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Abstract

Phycobiliproteins (PBPs) are a family of pigment-proteins renowned for their exceptional light-
harvesting, fluorescent, and antioxidant properties. Among cyanobacteria, Spirulina stands out as
one of the richest natural sources of PBPs, particularly phycocyanin (PC) and allophycocyanin (APC),
yet the large-scale production of analytical-grade PBPs remains hampered by an inherently complex
downstream process that relies on multiple purification steps, compromising both yield and
scalability. This work presents a streamlined strategy to obtain analytical-grade PC, combining
ultrasound-assisted extraction (UAE) with an aqueous ionic liquid (IL) solution and a single
hydrophobic interaction chromatography (HIC) step, integrated within a biorefinery framework. The
proposed approach yielded analytical-grade PC with a recovery of up to 50.44% and enhanced APC
purity up to 10.57-fold. Therefore, the IL was successfully reused in both extraction and purification
steps without compromising yield or purity. The environmental performance of the proposed
process was assessed through a cradle-to-gate life cycle assessment (LCA), with system boundaries
encompassing the following biorefinery stages: cultivation, harvesting and drying, PC extraction and
purification, post-processing, and spent biomass valorization via anaerobic digestion. The LCA
identified the main environmental hotspots and guided the proposal of targeted process
improvements— particularly HIC salt substitution and increased IL recovery—which reduced
environmental impacts by 65.9-89.8% across most categories. The proposed strategy was further
benchmarked against two model scenarios for analytical-grade PC production, one conventional and
one innovative, revealing its relative advantages and limitations. Overall, this work demonstrates a
viable pathway for producing high-purity PC that balances process efficiency with environmental
sustainability, supporting the development of greener microalgae-based bioprocesses.

Keywords: cyanobacteria; Spirulina, phycocyanin; allophycocyanin; ionic liquids; hydrophobic
interaction chromatography; life cycle assessment; biorefinery

1. Introduction

Cyanobacteria, particularly Spirulina (Arthrospira platensis), have emerged as promising biomass
feedstocks for biorefinery applications. This is attributed to their high growth rates, CO: fixation
capacity, and versatility in product generation, including high-value compounds such as
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phycocyanin (PC) [1-3]. PC is a chromoprotein that works as an accessory photosynthetic pigment
to chlorophyll. Its diverse biological activities—including antioxidants, antiviral, anticancer, anti-
inflammatory, and neuroprotective effects —have fostered its commercial utilization across multiple
sectors, including food, cosmetics, nutraceuticals, pharmaceuticals, biomedicine, and human health
[4,5]. The commercial value of PC is significantly influenced by its purity, which is primarily
ascertained by the absorbance ratio at 620 nm relative to 280 nm. This A620/A280 ratio serves as the
basis for classifying PC purity into distinct grades: food grade (>0.7), cosmetic grade (>1.5), reagent
grade (>3.9), and analytical grade (>4.0) [6-9]. Analytical-grade PC is used in sensitive applications —
biomedical, diagnostic, pharmaceutical —where only the highest purity is acceptable. Nevertheless,
its production remains constrained by complex, multi-step purification strategies that compromise
yield and scalability, translating into elevated market prices [9,10].

The most widely used protocol for analytical-grade PC production involves extraction, often
freeze-thaw (FT) or ultrasonication, subsequent precipitation with ammonium sulfate and dialysis,
and further purification through ion exchange chromatography (IEC); some methods also
incorporate gel filtration or affinity chromatography for enhanced refinement [6,11-13]. This
sequence is effective for achieving high-purity PC, although it requires multiple, diverse purification
stages. This may lead to product losses, long operation time, and complex processes, which can make
their industrial scale-up difficult [14-16]. When a PC-rich crude extract to be purified contains a
significant amount of salt and therefore a considerable ionic strength, IEC may not be the most
suitable technique, as it requires either diluting the sample or incorporating intermediate steps, such
as precipitation and dialysis, to reduce ionic strength. In this case, hydrophobic interaction
chromatography (HIC) becomes particularly attractive [17,18]. HIC exploits high salt concentration
to promote hydrophobic interactions between analytes and hydrophobic ligands of the resin.
Hydrophobicity is key to achieving strong interactions between proteins and resin ligands. Thus,
highly hydrophobic proteins bind more strongly to the ligands than less hydrophobic ones, whose
binding with ligands is weak or they are unretained in the column. Elution of adsorbed proteins
requires the application of a decreasing salt gradient, which weakens the hydrophobic interactions
(protein-ligand), achieving the desorption of the proteins according to their hydrophobicity [17,18].
Compared to other chromatographic techniques, HIC offers greater selectivity for removing
undesirable protein variants or misfolded forms, as well as certain types of impurities, such as
hydrophobic aggregates. It also offers high resolution to separate proteins with similar charge or size
based on their hydrophobic characteristics, and mild purification conditions that preserve the
stability and functionality of the purified proteins. However, HIC requires extensive optimization of
operating conditions and is not fully compatible with some detergents. Furthermore, the process
often requires high salt concentrations to establish sufficient hydrophobic interaction between the
protein and the adsorbent, which can imply high operating and disposal costs [17-19]. Recently,
alternative streamlined routes have been explored, such as aqueous two-phase systems (ATPS) and
membrane-based techniques. However, most of these protocols rely on a series of cascade
purification steps, and only a few studies have succeeded in achieving the analytical-grade purity
required for phycobiliproteins (PBPs) without incorporating at least one chromatographic operation
[20-22].

From an environmental standpoint, the life cycle assessment (LCA) of analytical-grade PC
production highlights significant challenges. The process typically involves several stages—
cultivation, harvesting, extraction, and multiple purification steps. Key factors influencing the LCA
include the adoption of sustainable production approaches, such as employing industrial wastewater
as a growth medium, which can further reduce culture environmental impacts by recycling nutrients
and decreasing freshwater demand [23]. However, current European regulations limit the use of
wastewater for cultivating microalgae and cyanobacteria intended for food or cosmetic applications,
thereby limiting the potential integration of wastewater-derived nutrients in biorefinery schemes
targeting high-value bioproducts [24]. Harvesting and drying biomass in microalgae and
cyanobacteria-based biorefineries are critical processes due to their intensive energy requirements
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[25], contributing to environmental impacts such as global warming potential [26]. Conventional PC
extraction methods typically rely on deionized water, phosphate buffers, or other saline solutions
combined with physical cell disruption techniques. While effective, these approaches generate large
volumes of saline wastewater requiring appropriate treatment and recycling, entail substantial water
consumption during extraction and downstream washing steps, and demand significant energy
inputs for processes such as repeated freeze-thaw (FT) cycles [27]. In this context, increasing attention
has been devoted to developing alternative extraction strategies that enhance extraction efficiency
while concurrently reducing the environmental impact of the process. Such strategies typically rely
on less energy-intensive technologies combined with green solvent systems [28]. Among the
proposed alternatives, ionic liquids (ILs) have been investigated owing to their negligible vapor
pressure, high thermal and chemical stability, and highly tunable physicochemical properties—such
as polarity and hydrogen-bonding capacity—which can favor enhanced solute solubility and
improved selectivity in phycobiliprotein extraction [29,30]. The purification stage required to obtain
analytical-grade PC represents the most important bottleneck and increases both costs and
environmental impacts, particularly when compared with the streamlined processes for lower-purity
PC, such as food or cosmetic-grade products [31-36]. On the one hand, the preliminary ammonium
sulfate precipitation process is water-intensive and requires careful disposal of ammonium sulfate
solutions to avoid environmental harm [27,33]. On the other hand, the chromatographic stage is a
major hotspot due to its high water and buffer consumption and the finite lifespan of
chromatographic resins. Furthermore, column regeneration and cleaning involve additional energy
and chemical consumption [37,38]. Regarding alternative purification routes for obtaining analytical-
grade PC, ATPS and membrane-based techniques may offer environmental advantages over
chromatographic approaches, reducing wastewater generation and energy consumption. However,
they seldom achieve analytical-grade purity, and challenges must be addressed, including polymer
and salt waste generation, membrane fouling, and the environmental persistence of non-
biodegradable polymers. In addition, ATPS often involve high salt concentrations, particularly
potassium phosphate, potentially resulting in saline wastewater streams in the absence of
appropriate treatment or recycling [20,39]. Membrane techniques also present environmental issues
that require careful consideration. In this sense, membrane fouling by proteins and other organic
matter requires frequent cleaning, often involving chemicals with potential environmental impacts
[40]. Compared to chromatographic columns, membranes have a limited loading capacity and a
higher cost per unit of surface area [41]. Additionally, membrane processes consume energy for
operation, particularly at larger scales [40].

Overall, the production of analytical-grade PC—whether via conventional IEC or alternative
purification methods—poses both technical and environmental challenges. The present work
addresses this gap by developing and experimentally validating an integrated process for PC
production within a biorefinery framework. UAE with an aqueous IL solution is employed for
extraction, after which—in a key methodological departure from prior approaches—the intrinsic high
ionic strength of the resulting extract is directly leveraged to enable HIC-based purification without
desalting or additional upstream steps. This strategy allows analytical-grade PC purity to be achieved
in a single chromatographic step, reducing the number of unit operations and, consequently,
simplifying the overall industrial production line. To the best of our knowledge, such an integrated
extraction—purification approach has not been reported previously for analytical-grade PC
production.

In parallel, LCA is conducted to rigorously evaluate the environmental performance of the
proposed process within a conceptual biorefinery framework. Following a cradle-to-gate approach,
the system boundaries encompass cultivation, harvesting and drying, PC extraction and purification,
PC post-processing, and anaerobic digestion (AD) of the spent biomass for biogas production.
Environmental hotspots are systematically identified, and potential improvement strategies are
proposed and evaluated to reduce the overall environmental burden of the process. The optimized
route is further benchmarked against two contrasting scenarios—a conventional IEC-based scheme
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and an innovative sequential ATPS-based alternative—providing a robust comparative
environmental perspective that supports the design of more efficient and sustainable production
strategies for high-purity phycobiliproteins.

2. Materials and Methods

2.1. Materials

Spirulina was provided as dried powder by AlgaEnergy S.A. (Madrid, Spain); The ionic liquid
1-ethyl-3-methylimidazolium ethyl sulfate ((Emim]*[EtSO4]"), the salts used for buffer preparation
(NaoHPO,, NaH,PO4, (NH4),SO4; analytical grade), and the dialysis membrane with a molecular
weight cut-off (MWCO) of 14 kDa were obtained from Sigma-Aldrich (ST Louis, MO, USA).
Analytical-grade PC and APC standards were obtained from Cymit Quimica S.L. (Barcelona, Spain).
The Butyl-S Sepharose™ 6 Fast Flow HIC resin (BS-FF) was provided by Cytiva Europe GmbH
(Freiburg, Germany).

2.2. Methods

2.2.1. PC-APC Extraction

Spirulina crude extract was prepared by adapting the extraction procedure reported by Sanchez-
Laso et al. (2021, 2023) [42,43]. Dried Spirulina powder (0.18 g) was mixed with 10 mL of an aqueous
solution of [Emim]*[EtSO4]- at 20.86 wt% and stirred for 30 s using an IKA Vortex 3 orbital shaker
(IKA-Werke GmbH, Staufen, Germany). The mixture was then subjected to ultrasonic treatment for
20 min at 35°C with an Elmasonic P system (Elma Schmidbauer GmbH, Singen, Germany) operating
at 37 kHz and 656 W. After sonication, the suspension was centrifuged at 5,000 rpm for 10 min using
an Eppendorf 5910 centrifuge (Eppendorf, Hamburg, Germany) to separate the supernatant from the
spent biomass. Finally, the Spirulina crude extract was filtered through a 45 um membrane to remove
remaining cell debris and fine impurities. All experiments were performed in triplicate.

2.2.2. PC-APC Purification

The Spirulina crude extract was purified using an Akta Start system equipped with UNICORN™
Start software (both from Cytiva Europe GmbH, Freiburg, Germany), following the method
described by Piera ef al. (2026) [44]. HIC was carried out using BS-FF resin (bed height: 2.5 cm; radius:
0.35 cm). This resin features a hydrophobic butyl ligand covalently attached to agarose
monosaccharide units via glycidyl ether linkages, resulting in an uncharged matrix with highly stable
ligand—agarose bonds. The ligand density is 10 pmol-mL™ of resin, and the particle size distribution
corresponds to 90 d50V.

The resin was preconditioned with 2.5 bed volumes (BV) of buffer solution B
(Na2HPO4+/NaH2PO4; 20 mM; pH 7.0) followed by 7.5 BV of buffer solution A (Na2zHPOs+/NaH2POs; 20
mM; pH 7.0; 1.25 M (NH4),SO;). The samples (0.1 mL of filtered Spirulina crude extract) were injected
and subjected to an isocratic step at 2.5 M (NH4).SO,, followed by a linearly decreasing ionic strength
gradient of (NH4),SO; (from 1.25 to 0 M) at a flow rate of 1.0 mL-min. Finally, the collected fractions
were analyzed.

2.2.3. PC and APC Characterization

UV-Vis spectroscopy

PC and APC content was determined through spectrophotometric analysis using the equations
developed by A. Bennet and L. Bogorad (1973) [45], and the results were expressed as a fraction of
the initial cyanobacterial biomass,

B ( mg PC ) _ ((0D515—0.474-0D552))  Vsampie(mL) (1)
PC 534 Mpiomass(9)

Ibiomass
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mg APC) _ ((0D652—0.208-0D515)) . Vsample(mL) 2)
5.09 Mpiomass (9)

EAPC (gbiomass
where OD represents the optical density at the wavelength indicated by the subscript (nm).

PC and APC purity (Prc, Parc) was calculated as a ratio of the maximum absorbance of each one
and the whole protein content, as defined by the following equation [46,47]:

oD
P max 3
0D3g0 ( )

The purification efficiency was assessed using the purification factor, which was calculated as
the ratio of the purity of PC and APC in the Spirulina crude extract to their respective purity in each
purified fraction, as depicted in equation [43]:

Ppc or apc (purified fraction)
pF = Ercor )
Ppc or apc(crude extract)

The measurements were conducted using a spectrophotometer UV-Vis Evolution™ 201/220
(Thermo Fisher Scientific Inc., Waltham, US).

Fluorescence spectroscopy

Fluorescence measurements were performed using an Agilent Cary Eclipse Fluorescence
Spectrophotometer (Agilent Technologies, Santa Clara, CA, USA) equipped with Czerny-Turner
excitation and emission optics. An 80 Hz Xe pulsed lamp served as the excitation source. Excitation
and emission spectra were recorded at 610/623 nm for PC and 610/660 nm for APC, respectively
[48,49].

2.2.4.IL Recovery

The IL was recovered through dialysis and rotary evaporation, using the process described by
Sanchez-Laso et al. (2021) [42], achieving a recovery yield of 74.8%.

2.2.5. Goal and Scope of the LCA Study

This study evaluated the environmental performance of the experimentally developed process
for analytical-grade PC production within a biorefinery framework (Scenario A1), with the dual aim
of identifying key environmental hotspots and proposing targeted improvement strategies. An
alternative process configuration (Scenario A2) was also assessed, in which ammonium sulfate was
replaced by sodium sulfate in the HIC step. Additionally, Scenario A2 incorporated an enhanced IL
recovery rate, increased from 74.8 wt% in the baseline scenario to 90 wt%. For comparative purposes,
two additional model routes for producing analytical-grade PC were defined based on literature data
(see Table S1 in the Supplementary Material). Scenario B represents a conventional process widely
used in academic and industrial settings, involving a preliminary purification step followed by IEC
[6,50-54], whereas Scenario C corresponds to a more innovative protocol based on a double ATPS, as
reported in recent studies [20-22]. All scenarios were assessed using a cradle-to-gate approach, with
the functional unit defined as the production of 10 g of analytical-grade PC per hour. Based on an
annual operation of 8,000 h, the resulting pilot plant capacity is 80 kg-year™ of purified PC. The
biorefinery was assumed to be in Spain; consequently, background datasets for energy and material
production were selected to reflect the Spanish and, where necessary, European context, ensuring
full consistency between the foreground and background systems.

2.2.6. System Boundaries

Figure 1 illustrates the system boundaries applied to all evaluated scenarios, which share a
common structure encompassing Spirulina cultivation (C), biomass harvesting and drying (H&D),
PC post-processing (P-p), and valorization of the spent biomass via anaerobic digestion (V). Scenarios
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differed exclusively in the PC extraction and purification schemes: Scenarios Al and A2 employed
UAE with a single HIC purification step; Scenario B comprised three FT cycles followed by
ammonium sulfate precipitation, dialysis, and IEC; and Scenario C involved three FT cycles
succeeded by two consecutive ATPS-based purification stages. For all scenarios, the generation and
treatment of wastewater streams produced throughout the process were accounted for within the

LCA system boundaries.
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Figure 1. System boundaries of the evaluated scenarios (A1, A2, B, and C).

2.2.7. Life Cycle Inventory (LCI)

The LCI data for all evaluated scenarios was derived from detailed mass and energy balances
obtained through process simulation using SuperPro Designer v9.5 (Intelligen Inc., Scotch Plains, NJ,
USA). The complete inventory, including chemical inputs and energy consumption for each scenario,
is provided in Table S2 (Supplementarty Material), with the corresponding flowsheet diagrams
shown in Figures S1-53. Background system data for material and energy production were sourced
from the Ecoinvent 3.9.1 and Sphera LCA databases, with processes selected to match the
geographical scope of the foreground system; electricity consumption was modelled using the
Spanish national grid mix.

All wastewater streams generated throughout the process consisted of aqueous solutions of
inorganic salts and were modelled using the “Europe without Switzerland: wastewater, average” dataset
(Ecoinvent 3.9.1). The sole exception were the post-purification effluents in Scenarios A1, A2, and C—
comprising aqueous solutions of ILs or polyethylene glycol (PEG)—which were classified as
hazardous waste and modelled using the “Treatment and disposal of hazardous waste” dataset
(Ecoinvent 3.9.1). With respect to additional modelling assumptions, the CO, fraction of the biogas
produced during anaerobic digestion was not inventoried as a direct atmospheric emission, given
that biogas was considered a biofuel output of the process. ILs were modelled as a binary mixture of
dimethyl sulfate and imidazole. Transportation of products and reagents was excluded from the
system boundaries.
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2.2.8. Modeling Biorefinery Process Stages

Cultivation (C)

Spirulina cultivation stage was simulated considering solar radiation as the light energy source,
a simplified Zarrouk medium, consisting of sodium bicarbonate (16.8 g-L-!) and dissolved CO; as
inorganic carbon sources, together with sodium nitrate (0.25 g-L!) as the nitrogen source. The culture
was modelled in a continuous photobioreactor operating at steady state, with a hydraulic retention
time of 8 days. Cell growth was described using Monod's kinetic model with a maximum specific
growth rate (umax) of 0.018 h [55,56]. The resulting biomass concentration was 0.48 g-L-.

Harvesting and drying of biomass (H&D)

Biomass was harvested by a sequential decantation centrifugation process, widely used in
industrial microalgal processing [57]. Considering that typical Spirulina trichomes have a diameter
ranging from 3 to 12 um and a variable length starting at approximately 50 um [58,59]. A particle size
of 50 um was assumed for the centrifugation process, resulting in 98 wt% biomass recovery (2 wt%
loss in the supernatant). The resulting wet biomass was subsequently processed by lyophilization,
which comprised an initial freezing stage at =50 °C at a cooling rate of 0.5 °C-min~?, followed by a
primary drying stage up to a final temperature of 25 °C at a sublimation rate of 1.0 mm-h! [60].

PC extraction (E) and purification (P)

The extraction and purification stages for Scenarios Al and A2 were modelled following the
experimental procedures described in sections 2.2.1. PC-APC extraction and 2.2.2. PC-APC purification.

Regarding PC extraction, at laboratory scale, freeze-dried Spirulina biomass was processed using
an ultrasonic bath (656 W, 6.9 L total volume, 20 min), with a specific energy consumption of 0.0317
kWh-L (114.1 J-mL). At pilot scale, however, extraction was simulated using a probe-based
ultrasonication system coupled to a flow cell—a configuration better suited to the throughput
volumes involved and known to achieve higher energy transfer efficiency than bath sonicators, which
incur significant losses to the surrounding medium and reactor walls. Accordingly, the energy input
experimentally determined for the bath setup was applied to the pilot-scale simulation as a
conservative upper-bound estimate, scaled proportionally to the solvent volumes reported in the LCI
data (Table S2). The resulting PC-APC rich crude extract was then separated from the spent biomass
by decanter centrifugation. In Scenarios B and C, PC-APC extraction was simulated using three
consecutive FT cycles, employing acetate buffer (Scenario B) or phosphate buffer (Scenario C) as the
extraction solvent, keeping the biomass-to-solvent ratio identical to that used in Scenarios Al and A2
as reported in the literature [42,52,54].

Concerning purification, the chromatographic step in Scenarios Al and A2 was scaled up from
a fixed-bed adsorption column packed with BS-FF resin. Buffer supply to the column was simulated
using three peristaltic pumps: two supplying buffer solutions A and B (as described in the Materials
and Methods section), and one supplying deionized water for resin regeneration. Scale-up was
performed maintaining constant linear velocity and bed height, thereby preserving the analyte-
stationary phase contact time and ensuring separation performance equivalent to that of the
laboratory-scale system [61,62]. The increased flow rates required at pilot scale were accommodated
by proportionally enlarging the column cross-sectional area. Mobile phase reuse rates of 99% and
50% were assumed for the conditioning and stabilization steps, and for the pre-elution and
regeneration steps, respectively (Table S3). In Scenario B, preliminary purification was modelled as a
two-step ammonium sulfate precipitation at 25% and 60% saturation, followed by resuspension of
the precipitate in acetate buffer and subsequent dialysis, yielding a partially purified PC fraction.
Based on literature data, a purity of 2.75 (Ae0/A2s0) and a PC recovery yield of 80.1 wt% were assumed
for this step (see Table S4) [54]. This partially purified fraction was then subjected to chromatographic
purification using a weak anion-exchange IEC column, scaled up following an analogous procedure
to that applied to the HIC column in Scenarios Al and A2. Column parameters (bed volume: 8 mL,
radius: 0.8 cm, sample load: 1.25 BV) were sourced from the literature compiled in Table S1
(Supplementary Material), while the corresponding mobile-phase volumes and recycled salt amounts
are reported in Table S3 (Supplementary Material). In Scenario C, purification was carried out
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through two consecutive ATPS stages, with phase separation achieved by decanter centrifugation.
Process parameters and assumed performance values—a PC recovery yield of 80% and a purity ratio
of 3.92 (As20/Asso) after the second ATPS stage —were sourced from the literature compiled in Tables
52 and 5S4 (Supplementary Material) [20-22].

Post-processing (P-p)

Following chromatographic purification, the recovered PC fraction typically presents reduced
product concentration and elevated salt content, necessitating additional concentration and desalting
steps to meet the purity specifications required for commercial analytical-grade applications[63,64].
In Scenarios Al and A2, this was addressed through a sequential post-processing train in which two
consecutive UF units were used to concentrate the PC fraction, followed by a diafiltration step to
remove the excess salt carried over from the HIC elution buffer. Each UF unit was modelled with a
concentration factor of 5, a filtrate flux of 20 L-m2-h!, and membrane areas of 9.85 and 5.21 m?,
respectively. This post-processing sequence yielded analytical-grade PC at a production rate of 10
g-h* and a final concentration of 1 g-L-! in 10 mM sodium phosphate buffer. In Scenario B, a single
diafiltration step was simulated to remove the excess salt remaining after IEC elution. In Scenario C,
a UF step was first applied to concentrate the PC fraction and reach the analytical-grade purity
threshold (As20/Asso > 4), as the purity attained after the second ATPS stage was slightly below this
value, followed by two consecutive diafiltration steps to remove residual salts and polymer carried
over from the ATPS stages. Additional details for both scenarios are provided in Table S4
(Supplementary Material).

Spent biomass valorization (V)

The spent biomass recovered from the extraction stage was subsequently valorized by anaerobic
digestion (AD). The operating conditions —a substrate-to-inoculum ratio of 1:2 and a substrate-to-co-
substrate ratio of 4:1 (both on a volatile solids, VS, basis) —were established from preliminary batch
AD studies conducted by the research group. In those experiments, spent biomass moisture content
was first adjusted from 90 to approximately 80 wt% by centrifugation as a preconditioning step, and
anaerobic sludge from a municipal wastewater treatment plant served as inoculum and glycerol—a
biodiesel by-product —as co-substrate, under mesophilic conditions (37 °C). Consistent with this
experimental protocol, both the preconditioning step —simulated as decanter centrifugation at pilot
scale—and the AD process were incorporated into the pilot-scale simulation. The digester was
modelled using a stoichiometric conversion based on the experimentally determined elemental
composition of the spent biomass: 1.13 CsHsNO; + 3 H;O — NH; + 2.5 CO; + 3.5 CH,, and sized at
26.82 m?® with a hydraulic retention time (HRT) of 30 days and a working-to-vessel volume ratio of
90%. The process yielded two output streams: biogas (66.2 wt% CH,, 33.8 wt% CO,) and digestate.

2.2.9. Methodology of Environmental Impact Assessment

Environmental impacts were assessed using a midpoint-oriented approach. The selected impact
categories included abiotic depletion potential (ADP, expressed in kg Sb-eq.), Acidification Potential
(AP, in kg SO2-eq.) greenhouse gas emissions quantified as 100-year Global Warming Potential (GWP,
in kg CO»-eq), eutrophication potential (EP, in kg PO,*-eq), as well as freshwater aquatic ecotoxicity
potential (FAETP), human toxicity potential (HTP), and terrestrial ecotoxicity potential (TETP), the
three expressed in kg 1,4-dichlorobenzene equivalents (1,4-DCB-eq); and the photochemical ozone
creation potential (POCP, in kg ethene-eq). All selected impact categories were quantified in
accordance with the CML 2001 methodology. In addition, cumulative energy demand (CED, in MJ)
was calculated to account for direct and indirect primary energy consumption across the life cycle,
considering both fossil and renewable energy sources [65].

3. Results

3.1. PC-APC Extraction
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The PC and APC content of the Spirulina crude extract is summarized in Table 1. Extraction
yields (Erc, Earc) remained consistent, with no substantial differences between fresh and reused ILs.
However, a decrease in product purity was observed when reused ILs were employed, indicating a
slight reduction in purification selectivity.

Table 1. PC and APC extracted yield (Erc, Earc) and PC and APC purity (Pec, Parc) of Spirulina crude extracts.

Errors are expressed as + standard deviation of the mean (n = 3).

Solvent Prc Erc (mg g) Parc Earc (mg-g7)
IL aqueous solution (fresh IL) 0.57£0.01 87.6+1.7 0.27£0.01 302+14
IL aqueous solution (reused IL) 0.41+£0.01 84.5+0.9 0.20+£0.01 29.3+0.3

3.2. PC-APC Purification

The Spirulina crude extract was purified by single-step HIC in three independent replicates. PC
and APC purity, recovery yield, and purification factor (PF) were determined for the collected
fractions, with total amounts calculated by summing all fractions in which PC or APC was quantified.
Five pooling levels (L1-L5) were defined based on the trade-off between recovery and purity, ranging
from the complete set of collected fractions (L1) to the single fraction at the elution peak maximum
(L5) (Figure 3); for each level, the bar represents the cumulative recovery yield of the pooled fractions,
while the dot indicates their mean purity. As expected, progressively restricting the number of pooled
fractions increased PC and APC purity at the expense of recovery yield. This fractionation strategy
enabled precise quantification of the recovered PC and APC across defined purity levels, as shown
in Figure 2 and Tables S5-S8 (Supplementary Material).
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Figure 2. Recovery yield (bars) and purity (dots) of PC (A) and APC (B) achieved by HIC using BS-FF resin for
the purification of Spirulina crude extract with fresh (blue) and reused (orange) ILs. The dashed line indicates
the analytical-grade purity threshold (> 4.0).
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Figure 3. Chromatogram of the HIC purification of Spirulina crude extract using BS-FF resin.

As shown in Figure 2A, when fresh ILs were used, 50.44 wt% of the total PC in the crude extract
was recovered as analytical-grade PC, representing a 7.09-fold increase in purity. On the other hand,
using reused ILs yielded a similar outcome, with 47.83% of analytical-grade PC recovered and a
10.05-fold improvement in purity. A comparable trend was observed for APC purification (Figure
2B). Although analytical-grade purity was not achieved, APC purity increased relative to the crude
extract, with improvements of up to 6.71-fold with fresh ILs and 10.57-fold with reused ILs.

3.3. PC and APC Characterization

UV-Vis spectroscopy

The absorption spectrum obtained for Spirulina crude extract (Figure 4) showed a peak at 260
nm, indicating the presence of proteins and nucleic acids, along with a distinct peak at 620 nm
corresponding to PC. A less pronounced peak at 650 nm was attributed to APC. The higher
absorbance at 280 nm relative to 620 nm further indicated the presence of additional proteins besides
PC [66].
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Figure 4. Absorbance spectrum of the Spirulina crude extract, purified PC-APC, C-PC standard, and APC
standard. Grey, dark blue, and light blue vertical lines indicate the characteristic maximum absorption

wavelengths of proteins, PC, and APC, respectively.

Fluorescence assay

Fluorescence spectroscopy was employed to assess potential conformational changes in PC and
APC induced by the purification process. The fluorescence emission spectrum of the Spirulina crude
extract and the purified PC-APC obtained with both fresh and reused IL showed a characteristic peak
at 643 nm and a weaker secondary peak at 660 nm, corresponding to PC and APC fluorescence [49,67]
(Figure 5A). The excitation spectrum similarly matched the absorption peaks at 620 nm and 650 nm,
reflecting the distinct spectral signatures of PC and APC, respectively [48](Figure 5B).
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Figure 5. (A) Fluorescence emission spectrum of Spirulina crude extracts (fresh and reused ILs), purified PC-
APC (fresh and reused ILs), and C-PC and APC standards; (B) fluorescence excitation spectrum (Aex =610 nm) of
Spirulina crude extracts (fresh and reused ILs), purified PC-APC (fresh and reused ILs), and C-PC and APC
standards.

3.4. Life Cycle Assessment (LCA)

3.4.1. Scenarios Al and A2

Absolute characterisation results for all impact categories in Scenarios Al and A2, disaggregated
by biorefinery stage, are reported in Tables 2 and 3, respectively. The corresponding relative
contributions of each stage, expressed as a percentage, are illustrated in Figure 6, enabling the
identification of the main environmental hotspots across the system. In both scenarios, the
purification stage (P) was identified as the primary environmental hotspot; however, this effect was
markedly more pronounced in Scenario A1, accounting for 78.1%- 98.6% of total impacts across most
categories. In this Scenario, the cultivation stage (C) emerged as the second most relevant contributor,
although at a substantially lower magnitude, ranging from 1.0% to 8.8% across all impact categories,
except cumulative energy demand (CED), where it accounted for 18.3% of the total biorefinery
impact. This was followed by the PC extraction stage (E), the harvesting and drying stage (H&D),
and the post-processing stage (P-p), whose contribution remained marginal (0.0-0.8%). Finally, the
valorization of spent biomass through AD showed the most favorable environmental performance,
contributing between -1.1% and 0.2% to the total impacts. In some categories, negative values were
observed due to the use of residual streams (anaerobic sludge and glycerol) as feedstock, as shown
in Figure 6.

Table 2. Overall impacts of Scenario A1 referred to the production of 10 g-h™! of analytical-grade PC: cultivation
(C); harvesting and drying (H&D); extraction (E); purification (P); post-processing (P-p); and spent biomass

valorization (V).

Impact Category  Unit C H&D E P P-p \ Total
ADP kgSbeq. 1.36:10* 3.93-107 2.31-10° 9.74-10° 1.09-10¢ -3.74-10% 9.90-103

AP kg SOz2eq. 548102 9.71-10¢ 1.41-102 352  1.19:10% -2.07-10°  3.59
EP kg POs* eq. 3.50-102 3.76:10* 7.69-10° 9.32-10" 3.00-10° -1.04-102 9.68-10

FAETP kg DCB eq. 3.78 3.1710°  1.46 3.80-102 1.18102 -2.69-102 3.86-102
GWP 100 kg CO2eq. 257-10' 7.8510'  3.36 2.64-102 9.41-10t -1.61  2.93-102
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HTP kg DCB eq. 9.79 473102 2.63-10' 8.58:102 6.14-102 -5.11-102 8.94-102
POCP kg Ethene eq. 5.96-10% 1.57-10+ 1.72:10% 2.00-10" 1.85-10* 1.34:10° 2.08-101
TETP kg DCBeq. 8.17-102 5.37-10* 2.06-102 733  9.83-10* -1.70-10* 7.43
CED MJ] 1.11-105 3.98-10' 1.16-10> 4.72-10° 4.60-10' 1.41-10' 6.04-10°

In Scenario A2, the implemented improvements—including substituting ammonium sulfate
with sodium sulfate during HIC and increasing IL recovery to 90 wt% —led to an overall reduction
in the absolute environmental impacts of the biorefinery (Table 3). Despite this overall improvement,
the purification stage remained the dominant environmental hotspot across most impact categories,
accounting for 57.2-98.7% of the total system burden. However, purification was no longer the most
influential stage in the cumulative energy demand (CED) category, accounting for only 37.6% of the
total impact. In this category, the cultivation stage became the main contributor, accounting for 53.7%
of the total CED. As in Scenario Al, cultivation ranked as the second most relevant contributor, with
stage contributions ranging from 1.2% to 53.7% across impact categories, and showing a particularly
notable influence on global warming potential (GWP 100, 39.5%) and photochemical ozone creation
potential (POCP, 24.1%). The remaining stages exhibited comparatively minor contributions:
harvesting and drying (0.0-1.9%), extraction (0.1-7.5%), post-processing (0.0-1.7%), and spent
biomass valorisation (-5.1-0.7%), as illustrated in Figure 6. A normalised comparison between
scenarios is provided in Figure 8.

Table 3. Overall impacts of Scenario A2 referred to the production of 10 g-h™! of analytical-grade PC: cultivation
(C); harvesting and drying (H&D); extraction (E); purification (P); post-processing (P-p); and spent biomass

valorization (V).

Impact Category  Unit C H&D E P P-p \ Total
ADP kgSbeq. 13610 3.93-107 9.50-10¢ 1.12:102 1.09-10¢ -3.74-10% 1.13-102
AP kg SO2eq. 548102 9.71-10¢ 6.42:10° 3.04-10' 1.19-10° -2.07-10° 3.65-10"
EP kg PO+ eq. 3.50-102 3.76:10+ 3.18:10% 1.61-10* 3.00-10° -1.04-102 1.92-10-

FAETP kg DCB eq. 378  3.17-10° 5.83-10" 6.25-10" 1.18-102 -2.69-10% 6.68-10!
GWP 100 kg COz2eq. 2.57-10' 7.85-107  1.98 3.71-100 9.41-100 -1.61  6.49-10"

HTP kg DCB eq. 9.79 473102 1.05-10' 1.20-10> 6.14-102 -5.11-102 1.40-102
POCP kg Ethene eq. 5.96:10° 1.57-10* 8.11-10* 1.76-102 1.85-10* 1.34:10° 2.47-10?
TETP kg DCBeq. 8.17-10% 5.37-10* 8.63-10° 8.90-10" 9.83-10* -1.70-10+ 9.82-10!
CED MJ 1.11-10° 3.98-10' 7.92-10' 7.7410> 4.60-10' 1.41-10' 2.06-10°

3.4.2. Scenarios B and C

Characterization results for Scenarios B and C, disaggregated by biorefinery stage, are reported
in Tables 4 and 5, respectively, while the corresponding relative contributions are illustrated in Figure
6. In Scenario B, the comparatively low contribution of the purification stage (6.9-27.2%) shifted the
relative prominence of other stages within the overall life-cycle burden. Consequently, cultivation
emerged as the dominant environmental hotspot, accounting for 67.8-88.5% of total impacts, while
spent biomass valorization via AD yielded pronounced negative contributions in several categories,
reaching —76.0% in eutrophication potential (EP), attributable to the environmental credits associated
with the use of waste-derived feedstocks—primarily anaerobic sludge and, to a lesser extent,
glycerol —as process inputs. The remaining stages exhibited minor contributions throughout: PC
extraction (1.4-8.7%), harvesting and drying (0.2-3.5%), and PC post-processing (0.4—4.8%). In
Scenario C, as observed in Scenario A2, the purification stage remained the dominant environmental
hotspot across most impact categories, accounting for 65.8-95.3% of the total impact value.
Cultivation ranked as the second most relevant contributor, albeit at a lower magnitude (1.6-8.0%),
with the highest influence observed in cumulative energy demand (CED, 27.3%) and global warming
potential (GWP 100, 21.2%). The remaining stages exhibited minor contributions throughout: PC
post-processing (1.9-3.6%), PC extraction (0.1-3.6%), and harvesting and drying (0-1.3%). Spent
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biomass valorization via AD showed the most favorable environmental performance, yielding
contributions ranging from -3.1% to 0.4% across all evaluated categories.

Table 4. Overall impacts of Scenario B referred to the production of 10 g-h™ of analytical-grade PC: cultivation
(C); harvesting and drying (H&D); extraction (E); purification (P); post-processing (P-p); and spent biomass
valorization (V).

Impact Category Unit C H&D E P P-p \/ Total
ADP kgSbeq. 4.38105 1.97-107 8.58107 1.69-10° 5.81-107 -5.09-10% 6.23-10°
AP kg SOzeq. 3.57-102 1.29-10° 3.29-10° 4.5510% 2.64-10* -1.23-10° 4.38-102
EP kg POs eq. 6.16:10° 3.16:10* 6.25-10* 1.54-10° 4.35-10* -6.90-103 2.17-10°

FAETP kg DCBeq. 9.23-10' 243-10° 225102 6.73-102 2.74-10? -1.79-102  1.02
GWP 100 kg COz2eq. 1.73-10' 7.90-107  1.99 258 11110t -1.03  2.17-10

HTP kg DCB eq. 3.09 4.69102 1.4510' 2.46-10' 4.98102 -3.14-102  3.55
POCP kg Ethene eq. 2.87-10% 1.16:10+ 3.21-10* 5.01-10* 6.29-10°> 4.89-10¢ 3.87-103
TETP kg DCBeq. 2.81-102 5.22-10* 1.60-10° 2.83-10° 5.10-10* -6.12-10° 3.35-10
CED MJ 6.64-102 3.07-10" 7.70-10' 9.78-10! 3.95 8.99 8.83-102

Table 5. Overall impacts of Scenario C referred to the production of 10 g-h™! of analytical-grade PC: cultivation
(C); harvesting and drying (H&D); extraction (E); purification (P); post-processing (P-p); and spent biomass
valorization (V).

Impact Category Unit C H&D E P P-p \ Total
ADP kgSbeq. 3.87:10° 1.85107 1.96-10¢ 9.82-10* 3.31-10% -5.26-10% 1.06-10°
AP kg SO2eq. 3.15:10% 1.21-10° 3.39-10° 3.70-10" 1.16:102% -1.09-10° 4.16-10
EP kg POs# eq. 5.44-10° 2.89-10* 6.28-10+ 1.82:10' 6.97-10° -6.09-10° 1.89-10

FAETP kg DCBeq. 8.1510" 2.26-10% 7.27-10% 4.88-10! 149 -1.58-102 5.11-10
GWP 100 kg CO2eq. 153101 7.42:10* 1.83 5.26-101 1.64 -9.07-101 7.12-10"

HTP kg DCB eq. 273 440102 21710t 8.25-10° 248  -2.78102 8.79-10t
POCP kg Ethene eq. 2.53-10% 1.09-10* 2.85-10* 278102 6.01-10* 3.96-10¢ 3.13-10?
TETP kg DCBeq. 248102 4.90-10* 1.81-10° 4.67-10" 1.42-102 -6.27-105 5.08-101

CED MJ 5.86-102 2.88-10' 7.01-10* 1.41-10° 4.00-10* 7.91 2.15-103
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Figure 6. Normalized contribution of the different biorefinery stages to the environmental impacts categories for
studied cases (Al, A2, B, and C). Cultivation (C); harvesting and drying (H&D); extraction (E); purification (P);
post-processing (P-p); and spent biomass valorization (V).

3.4.3. Comparison of Scenarios

Figure 8 presents the environmental performance of all scenarios relative to Scenario Al, which
exhibited the highest overall impacts across the biorefinery configurations assessed. The
improvements implemented in Scenario A2 resulted in substantial reductions across all impact
categories (65.9-89.8%), except for abiotic depletion potential (ADP), which increased by 12.4% —an
aspect further discussed in Section 4. Scenario B consistently showed the lowest relative impacts,
representing the most environmentally favorable configuration overall. Nevertheless, Scenario A2
demonstrated competitive environmental performance relative to Scenario C, with comparable or
lower impacts in acidification potential (AP), photochemical ozone creation potential (POCP),
terrestrial ecotoxicity potential (TETP), and global warming potential (GWP 100).
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Figure 8. Normalized comparison of LCA results for the studied cases: Scenario Al (orange); Scenario A2

(green); Scenario B (purple); and Scenario C (yellow).
4. Discussion

4.1. PC-APC Extraction and Purification

Continuing the line of previous research conducted by our research group, the PC extraction
protocol developed by Sanchez-Laso et al. (2021, 2023) was employed [42,43]. IL reuse had no
substantial effect on extraction yield, with only minor variations observed, as already mentioned
previously in this work [42]. However, a more pronounced decrease in PC and APC purity was
observed upon IL reuse, suggesting a reduction in purification selectivity. This may be attributed to
the accumulation of residual low-molecular-weight proteins and amino acids—retained below the
dialysis membrane cutoff—that are reincorporated into subsequent extraction cycles during IL
recovery. This phenomenon is reflected in the increased absorbance at 280 nm observed when
recycled ILs were used as the extraction solvent (Figure 4).

With respect to purification, the process developed by Piera et al. (2026) for isolating
phycoerythrin from red algae was adapted and applied to the purification of PC and APC from the
cyanobacterium Spirulina [44]. In this work, the method proved highly efficient for both PC and APC,
achieving purification factors of up to 10.05-fold and 10.57-fold, respectively. In addition, the purified
fractions obtained after HIC exhibited absorption spectra closely resembling those of the commercial
PC standard. The absorbance peaks related to non-target compounds present in the Spirulina crude
extract were effectively eliminated, confirming the successful removal of residual proteins and other
impurities—such as nucleic acids (absorption at 260 nm) and UV-absorbing metabolites in the 300
360 nm region, which are typically involved in photoprotection in cyanobacteria such as
mycosporine-like amino acids [66]. Fluorescence was also assessed, and the spectra of the purified
fractions closely matched those of the commercial C-PC and APC standards, confirming the
preservation of native protein structure and chromophore stability throughout extraction and
purification [68,69].

The literature on PC purification HIC is limited; however, a few studies have explored this
approach. Abalde et al. (1999) directly purified crude extracts of Synechococcus sp., which are naturally
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rich in PC, using three HIC resins with different ligands—butyl, octyl, and phenyl. The highest
performance was obtained with the butyl resin, yielding a PC purity of 3.2 and a recovery of 83.4%,
values that remain far below the analytical-grade purity achieved in the present study. In contrast,
phenyl and octyl-agarose were reported as unsuitable under the evaluated conditions, as PC
adsorbed too strongly to these resins, leading to very low recovery yields [70]. Soni et al. (2008)
demonstrated the feasibility of purifying PC using a hydrophobic methyl Macro-Prep resin
containing dual functional groups (COO- and butyl), achieving a final purity of 4.5. However, the
recovery yield was not reported. It is also noteworthy that this approach required an additional
purification stage, as the authors processed a previously purified fraction obtained by ammonium
sulfate precipitation, which exhibited an initial purity of 0.86 [71]. More recently, Chen et al. (2018)
employed a phenyl-based hydrophobic resin to purify a Spirulina crude extract rich in PC. Unlike the
fixed-bed chromatographic approach implemented in the present work, their system operated as a
stirred fluidized bed, achieving a high PC recovery yield of 90.4%. Although this configuration
enabled substantial sample concentration, the resulting PC purity (1.56) remained well below the
analytical-grade purity required for high-value applications and markedly lower than the purity
levels achieved in the current study [72]. The work of Lauceri et al. (2019) represents the most
successful effort reported to date, achieving analytical-grade PC recovery yields ranging from 75% to
82% [9]. However, their approach relies on hydrophobic membranes rather than a packed
chromatographic column, which, despite offering advantages in processing speed and throughput,
present limitations in terms of loading capacity, resolution, operational flexibility, and cost per unit
surface area [41].

In the present work, analytical-grade purity was achieved for PC but not for APC, an expected
outcome given the inherently lower initial purity and extraction yield of APC in the Spirulina crude
extract, which renders its purification to analytical grade more challenging. Despite this, when
compared with previously reported APC purification studies, the present work yields a higher
purification factor, underscoring the improved efficiency of the proposed process. For example, an
increase in APC purity from 0.8 to 5.2—equivalent to a 6.3-fold improvement—was reported by Yan
et al. (2011). In the case of PC, purity was raised from 2.1 to 5.6, corresponding to a purification factor
of 2.64 [54]. Both values are clearly lower than the maximum purification factors of 10.57 for APC and
10.05 for PC achieved with the chromatographic procedure in the present study. A comparable trend
is observed when examining the purification factors reported by Su et al. (2010) and Zhang and Chen
(1999), whose values also fall below those obtained in the current work [53,73].

4.2. LCA

Regarding the LCA of the analytical-grade PC production process developed in this work, the
purification stage was identified as the main environmental hotspot across all impact categories in
both Scenarios Al and A2 (Tables 2-3 and Figure 6), as previously mentioned in section 3.4. 1.
Scenarios Al and A2. This is largely attributable to the production of ammonium sulfate—the
kosmotropic salt employed in HIC to promote hydrophobic interactions between PC and the resin—
which accounted for 91-97% of the total purification stage impact in Scenario Al, based on the process
contribution analysis of the background system modelled using the Ecoinvent 3.9.1 and Sphera LCA
databases (Figure S4, Supplementary Material). Industrially, this salt is obtained by reacting gaseous
NH; with H,SO,, followed by concentration and crystallization, as described in patent US 6517794
B1. The synthesis of both H,SO4 and NHj is energy-intensive and depends heavily on electricity and
fossil fuels, thereby exerting significant burdens on multiple environmental compartments.
Additionally, chromatographic purification requires substantial volumes of mobile phase, further
increasing the overall environmental impact [34-36]. Accordingly, replacing ammonium sulfate with
a more environmentally sustainable alternative offering comparable HIC performance represents a
key improvement opportunity. Among the kosmotropic salts reported as viable substitutes—
including sodium sulfate, sodium citrate, and ammonium tartrate [74-76]—sodium sulfate was
selected in this work on account of its high ionic strength, sufficient solubility to perform the PC
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elution step from 1.25 to 0 M, and excellent protein stability [77,78]. However, this substitution was
not experimentally validated in the present work but was incorporated into the LCA as a simulated
improvement scenario; its suitability for HIC-based PC purification therefore warrants experimental
confirmation in future studies. It should be noted that sodium sulfate showed a greater influence on
ADP compared to ammonium sulfate (as evinced in Figure 8 and Figure S4), as its production in the
Ecoinvent 3.9.1 database is modelled via extraction from mineral deposits and natural brines.
Nevertheless, modern sodium sulfate production is increasingly based on recovery from industrial
brines and wastewaters [79,80], which would reduce its associated environmental burdens.
Regardless, in Scenario A2, the contribution of sodium sulfate production to the purification stage
impact ranged from 46-76% across impact categories (Figure S4, Supplementary Material), compared
to 91-97% attributed to ammonium sulfate production in Scenario Al.

Setting aside the cultivation stage —common to all evaluated scenarios —the PC extraction stage
represented the next most significant contributor to the overall environmental burden. In Scenarios
Al and A2, UAE with an aqueous [Emim]‘[EtSO,]- solution was employed in place of the
conventional extraction techniques used in Scenarios B and C, leading to reduce energy consumption
and lower solvent requirements, consistent with previous findings in literature [81-83]. In addition
to its superior extraction efficiency relative to conventional buffers for PBP extraction [84],
[Emim]*[EtSO4]- presents notable environmental advantages over other ILs and organic solvents,
including the lower toxicity of imidazolium cations compared to tetraalkylammonium or pyridinium
ILs [84,85], the reduced toxicity of short-chain relative to long-chain imidazolium ILs [86], and the
straightforward synthesis of ethyl sulfate-based ILs [86]. Nevertheless, its production remains
environmentally challenging, as it involves hazardous reagents and organic solvents and is energy
intensive. Within the extraction stage, imidazolium production accounted for 39.5-67% of the total
impact across most categories, reaching up to 96% in human toxicity potential (HTP), while dimethyl
sulfate contributed 3-54% depending on the category (Figure S5). Accordingly, increasing IL
recovery from 74.8 to 90 wt% was incorporated as a key improvement in Scenario A2.

The combined implementation of both improvements in Scenario A2 led to a marked reduction
in the overall environmental footprint, with decreases ranging from 65.9% to 89.8% across all impact
categories. This improvement is primarily driven by the substitution of ammonium sulfate with
sodium sulfate, which dominated impact mitigation in the purification stage (82.7-91.4% reduction
across most categories), while increased IL recovery provided an additional, albeit comparatively
smaller, contribution. The only exception was abiotic depletion potential (ADP), which increased by
14.2%, consistent with the upstream inventory assumptions associated with sodium sulfate
production in the background database—an aspect discussed further below. In the extraction stage,
the transition from Scenario A1l to A2 yielded consistent reductions across all impact categories (32.0—
60.9%), with the lowest reduction observed for cumulative energy demand (CED) and larger
reductions in toxicity- and emission-related categories, reflecting the environmental benefits of
reducing fresh IL consumption as a result of improving recovery efficiency. These results highlight
the critical influence of salt selection on the environmental performance of the HIC step, suggesting
that sustainability criteria should be incorporated alongside conventional physicochemical
considerations in salt selection. Although experimentally unvalidated in the present work, these
findings provide a valuable basis for future studies exploring alternative kosmotropic salts with
lower environmental burdens. In parallel, increasing IL recovery from 74.8 to 90 wt% further
contributed to the environmental improvement observed in Scenario A2 (Tables 3 and 4).

Regarding Scenario B, although it involves the largest number and variety of purification steps,
it emerges as the most environmentally favorable option (Figure 8). This advantage is mainly
attributed to the type of chromatography employed: IEC requires considerably less salt than HIC
(Table S3), and the pre-concentration achieved during the preliminary purification allows higher PC
load (8.67 mg-mL-" versus 1.55 mg-mL' in Scenarios Al and A2) while removing competing proteins,
thereby reducing the volume of mobile phase required (Table S4). In contrast, Scenario C eliminates
a chromatographic step to achieve analytical-grade PC. Still, it is less environmentally favorable due
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to higher salt and PEG quantities needed, as well as the higher electricity demand required for ATPS
phase separation via centrifugation (Table S2). This was reflected in the high cumulative energy
demand (CED) associated with purification processes, including electricity consumption (329.16 MJ),
PEG synthesis (893.90 MJ), and sodium phosphate production (186.33 MJ), which together accounted
for a substantial share of the total system impacts.

From an operational point of view, Scenarios Al and A2 offer notable advantages over Scenarios
B and C by minimizing both the number and the variety of unit operations in the purification stage,
which is reduced to a single step (Figures S1-S3). This simplification leads to reduce process
complexity, shorter operational times, lower equipment requirements, and consequently fewer
scalability constraints—factors that are critical for industrial implementation and for guiding future
research. Moreover, the improvements implemented in Scenario A2 make it competitive with
Scenario C, although it remains environmentally inferior to Scenario B according to the LCA results.
These results highlight both the benefits and the limitations—some of them non-intuitive—of the
evaluated scenarios, enabling direct comparison and supporting the development of more efficient
and sustainable pathways for future analytical-grade PC production from cyanobacteria.

5. Conclusions

This study presents a streamlined and sustainability-oriented strategy for producing analytical-
grade phycocyanin (PC) from Spirulina, combining ionic-liquid (IL)-assisted ultrasound extraction
(UAE) with a single hydrophobic interaction chromatography (HIC) step.

First, the method demonstrated high efficiency for both phycocyanin (PC) and allophycocyanin
(APC), achieving analytical-grade PC recovery rates of up to 50.4% using both fresh and reused IL.
Spectroscopic analyses confirmed the preservation of native protein conformation and chromophore
stability throughout extraction and purification.

Second, LCA results identified the purification stage as the dominant environmental hotspot,
followed by cultivation and extraction. Targeted improvements—such as replacing ammonium
sulfate with sodium sulfate and increasing IL recovery—led to a substantial overall reduction in
environmental impacts, ranging from around 65% to 90% across most categories. The only exception
was ADP, which showed a slight increase of 14.2%. These results underscore the importance of
integrating sustainability criteria into chromatographic salt selection, an aspect often overlooked in
downstream process design.

Third, an environmental comparison of the improved HIC process (Scenario A2) with the
conventional IEC-based route (Scenario B) and the dual-ATPS route (Scenario C) showed that the
proposed process achieves an intermediate environmental performance between these alternatives.
Moreover, it offers clear operational advantages: achieving purification in a single chromatographic
step reduces processing time, equipment requirements, and scale-up constraints. key considerations
for commercial implementation. Despite its greater operational complexity, Scenario B remains the
environmentally preferable option, largely because IEC requires less salt than HIC.

Overall, this work successfully develops an integrated and effective extraction—purification
route for producing analytical-grade PC, identifies concrete opportunities for process improvement,
and clarifies key trade-offs between process and environmental performance. By revealing both the
strengths and the non-intuitive limitations of the evaluated pathways, it provides a robust basis for
comparison. It supports the development of more efficient, scalable, and sustainable bioprocesses for
future high purity phycobiliprotein production from cyanobacteria.

6. Patents

As a result of the research, the authors have been granted a Spanish Patent (ES-3017658-B2).
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Abbreviations

The following abbreviations are used in this manuscript:

AD Anaerobic digestion

ADP Abiotic depletion potential
AP Acidification potential

APC Allophycocyanin

ATPS Aqueous two-phase system
BV Bed volume

C Cultivation stage

CED Cumulative energy demand
Erc Phycocyanin extraction stage
Earc Extracted allophycocyanin
EP Eutrophication potential

Erc Extracted phycocyanin
FAETP Freshwater aquatic ecotoxicity
FT Freeze and thaw

GWP 100 100-year global warming potential

Hé&D Harvesting and drying stage
HIC Hydrophobic interaction chromatography
HTP Human toxicity potential

IEC Ionic exchange chromatography
IL Ionic liquid

LCA Life cycle assessment

LCI Life cycle inventory

OD Optical density

P Phycocyanin purification stage
Parc Purity of allophycocyanin

pPC Phycocyanin

PEG Polyethylene glycol
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PF Purification factor

POCP Photochemical ozone creation potential
P-p Phycocyanin post-processing stage

Prc Purity of phycocyanin

TETP Terrestrial ecotoxicity potential

UAE Ultrasound-assisted extraction

UF Ultrafiltration

A% Spent biomass valorization
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