables reaction time (x2), 

immobilisate content (x3), and glycerol content (x4) is approximated as follows: 

DAG content  = 21.82 - 0.11x2 -0.40x3 + 3.59x4 + 0.42x2x4        (7) 

 

The linear variables x3 and x4 had a significant impact on the DAG content (x3: p = 0.0372 

and x4: p < 0.0001). x2 was added to the equation in order to obtain a hierarchical model. The 

cross-product term of reaction time and glycerol content (x2x4) also had a significant impact 

on the DAG content (data not shown).  

As observed for MAG development, the glycerol content (x4) has the most significant impact 

on the DAG concentration, with the DAG content increasing with the amount of glycerol 

added. In order to evaluate the interaction of reaction time and glycerol content, a three-

dimensional response surface plot was generated from Equation 7 (Figure not shown). The 

DAG concentration was found to increase with increasing glycerol level and also to slightly 

increase with reaction time. The DAG content varied between 15.6% (w/w) and 27.1% (w/w) 

depending on the reaction conditions. Minimum DAG content is obtained after a reaction time 

of 30 hours at 70°C, a glycerol concentration of 1.5% (w/w), and an immobilisate content of 

4% (w/w). In contrast, maximum DAG concentration is achieved after a reaction time of 

30 hours at 50°C, a glycerol concentration of 2.5% (w/w), and an immobilisate content of 

1% (w/w). 

It should be noted here that the levels of MAG, DAG, and TAG are strongly interrelated. This 

will be further discussed in Section 5.3.3. 

 

Glycerol content 

Glycerol is the acyl-acceptor in the enzymatic esterification reaction. It is known to be a very 

crucial parameter due, on the one hand, to its inhibitory effects on the lipase [87, 94] and, on 

the other hand, to its necessity as a reactant [164]. In previous studies glycerol was found to 

be almost completely depleted within 7 hours’ reaction time [165, 173]. This is not 

unexpected, because glycerol is converted to mono-, di-, or triacylglycerol during the 
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esterification reaction. In order to confirm these observations the glycerol contents of the 

products of the enzymatic neutralization reaction were analyzed. The concentrations measured 

were between 0.03 mg/g and 0.47 mg/g, namely very low values. Precise prediction of the 

residual glycerol concentration is not possible because some concentrations were found to be 

below the detection limit. This understandably interferes with formulation of a model. 

However, a significant quadratic model was obtained (Equation 8) with a coefficient of 

determination of R² = 0.71 (Adj.-R² = 0.66; Pred.-R² = 0.59). The calculation only includes 58 

data points since two runs were outliers.  

 

Glycerol content = 0.11 + 0.02x1 + 0.02x2 + 1.01*10−3x3 + 0.06x4 + 0.03x1x4 + 0.05x2x3 

 + 0.06x2x4 + 0.02x3x4 +  0.05x4
2            (8) 

 

The initial glycerol concentration (x4) was found to enter the equation in any possible 

combination. As expected, the glycerol content added to the reaction system at the beginning 

of the reaction highly influences the glycerol content determined as a response factor at the 

end of the reaction. The linear variable of glycerol content (x4) and the cross-product of 

reaction time and glycerol content (x2x4) had the most significant impact on the response 

factor glycerol. This was expected, because the glycerol is converted to mono-, di-, or 

triacylglycerol during the esterification reaction. It is fair to assume that the more glycerol 

that is added to the system, the longer it will take to deplete. The cross-product terms of 

glycerol concentration with the other variables (x1x4 and x3x4) as well as the cross-product 

term of reaction time and immobilisate content (x2x3) also had a significant impact on the 

glycerol content. Furthermore glycerol content was added to the model as a quadratic term. x1 

and x3 were added in order to support hierarchy and are not significant terms. 

 

5.3.2 Validation of the statistical models  

Figure 19 shows the correlation between the experimental and predicted values for the acid 

number (A) and MAG content (B) from the 60 individual experiments. All data are within the 

95% prediction limits. Data obtained for the DAG and glycerol contents were also within the 
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prediction limits (data not shown). Additionally, confidence bands were calculated in order to 

illustrate the reliability of the validation experiments described below. 

In order to verify the models obtained from the statistical design, four validation experiments 

were performed. For this purpose, parameter settings were chosen as shown in Table 11. The 

aim was to investigate a broad range of experimental results, especially regarding the acid 

number reached after esterification.  

 

Table 11: Reaction conditions chosen for the validation experiments  
 

Parameter (1) (2) (3) (4) 

 
   

 Temperature [°C] 50.0 51.5 70.0 63.7 
Immobilisate content [%]   1.0   1.0   4.0   3.6 
Glycerol content [%]   1.5   1.5   1.5   1.9 
Reaction time [h] 15.3 17.4 17.0 22.5 
       
 

Verification experiments (1) and (2) were within the 95% confidence interval regarding the 

response factor acid number (Figure 19A). A decrease in acid number to respectively 1.0  and 

0.7 mg KOH per g of oil was achieved as predicted applying 50°C (1) and 51.5°C (2), an 

immobilisate content of 1% (1,2), a glycerol content of 1.5% (1,2) and a reaction time of 

15.3 h and 17.4 h, respectively. However, for low acid numbers the process is not described 

precisely. For validation experiments (3) and (4) an acid number reduction to respectively 

0.36 and 0.16 mg KOH per g of oil was predicted. The experimental results deviated from the 

predicted values (acid numbers measured were 0.41 and 0.28 mg KOH per g of oil) and were 

therefore found to be slightly outside the 95% confidence band (Figure 19A). However, acid 

numbers as low as 0.16 mg KOH per g of oil were never reached in this study. Considering 

these low concentrations and the wide range the model covers, this deviation at the lower 

limits of the acid numbers is acceptable. However, acid number reduction to levels between 

2.5 and 0.4 mg KOH per g of oil can be predicted with good accuracy.  

The MAG, DAG, and glycerol contents were also measured in the validation experiments and 

compared to the predicted values. In the case of the MAG concentration, the agreement  
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between the predicted and experimental values was good for experiments (1) and (2). Values 

were within the 95% confidence bands (Figure 19B). As observed for the response factor acid 

number, the deviation of the experimental and predicted data increased in experiments (3) 

and (4). Experiments (3) and (4) are outside the confidence band. This can probably be 

attributed to changes in the reaction equilibrium and kinetics at low acid numbers which the 

model presented here cannot cater for.  

 

 

Figure 19: Correlation of experimental and predicted data for the acid number (A) and MAG 

content (B) after enzymatic esterification of Jatropha crude oil for validation 

experiments (VE 1-4) 

 

Similar observations were made for the DAG content measured after the neutralization 

reaction. The validation experiments (1) and (2) were within the 95% confidence bands 

whereas experiments (3) and (4) were outside the confidence bands.  

The glycerol content was described by a significant quadratic model (R² = 0.71). However, 

the model is not suitable for predicting the final glycerol content the experimental and 

predicted glycerol contents strongly deviated from each other (Table 12). This fact can 

probably be attributed to the problem, that glycerol is expected to stick to the catalytic center 

of the lipase– thus falsifying the glycerol content which was measured in the oil phase. 

Furthermore the residual glycerol concentrations in several experiments were below the limit 

of detection (see Section 5.3.1) and hence not properly accounted for in the model.  
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Table 12: Predictions and experimental results for the four verification experiments 

 

Experiment No. Glycerol content [mg/L] 
 predicted measured 

 
 

 (1) 0.229 0.026 
(2) 0.206 0.041 
(3) 0.116 0.034 
(4) 0.125 0.034 
    
 

5.3.3 Optimization of the enzymatic neutralization  

The model obtained from a statistical design allows experimental results to be predicted 

within the validated ranges. The enzymatic esterification of Jatropha crude oil can thus be 

optimized for each desired guideline value within the ranges investigated. However, in most 

cases achieving these desired values is not the only aim. For implementation on an industrial 

scale, economic aspects will also play a key role.  

Process adaptation is very easy using statistical software such as Design-Expert® 

Version 8.0.6 (2011). If, for instance, an acid number of 0.5 mg KOH per g of oil is required, 

the fastest esterification reaction is one at 65°C for 11 hours using 4% (w/w) of immobilized 

lipase and 2.5% (w/w) of glycerol. The most economical reaction is one performed at 50°C 

for 23 hours using 1% (w/w) of immobilized lipase and 1.5% (w/w) of glycerol. 

However, the process design is more complex if several response factors have formulated 

target values. The software allows statements to be made about the importance of each 

variable and response via optimization routines. If, for instance, in addition to the required 

acid number of 0.5 mg KOH per g of oil a high DAG concentration is desired, the glycerol 

concentration has to be increased to 1.9% (w/w) and the temperature has to be raised by 4°C. 

Obviously not all response factors are independent of each other. This, of course, limits the 

‘degrees of freedom’ in multi-target optimization. As mentioned above, there is a strong 

interdependence of the MAG and DAG concentrations. High MAG concentrations are 

accompanied by high DAG concentrations and vice versa.  
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5.3.4 Enzyme regeneration  

Up until now an enzyme-catalyzed neutralization reaction has not been economically viable 

on an industrial scale due to the high enzyme costs [48]. In order to improve the economic 

viability of the process, the regeneration of the immobilized lipase was investigated. It is 

known from the literature [183] that the enzyme activity will decrease rapidly if the enzyme is 

not regenerated after usage. The deactivation process is related to different factors. In 

particular, the oil quality is of importance because hydroperoxides are, for instance, known to 

affect the activity of Lipozyme® RM IM. The reaction rate might not be affected in the first 

batch, but the operational stability of the enzyme decreases in consecutive batches of oil with 

hydroperoxide values higher than 5 mequiv/kg [157, 158]. Jatropha oil comprises a relatively 

high amount of unsaturated fatty acids [173]. Thus it is susceptible to oxidation. However, 

hydroperoxide value of the Jatropha crude oil used here was 1 mequiv/kg and was hence 

believed not to significantly affect the lipase activity.  

Furthermore, other components present in crude oil such as phospholipids, pigments or metal 

ions are also likely to affect lipase activity [48, 184]. Phospholipid content of the Jatropha oil 

utilized was below 200 ppm and is thus not expected to affect lipase activity [185]. Metal ions 

can stimulate as well as inhibit lipase activity [161]. 

In addition blocking of the catalytic center of the enzyme by the substrates needed for 

esterification reaction is expected to lead to enzyme inhibition [87, 94]. Furthermore, the 

diffusion of the substrates to the catalytic center is probably impeded by other components 

adsorbed on the carrier material [186]. A regeneration procedure must eliminate all adsorbed 

components from the immobilized lipase without damaging the enzyme. Chen and Wu [183] 

found that an alcohol with three or more carbon atoms, preferably 2-butanol or tert-butanol, 

can regenerate deactivated immobilized enzyme. This was confirmed in the present study 

where the regeneration efficiencies of the solvents ethanol, isopropanol, and tert-butanol were 

compared. Regeneration was performed as described in Section 5.2.4. Firstly, the enzyme 

activity over several runs without regeneration was monitored by determining the reduction of 

the free fatty acid concentration after 21 hours of reaction time. As expected, the enzyme 

activity decreased rapidly which can be read off Figure 20A showing an increase in the 

residual acid number after each reaction cycle. After 3 reaction cycles only 30% of the 

original activity level remained.  
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On regeneration with ethanol no improvement was realized. The activity level after 2 batches 

was reduced to just 20% of the original value. This inhibition effect (data not shown) is not 

too surprising because lipase inhibition by lower alcohols is already well known [187]. 

In contrast, the immobilized lipase was regenerated successfully with isopropanol and tert-

butanol. With practically no loss of activity the enzyme was repeatedly used with intermediate 

regeneration for 13 and 9 consecutive batches respectively. This impressive regeneration with 

isopropanol and tert-butanol is shown in Figure 20B and C respectively. The successful 

regeneration presented here should certainly be reconfirmed and possibly further optimized. 

Nevertheless, it could substantially change the economics of the enzymatic processing of 

Jatropha oil. The results presented here thus provide an informative basis for on-going 

experiments in order to further increase the reusability of immobilized lipase. Unavoidably, 

the enzyme activity will always decrease with increasing number of batches due to a gradual 

desorption of the enzyme from the carrier material, unless it is covalently bound as is the case 

with Lipozyme® RM IM [188, 189]. Hence small additions of fresh enzyme will still be 

necessary to maintain activity even though a very effective regeneration process will have a 

major impact on the economics of the process. 
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Figure 20: Activity of regenerated lipase from Rhizomucor miehei in successive batches. 

A = without regeneration, B = regeneration with tert-butanol, C = regeneration with 

isopropanol. Reaction conditions: 100 g of Jatropha crude oil (acid number: 4.4 mg KOH 

per g of oil) were enzymatically neutralized with 1.0% (w/w) of Lipozyme® RM IM and 

1.5% (w/w) of glycerol at 50°C for 21 hours 

 

5.4 Conclusions 

The present study showed the potential of enzymatic neutralization of Jatropha crude oil as 

an alternative to conventional neutralization processes. The response factors acid number and 

MAG and DAG contents are described as a function of the reaction time, temperature, 

glycerol concentration, and immobilisate concentration. The statistical models that were 

formulated were significant and valid within the discussed ranges. They give a deeper insight 

into the course of the reaction and allowed the process to be systematically influenced. It is 

possible to achieve the predicted acid number of 0.4 mg KOH per g of oil. The MAG content 
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can be adjusted between 1.5% (w/w) and 5.0% (w/w) and the DAG content between 

15.6% (w/w) and 27.1% (w/w). However, simultaneous regulation of the acid number and 

MAG and DAG contents is limited due to the interdependence constrained by the reaction 

mechanism.  

Parameters influencing the residual glycerol content were also identified. However, the design 

of an adequate model for its prediction was not possible since the glycerol content after the 

reaction was often below the detection limit. 

Regarding the processing time and costs enzymatic esterification cannot yet compete with 

conventional deacidification process. Even though there are benefits regarding the energy 

consumption, environmental aspects, and low oil loss, the cost of the enzyme is still 

prohibitive.  Reduction of these costs by regenerating the enzyme should hence be a major 

goal. A method to regenerate the enzyme by using either isopropanol or tert-butanol was 

surprisingly successful and deserves further study. The five- to six fold increase in the number 

of batches with high enzyme activity could greatly improve the process economics. It should 

be noted that during this study the water activity of the reaction system was not considered. In 

future work this should certainly be taken into account due to the dependence of the activity 

of the immobilized lipase in subsequent batches on the water activity [167, 190]. 
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CHAPTER 6 
 

Kinetics of enzymatic esterification of glycerol and free fatty acids in crude 

Jatropha oil by immobilized lipase from Rhizomucor miehei  

 

Abstract 

Enzymatic neutralization is a recent research focus due to an increasing awareness of 

environmental problems caused by conventional oil refining. This study investigated the 

kinetics of enzymatic neutralization in crude Jatropha oil utilizing an immobilized lipase 

from Rhizomucor miehei. Free fatty acids, in particular oleic acid were esterified with 

glycerol. The reaction seems to follow a multisubstrate Ping Pong mechanism with 

competitive inhibition by the acyl acceptors (mono-, diacylglycerol and glycerol). Free fatty 

acid content did not affect lipase activity within the ranges investigated. The kinetic 

parameters were determined and showed that enzyme affinity is much higher to glycerol than 

to free fatty acids. These observations were supported by the fact that the optimum glycerol 

level is rather small while the reaction rate increases with increasing free fatty acid 

concentration.  

 

 

 

 

 

Adapted from publication: 

GOFFERJÉ, G., M., STÄBLER, A., HERFELLNER, T., SCHWEIGGERT-WEISZ, U., 
FLÖTER, E. (2014). Kinetics of enzymatic esterification of glycerol and free fatty acids in 
crude Jatropha oil by immobilized lipase from Rhizomucor miehei. Journal of Molecular 
Catalysis B, 107, 1-7. Copyright 2014, Elsevier. Reproduced with permission.  
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6.1 Introduction 
Jatropha curcas L. is a tropical plant of the genus Euphorbiaceae. The plant is rather non-

demanding – growing under various climatic conditions and able to survive in poor and stony 

soils, requesting only low amounts of water [6, 15]. Jatropha seeds contain about 35% of oil. 

Due to several toxic constituents comprised, such as phorbol esters, lectin and phytate, 

Jatropha is not directly competing with food production [19]. Therefore, the plant is an 

alternative oil source for biodiesel production [17].  

In order to prepare the crude oil for technical or power generation applications, oil 

purification by refining is essential. The conventional refining process includes degumming, 

neutralization, bleaching and deodorization and seeks for the removal of non-triglyceride 

impurities from the oil [48]. All these steps are linked to disadvantages concerning 

environmental, economic and energetic aspects including high oil losses and the consumption 

of high amounts of chemicals and water [49]. Thus, in particular for the sustainable 

application of Jatropha oil aligned alternatives to conventional pathways such as enzymatic 

neutralization with lipases are desired.  

In presence of alcohols acting as acyl acceptor, lipases (triacylglycerol hydrolases 

E.C.3.1.1.3) are able to catalyze the esterification of free fatty acids (FFA) and thus the 

neutralization of crude oils. This reaction is commonly assumed to follow a Ping Pong 

mechanism [91, 191, 192]. A certain number of publications also suggest an Ordered 

mechanism [193, 194]. Since lipases catalyze not only the esterification reaction but also and 

even preferably the hydrolysis of triacylglycerides the reaction equilibrium has to be shifted 

towards the synthesis by the removal of water produced in the process [83, 84]. 

Previous research activities focussed on the investigation of enzymatic esterification reactions 

in model systems, utilizing different acids and alcohols. Usually, esterification reactions were 

performed in organic solvents, such as n-hexane, n-heptane or tert-butanol [89-91]. Only a 

few studies also considered solvent-free esterification of free fatty acids [e.g. 95, 191, 195].  

This study deals with a solvent-free neutralization of crude Jatropha oil via esterification of 

FFAs (mainly oleic acid) with glycerol catalyzed by a carrier-bound lipase from Rhizomucor 

miehei. Glycerol level in the reaction medium is known to be a crucial process parameter: on 

the one hand certain amounts of glycerol are needed to push the reaction equilibrium from 

hydrolysis towards esterification reaction, on the other hand alcohols are known to inhibit 

lipase activity [87, 94].  
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Up to now, most of the studies investigating solvent-free systems dealt with a model reaction 

examining the esterification of two distinct substrates. For example, Wang et al. [196] studied 

the kinetics of enzymatic esterification of palmitic acid and starch in a solvent free system 

concluding that the reaction follows a Ping Pong Bi Bi mechanism.  

Phuah et al. [160] investigated the hydrolysis of palm oil catalysed by Rhizomucor miehei 

lipase in solvent-free system reporting that the reaction follows a Ping Pong Bi Bi mechanism 

with competitive inhibition by water. However, there is no data available concerning the 

kinetics of solvent-free lipase-catalyzed esterification reactions carried out in crude oil 

displaying a rather complex reaction system.  

For any design of large scale enzymatic neutralization processes it is necessary to generate 

deep knowledge of the reaction system, especially with regard to kinetic parameters. Besides, 

the evaluation of the process will only be realistic and economically feasible if performed in 

the later matrix, namely crude oil. Therefore, the objectives of this study comprise the 

investigation of these parameters for Rhizomucor miehei lipase in esterification reaction of 

glycerol with FFAs in crude Jatropha oil. Based on these findings a simplified kinetic model 

describing the acid value reduction should be established. It is of profound interest to 

investigate lipase inhibition by the alcohol and to determine if there is also an influence of the 

second substrate, namely the FFAs, on the reaction rate. 

 

6.2 Materials and Methods  

6.2.1 Raw materials and chemicals 

Jatropha seeds were obtained from Rajasthan (India). The seeds were stored at 14°C until 

further processing. Crude Jatropha oil was obtained by screw-pressing of the seeds and was 

stored at 0°C until use.  

Lipozyme® RM IM (275 IUN/g) was purchased from Novozymes A/S (Bagsvaerd, 

Denmark). The enzyme is immobilized by adsorption on macroporous anion exchange resin. 

Analytical grade glycerol (free of water) was obtained from Merck KGaA (Grafing, 

Germany). Oleic acid added to the crude oil was retrieved from Sigma-Aldrich Chemie 

GmbH (Steinheim, Germany). 
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6.2.2 Enzymatic neutralization 

Prior to the neutralization experiments, the acid value of the oil was adjusted. The crude oil 

contained a FFA content of 0.17 mol/L. Higher acid values of 0.23 and 0.33 mol/L were 

obtained by the addition of oleic acid. To decrease the acid value a caustic neutralization was 

performed (Table 13). Neutralization reactions were performed in heated double-wall 

reactors. 100 g of crude Jatropha oil exhibiting different free fatty acid contents were mixed 

with various amounts of glycerol (Table 13) by a magnetic stirrer at 300 rpm (optimum 

stirring rate found in a previous study [173]) in order to obtain a homogenous mixture of the 

components. The reaction mixture was heated to 60°C. To start the esterification reaction 

1% (w/w) of immobilisate (Lipozyme® RM IM) was added. Water was eliminated from the 

reaction system by constant nitrogen stripping (300 ln/h) in order to suppress reverse reaction. 

Lipase from Rhizomucor miehei remains highly active at water activity below 0.0001 [166]. 

Initial water activity of crude Jatropha oil was 0.370 and was decreased to 0.159 after 

8 hours, thus high lipase activity throughout the whole reaction time could be expected.  

Samples were taken after a reaction time of 4, 5, 6, 7 and 8 hours. After sampling the acid 

value was determined following the procedures described in Section 6.2.4. Experiments were 

performed in duplicate. The initial reaction rate was calculated from the initial slope of the 

curve. 

 

Table 13: Parameters varied in order to investigate lipase inhibition in enzymatic 

neutralization of crude Jatropha oil in dependence of the initial free fatty acid and glycerol 

content in the reaction system 

 

Parameter Levels investigated 

  Free fatty acid content (M) 0.07-0.10-0.13-0.17-0.20-0.23-0.33 
Glycerol content (M) 0.08-0.1-0.2-0.3-0.4-0.5 
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6.2.3 Kinetic investigation of the inhibition of lipase activity by the acyl group acceptors 

and free fatty acids 

Kinetic experiments were carried out following the procedure described in Section 6.2.2. 

Experiments were conducted by maintaining the concentration of one of the substrates 

constant and varying the concentration of the other and vice versa (Table 13). The plots 

shown in the present work were constructed from all the experimentally determined reaction 

rates utilizing Lineweaver-Burk reciprocal analysis.  

Kinetic parameters were determined graphically. The general rate equation for the Ping Pong 

Bi Bi mechanism with inhibition by one substrate is [197]: 

𝑉 = 𝑉𝑚𝑚𝑚 [𝐴] [𝐵]

𝐾𝑚(𝐶𝐶𝐶𝐶)[𝐵]�1+ [𝐵]
𝐾𝑖(𝐶𝐶)

�+𝐾𝑚(𝐶𝐶)[𝐴]+[𝐴][𝐵]
      (9) 

 

and for the Ordered Bi Bi mechanism [197]: 

𝑉 = 𝑉𝑚𝑚𝑚 [𝐴] [𝐵]
 𝐾𝑖(𝐶𝐶)𝐾𝑚(𝐶𝐶)+ 𝐾𝑚(𝐶𝐶𝐶𝐶)[𝐵]+𝐾𝑚(𝐶𝐶)[𝐴]+[𝐴][𝐵]

     (10) 

 

where V is the initial reaction rate; Vmax is the maximum reaction rate; [A] is the acid 

concentration and [B] the alcohol concentration; Km(COOH) and Km(OH) are the Michaelis 

Menten constants of acids and alcohol; Ki(OH) is the inhibition coefficient of the alcohol. 

However, the enzymatic esterification of fatty acids and glycerol is a much more complex 

process, being a multi-substrate reaction. The reaction follows a multi-substrate multi-product 

mechanism, since it involves the formation of mono-, di- and triacylglycerides [191]. Therein, 

the product of one step can also react as the substrate for the subsequent step.  

To obtain a simplified kinetic model appropriate only for the kinetic description of free fatty 

acid reduction in crude Jatropha oil the kinetic constants Km(OH) and Ki(OH) do not only refer 

to the glycerol, but constitute more general constants comprising the combined influence of 

glycerol and also mono- and diacylglycerides on the reaction rate. Vmax was determined as the 

intercept of the lines obtained for the higher substrate concentrations. Km values were 

calculated by the determination of the apparent values of Vmax and Km according to: 
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𝑉max (𝑀𝑎𝑎) = −�𝐾m(𝐾𝐾) ∗ 𝑉max(𝑀𝑎𝑎) 𝐴(𝐾𝐾)⁄ � + 𝑉max     (11) 

 

𝐾m (𝑀𝑎𝑎) =  𝐾m(𝐶𝐾𝐾𝐾)  𝑐(𝐶𝐶) (1+𝑐(𝐶𝐶) 𝐾i(𝐶𝐶)⁄ )
𝐾m(𝐶𝐶)+𝑐(𝐶𝐶)  

      (12) 

The apparent values of Vmax and Km are the values they appear to have when measured in the 

presence of an inhibitor.  

 

6.2.4 Evaluation of the neutralization reaction 

To evaluate the enzymatic neutralization of crude Jatropha oil the acid value was determined 

according to the DGF-Einheitsmethode C-V2 (06) [150] by titration of the oil sample with 

0.1 M KOH. A definite amount of oil (app. 1 g) was dissolved in 50 ml ethanol : diethyl ether 

mixture (1:1 vol.-%). Phenolphthalein was added as an indicator and the sample was titrated 

to the transition point with 0.1 M KOH.  

Acid values (SZ) were calculated according to the following formula : 

 

SZ [mg/g]= M(KOH) [mg/mmol] x c(KOH)  [mmol/ml] x V(KOH)  [ml] 
m (oil) [g]

    (13) 

 

where SZ is the acid value of the oil; M is the molar mass of KOH; c is the concentration of 

KOH; V is the KOH volume and m is the oil mass. 

FFA content was calculated from the acid value by:  

 

𝐹𝐹𝐴 [𝑀] = SZ [mg KOH/g]∗𝜌𝑚𝑖𝑚 [𝑤/𝑚𝑀]
M(KOH)[𝑤/𝑚𝑀𝑀]

       (14) 

 

where FFA is the free fatty acid concentration; SZ is the acid value; ρ is the density of the oil 

and M is the molar mass of KOH. 
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6.2.5 Rheology 

The rheological properties of crude Jatropha oil were analyzed using a stress controlled 

Bohlin rheometer CVO-100 (Malvern Instruments Ltd, Worcestershire, UK) with parallel 

plate geometry (40 mm diameter, 150 µm gap). The viscosity was determined in dependence 

of temperature (20 to 80°C), keeping the shear rate constant at 300 s-1 as well as in 

dependence of the shear rate (50 to 400 s-1) at a temperature of 60°C.  

 

6.2.6 Water activity 

Water activity was determined by capacity measurement utilizing Water Activity Meter 4TEV 

(Aqua Lab, USA).The mean value of three determinations was calculated. 

 

6.3 Results and Discussion 

6.3.1 Time course of enzymatic esterification reaction in crude Jatropha oil 

In a first experiment the time course of the esterification of glycerol and FFAs from crude 

Jatropha oil utilizing immobilized lipase from Rhizomucor miehei was investigated. 

Figure 21 shows the degree of conversion of FFAs to mono-, di- and triglycerides as a 

function of reaction time. The initial period of incubation is characterized by a very fast 

reaction due to a shift in the reaction equilibrium towards esterification reaction. During 

further course of the time, the reaction rate slows down as equilibrium is reached after 

approximately 10 hours. Thereby about 86% of the free fatty acids were esterified.  
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Figure 21: Conversion of free fatty acids versus reaction time in enzymatic esterification of 

Jatropha crude oil and glycerol. Reaction conditions: 100 g Jatropha oil, 1% (w/w) 

Lipozyme® RM IM, 2% (w/w) glycerol, temperature 60°C 

 

6.3.2 Influences of external and internal mass transfer on the reaction  

Enzyme activity is not solely influenced by the substrates and products, but also by the 

reaction medium itself and selected reaction parameters. With respect to the enzymatic 

neutralization of crude Jatropha oil important factors as well as cross factor interactions were 

investigated in a previous study [173].  

It is of significant importance for determining reaction kinetics that mass transfer and 

diffusion limitations are negligible [199]. The reaction rate is affected by several well-known 

parameters such as the diffusion of the substrates to the surface of the support material 

(external mass transfer) or the diffusion of the substrate molecules within the support particles 

to the active site of the enzyme (internal mass transfer) [200]. Therefore stirring rate as well 

as the oil viscosity were considered in order to exclude external mass transfer limitations. 

Internal mass transfer limitations can be caused by the type of enzyme immobilization and the 

shape of the enzyme particles and were investigated mathematically.  
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External mass transfer study 

The investigation of rheological properties of crude Jatropha oil provides important 

information on potential external mass transfer limitations during esterification reaction. The 

viscosity of the oil was 69 mPas at 20°C. Figure 22A shows the viscosity of crude Jatropha 

oil dependent on temperature. The viscosity of crude Jatropha oil is strongly influenced by 

temperature and is thus decreasing continuously with increasing temperature. Enzyme activity 

of Rhizomucor miehei lipase is known to be optimal at temperatures of 60°C and decreases 

with temperatures above 70°C [173] which are therefore not applicable.  

The viscosity remained constant with increasing shear rate (Figure 22B) indicating that the oil 

exhibits Newtonian behavior at 60°C. Therefore this temperature was chosen for all kinetic 

experiments thus minimizing external mass transfer limitations. The addition of oleic acid in 

order to adjust the acid value of 0.20, 0.23 and 0.33 M is expected to only slightly decrease 

the viscosity and will thus further reduce mass transfer limitations. 

 

 

Figure 22: Rheological properties of Jatropha crude oil in dependence of temperature (A) at a 

constant shear rate of 300 s-1 and in dependence of shear rate (B) at a constant temperature 

of 60°C 

 

External mass transfer limitations were further minimized by the stirring rate applied. Since 

stirring rates of 300 rpm and above had no effect on the reaction rate [173] it can be 

concluded that no external diffusion limitations existed. Similar results were reported by 

Phuah et al. [160] who investigated a lipase-catalyzed hydrolysis of palm oil. They also 

investigated the morphology of the Lipozyme® RM IM at different stirring rates concluding 
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that the enzyme activity is not affected by shear forces with stirring rates between 100 and 

400 rpm.  

 

Internal mass transfer study  

In order to evaluate if internal mass transfer limitations are present in the reaction system the 

diffusion coefficient DAB of glycerol (A) in Jatropha oil (B) was calculated by the correlation 

of Wilke-Chang [201, Equation 15].  

Lipase from Rhizomucor miehei was immobilized by adsorption of the enzyme on 

macroporous anion exchange resin. Factors such as size and porosity of the particles as well 

as the polarity of the carrier material are known to influence the diffusion efficiency of 

immobilized enzymes [202]. To estimate the influence of the immobilized enzyme, the Thiele 

Modulus 𝜙 (Equation 16) was determined. Assuming that the catalyst particles are spherical 

in shape, the Thiele Modulus has to be smaller than 1 in order to obtain a utilization ratio of 

the catalyst η of approximately 1 (Equation 17). In this case the system is kinetically 

controlled. φ values above 3 indicate that the system is controlled by pore diffusion [203].  

Wilke-Chang correlation: 

𝐷𝐴𝐵 =  7.4 ∗ 10−12  (𝜑∗𝑀𝐵)
1
2∗𝑇

𝜇𝐵∗𝑉𝐴
0.6

 
        (15) 

where DAB is the diffusion coefficient of glycerol (A) in Jatropha oil (B), 𝜑 is the association 

factor for glycerol, MB is the molecular weight of Jatropha oil, T the temperature, µB the 

viscosity of the oil and VA the molar volume of glycerol. 

 

Thiele Modulus 𝜙: 

𝜙 = 𝑉𝑚𝑜𝑜 
𝐷𝐴𝐵 [𝐴]  �𝑅

3
�
2

          (16) 

where Vobs is the initial reaction rate, R is the particle size of the immobilisate, DAB is the 

diffusion coefficient of glycerol (A) in Jatropha oil (B) and [A] is the glycerol concentration.  
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Utilization ration of the catalyst η: 

𝜂 = 3 
𝜙

 � 1
tanh𝜙

− 1
𝜙
�          (17) 

 

where 𝜙 is the Thiele Modulus.  

 

No association factor 𝜑 is available for glycerol. Its value was therefore chosen on the basis 

of the following assumption: the factor for alcohols varies between 1.9 for methanol and 1.2 

for propanol. The ratio of the numbers of hydroxyl groups divided by the molecular weight is 

0.033 for glycerol and thus comparable to the ratio for methanol which is 0.031. The ratio for 

ethanol is 0.022. Therefore it was decided to use the association factor for methanol (𝜑=1.9) 

as approximation for glycerol. The molecular weight MB of the oil is about 850 g/mol, the 

molar volume VA of glycerol is 86.9 cm³/mol, viscosity µB is 18 mPas at 60°C. The diffusion 

coefficient DAB was thus estimated to be 3.78 x 10-9 m²/s. 

The Thiele Modulus 𝜙 was estimated to be 0.4 assuming a particle size of the immobilisate 

(R) of 0.4 x 10-3 m [160] and an initial reaction rate (Vobs) of 1.6 x 10-6 mol/L s-1 at a glycerol 

concentration [A] of 0.1 mol/L and a FFA concentration of 0.07 mol/L. (Vobs) was determined 

experimentally. With an utilization ratio of the catalyst η of approximately 1 it seems fair to 

assume that there is practically no effect of internal mass transfer limitations.  

 

6.3.3 Influence of substrate concentrations on reaction rates  

Figure 23A shows the reaction rates as a function of glycerol concentration (0.08 M to 0.5 M) 

for different FFA concentrations. At low acid level of 0.07 M to 0.13 M reaction rate was 

observed to increase at low glycerol concentration of 0.08 M and 0.1 M and to slightly 

decrease with higher glycerol concentration. These results indicate a lipase inhibition by the 

acyl acceptors (glycerol, mono- and dicylglycerols) even though the effects are small. The 

inhibition can probably be explained by the high polarity of the acyl acceptors promoting the 

blocking of the nucleophilic site of the enzyme in the catalytic center [87, 94].  

Considering higher acid concentrations of 0.23 M and 0.33 M including higher ration of oleic  

 



CHAPTER 6 

 
 

86 
 

acid, the reaction rate increases up to a glycerol concentration of 0.4 M and 0.3 M, 

respectively. With higher glycerol contents the reaction rate also decreases slightly - probably 

indicating an enzyme inhibition by glycerol or the other acyl acceptors present in the reaction 

system. Not surprisingly, the optimal glycerol level with regard to a fast reaction rate is 

depending on the free fatty acid concentration: the higher the acidity of the oil, the higher the 

optimal glycerol level.  

The reaction rate was also investigated as a function of FFA content (from 0.07 M to 0.33 M) 

in the oil for various glycerol levels (Figure 23B). Reaction rate was found to increase with 

increasing free fatty acid concentration indicating that the lipase activity is not affected by the 

free fatty acid level within the ranges investigated in this study. The flattening of the reaction 

rates at low glycerol levels from 0.08 M to 0.2 M with increasing acid concentration may not 

be attributed to a lipase inhibition. In this case, mass transfer limitations might occur, which 

emerge in the range of low substrate in particular glycerol concentrations. 

Similar observations regarding the influence of alcohol or acid levels on lipase activities were 

made in other studies [85, 204]. The results obtained in the present study indicate lipase 

inhibition by the alcohols (glycerol, mono-, diacylglycerols).  

It is expected that enzyme activity might be reduced by various impurities (e.g. phosphatides, 

pigments, sterols) present in the crude oil [48]. Possibly effects caused by the substrates are 

therefore not visible that distinct. In order to interpret the effects with regard to the kinetics of 

the reaction a Lineweaver-Burk analysis was conducted.  
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Figure 23: Reaction rate of enzymatic esterification as a function of glycerol content at 

varying free fatty acid (FFA) content (A) and as a function of free fatty acid content at 

varying glycerol content (B) 

 

 

A 

B 
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6.3.4 Kinetic analysis of lipase-catalyzed esterification 

The kinetics of the reaction was analyzed by means of a Lineweaver-Burk approach in order 

to get an insight in the mechanism of the reaction.  

Figure 24 shows the Lineweaver-Burk double reciprocal plot of reaction rate versus free fatty 

acid concentration. The coefficients of determination are between R² = 0.97 and R² = 0.99. 

Figure 24 depicts that the plot profiles seem to be parallels for low glycerol concentrations 

(0.08 M and 0.1 M) indicating that no significant inhibition occurs within these concentration 

ranges [205, 206]. If the slopes of a reciprocal plot are equal although the substrate 

concentration changes, the reaction is expected to be proceeded through a series of binary 

complexes [207].  

 

Figure 24: Lineweaver-Burk double reciprocal plot of reaction rate versus free fatty acid 

concentration for the enzymatic esterification of free fatty acids and glycerol 

 

For higher glycerol concentrations the plots intersect at 1/Vmax. As expected, the slope of 

these curves increases with the glycerol concentration. If the slopes of the intersecting lines 

are plotted against the glycerol concentration a straight line is obtained (see Figure 26). This 

is characteristic for substrate inhibition in two-step transfer reactions [207].  
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According to these results the esterification reaction seems to follow a Ping Pong mechanism 

with dead end inhibition by the acyl acceptors rather than an Ordered mechanism in which the 

slope of the intersecting lines increases steadily and the intersect decreases with increasing 

substrate concentration.  

Similar results were found in other studies. Somashekar et al. [208] stated a Ping Pong Bi Bi 

mechanism with competitive inhibition by glucose during enzymatic esterification of alanine 

and glucose applying Rhizomucor miehei lipase. Bousquet-Dubouch et al. [85] investigated 

the kinetics of alcoholysis catalyzed by Candida antarctica lipase suggesting a Ping Pong Bi 

Bi mechanism with dead end inhibition by the alcohol.  

The mechanism proposed is shown in Figure 25. In the first step the lipase (E) reacts with an 

acyl donor (A) to yield an acyl-enzyme complex (EA). After isomerization of this complex 

the first product (P1), namely water, is released. Then the second substrate, in this study 

glycerol and also mono- and diacylglycerols formed during the reaction (B) is attached to the 

enzyme forming an acyl-enzyme alcohol complex (EAB) which dissociates into the free 

enzyme and the ester product (P2). The irreversible binding of the acyl acceptor to the 

enzyme and to the acyl-enzyme complex, respectively, yields to a formation of an inactive 

dead end complex (EB).  

 

 

Figure 25: Schematic illustration of Ping Pong Bi Bi mechanism of lipase-catalyzed 

esterification with competitive inhibition by glycerol [209]. E enzyme, A free fatty acids, 

B glycerol, P1 Water, P2 ester product, EB is a dead end inhibition complex 
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The kinetic parameters for the esterification were determined graphically (see Section 6.2.3) 

and are given in Table 14. The Km(OH) value determined for the alcohols is nearly 7 times 

lower than the Km(COOH) value determined for free fatty acids indicating that the enzyme 

affinity is higher to the alcohols than to free fatty acids. Ki(OH) was deduced from the replot of 

the slopes1/FFA from Figure 24 versus glycerol concentration (see Figure 26). The linear 

dependence obtained in Figure 26 indicates a one-site competitive inhibition. The acyl 

acceptors (glycerol, mono-, diacylglycerols) inhibit the binding of the acyl donor to a dead 

end complex [209]. Ki is the constant for the dissociation of the acyl acceptor from the 

specific enzyme form-inhibitor complex [197]. 

 

Table 14: Kinetic parameters for enzymatic esterification of free fatty acids and 

glycerol/mono- and diacylglycerides 

 

Parameter   

 
M 

Km(COOH) 0.203 
Km(OH) 0.031 
Ki(OH) 
 

0.536 
 

 
M*h-1*g-1 protein 

Vmax 0.039 
 

Km(COOH) value is four times higher than Ki(OH) indicating an inhibition by the acyl acceptors. 

These observations are supported by the fact that the glycerol level for which no decrease of 

the reaction rate is observed is rather small while the reaction rate increases with increasing 

free fatty acid concentration (see Section 6.3.3).  

Finally, the goodness of fit of experimental data and the model determined was assessed by 

comparing the experimental velocities with the theoretical prediction calculated applying 

Equation 9. A significant model with a coefficient of determination of 0.90 was obtained. The 

model is very precise concerning the prediction of reaction rates between 0.007 and 

0.02 M*h-1*g-1 protein. For higher as well as lower reaction rates, the accuracy of the model 

decreased. This is probably caused by the limited number of experiments performed on the 

brink of the model and could be eliminated by the execution of further experiments.  
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Figure 26: Determination of the dissociation constant of the enzyme-glycerol complex Ki(OH) 

in Jatropha crude oil 

 

6.4 Conclusions 

The generation of detailed knowledge on lipase-catalyzed neutralization of crude Jatropha oil 

is an important prerequisite with regard to a future large-scale processing. Although the 

effects observed in this study are rather small due to the conditions predetermined by the 

reaction system, some hints on the kinetics of enzymatic esterification carried out in crude oil 

were gained. The kinetic parameters obtained in this study are not comparable to existing 

literature data, since enzymatic esterification was not performed in crude oil before. Besides 

the kinetic parameters depend upon the chosen standard state of the investigated reaction 

system, thus requesting distinct experimental data for every process focussed [87, 210].  

The esterification reaction seems to follow a Ping Pong mechanism with competitive 

inhibition by the acyl acceptors. Free fatty acids do not influence lipase activity within the 

range investigated in this study. However, these experiments are not sufficient to draw a final 

conclusion on the reaction mechanism. A broadening of the experimental range regarding the 

addition of low glycerol concentrations to the reaction system is to be undertaken in order in 

order to assure the parallelism of the curves being the key indication for Ping Pong 

mechanism. These experiments will clarify whether the esterification really follows a Ping 

Pong or rather an ordered mechanism that only appears to be a Ping Pong mechanism, since 
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the curves that seem to be parallel really are not - but intersect far to the left of the 1/v-axis 

and far below the 1/FFA-axis [197].  

However, the results obtained in this study, together with the results obtained in former 

studies on process optimization [173] contribute to a promotion of enzyme-catalyzed 

processing as a sustainable alternative to conventional processing afflicted with lots of 

disadvantages especially in view of high oil losses and environmental pollution. Currently 

enzymatic neutralization is not economically feasible due to the high costs of the enzymes.  

However, once enzyme production increases the cost contribution will become lower and the 

application of an enzymatic process will prevail. Current research activities on the 

regeneration of immobilized enzymes will also contribute to the cost reduction.  

 

ACKNOWLEDGEMENTS 

 

This study was financially supported by the German Federal Ministry of Education and 

Research (BMBF).  

 

 



CHAPTER 7 

 
 

93 
 

CHAPTER 7 

 

Comparison of two protein extraction techniques utilizing aqueous de-oiled 

residue from Jatropha curcas L.  

 

Abstract 

As a by-product from oil extraction, high amounts of Jatropha meal with high protein 

contents are obtained. These are not suitable for feed and food applications. As a 

consequence, concepts concerning the integrated and sustainable usage of Jatropha curcas 

seeds are extremely important. To this end protein extraction from the meal is an important 

process. In this study, the efficiency of an aqueous extraction process in comparison to an 

enzyme-assisted process for the extraction of denatured proteins were studied systematically. 

The aqueous extraction process had a protein yield of 76%. Best parameters for protein 

extraction are pH 11, 60°C, while stirring the suspension for 30 min with 200 rpm. To 

perform the enzymatic protein extraction a screening of commercially available proteases was 

conducted with 7 exo- and endo-protease preparations. Protease A01 turned out to be most 

effective in supporting protein solubilization. Optimum conditions for the enzyme assisted 

extraction process are 0.5% (w/w) of Protease A01 preparation, pH 8, 55°C and a reaction 

time of 60 min. Here a protein yield of 76% is reached. The degree of hydrolysis was 13% 

compared to 1% for the aqueous process. Protein yields of both processes were comparable.  

 

 

 

 

Adapted from publication: 

GOFFERJÉ, G., KLINGELE, S., STÄBLER, A., SCHWEIGGERT-WEISZ, U., FLÖTER, E. 
(2013). Comparison of Two Protein Extraction Techniques Utilizing Aqueous De-Oiled 
Residue from Jatropha curcas L. Journal of Waste and Biomass Valorization, 5, 33-41. 
Copyright 2013, Elsevier. Reproduced with permission. 
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7.1 Introduction 
Jatropha curcas L. is a plant of the family Euphorbiaceae and widespread throughout the 

tropics and subtropics [35]. The plant grows quickly, survives in poor, stony soils and is 

resistant to drought. Since the seeds of Jatropha are rich in non-edible oil [16], the research 

focus was so far mainly the utilization of the oil for biodiesel production [17, 18]. The 

increasing interest in Jatropha is expressed in the rapid expanding cultivation. According to a 

market study done by the GEXSI the acreage is expected to reach about 13 million ha in 2015 

[4]. 

As a by-product from oil extraction, high amounts of Jatropha meal with high protein 

contents (40-60%) are obtained. The meal can be used e.g. as animal feed, organic fertilizer, 

rodent repellent or for biogas production [15]. The meal is not directly suitable for feed or 

food applications due to several toxic and anti-nutritional factors such as phorbol esters, lectin 

and phytate [19]. However, methods for the detoxification of the meal are recently being 

investigated [20] and some non-toxic varieties are known from Mexico, too [21]. Thus, 

without or by partial detoxification, utilization of the extracted proteins in technical 

applications is an interesting area of value creation. Technical protein applications (e.g. glues, 

film coatings, emulsifiers) are currently gaining more attention, due to an increasing 

awareness of the importance of an integrated and sustainable utilization of agro-industrial raw 

materials. This is supported by the quest of the chemical industry for environmentally 

friendly, bio-degradable processes and products. Due to highly topical discussions on the 

usage of edible materials for the production of technical products or energy, non-edible 

sources of proteins have to be searched for. Jatropha residues with their high protein contents 

appear to be an excellent candidate material.  

Extraction and purification of vegetable proteins is mostly performed by alkaline extraction 

followed by an isoelectric precipitation. The protein concentrates or isolates have a protein 

content of 48-70% and 85-90%, respectively [126]. Several factors influencing the protein 

extraction process are known from previous studies. Amongst others pH value, ionic strength, 

temperature and process time influence protein yield but also protein functionality [110, 111]. 

Detailed information on protein isolation and processing routes can be found in numerous 

reviews [e.g. 112- 114]. 

The alkaline extraction of native proteins from Jatropha meal is scarcely investigated, since  
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Jatropha has only recently been considered as a protein source. Previous studies report 

protein recovery of about 53% to 82% after alkaline extraction and isoelectric precipitation 

[44, 117]. However, the authors investigated hexane de-oiled Jatropha residue or screw-

pressed Jatropha cake, respectively.  

Alternatively, enzyme-assisted processes using different protease activities might deliver 

more efficient protein extraction. Proteases express proteolytic activity towards the peptide 

bonds of proteins. They are classified into endo- and exoproteases. While endoproteases 

cleave the peptide bonds in the inner part of the proteins, exopeptidases break the peptide 

bonds starting with the N- or C-terminal end of the proteins [115]. The catalytic activity of 

proteases depends on several external factors such as pH value and temperature, which have 

to be controlled to achieve highest proteolytic activity during extraction. An enzyme-assisted 

protein extraction leads to the formation of protein hydrolysates [116]. Taking the 

functionality of the hydrolysates and their designated application into account, an enzyme-

assisted protein extraction could be advantageous over alkaline extraction, because of the 

more environmentally friendly conditions and energy consumption. Up to know research 

activities on the enzyme-assisted protein extraction of Jatropha are scarce [119].  

The objective of this work was to systematically investigate different processes for protein 

extraction from aqueous de-oiled Jatropha residue. The alkaline extraction process and the 

enzyme assisted extraction process are applied to aqueous de-oiled Jatropha residue and 

compared with regard to protein yield and quality. Aqueous de-oiling of Jatropha kernels is a 

recent development and therefore the protein extraction from its residue is a new field. 

Additionally, the thermal characteristics and the solubility of the Jatropha proteins from the 

aqueous de-oiled residue were studied in comparison to native proteins.  

 

7.2 Materials and Methods 

7.2.1 Raw materials and chemicals 

Jatropha seeds were obtained from Cape Verde. The seeds were stored at 14°C until further 

processing.  

All chemicals used were obtained from Th. Geyer GmbH & Co. KG (Renningen, Germany) 

and were of analytical grade. 
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The following commercially available protease preparations were applied in this work: 

Alcalase 2.4L, Neutrase 0.8L, Flavourzyme and Protamex were kindly provided by 

Novozymes A/S (Bagsvaerd, Denmark); Protease A01 and Protease N01 by ASA 

Spezialenzyme GmbH (Wolfenbüttel, Germany) and Corolase 7089 by AB Enzymes GmbH 

(Darmstadt, Germany).  

 

7.2.2 Preparation of Jatropha raw material 

De-oiling of the Jatropha seeds was done in a water-based extraction process after removal of 

the shells and grinding of the kernels. The aqueous de-oiled Jatropha residue (ADJR) 

obtained in this process was kindly provided by GEA Westfalia Separator AG, Oelde, 

Germany. The residue was stored at -20°C until use.  

De-oiling was also done by hexane extraction in a Soxhlet apparatus after grinding of the 

entire kernels to obtain hexane de-oiled Jatropha residue (HDJR). This residue was stored at 

ambient temperature until use.  

 

7.2.3 Aqueous protein extraction  

The effect of different extraction parameters on the protein yield was investigated. The 

process parameters varied are listed in Table 15. The processing is described in the following: 

200 g of ADJR with varying amounts of water (Table 15) were blended in a double-wall 

reactor. While heating to the target temperature the mixture was stirred with 200 rpm and pH 

was adjusted using 2 M NaOH. For each combination of process parameters, the solid was 

separated from the liquid by centrifugation (4000 g, 10 min). Dry matter and protein content 

of the supernatant were determined applying the methods described in Section 7.2.5. A one-

factor-at-a-time model was applied and experiments were carried out in duplicate. Protein 

yield was calculated according to the following formula:  

 

𝑃𝑃𝑃𝑃𝑣𝐴𝑃 𝑦𝐴𝑣𝑣𝐴 [%] = 𝑀𝑀𝑚𝑚 𝑐𝑥𝑐𝑀𝑀𝑐𝑐 [𝑤] × 𝑃𝑀𝑀𝑐𝑐𝑐𝑐 𝑐𝑀𝑐𝑐𝑐𝑐𝑐 𝑐𝑥𝑐𝑀𝑀𝑐𝑐[%]
𝐼𝑐𝑐𝑐𝑐𝑀𝑀 𝑤𝑐𝑐𝑤ℎ𝑐 𝐴𝐷𝐴𝑅 [𝑤]× 𝑃𝑀𝑀𝑐𝑐𝑐𝑐 𝑐𝑀𝑐𝑐𝑐𝑐𝑐 𝐴𝐷𝐴𝑅 [%]

× 100   (18) 
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Table 15: Parameters varied to improve aqueous protein extraction from aqueous de-oiled 

Jatropha residue (ADJR) 

 

Parameter Levels investigated 

   Solid-to liquid ratio (w/w) 1:6, 1:8, 2:19, 1:12 
Extraction time [min] 30, 60, 90, 120, 180 
Temperature [°C] 30, 40, 50, 60, 70 
pH value 7, 8, 9, 10, 11, 12 
NaCl-concentration [mol/L] 0.1, 0.5, 1.0, 2.0  
      
 

7.2.4 Enzyme-assisted protein extraction 

Screening of proteases 

A screening of commercially available protease preparations was performed blending 50 g of 

freeze-dried ADJR with 500 ml of distilled water. The suspension was heated to 55°C. The 

reaction mixture was stirred at 200 rpm and the pH was adjusted to 8 using 2 M NaOH. The 

reaction started with the addition of 1% (w/w) of protease enzyme preparation to the mixture. 

The reaction was terminated after 90 min by inactivating the enzyme at 90°C for 15 min. 

Subsequently, the solid was separated from the liquid by centrifugation (4000 g, 10 min). 

Analysis of the supernatant was done according to Section 7.2.5. Each experiment was done 

in duplicate. 

 

Improvement of protein extraction with Protease A01 

The effect of different extraction parameters on the protein yield was investigated. The 

processing is essentially as described in Section 7.2.3 for the aqueous extraction. The 

parameter variation is given in Table 16. The reaction was started with the addition of the 

amount of Protease A01 preparation to the mixture. The reaction was terminated after the 

designed reaction times by denaturing the enzyme at 90°C for 15 min. Subsequently, the solid 

was separated from the liquid by centrifugation (4000 g, 10 min). Dry matter and protein 

content were again determined according to Section 7.2.5. A one-factor-at-a-time model was 

applied. Each experiment was done in duplicate. Protein yield was calculated according to the 

formula given in Section 7.2.3.  
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Table 16: Parameters varied to improve enzyme-assisted extraction of proteins from aqueous 

de-oiled Jatropha residue (ADJR) 

 

Parameter Levels investigated 

   Reaction time [min] 30, 60, 90, 120, 180 
Temperature [°C] 40, 50, 55, 60 
pH value 7, 8, 9, 10, 11 
NaCl-concentration [mol/l] 0.1, 0.5, 1.0, 2.0  
Protease concentration [%]  0.25, 0.50, 1.00  
      

 

7.2.5 Analysis of the chemical composition of Jatropha raw material and protein extracts 

Chemical composition of the raw material (protein, ash, dry matter) was analysed in 

duplicate. Protein content was measured by Dumas combustion method [211], using 6.25 as 

the conversion factor. Dry matter and ash content were analysed in a thermo-gravimetrical 

system (TGA 601, Leco Corporation, St. Joseph, MI, USA) at 105°C and 950°C, respectively. 

In case of the enzymatic protein extraction, the degree of hydrolysis (DH) was determined by 

the OPA-method [212, 213].  

 

7.2.6 Thermal behaviour of the proteins from Jatropha residues  

The stability and folding of the proteins from ADJR was investigated in comparison to native 

Jatropha proteins using the differential scanning calorimetry (DSC) method according to 

Sousa, Mitchell [214]. The sample material was diluted in distilled water to obtain a protein 

content of approximately 15% (w/w). Approximately 10 mg of the dispersions were weighed 

into DSC pans and thermograms were measured with a DSC Q 2000 system from TA 

Instruments (New Castle, DE, USA). An empty DSC pan was used as a reference. Samples 

were heated with a heating rate of 2 K/min and cooled with 4 K/min in two cycles from 30°C 

to 120°C. Peak temperatures and relating enthalpies were calculated automatically. The 

experiments were performed in duplicate.  
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7.2.7 Analysis of protein solubility from Jatropha residues 

The solubility of the denatured proteins from ADJR was determined in comparison to HDJR 

containing native proteins. Experiments were performed within the range of pH 4 and 11 

following the method of Morr, German [215] For each pH level 1 g of de-oiled Jatropha 

residue was suspended in 50 ml of distilled water. The pH was adjusted using 0.1 M NaOH 

for alkaline pH values respectively 0.1 M HCl for acidic pH values. The suspension was 

stirred at ambient temperature for 1 hour. Non-dissolved fractions of the samples were 

separated by centrifugation (20 000 g, 15 min). Protein content in the supernatant was 

determined according to Dumas [211]. Experiments were conducted in duplicate. Protein 

solubility was calculated according to the following formula: 

 

𝑃𝑃𝑃𝑃𝑣𝐴𝑃 𝑆𝑃𝑣𝑣𝑆𝐴𝑣𝐴𝑃𝑦 [%] =
𝑇𝑀𝑐𝑀𝑀 𝑣𝑀𝑀𝑣𝑚𝑐 𝑐𝑥𝑐𝑀𝑀𝑐𝑐 [𝑚𝑀]×𝑃𝑀𝑀𝑐𝑐𝑐𝑐 𝑐𝑀𝑐𝑐𝑐𝑐𝑐 𝑚𝑣𝑎𝑐𝑀𝑐𝑀𝑐𝑀𝑐𝑐[𝑚𝑚

𝑚𝑚 ]

𝐼𝑐𝑐𝑐𝑐𝑀𝑀 𝑤𝑐𝑐𝑤ℎ𝑐 𝐴𝐷𝐴𝑅 [𝑚𝑤]× 𝑃𝑀𝑀𝑐𝑐𝑐𝑐 𝑐𝑀𝑐𝑐𝑐𝑐𝑐 𝐴𝐷𝐴𝑅[%] 
× 100 (19) 

 

7.2.8 Statistical analysis 

Significant differences in extracted protein yields were calculated using Anova and Scheffé 

test (p < 0.05). The data given represent the mean ± standard deviation of at least two values. 

 

7.3 Results and Discussion 

7.3.1 Analysis of aqueous de-oiled raw material 

Chemical composition of ADJR is presented in Table 17.  

 

Table 17: Chemical composition of aqueous de-oiled Jatropha residue (ADJR) 
 

Component Content [%] 
 
Protein 39.9 ± 0.1 
Ash   7.4 ± 0.0 
Dry matter 29.0 ± 0.0 
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Protein Quality 

The stability and folding of the Jatropha proteins was investigated using DSC technique. No 

literature references to this property seem available. The native Jatropha proteins (HDJR) 

exhibited a high thermal stability, which was indicated by a denaturing point at approximately 

97°C and an enthalpy of denaturation of 0.2 J/g. Not surprisingly, the denaturation of 

Jatropha proteins turned out to be irreversible – as already described for protein denaturation 

in general [216] – which is indicated by the second heating cycle resulting in an almost linear 

curve. The thermogram of ADJR did not show a thermal event, which might indicate that 

denaturation had already occurred during previous processing. This possibly happened during 

the aqueous de-oiling process where the proteins are exposed to hot water for several hours.  

 

Protein Solubility 

Generally, solubility is referred to small molecules, such as salts or simple organic 

compounds. It is expressed in grams soluble per 100 ml of solution at standard temperature. 

However, protein solubility is defined as the percentage of protein solubilized or dispersed 

under specific extraction conditions. The solubility of denatured proteins (ADJR) often differs 

from the solubility of native proteins (HDJR) [217]. Nevertheless, a low protein solubility of 

15-37% and 22-34% was observed for the HDJR and ADJR, respectively, at pH levels 

between 4 and 10. Up to pH 11, both raw materials showed similar protein solubility 

(Figure 27). At a pH value of 11 the solubility of denatured proteins (ADJR) was significantly 

lower (42.4 ± 0.6%) than the solubility of native proteins (67.5 ± 0.0%). The solubility of 

denatured proteins was not determined in former studies, whereas the solubility of native 

Jatropha proteins found are similar to data given by Saetae et al. [44] and Lestari et al. [137].  
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Figure 27: Solubility of denatured proteins obtained from aqueous de-oiled Jatropha residue 

(ADJR) in comparison to native proteins obtained from hexane de-oiled Jatropha residue 

(HDJR) 

 

7.3.2 Aqueous protein extraction  

Aqueous protein extractions are commonly used to isolate proteins from plant materials. The 

extraction process is known to be influenced by several parameters [46, 110, 111]. Therefore, 

the influence of the solid-to-liquid ratio, extraction time, temperature, pH and salt 

concentration on protein yield after aqueous extraction were investigated in this study using a 

one-factor-at-a-time model.  

The experiments were carried out following the procedure described in Section 7.2.3 defining 

90 min, 60°C and pH 11 and a solid-to-liquid ratio of 1:12 as initial extraction conditions 

which were chosen on the basis of pre-experiments (data not shown) and existing literature 

data [39, 117]. For each parameter varied, the condition resulting in the highest protein yield 

was selected for further experiments. 

 

Solid-to-liquid ratio 

The solid-to-liquid ratio was varied in the range of 1:6 to 1:12. The other parameters were set 

to 60°C, 90 min, pH 11, 0 M NaCl. Extraction yields changed from 75.9% at 1:6 and 86.5% at 

1:12. The data is displayed in Figure 28. Extraction yields show a step change as a function of 

the solid-to-liquid ratio. As a consequence the lowest solid-to-liquid ratio with a high yield 
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(2:19) was chosen for further experimentation. Also in other studies on protein extraction 

from Jatropha residues [44, 117] similar solid-to-liquid ratios of 1:10 were applied. However, 

none of these studies investigated a potential influence of different solid-to-liquid ratios on 

the protein yield.  

 

 

Figure 28: Protein yield after aqueous protein extraction from aqueous de-oiled Jatropha 

residue (ADJR) as a function of solid-to-liquid ratio (Means with the same superscript letters 

indicate no significant differences (p < 0.05)). Extraction conditions: 200 g ADJR and various 

amounts of distilled water were stirred with 200 rpm at 60°C for 90 min; pH adjusted to 11; 

no NaCl added 

 

Process duration 

The extraction time was varied between 30 min and 180 min. The solid-to-liquid ratio was 

2:19, temperature and pH were set to 60°C, pH 11 respectively. No salt was added. For 

economic reasons the extraction time should preferably be short. The shortest extraction time 

studied (30 min) turned out to be sufficient for a good protein solubilization reaching a 

protein yield of 76.3% (data not shown). Insignificant higher yields of approximately 83% 

were obtained after 90 min and 180 min. The independence of the protein yield from process 

duration above 30 min indicates that in the range studied mass transport limitations are not 

playing a major role. This is possibly owed to the intensive degradation of the cell wall 

material during the de-oiling process. 
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Temperature variation 

The process temperature was varied from 30°C to 70°C. The other process parameters were 

set to 30 min, pH 11, 0 M NaCl and a solid-to-liquid ratio of 2:19. Protein yield is increasing 

with increasing temperature. However, this increase is flattening significantly between 60°C 

and 70°C, see Figure 29. Hence is an extraction temperature of 60°C regarded as most 

beneficial for high protein yields. The influence of temperature on Jatropha protein extraction 

yield was also studied bySaetae, Kleekayai [44]. In contrast to our study, no significant 

differences in protein yields above 50°C are reported and hence Saetae et al. [44] considered 

50°C best temperature. It should be noted, that this work was done with screw-pressed 

Jatropha seed cake. 

 

 

Figure 29: Protein yield after aqueous protein extraction from aqueous de-oiled Jatropha 

residue (ADJR) at different extraction temperatures (Means with the same superscript letters 

indicate no significant differences (p < 0.05)). Extraction conditions: 200 g ADJR and 

350 mL distilled water (solid-to-liquid ratio 2:19) stirred with 200 rpm during 30 min; pH 

adjusted to 11; no NaCl added  

 

Variation of pH value 

The influence of pH value on protein solubility was studied in order to confirm the results 

obtained according to the method of Morr, German [215] (cf. Figure 27). Extraction 

parameters used were: 30 min, pH 11, 0 M NaCl and a solid-to-liquid ratio of 2:19. The 

experiments were performed with pH values between 7 and 12 and corroborate the results 

obtained before (Figure 30). High protein yields were only achieved under highly alkaline  
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conditions. This is in agreement with previous studies on aqueous protein extractions from 

Jatropha residues, stating a maximum protein yield either at a pH value of 10.5 [218] or 

12 [44]. However, in these studies different raw materials, namely hexane de-oiled or screw-

pressed Jatropha meal were used. Concerning ADJR, the protein yield was highest at a pH 

of 11. At this pH value 75.5% of the proteins in the feedstock were solubilized which is 

double the yield at pH 10 (35.9%). A pH value of 12 was also investigated and did not further 

improve the protein yield. Hence, further extractions were performed at pH 11. As alkaline 

conditions could result in protein hydrolysis the influence of high pH values on the stability of 

the proteins was evaluated. To this end, the DH was determined before and after protein 

extraction. No changes in the DH due to the extraction process were observed. Both the 

protein in the raw material and the extracted proteins showed a DH of 1.0%.  

 

 

Figure 30: Protein yield after aqueous protein extraction from aqueous de-oiled Jatropha 

residue (ADJR) as a function of extraction time (Means with the same superscript letters 

indicate no significant differences (p < 0.05)). Extraction conditions: 200 g ADJR and 

350 mL distilled water (solid-to-liquid ratio 2:19) stirred with 200 rpm at 60°C for 30 min; no 

NaCl added 

 

Addition of electrolytes 

The electrolyte concentration in the extraction is an additional relevant parameter for protein 

extraction. It is known from previous studies that low salt concentrations often facilitate 

protein solubilization due to a salting-in-effect. This is caused by an increase of net charge of 

the protein surface resulting in a reduction of protein-protein-interactions and thus an 
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increased solubility [219, 220]. In our study we investigated NaCl-concentrations between 

0.1 mol/L and 2.0 mol/L, while keeping the other process parameters constant at 60°C, 

30 min, pH 11 and a solid-to-liquid ratio of 2:19.  

As seen in Figure 31, the addition of NaCl had a significant impact on the protein yield. 

However, in contrast to literature data concerning other raw materials [219, 220] extraction 

yields were decreased with increasing NaCl-concentration. This could be due to a salting-out 

effect caused by the different nature of Jatropha protein compared with that of other 

seeds [117]. Similar results were found by Makkar, Francis [117] with NaCl-concentrations of 

0.3 mol/L and 0.6 mol/L resulting in a decreased protein extraction yield.  

 

 

Figure 31: Protein yield after aqueous protein extraction from aqueous de-oiled Jatropha 

residue (ADJR) at variable NaCl-concentrations (Means with the same superscript letters 

indicate no significant differences (p < 0.05)). Extraction conditions: 200 g ADJR and 

350 mL distilled water (solid-to-liquid ratio 2:19) stirred with 200 rpm during 30 min at 60°C; 

pH adjusted to 11  

 

In summary, aqueous protein extraction from ADJR should be carried out at 60°C for 30 min 

at a pH value of 11 at a solid-to-liquid ratio of approximately 1:10. These process settings 

result in protein yields around 76%. Under these circumstances the DH remains unchanged at 

1.0 ±0.1 %. Few studies concerning the aqueous extraction of Jatropha proteins from hexane 

de-oiled residues and screw pressed Jatropha cake [44, 117] have been published. However, 

reported protein yields were for comparable conditions significantly lower (about 53%) [117] 

or extraction conditions were quite different with higher pH values and longer extraction 

times [44]. 
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7.3.3 Enzyme-assisted protein extraction 

This enzyme-assisted extraction process is an alternative protein solubilization method to the 

alkaline extraction pathway seeking for the improvement of protein yields while trying to 

maintain the properties of the proteins including low DH values. The possible reduction of 

chemicals usage and avoidance of high pH values might make this process a competitive 

environmentally friendly alternative. 

 

Screening of proteases  

The effect of protease activities on the solubilization of denatured proteins from ADJR was 

studied. For this purpose several enzyme preparations with endo- and/or exo-protease 

activities were screened. The applied procedure is described in Section 7.2.4. Process 

parameters were set to 55°C, 90 min, pH 8 and a solid-to-liquid ratio of 1:12 utilizing 

1% (w/w) of protease enzyme preparation. Highest degree of solubilization was obtained with 

Protease A01 exhibiting endo-peptidase activities, which resulted in a protein yield of about 

72% (Figure 32). Other proteases investigated in the screening were Protease N01, Neutrase, 

Flavourzyme and Corolase 7089 leading to protein yields between 30 and 35% and Protamex 

with a protein extraction yield of about 53%. Besides Protease A01, Alcalase, an endo-

protease from Novozymes® which is used very frequently for protein hydrolysis [116, 119], 

showed best results with 63% of the proteins in the feed being solubilized (Figure 32). 

Based on the results of the protease-screening Protease A01 was chosen for further 

experiments. 
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Figure 32: Screening of commercially available proteases in order to achieve the extraction of 

denatured proteins from aqueous de-oiled Jatropha residue (ADJR). Blank value depicts 

protein yield without protease application. Extraction parameters: 50 g freeze-dried ADJR and 

500 mL distilled water stirred with 200 rpm during 90 min at 55°C; pH adjusted to 8; 

1% (w/w) of protease preparation 

 

Optimization of parameters for enzyme-assisted protein extraction 

For the extraction supported by Protease A01, again the parameters such as reaction time, 

temperature and pH value were screened. The experiments were carried out following the 

procedure described in Section 7.2.4. The conditions with highest protein yield and lowest 

DH were selected for further experiments analogue to the aqueous extraction optimization. 

Initial reaction parameters were set to a reaction time of 90 min at 60°C, utilizing 1% (w/w) 

of Protease A01 preparation at a pH value of 8. 

 

Reaction time 

The reaction time was varied from 30 min to 180 min. The other process parameters were set 

to 55°C, pH 8, 0 M NaCl and CaCl2 and a solid-to-liquid ratio of 1:12 utilizing 1% (w/w) of 

protease enzyme preparation. At 60 min process time the protein yield increased in a step 

from 59.7% to 73.4% (data not shown). On further increase of the processing time the protein 

yield increased only marginally. On top of this, long reaction times are discouraged because 

the DH increases with time, see Table 18. 
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Table 18: Degree of hydrolysis (DH) after enzymatic protein extraction from aqueous de-

oiled Jatropha residue (ADJR) in dependence of different reaction times. Extraction 

parameters: 200 g ADJR and 500 mL distilled water stirred with 200 rpm at 55°C; pH 

adjusted to 8; 1% (w/w) of protease preparation; no NaCl or CaCl2 added 

 

Reaction time [min] DH [%] 
 

30 12.8 ± 0.5 
60 12.9 ± 0.2 
90 13.5 ± 0.0 
120 14.4 ± 0.3 
180 14.3 ± 0.6 

  
 

Temperature variation 

In order to determine the effect of temperature on the protein yield, the process was carried 

out at 40°C, 50°C, 55°C and 60°C keeping the other process parameters constant at 60 min, 

pH 8, 0 M NaCl and CaCl2 and solid-to-liquid ratio of 1:12 utilizing 1% (w/w) of protease 

enzyme preparation. Preferably, the temperature for the enzymatic protein extraction is low to 

avoid enzyme deactivation. 55°C turned out to be a good temperature considering protein 

yield and DH. Surprisingly, there was a step change in protein yield between 50°C 

(67.1 ± 0.0%) and 55°C (73.4 ± 0.3%), but no further yield increase was observed on further 

temperature increase to 60°C (data not shown). A temperature of 55°C is commonly applied 

in enzyme-assisted hydrolysis reactions [116, 119, 221], because several proteases show 

maximum activity around this temperature. The product data sheet of Protease A01 defines 

proteolytic activity within the range of 30°C to 60°C. The DH did not change over the 

temperature range studied. 

 

Variation of pH value 

The influence of different pH on protein yield and hence activity including DH was 

investigated by variation of the pH from 7 to 11 (Figure 33). The other process parameters 

were set to 55°C, 60 min, 0 M NaCl and CaCl2 and a solid-to-liquid ratio of 1:12 utilizing 

1% (w/w) of protease enzyme preparation. The product data sheet of Protease A01 states 

optimum activity at pH 9. In the enzymatic extraction process of ADJR proteins, protein yield 
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did not significantly change between pH 8 and 10 and hovers around 74%. The DH over the 

pH range from 8 to 10 remains approximately 13%. Further increase of the pH to 11 resulted 

in an increased protein yield of 79.7% accompanied by a reduction in the DH to 7.9%; the 

latter most likely indicating a decrease in protease activity. The high protein yield for these 

process settings appears to be almost independent from the presence of the enzyme as straight 

alkaline extraction at pH 11 also delivers protein yields of approximately 80%. 

Since the effect of the enzyme support appears to be overshadowed by the effect of high pH 

values further evaluation of the enzymatic route is done at pH 8. An additional benefit of the 

operation at lower pH values is seen in the protein applications. The use of less chemicals is 

illustrated by the fact that extraction at pH 8 only needs half the NaOH compared to process 

execution at pH 11.  

 

 

Figure 33: Protein yield after enzymatic protein extraction from aqueous de-oiled Jatropha 

residue (ADJR) in dependence of pH value (Means with the same superscript letters indicate 

no significant differences (p < 0.05)). Extraction parameters: 200 g ADJR and 500 mL 

distilled water stirred with 200 rpm during 60 min at 55°C; 1% (w/w) of protease preparation; 

no NaCl or CaCl2 added 

 

Addition of electrolytes 

In addition to the parameters mentioned before, protease activity is often dependent on the 

presence of mono- or bivalent cations [222]. Therefore, the addition of NaCl and CaCl2 to the 

reaction medium was evaluated while keeping the other process parameters constant (55°C, 

60 min, pH 8, a solid-to-liquid ratio of 1:12 utilizing 1% (w/w) of protease enzyme 
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preparation). NaCl and CaCl2 concentrations between 0.1 mol/L and 2.0 mol/L were tested, 

but protein yield was not significantly increased by neither of the two salts (data not shown). 

Hence, a salt-free aqueous medium is utilized in the extraction process. 

 

Protease concentration 

Protease concentration is directly related to the processing costs. Preferentially, protease 

concentration is low in order to minimize costs. Here protease concentrations of 0.25%, 

0.50% and 1.00% (w/w) were evaluated. The other process parameters were set to 55°C, 

60 min, pH 8, 0 M NaCl and CaCl2 and a solid-to-liquid ratio of 1:12.  

The data are shown in Table 19. From the three levels the protease concentration of 

0.25% (w/w) lead to a significantly lower DH (10.1%) and lower protein yields (63%). Since 

protease dosage levels of 0.50% and 1.00% (w/w) result in similar DH and protein yield a 

level of 0.50% (w/w) is recommended for further processing.  

 

Table 19: Protein yield and degree of hydrolysis (DH) after enzymatic protein extraction from 

aqueous de-oiled Jatropha residue (ADJR) with different protease concentrations. Extraction 

parameters: 200 g ADJR and 500 mL distilled water stirred with 200 rpm during 60 min at 

55°C; pH adjusted to 8; no NaCl or CaCl2 added 

 

Protease conc. [% (w/w)] Protein yield [%] DH [%] 
 

0.25 
 

63.0 ± 0.2 
 

10.1 ± 0.4 
0.50 75.6 ± 0.1 12.9 ± 0.1 
1.00 73.4 ± 0.3 12.9 ± 0.3 

   
 

In summary, the best conditions for an enzyme-assisted extraction process of Jatropha 

proteins were determined to be 55°C, pH 8, 60 min and 0.50% (w/w) dosage of protease 

enzyme preparation with a solid-to-liquid ratio of 1:12. This results according to our study in 

a protein yield of 75.6 ± 4.6% and a DH of 12.9 ± 0.1%. To the author’s knowledge, enzyme-

assisted extraction of Jatropha proteins was only reported once by Apiwatanapiwat, 
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Vaithanomsat [119]. Protein yields for the Soxhlet de-oiled Jatropha cake aiming at a high 

DH were similar to the present study.  

 

7.4 Conclusions 

The current study reports the parameter optimization for two different protein extraction 

methods applied to aqueous de-oiled Jatropha residue (ADJR). It was possible to extract 

76.3% of the proteins by aqueous extraction at pH 11, 60°C and 30 min processing time. It 

should be noted that the proteins were already thermally denatured during the oil extraction 

process. The degree of hydrolysis was not influenced by the extraction and stayed at 1%. 

Comparable results in terms of protein yields were achieved by enzymatic processing utilizing 

Protease A01 preparation leading to a protein yield of 75.6%. Best process parameters are 

found to be pH 8, 55°C, 60 min processing time. The degree of hydrolysis is increased to 

approximately 13% compared to 1% after aqueous extraction. Both extraction methods are 

suited for the purpose of protein extraction. With regard to environmental aspects the enzyme 

assisted extraction process of the proteins is preferred due to the lower consumption of 

chemicals. However, energy costs of both processes are comparable, because of the shorter 

duration of the aqueous extraction process and slightly lower temperature of the enzymatic 

processing. Up to now, despite for its environmental advantages, an enzyme assisted protein 

extraction process does not exist industrially due to high enzyme costs. However, the 

economy of the process can be improved by the development of a process for enzyme 

regeneration for reutilization in consecutive batches as well as by the reduction of production 

costs in consequence of an increasing demand.  

The residues left after protein extraction exhibit a high content of fibres as well as residual 

protein and are therefore suitable for soil improvement. Waste water produced mainly 

contains sugars and residual protein and can possibly find use in a biogas plant for the 

generation of methane. 

Our future work will concentrate on higher purity of the protein extracts, the precipitation of 

the proteins and on the detailed investigation of their functional properties with regard to 

possible applications such as glues, emulsifiers or bio-degradable additives. The systematic 

study on the possible protein extraction routes reported here is a prerequisite for the future 

sustainable usage of Jatropha curcas seeds in general and Jatropha proteins in particular. 
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CHAPTER 8 

 

Influence of protein extraction techniques of different de-oiled residues 

from Jatropha curcas L. on protein recovery and techno-functional 

properties 
 

Abstract 

As Jatropha curcas L. is a non-edible energy plant biodiesel production from Jatropha curcas 

L. crude oil is an important field of interest in order to avoid the ‘tank or table’ discussion. As 

a by-product from oil extraction, high amounts of Jatropha meals are obtained requiring a 

concept for its sustainable utilization. Due to the high protein content (up to 40%) in Jatropha 

seed cakes, added value can be generated by extraction of these proteins for further 

applications. The present study compared an aqueous and an enzyme-assisted process for 

protein extraction from screw-pressed and aqueous de-oiled Jatropha residue.  

Additionally, different methods for protein recovery were evaluated. Aqueous-extracted 

proteins were recovered by ultrafiltration, isoelectric precipitation and/or lyophilisation while 

the proteins from enzyme-assisted extraction were only lyophilized.  

Functionality of the obtained protein products was determined indicating good emulsifying 

properties as well as a good gelation behaviour for the aqueous-extracted proteins. In general, 

proteins from enzyme-assisted extraction had slightly lower functionality.  

The study indicates potential for the application of Jatropha proteins as emulsifiers in 

biodegradable bags or as antifoam agents.  

 

Adapted from publication: 

GOFFERJÉ, G., ZÖTTL, A., STÄBLER, A., HERFELLNER, T., SCHWEIGGERT-WEISZ, 
U., FLÖTER, E. (2015). Influence of protein extraction techniques of different de-oiled 
residues from Jatropha curcas L. on protein recovery and techno-functional properties. 
Journal of Waste and Biomass Valorization, 6, 225-235. Copyright 2015, Elsevier. 
Reproduced with permission. 
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8.1 Introduction 
Jatropha curcas L. is a rather non-demanding tropical oil plant [35]. Its seeds are rich in oil, 

explaining the rising interest in its exploitation during the last two decades. As the oil is non-

edible [16], the research focus was so far mainly the processing of the oil to biodiesel so far 

[17, 18]. However, there is a need for the utilization of the by-products from oil extraction 

with regard to the sustainability and profitability of Jatropha curcas processing.  

Jatropha meal has high protein contents of up to 40%. The meal can be used e.g. as organic 

fertilizer, rodent repellent or for biogas production [15]. It is not directly suitable for feed or 

food applications due to several toxic and anti-nutritional factors such as phorbol esters, lectin 

and phytate, which are comprised in most of the varieties of Jatropha curcas L. [19]. To open 

up these fields of application, methods for the detoxification of Jatropha meal have been 

investigated [20]. However, recent studies reported the toxic impact of these meals to plants 

and animals even though no phorbol esters were detectable [47]. Thus, an application of 

detoxified Jatropha meals as food or feedstock raises to questions. However, utilization of 

Jatropha protein for technical applications (e.g. glues, film coatings, emulsifiers) might be 

promising and will hence be in focus within the next years. Due to highly topical discussions 

on the usage of edible materials for the production of technical products, non-edible sources 

of proteins are searched for. Jatropha residues with their high protein content appear to be an 

excellent raw material.  

Extraction and purification of vegetable proteins is mostly performed by an alkaline 

extraction followed by an isoelectric precipitation. Thus protein concentrates or isolates with 

protein contents of 48-70% and 85-90%, respectively, can be recovered [126]. Several factors 

influencing the protein extraction process are known from previous studies. Amongst others 

pH value, ionic strength, temperature and process time influence protein yields but also 

protein functionalities [110, 111]. Detailed information on protein isolation and processing 

routes can be found in numerous reviews [e.g. 112- 114]. The alkaline extraction of proteins 

from Jatropha meal is a current research focus, since Jatropha has only recently been 

considered as a protein source. Previous studies report protein recovery rates of about 53% to 

82% after alkaline extraction and isoelectric precipitation [44, 117, 218].  

Alternatively, enzyme-assisted processes using different protease activities are an option and 

might result in more efficient protein extraction. Proteases are classified into endo- and  
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exoproteases. While endoproteases cleave the peptide bonds in the inner part of proteins, 

exopeptidases break peptide bonds starting with the N- or C-terminal end of proteins [115]. 

The catalytic activity of proteases depends on several external factors such as pH value and 

temperature, which have to be controlled to achieve highest proteolytic activity during 

extraction. An enzyme-assisted protein extraction leads to the formation of protein 

hydrolysates [116]. Taking into account the functionality of the hydrolysates and their 

designated application, an enzyme-assisted protein extraction could be advantageous. 

Furthermore, an enzymatic approach can probably reduce the utilization of aggressive 

chemicals or be conducted applying milder reaction conditions. Up to now research activities 

on the enzyme-assisted protein extraction of Jatropha are scarce [119, 223].  

After its extraction a suitable method for protein recovery has to be found. However, the most 

suitable option depends on several factors such as the nature of the protein, its foreseen 

application or the processing costs [120, 121]. Protein recovery was traditionally and is until 

today most commonly performed by isoelectric precipitation, ultrafiltration or spray drying of 

the protein extracts [122-125].  

The composition of the Jatropha protein is well known since Jatropha seeds have been the 

focus of many in-depth proteome analyses in the last years. Protein composition is similar to 

soy protein except for its lower lysine content and its higher content of sulphur-amino acids 

[117, 224]. The average molecular weight of the proteins is about 50 kDa and thus 

comparably high [39]. The glutelin fraction is the largest one which probably causes bad 

protein solubility [40]. Next to the glutelin fraction, the globulins are the main components 

followed by the albumins and the prolamins. Percental distribution published varies widely 

[40-42]. 

The functionality of the proteins extracted from Jatropha curcas was investigated in previous 

studies [39, 44, 46, 137]. In general, Jatropha protein exhibits good emulsifying properties 

comparable to the ones of soy protein [137]. Foam forming is reported to vary significantly 

depending on the respective protein extraction and recovery method [44, 46, 137]. In general, 

protein functionality is dependent on the applied pre-treatment of the raw material and on the 

protein extraction and purification methods. Thus there are variations regarding techno-

functional properties with rather broad ranges [126, 138].  
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The objective of this work was to investigate different processes for protein extraction and 

recovery from screw-pressed (SPJR) and aqueous de-oiled Jatropha residue (ADJR). An 

alkaline extraction process and an enzyme-assisted extraction process are compared with 

regard to protein yield and the applicability of different methods for protein recovery. 

Additionally, functional properties of the obtained protein products have been determined in 

detail to evaluate the application potential of the respective protein products. 

 

8.2 Materials and Methods 

8.2.1 Raw materials and chemicals 

Jatropha seeds were obtained from Rajasthan (India). The seeds were stored at 14°C until 

further processing.  

All chemicals used were obtained from Th. Geyer GmbH & Co. KG (Renningen, Germany) 

and were of analytical grade. Protease A01, an endoprotease preparation was kindly provided 

by ASA Spezialenzyme GmbH (Wolfenbüttel, Germany).  

 

8.2.2 Preparation of Jatropha raw material 

De-oiling of the Jatropha seeds was performed by screw-pressing (50 Hz; max. 70°C) of the 

whole seed. SPJR was stored at 14°C until use.  

Additionally, a water-based extraction process developed by GEA Westfalia Separator AG 

(Oelde, Germany) was performed after removal of the shells and grinding of the kernels. 

Water was added to the ground kernels yielding to a solid-to-liquid ratio of about 1:2. For oil 

extraction the mixture was heated and subsequently oil, water and solids were separated 

utilizing a two-phase decanter and a separator. ADJR obtained in this process was kindly 

provided by GEA Westfalia Separator AG. The residue was stored at -20°C until use.  

 

8.2.3 Protein extraction  

Process conditions for aqueous and enzyme-assisted extraction of proteins from ADJR were 

already optimized in a previous publication [223]. In this study, these conditions were also 

applied to SPJR without further optimization.  
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Aqueous protein extraction: 50 g of SPJR and ADJR, respectively, were blended with 500 g 

of water in a double-wall reactor, equaling a solid-to-liquid ratio of 1:11. While heating to 

60°C, the mixture was stirred with 200 rpm and pH was adjusted to 11 using 2 M NaOH. 

After 30 min of extraction, the solid phase was separated by centrifugation (4000 g, 10 min). 

 

Enzyme-assisted extraction: The processing is similar to the aqueous extraction, applying a 

solid-to-liquid ratio of 1:12. Extraction temperature and pH were 55°C and 8, respectively. 

The reaction was started by the addition of 0.5% (w/w) of Protease A01 preparation to the 

mixture. After 60 min incubation time, the protease was inactivated at 90°C for 15 min. 

Subsequently, the solid was separated from the liquid by centrifugation (4000 g, 10 min). 

Dry matter and protein content of the supernatant were determined applying the methods 

described in Section 8.2.5. Protein yield was calculated according to the following formula 

(based on the dry matter):  

 

𝑃𝑃𝑃𝑃𝑣𝐴𝑃 𝑦𝐴𝑣𝑣𝐴𝐸  [%] = 𝑀𝑀𝑚𝑚 𝑐𝑥𝑐𝑀𝑀𝑐𝑐 [𝑤] × 𝑃𝑀𝑀𝑐𝑐𝑐𝑐 𝑐𝑀𝑐𝑐𝑐𝑐𝑐 𝑐𝑥𝑐𝑀𝑀𝑐𝑐[%]
𝐼𝑐𝑐𝑐𝑐𝑀𝑀 𝑤𝑐𝑐𝑤ℎ𝑐 𝑀𝑐𝑚𝑐𝑟𝑣𝑐 [𝑤]× 𝑃𝑀𝑀𝑐𝑐𝑐𝑐 𝑐𝑀𝑐𝑐𝑐𝑐𝑐 𝑀𝑐𝑚𝑐𝑟𝑣𝑐 [%]

× 100 (19) 

 

8.2.4 Protein recovery from the extracts of aqueous and enzyme-assisted protein 

extraction 

Isoelectric precipitation 

Isoelectric precipitation of aqueous-extracted protein from ADJR and SPJR was investigated 

by utilizing 250 g of the protein extracts. The effect of different precipitation parameters 

(Table 20) on the protein yield was investigated. Each time, one-factor was varied while 

keeping the other parameters constant at the levels given below. The extract was stirred with 

200 rpm at ambient temperature. Protein was precipitated by lowering the pH value to 4. 

After reaching this pH value, the mixture was stirred another 5 min. Subsequently, the solid 

was separated from the liquid by centrifugation (4000 g, 10 min). Dry matter and protein 

content of the precipitate were determined according to Section 8.2.5. Each experiment was 

performed in duplicate. The obtained precipitates were freeze-dried and analyzed according to 

Sections 8.2.5 and 8.2.6. 
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Finally, the protein yield (based on dry matter) was calculated according to: 
 

𝑃𝑃𝑃𝑃𝑣𝐴𝑃 𝑦𝐴𝑣𝑣𝐴𝐼𝐸𝑃  [%] = 𝑀𝑀𝑚𝑚 𝑎𝑀𝑐𝑐𝑐𝑎𝑐𝑐𝑀𝑐𝑐 [𝑤]× 𝑃𝑀𝑀𝑐𝑐𝑐𝑐 𝑐𝑀𝑐𝑐𝑐𝑐𝑐 𝑎𝑀𝑐𝑐𝑐𝑎𝑐𝑐𝑀𝑐𝑐[%]
𝑀𝑀𝑚𝑚 𝑐𝑥𝑐𝑀𝑀𝑐𝑐 [𝑤]× 𝑃𝑀𝑀𝑐𝑐𝑐𝑐 𝑐𝑀𝑐𝑐𝑐𝑐𝑐 𝑐𝑥𝑐𝑀𝑀𝑐𝑐 [%]

× 100 (20) 

 

 

Table 20: Parameters varied to improve protein recovery of aqueous-extracted proteins from 

aqueous-deoiled Jatropha residue (ADJR) and screw-pressed Jatropha residue (SPJR), 

respectively. 

 

Parameter Values investigated 

   Temperature [°C] 5, 15, AT, 35 
pH value 3.5, 4.0, 4.5, 5.0 
Stirring rate [rpm]  50, 100, 200, 300 
Stirring time after precipitation [min] 5, 10, 20 
Cooling time after precipitation [h] 0, 2, 5, 12 

 
    

AT: ambient temperature 

 

Ultrafiltration 

Ultrafiltration was performed at ambient temperature by using different capillary membranes 

(pore size: 3, 10 and 50 kDa), 5 L of aqueous-extracted protein from ADJR and SPJR, 

respectively, were inserted. Protein extracts were concentrated from an initial dry matter 

content of 4% to 12%. Afterwards the concentrates were freeze-dried and analyzed according 

to Sections 8.2.5 and 8.2.6.  

Protein yield was calculated as follows (based on the dry matter):  

 

𝑃𝑃𝑃𝑃𝑣𝐴𝑃 𝑦𝐴𝑣𝑣𝐴𝑈𝑈  [%] = 𝑀𝑀𝑚𝑚 𝑣𝑀𝑐𝑀𝑀𝑢𝑐𝑀𝑐𝑀𝑀𝑐𝑐 [𝑤]× 𝑃𝑀𝑀𝑐𝑐𝑐𝑐 𝑐𝑀𝑐𝑐𝑐𝑐𝑐 𝑣𝑀𝑐𝑀𝑀𝑢𝑐𝑀𝑐𝑀𝑀𝑐𝑐 [%]
𝑀𝑀𝑚𝑚 𝑐𝑥𝑐𝑀𝑀𝑐𝑐 [𝑤]× 𝑃𝑀𝑀𝑐𝑐𝑐𝑐 𝑐𝑀𝑐𝑐𝑐𝑐𝑐 𝑐𝑥𝑐𝑀𝑀𝑐𝑐 [%]

× 100   (21) 
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Lyophilisation 

Protein extracts and precipitates from ADJR and SPJR were freeze-dried utilizing a 

lyophilisator BETA 1-8 (Martin Christ Gefriertrocknungsanlagen GmbH, Germany). 

Therefore the samples were frozen to -50°C. Samples were lyophilized at a pressure of 

1 mbar, increasing shelf temperature continuously from 5 to 40°C at a temperature of the ice 

condenser of -55°C.  

With respect to a direct lyophilisation of the protein extract, the overall protein yield equals 

the yield obtained by protein extraction. Overall protein yield in case of a subsequent 

precipitation or ultrafiltration was calculated as follows (based on dry matter):  

 

𝑂𝑣𝑣𝑃𝑣𝑣𝑣 𝑝𝑃𝑃𝑃𝑣𝐴𝑃 𝑦𝐴𝑣𝑣𝐴 [%] =  𝑃𝑀𝑀𝑐𝑐𝑐𝑐 𝑦𝑐𝑐𝑀𝑟𝐸 [%]× 𝑃𝑀𝑀𝑐𝑐𝑐𝑐 𝑦𝑐𝑐𝑀𝑟𝑈𝑈/𝐼𝐸𝐼 [%]

100
  (22) 

 

8.2.5 Analysis of the chemical composition of Jatropha raw material and protein extracts 

The chemical composition of the raw material (protein, ash, dry matter) was determined in 

duplicate. Protein content was measured by Dumas combustion method [211], using 6.25 as 

the conversion factor. Dry matter and ash content were analyzed in a thermo-gravimetrical 

system (TGA 601, Leco Corporation, St. Joseph, MI, USA) at 105°C and 950°C, respectively. 

In case of the enzymatic protein extraction, the DH was determined by the OPA-method [212, 

213].  

 

8.2.6 Analysis of the techno-functional properties of Jatropha protein products 

Emulsifying capacity 

The emulsifying capacity of Jatropha protein products was determined according to the 

method described by Wäsche et al. [114]. A protein solution of 1% (w/w) was stirred at 18°C 

utilizing an Ultra turrax (IKA-Werke GmbH & Co. KG, Staufen, Germany). Vegetable oil 

(Mazola®, Unilever Deutschland GmbH, Hamburg, Germany) was added automatically by a 

titration system (Titrino 702 SM, Metrohm GmbH & Co. KG, Hertisau, Switzerland) at a 

constant rate of 10 ml/min until phase inversion of the emulsion was observed. The indication 

of the phase inversion was accomplished by continuous determination of the emulsion’s 

conductivity (conductivity meter LF 521, Wissenschaftlich-technische Werkstätten GmbH, 
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Weilheim, Germany). The amount of oil added at the inversion point was used to calculate the 

emulsification capacity.  

 

𝐸𝑚𝑣𝑣𝐸𝐴𝐸𝑦𝐴𝑃𝑚 𝐴𝑣𝑝𝑣𝐴𝐴𝑃𝑦 [𝑚𝑣/𝑚] = 𝐾𝑐𝑀 𝑀𝑟𝑟𝑐𝑟 [𝑚𝑀]
𝐼𝑐𝑐𝑐𝑐𝑀𝑀 𝑤𝑐𝑐𝑤ℎ𝑐 𝑀𝑢 𝑎𝑀𝑀𝑐𝑐𝑐𝑐 𝑎𝑀𝑀𝑟𝑣𝑐𝑐 [𝑤] 

   (23) 

 

Foaming activity 

Foaming activity was determined according to Wäsche et al. [114] utilizing a whipping 

machine (Hobart 50-N, Hobart GmbH, Offenburg, Germany). A 5% (w/w) protein solution 

was whipped during 8 min. The relation of the foam volume before and after whipping of the 

sample was utilized for the calculation of the foaming activity:  

 

𝐹𝑃𝑣𝑚𝐴𝑃𝑚 𝑣𝐴𝑃𝐴𝑣𝐴𝑃𝑦 [%] = 𝑉𝑀𝑀𝑣𝑚𝑐 𝑀𝑢𝑐𝑐𝑀 𝑤ℎ𝑐𝑎𝑎𝑐𝑐𝑤 [𝑚𝑀]
𝑉𝑀𝑀𝑣𝑚𝑐 𝑏𝑐𝑢𝑀𝑀𝑐 𝑤ℎ𝑐𝑎𝑎𝑐𝑐𝑤 [𝑚𝑀] 

 × 100    (24) 

 

Water-binding capacity 

Water-binding capacity was analyzed according to the AACC 56-20 official method [225] by 

dispersing the sample in demineralized water and subsequent centrifugation.  

 

Oil-binding capacity 

Oil-binding capacity was analyzed according to the method described by Ludwig et al. [226] 

by dispersing the sample in oil and subsequent centrifugation. 

 

Gelation behaviour  

Gelation behaviour was determined applying a wet chemical as well as a rheological method. 

Wet chemical method modified according to Coffman and Garcia [227] was utilized to 

determine least gelation concentration of the protein product. Therefore, aqueous solutions of 

distilled water and 5, 10, 15 or 20% (w/w) of the lyophilized protein were prepared. These 

were heated to 90°C in a test tube during 60 min. After cooling down to ambient temperature 

least gelation concentration was determined as the sample did not fall or slip out of the 

inverted test tube.  
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The viscoelastic behaviour (gelation point and gelation stability) of the protein solutions was 

determined utilizing a Bohlin rheometer CVO-100 (Malvern Instruments Ltd, Worcestershire, 

UK) with cylinder geometry C25 (content 13 ml). The measurement was performed according 

to Renkema [228] with slight modifications. 15% (w/w) protein solutions were prepared and 

adjusted to pH 9. Gel formation was investigated by increasing the temperature from 20 to 

90°C at a heating rate of 2 K/min. The temperature was kept constant at 90°C for 30 min. 

Subsequently, the sample was cooled down to 20°C with 2 K/min. Afterwards, the 

temperature was kept constant for 15 min. Heating was repeated in order to determine the 

reversibility of gel formation. Storage and loss moduli G’ and G’’ were measured, which 

indicate the elastic and viscous behaviour of the samples. The measurement was performed at 

a constant frequency of 1 Hz and a strain of 0.1 which is within the linear region. Water 

evaporation was suppressed by an oil layer on top of the samples.  

 

8.2.7 Thermal behaviour of the proteins from screw-pressed Jatropha residue  

The thermal stability of the proteins from SPJR was investigated using a differential scanning 

calorimetry (DSC) method according to Sousa et al. [214]. The sample material was diluted in 

distilled water to obtain a protein content of approximately 15% (w/w). Approximately 10 mg 

of the dispersions were weighed into DSC pans and thermograms were measured with a DSC 

Q 2000 system from TA Instruments (New Castle, DE, USA). An empty DSC pan was used 

as a reference. Samples were heated with 2 K/min and cooled with 4 K/min in two cycles 

from 30°C to 120°C. Peak temperatures and relating enthalpies were calculated automatically. 

The experiments were performed in duplicate.  

 

8.2.8 Analysis of protein solubility from screw-pressed Jatropha residue 

The solubility of the proteins SPJR was determined. Experiments were performed within the 

range of pH 4 and 11 following the method of Morr et al. [215]. For each pH level, 1 g of de-

oiled Jatropha residue was suspended in 50 ml of distilled water. The pH was adjusted using 

0.1 M NaOH for alkaline pH values respectively 0.1 M HCl for acidic pH values. The 

suspension was stirred at ambient temperature for 1 hour. Non-dissolved fractions of the 

samples were separated by centrifugation (20000 g, 15 min). Protein content in the 

supernatant was determined according to Dumas [211]. Experiments were conducted in 

duplicate.  
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Protein solubility was calculated according to the following formula: 

𝑃𝑃𝑃𝑃𝑣𝐴𝑃 𝑆𝑃𝑣𝑣𝑆𝐴𝑣𝐴𝑃𝑦 [%] =
𝑇𝑀𝑐𝑀𝑀 𝑣𝑀𝑀𝑣𝑚𝑐 𝑐𝑥𝑐𝑀𝑀𝑐𝑐 [𝑚𝑀]×𝑃𝑀𝑀𝑐𝑐𝑐𝑐 𝑐𝑀𝑐𝑐𝑐𝑐𝑐 𝑚𝑣𝑎𝑐𝑀𝑐𝑀𝑐𝑀𝑐𝑐[𝑚𝑚

𝑚𝑚 ]

𝐼𝑐𝑐𝑐𝑐𝑀𝑀 𝑤𝑐𝑐𝑤ℎ𝑐 𝑀𝑢 𝑀𝑐𝑚𝑐𝑟𝑣𝑐 [𝑚𝑤]× 𝑃𝑀𝑀𝑐𝑐𝑐𝑐 𝑐𝑀𝑐𝑐𝑐𝑐𝑐 𝑀𝑢 𝑀𝑐𝑚𝑐𝑟𝑣𝑐[%] 
× 100 (25) 

 

8.2.9 Statistical analysis 

Significant differences in extracted protein yields were calculated using Anova and Scheffé 

test (p < 0.05). The data given represent the mean ± standard deviation of at least two values. 

 

8.3 Results and Discussion 

8.3.1 Analysis of screw-pressed and aqueous de-oiled raw material 

In order to allow a thorough comparison of the two de-oiled residues from Jatropha curcas 

L., namely of ADJR and SPJR, the characterization of the raw material is a prerequisite. 

ADJR has already been characterized in a previous study by Gofferjé et al. [223] which will 

be referred to in order to compare the residues.  

Dry matter protein content of SPJR is 27% and thus significantly lower than the one of 

ADJR (40%), since the shells were not removed before screw-pressing as it was done in the 

aqueous de-oiling process. Protein quality and solubility of the residues are compared in the 

following sections.  

 

Protein Quality 

The stability of Jatropha protein from SPJR was determined using DSC technique. A 

previous study has shown that native Jatropha protein exhibits a high thermal stability, 

showing a denaturing point at approximately 97°C and an enthalpy of denaturation of 0.2 J/g 

[223]. In contrast, the enthalpy of denaturation for SPJR was determined to only 0.1 J/g, 

indicating that the protein was probably partially denatured. Since the thermogram of 

Jatropha protein from ADJR did not show a thermal event, a total denaturation of the protein 

is probable [223]. Denaturation of the proteins is likely to happen during screw-pressing 

where high temperatures are involved as well as during the aqueous de-oiling process where 

the proteins are exposed to hot water for several hours.  
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Protein Solubility 

Protein solubility of SPJR was determined according to the method described in Section 8.2.8. 

Figure 34 depicts the protein solubility of partially denatured protein from SPJR. Low protein  

 

solubility between 11% and 30% was observed at pH levels between 4 and 10. The solubility 

did only slightly increase with increasing pH value. Within these pH ranges, the protein 

solubility of SPJR was about 3-10% lower than the protein solubility of ADJR [223]. As the 

solubility of denatured proteins often differs from the one of native proteins [217], low 

solubility can probably be attributed to the different denaturation levels of the proteins. But 

also the different oil extraction procedures might have an impact on the solubility. Digestion 

and degradation of the cell wall material is expected to be better in aqueous oil extraction than 

during screw-pressing of the seeds. Thus the protein is solubilized more efficiently from 

ADJR than from SPJR at the same pH value [229].  

At a pH level of 11 the solubility of native Jatropha protein [44, 137, 223] is about 68% and 

is thus significantly higher than the solubility of denatured proteins from ADJR [223] and 

SPJR which depicted similar protein solubilities of about 43% at this pH value.  

 

Figure 34: Solubility of partially denatured protein obtained from screw-pressed Jatropha 

residue (SPJR) 
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8.3.2 Impact of protein extraction and recovery on protein yields 

Aqueous protein extractions are commonly used to isolate proteins from plant materials. The 

extraction process is known to be influenced by several parameters [46, 110, 111]. Alkaline 

protein extraction from screw-pressed Jatropha residues has been proven a practical process 

[44, 117, 137]. In contrary, enzyme-assisted protein extraction is a rather new field [230-232], 

in particular with respect to Jatropha curcas L. [223]. Both approaches are thus compared 

with respect to protein yields and recovery in the following.  

 

Protein extraction 

Aqueous as well as enzyme-assisted protein extractions from SPJR and ADJR were 

performed according to Section 8.2.3. Extraction conditions applied in this study are 

comparable to the existing literature data on hexane de-oiled, aqueous-extracted or screw-

pressed Jatropha residues [44, 117, 137, 223]. However, the quality of these residues varies 

widely in dependence of factors such as pressure and temperature applied in the de-oiling 

procedure. Thus the extraction process ought to be adjusted to the residue at hand in order to 

guarantee high protein yields (Table 20). 

As previously reported, protein yields obtained in the supernatants of aqueous and enzyme-

assisted extraction of ADJR were 76% and 75%, respectively [223]. The application of the 

same conditions to the extraction of SPJR resulted in protein yields of 79% for aqueous 

extraction and 75% for enzyme-assisted extraction.  

Thus, yields obtained were similar for both raw materials and both extraction methods 

applied, making the enzyme-assisted protein processing competitive to the conventional 

approach. However, in order to draw a conclusion on the benefits of the processes, the 

investigation of protein recovery from the obtained extracts is essential. 

 

Protein recovery 

The most common methods for protein recovery are isoelectric precipitation, ultrafiltration or 

spray drying of the protein products [122-125]. Therefore, these three different methods were 

applied on the extracts obtained by aqueous and enzyme-assisted protein extraction from  
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SPJR and from ADJR. However, since protein extraction was only performed at laboratory 

scale in this study, lyophilisation was applied instead of the industrially more common spray 

drying.  

 

Lyophilisation of aqueous-extracted protein extracts yielded a concentrate of 45% of protein 

in case of ADJR and 61% of protein in case of SPJR (Table 21). The overall protein yield was 

of course equal to the extraction yield. 

A simple lyophilisation of the protein extracts from enzyme-assisted extraction resulted in 

protein concentrates with 54% (ADJR) or 64% (SPJR) of protein (Table 21). Protein 

concentrations of the lyophilized extracts from enzyme-assisted extraction were thus slightly 

higher than the concentrations found in the lyophilized extracts from aqueous-extraction. 

 

Table 21: Composition of the protein products obtained after aqueous (A) or enzyme-

assisted (E) extraction of aqueous-extracted Jatropha residue (ADJR) and screw-pressed 

Jatropha residue (SPJR) recovered by lyophilisation 

 

  ADJR SPJR 
Composition A E A E 

  
   

Dry matter (%) 95.1 92.9 93.7 93.3 
Protein (%) 45.4 53.6 61.2 64.3 
Fat (%) 16.3 11.6   9.5 11.3 
Ash (%) 13.7  8.2 13.5  7.8 
     
Overall protein yield (%) 76 75 79 75 
     

 

Isoelectric precipitation 

Optimum conditions for the recovery of aqueous-extracted proteins from ADJR and SPJR by 

isoelectric precipitation were determined by a one-factor-at-a-time model varying 

temperature, pH value, stirring rate and time, as well as cooling time after precipitation as 

given in Table 20. Isoelectric precipitation of Jatropha protein is reported to be most effective 

at a pH value of 4 [44, 117, 118], although experimental data is lacking. Other boundary 

conditions were also not considered before.  
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In the present study, protein yield obtained after isoelectric precipitation was found to be 

highly influenced by the adjusted pH value and the cooling time subsequent to the 

precipitation. The precipitation temperature chosen and the stirring time after precipitation did 

only exhibit a minor influence on protein yield (Figure 35). No significant influence of the 

stirring rate during precipitation was found, which was therefore set to the lowest rate of 

50 rpm (data not shown). Each time one factor was varied while keeping the other parameters 

constant at the values given in Section 8.2.4.  

Isoelectric precipitation of protein from SPJR exhibited highest yields when lowering the pH 

to 4 at ambient temperature (AT). After precipitation the mixture was stirred another 5 min 

and kept at 4°C for 2 hours before centrifugation. Applying these conditions, 88% of the 

extracted proteins were precipitated and a concentrate with a protein content of 82% was 

obtained (Table 22). Overall protein yield from extraction and precipitation was thus 70%.  

Protein concentrate from ADJR was obtained applying the same temperature and pH value. 

However, the stirring as well as cooling time after precipitation were prolonged to 10 min and 

5 hours, respectively (Figure 35). Protein concentrate obtained from ADJR exhibited a lower 

protein content of 63%. Protein yield was 74%. Thus, overall protein yield was 57% and 

about 13% lower than the yield obtained from SPJR (Table 22).  

 

 

 

 



CHAPTER 8 

 
 

127 
 

 

Figure 35: Protein yields obtained after isoelectric precipitation of aqueous-extracted proteins 

from screw-pressed (SPJR) or aqueous de-oiled Jatropha residue (ADJR) for different 

parameters 

 

Again, these results indicate that the protein contents of the concentrates were decreased with 

an increasing degree of denaturation. Protein extraction and precipitation is likely to be 

influenced by the nature of the protein. A recent study from León-López et al. [118] who 

investigated aqueous extraction and isoelectric precipitation of native Jatropha protein 

reached a protein isolate of 93%. But no information on protein yield is given in this study. 
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Table 22: Composition of the protein products obtained after aqueous extraction of aqueous-

extracted Jatropha residue (ADJR) and screw-pressed Jatropha residue (SPJR) applying 

different methods for protein recovery from the extracts 

 

  ADJR 
 

SPJR 
 Composition UF IEP UF IEP 

     Dry matter (%) 94.8 97.0 91.6 86.6 
Ash (%)   5.6   8.1 10.2   2.2 
Protein (%) 72.9 62.8 72.4 82.4 
Fat (%) 16.9 21.6 11.0 14.0 
     
Overall protein yield (%) 45 57 72 70 
          
UF – Ultrafiltration; IEP – isoelectric precipitation 

 

Isoelectric precipitation of proteins from enzyme-assisted extraction was also investigated. 

However, due to the protease treatment during protein extraction the DH was 13% (ADJR) 

[223] or 16% (SPJR), respectively. Over 90% of the proteins remained soluble after 

isoelectric precipitation, indicating that the average molecular weight of Jatropha protein was 

considerably reduced during enzymatic treatment. Therefore isoelectric precipitation of this 

extract appears to be of limited interest and was abandoned. 

 

Ultrafiltration 

Aqueous-extracted proteins from ADJR and SPJR were successfully concentrated by 

ultrafiltration utilizing a membrane with a pore size of 10 kDa. Similar protein contents were 

obtained in both samples. On dry-matter basis, protein content of the extract from ADJR was 

increased from 45% to 73%, the one from SPJR was increased from 61% to 72%. Protein 

contents of about 70% (Table 22) seem realistic since protein purity achievable by 

ultrafiltration is limited by protein-mineral interactions and the rejection of lipids [131]. Due 

to higher protein losses in the extraction step and especially during ultrafiltration, overall 

yield was significantly lower for ADJR than for SPJR. This again can be attributed to the fact 

that protein from ADJR exhibits a higher degree of denaturation and in addition the lipid 

content of ADJR was significantly higher than the one of SPJR.  
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Ultrafiltration of the extracts from enzyme-assisted protein extraction was performed utilizing 

a membrane with a pore size of only 3 kDa. Nevertheless, protein losses still amounted to 

over 50% for both extracts. Ultrafiltration is therefore not suitable for the recovery of 

enzymatically extracted protein. Alternatively, other procedures, such as size-exclusion 

chromatography or dialysis have to be evaluated in further studies. 

 

8.3.3 Characterization and comparison of the protein products obtained from SPJR and 

ADJR by aqueous and enzyme-assisted protein extraction 

The functionality of the protein products obtained from SPJR and ADJR was determined 

according to the methods described in Section 8.2.6.  

 

Emulsifying properties 

Both ADJR and SPJR protein from aqueous extraction recovered by ultrafiltration or simple 

lyophilisation exhibited a high emulsification capacity comparable to that of soy protein 

[233]. Lestari et al. [137] also reported good emulsifying properties of Jatropha proteins. 

Emulsification capacity is expected to increase with increasing thermal stress of the proteins 

thus corroborating the results from DSC indicating a higher degree of denaturation of proteins 

from ADJR than from SPJR [234, 235].  

The emulsifying capacity of isoelectric precipitated protein from ADJR was rather high, while 

the one of SPJR was low (Table 23). Lower capacities are attributed to the low protein 

solubility at the isoelectric pH. The differences between ADJR and SPJR may be explained 

by the different composition of the two protein concentrates especially with respect to their 

protein and fat content.  

Enzymatically-extracted protein exhibited a lower emulsifying capacity than the aqueous-

extracted products. This is probably attributed to the destruction of the macromolecular 

structure of the proteins. In addition, the formation of lower molecular weight fragments due 

to hydrolyzation promotes protein aggregation. Flocculation of the protein and coalescence of 

the oil globules are known to lower the emulsifying capacity [236, 237]. 
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Table 23: Functional properties of the protein products obtained from aqueous-extracted 

Jatropha residue (ADJR) and screw-pressed Jatropha residue (SPJR) recovered by different 

methods 

 

  
Emulsifying 

capacity (ml/g) 
Water-binding 

(ml/g) 
Oil-binding 

(ml/g) 

 
   

ADJR-aqueous 
   UF   700 ± 05 0.0 ± 0.0 2.2 ± 0.0 

Lyo   690 ± 05 0.0 ± 0.0 2.4 ± 0.0 
IEP   525 ± 10 2.5 ± 0.0 1.0 ± 0.1 
    
SPJR-aqueous    
UF   500 ± 5 0.0 ± 0.0 3.3 ± 0.0 
Lyo   625 ± 0 0.0 ± 0.0 3.6 ± 0.1 
IEP <125 ± 0 2.0 ± 0.0 2.0 ± 0.0 
    
ADJR-enzyme    
Lyo   265 ± 0 0.0 ± 0.0 2.8 ± 0.0 
    
SPJR-enzyme    
Lyo   300 ± 10 0.0 ± 0.0 1.8 ± 0.0 

    UF – Ultrafiltration; Lyo – Lyophilisation; IEP – isoelectric precipitation 

 

Oil- and water-binding capacity 

Independent of the recovery method, the aqueous-extracted SPJR proteins showed higher oil-

binding capacities than the ones from ADJR, which was attributed to the lower fat content of 

the SPJR protein products. The determined oil-binding capacities were comparable to the one 

of brown linseed and higher than the ones of commercial soy protein isolates [233]. 

Isoelectric precipitation of the proteins resulted in lower oil-binding capacity compared to the 

other recovery methods, which also correlates with a higher fat content of the precipitates.  

Contrary to the ultrafiltrates and lyophilisates, the isoelectric precipitated proteins exhibited a 

water-binding capacity of 2.0 ml/g (SPJR) or 2.5 ml/g (ADJR), respectively, which is in 

agreement with the findings of Saetae and Suntornsuk [46] who described a good water-

binding capacity of isoelectric precipitated Jatropha protein. The water- and oil-binding 

capacities of lyophilized or ultrafiltrated Jatropha proteins were not determined earlier.  
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Therefore, comparison with literature data is not possible.  

Oil-binding capacity of enzymatically extracted proteins from SPJR was lower than the oil-

binding capacity of proteins from ADJR. This can probably be attributed to the higher degree 

of hydrolysis of protein from SPJR after enzyme-assisted extraction as described above. The 

proteins did not show any water-binding capacity. 

 

Foaming activity 

Probably due to their high fat contents, the protein products did not exhibit a foam forming 

activity. However, foam forming capacity is desired to be low with respect to most technical 

applications. Foaming activity was found to be very different depending on the protein 

recovery method. Low as well as high capacities were reported for Jatropha proteins 

previously [44, 46, 137]. 

 

Gelation behaviour 

Gel properties are known to depend on several parameters such as the pH value, salt 

concentration and protein concentration and will therefore vary strongly in dependence of the 

processed raw material and its processing route [228, 238].  

At first, the least gelation concentration of the samples was determined. Isoelectric 

precipitated proteins did not form gels within the range of the examined protein 

concentrations of 5 to 20% (w/w). For the other products, a 10% (w/w) aqueous protein 

solution was found to be the minimum concentration leading to the formation of a gel. 

Rheological investigations indicated that gelation is heat induced. Gel stiffening occurs during 

cooling. Gel strength of ultrafiltrated proteins was higher than the strength of directly 

lyophilized proteins.  

Apart from the isoelectric precipitated proteins, aqueous-extracted proteins from ADJR and 

SPJR were able to form stable gels. Ultrafiltrated protein from ADJR showed highest gelation 

stability ranging at 6.9 Pa (gel point 78°C) while gel strength of ultrafiltrated protein from 

SPJR was only 2.1 Pa (gel point 67°C).  

However, gel formation of lyophilized aqueous-extracted products was faster and required 

lower temperatures. Lyophilized proteins from ADJR gelled after 13 min at a temperature of 
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47°C, while proteins from SPJR gelled after 11 min at a temperature of 42°C. Gel strength 

was 2.5 Pa (ADJR) and 1.1 Pa (SPJR), respectively. Gel strength can be significantly 

enhanced by increasing the concentration of the protein solution enabling an adaption to the 

desired application. 

To the author’s knowledge, gelation behaviour of Jatropha protein was not determined 

before. The ability to form gels offers the opportunity to utilize Jatropha proteins in material 

science. However, more studies have to be conducted to investigate the different gelation 

behaviour of the individually isolated protein products.  

 

The gels formed by proteins from enzyme-assisted extraction of ADJR and SPJR were very 

different. Proteins from ADJR did only form very weak gels. Gel strength was 0.3 Pa. 

Contrary - proteins from SPJR did form more stable gels with gel strength of 2.3 Pa. This fact 

can possibly be attributed to the lower degree of hydrolysis of the protein product from SPJR 

(see Section 8.3.2) enabling the formation of a more stable network.  

 

8.4 Conclusions 

The present study reports the comparison of protein quality obtained after aqueous and 

enzyme-assisted protein extraction of two different Jatropha residues, namely a screw-

pressed residue and an aqueous de-oiled residue. Both extraction methods are in general 

suitable for the protein extraction from Jatropha.  

Highest protein purity after aqueous extraction was achieved by isoelectric precipitation for 

SPJR and by ultrafiltration for ADJR. However, extraction yield and protein concentration in 

the products are likely to be increased, if the native form of the Jatropha protein is maintained 

during oil extraction. Thereby, functionality could probably also be improved. The 

functionalities of the aqueous-extracted proteins obtained from ADJR and from SPJR were 

rather similar. However, proteins from ADJR appear to have better emulsifying properties and 

gelation behavior, while proteins from SPJR showed better oil-binding capacity. The recovery 

method facilitates the adaption of protein properties to the desired functionalities within 

certain ranges. Aqueous-extracted Jatropha protein has potential for its utilization in technical 

applications such as emulsifiers, biodegradable bags or antifoam agents. Future studies should 
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focus on the further evaluation of industrial utilization of Jatropha protein. Therefore, it is 

essential to clarify and understand the interactions of protein processing and functionality. 

From an environmental point of view, enzyme-assisted protein extraction is preferred due to 

the milder extraction conditions. However, subsequent protein purification and recovery 

turned out to be difficult probably due to the smaller molecular weight of resulting protein 

fragments. Protein recovery was only achieved by simple lyophilisation. Functionality of 

these proteins was also inferior compared to the aqueous extraction route. Hence it may be 

promising to consider an alternative approach accepting lower protein yields accompanied by 

a lower degree of hydrolysis of the protein in order to increase protein functionality. 

Additionally, further technological alternatives for the protein recovery, such as size-

exclusion chromatography or dialysis ought to be evaluated.  
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CHAPTER 9 

 

Concluding remarks  

 

In the last two decades interest in a more sustainable mode of life has rapidly increased. 

Amongst others, this is caused by an increasing awareness that rising standard of living has 

environmental consequences.  

The current work presents alternative processing routes that allow reducing energy-

consumption and waste production, hence a more sustainable process. Additionally, the 

suggested protein recovery promotes integral raw material utilization of Jatropha curcas L. 

seeds.  

Jatropha curcas L. has potential to generate biofuels and technical protein outside the ‘tank or 

table’ discussion since on one hand most Jatropha variants cultivated are toxic. And on the 

other hand Jatropha is a rather non-demanding plant that can be cultivated on marginal land 

which is not suited for food production. Nevertheless, in the application of Jatropha curcas L. 

sustainability of processes, reduction of waste production and energy consumption as well as 

the exploitation of by-products are to be strived for. 

 

9.1 Enzymatic oil processing 

Enzymatic oil-processing investigated in this study provides a potential alternative to the 

conventional processes. Up to now, enzymatic processes are not competitive due to high 

enzyme costs. However, first steps towards enzyme regeneration are made and costs will drop 

once demand increases and regeneration methods are further refined.  

 

9.1.1 Enzymatic degumming 

Enzymatic processing is known to be superior to the conventional acid and water degumming 

procedures with regard to both environmental and energetic aspects. Former studies described 
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the potential of an enzymatic approach for the degumming of crude oil [53, 77, 78, 145]. 

However, the enzymatic degumming of crude Jatropha oil has not been examined before. 

The analysis of enzymatic degumming of crude Jatropha oil applying Lecitase® Ultra 

reported in this thesis shows that the highest reaction rates are obtained at 50°C under 

continuous stirring at 700 rpm with 3% (w/w) of water and 75 ppm of phospholipase added to 

the oil. To guarantee optimum enzyme activity the pH value was adjusted to 5. After a 

reaction time of 3 hours phosphorus content was reduced to a level below 4 ppm. 

Concomitantly, Mg/Ca concentration was decreased to 5 ppm. Thus, critical specifications 

according to the biodiesel norm DIN EN 14214 (November 2012) namely a phosphorus 

content below 4 ppm, and Mg/Ca concentration below 5 ppm, are met with the developed 

procedure (Chapter 3). 

In contrast to the applied enzymatic process conventional water and acid degumming do not 

achieve these results in a single processing step. The robustness of the process suggested here 

is illustrated by the fact that good results are achieved independently of the initial phosphorus 

content of the oil. This implies that different qualities of crude Jatropha oil can easily be 

processed. The relatively low investment costs and the simplicity of the process next to the 

benefits delivered should make industrial implementation reasonably easy. In addition, the 

economy of the process could be further improved by enzyme regeneration techniques once 

available.  

Further developments should focus on the development of other, more potent phospholipases 

and on further process optimization, e.g. the integration of enzymatic degumming with 

interesterification procedures in order to gain sustainable alternatives to existing conventional 

procedures.  

 

9.1.2 Enzymatic neutralization 

Enzymatic neutralization of crude oil provides several advantages compared to the 

conventional alkaline process conducted industrially. Oil losses are lower, no waste water is 

generated and the utilization of aggressive chemicals is avoided.  

Enzymatic esterification was studied intensively. The solvent-free esterification of crude oils 

considered in this thesis was only scarcely investigated. In previous studies [48, 96, 99-101] 
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the enzymatic pre-treatment was applied to highly acidic oils prior to the conventional 

neutralization in order to reduce oil losses. No study was found that reports explicitly the 

application of enzymatic neutralization to crude oils with low or medium free fatty acid 

contents.  

In this work, enzymatic esterification of free fatty acids from crude Jatropha oil was 

performed with glycerol and an immobilized lipase from Rhizomucor miehei. The potential of 

this approach was shown in Chapters 4 to 6. Critical influencing factors on the reaction were 

determined in a preliminary study applying low acidic Jatropha oil (acid number 4.2 mg 

KOH per g oil). Most important influencing factors were found to be the reaction time, 

temperature, immobilisate and glycerol content. The process designed after parameter 

screening yielded acid numbers around 0.2 mg KOH per g oil. Remaining fatty acids are 

easily removed during the subsequent refining steps (Chapter 4).  

In order to encompass both the individual factors as well as their interaction, the 

neutralization process was subsequently investigated by the help of a statistical design of 

experiments. Significant models describing the development of free fatty acid as well as 

mono- or diacylglycerol content of the oil in dependence of the reaction time, temperature, 

immobilisate and glycerol content applied in the enzymatic neutralization were obtained. 

Validation experiments showed that the models obtained for acid number, monoacylglycerol 

and diacylglycerol development were valid and adequate to optimize esterification reactions 

for the application desired. However, the model describing glycerol development in the 

process was not precise.  

Furthermore it was found that the process is suitable for the production of oils with low free 

fatty acid contents of 0.4 mg KOH/g oil. No former study was able to achieve free fatty acid 

contents that low - thus encouraging its potential. Monoacylglycerol content can be adjusted 

between 1.5% (w/w) and 5.0% (w/w) and diacylglycerol content between 15.6% (w/w) and 

27.1% (w/w). However, the simultaneous regulation of acid number, monoacylglycerol and 

diacylglycerol contents is limited due to the interdependence constrained by the reaction 

mechanism. Thus, the knowledge gathered here allows controlling the process such that the 

desired profile of partial glycerides can be produced according to the target application 

requirements (Chapter 5).  
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In order to get a more detailed insight into the reaction, its kinetics were determined 

indicating that the reaction is likely to follow a Ping Pong mechanism with competitive 

inhibition by the acyl acceptor glycerol. Free fatty acids do not influence lipase activity within 

the range investigated in this study (Chapter 6). The study contributes to a deeper insight into 

the course of the reaction and provides the possibility to exert systematic influence on it. The 

kinetic parameters were determined and showed that enzyme affinity is much higher to 

glycerol than to free fatty acids. These observations are supported by the fact that the 

optimum glycerol level is rather small while the reaction rate increases with increasing free 

fatty acid concentration. 

Although the effects observed in this study were rather small due to the conditions 

predetermined by the reaction system, some hints on the kinetics of enzymatic esterification 

carried out in crude oil were gained. The comparison of the kinetic parameters determined 

with literature values is not possible because these are reported for the first time here. Former 

studies did only apply rather simple model systems in order to determine the reaction kinetics, 

mainly utilizing two single substrates and a solvent. 

Currently enzymatic processes tend not to be economically competitive due the relatively 

high cost of enzymes. However, reaction costs are likely to be decreased in the future as soon 

as the demand increases. Besides successful enzyme regeneration will reduce processing 

costs. A first approach utilizing a solvent based regeneration process was successfully 

developed (Chapter 5). By washing the immobilized enzyme with tert-butanol or isopropanol, 

respectively, followed by a two times washing with n-hexane a five- to sixfold increase of the 

number of batches with high enzyme activity was achieved. Thus the process economics 

could be greatly improved by enzyme regeneration. It has to be noted that this approach even 

though promising, is solvent based and hence neither environmentally friendly nor cheap. 

However, it indicates the potential of extended enzyme activity by regeneration.  

Ignoring the shortcomings mentioned above, the process developed in this work provides 

great potential for future transmittal to industrial scale, since the required technology is rather 

simple and commonly applied in other processes.  
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9.2 Protein extraction and recovery  

Proteins are the most valuable constituents in the de-oiled residues. Therefore, they are the 

primary target for additional value creation from Jatropha. Due to the origin from Jatropha 

the protein is non-edible and solely suited for technical applications. It is beneficial that there 

is an increasing demand for biopolymers in industry and society, especially due to 

environmental concerns with regard to the existing synthetic and petrochemical products.  

Aqueous protein extraction from different Jatropha residues was investigated earlier [48, 96, 

100]. However, the extraction of denatured protein from aqueous de-oiled Jatropha meal, as 

well as the utilization of an enzymatic approach for protein solubilization is novel.  

In this thesis, two different Jatropha residues, namely aqueous-de-oiled (ADJR) and screw-

pressed (SPJR) residue were considered. The efficiency of an aqueous extraction process in 

comparison to an enzyme-assisted process for the extraction of denatured proteins was studied 

systematically utilizing both residues.  

Aqueous extraction from ADJR yielded 76% of protein. Best parameters for protein 

extraction were pH 11, 60°C, while stirring the suspension for 30 min with 200 rpm. Aqueous 

protein extraction from SPJR was performed under the same conditions, however with twice 

the reaction time. Protein yield was slightly higher ranging at 79%.  

To perform the enzymatic protein extraction a screening of commercially available proteases 

was conducted with 7 exo- and endo-protease preparations. Protease A01 turned out to be 

most effective in supporting protein solubilization for both residues investigated.  

Optimum conditions for the enzyme-assisted extraction process of ADJR were found to be 

0.5% (w/w) of Protease A01 preparation, pH 8, 55°C and a reaction time of 60 min. Mixture 

was stirred continuously at 200 rpm. Here a protein yield of 76% was reached. The degree of 

hydrolysis was 13%. Enzyme-assisted extraction of SPJR was conducted under different 

parameters. Only 0.25% (w/w) of Protease A01 enzyme preparation was applied. Extraction 

at pH 8 and 30°C under continuous stirring at 200 rpm for 30 min resulted in a protein yield 

of 75% and a degree of hydrolysis of 10%.  

Protein yields of all processes were comparable. Thus, both extraction methods applied in this 

thesis were suitable for the purpose of protein extraction. From an environmental point of 

view, the enzyme-assisted process is preferred. However, protein purification and recovery 

was difficult in the case of an enzyme-assisted extraction since the molecular weight of 
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enzymatically extracted protein was low impeding protein recovery by classical methods such 

as ultrafiltration or isoelectric precipitation. Protein recovery was thus achieved by 

lyophilisation thereby limiting the protein purity. In order to improve the purity of the 

obtained protein products, alternative separation processes such as ion-exchange 

chromatography should be investigated.  

The recovery of aqueous-extracted proteins was also investigated. Ultrafiltration turned out to 

be the most suitable approach regarding the yield and purity of aqueous-extracted protein 

from ADJR. In case of SPJR an isoelectric precipitation is preferred.  

 

Functional properties of the recovered protein products were determined. Former studies 

indicated good emulsifying and film and foam forming properties of Jatropha proteins [44, 

137]. Aqueous-extracted proteins from ADJR and SPJR obtained in this thesis also showed 

good emulsifying properties similar to sodium caseinate. The protein products did not exhibit 

a foam forming activity. Gelation properties of Jatropha protein were not investigated before. 

Gel formation was found to be heat-induced. Gel formation of lyophilised products was faster 

and required lower temperatures than gels from ultrafiltrated protein products. Isoelectric 

precipitated proteins did not form gels. Ultrafiltrated protein from ADJR showed highest 

gelation stability ranging at 6.9 Pa. Gel strength of Jatropha protein increased with protein 

concentration. The ability to form gels offers the opportunity to utilize Jatropha proteins in 

material science. 

The functionality of enzymatically extracted protein from ADJR and SPJR was low. The 

proteins depicted good oil-binding capacity, but no water-binding capacity, and only low gel 

strength and emulsifying capacity. In the current situation the aqueous-extracted protein is 

superior to the alternative enzymatic process. However, possibly control of the protein 

destruction (lower degree of hydrolysis) by for example application of other proteases could 

improve the protein functionality. 

The evaluation of the technical functionality of the Jatropha proteins performed gives a good 

indication of the potential of these proteins. However, further studies to evaluate the potential 

in technical applications (e.g. emulsifiers, biodegradable bags, antifoam reagents) of Jatropha 

protein are desirable in order to promote a broader industrial application.  
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