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A B S T R A C T   

About 1.3 billion tons of global food production end up in landfills and composting, leading to significant 
anthropogenic greenhouse gas (GHG) emissions. Extracting antioxidant and antimicrobial chemicals (flavonoids, 
phenolic acids, etc.) from food waste is an economically lucrative valorization strategy but is hindered by effi
cient solvent selection. Here we perform in silico high throughput screening to identify high solubility solvents 
for key phenolics and reveal >100+ higher-performing solvents than the traditional ethanol and methanol. 
Solubilities of nine shortlisted solvents are measured and found in reasonable agreement with model predictions. 
Analysis of the Conductor like Screening Model for Real Solvents (COSMO-RS) σ-profiles and Hansen Solubility 
Parameters reveals that polarity and hydrogen bonding make dimethylformamide (DMF) an excellent single 
solvent. We showcase the replacement of high-solubility toxic solvents with green mixtures and demonstrate the 
approach to potato peel waste. Our work provides a blueprint for solvent selection and generates new insights 
into extraction from food waste.   

1. Introduction 

Food waste (FW) is a grand challenge fueled by ineffective or partial 
waste management, overconsumption in developed countries, and 
increasing food production. An estimated 1.3 billion tons (~1/3 of the 
globally produced food) end up annually as waste during harvesting, 
transportation, processing, distribution, and consumption [1,2]. About 
half of the globally grown fruits, vegetables, roots, and tubers are wasted 
at the retail and consumer level [2]. Aside from the loss of resources, FW 
also leads to greenhouse gas (GHG) emissions [3].The US landfills are 
the third-largest anthropogenic source of methane, which, along with 
composting, account for 34% of global anthropogenic GHG emissions 
[4]. The current management methods include anaerobic digestion [5], 
composting [6], fermentation [7], and animal feed. These methods are 
not economically, environmentally, and socially lucrative due to pro
ducing low-value products (biogas, ethanol, compost), GHG emissions, 
and long processing times (up to a few months). 

An alternative is to shift from a linear economy (production, distri
bution, consumption, and disposal) into a circular one by repurposing 
FW to higher-value products, motivated by legislation [8] and sustain
ability drivers of the United Nations [9] by valorizing the key FW 

components (carbohydrates, proteins, extractives, lipids, and lignin). 
Thermal and catalytic valorization methods involve hydrolysis [10], 
gasification [14], pyrolysis [12], hydrothermal processing [13], cata
lytic conversion of carbohydrates [12], fats and oils [14], depolymer
ization of the lignin [15], and extraction of the bioactive compounds. 
Lipids can be upgraded to fuels and lubricants, carbohydrates to bio
polymers and dietary supplements, lignin to phenolics, and proteins to 
amino acids for food preservatives, dietary supplements, biopolymers, 
and cosmetics. Most current processing schemes are harsh and produce 
small molecules rather than high-value compounds. 

In a recent review [16], we highlighted high-value extractives that 
should be recovered first before any harsh thermochemical processing. 
For example, phenolic acids, such as gallic, vanillic, and p-coumaric 
acid, will make a $7.4 billion antioxidant industry by 2031 [17]. Even 
though the extractives vary among feedstocks (Table 1), hydroxycin
namic acids, flavonoids, and carotenoids exist in most feedstocks and are 
value-added for the pharmaceutical, cosmetic, and food industries. The 
ten key extractives commonly found in most food commodities and their 
market size are listed in Table 2. 

Prior work performed extraction from potato peels [16], bananas 
[18], apples [19], tomatoes [20], orange peels [21], grape seeds [22], 
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using methanol, ethanol and water as solvents. These solvents are 
widely employed due to their high polarity, low boiling point, reason
able cost, and non-toxic properties. The high polarity facilitates the 
extraction of target polyphenols, and the low boiling point enables a less 
energy-intensive recovery of extractives. A vital consideration is their 

safety for human consumption due to the application of target extrac
tives in the pharmaceutical, cosmetic, and food industries. Thus, the 
choice of solvent is essential for enhancing selective extraction [23]. A 
comprehensive solvent evaluation for extraction of value-added chem
icals from FW or other biomass sources has not been conducted to the 
best of our knowledge. Here, we focus on discovering an optimum sol
vent(s) for enhancing extraction efficiency. Given their accuracy (see 
below), computational tools are applied as estimation tools to guide our 
solvent selection and design of experiments. We introduce the ADF- 
COSMO-RS multiscale simulation software to identify top extraction 
solvents among 2000+ solvents, inspired by its application to liquid
–liquid extraction for biorefinery platform chemicals, such as furfural 
and 5-hydroxymethyl furfural (HMF) [24,25]. Analysis of COSMO- 
generated σ-profiles reveals that polarity and hydrogen bonding are 
critical for enhanced solubility. The predicted top nine green or yellow 
solvents are then experimentally assessed. Since extracted target com
pounds are used mainly in the pharmaceutical and food industry, purity 
and greenness are crucial. Thus, we propose replacing high-performing 
but toxic solvents with high-solubility green solvent mixtures using the 
Hansen Solubility Parameters in Practice (HSPiP) software. We 
demonstrate our approach to potato peel waste. Our study provides a 
blueprint for solvent selection and generates new insights into extracting 
compounds from FW. 

2. Materials and experimental methods 

2.1. Materials 

Vanillic acid (HPLC grade (purity ≥ 97%)), caffeic acid (HPLC grade 

Table 1 
Volumes of food commodity waste and major extractives by weight percentage.  

Food 
Commodity 

Global Waste Volume 
(million tons) 

Major 
Extractives 

Weight 
Percentage (%) 

Apple [72,73] 13 Flavonoids 2.10 
Chlorogenic 

acid 
0.40 

Orange [74] 11 Quercetin 1.04 
Caffeic acid 0.30 
Kaempferol 0.50 

Banana [75] 17 Flavonoids 0.10 
Sinapic acid 4 × 10-4 

Ferulic acid 0.01 
Tomato  
[76–78] 

10 Carotenoids 0.02 
Phenolics 0.03 

Flavonoids 0.01 
Olive [79,80] 20 Vanillic acid 0.01 

Caffeic acid 0.03 
α-tocopherol 0.02 

Potato [81] 54 Chlorogenic 
acid 

0.02 

Carotenoids 1.9 × 10-4 

Ascorbic acid 0.03 
Mango [82] 8 Caffeic acid 0.10 

Gallic acid 0.02 
p-Coumaric 

acid 
0.33  

Table 2 
Commercially important extractives (name and structure) in FW feedstocks and market size (2020–2021).  

Extractives Structure Market Size (USD, in million dollars) 

Ascorbic acid [83] $953.8 

Gallic acid [84] $71 

Vanillic acid [85] $1200 

Chlorogenic acid (CGA) [87] $132.2 

p-Coumaric acid Part of the CGA market 

Ferulic acid [88] $68 

Caffeic acid Part of the CGA market 

Quercetin [89] $261 (part of the flavonoids market) 

Kaempferol [90] $3740 

β-carotene [86] $436.67  
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(purity ≥ 98%)), and quercetin (HPLC grade (purity ≥ 95% purity)) 
were purchased from Sigma Aldrich. p-Coumaric acid (purity 98%), 
chlorogenic acid (purity 99.45%), and ferulic acid (purity 99.4%) were 
purchased from Fisher Scientific. ASTM-Type 1 grade deionized (DI) 
water (Milli-Q ® Direct) was used in all experiments. Solvents N,N- 
dimethylformamide (HPLC grade (purity ≥ 99.9%)), 2,4,6-trimethylpyr
idine (G.C. grade (purity ≥ 99%)), cyclohexanone (ACS reagent (purity 
≥ 99%)), cyclohexanol (G.C. grade (purity ≥ 98.5%)), 4-methyl-2-pen
tanone (MIBK) (HPLC grade (purity ≥ 99.5%)), dimethyl sulfoxide 
(anhydrous with purity ≥ 99.9%), 2-propanol (HPLC grade (purity 
99.9%)), ethanol (ACS reagent (purity ≥ 99.5%)), and 2-pentanone 
(HPLC grade (purity 99.5%)) were obtained from Sigma Aldrich. 

2.2. Quantification of compounds 

The solubility was quantified using high-performance liquid chro
matography (HPLC) using a Waters e2695 separations module coupled 
to a Waters 2414 refractive index meter and a Waters 2998 photodiode 
array detector. An Agilent Zorbax SB-C18, 250 mm column was used at 
323 K, using a 50/50 (v/v) acetonitrile and water mixture flowing at 0.3 
mL/min mobile phase. The solubility for acids was calculated from the 
area of their absorbance peak measured between 260 and 370 nm at 
their respective retention time (Supplementary Table 1). 

The concentration of acids in the extraction from potato peel waste 
was quantified using liquid chromatography-mass spectrometry on a Q- 
orbitrap mass spectrometer (Supplementary Table 2). A Waters Acquity 
UPLC BEH C18 column (1.7 μm 2.1 X 30 mm) was used with solvent A: 
water containing 0.1% formic acid and solvent B: acetonitrile containing 
0.1% formic acid as the mobile phase flowing at 0.5 mL/min. A gradient 
method was set up for 0% B to reach 95% B in 5 min. 

2.3. Room temperature solubility measurements 

The solubility measurements were conducted at room temperature 
(298 K), following the shake flask method suggested in the EPA protocol 
[26]. 

2.4. Estimation of an approximate solubility range 

Initial experiments for every solute–solvent combination entailed 
0.1 g of pure solute in 1 mL of solvent in a 20 mL scintillation vial at 303 
K with constant stirring for 10 min. If the solution were clear, the sol
ubility was ≥ 0.1 g/mL; otherwise, another 1 mL of solvent was added, 
and the vial was stirred for another 10 min. If the solids dissolved, the 
solubility was between 0.05 and 0.1 g/mL; otherwise, 8 mL of solvent 
was added and stirred for 24 h. If the solids are dissolved, the solubility 
is between 0.01 and 0.05 g/ml; otherwise, the solubility is < 0.01 g/ml. 

2.5. Solubility experiments at 298 K 

Excess solute (3 times over the screening solubility value) was added 
to 5 mL of solvent in three separate vials. All the vials were equilibrated 
at 303 K for 24 h at 1000 rpm followed by 24 h equilibration without 
stirring at 298 K. A saturated solution at 303 K ensures that dissolved 
solids would come out from the solvent phase at 298 K and accurate 
measurement of solubility. The equilibration time was determined by 
temporal studies on vanillic acid in ethanol and cyclohexanone and 
ferulic and p-coumaric acid in cyclohexanone. 3 h was deemed sufficient 
for equilibration, and 24 h ensured equilibration for all systems. The vial 
was centrifuged at 298 K for 10 min at 10,000 rpm. A clear solution was 
then quantified using HPLC. 

2.6. Sample preparation 

Different kinds of potatoes (russet, yellow, and yukon gold) were 
purchased from ACME, rinsed with water, and peeled uniformly with a 

manual peeler. Potato peels were also collected from the household 
kitchen to diversify the feedstock. The peels were dried under a vacuum 
oven at 333 K for 12 h to reduce the moisture content below 10 wt% 
based on the NREL LAP NREL/TP-510–42620 protocol [27]. The dried 
peels were grounded using a Thomas Wiley® Mini Cutting Mills to a 
powder of size < 0.5 mm. The powder was stored at room temperature in 
an air-tight container. The Sartorius moisture content analyzer was used 
to determine the moisture content. 

2.7. Soxhlet extraction from potato peel waste (PPW) 

200 mL solvent was taken in a round bottom flask with 5 g of PPW in 
a thimble. The solvent was heated on reflux at its boiling point, allowing 
it to vaporize and condense to drop in the thimble until the solvent 
reached the siphon height, where it fell back into the round bottom flask 
(RBF). This process was conducted until the thimble’s solvent appeared 
clear, indicating that the extraction has culminated. The RBF was cooled 
to room temperature, and the remaining solvent from the thimble was 
poured back into the flask. 200 mL of extracted solution was filtered and 
stored for the Total Phenolic Content (TPC) test. The solvent was 
vaporized on a rotary evaporator, and the RBF was weighed. The weight 
percentage of extraction from FW was calculated as follows: 

Amount of extractives in RBF = weight of RBF after extraction - 
weight of RBF before extraction 

Weight % Extractives =
amount of extractives

5
× 100  

2.8. One-pot extraction from PPW 

20 mL of solvent was taken in a round bottom flask and 1 g of PPW 
was added. Since methanol is a low boiling point solvent (64.7 ◦C), 60 ◦C 
was selected as the extraction temperature to allow efficient contact 
between every solvent and solute. The mixture was heated to 60 ◦C for 2 
h. The solvent was then filtered and stored for quantification. Experi
ments were conducted in triplicates. A new PPW was also prepared to 
replace the two-year-old batch. Time-dependent extractions were per
formed from new PPW in DMF and methanol for 30 min to 10 h at 60 ◦C 
and a 1:20 solid-to-liquid ratio. The solid-to-liquid (S:L) ratio was varied 
from 0.05 to 0.5 at 60 ◦C for 4 h. Further, we recycled PPW and per
formed multiple extraction cycles using fresh solvent every time at 60 ◦C 
and 1:5 S:L ratio for 4 h. 

2.9. Total phenolic content (TPC) test 

The total phenolic content in a sample was determined according to 
Ismail et al [28]. In summary, the gallic acid standards were prepared in 
DI water ranging from 0.02 to 0.64 mg/ml. The Folin-ciocalteau (FC) 
reagent was diluted 10-fold using DI water, and a 6 wt% of sodium bi
carbonate was prepared. 0.75 mL of FC reagent was taken in a 20 mL 
scintillation vial, and 100 μL of the extract was added. The mixture was 
allowed to stand for 5 min, and then 0.75 mL of 6 wt% sodium bicar
bonate was added. The mixture was vortexed and allowed to stand for 
90 min. The calibration curve was prepared using gallic acid standards 
to obtain the gallic acid equivalent (GAE). The absorbance was read at 
600 nm, and the results were expressed as milligrams (mg) of GAE per g 
of dried potato peel. 

2.10. Computational methodology 

Many thermodynamic models have been developed, such as group 
contribution methods (GCM), quantitative-structure property relation
ship (QSPR), and force-field models. GCMs, such as UNIFAC [29] and 
modified UNIFAC [30], cannot be applied to molecules with undefined 
functional groups or when the interaction parameters between func
tional groups are missing. These models can also not predict multiple 
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thermodynamic properties using the same parameter set. Monte Carlo 
(MC) and molecular dynamics (MD) simulations are computationally 
expensive for large molecules and unsuitable for screening as the force 
field may need tuning for each solvent. As an alternative, implicit con
tinuum solvation theories, which treat the solvent as a homogeneous 
continuous polarizable medium characterized by its dielectric constant, 
can be used. The solvation energy is estimated fundamentally, i.e., the 
molecule is transferred from vacuum to a solvent medium, and one ac
counts for the long-range electrostatic free energy, cavity formation 
energy, and dispersion free energy. The COnductor like Screening 
MOdel for Real Solvents (COSMO-RS) utilizes this method and stands 
out in its ability to predict multiple thermodynamic properties without 
experimental data as opposed to CGMs. 

2.11. COSMO-RS 

The COSMO-RS optimizes the geometry of the molecule of interest in 
a vacuum using density functional theory (DFT). Then it performs a 
solvation calculation to determine the total energy when the solute is 
transferred from a vacuum to a perfect conductor. COSMO stores the 
screening charge density (SCD) surface of the molecule of interest in a 
database. For geometry optimization of the molecules to determine the 
lowest energy conformer, the TZP small-core basis set, the Becke-Perdew 
(GGA BP86) functional, and the scalar ZORA were used. Using the 
COSMO σ-profile, the distribution of SCD is created, where the screening 
charge surface is segmented into areas interacting with each other and 
the environment. This essentially forms the basis for estimating the 
interaction energy between pairs of surface segments. The misfit energy 
is zero when the surface segment consists of equal and opposite charges 
(perfectly screened); otherwise, an energy penalty proportional to the 
size of the surface segments and the square of the charge density dif
ference is applied. Hydrogen bonding (HB) interactions are considered 
for surface segments carrying high surface charge densities. These in
teractions are a function of temperature as HB weakens at higher tem
peratures. These energy considerations bring the σ-profile into context 
to capture the distribution of the screening charge of the surfaces and 
enable the second COSMO-RS step of statistical mechanics calculations 
to estimate the chemical potential of a component. The mixture σ-profile 
is a weighted average of the pure component σ-profiles for an arbitrary 
number of components [31]. It is calculated as follows: 

ps(σ) =

∑
ixinipi(σ)
∑

ixini 

where ps(σ) is mixture σ-profile, xi is the mole fraction of molecule i, 
ni is the total number of surface segments around the molecular cavity 
and pi(σ) is the probability of finding a segment with a surface charge 
density for molecule i. 

In this work, in silico database screening of solubilities of 2,421 
compounds is conducted using the ADF COSMO-RS implementation in 
the ADF2019.302 modeling suite with the ADFCRS-2018 database 
[32,33]. The solubilities are calculated at 303 K and 343 K (excluding 
ionic liquids) in the database. The inputs to COSMO-RS are compiled 
using literature and include the melting point, enthalpy of fusion, and 
change in heat capacity of the solid and subcooled liquid at the melting 
temperature (Supplementary Table 3) [34–51]. The COSMO-RS model 
and its implementation by ADF can be found elsewhere [52,53]. The 
accuracy of COSMO-RS is compromised due to the approximations 
regarding the acid dissociation factor, long-range interactions, and weak 
intermolecular forces [54]. It treats solvent as a continuum and does not 
account for discreet solvent-molecule interactions. Similarly, it con
siders the solute an ensemble of non-interacting molecules and un
derestimates long-range interactions. Consequently, it cannot accurately 
describe systems with multiple or geometrically arranged interactions, 
limiting its accuracy in strongly polar or HB systems [55]. Although 
useful for rapid screening, the underlying assumptions preclude 

estimating green solvent mixtures to replace DMF. Thus, we employed 
Hansen Solubility Parameters to design mixtures that effectively capture 
the polar and HB forces crucial for target compounds’ solvation. In 
addition, the conformational distribution also influences the thermo
dynamic properties; further work would be worthwhile in reducing the 
errors [56]. 

2.12. Green single and mixture solvent selection 

A list of environmentally benign green and yellow solvents was 
compiled from the US Food and Drug Administration [57], Chem21 
solvent selection guide [58], and pharmaceutical companies (GSK [59], 
Sanofi [60], and Pfizer [61]). These solvents are scored based on safety 
(boiling point, density, volatility, flash point, risk of peroxides, energy of 
decomposition), environmental (global warming potential, biodegrad
ability, ecotoxicity, life cycle analysis), and health impact (acute, long- 
term, and organ toxicity) and specific industrial constraints to classify 
them as green, yellow, and red. Chem21 classifies solvents based on the 
listed criteria where safety accounts for flammability, the environmental 
score indexes the toxicity of the solvent to aquatic life, soil, and atmo
sphere, and the health score describes its occupational hazard. Sanofi 
includes quality, cost, and chemical efficiency beyond safety, environ
mental, and health issues. Since the definition of green solvents is sub
jective and varies among sources, we compiled these lists to identify 58 
green and yellow solvents for our solubility study (Supplementary 
Table 4). Nine common green solvents that provide the highest solubility 
for the nine positively correlated key extractives are then identified, 
based on COSMO-RS solubility screening, and subsequently used for 
experimental verification of the predicted data. 

2.13. HSPiP 

The software HSPiP, which uses the Hansen Solubility Parameters 
(HSP) developed by Hansen [62] in 1967, was employed to identify 
green solvent mixtures to replace high solubility but rather toxic sol
vents. It has in-built data of the three HSP, i.e., dispersion (δD1), polar 
(δP1), and hydrogen bonding (HB) (δH1) forces for 10,000 + com
pounds. It can estimate the HSP using an artificial neural network (ANN) 
for unknown compounds from SMILES [63]. The HSP sphere concept 
can also be used to estimate the unknown HSP of a particular solute. The 
solvents are classified into good (score 1) and bad (score 0) based on 
whether they dissolve the solute. The coordinates of the center of the 
sphere are the HSP (δD1, δP1, δH1) of the solute. The radius of this sphere 
is Ro. The distance (Ra) between a solvent and a solute provides their 
‘likeness’: 

Ra
2 = 4(δD1-δD2)2 + (δP1-δP2)2 + (δH1-δH2)2. 

The smaller the distance, the more likely to be compatible. The 
relative energy difference (RED), defined as Ra/Ro, provides an estimate 
of how likely a solvent is to solubilize the solute with values between 
0 and 1, signifying molecular similarity and high solubility. 

HSPiP has an in-built solvent optimizer and a green solvent database 
and allows user-defined solvent lists to find an optimum solvent mixture. 
The target HSP of the solute or solvent is used to obtain the composition 
of the mixture (of two or three solvents) closest (minimum distance) to 
the target. 

3. Results and discussion 

In this work, we propose that solvent selection for extraction of 
bioactive compounds from FW or biomass should consider at least sol
ubility, chemical reactivity, and toxicity. The solubility of target com
pounds is critical. The specified solvents are further screened for their 
chemical reactivity since by-products are undesirable. The list of green 
and yellow solvents encompasses important physical properties, such as 
flash point, freezing point, boiling point, density, volatility, refractive 
index, viscosity, etc., besides toxicity and safety discussed above. The 
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following sections provide results and discussion on the proposed 
framework, with the first section presenting COSMO-RS and HSPiP 
prediction results on identifying top solvents for all target compounds. 
The second section offers an experimental assessment of the predicted 
results on selected green and yellow solvents and fundamental insights 
into solvent selection. The final section provides the application of the 
chosen solvent to potato peel waste and compares its performance with a 
traditional solvent toward the extraction of target phenolic acids. 

3.1. COSMO-RS and HSPiP results 

Ethanol, methanol, and their mixtures with water are the most 
common extraction solvents for biomass and FW. For vanillic acid, the 
ADF COMSO-RS predicts 130 and 156 (Supplementary Table 5) higher 
solubility solvents than methanol and ethanol, respectively (Fig. 1a). As 
expected, the solubility increases with temperature for most solvents, 
but the effect of temperature varies. The high-performing solvents 
contain different functionalities (Fig. 1b), with amines being the top and 
predominant (61%) in the list (Fig. 1c). Since the extracted compounds 
are acids, basic solvents have higher solubility due to reacting with the 
solute to a by-product. Tertiary amines constitute > 20% of the 157 
solvents due to their high basicity. The best solvents are multi-functional 
polar compounds, such as 1-amino-2-propanol, acetoin, and 1-hexan
amine, to name a few. 

The solubility for all ten key extractives in 2400 + solvents yields a 

matrix (Fig. 2a). The positive correlation among 9 of the 10 compounds 
(except β-carotene) suggests a similar solubility in the same solvent and 
simultaneous extraction from FW in a suitable solvent. HSPiP was 
further used to calculate the Ra of the solutes in the 2400 + solvents 
(Fig. 2b). The positive correlation among 9 out of 10 compounds affirms 
the qualitative agreement between these complementary tools. 

The negative correlation between β-carotene and the other extrac
tives stems from the molecular structures (Table 2). β-carotene is a bulky 
molecule with a long hydrocarbon chain that lacks the polar hydroxyl 
and carboxyl groups of the other compounds. This contrast in the 
physicochemical properties is also evidenced in the COSMO-RS σ-pro
files (Fig. 2c). The σ profile of β-carotene (blue) is concentrated around σ 
(e/Å2) = 0, signifying a low polarity, consistent with its small polar and 
HB HSP values (0.83 and 1.9, respectively). The other compounds 
(Supplementary Table 6) have significant polarity (δP > 7.56) and HB 
character (δH > 13.73), congruent with the HB ability in the σ-profile 
(peaks at σ (e/Å2) > 0.0079 and σ (e/Å2) < -0.0079) and higher polarity 
(lower peaks at σ = 0). 

3.2. Experimental assessment 

Out of the 100 + solvents, most solvents are either reactive or toxic. 
Thus, we have identified 58 green and yellow solvents based on various 
green solvent lists. Given the correlations of the extractives, one can 
focus on one of the nine and β-carotene. We down-selected the nine 

Fig. 1. a) COSMO-RS-predicted solubility for vanillic acid solubility at two common extraction temperatures 303 K and 343 K. b) Zoomed-in data for solvents better 
than ethanol and methanol grouped based on the functional groups. c) Distribution of different classes of 157 solvents. 
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solvents (cyclohexanone, methyl isobutyl ketone, 2-propanol, ethanol, 
2-pentanone, 2,4,6-trimethylpyridine, dimethyl sulfoxide (DMSO), 
dimethylformamide (DMF), and cyclohexanol) that possess the highest 
solubility (COSMO-RS) for the extractives (except for carotene) and are 
green/yellow. 

These selected green/yellow solvents were evaluated for five solutes 
(p-coumaric acid, ferulic acid, vanillic acid, quercetin, and β-carotene) 
to assess the accuracy of the COSMO-RS. The parity plot of experimental 
vs. predicted solubility (Fig. 3) provides three significant results: a) DMF 
exhibits the highest solubility for quercetin, p-coumaric, ferulic, and 
vanillic acid, while cyclohexanol provides the highest solubility for 
β-carotene; b) COSMO-RS is qualitatively correct, and c) COSMO-RS 
overpredicts the solubility of β-carotene in 7 out of 9 solvents (except 
for cyclohexanol and DMSO) and in 8 out of 9 solvents (excluding DMF) 
for the rest. Therefore, COSMO-RS is excellent for the rapid identifica
tion of high-performance solvents. However, it lacks quantitative 
agreement, consistent with the literature (see methods) [64,65]. 

FDA Q3C Guidance for Industry (2003) lists DMF as a Class 2 solvent 
(yellow solvent) and recommends limited use (8.8 mg/day). Using these 
extractives in the pharmaceutical, cosmetic, and food industries neces
sitates green solvents [57]. Thus, the substitution of DMF for green 
solvent(s) can be impactful. We evaluated high-performing greener 
substitutes for DMF, using HSPiP on the CHEM21 recommended green 

solvent list [58] and the list of identified 58 green and yellow solvents 
(except DMF) with quercetin as a test case (as 9 out of 10 solutes except 
β-carotene are positively correlated). HSPiP finds a better mixture in 
Chem21 with a smaller distance from DMF (0.4). 74% DMSO and 26% 
tert-butyl alcohol (Mixture 1) is predicted as the best replacement for 
DMF and 61% cyclohexanone and 39% ethylene glycol (Mixture 2) as 
the best mixture for solubilizing quercetin (Supplementary Table 7). The 
experimentally determined Hansen Solubility parameters and predicted 
distance have about ± 0.5 (MPA)0.5 and ± 1 (MPA)0.5 error, respectively 
[66]. HSPiP indicates the distance of quercetin from the solvent mix
tures 1 and 2 as 7.8 and 7.1, respectively, which lies within this un
certainty range. Thus, the difference between the predicted distance is 
not significant enough to prefer one mixture over the other. Experi
mentally, Mixture 1 provides higher solubility (1.31 ± 0.08 g/ml) than 
Mixture 2 (0.22 ± 0.05 g/ml). COSMO-RS calculations independently 
confirmed this finding: the predicted solubilities are 2.016 g/ml and 
0.563 g/ml, respectively. Mixture 1 provides the highest solubility for 
quercetin of all the tested green and yellow solvents except DMF (5.48 g/ 
ml). Experimental data for various compositions of Mixture 1 (Fig. 4) are 
consistent with the predicted ones and relatively flat around the opti
mum. We recommend that the composition is chosen by (a) optimizing 
experimentally around the HSPiP value and (b) considering the solvent 
cost. Our results demonstrate that a binary mixture of green solvents can 

Fig. 2. A) correlation heat map of the solubility of 10 FW extractives. Solubility data is obtained from COSMO-RS (ADF-SCM) for each solute in 2400 + solvents. b) 
Correlation heat map of the HSPiP predicted distance between 10 FW extractives and 2400 + solvents. c) COSMO-RS generated σ-profiles and surface charge 
densities of all FW extractives at σ (e/Å2) = -0.011, 0, and 0.011. VA, p-CA, FA, β-C or beta-C, QC, GA, CA, CLA, KF, and AA stand for vanillic acid, p-coumaric acid, 
ferulic acid, β-carotene, quercetin, gallic acid, caffeic acid, chlorogenic acid, kaempferol, and ascorbic acid, respectively. 
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replace a single non-green solvent but is not superior to DMF in terms of 
extraction efficiency. Yet, identifying a high-performing solvent, such as 
DMF, defines a target for green solvent mixtures that are similar in 
performance. Given the limited size of the Chem21 database, there is an 

opportunity to find better solvent mixtures by expanding the list to 
replace DMF. 

Next, we turn to provide insights into solvent selection. Given that 
the nine compounds are suitable HB donors, good HB acceptor solvents 

Fig. 3. Experimental vs. predicted solubility in 9 solvents for a) p-coumaric acid, b) ferulic acid, c) vanillic acid, d) quercetin, and e) β-carotene. f) Correlation heat 
map of experimental solubility of 5 FW extractives. EtOH, 2-PrOH, CHol, CHone, DMF, DMSO, MIBK, 2,4,6-TMP, and 2-PTone stand for ethanol, 2-propanol, 
cyclohexanol, cyclohexanone, dimethyl formamide, dimethyl sulfoxide, methyl isobutyl ketone, 2,4,6-trimethylpyridine, and 2-pentanone, respectively. 
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perform better. Stemming from the statement ‘like dissolves like,’ polar 
solvents are expected to be better due to stronger dipole–dipole in
teractions. Experimentally, DMF and DMSO are the best for all four 
solutes. HSPiP indicates that DMSO has a high δP (Supplementary 
Table 7) while DMF has a higher δH. DMF with a molecular formula of 
(CH3)2NC(O)H comprises two electronegative atoms, N and O, making it 
a stronger HB acceptor than DMSO ((CH3)2SO). The σ-profiles (Fig. 5a) 
show that DMF and DMSO have low non-polar surface charge density (p 
(σ(e/Å2) = 0)) and high HB acceptor surface charge densities (σ(e/Å2) >
0.0079). Their lower HB donor region (σ(e/Å2) < − 0.0079) does not 
affect performance. COSMO-RS predicts DMSO to have a higher solu
bility than DMF in contrast to experimental results, and HSPiP caused 
due to underlying model assumptions discussed above. Our work in
dicates that these computational tools have limited accuracy and could 
be applied as screening tools to identify top solvents. Experiments are 
essential for validation. 

The σ-profiles (Fig. 5b) reveal subtle differences between DMF and 
Mixtures 1 and 2, consistent with the HSPiP predictions. Mixture 1 has a 
lower non-polar peak (at (σ (e/Å2) = 0) and a higher HB acceptor surface 
change density than Mixture 2 and provides higher solubility than 
Mixture 2 but lower than DMF, as also experimentally observed. Thus, 
polarity and HB are key solvent parameters for extracting polar and 
acidic extractives. For β-carotene (δP = 0.83; δH = 1.9), non-polar sol
vents (such as MIBK, cyclohexanone, 2,4,6-trimethylpyridine) perform 

Fig. 4. Experimentally observed and HSPiP predicted solubilities for green 
solvents mixtures. M74, M50, and M25 are mixtures of DMSO with 26%, 50%, 
and 75% tert-butylalcohol, respectively. HSPiP scaled distance = (1/predicted 
distance) *50. HSPiP distance is scaled for demonstration purposes only. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 5. COSMO-RS generated σ-profiles of a) 9 selected solvents and their surface charge densities in the HB acceptor region at 0.013 ≤ σ (e/Å2) ≤ 0.017 and b) DMF 
and green solvent mixtures. EtOH, 2-PrOH, CHol, CHone, DMF, DMSO, MIBK, 2,4,6-TMP, and 2-PTone stand for ethanol, 2-propanol, cyclohexanol, cyclohexanone, 
dimethyl formamide, dimethyl sulfoxide, methyl isobutyl ketone, 2,4,6-trimethylpyridine, and 2-pentanone, respectively. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 

Y. Gupta et al.                                                                                                                                                                                                                                   



Separation and Purification Technology 316 (2023) 123719

9

better and HB is not an essential factor. 

3.3. Application to potato peel waste (PPW) 

Potato peel waste (PPW) is rich in various phenolics, e.g., chloro
genic acid, caffeic acid, p-coumaric acid, and ferulic acid [16]. Our work 
above indicated that DMF provides the highest solubility for these 
compounds. The moisture content in dry PPW (3.54%) does not hinder 
the solubilization of the target compounds, as the HSPiP predicted dis
tance of the mixture of DMF and water only changes by 0.34 ± 0.10 in 
comparison to pure DMF for all extractives (Supplementary Table 8). For 
the phenolic acids and flavonoids, the distance decreased, while for 
β-carotene increased. The observed difference is due to the change of the 
HB parameter that changes with the addition of water. 

In Soxhlet extraction, the FW matrix is not directly exposed to heat, 
and extraction is conducted until the solvent appears colorless in the 
thimble. In contrast, the extractives dissolved in a solvent are heated for 
long time and can be degraded. Thus, Soxhlet can provide the maximum 
theoretical extraction (weight percent) from FW [27]. To assess the 
concentration of acids extracted from PPW, we conducted one-pot 
extraction from PPW in DMF, Mixture 1, and three commonly used 
solvents, namely ethanol, methanol, and water. Table 3 shows that DMF 
is superior in the total weight percent extracted from PPW, followed by 
water. The ability of water to dissolve other components, such as car
bohydrates [68] in FW assists obtaining a high weight percent. Mixture 1 
is better than methanol and ethanol but inferior to DMF and water. 
Additionally, Table 3 shows that the extraction of target acids from PPW 

Table 3 
Total phenolic content (TPC) and weight percent extracted from PPW in 
different solvents using Soxhlet and concentration of acids extracted in a one pot 
from PPW in different solvents.  

Solvent TPC 
(mg 
GAE/ 
g)†

Weight 
percent 
extracted 
(%)†

Caffeic 
acid (μg/ 
ml) ◆ 

Chlorogenic 
acid (μg/ml)◆ 

p-Coumaric 
acid (μg/ 
ml)◆ 

DMF 3.86 
± 0.22 

19 0.89 ±
0.06 

0.26 ± 0.03 0.32 ± 0.07 

Ethanol 1.55 
± 0.13 

4.03 0.60 ±
0.01 

ND* 0.12 ± 0.01 

Methanol 3.89 
± 0.19 

2.11 0.99 ±
0.07 

1.36 ± 0.23 0.16 ± 0.06 

Water 7.28 
± 0.16 

15 0.25 ±
0.01 

ND* 0.05 ± 0.03 

Mixture 
1 

1.17 
± 0.03 

8.2 0.46 ±
0.04 

0.76 ± 0.05 0.11 ± 0.08 

* ND: Not detected. 
† Total phenolic content (TPC) and weight percent extracted from PPW in 

different solvents using Soxhlet. 
◆ Concentration of acids extracted in a one pot from PPW in different 

solvents. 

Fig. 6. Time-dependent extractions from PPW using a) DMF and b) methanol at 60 ◦C and 1:20 solid-to-liquid ratio. Extraction from PPW at different solid-to-liquid 
ratios using c) DMF and d) methanol at 60 ◦C and 4 h. The solid lines are for visual interpretation only. 
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in water is lower than in DMF. 
It has been reported that the antioxidant capacity of the phenolic 

compounds is strongly reduced when they form HBs with the solvent. 
The total phenolic content (TPC) test was quantified using the tradi
tional Folin-Ciocalteau reagent, i.e., the gallic acid equivalence method 
(GAE); see methods. This reagent measures the overall reducing ca
pacity of the sample in addition to the phenolic compounds. The data is 
summarized in Table 3. Water provides the highest TPC followed by 
DMF and methanol, and finally ethanol. DMF and Mixture 1 have a 
relatively low TPC despite high extraction ability due to HB with the 
compounds. 

According to the one-pot extraction from PPW, methanol provides a 
higher concentration of caffeic and chlorogenic acid. However, the 
extraction of acids is expected to increase when the temperature is above 
60 ◦C. Unlike methanol, limited by its boiling point, there is potential for 
optimizing the temperature in DMF and Mixture 1 to increase extraction 
efficiency even further. We established a protocol to compare the results 
between methanol and DMF. The time needed for equilibration was 
estimated (Fig. 6a and 6b). The chlorogenic acid yield increases until 4 h 
and then either stays constant or decreases slightly at longer times 
(~10% change). The phenolic acids can interact with other extracted 
FW components, such as starch, by supramolecular complexation and 
undergo enzymatic reactions with polyphenol oxidase and glycolytic 
enzymes. The observed decline at longer times (Supplementary Fig. 1) 
can then be attributed to such enzymatic reactions, given that chloro
genic acid is thermally stable at low temperatures [69–71]. Following 
this, the extraction with respect to the solid-to-liquid (S:L) ratio was also 
studied (Fig. 6c and 6d) at 60 ◦C. Both solvents provide the highest yield 
of chlorogenic acid at 4 h, while caffeic and p-coumaric acid yields do 

not change significantly over time. Further, a steep decline in the yield 
of chlorogenic acid can be seen in DMF and methanol as the S:L ratio is 
increased from 0.05 to 0.1. Solid wetting issues, such as PPW sticking to 
the wall, can hinder efficient extraction at high S:L ratios. The yield of 
caffeic and p-coumaric acid in DMF decreases steadily and does not 
change much at high S:L ratios. DMF extracts at least 1.8 times more 
chlorogenic acid than methanol at every S:L ratio. 

The re-extraction efficiency is essential to recover all target products. 
We reused the solvent over two cycles to explore if it could be reused. A 
decline in the yield was seen (Fig. 7d). As discussed above, the enzy
matic reactions occurring in the multi-component system possibly cause 
the observed reduction in the yield of extracted compounds. Thus, 
separating target acids after each extraction is essential and strongly 
recommended. 

Next, extraction cycles were conducted in methanol and DMF at 
60 ◦C and 1:5 S:L ratio for 4 h reusing PPW and fresh solvent in each 
cycle (Fig. 7a-c). The chlorogenic (106.6 μg/g PPW) and caffeic acid 
(32.7 μg/g PPW) yield in DMF after four extractions is ~ 5 and ~ 32 
times higher than in methanol, respectively. DMF achieves nearly equal 
extraction of chlorogenic acid in each cycle, while methanol provides no 
yield after two cycles. Methanol provides very low yields of p-coumaric 
acid (<0.02 μg/g PPW), while DMF gives a total 3.67 μg/g PPW in four 
cycles. Increased interaction of polar aprotic DMF with cellulose, 
hemicellulose and lignin in the cell walls helps the permeation and 
disruption, releasing higher amounts of phenolic acids. The data in
dicates that it is worth performing a few extraction cycles for the same 
waste stream and that DMF is more efficient than traditional solvents. 
The higher efficiency of DMF could lead to an overall reduction in the 
cost of the solvent and effective feedstock utilization. The superiority of 

Fig. 7. Yield of a) chlorogenic, b) caffeic, and c) p-coumaric acid in four extraction cycles using fresh solvent and recycled PPW in every cycle using DMF and 
methanol. d) Yield of chlorogenic, caffeic, and p-coumaric acids over two cycles using fresh PPW and recycled DMF for a second cycle. Ext denotes extraction. 
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DMF over traditional solvents can also be confirmed with other types 
and mixtures of food wastes enriched in the target phenolic compounds. 

4. Conclusions 

We identified the ten most commonly found antimicrobial activity 
possessing phenols and antioxidant flavonoids in different FW feed
stocks. We have used COSMO-RS and HSPiP computations for rapid 
screening and insights and considered lists of green and yellow solvents. 
We found 9 out of the 10 target compounds are strongly correlated, and 
thus, solubility findings transfer among them (excluding β-carotene); 
this minimizes the experimental work. Experimental data using selected 
green/yellow solvents affirm the predictions of COSMO-RS and HSPiP. 
DMF and DMSO are the top single solvents for the target compounds; the 
former is superior (15x) to the commonly used methanol and ethanol. 
Since DMF’s use is limited, green solvent mixtures (74% DMSO and 26% 
tert-butyl alcohol and 61% cyclohexanone and 39% ethylene glycol) 
with high solubility were predicted and tested experimentally. Experi
mental validation is crucial as the computational tools have limited 
accuracy. We then translated these pure compound solubility results to 
actual potato peel waste. The approach can be extended to other solutes 
and feedstocks to design extraction processes for a circular economy. 
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