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Abstract: Mauritia flexuosa L.f. is a palm from the Amazon, from its fruits, pulp and oil are extracted, 

with a high content of phenolic compounds and unsaturated fatty acids, respectively. In this study, 

two extraction processes, at an extraction volume of 2000 L, were compared: (a) Conventional sol-

vent extraction (CSE) with ethanol 80% for the recovery of phenolic-rich extracts, (b) Supercritical 

fluid extraction (SFE) followed by CSE to obtain oil and phenolic-rich extracts. According to the 

economic evaluation performed using SuperPro Designer 9.0, SFE+CSE was the most economically 

feasible process for obtaining bioactive compounds on an industrial scale from M. flexuosa. 

Keywords: Mauritia flexuosa L.f.; conventional solvent extraction; supercritical fluid extraction; phe-
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1. Introduction 

Mauritia flexuosa L.f. is a palm from the South American Amazon, it is distributed in 

Peru, Bolivia, Brazil, Colombia, Ecuador, Venezuela and Guyana [1]. The fruit of M. flex-

uosa is considered a functional food due to its high content of phenolic compounds, carot-

enoids, essential fatty acids, vitamin E (tocopherols) and dietary fiber [2–4]. From the 

pulp, 20–30% (wt.) of oil can be extracted [5], which contains 89.81% and 10.19% of un-

saturated and saturated fatty acids, respectively; as well as a high content of β-carotene 

(911.4 mg/kg) and tocopherol (800 mg/kg) [6,7]. Oleic acid, a mounsaturated fatty acid, is 

the most abundant (89.81%) of the oil, followed by palmitic acid and linoleic acid [7,8]. 

Conventionally, for the recovery of oil and phenolic-rich extracts from M. flexuosa, 

supercritical adsorption [5] and solid-liquid extraction [2–4] are used, respectively. In 

some of these processes, large volumes of petroleum-derived solvents are required, as 

well as a long extraction time, which could reduce the quality of the bioactive compounds 

obtained [9]. A strategy to reduce costs without affecting the quality of these products is 

the intensification of processes that allow efficient use of energy, capital and improve 

techno-economic parameters [10].  

Using the concept of biorefinery and through the sequential integration of green ex-

traction processes, the yield and recovery of bioactive compounds can be increased on an 

industrial scale, to be used as functional foods, as well as in the food and pharmaceutical 

industry [11]. The aim of this study was to compare the extraction yield and composition 
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of each extract in both processes. Furthermore, an economic evaluation and sensitivity 

study was performed using SuperPro Designer 9.0 software, at an extraction volume of 

2000 L. 

2. Material and Methods 

2.1. Sample Preparation 

Fruits of M. flexuosa of the “Shambo” morphotype acquired in the “Veinte de Enero” 

Community of the Marañon River, Iquitos Region, Peru, were used in this study. The 

fruits were selected from their sanity and ripening stage, and washed in water containing 

25 ppm of sodium hypochlorite. Then, the pulp was obtained, which was lyophilized for 

subsequent assays as previously described [3]. 

2.2. Single-Stage Process and Two-Stage Sequential Process 

A supercritical CO2 extraction equipment (Top Industrie, France) was used to obtain 

oil from M. flexuosa on a laboratory scale. Pressure, temperature and flow were set at 200 

bar, 42 °C and 42 g CO2/min. Phenolic-rich extracts were obtained from SFE defatted pulp 

or lyophilized pulp of M. flexuosa on a laboratory scale, as previously described [3]. During 

this study, a (a) Single-stage process by conventional solvent extraction (CSE) for obtain-

ing phenolic-rich extracts and (b) Two-stage sequential process using supercritical and 

conventional solvent extraction (SFE+CSE) for the recovery of oil and phenolic-rich ex-

tracts, were evaluated. The extraction yields (EY) for both extraction processes were cal-

culated as the ratio between the total mass of extract and the mass of raw material loaded 

in the extractor on a dry weight (dw) basis [12]. 

2.3. Total Phenolic and Flavonoid Content 

The content of total phenolics and total flavonoids were measured using a modified 

Folin-Ciocalteu assay and aluminum chloride colorimetric method, respectively [3]. 

2.4. Process Simulation Model 

SuperPro Designer 9.0 was used to perform the simulations of the CSE and SFE+CSE. 

Direct costs (buildings, yard improvement, electrical facilities, insulation, instrumenta-

tion, installation) and indirect costs (administration rates, engineering, and construction, 

insurance, human resources for administration, cleaning services) are also estimated by 

the simulator, and both are considered in the economic evaluation. In Figure 1, the flow-

sheet of the CSE and SFE+CSE are shown. For the scale-up process, it was assumed that 

the yield and composition obtained at the laboratory scale would be similar to those ob-

tained at the industrial scale under the same processing conditions for each technology 

(pressure, temperature, extraction time, density) [13]. 

2.5. Economic Evaluation 

The cost of the extraction plants for the CSE and SFE+ CSE was calculated using past 

quotes from vendors and previous reports [14]. In some cases, the quotes and detailed 

specifications of the equipment were of different capacities than those required [15]. Equa-

tion 1 was used to obtain the cost of each large-scale equipment based on the quote ob-

tained for small-scale equipment. 

𝐶1 = 𝐶2  (
𝑄1

𝑄2

)
𝑛

 (1) 

where C1 is the cost of the equipment with capacity Q1, C2 is the known base cost for equip-

ment with capacity Q2, and n is a constant depending on the equipment type. The values 

of n were collected from the literature [16,17]. The cost of the supercritical fluid equipment 

was calculated according to [18]. For both extraction processes, the scale-up was carried 

out for a vessel with a volume of 2000 L. 
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Figure 1. Flowsheet of the (a) single-stage process by conventional solvent extraction (CSE) and (b) 

sequential two-stage process using supercritical and conventional solvent extraction (SFE+CSE), de-

signed by the SuperPro Designer 9.0 sotware. 

Experimental data obtained at fixed operating conditions were used as input for the 

model. The manufacturing cost (COM) for the production of phenolic-rich extracts by the 

CSE, as well as the production of oil and phenolic-rich extracts by SFE+CSE, was deter-

mined as the sum of three main components: direct costs, fixed costs, and general ex-

penses. COM was estimated according to the methodology proposed by [17], which the 

three main components are estimated in terms of four major costs: fixed capital investment 

(FCI), cost of raw material (CRM), cost of operational labor (COL), and cost of utilities 

(CUT). The FCI is related to expenses involved in the implementation of the production 

plant. CRM considers the cost of the raw material, including the costs of the extraction 

solvents. COL is related to required operators to perform all stages of extraction. CUT 

considers electricity requirements, steam, and treated water for the process. The cost of 

raw material (M. flexuosa) was quoted as US$ 15.63/kg. The commercialization of phenolic-

rich extracts obtained by the CSE and SFE+CSE was estimated at US$ 100.00/kg and US$ 

180.00/kg, respectively. The commercialization of oil was estimated at US$ 314.47/L. The 

value of COM was simulated in CSE and SFE+CSE, considering six different scenarios: (1) 

Normal o real value of COM, (2) Plant at 50% the cost, (3) M. flexuosa at 50% the cost, (4) 

Ethanol 50% recycled, (5) Extract lyophilized 50% more expensive and (6) Merging sce-

narios 2–5. The gross margin (GM), return over the investment (ROI), payback time (PBT), 
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internal rate of return (IRR), and net present value (NPV) at 7% interest were also simu-

lated considering the above mentioned selling prices of oil and phenolic-rich extracts. 

3. Results and Discussion 

3.1. Experimental Results 

In the CSE, the extraction yield was 13.84 g extract/100 g M. flexuosa pulp (dry basis), 

while in the SFE+CSE, the extraction yield was 44.5 g oil/100 g M. flexuosa pulp (dry basis) 

and 13.84 g extract/100 g M. flexuosa pulp (dry basis). These results are in agreement with 

previous studies showing an extraction yield of 8.04% for phenolic rich-extracts obtained 

from the pulp of M. flexuosa defatted by Sohxlet [19] and an oil extraction yield between 

23.5 to 41.1 g oil/ 100 g M. flexuosa using SFE-CO2 [20]. In the SFE+CSE, the total content 

of polyphenols and flavonoids were 8.4 and 2.4 fold higher, respectively, compared to the 

CSE (p < 0.01). The levels of total polyphenols obtained by the CSE were similar to those 

reported by previous studies in methanol extracts from M. flexuosa pulp [21,22]. However, 

these levels were significantly lower compared to that found from the pulp defatted by 

the SPE+CSE. This last method allows to concentrate the content of phenolic compounds, 

and therefore to increase the activity and the market value of this phenolic-rich extracts 

from M. flexuosa. Regarding the total flavonoid levels, the content obtained by both ex-

traction methods in the present study was lower than that reported by previous studies 

[21,22]. 

3.2. Economic Evaluation of the Extraction Processes 

The total investment for CSE and SFE+CSE was US$28,152,594.00 and 

US$183,712,894.00, respectively. These differences in the cost of the total investment are 

due to the use of a supercritical fluid equipment in the SPE+CSE, which allows obtaining 

two by-products such as oil and rich-phenolic extracts. For the CSE, the productivity was 

731.1 tons extract/year; while for the SFE+CSE, the productivity was 335.9 tons oil/year 

and 405.8 tons extract/year. In the sensitivity study, for both extraction processes, no var-

iation was observed in the productivity of oil and/or phenolic-rich extracts among all the 

evaluated scenarios. The differences on the COM and productivities of the by-products 

obtained by both extraction processes were related to the input data for the simulation, 

extraction yields and total investment cost of each process. The COM was 1.5 higher in 

the SFE+CSE compared to the CSE, however, using the first process, two by-products were 

recovered. 

3.3. Sensitivity Study and Comparison among Extraction Methods 

The simulation was carried out considering an industrial scale at an extraction vol-

ume of 2000 L. In addition to COM, to carry out the sensitivity study, GM, ROI, PBT, IRR 

and NPV were evaluated. As shown in Table 1, considering six different scenarios, the 

COM of one kg of phenolic-rich extracts ranged between US$63.63 and US$126.47, when 

the CSE was used. The main predominant influence on the COM was the CRM, which 

impacts on approximately 80–90%. This occurs because M. flexuosa is a biomass of large 

importance in the Peruvian market, as well as in the South America. When it is possible 

to purchase this raw material by a half cost, the parameters of return indicate a feasibility 

of the process. For example, the GM, ROI and IRR were 26.94%, 33.46% and 42.42%, re-

spectively. The PBT was 2.99 years with an NPV of US$123,274,000.00. The best scenario 

for processing M. flexuosa by the CSE was achieved when merging scenarios 2–5. In the 

same trend, when the SFE+CSE was carried out, two by-products were obtained in each 

batch. COM of one kg of oil + phenolic-rich extracts ranged from US$96.31 to US$193.38. 

Overall, the values of COM are a bit higher in SFE+CSE than CSE because the SFE equip-

ment increased significantly the FCI cost. This itemized cost is contributing to approxi-

mately 50% of the total cost of these by-products. In this process, both CRM and FCI sig-

nificantly impact COM. Despite the values of COM be high, all scenarios for SFE+CSE 
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presented positive return to the initial capital and operational investment. The best sce-

nario to process M. flexuosa by SFE+CSE was achieved by merging scenarios 2–5. In such 

scenario, the GM, ROI and IRR were 73.34%, 92.91% and 152.58%, respectively. The PBT 

was 1.08 years with an NPV of US$1,294,690,000.00 (Table 2). 

Table 1. Project indices of the single-stage process (CSE). 

Scenario Condition 
COM 

(US$/kg) 

GM  

(%) 

ROI  

(%) 
PBT (Year) 

IRR 

(%) 

NPV (US$) (at 7% 

Interest) 

1 Normal 126.47 NA NA NA NA NA 

2 Plant—half cost 120.09 NA NA NA NA NA 

3 M. flexuosa—half cost 73.06 26.94 33.46 2.99 42.42 123,274,000.00 

4 Ethanol—50% recycled 123.44 NA NA NA NA NA 

5 
Lyophilized extract—50% 

more expensive 
126.47 15.68 27.97 3.57 34.30 103,938,000.00 

6 Merging scenarios 2–5 63.63 57.58 161.53 0.62 324.14 417,069,000.00 

NA: Not applicable; COM: Cost of manufacturing; ROI: Return on investment; PBT: Payback time; IRR: Internal rate of 

return after taxes; NPV: Net present value. 

Table 2. Project indices of the sequential two-stage process (SFE+CSE). 

Scenario Condition 
COM 

(US$/kg) 

GM  

(%) 

ROI  

(%) 
PBT (Year) 

IRR 

(%) 

NPV (US$) (at 7% 

Interest) 

1 Normal 193.38 19.73 15.54 6.43 16.48 193,979,000.00 

2 Plant—half cost 152.30 36.78 35.38 2.83 45.55 416,182,000.00 

3 M. flexuosa—half cost 140.75 41.57 24.29 4.12 28.83 457,940,000.00 

4 Ethanol—50% recycled 190.01 21.13 16.10 6.21 17.27 210,877,000.00 

5 
Lyophilized extract—50% 

more expensive 
193.38 46.94 35.13 2.85 45.08 800,105,000.00 

6 Merging scenarios 2–5 96.31 73.34 92.91 1.08 152.58 1,294,690,000.00 

COM: Cost of manufacturing; ROI: Return on investment; PBT: Payback time; IRR: Internal rate of return after taxes; NPV: 

Net present value. 

4. Conclusions 

The scenario that individually impacted the economic parameters the most was the 

reduction in the cost of raw materials by 50%. In this scenario, in the CSE and SFE+CSE, 

the COM decreased 1.7 and 1.4 times, respectively. However, in both extraction processes, 

the COM reached its lowest value when scenarios 2 to 5 were merged, decreasing the 

value of COM approximately 2 times. Comparing both extraction processes, SFE+CSE was 

the most desirable economic process because it allowed obtaining two by-products and 

the highest profit. 
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