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 Lipid extraction through hydrodynamic cavitation (HCLE) is one of the 

promising processes with low energy requirements. Therefore, this 

study focuses on reducing energy requirements using a discrete flow 

system as well as evaluating two models to be used in calculating 

volumetric mass transfer coefficient. It was discovered that the 

variations in the number of repetitions, cavitation number, microalgae 

concentration, and temperature affected the energy requirement value 

and the lowest energy requirement was recorded to be 10 kJ/gram lipid. 

Moreover, the first model was designed using total lipid mass transfer 

approximation (Model 1) while the second was through separated lipid 

mass transfer approximation (Model 2). It was found that the extraction 

curve consists of three sections and the values of total volumetric mass 

transfer coefficient (𝑘𝑇𝑎𝑇) for sections 1, 2, and 3 based on Model 1 

were 1.166 x 10-2, 3.113 x 10-3, and 1.285 x 10-3 min-1 with a coefficient 

of determination (R2) of 0.9797, respectively. Meanwhile, the values of 

volumetric mass transfer coefficient from disrupted microalgae (𝑘𝑓𝑎𝑜) 

for sections 1, 2, and 3 based on Model 2 were 1.131 x 10-2, 2.925 x 10-

3, and 1.260 x 10-3 min-1 respectively, and from the intact microalgae 

(𝑘𝑠𝑎𝑠) was 0.051, 0.030 and 0.011 1/min with R2 of 0.9766. This means 

the two models showed similar results and the lipid released from the 

disrupted microalgae was observed to be dominant compared to the 

intact microalgae. Therefore, the discrete flow system of HCLE is a 

promising technique to be developed and scaled up to extract lipids from 

microalgae. 

Key words:  

Hydrodynamic cavitation, Lipid 

extraction, Microalgae, Energy of 

extraction, Mathematical modeling 

 

 

 

I INTRODUCTION  

The increasing human population and modern 

human lifestyle have increased energy demand and 

this is currently mostly fulfilled through the reliance 

on petroleum resources. This has created some 

global energy problems due to the contradiction 

between the demand and supply [1], [2] as indicated 
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by the continuous increase in demand with a 

reduction in the stocks of petroleum resources 

considered to be non-renewable. Another important 

problem is the occurrence of global warming due to 

greenhouse gas emissions such as carbon dioxide. 

This led to the proposition of some solutions such 

as the application of new and renewable energy 

resources such as biomass and vegetable oil to 

fulfill energy demands in the future. This is 

expected to solve energy and environmental 

problems because of the need to grow carbon 

dioxide to produce these energy resources, thereby, 

forming a closed chain of carbon [3], [4].  

Some potential problems have, however, been 

observed in relation to the use of biomass and 

vegetable oil as energy resources and these include 

threats against food and land security. This is the 

reason it is preferable to select either a non-edible 

vegetable oil or biomass waste to serve as energy 

resources [5]. Previous studies have investigated 

some fuels produced from non-edible and waste 

renewable resources such as bio-oil from palm 

empty fruit branch (EFB) [6], biodiesel from palm 

fatty acid distillate [7], biodiesel from cooking oil 

waste [8], gas from sugarcane bagasse [9], bio-oil 

from woods, vegetables, and fruits waste [10], bio-

oil from microalgae waste [11] and biodiesel from 

non-edible seeds such as jatropha and papaya seed 

[12]. In recent times, the production of the third 

generation of biodiesel from microalgae lipid has 

also been investigated [5]. 

Microalgae have been proved to be a potential 

feedstock to produce future energy due to their 

numerous attractive features such as higher 

productivity and oil content than other energy 

crops. Moreover, the lower consumption of 

freshwater and utilization of arable land to obtain 

microalgal biomass ignite research interest to 

exploit them for product development such as 

biofuel [13]. Most importantly, these microalgae 

use carbon dioxide for photosynthesis, thereby, 

leading to the reduction of global warming effects. 

They also have other added value in the form of 

biomass waste that can be used to produce bio-oil 

in addition to their oil content which can be used to 

produce energy [11].  

Previous studies on biodiesel production from 

microalgae concluded that microalgal biodiesel is 

not profitable at an industrial scale [14], [15] due to 

the higher extraction energy required compared to 

the potential energy from biodiesel. This high-

energy input accounts for more than 30% of the 

total cost of extracting lipids and this makes the 

current commercial microalgal biofuel production 

economically unfeasible. It has also been reported 

that the energy required to extract microalgal lipid 

mechanically is approximately 529 kJ.g-1 dry 

microalgae [16] and the lowest is 3 kJ.g-1 dry 

microalgae while the High Heating Value (HHV) of 

the biodiesel is only 42 kJ.g-1 [17]. This means the 

lowest energy needed to achieve a 10% g/g yield is 

30 kJ.g-1. This comparison shows that extraction 

energy requirement plays is very important in 

providing enough gap to obtain both positive and 

large net energy to be consumed for further 

processing.  

The most conventional extraction techniques of 

microalgal lipids involve longer processing steps, 

time, and sometimes high energy consumption and 

this hinders the full commercialization of lipids 

products [18].  Therefore, there is a need for an 

economical, fast, and robust approach to extracting 

lipids from microalgae. It is important to note that 

microalgae cell disruption is a major factor in 

maximizing extraction yields [19] and one of the 

extraction methods with much lower energy and the 

ability to produce a considerably high amount of 

lipid is hydrodynamic cavitation [20]. This 

technique provides a fast extraction rate [21] and 

low energy cell disruption using cavitation 

generated by dropping flow pressure through an 

increment in flow velocity [16] [22], thereby, 

making it easy to scale up this method [23]. It is also 

important to reiterate that hydrodynamic cavitation 

follows a solid-liquid mass transfer principle due to 

the cell disruption process and the initial 

concentration of microalgae is observed to be a 

crucial factor in improving the efficiency of the 

lipid recovery process.  Moreover, higher 

microalgal concentration also affects the rate of 

solid-liquid mass transfer [24] and this led to the 

recommendation of distribution between 5% to 

10% gram microalgae per gram of feed mixture 

[23]. This present study focuses on investigating the 
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correlation between the initial concentration and 

convective mass transfer parameters during the 

extraction of microalgal biomass via a discrete flow 

system of hydrodynamic cavitation. The energy 

required was measured and mathematical modeling 

was subsequently developed to understand the 

overall extraction process.  

II MATERIALS AND METHODS 
2.1 Microalgae 

The microalgae used in this experiment is 

Nannochloropsis sp which was purchased from Balai 

Budidaya Air Payau in Situbondo East Java Indonesia 

and delivered in green powder which was stored in a 

desiccator and used as received for further analysis.  

2.2 Solvents 

The solvents used in this experiment include n-hexane 

(PT. Brataco Chemica, Indonesia, MW 86.18, 99.5%), 

and methanol (CV. Multi Kimia, Indonesia, MW 32.04, 

99.5%) selected based on their non-ideal properties in 

terms of the boiling point when mixed. The mixture of 

95 ml hexane and 41 ml methanol has a boiling point 

lower than their respective separate boiling points as 

indicated by 52, 64.96, and 68.73 ᵒC for the mixture, 

methanol, and hexane respectively. 

2.3 Equipment 

The experiments were conducted using a batch discrete 

flow system of hydrodynamic cavitation using a unit 

that consists of a compressor, sample chamber, venturi, 

and product chamber as shown in Figure 1. The 

compressor was used to supply compressed air and 

drive the solvent-sample mixture to the sample 

chamber. The venturi was used to generate cavitation 

while the sample and product chamber was employed to 

store feedstock and collect products. At the end of the 

process, the centrifuge was used to separate the fluid 

from solid products and the distillator to separate the 

solvent from lipid by evaporating the solvent. 

 

Figure 1. The Scheme of Hydrodynamic Cavitation 

Equipment. 
2.4 Experimental Procedures 

The HCLE discrete flow system experiments were 

conducted by varying the microalgae concentration, 

cavitation number, and temperature. The 

Nannochloropsis sp. biomass was varied at 5, 7.5, 10, 

and 12.5 grams, the cavitation number at different 

pressure boosters of 3.125, 4.167, 5, and 6.25 atm, the 

temperature at 30, 34, 38, 42, 46, and 50 C. It is 

important to restate that a mixture of methanol and 

hexane was used as the extraction solvent. The biomass 

and solvents were loaded into the sample chamber, 

flowed through the venturi with a pressure booster, and 

the mixtures were re-flowed at 2, 3, 4, and 5 cycles to 

study the degree of cell disruption and lipid yields. The 

completion of the extraction process was followed by 

the separation of the extracts and solid phase using the 

centrifugation process. Moreover, the solids were 

washed with an equal amount of methanol and hexane 

to ensure all the lipids extracted from the microalgae 

were retrieved and weighed and those dissolved in the 

mixture solvent were recovered as a residue by 

vaporizing the solvent. This residue was weighed and 

recorded as w1, washed with 5 ml hexane three times to 

obtain the mass of lipids that are free of solids, while the 

remaining solids were dried until the weight remained 

constant and recorded as w2. The lipid-free solids 
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weight (wp) obtained from the biomass was calculated 

using the following Equation 1. 

wp = w1-w2    (1) 

The extraction yield is the weight of extracted lipids 

compared to the weight of dry microalgae as indicated 

in Equation (2). 

𝑦 =
𝑤𝑝

𝑤𝑚𝑖
    (2) 

Where, y is extraction yield and 𝑤𝑚𝑖 is the weight of 

dry microalgae used as the sample. 

2.5 Experimental Procedures 

2.5.1. The Extraction Energy Requirement 

Calculation 

The discrete flow system of the HCLE process requires 

energy to drive the microalgae and solvent to flow 

through the cavitator in order to generate the cavitation. 

This energy was calculated by multiplying the air 

pressure booster with the cross-sectional area of the 

sample chamber and sample depth using the 

relationship in Equation (3). 

𝐸 = 9.8𝑃
𝜋

4
𝐷2𝐿                (3) 

 

Where, E is the extraction energy required (Joule), P is 

the pressure of the sample chamber (kg/cm2), D is the 

diameter of the sample chamber (cm), L is the distance 

of the sample surface to the cavitator (cm) and, 9.8 is 

the conversion factor from kgf to Newton. 

2.5.2. Mathematical Model 

The HCLE is the process of transferring lipid from the 

solid (microalgae) to the liquid (solvent) phase using 

hydrodynamic cavitation and to aid the disruption of the 

microalgae wall. The inception cavitation number used 

to generate the cavitation for this system is 0.45 [25] 

while the Reynold number was more than 32,000, 

thereby, indicating fully turbulent flow. These values 

were used because the microalgae have a very small 

particle size, ranging from 1 to 10 m [26]. The other 

assumptions made to govern the model include the 

following: 

a. Diffusion mass transfer in the microalgae body 

is neglected because of the small size of 

microalgae cells.  

b. Diffusion mass transfer in the fluid film is 

neglected because there is a turbulent flow in 

the fluid.  

c. The convective mass transfer mechanism is the 

main process of mass transfer. 

It is important to note that two others assumptions were 

made based on the disrupted and intact types of 

microalgae cells. The first assumption is that the lipid 

mass transfer from the disrupted and intact microalgae 

is taken as the total lipid mass transfer from the 

microalgae to the solvent and this means only one value 

of the volumetric mass transfer coefficient represents 

the lipid mass transfer as illustrated in Figure 2a. The 

second assumption is that the lipid mass transfer from 

the disrupted and intact microalgae was obtained 

separately which led to two different values of 

volumetric mass transfer coefficient as indicated in 

Figure 2b. This, therefore, led to the development of 

two different models based on these assumptions. 

 

Figure 2. Illustration of Lipid Mass Transfer: a) Total 

Lipid Mass Transfer and b) Lipid Mass Transfer from 

Disrupted and Intact Microalgae. 

2.5.2.1. Model 1: Total Lipid Mass Transfer 

Approximation 

This model is illustrated in Figure 2a with total lipid 

flux (jT). It was discovered at the initial condition of the 

solid-fluid extraction that the concentration of lipid in 

the solvent (y) is zero while the changing value of y as 

a function of the time is equal to the amount of lipids 

released from the solid (jT), and this is presented as 

Equation (4): 

  𝑚𝑓
𝜕𝑦

𝑑𝑡
= 𝑗𝑇          (4) 

Where, mf represents the mass of the fluid phase and t 

represents time. It is also important to note that the 

amount of lipid released is equal to the mass transfer 

coefficient multiplied by the concentration gradient 
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between the microalgae surface and the bulk of liquid 

which is represented in the following Equation (5):  

𝑗𝑇 = 𝑘𝑇𝑎𝑇𝑚𝑓(𝑦∗ − 𝑦)  (5) 

Where,  𝑘𝑇𝑎𝑇  is the total volumetric mass transfer 

coefficient and 𝑦∗ is lipids concentration on microalgae 

surface. The value of 𝑦∗  can be predicted using 

Equation (6): 

 y* = K.x   (6) 

2.5.2.2. Model 2.  Separately Disrupted and Intact Lipid 

Mass Transfer Approximation 

The lipid mass transfer from the disrupted and intact 

microalgae was obtained separately in this model and 

the changing lipid concentration in the solvent is 

presented as Equation (7): 

𝑚𝑓
𝜕𝑦

𝑑𝑡
= 𝑗𝑓 + 𝑗𝑠     (7) 

Where, jf is the lipid mass flux from the disrupted 

microalgae and js is the lipid mass flux from the intact 

microalgae. Moreover, the lipid mass flux from 

disrupted microalgae is a function of disrupted 

microalgae fraction and changing lipid concentration in 

the microalgae which are represented by the following 

Equation (8): 

𝑟𝑚𝑠
𝑑𝑥1

𝑑𝑡
= −𝑗𝑓    (8) 

Where, r is the fraction of disrupted microalgae, x1 is 

the lipid concentration in the disrupted microalgae, and 

ms is the mass of dry microalgae. The lipid mass flux 

from disrupted microalgae can also be written as the 

mass transfer equation in Equation (9): 

𝑗𝑓 = 𝑘𝑓𝑎𝑜𝑚𝑓(𝑦∗
1 − 𝑦)     (9) 

Where, 𝑘𝑓𝑎𝑜  represents the volumetric mass transfer 

coefficient from disrupted microalgae and 𝑦∗
1  is the 

lipid concentration at the surface of disrupted 

microalgae. Meanwhile, the lipid mass transfer from 

intact microalgae is presented as indicated in Equation 

(10): 

(1 − 𝑟)𝑚𝑠
𝑑𝑥2

𝑑𝑡
= −𝑗𝑠         (10) 

Where, x2 represents lipid concentration in the intact 

microalgae. The lipid mass flux from intact microalgae 

can also be written as a mass transfer equation as 

indicated in the following Equation (11): 

𝑗𝑠 = 𝑘𝑠𝑎𝑠𝑚𝑓(𝑦∗
2 − 𝑦)               (11) 

Where, 𝑘𝑠𝑎𝑠  represents volumetric mass transfer 

coefficient from intact microalgae and 𝑦∗
2  represents 

lipid concentration at the surface of intact microalgae. 

III RESULTS AND DISCUSSION 

3.1. The Extraction Energy Requirement 

The results of the extraction energy requirement (E) 

calculated as a function of repetition number are 

described in the following Figure 3a. 

 

Figure 3a. Extraction energy requirement (E) as a 

function of the number of repetitions at the pressure of 

6.8 kg/cm2, a temperature of 30C, and cavitation number 

of 0.068 

 

Figure 3b. Extraction energy requirement (E) as a 

function of the cavitation number at the pressure of 6.8 

kg/cm2 and temperature of 30 C 
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Figure 3c. Extraction energy requirement (E) as a 

function of the microalgae concentration at the pressure 

booster of 6.8 kg/cm2 and the temperature of 30C 

 

Figure 3d. Extraction energy requirement (E) as a 

function of the temperature at the pressure booster of 6.8 

kg/cm2 and cavitation number of 0.068 

Figure 3a shows that the value of E increased linearly 

as the number of repetitions increased because the 

energy used for each extraction step was the same as the 

constant pressure booster. It was also discovered that 

this E value was one-third of the HHV of biodiesel 

which is as high as 42 kJ/g [27] at the condition. 

Moreover, the influence of the pressure booster on the 

E value was represented by the effect of cavitation 

number () on the value and this was calculated using 

Equation (12) [25].  

𝜎 =  
𝑝2−𝑝𝑣
1

2⁄ 𝜌𝑣2              (12) 

Where, P2 is the pressure booster, Pv is the vapor 

pressure of the fluid, and v is the fluid linear velocity. 

The E value was subsequently calculated as a function 

of  as described in Figure 3b. 

Figure 3b shows that the E value tends to decrease as 

the  increase and this means the energy requirement is 

lower at higher  because the pressure is low. In this 

case, the HCLE found the limit or maximum value of  

during the process of cavitation and this is called an 

inception cavitation number (i) with the value 

observed to depend on the type of the channel such that 

the i was recorded to be 0.45 when elliptical form with 

an axis ratio of ¼ was used. Beside this limitation, a 

higher  value tends to produce a constant E value and 

this means the amount of energy input is decreased at 

higher  while the constant E value indicates lower 

yield extraction. This shows the conduct of HCLE at a 

high  value is not economical and the best value was 

obtained at approximately 0.13 when the E value started 

to become constant. 

The microalgae and solvent formed a solid-liquid 

system with fast settling slurries. It is important to note 

that the solid concentration slips the velocity in the 

system [28] and Figure 3c shows that the extraction 

energy requirement tends to decrease as the microalgae 

concentration increases. This means the amount of 

energy input is equal for each concentration with the 

constant pressure booster. The decreasing E value 

indicates an increase in the amount of lipid extracted. 

Meanwhile, the E value tends to be constant at the 

concentration above 0.073 g microalgae/g feed and this 

also means the amount of lipid extracted remains 

constant and this shows a reduction in the yield at high 

concentration compared to the microalgae feed. 

Therefore, the optimal concentration in this condition 

was found to be 0.073 g microalgae/g feed. 

The extraction process is affected by temperature [29] 

as indicated by the decrease in the extraction efficiency 

when the solid concentration was reduced during the 

process of extracting Jatropha oil using a mixture of 

methanol and hexane solvent [30]. Moreover, 

temperature shows a significant contribution to the 

distribution coefficient, and this relationship was 

determined according to the Van’t Hoff Equation as 

follows [31].  

ln 𝐾 =  −
∆𝐻𝑜

𝑅𝑇
+

∆𝑆𝑜

𝑅
            (13) 

Where, K is the distribution coefficient, ∆𝐻𝑜  is the 

enthalpy change in the standard condition (kJ/mole), 

∆𝑆𝑜  is the entropy change in the standard condition 

(J/mole/K), and R is the universal gas constant 

(J/mole/K), and the value of ∆𝐻𝑜 and ∆𝑆𝑜  in the 

common extraction process are both positive [31]. 
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A previous study conducted by the authors showed that 

the value of K was influenced by temperature such that 

an increase in the temperature lead to an increase in the 

K values [21]. Meanwhile, the effect of temperature on 

extraction energy requirement in the HCLE process is 

described in Figure 3d which shows that the E value 

slightly increased from 30 to 37C followed by a 

decrease to 42C and a later increase. Moreover, the 

minimum energy requirement was found to be 21.464 

kJ/kg lipid for 1 pass extraction at 30C and this means 

this is the optimum temperature for the process.  

3.2. Lipid Release Mechanism  

Microalgae lipids are entrapped and protected by cell 

walls which need to be disrupted to ensure an efficient 

lipid extraction from the matrix using a solvent. The 

understanding of the mechanism of lipids released from 

microalgae in the HCLE is an important step to making 

the right assumptions in the mass transfer model 

evaluation. The difference between the lipids release 

rate from the disrupted and intact microalgae needs to 

be determined to understand this mechanism. 

Therefore, this study compared the HCLE and 

conventional extraction techniques, and the results 

presented in Figure 2 showed that the yield of the HCLE 

was higher than the conventional process, thereby, 

indicating the lipid release in the HCLE was not only 

from the intact but also from the disrupted microalgae 

[32]. This is possible because the method is assumed to 

involve a simultaneous extraction of lipid from 

disruption and intact microalgae while the conventional 

method is only from the intact microalgae [23].  

 
Figure 4a. Comparison of extraction curve between 

HCLE and conventional extraction 

 
Figure 4b. Fraction of disrupted microalgae as a 

function of time 

 

Figure 4c. Comparison of lipids released from disrupted 

and intact microalgae 

Figure 4a shows that the extraction rate using HCLE 

was higher compared to the conventional technique. It 

was also discovered that the HCLE showed three 

different zones with the extraction curve divided into 

two or three sections [33] while the conventional 

extraction tends to change linearly during the time 

interval. The biggest difference between the two 

processes was observed at the initial process with the 

HCLE rate found to be faster and this indicates the 

extraction at the section was determined by the lipid 

released by disrupting microalgae. In the second section 

which was from the second to the fifth minute, the rate 

decreased but was also higher than the conventional 

technique while after 5 minutes, which is the third 

section, the rate was equal for both processes. This 

simply shows that the lipid mass transfer is determined 

by the intact cell while the transfer in the first section of 

the HCLE was assumed to be only from the disrupted 

microalgae to fluid with the intact microalgae neglected 

because its rate was very small compared to the 

disrupted. Moreover, the lipid concentration in the 

disrupted microalgae after the extraction process was 

equal to the equilibrium value because it was effectively 

washed with methanol and hexane solvent [34].  
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3.3. Evaluation of Microalgae Cell Disruption  

Microalgae cell disruption can be assessed by 

measuring intracellular components such as the 

extracted lipids [34] while the portion of cell disruption 

in the HCLE can be predicted using lipid mass balance. 

This is possible because the total lipids in the solvent 

are released from the disrupted and intact microalgae as 

indicated in Equation (14). 

𝑦 = 𝑟𝑚𝑠(𝑥0 − 𝑥𝑒) + (1 − 𝑟)𝑚𝑠𝑦𝑐          (14) 

Where, 𝑥0  is the initial lipid concentration in the 

microalgae and the value is different for each repetition 

of extraction, 𝑥𝑒 is lipid concentration in the disrupted 

microalgae, and 𝑦𝑐  is lipid concentration extracted 

using the conventional method. The value of 𝑥0 can be 

written as Equation (15). 

𝑥0,𝑖+1 = 𝑥0,𝑖 − 𝑦𝑐,𝑖               (15) 

Where, i is the time dimension or number of repetitions. 

Meanwhile, 𝑦𝑐  can be solved empirically using Ms. 

Excel based on the conventional extraction data in 

Figure 4a as indicated in the following Equation (16). 

𝑦𝑐 =  −0.0031𝑡2 + 0.2154𝑡     (16) 

Where, t is the extraction time. The fraction of disrupted 

microalgae (r) can also be calculated based on y data 

and yc in Figure 3 using Equation (14) by iteration 

methods. The r calculated for each time is presented in 

Figure 4b. 

Figure 4b shows that the cell disruption trend was 

similar to the HCLE lipid yields presented in Figure 4a 

and this means the amount of lipids released from the 

microalgae to the solvent in the HCLE was determined 

by the microalgae cell disruption. Moreover, the 

fraction of cell disrupted was used to determine the 

amount of lipids released from the disrupted and intact 

microalgae as shown in Figure 4c. It was discovered 

that the amount of lipids released from the disrupted 

microalgae is more than for intact microalgae, 

especially at the beginning of the process, while the 

fraction released from the intact microalgae tends to 

increase along the process due to the reduction in the 

degree of disruption. 

 

 

 

3.4. The HLCE Fitting Models 

3.4.1. Total Lipid Mass Transfer Model 

(Model 1)  

The HCLE total lipid mass transfer model (Model 1, 

Equation 4) was numerically solved using the Runge-

Kutta method while the value of the volumetric mass 

transfer coefficient ( 𝑘𝑇𝑎𝑇 ) was evaluated using the 

Golden Section method for one variable minimization 

with the minimum target of the sum of square of errors 

(SSE) which was formulated as shown in Equation (17). 

𝑆𝑆𝐸 =  ∑(𝑦𝑐𝑎𝑙𝑐 − 𝑦𝑑𝑎𝑡𝑎)2             (17) 

Where, 𝑦𝑐𝑎𝑙𝑐 is the value of y calculated from Equation 

(4) and 𝑦𝑑𝑎𝑡𝑎  is the value of y from the experiment. 

There are two estimations in solving this model and the 

first involves using one section of the extraction curve 

to have only one value of 𝑘𝑇𝑎𝑇 for the whole time while 

the second focuses on using three sections of extraction 

curves to have three different values of 𝑘𝑇𝑎𝑇 for each 

section. The results for the model are described in 

Figure 5a.  

 

Figure 5a. Model plotting with an assumption of total 

flux mass 

 

Figure 5b. Model plotting with the assumption from 

disrupted and intact microalgae flux mass. 
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3.4.1.1. Model Solution Using One Section 

Figure 5a shows that the approximation using one 

section or one value of 𝑘𝑇𝑎𝑇 provided an almost linear 

simulation result. The application of the assumptions of 

a single value of 𝑘𝑇𝑎𝑇 was observed to provide a linear 

relationship between yield function and time because 

the amount of lipids released from the disrupted and 

intact microalgae for each step was calculated using the 

lipid concentration in the microalgae as the 

conventional extraction. This led to the lipid 

concentration difference in the microalgae and the solid 

because the lipid mass transfer driving force was not 

significantly different for each step.  

The value of 𝑘𝑇𝑎𝑇  was 0.6087 1/minute while the 

coefficient of determination value was 0.4347 and this 

generally means the approximation was very bad and 

unable to be effectively used to describe the HLCE.  

3.4.1.2. Model Solution Using Three Sections 

The approximation of the extraction curve using three 

sections was conducted by dividing the extraction 

process based on the value of the curve slope [33]. The 

value of 𝑘𝑇𝑎𝑇 in this method is tabulated in Table 1.  

Table 1. Value of Volumetric Mass Transfer of HCLE 

One Section 

Approximation 
Three Sections Approximation 

Ti

me, 

min

utes 

𝑘𝑇𝑎𝑇

, 

1/mi

nute 

R2 Time, 

minutes 

Sec

tion 
𝑘𝑇𝑎𝑇, 

1/minut

e 

R2 

1 

0,60

87 

0.4

347 

1 1 1.7579 

0.9

783 

2 2 

2 0.4652 
3 3 

4 4 

5 5 

6 6 

3 0.1925 

7 7 

8 8 

9 9 

10 10 

Figure 5a shows that the first section, which is the 

beginning of the extraction process from 0 to 1 minute, 

produced the highest extraction rate as indicated by the 

highest curve slope value of 0.04423. The second 

section was the middle extraction rate from 1st to 5th 

minute with a slope value of 0.00745 and the third 

section was at the constant extraction rate from the 6th 

minute to the end of the process with a slope value of 

0.00239. Table 1 shows that the extraction using this 

three-section approximation produced a better result 

than one section with the R2 value of 0.9783 and this 

means it has the ability to describe the HCLE process 

effectively. This indicates the existence of three values 

of 𝑘𝑇𝑎𝑇 differentiated by the 𝑎𝑇 values associated with 

the cell disruption. 

3.4.1.3. Separated Lipid Mass Transfer from 

Disrupted and Intact Microalgae Model 

(Model 2) 

The volumetric mass transfer from the disrupted 

microalgae (𝑘𝑓𝑎𝑜) and intact microalgae (𝑘𝑠𝑎𝑠 ) was 

separately evaluated in this model using two 

approximations of single and three sections. The results 

are presented in Figure 5b.  

3.4.2.1. Model Solution Using One Section  

Figure 5b shows that the approximation using one 

section or one value of 𝑘𝑓𝑎𝑜 and 𝑘𝑠𝑎𝑠 produced a better 

simulation than Model 1 as indicated by 0.5835 and 

0.030 1/minutes respectively with the coefficient of 

determination value recorded to be 0.4415. This 

approximation has a large deviation and this means it 

cannot be used to describe the HLCE process. 

3.4.2.2. Model Solution Using Three Sections 

The extraction curve was divided into three sections 

based on the difference in the value of the slopes. The 

first section, from minute 0 to 1, was the beginning 

extraction process and had the highest extraction rate as 

indicated by the highest curve slope value of 0.04423. 

The second section was the middle extraction rate, from 

minute 1 to 4, with a slope value of 0.00824 and the 

third section, from minute 5 to the end of the process, 

had a constant extraction rate with a slope value of 

0.00318. The values of 𝑘𝑓𝑎𝑜  and 𝑘𝑠𝑎𝑠  using this 

approximation are presented in Table 2. 
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Table 2.Value of  𝑘𝑓𝑎𝑜 and 𝑘𝑠𝑎𝑠 and R2 from Model 2 

1 Section 3 Sections 

Time, 

minute

s 

𝑘𝑓𝑎𝑜 𝑘𝑠𝑎𝑠 R2 

Time, 

minute

s 

𝑘𝑓𝑎𝑜 𝑘𝑠𝑎𝑠 R2 

1 

0.5

83

5 

0.

03

0 

0.4

41

5 

1 
1.7

08 

0.

05

1 

0.9

77

8 

2 2 0.4

36

5 

0.

03

0 

3 3 

4 4 

5 5 

0.1

82

9 

0.

01

1 

6 6 

7 7 

8 8 

9 9 

10 10 

Table 2 shows that the approximation using 3 sections 

of extraction provided the best result for the two models 

with Model 2 observed to be better than Model 1 and 

this means it has the ability to describe the HCLE 

process better. 

3.5. Comparison between Model 1 and Model 2 

The calculation of the disrupted and intact 

microalgae approximation separately showed that 

Model 1 and 2 have equal results with R2 values of 

0.9783 and 0.9778 respectively and this means they can 

both be used to describe the HCLE process because the 

percentage of lipid released from the intact microalgae 

is too small compared to the disrupted. The most 

significant difference was found at the beginning of the 

process such that the percentage of lipid released from 

the intact microalgae at minute-1 (1 pass) extraction 

was 2.95% while the disrupted microalgae had 97.05%. 

These values changed with time as observed with an 

increase in the intact microalgae while disrupted 

microalgae decreased such that the percentage of lipid 

released at the 10th minute (10 passes) was 8.36% and 

91.64% respectively. It is important to note that the 

HCLE process was determined early at the 5th minute 

when 85% of total lipids had been extracted. This means 

a simpler approximation involving total lipid released 

can be used to describe the process considering the fact 

that the intact microalgae only produced a small 

percentage of lipid. 

IV CONCLUSION 

The extraction energy requirement (E) for HCLE 

using a discrete flow system was observed to be 

influenced by the number of repetitions, cavitation 

number, microalgae concentration, and temperature 

process. The value can be adjusted to ensure it is lower 

than the HHV of biodiesel by setting these variables. It 

was also discovered that the lowest E value was 10 kJ/ 

gram lipid and this means the process is promising to be 

developed and scaled up for commercial applications. 

The HCLE was also modeled using different mass 

transfer models including the total mass transfer from 

intact and disrupted microalgae (Model 1) and separated 

mass transfer (Model 2) using both one and three 

sections of the extraction curve. The results showed that 

both models provided the same result due to the very 

small amount of lipid released from the intact 

microalgae compared to the disrupted microalgae. 

Moreover, the volumetric mass transfer coefficient 

value decreased from sections 1 to 3. In the case of 

HCLE with Model 1, the 𝑘𝑇𝑎𝑇 value for sections 1, 2, 

and 3 were 1.7579, 0.4652, and 0.1925 1/min 

respectively with a coefficient of determination (R2) of 

0.9783 while the 𝑘𝑓𝑎𝑜 values for Model 2 were 1.708, 

0.4365, and 0.1829 1/min and 𝑘𝑠𝑎𝑠 were 0.051, 0.030 

and 0.011 1/min respectively with an R2 value of 

0.9778. 
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