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Introduction

Valorization of pomegranate waste through green
solvent extraction and biochar production: a zero-
waste biorefinery approach+

Leonardo M. de Souza Mesquita, (2 *? Leticia S. Contieri,>® Barbara M. C. Vaz,”
Vitor Sencadas,® Filipe H. B. Sosa,” Jodo A. P. Coutinho, {2 Mauricio A. Rostagno®
and Soénia P. M. Ventura (2 *®

This study introduces a sustainable, zero-waste biorefinery approach for the valorization of pomegranate
(Punica granatum) waste, focusing on the sequential extraction of anthocyanins, ellagic acid and its
derivatives using environmentally friendly solvents, followed by biochar production. Initially, a COSMO-RS
in silico analysis was conducted, screening 10 512 combinations of hydrogen bond acceptors (HBAs) and
hydrogen bond donors (HBDs) typically used in eutectic solvent formulations, along with 49 bio-based
solvents, to identify the most efficient green solvents for recovering anthocyanins, ellagic acid and its
derivatives. In the first step, an aqueous solution of gamma-valerolactone (GVL) (2900 mM, pH 2) was
used for solid-liquid extraction; this led to the optimization of extraction conditions (solid—liquid ratio of
0.07 Gbiomass Mlsowent & at 25 °C for 55 minutes) yielding 38.52 + 0.06 Manthocyanins Jbiomass —
Subsequently, the residual biomass underwent a second extraction using an aqueous solution of the ionic
liquid (IL) cholinium acetate (2900 mM, pH 13) under similar conditions, yielding a rich fraction of ellagic
acid and its derivatives (21.82 MQeyagic acid gbiomass‘l). The remaining biomass was then converted into
activated biochar using a eutectic solvent composed of cholinium chloride and oxalic acid (molar ratio 1
HBA: 2 HBD), providing a greener alternative to traditional biochar production methods. The resulting
biochar was utilized as an adsorbent for removing synthetic dyes (food and textile) from aqueous solu-
tions, presenting new opportunities for the remediation of contaminated water effluents. This zero-waste
process fully valorizes pomegranate residues, adhering to green extraction principles and achieving a
Path2Green score of 0.401 (corresponding to around 288.50 gco, gbiomass‘l), underscoring its eco-friend-
liness. By minimizing waste and reducing the need for harmful organic solvents, this biorefinery model
highlights the potential for greener industrial practices through the use of bio-based solvents and the
complete utilization of biomass.

lenges is the reduction of greenhouse gas emissions and the
adaption of existing technologies to new sustainable alterna-

In the coming years, the global society will face several chal-
lenges, many linked to maintaining life standards and the
well-being of populations. One of the most worrisome chal-
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tives, enabling climate change mitigation while maintaining
the supply of resources.’ Several global meetings have been
addressing this problem, and their most relevant conclusions
are exposed in the Sustainable Development Goals (SDGs) pub-
lished in the 2030 agenda of the United Nations,” encouraging
the scientific community to discover how to protect the planet
and ensure that all people enjoy peace and prosperity. In this
sense, many interdisciplinary strategies are required to
address these challenging tasks. Among them, the circular
economy and the biorefinery, which intend to convert biomass
into a wide range of products, including biofuels, chemicals,
and materials,® are expected to provide significant contri-
butions. However, despite their generous goal, biorefinery
approaches could generate a high environmental impact if
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poorly designed, especially when using non-benign raw
materials and high-energy techniques.* Thus, to prospect for a
real sustainable biorefinery, it is necessary to integrate a circu-
lar economy-based concept on safe, economical, and eco-
friendly approaches.’

Associated with SDGs 12 (sustainable consumption and
production) and 13 (climate action), bio-based solvents are
excellent candidates for application in new biorefineries since
they are considered greener alternatives to fossil fuel-based
organic solvents, contributing to more sustainable production
systems and, as a result, reducing carbon footprint.® A bio-
based solvent results from renewable biological sources, such
as plants or microorganisms, and can be used in several appli-
cations, including for the extraction of bioactive compounds
from biomass.”® Another promising class of solvents available
for the development of more sustainable biorefinery platforms
is known as non-volatile alternative solvents, mainly rep-
resented by ionic liquids - ILs — and eutectic mixtures [mostly
known as (deep) eutectic solvents - (D)ESs]. ILs are pure sub-
stances characterized as molten salts composed of ions of
different dimensions. These lead to unique properties like low
vapor pressure, high thermal stability, and a wide liquid
range.’

In contrast, (D)ESs are mixtures of two or more hydrogen
bond donors and acceptors, with a significantly lower melting
point than any of their starting components.’® Both ILs and
(D)ESs are considered by many scientists as “green solvents”.
However, this may not be entirely true, considering that some
classes of these solvents have already been demonstrated to be
toxic and associated with a high carbon footprint in their syn-
thesis/formation.’™* For these reasons, it is essential not to
create overgeneralizations regarding the use of these sol-
vents.'® Indeed, they are alternatives, but it is crucial to design
innovative applications that can be used without risk to the
user’s health and the environment.

Aligned with SDG 2 (Zero Hunger), the valorization of dis-
carded or wasted foods addresses food security by transform-
ing waste into valuable resources. This approach also supports
SDG 11 (Sustainable Cities and Communities) by promoting
efficient waste management practices in urban settings. By
minimizing food waste, we contribute to SDG 13 (Climate
Action) by reducing greenhouse gas emissions associated with
organic waste decomposition. Furthermore, it supports SDG
14 (Life Below Water) and SDG 15 (Life on Land) by preventing
pollution and nutrient runoff that can harm aquatic ecosys-
tems and terrestrial environments. In this sense, about 30% of
world food production is wasted, mainly the highly perishable
vegetables and fruits."> This aspect directly impacts human
well-being by increasing social inequality, the volume of
garbage in landfills, and pollution of aquatic systems. In the
past 20 years, there has been an increase of 40 times in studies
concerning food waste, highlighting this issue’s importance
and how the scientific community has been looking for new
alternatives to remediate it. Punica granatum (pomegranate) is
a worldwide appreciated fruit, especially in India, Iran, Turkey,
and the United States.'® Despite pomegranate being con-
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sidered a minor crop, its production has increased in recent
years due to the high demand for its juice, considering a heal-
thier alternative to those made from oranges and apples,
which have a lower diversity of chemical compounds and con-
sequently lower health benefits. Its intake is associated with
several health benefits, from antioxidant to anti-tumor, anti-
inflammatory, neuroprotection, anti-viral, and anti-bacterial."”
However, only a fraction of the pomegranate produced is con-
sumed; with 54% being wasted, mainly in the form of seeds
and peels,'® which establishes the need to repurpose that
waste.

Among the major bioactive compounds from pomegranate,
phenolics are highlighted, mainly anthocyanins and ellagic
acid and derivatives."® SDG 3 (Good Health and Well-being) is
contemplated by the importance of phenolic compounds in
our lives since these compounds are associated with higher
life expectations and a lower need for traditional medicines.>
Anthocyanins are natural reddish-purple pigments commonly
present in pomegranate peels. However, despite their intense
color, some drawbacks concerning their utilization as dyes
need to be overcome, mainly regarding their color stability
when submitted to high temperatures and alkaline pH
values.”" Ellagic acid, a bright yellow compound, is a colorant
agent and preservative compound for food products. It is also
present in high concentrations in pomegranate wastes (mainly
due to its poor water solubility). Still, a promising market
niche is the cosmetic industry, especially for pharmaceutical
and skin care products.””> Unfortunately, synthetic pigments
are still preferred as colorants in food- and cosmetic-based
products, leading to health and environmental problems.>*?*
Thus, looking for new alternatives to extract and stabilize
natural pigments is a hot topic today, especially considering
that synthetic pigments will be banned as food colorants in
the European Union by 2030,>° meeting SDG 12, as it promotes
sustainable practices in the production of natural pigments,
reduces reliance on harmful synthetic chemicals, and
encourages the efficient use of renewable resources.

After all industrial bioprospection processes, residual
biomass is still persistent and inevitably must be discarded,
consequently generating an environmental impact. Then,
based on the recent trends in searching for new and non-
expensive adsorbent materials, producing biochar with waste
seems to be an excellent alternative to repurposing this
material. Initially, it was produced as a soil fertilizer, but other
applications have been proposed, such as soil remediation,
water treatments, and CO, capture.’®® Three conventional
methods are used to produce biochar, namely, (i) pyrolysis, (ii)
hydrothermal carbonization, and (iii) microwave carboniz-
ation.”> However, all these techniques are very high-energy
consuming due to the high reaction temperatures required,
usually higher than 400 °C. Thus, technological innovations
are desired to meet SDG 9 (industry, innovation, and infra-
structure) and maximize the environmental benefits of produ-
cing biochar materials.

This work proposes developing an efficient biorefinery
process mediated by bio-based solvents to recover natural pig-
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ments from pomegranate wastes, namely anthocyanins, ellagic
acid, and its derivatives. For this purpose, several processual
conditions were optimized (Solid-Liquid Ratio - SLR, in mgp;,.
mass MLgolvene 5 concentration of the solvent - C, in M; pH;
and time of extraction — ., in min). All the biorefinery steps
were optimized via the design of experiments (DoEs). After
optimizing the pigments’ recovery, the residual biomass was
used to produce biochar by an alternative methodology based
on (D)ESs, whose applicability was demonstrated in a simple
process of adsorption of synthetic dyes from aqueous solutions
(proof of concept). Thus, a closed-loop biorefinery approach
was developed in this work, using non-toxic raw materials,
respecting sustainability and circular economy concepts.

Materials and methods
Biomass - pomegranate

Punica granatum (pomegranate waste) cake, after juice pro-
duction, was obtained from the American industry - Pom
Wonderful LLC (Los Angeles, California, USA). The sample was
then autoclaved to avoid contamination by microorganisms
and enzymes (121 °C, 15 min, 5 bar) and then subjected to
knife milling to standardize the particle size (#50 mesh) and
freeze-dried to ensure the compound’s integrity.

Chemicals

Acetone, ethanol, and methanol (absolute grade) were pur-
chased from Thermo Fisher Scientific as control solvents for
extracting the bioactive compounds from pomegranate wastes.
The alternative solvents used in this work were the following:
cholinium acetate ([Ch]J[OAc], >99%) purchased from Iolitec,
and tetraethylammonium chloride ([N, ,,,]Cl, 98%) acquired
from Alfa Aesar. Betaine (98%), urea (99.5%), methyl urea
(97%), and 1,3-dimethylurea (98%) were obtained from Acros
Organics. 1,3-Butanediol (99.5%) was purchased from Sigma-
Aldrich. Gamma-valerolactone (GVL, 98%), and cyrene (99%)
were acquired from Merck. Ethanol absolute (HPLC grade) was
obtained for chromatographic analysis from Sigma-Aldrich.
The ultra-pure water used in all the solutions was provided by
a Purelab Flex 3 purifying system (ElgaVeolia, High Wycombe,
UK). The reagents used in the anthocyanins’ quantification
analysis, namely sodium acetate (100%) and potassium chlor-
ide (99.5%), were purchased from Sigma-Aldrich. The (D)ESs
used to produce the biochar material after extraction of the
target compounds were composed of cholinium chloride -
[Ch]CI (98%, Acros Organics) as HBA and oxalic acid (OA) (Alfa
Aesar, 100%) as HBD.

Screening of solvents

COSMO-RS model. COSMO-RS calculations were performed
using a two-step procedure. First, using the software
Turbomole (TmoleX19 version 4.5), the geometry of each mole-
cule (HBA, HBD, anthocyanin, and ellagic acid as models) was
optimized using COSMO-BP-TZVP (Fig. 1). Then, using the
optimum designed molecules, the polarization charges (c) and
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the surface composition functions, p(s), were calculated using
COSMOtherm® software. For this, the COSMOtherm® (version
21.0) package with the parameterization BP_TZVP_21.ctd was
used.?® The COSMO-BP-TZVP model includes a base set of def-
TZVP, DFT with the functional theory level B-P83, and the
COSMO solvation model. Then, COSMO-RS was used to
predict the activity coefficient at infinite dilution of anthocya-
nin models (delphinidin-3-O-glucoside and ellagic acid) in
10 512 combinations of HBAs and HBDs at 35 °C. Additionally,
the o-potentials and o-profiles were obtained. The list of tested
HBAs and HBDs is presented in Tables S1 and S2 from the
ESL

Experimental screening. The criterion used to select the
solvents experimentally tested was the activity coefficient
at infinite dilution (y*) exposed in COSMO-RS analysis.
According to Hildebrand’s solubility parameters theory,*" y®
is a precise parameter to describe the dissolution capability
of a solute in a solvent. A small y* indicates that both sub-
stances are mutually soluble; therefore, the solvents with the
lowest y* were selected to be experimentally tested. In
addition, this selection was also made considering other
issues like cost, availability, and toxicity. Thus, after the
COSMO-RS screening, five bio-based solvents, six HBAs and
HBDs were used to prepare the (D)ESs, and two ILs were
selected. These are presented in Table 1. (D)ESs formed by
two-component mixtures (HBA and HBD) were prepared
based on the COSMO-RS screening results. Betaine and
[Ch][OAc] were selected as HBAs, and 1,3-butanediol, urea,
methyl urea, and 1,3-dimethyl urea were selected as HBDs.
Ethanol, acetone, and methanol were used as control bio-
based solvents; and cyrene and GVL were used as alternative
bio-based solvents.

Regarding the preparation of the eutectic mixtures, for the
screening assay, all (D)ESs were initially formulated using a
molar ratio of HBA: HBD (molar ratio 1:2, considering each
starting material’s initial water content). Then, the mixtures
were stirred in a hot metallic plate at 70 °C, with magnetic stir-
ring of 250 rpm. The eutectic mixtures were prepared until a
homogeneous and transparent liquid was obtained. The sol-
vents were then stored for up to 24 h until use. Besides,
[Ch][OAc] was used in an aqueous solution alone (C = 2 M),
i.e., without forming the eutectic mixture. The ILs and bio-
based solvents were obtained commercially and diluted in
water solutions (C = 2 M).

Selecting the best solvents to extract anthocyanins, ellagic
acid and its derivatives. To select the best solvents to develop
the biorefinery approach from pomegranate wastes, a screen-
ing assay was performed. Briefly, a Trayster (IKA digital) was
used as the extraction method under the operational con-
ditions fixed at 80 rpm, 25 min, at room temperature (+23 °C)
and SLR of 0.16 M@hiomass MLsowent - After the extraction, cen-
trifugation was performed in a Thermo Fisher centrifuge
(15 min, 4700g) to separate the extract from the residual
biomass. Then, the supernatant, rich in the target compounds,
was separated and characterized by UV-vis spectrophotometry
and HPLC-PDA analysis. After selecting the best solvents to
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Fig.1 HPLC chromatograms were recorded at 520 nm — anthocyanins, peak 1: delphinidin-3,5-O-diglucoside; peak 2: cyanidin-3-O-rutinoside;
peak 3: pelargonidin-3-O-glucoside; peak 4: delphinidin-3-O-glucoside; and peak 5: cyanidin 3-O-glucoside (A), and at 350 nm - ellagic acid
derivatives, peak 1: a-punigalagin, peak 2: B-punigalagin, and peak 3: ellagic acid (B). The complete chemical information, including mass data, is
depicted in Table S6 (ESIT). The 3D-induced surface charge density of delphinidin-3-O-glucoside and ellagic acid were obtained from COSMO-RS.

develop the biorefinery process, they were used for the optim-
ization assays via the design of experiments (DoEs).

Optimization of the extraction approach

In this step, to maximize the extraction yield of anthocyanins
and ellagic acid derivatives, four operational conditions were
tested in a central composite rotatable design approach (CCRD
2* + axial points + central points). The operational variables
chosen for optimization were: (X;) SLR, in mMghiomass
MLgowent ; (X2) concentration of the solvent - C, in mM; (X;)
pH; and (X,) time of extraction — f., in min. The responsive
variables optimized were the yields of anthocyanins and
ellagic acid (mganthocyanins a")-,:biomass_1 and MGellagic  acid
gbiomass_j, respectively). Statistica 14.0.15 software performed
the DoEs and generated responsive surface plots. Tables S3

1698 | Green Chem., 2024, 26, 11695-11712

and S4 (ESIT) describe the encoded and experimental variables
of the optimization assay of the anthocyanins, ellagic acid, and
its derivatives, respectively. Two sequential routes of extraction
were suggested: first, recovering anthocyanins and then ellagic
acid and its derivatives; second, extracting first ellagic acid and
its derivatives and then anthocyanins. The criterion for select-
ing the best route was selectivity, i.e., those with a higher
purity of a specific pigment.

Quantification and identification of anthocyanins, ellagic acid
and its derivatives

UV-vis spectrophotometry. The quantification of anthocya-
nins was performed following the methodology of pH differen-
tial.>> Briefly, potassium chloride buffer (pH 1.0) and 0.4 M
sodium acetate buffer (pH 4.5) were prepared and separately

This journal is © The Royal Society of Chemistry 2024
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Table 1 Chemical structure, molecular formula, and molecular weight of the starting materials used to produce the eutectic mixtures (HBAs and

HBDs), biobased solvents, and ionic liquids (ILs)

Chemical name

Chemical structure

Molecular formula Molar mass (g mol™)

Ethanol (EtOH) - bio-based solvent HaC_-OH C,HsO 46.06
Methanol (MeOH) - bio-based solvent HO—CHgz CH,O 32.04
Acetone - bio-based solvent /?j\ C;HsO 58.08
H3C~ "CHj
Gamma-valerolactone (GVL) - bio-based solvent /& C5H;30, 100.12
HaC o (o)
Cyrene — bio-based solvent O CgHgO3 128.13
ine - 0 5 .
Betaine - HBA C.;H_3)J\ CsH{1NO, 117.15
HaC-N—""0r
CH3
1,3-Butanediol - HBD j)iﬁ C4H,,0, 90.12
OH
Urea - HBD ﬁ CH,N,O 60.06
C
HoN"" NH,
Methyl urea - HBD o} C,HgN,O 74.08
HoN" “NHCHg
1,3-Dimethyl urea - HBD o) C3HN,O 88.11
Hac\N)kN/CHa
H H
Cholinium acetate ([Ch][OAc]) - IL and HBA (‘:Hs j’\ C,H;,NO; 163.21
HONT;CHg HyC” Y0~
CHs
Tetraethylammonium chloride ([N, ,,]Cl) - IL HBCW cr CgH,(NCl 165.70
HyC” N CH,
I\CH3

added to the anthocyanin-rich extract. Then, the concentration
of anthocyanins was calculated following eqn (1) and (2).

A = (A520 — A700)pr 1.0 — (A520 = A700)ppt 4.5 (1)

(A x MW x DF x 1000)
[xe (2)

g biomass

Anthocyanins (mgg™') =

Asyo and A,q, represent the absorbance at 520 nm and 700 nm,
respectively; MW is the molecular weight of the main antho-
cyanin extracted from pomegranate wastes (delphinidin-3-O-
glucoside = 500.83 g mol™'); DF is the dilution factor (15%), € is
the extinction molar coefficient for delphinidin-3-O-glucoside
(27 300), and [ is the path length (cm). The total anthocyanin
content was expressed by mMgan¢hocyanins Zhiomass -

The quantification of the ellagic acid and its derivatives was
performed using a calibration curve of an external standard of

This journal is © The Royal Society of Chemistry 2024

ellagic acid diluted in [Ch][OAc] aqueous solution (350 nm, 7*
>0.99, 0.005-0.0625 Mgeliagic acid mL™"). Each assay’s total con-
centration of ellagic acid and its derivatives was expressed in
mgellagic acid gbiomass_1

Identification of compounds by HLPC-PDA-MS. All the
obtained extracts were analyzed by high-performance liquid
chromatography combined with a photodiode array detector
and tandem mass spectrometry (HPLC-PDA-MS). The chroma-
tographic analysis was performed on a Kinetex C;3 column
(150 x 4.6 mm, 2.6 pm, Phenomenex, Torrance, CA, USA). The
anthocyanins were characterized at 520 nm using a chromato-
graphic method composed of a binary mobile phase: (A) water
+0.25 mol L™ citric acid and (B) ethanol - HPLC grade - at a
flow rate of 1 mL min~" with the column temperature fixed at
55 °C and a gradient flow as follows: 0 min (90% A), 1.5 min
(85% A), 2 min (85% A), 2.2 min (84% A), 2.3 min (83% A),
2.5 min (80% A), 2.75 min (78% A), 3.0 min (78% A), 3.5 min

Green Chem., 2024, 26, 11695-11712 | 11699
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(75% A), 4.0 min (75% A), 4.25 min (74%A), 4.5 min (73% A),
4.75 min (75% A), 5.0 min (65% A), 6.0 min (90% A), and
9.0 min (90% A - reconditioning time).>* In addition, using
the same chromatographic column, the ellagic acid-rich
extract was characterized at 350 nm, with the column tempera-
ture fixed at 42 °C, a flow rate of 1.0 mL min~"', and a binary
mobile phase composed of (A) water and (B) acetonitrile, both
added with 0.1% v/v of acetic acid. The gradient flow was:
0 min (98% A), 0.30 min (90% A), 1.5 (85% A), 1.90 min (75%
A), 2.0 min (72% A), 2.1 min (70% A), 2.35 min (70% A),
2.4 min (69% A), 2.5 min (67% A), 2.8 min (65% A), 2.9 (60%
A), 3.5 min (60% A), and 6 min (98% A - reconditioning time).

MS and MS?> scans were conducted in positive ionization
mode for anthocyanins and negative ionization mode for
ellagic acid derivatives (100-1500 Da). The operational con-
ditions were as follows: flow rate of 0.5 mL min~", capillary
voltage between 25 and 35 V, spray voltage of 5-7 kV, tube lens
offset of 75 V, capillary temperature of 250-300 °C, and sheath
gas (N,) flow rate set to 8 arbitrary units. Data acquisition and
processing were performed using Xcalibur software (version
2.2 SP1.48).3*

Biochar production and characterization

An alternative method based on eutectic solvent was proposed
to produce a biochar material.*® Briefly, a (D)ES was prepared
by mixing cholinium chloride as HBA and oxalic acid as HBD
([ch]Cl: 0A, molar ratio 1:2, without adding water) under
magnetic stirring (200 rpm) at 70 °C. The choice of applying
[Ch]Cl: OA at 1:2 molar ratio (HBA : HBD) was based on a pre-
vious article from our research group.®® Then, in a pressure re-
sistance flask, the residual biomass used after pigment extrac-
tion (anthocyanins and ellagic acid) was placed in contact with
[Ch]Cl: OA under constant stirring (200 rpm), and at an SLR of
0.1 Zhiomass mL(D)ES_l, and with the temperature fixed at
120 °C. After 60 minutes, the system was cooled down in an
ice bath, and the obtained material was washed with distilled
water and centrifuged (15 min, 4700g). The supernatant phase
was rich in the (D)ES and could be recovered after the water
had evaporated. Then, the biochar material was obtained in
the precipitated fraction after centrifugation, and was placed
into an oven at 55 °C until completely dry, and a black powder
was obtained.

The biochar morphology was assessed by scanning electron
microscopy (SEM, SU-70, Hitachi). Dry samples were placed
onto a metal stub, coated with a thin gold layer using a sputter
coater (SEM Coating Unit E5000, Polaron), and analyzed with
an accelerating voltage of 15 kV. The surface area was deter-
mined using a Brunauer-Emmett-Teller (BET) method using a
Gemini VII from the Micrometrics instrument, based on the
adsorption-desorption isotherms of N, at 77 K. The elemental
analysis of biochar samples was conducted with a TruSpec
series 200-200 elemental analyzer (Michigan, USA). The com-
bustion furnace and after-burner temperatures were main-
tained at 1075 °C and 850 °C, respectively. The difference
determined the oxygen content. These results were used to cal-
culate the atomic H/C, O/C, and (O + N)/C ratios to assess the
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relationships concerning the relative degree of hydrophobicity
of the produced biochar material. Biochar’s infrared spectra
(FTIR) spectra were obtained with a resolution of 4 cm™" over a
wavenumber range of 4000 to 400 cm™" with 64 scans. Spectral
analysis was performed using SpectralSoft Software
(PerkinElmer Spectrum BX spectrometer). The integrity of [Ch]
Cl:0A used for biochar production was assessed using
Thermogravimetric Analysis (TGA). Thermal decomposition
temperatures were measured with a Mettler Toledo TGA/DSC
system (Schwerzenbach, Switzerland). The samples were
heated at a rate of 10 °C min™", across a temperature range of
30 to 500 °C. Approximately 5 mg of [Ch]Cl: OA was carefully
placed into an aluminium crucible and analyzed under a nitro-

gen atmosphere with a flow rate of 50 mL min™".

Biochar utilization and the removal of synthetic dyes from
aqueous solution

As a proof of concept to show potential application of the
biochar material produced in this work, the removal of dyes
from water was investigated. Food (sunset yellow, tartrazine
yellow, brilliant blue, and red 40) and textile (indigo carmine
blue, chloranilic acid, and rhodamine) dyes were used in
adsorption experiments (see Table S5 for more chemical
details — ESIT). For that purpose, a concentrated aqueous solu-
tion of each dye was prepared (0.025 mgaye. MLgorution ), and
their initial absorbance (UV-vis) was evaluated and considered
as the initial concentration (4,). Then, the adsorption experi-
ments were conducted under constant stirring (60 rpm) for
75 min. After that, a centrifugation step (5 min, 4700g) was
performed to precipitate the biochar. The supernatant solution
was analyzed again by UV-vis (4,) to calculate the amount of
dye adsorbed by the biochar material, as detailed in eqn (3).
All experiments were conducted in triplicate and expressed as
the mean of %gye adsorption * Standard deviation.

(A1 x 100)

0

(3)

%(dyeadsorption) =100 —

Greenness assessment of the biorefinery by using the
Path2Green metric

The greenness assessment of the developed biorefinery was
evaluated by using the Path2Green metric.>” This metric is
based on 12 principles of green extraction. In this metric, para-
meters are established by evaluating attributes throughout the
pre-and post-extraction procedures: 1: Biomass; 2: Transport;
3: Pre-treatment; 4: Solvents; 5: Scaling, 6: Purification, 7:
Yield, 8: Post-Treatment; 9: Energy; 10: Application; 11:
Repurposing, and 12: Waste Management. Each principle is
scored between —1.00 and +1.00, with a score closer to +1.00,
indicating better adherence to the green principle. Also, each
principle was evaluated individually, with the environmental
aspect carrying a more pronounced weight (weight 3), followed
by society (weight 2), and economy (weight 1). The Path2Green
cellphone app made the evaluation and depicted the final pic-
togram of the metric. The result pictogram indicates the final
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score and the performance of the extraction process, allowing
the perception of red flags, by which the developed process
can be improved in terms of sustainability.

Results and discussion
Chemical characterization of pomegranate waste

To identify the target compounds in the pomegranate waste,
extracts using MeOH 80% at pH 3 and 10 were prepared and
analyzed by HPLC-PDA-MS/MS. By processing the chromato-
gram at 520 nm, five well-defined peaks were obtained in the
acid extract (Fig. 1A). Their proposal identification was
recorded in Table S6 (ESIt) based on previous studies.**»*®
Three aglycones were extracted: cyanidin, pelargonidin,
and delphinidin. The major peak (peak 4 Fig. 1A) was
identified as delphinidin-3-O-glucoside (m/z 465, ms* 303 -
[M — H — 162]7). In the alkaline extract, ellagic acid deriva-
tives were identified, mainly represented by ellagic acid agly-
cone (m/z 301) - peak 3 (Fig. 1B) and the derivatives,
a-punicalagin and p-punicalagin, (both with m/z 1083) -
peaks 1 and 2 from Fig. 1B, respectively. After obtaining
detailed knowledge of the target composition of the biomass,
the extraction process variables were optimized to yield
these compounds selectively and efficiently. The macro-
compositional analysis of pomegranate waste, as presented in
Table S7 (ESIT), highlights its high fiber and carbohydrate
content. These characteristics make pomegranate waste
particularly suitable for biochar production. The significant
fiber content, averaging 22.00 + 7.02%, provides a strong
structural framework, while the carbohydrate content, aver-
aging 26.70 + 6.42%, supports the formation of carbon-
rich biochar. These properties are key for developing
efficient adsorbent materials, as discussed in the following
sections.

COSMO-RS screening of solvents

Due to the extensive range of HBA and HBD combinations that
can form a (D)ES, COSMO-RS was employed as a screening
tool to predict the best HBA and HBD pairs for extracting the
primary pigments (anthocyanins and ellagic acid-rich fraction)
from pomegranate waste. Following the characterization of the
biomass, two target molecules, (i) delphinidin-3-O-glucoside
and (ii) ellagic acid (Fig. 1A and B), were chosen as model com-
pounds due to their high concentration in the biomass. The
infinite dilution activity coefficient (y*) was used to evaluate
the solubility behavior of the solute in various HBA and HBD
combinations.*® This coefficient is a molecular descriptor to
pre-select the best HBA and HBD pairs. The y* values were
estimated for combinations of 73 HBAs and 144 HBDs in a
molar ratio of 1: 2 at 35 °C, resulting in 10 512 possible combi-
nations. Besides these mixtures, 49 pure biobased solvents
were also investigated. The results are depicted in Fig. 2, where
the In y™ values are shown using a color scale. Since a lower
In y* value indicates higher solubility, the relationship is inver-
sely proportional.®®

This journal is © The Royal Society of Chemistry 2024
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As shown in Fig. 2, quaternary ammonium salts exhibit low
In y* values, suggesting high solubility for ellagic acid and del-
phinidin-3-O-glucoside, especially for [Ch][OAc] and [N, ,]
Cl, regardless of the HBD. Additionally, Fig. 2 reveals negative
Iny® values for certain HBA groups, notably betaine.
Regarding the HBDs, compounds like urea and the alcohol
group show low Iny® values. Conversely, HBAs such as car-
boxylic acids and sugars have high Iny™ values, indicating
poor solubility for the target compounds, regardless of the
HBD. Moreover, this study suggests that HBA has a more sig-
nificant impact on the solubilization of the target compounds
than HBD. This conclusion is supported by the lines in Fig. 2,
which show that the Iny* value remains approximately con-
stant for each HBA, irrespective of the HBD.

For the bio-based solvents (Table S8 - ESIf), those that
exhibited the lowest In y* values for delphinidin-3-O-glucoside
and ellagic acid were cyrene and GVL. Therefore, [Ch][OAc]
and [N, ,,]Cl combined with urea and 1,3-butanediol were
selected for subsequent experimental screening. In Fig. S1
(ESIt), it is possible to see the o-profiles and o-potential (u(o))
of the selected solvents (considered optimal for being tested in
the experimental screening). Additionally, the bio-based sol-
vents GVL and cyrene were also selected.

Solid-liquid extraction—experimental screening assay

Based on the results of the previous section, the best alterna-
tive eco-friendly solvents were experimentally screened regard-
ing their capacity to extract anthocyanins, ellagic acid, and its
derivatives from pomegranate waste. Considering the results
depicted in Fig. 3, the aqueous solution of GVL (2 M) was the
most efficient solvent tested, allowing the recovery of 19.78 +
0.75 Mganthocyanins Zhiomass » Which represents a performance
of almost 6-fold higher comparing with water, and 2-fold
higher when compared with methanol (MeOH 100%).
Although a new bio-based solvent, GVL is already produced on
a large scale in Europe,’® offering an excellent opportunity to
replace petroleum-based solvents. Today, GVL is used to solu-
bilize polymers, cosmetics, agrochemicals, and pharmaceuti-
cals and as a cleaning agent in various paint and coating for-
mulations.*® In addition, due to their characteristic aroma,
GVL could be used as a perfume ingredient or as an additive
in foods and beverages.*' Most importantly, GVL has low (or
negligible) toxicological potential, allowing its use in the most
varied sectors. Considering the feasibility of an extraction
process, GVL is a promising alternative to organic solvents for
showing low-vapor pressure, which minimizes its loss by evap-
oration (associated with air contamination and lower solvent
performance). Compared to (D)ES-mediated processes, GVL
has the advantage of being easier to handle, which means that
the solvent formulation is not required. Fig. 3 also shows that
other tested alternative solvents, namely, those formulated
using [Ch][OAc] and [N, » »|Cl as HBA, and their combination
with urea derivatives as HBD, presented a satisfactory extrac-
tion performance. However, they present a poorer performance
in terms of being selective for anthocyanins, being thus
responsible for the co-extraction of large amounts of ellagic

Green Chem., 2024, 26, 11695-11712 | 11701
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Fig. 2 The activity coefficients at infinite dilution (In y*) of delphinidin-3-O-glucoside (top) and ellagic acid (bottom) in eutectic mixtures (1: 2) at
35 °C. Tables S1 and S2 from the ESIt contain the label of each compound analyzed.

acid and its derivatives (between 5 and 10 Mgeagic acid
Zhiomass ). To develop a green multiproduct biorefinery, a
high selectivity is desired to minimize post-purification steps
when a mix of target compounds is recovered in one fraction.**
For these reasons, the aqueous solution of GVL was selected as
a solvent for the design of experiments applied in this work
with the objective of finding the optimal conditions that maxi-
mize the recovery of anthocyanins.

In a second step, after recovering anthocyanins, the same
biomass was used to recover a rich fraction of ellagic acid and
its derivatives - pigments with a bright yellow color. As
depicted in Fig. 3, [Ch][OAc]-based solutions performed better
than VOSs and bio-based solvents. Here, [Ch][OAc] was used as

1702 | Green Chem., 2024, 26, 1695-11712

HBA in (D)ES formulations and as a single component in
aqueous solution. [Ch][OAc] is considered a bio-IL, already
used as a promising solvent in the extraction of value-added
compounds®® and as a separation agent in the chemical indus-
try, including gas absorption and liquid-liquid extraction.**
Fig. 3 shows that the best yield of extraction was obtained
using the (D)ES composed of [Ch][OAc]:urea (molar ratio -
1:2), 10.31 * 1.21 Mgellagic acid Zbiomass . However, the
aqueous solution of [Ch][OAc] (2 M) achieved an equivalent
extraction yield, 9.74 + 1.23 Mgejiagic acid Zbiomass - Thus, con-
sidering the advantages of using an aqueous solution rather
than a eutectic mixture, the optimization process was per-
formed using an aqueous solution of [Ch][OAc]. Besides, this

This journal is © The Royal Society of Chemistry 2024
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choice is allied with several health benefits associated with
[Ch][OAc], mainly regarding its effect on gut microbiota,
neurotransmitter synthesis, cell-membrane signalling, lipid
transport, and methyl-group metabolism.**

Solid-liquid extraction—process optimization

After selecting the most promising solvents to recover the target
compounds from pomegranate waste, two sequential design
experiments (DoE) were performed; the first for recovering
anthocyanins using GVL, and the second using an aqueous
solution of [Ch][OAc] to obtain a rich fraction of ellagic acid and
its derivatives. As mentioned in the previous section, since GVL
promoted selective extraction of anthocyanins (which means
extracting high amounts of anthocyanin and low amounts of
ellagic acid and its derivatives), we started the extraction by reco-
vering the anthocyanins and then the ellagic acid derivatives. In
both DoE analyses, a central composite rotatable design (CCRD)
was applied. Four independent variables (operational variables)
were evaluated (2 + axial and central points): solid-liquid ratio
(X1: SLR, Zpiomass MLsowent '), the concentration of the solvent
(X»: C, M), pH (X3), and the time of extraction (X,: fey, min). The
responsive variables that guided the optimization process were
the yield of anthocyanins, ellagic acid, and its derivatives. The
assays’ real (experimental) and encoded values can be viewed in
Tables S3 and S4 (ESI{).

Optimization of anthocyanin recovery

A response surface methodology (RSM) was used to optimize
the operational conditions and maximize anthocyanin extrac-

This journal is © The Royal Society of Chemistry 2024

tion yields (MZanthocyanins Zbiomass ). The RSM allowed the
exploration of the relationship between the four studied vari-
ables. Pareto’s chart showed the most relevant interaction
between the conditions studied (Fig. S2, ESIf). The ESI pre-
sents all the experimental results obtained and the optimized
variables (Table S3 - ESIf), with the extraction yield ranging
between 1.53 and 35.69 Mganthocyanins Zhiomass — and the pre-
dicted vs. observed values are shown in Fig. S37 (statistical sig-
nificance of the variables and their interactions highlighted
satisfying predictability at a confidence level of 95% (R*> =
0.76)). Eqn (4) shows the impact of these four variables on
recovering anthocyanins from pomegranate waste, which was
fitted concerning the results of the analysis of variance
(ANOVA).

Fig. 4 depicts the main results obtained from the predictive
model, with all variables fully optimized since concave sur-
faces delimited hot spot zones (dark red zones), where a
maximum yield is predicted. It shows that the best operational
conditions to recover a high yield of anthocyanins from pome-
granate waste are SLR = 0.07 Zpiomass mLsolvem_l; concentration
of GVL of 2.9 M; acidic pH (around pH 2); and time of extrac-
tion of 30 min (at 80 rpm). By comparing the experimental
and predicted data achieved for the extraction yield under the
selected conditions, a relative deviation of 3.05% was observed
(Table S9 from the ESIf), and an optimum yield of 38.52 +
0.06 MZanthocyanins Zhiomass » Proving that the fitted model has
high accuracy and precision.

Using GVL as an extraction solvent offers numerous advan-
tages, particularly in the context of ready-to-use extracts.*®

Green Chem., 2024, 26,11695-11712 | 11703
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Fig. 4 Factorial planning (2%): response surface plots regarding the yield of extraction of anthocyanins from pomegranate waste (MYanthocyanins
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aqueous solutions of gamma-valerolactone (GVL) as extractant media. SLR = solid-liquid ratio, C = concentration and t,: = time of extraction.

GVL, a bio-based solvent, has already been successfully
applied to recover natural bioactive compounds from biomass,
including pigments like carotenoids, phenolic acids, and
flavonoids.*”"*® Recently, an aqueous GVL solution (150 mM)
was used to extract carotenoids from haloarchaeal bacteria.*”
Unlike anthocyanins, which are water-soluble pigments, caro-
tenoids are hydrophobic compounds, further showcasing the
versatility of GVL when used in aqueous solutions (depending
on the concentration used - which must be optimized to each
target compound). This adaptability makes GVL an excellent
alternative to petrochemical solvents, contributing to greener
extraction processes, which indeed have been explored and
pointed out as a sustainable strategy for biomass pre-treat-
ment.*® Additionally, GVL has proven to be an effective preser-
vative, maintaining the stability and shelf life of the extracted
carotenoids even at elevated temperatures (96 °C).*” Another
significant benefit is GVL’s regulatory approval by inter-
national agencies (International Fragrance Association — IFRA,
Flavor and Extract Manufacturers Association Generally
Recognized As Safe - FEMA GRAS/FDA guidelines), allowing its
use as an active ingredient in fragrance and perfume formu-
lations. These properties make GVL a highly promising solvent
for sustainable applications across various industries, from
cosmetics to cleaning and flavoring agents. In this scenario,
using a solvent that does not need to be removed from the

1704 | Green Chem., 2024, 26, 11695-11712

extract can also significantly reduce costs associated with
further purification and polishing techniques, which are typi-
cally required when the solvent imposes restrictions on the
final applications.” By eliminating the need for solvent
removal, the overall process becomes more efficient and cost-
effective, making it an attractive option for industries aiming
to streamline production while ensuring product safety and
quality.

Y(anthocyaninyield) = 24.13 — 2.07(X;) — 4.11(X;)”
+3.08(X;) — 1.15(X,)* — 3.73(X3) — 1.17(X;)°
+1.02(X;) 4 0.63(X;)* — 1.06(X; X X)
—0.92(X; X X;) +3.85(X, x X3) + 1.69(X; X X;)

(4)

Optimization of the extraction of ellagic acid and its
derivatives

Using the same biomass after anthocyanins’ extraction, a
second DoE was performed to maximize the yield of extraction
of ellagic acid derivatives (Mgeiiagic acid Zhiomass ), USINg an
aqueous solution of [Ch]J[OAc] as the extraction solvent. The
same operational variables were evaluated and described in
Table S4 (ESIt). All tested variables were considered significant
to a predictive model, with the concentration of [Ch][OAc]
being the most representative, followed by the pH and SLR

This journal is © The Royal Society of Chemistry 2024
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(Pareto’s chart — Fig. S4, ESIt), with the extraction of ellagic
acid and derivatives ranging from 23.78 mgeiiagic acid Zhiomass
to 4.41 Mgejiagic acid Zhiomass - The model provided by eqn (5)
expressed the predicted values, which has a 95% confidence
level, with Feaicutated > Frabutatea (16-fold higher) and R* = 0.77,
highlighting a high-predictable model, as shown in Fig. S5
from the ESI.f The surface responsive plots are shown in
Fig. 5, showing a complete optimization of the variables SLR
and C, with optimum values of 0.07 Epiomass MLgowent , and
2.9 M [Ch][OAc]. The time was also fully optimized, reaching a
maximum extraction yield at 55 min. Unlike for the anthocya-
nins, the optimum pH for the efficient extraction of ellagic
acid and derivatives was alkaline (pH 13). A model validation
experiment was performed using the optimized operational
conditions (Table S10 in the ESI{). The optimum extraction
yield obtained in the validation assay was 21.82 mgeiiagic acid
Zhiomass > corresponding to a relative deviation of 1.72% from
the predicted value. This outstanding result suggests the high
confidence and accuracy of the predictive model designed by
the CCRD (2%).

Regarding the use of cholinium-based ILs, it is true that, in
recent years, they have been regarded as sustainable solvents.
However, this is not entirely accurate.® While cholinium-
based ILs are certainly a better alternative to volatile organic
solvents, which have significant production issues and safety
concerns for handlers, their sustainability can still be ques-

This journal is © The Royal Society of Chemistry 2024

tioned. A key point of discussion is that [Ch][OAc] already has
a biological production pathway, yet the market continues to
commercialize synthetic versions, which come with their own
production-related challenges. In this context, it is important
to address the trend of persisting with synthetic cholinium-
based ILs. While cost-effectiveness may be a driving factor for
manufacturers, promoting the use of synthetic routes is not
something we can encourage, especially given the availability
of greener alternatives. Furthermore, [Ch][OAc] has proven to
be an effective solvent for extracting ellagic acid derivatives
from pomegranate and has been widely used as a co-solvent to
enhance drug solubility, stability, and bioavailability.>">> Its
applications extend to drug formulation, delivery systems, and
even the extraction of active pharmaceutical ingredients (APIs)
from natural sources. Thus, the optimized approach developed
in this study offers a win-win solution compared to conven-
tional methods. It not only provides a more sustainable extrac-
tion process but also harnesses the potential of [Ch][OAc] to
enhance the quality of bioactive compounds, as demonstrated
in pharmaceutical applications.*

V(ellagicacidyield) = 19.72 + 1.41(X;) — 1.45(X;)?
+2.47(X,) — 2.73(Xp)* +2.25(X3) — 1.22(X,)’
+1.23(X; X X,) 4 0.68(X; X X3)

—1.25(X, X X3) + 0.74(X, X X;)

Green Chem., 2024, 26, 11695-11712 | 11705
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Production of biochar from the remaining biomass - closing
the cycle of the biorefinery

After recovering the two most valuable compounds from
pomegranate wastes, namely anthocyanins, ellagic acid, and
its derivatives, an alternative biochar material was produced
using the residual biomass usually discarded at the final
extraction processes. The (D)ES composed of [Ch]Cl:OA
(1:2) was selected considering two main factors: (i) acidic (D)
ES can break down the complex structure of biomass, making
it easier to convert into biochar.>® Recent data showed the
impact of this same (D)ES to disrupt a lignocellulosic matrix,
more specifically in modifying kraft lignin.*® Besides, (ii) car-
boxylic acids can also act as catalysts in biomass’s thermal
decomposition, showing several advantages to the process,
namely by accelerating biochar production, optimizing
energy consumption, and diminishing costs.>® They help
accelerate pyrolysis by promoting the breakdown of chemical
bonds in the biomass, resulting in a more efficient conver-
sion of waste into biochar. As happens with carboxylic acids,
acidic (D)ES can also lower the thermal stability of the
biomass components, allowing pyrolysis to occur at lower
temperatures.”® Based on Zhang’s findings,*® which demon-
strated that using a DES composed of p-toluene sulfonic acid
(p-TSA) and [Ch]Cl (1:1) to produce biochar from ligno-
cellulosic-rich sources (namely hybrid poplar, Caribbean
pine, and corn stalk) was an excellent strategy for achieving
high yields, we opted to use the same operational conditions
but with [Ch]Cl: OA. Oxalic acid in biochar production offers
some advantages in terms of environmental impact, safety,
and costs compared to p-TSA. Oxalic acid is more bio-
degradable and poses less risk to aquatic life and ecosystems
compared to the higher toxicity associated with p-TSA. While
both acids are corrosive, oxalic acid presents fewer severe
health risks, making the working environment safer (see
safety concerns, CAS-number: 144-62-7). In addition, oxalic
acid is cheaper than p-TSA, which also needs to be con-
sidered. These benefits align with regulatory preferences that
emphasize environmental safety, making oxalic acid a more
favorable choice for biochar production.

View Article Online

Green Chemistry

In conventional methods, biochar yield varies depending
on the procedure’s temperature and the applied technique.’”
Usually, yields from 10% (>700 °C, by gasification approach) to
60% (<200 °C, hydrothermal carbonization)®® are observed,
highlighting that the (D)ES-mediated process developed here
could be an easily feasible and high-performance alternative to
produce biochar. In this work, a high-pressure cell was used as
a vessel to transform the residual pomegranate wastes into
biochar at a mild temperature (120 °C) and with low energy
demands (magnetic stirring), which could also be used to
produce biochar from different biomass sources in a more sus-
tainable operating mode. In this study, the biochar production
mediated by the (D)ES converted 76 + 2% of the residual
biomass into biochar (yield, wt:wt), which is a significantly
higher yield than those achieved using conventional systems
(high-temperature pyrolysis with conventional reagents).

The morphology of the pomegranate biomass post-extrac-
tion and biochar is presented in Fig. 6. The pomegranate
biomass presents a smooth surface (Fig. 6A), and the treat-
ment that led to the biochar formation gave origin to carbon
microparticles with a rough surface (Fig. 6B), resembling a
charcoal structure, with a surface area of 3.43 m*> g
Table S11 (ESIf) depicts the elemental composition of the
biochar product, where the C, O, H, and N content was
43.96%, 47.90%, 5.48%, and 2.66%, respectively. The ratio
between the atomic content of O and C (O/C) was 0.81, indicat-
ing a significant presence of oxygenated functional groups
such as carboxyl, hydroxyl, and ether groups.>” These groups
can increase the reactivity of the biochar, enhancing its cation
exchange capacity and interaction with nutrients and pollu-
tants in the soil.’® This makes this biochar a good candidate
as an adsorbent material for pollutants and other chemical
substances, such as synthetic dyes, as demonstrated in section
1 of the ESL{ Additionally, the atomic proportions of H/C =
1.49 and (N + O)/C = 0.86 support this assessment. The low
carbonization level of the produced biochar, as indicated by
the H/C ratio, suggests a more aliphatic and less aromatic
structure, which may result in a lower specific surface area
and, thus a reduced adsorption capacity.®® However, the (N +
0)/C value indicates the presence of many oxygenated and

Fig. 6 Surface morphology of post-extraction pomegranate biomass (after recovering anthocyanins and ellagic acid-rich fractions) (A); biochar

product — charcoal structure (B).
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nitrogenated functional groups, such as carboxyl, hydroxyl,
and amine groups. These functional groups can increase the
biochar’s reactivity and improve its ability to adsorb dyes
through chemical interactions, such as hydrogen bonding and
electrostatic interactions.”® Oxygen- and nitrogen-containing
functional groups can form specific interactions with the func-
tional groups of synthetic dyes, enhancing adsorption.®*

Additionally, the FTIR spectrum of biochar was compared
with the FTIR spectrum of raw pomegranate (Fig. S7 - ESI{).
The typical frequencies of pomegranate surface functional
groups were identified (3292.68 cm™" for -NH and -OH of car-
boxylic acid, 2941 cm™" for aliphatic C=H, -CH; or -CHs,
1713.53 em™" for carboxylic acid C=O0, acetate, ketone, alde-
hyde, 1607.21 cm™* for C=C or C=N, deformation N-H of
amines or amides, 1322.65/748.7 cm™' for aliphatic C=H,
-CH; or —-CH,, 1181.61 cm™" for the acid group (C=0), alco-
hols, phenols, ethers, and esters (C=C and C=N), and
1029.18/875.7 cm™" for C=S). However, an increase in the
band’s intensity at 1736 cm™ " was observed, which could be
associated with C=O0 stretching in ester groups formed by the
esterification of oxalic acid molecules with hydroxyl groups
from raw pomegranate. Fig. S8 (ESIt) shows that [Ch]CI: OA
remains stable and only begins to decompose at temperatures
above 180 °C. This supports the potential for recovering and
reusing the DES in sequential biochar production cycles, con-
tributing to a closed-loop system within the biorefinery,
aligned with zero-waste principles. This observation is consist-
ent with findings from Chen et al,*® who reported that the
decomposition of oxalic acid is more accelerated between
180 °C and 230 °C. Beyond 230 °C, the degradation process
becomes more pronounced.

Design of an integrated multiproduct biorefinery from
pomegranate wastes

Fig. 7 illustrates the biorefinery process developed and the cor-
respondent mass balance for lab scale, outlining the input of
raw materials and solvents and the product output. As rep-
resented in Fig. 7, the first step was the pre-treatment of the
pomegranate waste (freeze-drying + grinding), and after that,
recovery of anthocyanins using an aqueous solution of GVL at
2.9 M, allowing an optimum extraction yield of 38.52 =+
0.06 MEanthocyanins Zhiomass - The accumulation of GVL in the
biomass residues obtained after the extraction of anthocyanins
represents only 0.5% of the total added to the biorefinery
process. GVL is a new sustainable green solvent,’® and was
shown to be an excellent alternative to replace conventional
solvents used to extract anthocyanins, such as methanol (a
low-performance solvent to recover pigments). Besides, since
GVL is a chemically stable molecule (it does not suffer oxi-
dation and degradation at room temperature and under
pressure),®® it could be considered a safe substance allowing
better and safer storage and transportation.*>*!

In the following step, the residual biomass after the extrac-
tion of anthocyanins was used to recover ellagic acid and
derivatives using an aqueous solution of [Ch][OAc] at 2.9 M,
enabling an optimum extraction recovery of 21.82 + 0.36 mgej,-
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gic acid Zpiomass - The accumulation of [Ch][OAc] in the residue
of biomass obtained after the extraction of ellagic acid rep-
resents only 0.3% of the total added to the biorefinery process.
This system was fully optimized, which allowed us to obtain
each pigment in its respective extraction media with a purity of
at least 90%, confirming that GVL was an excellent solvent for
selectively recovering anthocyanins. Finally, using a (D)ES, a
mild-temperature alternative biochar production method was
designed, producing a highly efficient adsorbent material that
can be used in multiple applications, including water remedia-
tion of food and textile dyes (as proved in the present work
and demonstrated in section 1 - ESIT). In the end, a zero-waste
biorefinery was developed using pomegranate waste biomass.

Green assessment of the developed process - Path2Green
metric

The biorefinery developed here was evaluated using the
Path2Green metric, a tool for assessing the sustainability of
biomass valorization processes.’” This evaluation is based on
the 12 principles of green extraction, as detailed in Table S12
(ESIf), each one having the corresponding scores. The
Path2Green metric offers a holistic overview to identify the
extraction approach’s strengths and potential red flags. The
results calculated using the Path2Green mobile app are shown
in Fig. 8, with the final process score prominently displayed in
the center of the pictogram (Path2Green score: 0.401, a high
positive score on a scale from —1.00 to +1.00). The pictogram
displays icons corresponding to each of the 12 principles eval-
uated, where green coloration indicates good adherence,
yellow indicates a neutral score, and red coloration indicates
poor adherence to a principle, thus negatively impacting sus-
tainability pillars. Among the 12 principles, principle 2 (pre-
serving biomass integrity while minimizing transport’s
environmental impact) received a negative score (—1.00), the
lowest possible. This low score is due to the high environ-
mental impact of transporting biomass from its origin in
California-USA (the biomass used in the lab scale), to Portugal,
where the biorefinery platform was developed. Transporting
the biomass from its origin to the extraction site indeed
requires careful execution to prevent losses and contamination
and ensure the extraction process’s safety and quality.
Additionally, it is crucial to consider the inherent environ-
mental impact of transportation when evaluating each step.®*
In this context, it is obvious that it is not economically viable
to implement this process on a large scale without considering
the location. The optimal approach is to establish a biorefinery
near water bodies and the biomass source site.*>®® A second
red flag is observed in principle 3, pre-treatment (optimization
for pre-treatment avoidance and cost-effective techniques),
which received a score of —0.20 due to physical pre-treatment
techniques, specifically freeze-drying and grinding applied in
the pomegranate residues before extraction. Physical pre-treat-
ments are often preferred over chemical and biological
methods for biomass preparation, particularly for extraction
processes, due to their ease of implementation, lower environ-
mental impact, and minimal use of additional chemicals.
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Integrated Biorefinery process from Pomegranate wastes
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Fig. 7 Schematic representation of an integrated biorefinery process in lab scale and the respective mass balance (also in lab scale) based on an
initial input of 100 g of pomegranate waste. The process is designed to fully utilize the biomass by recovering three key products: () anthocyanins
using GVL (gamma-valerolactone), (Il) an ellagic acid-rich fraction with [Ch][OAc] (cholinium acetate), and (lll) biochar material produced from the
remaining biomass after sequential extraction steps. Dashed lines indicate steps that were not experimentally optimized but are considered feasible.
GVL: gamma-valerolactone, [Ch][Oac]: cholinium acetate, [Ch]CL: OA: cholinium chloride : oxalic acid.
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Path2Green
SCORE

0.401

Fig. 8 Pictogram illustrating the final score of the Path2Green metric,
which is based on the 12 principles of green extraction. These principles
are depicted around the pictogram in shades of green and red. Green
means high adherence to the principle, while red indicates poor
adherence.

These methods are generally simpler, more cost-effective, and
require less complex infrastructure, making them an attractive
option for industrial applications. However, at a large scale,
freeze-drying imposes a high cost on the biorefinery. A recent
techno-economic analysis of grape biorefineries highlighted
the need for alternative drying techniques to mitigate these
costs, especially considering freeze-drying on a large scale.®”
However, in cases where the biomass has high perishability, as
is the case with the pomegranate waste used here, a pre-treat-
ment of the biomass is essential to ensure the integrity and
reproducibility of the compounds to be extracted. This step is
crucial to prevent degradation and preserve the quality of the
bioactive molecules, ensuring more efficient recovery during
the extraction process.’” A third concern is highlighted in prin-
ciple 5 - scaling (ensuring reproducibility and a continuous
extraction flow). The most readily scalable extraction tech-
niques involve minimal procedural steps and operate within a
continuous flow framework with in situ and automated
systems.®® Considering the fact that the lab scale biorefinery
here developed was operating in batch regime with non-auto-
mated systems, and despite the fact that we cannot argue that
it is straightforward to scale as a continuous flow process
without testing it, we know from the unit operations included
in the biorefinery that it can be scaled-up - at least to a semi-
continuous process. In this context, a more sophisticated
system is necessary to enhance the full scalability of the devel-
oped process. This includes automated unit operations (e.g.
solvent feeding and solid-liquid extraction steps operating
simultaneously) and adequate process simulation running to
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have full control over the biorefinery platform.®® A neutral
score was assigned for principle 4 (minimize solvent usage,
prioritizing those of biological origin and those that are bio-
degradable, and non-toxic). This principle takes into account
both the handler safety and the potential environmental risks
associated with the solvent, including its production process.
In this study, a three-step biorefinery approach was developed
to recover three valuable products from pomegranate waste:
anthocyanins, an ellagic acid-rich fraction, and biochar
material. The process employed three solvents: bio-based
gamma-valerolactone (scoring 0.00 in the CHEM21 database,*
which serves as a benchmark for solvent scoring in
Path2Green), cholinium acetate (which can be synthesized as a
bio-based IL but is mainly commercialized through synthetic
routes, also scoring 0.00), and a eutectic solvent composed of
cholinium chloride and oxalic acid. While these solvents
present a more sustainable alternative to traditional volatile
organic solvents derived from fossil fuels, there are still con-
cerns regarding their production processes. Therefore, a neutral
score (0.00) was applied in this metric to reflect these consider-
ations. However, it is important to emphasize that selecting the
appropriate solvent for biomass extraction platforms is a chal-
lenging task that requires balancing extraction efficiency and
safety. In this process, we demonstrate the use of more sustain-
able options compared to traditional volatile organic solvents,
such as methanol, which is commonly used to recover anthocya-
nins and ellagic acid derivatives. This is why we advocate for the
development of bio-based solvent production pathways, particu-
larly in the case of [Ch][OAc], where biological synthesis could
offer a greener alternative to synthetic routes.

Despite the red flags associated with transport, pre-treat-
ment, and scaling challenges, the other principles received
positive scores. Using wasted pomegranate biomass (principle
1: selection of biomass that is naturally sourced or requires
minimal resource usage for production) effectively adds value
to usually neglected biomass. By extracting valuable com-
pounds from the waste, especially food waste, we add value to
what was considered refuse, allowing us to mitigate the
environmental impact associated with its disposal, often con-
ducted in environmentally detrimental ways,”® thus benefiting
the sustainability pillars environment, society, and economy.
Considering the high energy demand to produce biochar by
conventional pyrolysis reactions, a mild-temperature reaction
using a non-volatile solvent is an intelligent strategy to reduce
the carbon footprint compared to conventional methods.*®
The production of biochar from residual biomass post-extrac-
tion also supports a closed-loop biorefinery approach, aligning
with principles 7 (maximizing the utilization and valorization
of the biomass), 11 (repurposing: implementing closed-loop
extraction systems using non-virgin materials), and 12 (waste
management: minimizing waste and ensuring effective waste
management). This comprehensive valorization of biomass
using non-virgin raw materials and minimizing waste is the
gold standard to be advocated.

Furthermore, the selective extraction of compounds using
solvents that do not need to be removed from the final extracts
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and produced with renewable energy aligns with principle 6
(purification: final application dictates the extent of purifi-
cation), principle 8 (post-treatment: functionalizing natural
products post-extraction to maximize benefits), and principle 9
(energy: prioritizing clean energy sources and high-efficiency
extraction techniques), resulting in positive scores (+1.00).
Finally, considering the broad range of applications for the
obtained extracts (anthocyanins, ellagic acid and derivatives),
the highest possible score (+1.00) was achieved for principle 10
(application: ensuring safety for applications in various
domains). Anthocyanins can be applied in the pharmaceutical,
cosmetic, nutraceutical, and spa product industries.”*
Similarly, ellagic acid and its derivatives, like anthocyanins,
can also be used as preservatives and stabilizers,”>”* while the
biochar, as demonstrated in section 1 from the ESI} was
effective in the remediation of synthetic dyes in aqueous solu-
tions, making it a potential filtering element for aqueous
effluents. Therefore, the final Path2Green score for the devel-
oped biorefinery highlights strong adherence to sustainability
principles and represents an equivalent carbon footprint of
288.50 gco, Zhiomass » calculated through the regression deter-
mined in the Path2Green original article.””

Conclusion

In this study, a multiproduct biorefinery approach was devel-
oped to create a closed-loop pipeline for the valorization of
pomegranate waste. Using green methods with non-conven-
tional solvents, GVL optimized the extraction of anthocyanins,
followed by the application of [Ch][OAc] responsible for the
recovery of ellagic acid and derivatives from biomass residues.
The target compounds obtained have several fields of appli-
cations, especially as colorant agents in food, besides being
active ingredients in food, nutraceutical, and pharmaceutical
products. The final residual biomass was converted into a
highly efficient absorbent biochar using [Ch]Cl:OA and
milder conditions. The biochar demonstrated excellent adsorp-
tion capacity for synthetic dyes, providing an effective strategy
for aqueous effluent remediation. Finally, the “greenness” of
the biorefinery process was analyzed through the 12 principles
of green extraction and achieved a high Path2Green score of
0.401, confirming its sustainability and efficiency. The devel-
oped approach represents a significant advancement in sus-
tainable biorefinery technologies, highlighting its potential for
reducing waste, minimizing environmental impact, and pro-
moting the use of bio-based solvents in industrial appli-
cations. Additionally, the study emphasizes the critical role of
alternative solvents in sustainable extraction processes, provid-
ing new perspectives for experts on the potential of bio-based
and non-conventional solvents in industrial applications. By
exploring these alternatives, this research fosters innovation in
green chemistry and encourages the development of environ-
mentally friendly practices that can replace harmful solvents
traditionally used in extraction. This discussion not only
broadens the scope of sustainable solvent use, but also con-
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tributes to advancing cleaner, more responsible production
methods across various sectors.
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