
Mechanistic insights into microwave-assisted ethyl acetate extraction of 
natural astaxanthin from Paracoccus sp. for functional products and 
cost estimation

Cassamo U. Mussagy a,* , Angie V. Caicedo-Paz a, Cristobál N. Alvarado-Holtheuer a ,  
M. Shaaban Sadek b, Ahmad Mustafa c, Diakaridia Sangaré d
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A B S T R A C T

This study investigates a microwave-assisted extraction (MAE) process for the recovery of astaxanthin-rich 
extract (ARE) from Paracoccus carotinifaciens using ethyl acetate as a recyclable green solvent, integrating 
mechanistic modeling and techno-economic evaluation. Experimental data combined with computational fluid 
dynamics (CFD) revealed that microwave-induced thermal gradients and diffusion-driven mass transfer govern 
pigment release and recovery. Operating conditions (350–400 W; solid–liquid ratio ~1:30) yielded approxi
mately 40 mg AXT eq./g within 40 min, while preventing thermal degradation. The kinetic model showed strong 
agreement with experimental data (R² = 0.98). The recovered ARE was successfully incorporated into a lip balm 
formulation, exhibiting uniform reddish–orange coloration and good stability. A preliminary techno-economic 
assessment indicated strong economic potential, with a return on investment (ROI) of 168% and a net present 
value (NPV) of $648.8 million, supporting the potential industrial scalability and economic feasibility of the 
proposed process. Overall, this work provides a framework combining process optimization, mechanistic un
derstanding, and application potential for the sustainable recovery of microbial carotenoids.

1. Introduction

The cosmetic industry encompasses a broad spectrum of formula
tions, with the lip care segment, particularly lipsticks and glosses rep
resenting a dynamic area of innovation [1]. Advances in formulation 
science and increasing consumer awareness have prompted a pro
nounced shift toward natural and sustainable products enriched with 
bioactive compounds. This tendency aligns with the global expansion of 
the functional cosmetics market, which is projected to grow from USD 
3.3 billion in 2022 to USD 4.6 billion by 2028, at a compound annual 
growth rate (CAGR) of 5.4% [2]. The increasing demand for multi
functional products that promote skin health, combined with height
ened environmental awareness, continues to drive research and 
development in this sector. Within this context, natural pigments with 
biological activity have gained remarkable attention as multifunctional 

ingredients for next-generation cosmetic formulations. Among these 
bioactive compounds, astaxanthin (AXT) stands out as a potent colorant 
and antioxidant carotenoid with multiple biological properties, such as 
anti-inflammatory, photoprotective, and anti-aging effects [3–5]. Nat
ural AXT, produced mainly by microalgae Haematococcus pluvialis [6–9]
and bacteria Paracoccus carotinifaciens [10–12], has demonstrated su
perior antioxidant capacity and bioavailability compared to its synthetic 
AXT [13], making it particularly attractive for cosmetic applications. 
Besides its biological activity, AXT also provides intense coloration 
ranging from orange to deep red, making it ideal for use as a natural 
pigment in cosmetic formulations [14,15].

However, one of the main challenges in the industrial application of 
natural pigments lies in the cost-effective and sustainable recovery of 
intracellular biomolecules [16]. In many microorganisms, carotenoids 
such as AXT are biosynthesized and accumulated within the cells, which 
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makes their recovery particularly demanding since the cell wall acts as a 
robust physical barrier that limits solvent penetration and pigment 
release [6,9,17,18]. Consequently, efficient extraction technologies 
capable of disrupting the cell wall and releasing the intracellular com
pounds are required, while simultaneously preserving their structural 
integrity and bioactivity. Conventional extraction procedures including 
Soxhlet and maceration often rely on toxic volatile organic compounds 
(VOCs), such as hexane, which pose significant environmental and 
safety concerns [19]. In contrast, green solvents such as ethyl acetate 
(EtOAc), a biodegradable solvent approved by the U.S. Food and Drug 
Administration (FDA) under additive and GRAS regulations (21 CFR 
Parts 170–186), are widely used in cosmetic formulations and have 
emerged as promising alternatives owing to their strong solvation ca
pacity and high recyclability [20].

To further enhance extraction performance, various process inten
sification techniques to recovery AXT, including supercritical fluid 
extraction (SFE) [21–23], ultrasound-assisted extraction (UAE) [24–26], 
and microwave-assisted extraction (MAE) [27,28], have been explored. 
Among them, MAE has gained increasing attention due to its high 
extraction efficiency, shorter processing time, and reduced solvent 
consumption. Despite these advantages, the mechanistic understanding 
of MAE remains limited, as extraction performance is strongly influ
enced by several factors, including the type of biomolecule, solvent 
polarity, microwave power, and biomass characteristics [29,30]. 
Computational Fluid Dynamics (CFD) emerges as a powerful numerical 
tool to elucidate the coupled physical and chemical phenomena that 
govern MAE [27,31]. CFD allows prediction of the spatial distribution of 
the electromagnetic field and power absorption within the reactor, 
identifying potential “hot spots” and thermal gradients generated during 
microwave heating. When integrated with mass and energy transport 
models, CFD enables quantitative assessment of solvent dynamics, 
temperature evolution, and diffusion-driven AXT release [27]. In our 
previous work [27], CFD modeling was employed to simulate the elec
tromagnetic field, heat transfer, and mass transport phenomena within a 
modified microwave reactor for the recovery of astaxanthin-rich ex
tracts (ARE) from Paracoccus carotinifaciens using deep eutectic solvents 
(DES). That study revealed a detailed mechanistic understanding of how 
microwave irradiation interacts with solvent–bacterial biomass systems, 
elucidating the influence of dielectric properties, cavity geometry, and 
stirring conditions on energy absorption and solute diffusion. These 
insights laid the groundwork for the present investigation, which ex
tends the application of MW-assisted extraction beyond recovery effi
ciency by employing green and recyclable solvents, while also exploring 
its potential integration into cosmetic formulations and 
techno-economic sustainability assessment.

Accordingly, this work aims to design, model, and evaluate a sus
tainable process for the recovery and application of Paracoccus car
otinifaciens-derived ARE. This study goes beyond conventional 
extraction optimization by integrating mechanistic modeling (kinetics +
CFD), green solvent-based MAE, functional product formulation, and 
techno-economic evaluation into a unified framework, providing new 
insights into microwave-driven extraction phenomena and bridging the 
gap between laboratory-scale recovery and industrial application. The 
study is structured into three main stages: (i) extraction and mechanistic 
modeling of the MAE bioprocess, combining kinetic parameter estima
tion and CFD simulations to elucidate the heat and mass transfer phe
nomena governing ARE release; (ii) formulation and characterization of 
a natural lip balm prototype incorporating the recovered MAE-ARE, 
with a focus on color uniformity, chromatic properties, and formula
tion stability; and (iii) TEA of the integrated process to assess its eco
nomic feasibility, identify key cost drivers, and establish sustainability 
indicators for potential industrial implementation.

2. Materials and methods

2.1. Raw material and chemicals

Lyophilized cells of the gram-negative marine bacterium Paracoccus 
carotinifaciens were kindly provided by the ENEOS Group (Tokyo, 
Japan). The all-E-astaxanthin standard was obtained from Sigma- 
Aldrich (St. Louis, MO, USA). Ethyl acetate (EtOAc, ≥99.5%) was used 
as a green biosolvent for the extraction of ARE. Natural beeswax 
(Materias Primas MMPP, Valparaíso, Chile), virgin coconut oil (B. Or
ganics, Santiago, Chile), cocoa butter (Nativo Natural, Santiago, Chile), 
and vitamin E (Milagro del Bosque, Santiago, Chile) were purchased 
from certified cosmetic-grade suppliers. All reagents were of analytical 
or cosmetic grade and were used without further purification.

2.2. Extraction procedure

The solid–liquid extraction (SLE) of the ARE was conducted in a 
250 mL spherical glass reactor containing 1 g of P. carotinifaciens 
biomass and 20, 30, or 40 mL of ethyl acetate (EtOAc). The extraction 
was performed using a commercial microwave (MW) system (Midea 
model MMP, Santiago de Chile, Chile) equipped with an external ther
mocouple and a magnetic stirrer to ensure homogeneous temperature 
distribution and prevent local overheating. The MW setup was previ
ously calibrated and operated under the same configuration and pa
rameters described in 2.3 (Numerical modeling approach). After 
extraction, the mixtures were centrifuged using an Orto Alresa Minicen 
centrifuge (Madrid, Spain) at 2500 ×g and 25 ◦C for 6 min. The resulting 
ARE-rich supernatants were carefully collected under minimal light 
exposure to prevent photooxidative degradation and stored in amber 
vials at 4 ◦C until further analysis. The astaxanthin content in the ex
tracts was determined by UV–Vis spectrophotometry and expressed as 
astaxanthin equivalents [32]. Absorbance was measured at 474 nm 
using ethyl acetate as blank. A calibration curve was constructed using 
pure AXT standard, and the results were expressed as mg of AXT per liter 
(mg AXT/L). Considering that P. carotinifaciens biomass contains 
approximately 90% AXT and 10% other carotenoids, the measured 
values represent total carotenoids in the form of an astaxanthin-rich 
extract (ARE). The extraction yield was calculated and expressed as 
mg of ARE equivalents per g of dry biomass (mg ARE eq./g).

2.3. Numerical modeling approach

All experimental and simulation procedures were conducted 
following the same methodology described in our previous publication 
[27]. Briefly, the microwave configuration, operating at a fixed fre
quency of 2.45 GHz and an applied power of 400 W, as well as the 
geometric setup, material properties, and boundary conditions of the 
CFD model, were identical to those previously validated. The electro
magnetic field, heat transfer, and mass transport were solved in COM
SOL Multiphysics using Maxwell’s equations, the energy balance for 
porous media, and Fick’s second law for diffusive transport. Microwave 
energy absorption was introduced as a volumetric heat source derived 
from electromagnetic power dissipation, allowing direct coupling be
tween the electromagnetic field and the thermal response of the system. 
The resulting temperature gradients influence solvent properties and 
enhance mass transfer, which is represented through the coupled 
diffusion process in the liquid phase. The only modification introduced 
concerns the biomass-to-solvent ratio, which was systematically varied 
to investigate its influence on the extraction kinetics of ARE. The kinetic 
determination was conducted following the same procedure previously 
described in our recent publications [27], with a specific modification 
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introduced in the kinetic section to ensure consistency across extraction 
systems with different solvent volumes. The methodology is based on 
the pseudo-second-order (PSO) kinetic model, which has been exten
sively applied for SLE and sorption phenomena [33,34]. The PSO model 
was selected due to its suitability for describing solid–liquid extraction 
systems in which both diffusion and interfacial phenomena contribute to 
the overall mass transfer process, providing a consistent representation 
of the extraction kinetics under the present conditions. In the present 
work, the PSO formulation was expressed as: 

dY
dt

= ki⋅(Yeq,i − Y)2 (1) 

Where Y is the ARE yields in the liquid phase (mg extract per g of 
biomass), Yeq,i (mg/g) is the equilibrium yield for system i, calculated 
from the total extractable mass, and ki (g/s⋅mg) is the apparent kinetic 
constant. The analytical integration of Equation ( 1) is given by the 
following expression: 

1
(Yeq − Y)

=
1

Yeq − Y0
+ kit (2) 

where Y0 is the initial yield (t = 0) in the liquid phase. Equation ( 1) was 
used to determine the kinetic parameters by linear regression of 1/(Yeq, 

i− Y) versus time, with the intercept fixed at 1/(Yeq,i− Y0).
For each extraction system (1 g of biomass in 20, 30, and 40 mL of 

solvent), the equilibrium concentrations Yeq,i were computed from the 
total recovery of ARE (52.47 mg/g) and the molecular weight of AXT 
(596.84 g/ mol), yielding fixed values derived by mass balance. The 
experimental yields–time data were then linearly regressed according to 
Equation ( 2) to determine the apparent constants ki, and to assess the fit 
quality through the coefficient of determination (R²). Since the reaction 
involves the same solute (AXT) under identical thermal and mechanical 
conditions, a unified intrinsic kinetic constant (k) common to all systems 
was assumed, while hydrodynamic and mass transfer effects were 
grouped into dimensionless diffusion efficiency factors. The relationship 
between apparent and intrinsic parameters is written in the Equation ( 
3): 

ki = k • ϕi (3) 

Each factor ϕi thus represents the combined influence of external 
film resistance and effective interfacial area per unit suspension volume. 
Substituting Equation ( 3) into Equation ( 2) yields the general model 
used for simulation and validation: 

Y(t) = Yeq,i −
1

k • ϕi • t + 1
Yeq,i − Y0

(4) 

This adaptation enables the evaluation of the kinetic response as a 
function of solvent volume, keeping the intrinsic reaction constant un
changed. The approach maintains full comparability with the previously 
validated CFD–kinetic framework and ensures that observed variations 
in extraction rate can be attributed solely to changes in the hydrody
namic and diffusive regimes imposed by the different biomass-to-solvent 
ratios. Note that, the concentration fields obtained from the CFD simu
lations represent numerical variables used to describe the transport and 
distribution of the target compound within the extraction domain. These 
simulated concentrations are intended to analyze mass-transfer 
behavior and extraction dynamics.

2.4. Lip balm formulation and chromatic analysis

The lip balm formulation was designed to evaluate the applicability 
of P. carotinifaciens-derived ARE as a natural pigment and antioxidant. 
The formulation was prepared at two scales: a laboratory batch (100 g) 
and a pilot market simulation unit (5 g). The base matrix consisted of 
natural beeswax (25%), virgin coconut oil (25%), cocoa butter (48.5%), 
and vitamin E (1.43%). The bacterial ARE was incorporated at 0.0035 g 

per 100 g of product (0.0035% w/w). The ARE was obtained through 
MAE using EtOAc following the procedure previous described. For each 
100 g of lip balm, 1 g of Paracoccus biomass and 40 mL of EtOAc were 
used, followed by 80% solvent recovery after extraction. All components 
were melted in a thermostatic bath at 70 ± 2 ◦C under gentle stirring 
until complete homogenization. The ARE and vitamin E were added 
during cooling (below 45 ◦C) to prevent pigment degradation. The 
mixture was poured into 5 g lip balm containers and stored at 25 ◦C until 
further characterization. Color measurements were performed using a 
LS173 colorimeter (Shenzhen, China) operating under standard condi
tions with D65 illumination and a 10◦ standard observer according to 
the CIE 2015 10◦. Chromatic coordinates (xn, yn) were determined, and 
visual appearance and pigment dispersion were also evaluated by visual 
inspection after four weeks of storage.

2.5. Techno-economic analysis framework

To model the production process of the lip balm formulated with 
Paracoccus carotinifaciens ARE, a process simulation was developed 
using Aspen Plus (AspenTech, USA). The objective of this simulation was 
to perform comprehensive material and energy balance analyses to 
evaluate process performance and understand the overall mass and en
ergy flows throughout the system [35].

2.5.1. Economic assessment
The economic assessment of a process is as essential as its techno

logical design when planning industrial-scale production. Techno- 
economic analysis (TEA) provides a structured framework to evaluate 
whether a process is economically viable. In this study, the TEA 
considered three key components: (i) potential revenues, (ii) capital and 
operational costs associated with process implementation and handling, 
and (iii) overall profitability indicators [36–38]. The objective of this 
comparison was to generate actionable insights to support stakeholders 
in evaluating the investment attractiveness of lip balm production based 
on Paracoccus carotinifaciens ARE.

2.5.2. Total capital investment
The fixed capital cost (FCC) encompasses expenditures associated 

with establishing the physical infrastructure of the process, including 
facility construction, equipment purchases and installation, and overall 
system design. Accounting for these costs at early project stages is crit
ical to prevent delays and ensure realistic investment planning. FCC 
typically includes Inside Battery Limits (ISBL) and Outside Battery 
Limits (OSBL) costs, as well as engineering, procurement, construction 
(EPC) services and contingency allowances [36]. Estimating ISBL ex
penses is a key part of determining whether a project makes financial 
sense. One common approach is the Bridgewater method [39], which is 
especially helpful when detailed design data is limited, something often 
true in early-stage process development. The estimation method is based 
on three primary design inputs: the plant capacity (expressed as annual 
production in metric tons), the fractional process conversion, and the 
number of major processing stages. The latter includes core operational 
units (e.g., reactors and separators) but excludes auxiliary equipment 
such as pumps and heat exchangers. In the present study, the plant ca
pacity was defined as 396 t year-¹ , with an overall conversion efficiency 
of 7%, and a total of seven main functional units. Since the production 
scale is below 60,000 t year-¹ , the fixed capital cost was calculated using 
the Bridgewater equation, which is appropriate for small- to 
medium-scale industrial facilities: 

C = 380,000 N
(

Q
S

)0.3

(5) 

Where C is the inside battery limit costs (US $), N denotes number of 
functional units, Q refers to plant capacity (tons per year), and S is 
fractional conversion.
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Outside battery limit (OSBL) costs include all infrastructure and 
services located outside the core processing units but necessary for plant 
operation. These components typically cover storage facilities for raw 
materials and final products, utility supply systems (e.g., water, elec
tricity, steam), and waste treatment installations, as well as any required 
off-site infrastructure upgrades. In industrial practice, when detailed 
site-specific data are unavailable, OSBL costs are commonly estimated as 
a percentage of the inside battery limit (ISBL) cost. Reported values 
range from 10% to 100% of ISBL, depending on project scale and site 
complexity [36]. In this study, OSBL costs were assumed to be 30% of 
the ISBL cost, with the understanding that this estimate may be refined 
as more detailed site information becomes available in future project 
stages. Engineering costs (EC) refer to the design and construction ac
tivities associated with the technological aspects of the facility. These 
include the work of chemical, mechanical, and process engineers 
responsible for equipment selection, plant layout, and control system 
design. At the preliminary stage, these costs cannot be determined 
precisely, as they largely depend on the scope of the project and pre
vailing economic conditions. In large-scale industrial projects, EC is 
typically estimated as a percentage of the total direct capital cost (i.e., 
ISBL + OSBL). For this preliminary assessment, an average value of 15% 
was adopted to establish a reasonable baseline. This assumption can be 
refined in subsequent design stages as more detailed engineering re
quirements become available.

Contingency costs are included in the project budget to account for 
unforeseen events that may affect the overall expenditure. These con
tingencies may arise from fluctuations in material prices, delays in 
equipment delivery, or engineering-related construction issues. Typi
cally, contingency is estimated at around 10% of the direct capital cost 
(ISBL + OSBL), depending on the level of process or technological un
certainty. In the present study, a value of 15% was adopted to provide a 
conservative safety margin, reflecting the use of well-established and 
low-risk technologies while maintaining realistic cost projections. For 
the present analysis, the working capital was assumed to be 15% of the 
total direct capital cost (ISBL + OSBL), which represents an industry- 
standard benchmark. This percentage provides a reasonable initial es
timate for evaluating day-to-day operational expenses during plant 
operation. As more detailed design and cost data become available, this 
assumption can be refined to improve the accuracy of the financial 
projections.

Start-up cost includes the one-time initial amount needed for the 
start-up for the initiation of the commencement of the plant, the staff 
trainings for the safety features and the handling, the first checking for 
the quality of the product, and the regulatory license such as the envi
ronmental authorization and waste discharge authorization. Addition
ally, consumables (e.g., catalysts and solvents) and utilities (e.g., 
electricity and water) for the commissioning also form the part of the 
initial amount. In this initial step, we presumed the 15% conservative 
rate for the start-up cost for the entire direct capital cost (ISBL + OSBL), 
an industry average facility size match. During the life of the project, it 
shall be more precisely matched based on the detailed commissioning 
schedule, the requirements for the vendors, and the ramp-up plan for the 
operable accuracy for budgeting [40].

2.5.3. Operating expenditure (OPEX)
Operating costs refer to the recurring expenses required to maintain 

the continuous operation of the production facility. These costs directly 
influence the day-to-day functioning of the plant and have an immediate 
impact on the profitability of the project. The fixed cost of production 
(FCOP) represents the portion of operating costs that remains constant 
within the plant’s designed production capacity. Because these expenses 
do not vary with throughput, they are critical in assessing the economic 
feasibility of the process, and their reduction is generally difficult once 
the facility is operational. Labor costs constitute a major component of 
the FCOP and include wages and salaries for trained personnel, such as 
operators and supervisors required for routine operations. The number 

of staff required per shift strongly affects the total labor expenditure. 
Table S1 from ESI summarizes the variables considered in calculating 
the FCOP, along with the corresponding assumptions applied in the 
computational procedure. A clear understanding of the FCOP is there
fore essential when evaluating project feasibility and developing stra
tegies for managing recurring operational expenses [36,41].

Variable Cost of Production (VCOP) is associated with the production 
volume of the plant and involves the cost for utilities, raw materials, 
consumables, product packaging and movement, and waste removal. 
With more design and operating detail, the accuracy in the estimate for 
VCOP becomes more precise. Whereas with FCOP no scope exists for any 
cost optimization with design or operating improvement, VCOP offers 
scope for cost optimization with design or operating improvement, for 
which an ongoing effort for any cost reduction is inevitable. The prin
cipal revenue source for the project arises from the sale of the lip balms 
produced, representing the final commercial product of the process and 
the basis for evaluating economic return. One of the most important 
comparison measures is the gross margin, and this is the realized reve
nue for the entire project minus the cost for the raw materials. This is 
computed using the following equation: 

Gross Margin = Revenues − Raw Material Cost (6) 

This is the amount that is left with sales revenue when the direct cost 
for raw materials is deducted. The larger the gross margin is, the more 
the project is profitable since the more amount is left for other operating 
costs for becoming profitable.

2.5.4. Profitability analysis
Profit analysis is a key component of project evaluation, as it reflects 

the capacity of the process to generate financial returns. Net profit is 
particularly relevant, as it represents the remaining earnings after all 
operating expenses, depreciation, and other costs have been deducted. 
The Cash Cost of Production (CCOP) is also a critical indicator of process 
feasibility, as it quantifies the actual cash expenditure required to pro
duce the lip balm, excluding the cost of invested equity capital. The 
CCOP was calculated using the following expression: 

CCOP = VCOP + FCOP − ByProduct Revenue (7) 

The project's gross profit is obtained by deducting the CCOP from the 
income earned from the sale of lip balms. This is the profit before taxes 
are considered. The net profit, the last measure of profitability, which 
considers all the costs, including taxes. The net profit can be expressed 
as: 

Net Profit = Gross Profit − Tax Expense (8) 

Where the tax expense is calculated as: 

TaxExpense = TaxableIncome (GrossProfit − Depreciation) xTaxRate
(9) 

The applicable tax rate must be determined in accordance with rele
vant tax legislation and accounting standards. Depreciation is a 
commonly applied tax deduction and is subtracted from gross profit to 
obtain taxable income. Corporate income tax is levied on net earnings, 
and the specific rate depends on jurisdiction, industrial sector, and cur
rent regulatory frameworks. For reference, the federal corporate tax rate 
in the United States was 21% in 2018 [42]. Depreciation represents the 
systematic allocation of an asset’s cost over its useful life. It reduces the 
book value of capital assets and provides a tax benefit by lowering taxable 
income. For the purpose of this cost estimation, a 5-year recovery period 
was assumed, with depreciation charges incorporated into the project 
cash flow. The choice of depreciation method and asset life may vary 
depending on local accounting practices and tax regulations. For financial 
appraisal, a discount rate of 11% was applied to account for the time 
value of money. This value reflects the minimum acceptable rate of return 
required for the project to be considered economically viable.
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2.5.5. Financial performance indicators
This section outlines the key financial indicators used to evaluate the 

economic feasibility of the project. These indicators incorporate the time 
value of money, acknowledging that a dollar received today has greater 
value than a dollar received in the future. The net present value (NPV) 
represents the difference between the present values of project cash 
inflows and outflows. It is calculated as: 

NPV =
∑n=t

n=1

CFn

(1 + i)n (10) 

Where CFn is cash flow in each particular year, where t is the project life 
in years, and i denotes the discount rate. A positive NPV indicates that 
the project is expected to generate value in excess of its cost.

Return on investment (ROI) measures the profitability of the project 
relative to the initial capital expenditure (a higher ROI indicates a more 
favorable investment) and is calculated as: 

ROI =
Average Annual Profit

Initial investment
× 100 (11) 

The internal rate of return (IRR) is the discount rate that results in an 
NPV of zero. It represents the minimum acceptable rate of return for the 
project, accounting for the time value of money [36]. The IRR is 
determined by solving: 

IRR =
∑n=t

n=1

CFn

(1 + í )n = 0 (12) 

The payback period is the time required to recover the initial in
vestment. It provides a simple measure of project liquidity and invest
ment risk [36]. It is calculated as: 

Payback Period =
Total Investment

Average Annual Cash Flow
(13) 

Note that, a shorter payback period indicates lower financial risk, as 
the initial investment is recovered sooner.

2.6. Statistical analysis

All extraction experiments were performed in triplicate, and the re
sults are presented as mean ± standard deviation. Note that, statistical 
analyses were performed using GraphPad Prism 9. Differences between 
experimental conditions were evaluated by one-way analysis of variance 
(ANOVA), followed by Tukey’s post hoc test for multiple comparisons. A 
significance level of p < 0.05 was considered statistically significant. 
Kinetic parameters were determined by linear regression using the 
pseudo-second-order model. The goodness of fit was assessed by the 
coefficient of determination (R²) and root mean square error (RMSE), 
providing a quantitative evaluation of model accuracy.

3. Results and discussion

3.1. Mechanistic understanding of extraction through kinetic modeling 
and CFD

To gain a mechanistic understanding of the factors governing ARE 
release from the biomass matrix, the extraction performance was 
quantified experimentally and interpreted through a kinetic modeling 
framework, whereas CFD simulations were employed to resolve the local 
heat and mass transfer phenomena occurring during MAE. In this 
context, the integration of kinetic parameter estimation with CFD en
ables a direct analysis of how microwave energy deposition affects 
temperature distribution and mass transfer within the reactor. The 
combined experimental and numerical approach therefore provides a 
mechanistic interpretation of the extraction process under the studied 
operating conditions.

3.1.1. Estimation of pseudo-second-order kinetic parameters
The kinetic constant k was individually determined for each 

extraction system (1 g / 20, 30, and 40 mL) by fitting the pseudo-second- 
order model to the experimental yield data according to Equation ( 3). 
The corresponding coefficients of determination were R² = 0.987, 
0.979, and 0.954, respectively, confirming the suitability of the pseudo- 
second-order kinetics to represent the extraction process, particularly 
under microwave-assisted conditions where both diffusion and external 
film transfer contribute to the overall rate [43]. The high linearity 
observed in Fig. 1 indicates that the pseudo-second-order formulation 
provides a good description of the experimental data throughout the 
extraction period. The initial yield (Y0 = 7.55 ± 1.02 mg/g) was 
considered constant for all experiments, corresponding to the mean of 
the initial experimental points. The kinetic constants obtained 
—k20= 5.98 × 10− 3, k30= 5.67 × 10− 3, and k40= 7.47 × 10− 4 

[g/mg⋅min]—show a marked dependence on the solvent volume. This 
trend reveals that increasing solvent volume reduces the external 
mass-transfer resistance and enhances solute diffusion toward the bulk 
phase, consistent with observations reported for other solid-liquid and 
plant-based extraction systems [44,45].

Similarly, the equilibrium yields estimated by the model 
(Yeq,20=41.2, Yeq,30=100.1 and Yeq,40=109.0 mg/g of biomass) increase 
proportionally with the solvent volume, as expected from the higher 
solubility and reduced saturation effects at lower biomass-to-solvent 
ratios [44–46]. Consistently, within the studied range, the volume 
(V)–equilibrium relationship can be expressed as: Yeq=3.39V− 18.27 
(mg/g). Fig. 1 shows that the slopes of the linearized relationships 
(corresponding to Ki) vary significantly with the extraction 
biomass-to-solvent ratio, emphasizing the dominant role of hydrody
namic conditions in determining the apparent rate constants. The 
pseudo-second-order model thus effectively captures both the kinetic 
and diffusive aspects of the SLE process, offering a physically consistent 
representation of the system behavior under varying solvent volumes. 
Furthermore, to preserve a single intrinsic constant across systems, the 
apparent rate constants were recast in Equation ( 3), where 
k = 1.36 × 10-³ g/ mg.min is the unified intrinsic kinetic constant, and 
ϕi is a dimensionless efficiency factor representing hydrodynamic and 
diffusive effects. The diffusive–hydrodynamic factor showed a linear 
dependence on the biomass-to-solvent ratio, expressed as ϕi = 165.66 
(B/S) – 4.20 (with R²=0.87), confirming that the overall mass-transfer 
efficiency decreases with increasing solid loading. All determined 
parameters—including Y0, Yeq, ki, ϕi and R² are summarized in Table 1.

Recent studies on ARE recovery from P. carotinifaciens have explored 
alternative intensification strategies. For instance, ultrasound-assisted 
extraction using deep eutectic solvents (DES) has been reported to 
achieve high recovery efficiencies within short processing times 
(~8 min), mainly attributed to cavitation-enhanced mass transfer. 
Similarly, bio-based solvent systems, such as ethyl acetate–acetic acid 
mixtures, have demonstrated extraction capacities of up to 3.28 mg/mL 
under optimized conditions (78 ◦C, 10 min), with further improvements 
achieved through ultrasound assistance [32,47]. Although direct com
parison is limited due to differences in reported units, extraction sys
tems, and operating conditions, as well as variability in carotenoid 
content across P. carotinifaciens production batches, the present 
MAE-based approach achieved a maximum yield of approximately 
40 mg AXT eq./g within 40 min under controlled conditions.

3.1.2. Validation of model with CFD simulation

3.1.2.1. CFD simulation of microwave-assisted extraction. The CFD 
simulation was employed to capture the spatio-temporal evolution of 
temperature and concentration gradients inside the extraction reactor 
during the microwave heating. The kinetic parameters determined 
experimentally (Table 1) were integrated into a coupled 
electromagnetic–thermal–mass-transfer model of the stirred reactor to 
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resolve the dynamic extraction of astaxanthin-rich compounds under 
realistic operating conditions. The simulation was performed by 
coupling frequency-domain Maxwell’s equations for the electromag
netic field with the transient energy balance in the liquid phase and 
convection–diffusion transport for the solute. Microwave absorption 
was represented by heat source of 400 W within 10 min of irradiation, 

while mixing at 300 rpm was imposed to emulate the stirred-reactor 
hydrodynamics and promote near-uniform bulk convection.

Fig. 2 shows the simulated temperature and ARE yield fields inside 
the microwave-assisted stirred reactor at 0, 2, 5, and 10 min, for a 
biomass-to-solvent ratio of 1 g per 30 mL. Fig. 2 (a–d) shows the tem
perature evolution inside the reactor. Due to continuous stirring 
(300 rpm), convective mixing promotes rapid homogenization of the 
liquid phase, resulting in nearly uniform temperature profiles during 
heating. No macroscopic “hot spots” are observed within the bulk 
domain, although slightly lower temperatures are detected near the 
reactor wall due to boundary heat losses. Fig. 2 (e–h) presents the 
simulated solute yield distribution. Similar to the temperature field, 
stirring induces rapid spatial homogenization of the extracted astax
anthin within the liquid phase. While the earliest simulation time re
flects the onset of solute release at the biomass–solvent interface, 

Fig. 1. Linearization of the pseudo-second-order kinetic model for different biomass-to-solvent ratios.

Table 1 
Kinetics parameters obtained from the pseudo-second-order model.

Mixture Yeq,i (mg/g) ki (g/mg.min) ϕi (–) R²

1:20 41.2 5.98 × 10-³ 4.387 0.987
1:30 100.1 5.67 × 10-³ 0.416 0.979
1:40 109.0 0.747 × 10-³ 0.548 0.954

Fig. 2. Simulated temperature (a–d) and ARE yield (e–h) distributions inside the microwave-assisted stirred reactor at different heating times (0, 2, 5, and 10 min).
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convective transport quickly equalizes concentration gradients across 
the reactor volume. At the start, the ARE yield is low (≈7.03 mg/g) and 
concentrated near the biomass–solvent interface. As heating progresses, 
increased molecular diffusion and reduced solvent viscosity accelerate 
solute dispersion, producing progressively more homogeneous yield 
fields throughout the reactor. Between 5 and 10 min, no substantial 
changes in ARE recovery are observed, indicating that the system is 
approaching extraction equilibrium. These numerical results corrobo
rate the physical consistency of the coupled electromagnetic– 
thermal–mass-transfer model and support the experimentally deter
mined kinetic parameters. Note that, the initial yield (Y0) value reflects 
the presence of a readily extractable astaxanthin fraction originating 
from partially disrupted cells during upstream biomass processing 
(harvesting, lyophilization, and handling), which becomes immediately 
solubilized upon solvent contact.

Although the CFD model successfully reproduced the experimental 
extraction trends and predicted relatively uniform temperature fields 
under stirred conditions, several simplifying assumptions should be 
acknowledged. The simulations assume effective bulk homogenization 
promoted by continuous stirring and therefore primarily describe 
reactor-scale behavior. Consequently, potential microscale temperature 
heterogeneities and localized microwave-induced heating near biomass 
particles are not explicitly resolved. Furthermore, mass transfer was 
represented through coupled convection–diffusion transport and 
experimentally derived kinetic parameters, whereas complex intra
particle diffusion phenomena and local structural variations within the 
biomass were not modeled separately. Therefore, the present framework 
should be interpreted as a mechanistic approximation of the dominant 
electromagnetic, thermal, and mass-transfer processes rather than a 
complete description of all microscopic transport phenomena occurring 
during microwave-assisted extraction.

3.1.2.2. CFD validation of the kinetic model. Fig. 3 compares the 
experimental data with the numerical predictions expressed as extrac
tion yields (mg extract per g biomass). The model accurately reproduces 
the overall extraction profiles for all biomass-to-solvent ratios, showing 
an excellent quantitative agreement in the 1 g / 20 mL and 1 g / 30 mL 
systems, and a satisfactory representation for the 1 g / 40 mL case. The 
extraction behavior was analyzed using the pseudo-second-order kinetic 
model. The RMSE values (0.94, 1.57, and 3.24 mg/g) and determination 
coefficients (R² = 0.987, 0.979, and 0.954, respectively) confirm the 

robustness of the pseudo-second-order model to describe the dynamic 
extraction behavior under microwave-assisted conditions.

The shape of the simulated curves closely follows the experimental 
trends, indicating that the kinetic constants and equilibrium yields 
estimated through the nonlinear regression effectively capture the 
dominant mass-transfer phenomena. For the higher solvent volume (1 g 
/ 40 mL), a slight deviation appears at longer extraction times, where 
the model slightly overpredicts the extraction rate.

This deviation likely originates from the prolonged persistence of the 
driving concentration difference ((Yeq− Yf) and the resulting transition 
from film-controlled to mixed external–internal diffusion regimes. This 
behavior contributes to the nonlinear shape of the extraction curves, as 
the progressive decrease in the driving force (Yeq − Y) and the transition 
from external mass transfer to intraparticle diffusion modify the 
extraction rate over time. The observed trend is consistent with a regime 
transition: while the pseudo-second-order model captures the overall 
kinetics of ARE extraction, the systematic underprediction at large sol
vent volumes can be rationalized by an enhanced intraparticle-diffusion 
contribution. This implies a progressive shift from film-boundary control 
to intraparticle-diffusion control, a regime that is only partially repre
sented by the current single-step model framework [48,49]. For 
extended extraction time or increased solvent, an expanded model 
incorporating an effective diffusion term could further refine the 
description of internal transport resistance. Although there are slight 
deviations from the 1/40 biomass-solvent ratio, the model captures the 
overall behavior of the process and provides a physically consistent basis 
for further computational exploration. In particular, the validated 
framework can now be used to perform a sensitivity analysis aimed at 
identifying the effects of operational variables, such as microwave 
power, solvent volume, and stirring speed, on the coupled electromag
netic, thermal, and mass transfer phenomena.

3.1.3. Sensitivity analysis
Fig. 4 shows a surface describing the expected extraction yield of 

ARE as a function of microwave power (200–600 W) and the biomass-to- 
solvent ratio (1:50–1:10). The contour map reveals a nonlinear coupling 
between the two variables, reflecting the opposing effects of the elec
tromagnetic energy input and solvent-mediated diffusion on the overall 
extraction yield. The white markers represent the experimental data 
points overlaid on the simulated surface to show the agreement between 
numerical predictions and experimental results.

Fig. 3. Evolution of experimental data and model simulated results ARE rich extract recovery.
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At low biomass-to-solvent ratios (1:50–1:30), which correspond to 
greater solvent availability, extraction yields remain high across a wide 
range of microwave powers. This region (lower left of the map) repre
sents a regime dominated by mass transfer, in which the external 
resistance of the film is minimal. The system shows yields close to 
saturation even at moderate power levels (250–350 W), indicating that 
diffusion and solubilization are not limited by thermal gradients under 
these conditions. Similar behaviors have been described in MAE of ca
rotenoids and polyphenols, where a lower biomass-solvent ratio in
creases the effective interfacial area and reduces diffusion limitations 
due to viscosity [50]. In contrast, as the biomass fraction increases 
(ratios approaching 1:10), the extraction yield decreases markedly even 
at elevated microwave powers. This shift indicates a transition toward a 
solid-loading-controlled regime, dominated by intraparticle diffusion 
and local heating heterogeneities. The reduction of solvent volume 
limits molecular mobility and increases the effective viscosity, dimin
ishing both convective turnover and solute solubility. The contour lines 
in the upper-right region of the figure become densely packed, illus
trating a diminishing sensitivity to further power increments beyond 
450 W. This plateau reflects the onset of thermal saturation, where 
additional power no longer translates into higher extraction efficiency 
due to constrained mass transport within the particle matrix. Between 
these extremes, a better operating range is observed around 350–400 W 
and B/S ≈ 1:30, where electromagnetic heating, diffusion, and hydro
dynamic mixing are balanced. These conditions favor greater ARE re
covery. From a process standpoint, moderate microwave power and a 
relatively low biomass load provide the best balance between energy 
consumption, extraction time, and thermal uniformity. However, these 
conditions require larger volumes of solvent, which increases heating 
time and solvent recovery costs.

3.2. Lip balm formulation and chromatic characterization

Most studies on microbial carotenoids focus primarily on optimizing 
extraction yield and pigment recovery, often overlooking the practical 
application and functional performance of the obtained extracts. In 
contrast, the present work advances beyond the extraction step by 
formulating a cosmetic prototype and performing an integrated 

economic evaluation to assess its feasibility and sustainability. Among 
the various formulations tested, the composition described in 2.4 pro
vided the best visual uniformity, thus being selected for detailed anal
ysis. As depicted in Fig. 5, the incorporation of Paracoccus-derived ARE 
extract imparted a visually uniform reddish–orange coloration to the lip 
balm, indicating homogeneous pigment dispersion within the lipid 
phase. The lipophilic environment provided by the beeswax–cocoa 
butter blend promoted pigment stabilization by reducing oxygen diffu
sion and limiting photooxidative degradation (two degradation paths of 
ARE). The addition of vitamin E further enhanced oxidative protection, 
acting synergistically with ARE molecules to maintain color intensity 
and matrix stability over time. Furthermore, the low ARE input 
(0.0035% w/w in the final product) and high solvent recovery (80%) 
demonstrate the efficiency and sustainability of the extraction system. 
Likewise, adding even a small concentration of ARE is enough to 
maintain a desirable color, which contributes significantly to the overall 
effectiveness of the system.

The resulting product exhibited strong chromatic intensity, con
firming the high coloring power of the Paracoccus-derived extract in 
lipidic media. It is worth noting that the final hue may vary slightly 
depending on the formulation and manufacturer preferences, ranging 
from orange to deep red tones. This natural color variability is charac
teristic of ARE and offers formulation flexibility according to the desired 
aesthetic profile of the cosmetic product. In this case, the formulation 
keeps all characteristics we define for a “natural lip balm” as: smooth 
texture, consistent structure, remaining luminosity and no pigment precipi
tation after four weeks of storage at 25 ◦C, indicating good compatibility 
between the extract and the lipid excipients (Fig. 5).

The chromatic properties of the formulation were analyzed using the 
CIE 2015 10◦ chromaticity diagram (Fig. 5). The measured chromatic 
coordinates (xn = 0.409; yn = 0.453) fall within the orange–reddish 
region of the visible spectrum, dominated by red and yellow components 
typical of carotenoid pigments. The enlarged inset in Fig. 5 shows the 
1 u′v′ color tolerance ellipse, indicating minimal coordinate dispersion 
and confirming apropiate color uniformity. The visual image of the lip 
balm confirms the measured chromatic response, showing a stable hue 
typical of natural pigments. These results confirm that the ARE’s optical 
stability is maintained under formulation conditions and that its color 

Fig. 4. Contour map showing the effect of microwave power and biomass-to-solvent ratio on predicted extraction yield during microwave-assisted extraction of ARE.
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properties can be precisely quantified by standard colorimetric analysis. 
The hue and stability obtained are characteristic of natural carotenoids, 
reinforcing the potential of Paracoccus-derived ARE as a sustainable and 
functional alternative to synthetic colorants in cosmetic formulations.

3.3. Techno-economic analysis

A comprehensive evaluation of economic sustainability is a critical 
component in the development of emerging bioprocesses. Beyond 
laboratory-scale optimization of MAE, extraction yield or product per
formance, it is essential to determine whether the proposed bioprocess 
can be translated into a cost-effective and industrially scalable opera
tion. Accordingly, a techno-economic analysis (TEA) was performed to 
quantitatively assess the integrated system encompassing the MAE of 
Paracoccus carotinifaciens-derived ARE and its subsequent use in 
cosmetic formulation. This analysis provides an in-depth understanding 
of the relationship between process efficiency, solvent recovery, and 
product value, enabling the identification of key economic drivers and 
profitability indicators that define the economic feasibility and sus
tainability boundaries of the proposed microbial pigment production 
pathway. Capital expenditure represents a primary consideration for 
producers when initiating new ventures. The Inside Battery Limits 
(ISBL) cost constitutes a major component of this expenditure, as it 
encompasses the principal investment required for constructing the 
manufacturing facility. According to the Bridgewater method applied in 
this study, the estimated ISBL cost for the proposed process is approxi
mately $35.54 million, as indicated in Table S2 from ESI. This amount 
reflects its huge proportion of overall capital spending. Aside from the 
capital outlay, the recurring costs of production are important for 
ascertaining the economic feasibility of the project. Table S3 from ESI 
and Fig. 6-A shows the itemized breakdown of the costs of the raw 
materials and products of the process. Moreover, Table S4 from ESI and 
Fig. 6-B shows a detailed breakdown of the total production expenses for 
lip balm manufacture, which equivalent to $137,710 per ton and 0.69 
for each 5 g unit. This number is crucial to the project's overall financial 
assessment.

Comparing the current values of future cash inflows and outflows 
over a 15-year period, the Net current Value (NPV) analysis accounts for 
the time value of money. Strong economic feasibility for the project is 
shown by a positive NPV. The findings of the NPV analysis for the lip 
balm manufacturing process are shown in Table 2. The design phase, 
which entails the first financial expenditure, starts the project timetable 
in the first year. In the second year, construction and installation come 
next. It is anticipated that the facility would reach full production ca
pacity by the third year. Despite this, the effects of depreciation are 
expected to cause gross profit to gradually decrease. The proposed 
method for the lip balm project has a positive net present value (NPV) of 
$648.8 million and a significant return on investment (ROI) of 168%, as 
shown in Table S4 from ESI. These numbers highlight the project's po
tential as a very lucrative investment opportunity. The IRR of the project 
stands at a notable 160%, which highlights the financial viability of the 
project. The payback period also stands at a mere 0.79 years, indicating 
fast recovery of the original capital investment. These findings and ob
servations strongly speak for the economic viability and feasibility of the 
proposed process for the manufacture of lip balm. In conclusion, the 
economic analysis indicates a highly potential investment. Having a 
positive NPV, high ROI, favorable IRR, and relatively short payback 
period, this project is a sound financial project.

4. Conclusions

This study demonstrated the feasibility of recovering astaxanthin- 
rich extract (ARE) from Paracoccus carotinifaciens using microwave- 
assisted extraction (MAE) with ethyl acetate as a green solvent. The 
integration of kinetic modeling and CFD analysis provided insight into 
the heat and mass transfer mechanisms governing extraction, supporting 
process optimization. The process achieved efficient pigment recovery 
and was validated through a proof-of-concept cosmetic formulation. 
Techno-economic evaluation indicated strong economic potential (ROI 
= 168%; NPV = $648.8 million), supporting the potential scalability of 
the proposed system. However, this study is limited to laboratory-scale 
evaluation and proof-of-concept application. Future work should focus 

Fig. 5. CIE 2015 10◦ chromaticity diagram of the Paracoccus-based lip balm showing coordinates (xn = 0.409; yn = 0.453) in the orange–reddish region. The inset 
displays the product’s visual appearance and color uniformity obtained with the Paracoccus carotinifaciens ARE.

C.U. Mussagy et al.                                                                                                                                                                                                                             Process Biochemistry 169 (2026) 214–225 

222 



on process scale-up, optimization under industrially relevant conditions, 
and comprehensive evaluation of formulation performance, including 
physicochemical and sensory properties.

CRediT authorship contribution statement

M. Shaaban Sadek: Writing – original draft, Software, Methodol
ogy, Investigation. Cristobál N. Alvarado-Holtheuer: Software, 
Investigation. Angie V. Caicedo-Paz: Writing – review & editing, 
Writing – original draft, Investigation. Mussagy Cassamo: Writing – 
review & editing, Writing – original draft, Visualization, Validation, 
Supervision, Software, Resources, Project administration, Methodology, 
Investigation, Funding acquisition, Formal analysis, Data curation, 
Conceptualization. Diakaridia Sangaré: Writing – review & editing, 
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