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Abstract 

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

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

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

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

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

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

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

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

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

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

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

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

and is suitable for subsequent biodiesel synthesis. 
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2.1 Introduction 

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

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

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

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

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

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

processed latex value chain [3].  

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

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

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

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

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

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

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

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

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

range and are between 5 and 49 wt%.  

 

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

Isolation technique Conditions Oil Yielda  FFAb content  

(wt%) 

Ref.  

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

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

Solvent 27°C, carbon tetrachloride,  

overnight 

38.9 %b  [15] 

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

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

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

Mechanical 27 °C 5.4 %  - [7] 

Mechanical + solvent 27 °C, hexane/seed  

wt. ratio: 0.8 % 

49 % 2 [7] 

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

(mg KOH/g) 

 

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

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

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

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

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

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

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

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

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

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

conditions of the seeds [14].  

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

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

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

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

experiments were performed and modelled using appropriate models. Ethanol was 

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

 

2.2 Theory: the Shirato model 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

material properties (eq 1).  

Uc(t) =
L(0)−L(t)

L(0)−L(tend)
= (1 − B) {1 − exp (

−π2Cet

4ω0
2 )} + B {1 − exp(−(

E

G
). t)}   

Where 𝐶𝑒 =
𝑃

µ1𝜌𝑠𝛼
𝛿𝑒

𝛿𝑃

                                              (1)  
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With  

Uc  consolidation ratio (-) 

L(0) cake thickness at tinitial (m) 

L(t) cake thickness at tinitial (m) 

L(tend) cake thickness at tend (m) 

B  relative contribution of secondary consolidation 

Ce  consolidation coefficient (m2/s) 

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

t  time (s) 

E/G creep constant (s-1) 

P   pressure (Pa) 

μ1  liquid viscosity (Pa.s) 

ρs  solid density (kg/m3) 

α  filtration resistance (m/kg) 

e  void ratio (-) 

 

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

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

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

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

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

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

be correlated using the following relation: 

 

 α = α0. (1 +
P

Pa
)β                                                                             (2) 

 

Where 

αo material constant for filtration resistance (m/kg) 

β material constant for filtration resistance (-) 

 

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

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

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

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

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

material properties using eq. 3. 

 

Oilrecovery(wt%) = (
(1−F0)ερo

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

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

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

ρo oil density (kg/m3) 

ρs solid density (kg/m3) 

 

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

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

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

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

pressures may be correlated using eq 4: 

 

(1 − ε) = (1 − ε0). (1 +
P

Pa
)n                                                            (4) 

 

Here,  

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

n material constant for porosity (-) 

Pa threshold pressure (Pa) 

 

The threshold pressure was set at 5 MPa. 

 

2.3 Materials and methods 

2.3.1 Materials 

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

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

Germany).  

 

2.3.2 Moisture conditioning 

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

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

oven at 103 °C until constant weight.  

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

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

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

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

hydraulic pressing experiment was experimentally determined to ensure that the 

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

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

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

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

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

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

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

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

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

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

2.3.4 Hydraulic pressing 

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

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

[20] 

 

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

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

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

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

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

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

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

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

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

 

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

Parameter Base case Range 

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

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

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

 

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

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

sample.  

 

2.3.5 Design of experiments, statistical analysis and optimisation 

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

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

modelled using the following second-order polynomial equation:   

𝑦 = 𝑏0 + ∑ 𝑏𝑖𝑥𝑖 +
4
𝑖=1 ∑ 𝑏𝑖𝑖𝑥𝑖

2 +4
𝑖=1 ∑ ∑ 𝑏𝑖𝑗𝑥𝑖𝑗 + 𝑒4

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

 

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

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

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

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

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

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

dehulled rubber seeds were determined using the numerical optimisation function 

provided in the software package.  

2.3.6 Data analysis 

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

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

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

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

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

intakeofdehulledrubberseedsample(g)
x100 %                         (6) 

 

Oilrecovery(wt%, d. b. ) =


amountofpressedoil(g)

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

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

reported.  

 

2.3.7 Analytical methods 

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

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

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

average of duplicate measurements. 

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

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

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

of 15 s-1.   

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

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

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

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

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

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

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

2.4 Results and discussion 

2.4.1 Rubber seed characteristics 

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

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

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

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

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

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

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

2.4.2 Non-solvent assisted hydraulic pressing 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

Oilseed Optimum moisture content (wt%) Ref.  

Sesame (whole) 2.1 [19] 

Linseed (whole) 4.7 [19] 

Flax (whole) 2.1 [26] 

Cotton (whole) 5.4 [27] 

Sunflower (whole) 6 [28] 

Jatropha (dehulled) 4 [20] 

Rubber (dehulled) 10 [17] 

 

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

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

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

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

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

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

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

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

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

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

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

seed drying.  

 

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

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

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

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

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

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

 

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

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

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

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

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

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

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

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

 

2.4.3 Solvent assisted hydraulic pressing  

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

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

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

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

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

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

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

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

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

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

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

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

 

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

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

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

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

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

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

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

moisture content 

 
2.4.4 Data modelling using the Shirato model 

2.4.4.1 Estimation of material properties 

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

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

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

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

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

Tables 4-5.  

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

la ower value of β for SAHP in comparison with NSHP.  
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Figure 5. Consolidation ratio versus time and parity plot for typical SAHP and NSHP 

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

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

conditionsa 

No 

 

T 

(°C) 

MC  

(wt%, w.b.) 

SR  

(vol/wt%) 

P  

(MPa) 

Bb 

(-) 

E/Gb 

(-) 

αb 

(m/kg) 

1 35 0 - 20 0.04 0.0056 3.8 x 1011 

2 35 2 - 20 0.07 0.0068 3.6 x 1011 

3 35 4 - 20 0.09 0.0056 4.1 x 1011 

4 35 6 - 20 0.10 0.0051 3.9 x 1011 

5 65 2 - 20 0.10 0.0055 3.5 x 1011 

6 85 2 - 20 0.14 0.0057 3.6 x 1011 

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

8 75 2 - 15 0.08 0.0056 2.5 x 1011 

9 75 2 - 20 0.07 0.0051 3.4 x 1011 

10 75 2 - 25 0.16 0.0075 4.0 x 1011 

11 65 2 14 15 0.09 0.0066 2.2 x 1010 

12 65 2 14 20 0.11 0.0066 2.6x 1010 

13 65 2 14 25 0.12 0.0061 3.4 x 1010 

14 75 2 14 15 0.12 0.006 3.6 x 1010 

15 75 2 14 20 0.09 0.0052 6.6 x 1010 

16 75 2 14 25 0.12 0.0061 9.7 x 1010 

17 55 2 14 20 0.12 0.0069 1.8 x 1010 

18 75 2 14 20 0.1 0.006 6.4 x 1010 

19 65 2 7 20 0.12 0.0069 2.3 x 1010 

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

parameter fitting using eq 1 

 

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

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

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

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

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

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

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

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

Parameter 

 

Dehulled 

rubber seeda 

Dehulled 

rubber seedb 

Dehulled 

rubber seedc 

Dehulled 

jatrophad 

Whole 

linseede 

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

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

R2 0.93 0.96 0.96 0.99 0.97 

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

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

R2 0.97 0.97 0.97 0.63 0.99 

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

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

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

 

2.4.4.2 Effect of operating conditions on consolidation ratio for NSHP 

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

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

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

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

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

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

 

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

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

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

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

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

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

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

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

with a low moisture content. 

 

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

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

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

consolidation increases with an increase in moisture content as illustrated in Fig. 8. The 



Chapter 2 

50 

 

creep constant and specific filtration resistance are approximately independent of the 

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

the hydraulic pressing of sesame seed [19].   
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Figure 6. Consolidation ratio versus time at different temperatures for dehulled rubber 

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

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

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

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

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

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

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

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

30 experiments was performed.  

 

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

Factors 
Levels 

-1 0 1 

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

 

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

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

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

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

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

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

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

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

 

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

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

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

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

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

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

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

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

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

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

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

 

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

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

1 25 55 3 7 54.7 53.7 

2 25 65 2 14 69.0 69.1 

3 15 65 2 14 67.5 68.2 

4 15 75 3 7 58.9 57.1 

5 15 55 3 21 55.4 52.7 

6 15 75 3 21 56.3 57.1 

7 15 55 3 7 50.0 52.7 

8 15 75 1 21 70.9 71.4 

9 25 55 1 7 64.7 63.9 

10 20 65 2 7 68.7 70.5 

11 25 55 3 21 53.3 53.7 

12 15 55 1 21 64.6 62.9 

13 20 65 2 21 72.6 70.5 

14 25 75 3 7 57.5 58.1 

15 25 75 3 21 57.9 58.1 

16 20 65 2 14 71.0 70.5 

17 25 75 1 7 72.8 72.3 

18 20 65 2 14 73.0 70.5 

19 20 65 2 14 69.0 70.5 

20 20 65 2 14 69.0 70.5 

21 20 65 2 14 70.0 70.5 

22 20 65 3 14 56.4 57.2 

23 20 65 1 14 69.5 69.5 

24 15 75 1 7 70.4 71.4 

25 15 55 1 7 62.4 62.9 

26 25 55 1 21 62.0 63.9 

27 25 75 1 21 73.2 72.3 

28 20 65 2 14 72.0 70.5 

29 20 75 2 14 73.8 73.7 

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

Variable Coefficient 

Constant -11.61 

P 3.06 

T 0.53 

MC 29.1 

T.MC -0.1 

P2 -0.074 

MC2 -7.15 

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

 

Table 9 ANOVA for the SAHP of dehulled rubber seeds 

  SS DF MS F p-value R2 values 

Model 1410 6 235 104 < 0.0001 R2 0.96 

Error 52 23 4.7   R2adjusted 0.96 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

range for plant oils.  

 

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

°C, 14 vol/wt%) 

Property RSO 

Acid value (mg KOH/g) 2.3 

Water  content (mg/kg) 300 

Phosphorus content (mg/kg) 57.7 

Flash point (°C) 290 

Pour point (°C) -4 

Cloud point (°C) 0 

 

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

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

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

purification and particularly a degumming procedure to remove the phosphorus 

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

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

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

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

 

Where 

ρ       density (g/cm3) 

T       temperature (oC) 

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

 

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

 

Where 

μ       dynamic viscosity (Pa.s) 

T       temperature (K) 

R      universal gas constant (J/mol.K) 

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

 

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

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

respectively.  

 

2.5 Conclusions and outlook 

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

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

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

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

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

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

 

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

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

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

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

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

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

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

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

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

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

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

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

wt%, d.b. were obtained.  

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

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

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

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

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

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

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

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

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

 

2.6 Nomenclature  

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

NSHP     Non-solvent hydraulic pressing 

P              Pressure [MPa] 

SR           Solvent to seed ratio [vol/wt%] 

SAHP     Solvent assisted hydraulic pressing 

T             Temperature [°C] 
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