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Green solvents play a central role in the design of more sustainable
chemical processes. Among the properties influencing solvent
selection, miscibility is important, especially during the work-up
and analysis steps. However, traditional miscibility tables are
limited in scope as they have not been updated with emerging
green solvents. In this study, the miscibility of 28 green solvents
was evaluated visually and the results were presented in an
updated miscibility table. The choice of solvents was based on the
CHEM21 solvent selection guide and included four additional
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solvents that were not initially included based on their potential
synthetic route from biomass. Nine traditional hazardous solvents
were included for comparison and to facilitate potential substi-
tution strategies, but in general, solvents that are known to be
toxic and/or facing restrictions were not included to disincentivise
their use. The selection criteria for the solvents were outlined, and
illustrative application examples for both miscible and immiscible
solvent pairs were provided to support the practical application of
green solvents.

1. It is well established that solvent substitution can help reduce the environmental impact of the chemical industry, but data that can inform and direct this
shift are lacking. This work delivers an actionable solvent selection tool that supports the direct replacement of hazardous solvents with greener alternatives,

accelerating the transition to safer, more sustainable chemical processes.

2. We mapped the miscibility of 406 binary solvent pairs involving 28 green solvents and nine conventional benchmarks. This experimentally validated
dataset enables informed solvent substitution, avoiding trial-and-error and reducing toxic solvent use at scale in an easy-to-use format.
3. The work is the first part of a body of work that can be expanded to include temperature-dependent behaviour and incorporate as-of-yet-undiscovered

green solvents as they are developed. Integration of this tool with LCA data and digital solvent selection tools would maximise industrial impact.

Introduction

Solvents are widely used throughout the chemical industry,
often accounting for at least 50% of the total mass of chemi-
cals used."™ They can be implemented as reaction media to
solubilise reactants and influence the reaction Kinetics,
thermodynamics, yields, and product distribution.” They also
play a major role in purification processes such as recrystalliza-
tion, chromatography, and extractions (liquid-liquid and
liquid-solid).” Solvents are selected for an application based
on their different physicochemical properties (boiling point,
viscosity, polarity, miscibility with water, etc.).>*

The handling of common solvents often leads to health,
safety and/or environmental hazards."**® For example,
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toluene, N-methylpyrrolidone (NMP) and N,N-dimethyl-
formamide (DMF) are classified as toxic for reproduction and
are suspected of causing harm to unborn children.” They also
cause eye and skin irritation.” They are used as solvents for the
production of other chemicals, notably for consumer products
such as paints, coatings and textiles. Since 2018, the use of
NMP and DMF has been restricted by REACH in consumer pro-
ducts to <0.3 wt%.” Toluene is under review by ECHA for its
use in adhesives, spray paints and tattoo inks due to toxicity
issues. The Danish and Finnish governments had already
restricted its use in 2017.”

As such, there has been growing interest in recent years in
finding alternatives to traditional solvents, commonly called
“oreen solvents”."”” The “greenness” is a new parameter that
must be considered in the selection of solvents, but scientists
often struggle to agree on a simple definition. They can be gen-
erally characterised as solvents that reduce the environmental
impact of a chemical reaction or a process that requires a reac-
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tion medium to proceed forward. More specifically, they
should possess at least one green property, namely, being bio-
based, environmentally benign, non-toxic and/or energy
efficient.”

To help with the selection of greener solvents, different
stakeholders proposed solvent selection guides, in particular
GSK, Sanofi, and Pfizer.* ' While these guides were a signifi-
cant step forward towards greener chemistry, they were specific
to each company’s processes and products.”®*'° In 2015, a
European consortium called CHEM21, aiming to harmonise
and broaden the scope to more general applications and users,
released the “CHEM21 Solvent Selection Guide”.” This guide
provided a scoring system based on the health hazard state-
ments (H3xx), the physical properties (e.g., boiling point, flash
point, and autoignition temperature) and the acute environ-
mental toxicity (H4xx).” Importantly, classic as well as less-
common solvents were included in this guide, divided into
four categories (recommended, problematic, hazardous and
highly hazardous chemicals).” Anticipating that new green sol-
vents will be developed in the future, CHEM21 also developed
a spreadsheet into which solvent properties could be inputted,
allowing future solvents to be assigned a comparable score
with existing solvents.?

However, the selection of a solvent also involves its physical
properties, such as boiling point, viscosity, polarity and misci-
bility. The last parameter is particularly important, notably for
the selection of suitable solvents for a work-up or as a reaction
medium. Miscibility is defined as the ability of two or more
substances to mix together in all proportions, forming a homo-
geneous solution without separating into distinct phases.'*>

While certain tools/software can predict the miscibility of
two solvents, many subtle parameters must be considered, and
ultimately, it must be tested experimentally.”® Miscibility
tables, which appeared in the 1950s, indicate the miscibility
(total or partial) and the immiscibility of common solvents
with each other.'® However, to the best of our knowledge, they
have not been updated since then, despite the many solvents
that have since been developed, both green and non-green.

Due to this remaining gap in solvent data, chemists are still
likely to choose more hazardous common solvents." As such,
this work aims to encourage the selection of greener solvents
for liquid/liquid extractions or co-solvent precipitation by
updating the miscibility table to include some of the more
recently available green solvents.

Materials and methods

Acetonitrile  (>99.9%), t-butanol (>99%), chloroform
(99.0-99.4%), ethanol (>99.8%), ethyl acetate (>99.5), metha-
nol (>99.9%), NMP (>99%) and toluene (>99.7%) were sup-
plied by Honeywell. Acetone (>99.8%), anisole (99%),
n-butanol (99%), n-butyl acetate (>95%), cyclohexanone
(299%), p-cymene (>99%), dichloromethane (DCM) (>99.8%),
diethyl ether (>95%), dimethyl carbonate (DMC) (99%), 2,5-di-
methylfuran (99%), 1,4-dioxane (>99%), ethyl-i-lactate (97%),
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gamma-valerolactone (GVL) (98%), glycerol (99%), formic acid
(>98%), isopropanol (99.5%), methyl ethyl ketone (MEK)
(>99%), methyl isobutyl ketone (MIBK) (>95%), 2-methyl-
tetrahydrofuran (2-MeTHF) (>99%) and tetrahydrofuran (THF)
(>99.5%) were supplied by Thermo Fisher Scientific. Acetic
acid (>99.5%) was supplied by Scientific Laboratory Supplies
(SLS) Ltd. Dimethyl sulfoxide (DMSO) (>99.9%), diethyl succi-
nate (99%), hexane (>97%) and Cyrene (99%) were supplied by
Sigma Aldrich. 2,2,5,5-Tetramethyloxolane (TMO) (99.5%) was
supplied by Addible Ltd. Propylene carbonate (99%) was sup-
plied by Fluorochem Ltd. Isooctane (99%) was supplied by TCI
EU Ltd.

All miscibility tests were carried out at room temperature.
1.0 mL of a solvent was added to a 5.0 mL glass vial using a
Pasteur pipette. 1.0 mL of a second solvent was added drop-
wise using a Pasteur pipette and shaken. Their miscibility was
visually assessed: if the two solvents formed two layers, they
were classified as immiscible; if there was only one layer, they
were miscible; and if the mixture formed a two-phase system
only in different proportions of the solvents, the miscibility
was partial, and more precise tests were conducted. Precision
tests were carried out on blends that were found to be partially
miscible in the screening tests. 1.0 mL of a solvent was added
to a 5.0 mL glass vial using a micropipette. A micropipette was
used to add 1.0 mL of a second solvent in 20.0 pL increments.

Results and discussion

The solvents included in this study are shown in Table 1. The
choice of solvents was guided by published solvent selection
guides and availability. In particular, the CHEM21 guide was
referred to as it provides a harmonised assessment of solvent
greenness based on three factors: “Safety”, “Health”, and

“Environment”, with a final “Recommendation” being
assigned based on the scores of the three criteria.
Recommendation categories were “Recommended”,

“Problematic”, “Hazardous”, and “Highly Hazardous”.
Importantly, as the authors of the CHEM21 guide have
already acknowledged, the guide does not consider certain
important factors. For example, it assigns a relatively poor
environmental score (7/10) to high-boiling-point solvents like
propylene carbonate or gamma-valerolactone (GVL), as these
are considered difficult to recycle or work up.> However, in
some applications, solvent evaporation is not an issue, making
high-boiling-point solvents more suitable. Notably, solvents
like NMP and dichloromethane (DCM) receive the same score
of 7/10 due to their classification as “toxic to aquatic life with
long-lasting effects” (H411). These issues cannot be considered
equal, as renewable energy could be used to remove high-
boiling-point solvents such as propylene carbonate, negating
this issue, whereas NMP is inherently damaging to the
environment. Therefore, while the guide is an excellent
resource and its use is recommended, the assessment result
should be considered along with other factors, particularly the
application and system in which the solvent is used. For this

This journal is © The Royal Society of Chemistry 2025
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Solvent BP (°C) Safety score Health score Env. score Ranking by default Bio-based potential™"
Acetic acid 118 3 _ 3 Problematic Yes?+28
Acetone 56 5 3 5 Recommended Yes?9732
Acetonitrile 82 4 3 3 Problematic Yes?*34
Anisole 154 4 1 5 Recommended Yes>®
Chloroform 61 %) I 5

Cyclohexanone 156 3 2 5 Problematic Yes?03637
Cyrene 203 1 2 Problematic Yes*®
DCM 40 1

Diethyl ether 34 10 3

Diethyl succinate 218 1 5 Problematic st
2,5-Dimethylfuran 92 4 5 5 Problematic Yesio:a2to
1,4-Dioxane 101 [ ] 6 3

DMC 90 4 1 3 Recommended NVesi
DMSO 189 1 1 5 Problematic *
Ethanol 78 4 3 3 Recommended Y eSiisE
Ethyl acetate 77 5 3 3 Recommended Yes*$26738
Ethyl lactate 155 3 4 5 Problematic Yesi 22200
Formic acid 101 3 | 3 Problematic Yes?65768
Glycerol 290 1 i Problematic Yes 20223
GVL 207 1 5 Problematic Yes?87477°
Hexane 69

Isooctane 99 5 2 Problematic Yes
Isopropanol 82 4 3 3 Recommended Yes®%®!
MEK 80 5 3 3 Recommended Yes®!82784
Methanol 65 4 A 5 Recommended Yes?>7%9
2-MeTHF 80 6 5 3 Problematic Yes?#9091
MIBK 117 4 2 3 Recommended Yes 24
n-Butanol 118 3 4 3 Recommended Yes?825799
n-Butyl acetate 126 4 2 3 Recommended Yes oot
NMp 202 ] e Hamdows 0 ve™
p-Cymene 177 4 5 5 Problematic Yes 51005103
Propylene carbonate 242 1 2 72 problematic Yes'O0 1!
t-Butanol 82 4 3 3 Recommended Yesl1%113
THF 66 6 (| 5 Problematic VG
TMO 112 4 5 5 Problematic Yes''”
Toluene 111 5 6 3 Problematic _
Water 100 1 1 1 Recommended n/a

Table adapted from the CHEM21 solvent guide.” The “Bio-based potential” column shows reported synthetic routes from biomass but is not
exhaustive. DMSO - dimethyl sulfoxide; DMC - dimethyl carbonate; NMP - N-methylpyrrolidone; GVL - gamma-valerolactone; THF - tetrahydro-
furan; DCM - dichloromethane; MEK - methyl ethyl ketone; MIBK - methyl isobutyl ketone; 2-MeTHF - 2-methyltetrahydrofuran; and TMO -

2,2,5,5-tetramethyloxolane.

reason, the present study includes not only “Recommended”
solvents but also some considered “Problematic” that nonethe-
less possess green attributes.

The bio-based origin (or potential thereof) of a solvent was
an important factor, as transitioning away from petroleum-
derived chemicals is more urgent than ever. As such, some sol-
vents with established synthetic routes from biomass or atmos-
pheric CO, were included despite being categorized as proble-
matic. These were glycerol, GVL, Cyrene, diethyl succinate and
propylene carbonate, all due to their high boiling points.
Similarly, acetic and formic acid are corrosive, which results in
a high health hazard score, but when handled appropriately,
their use is manageable and so they were included. A column
titled “bio-based potential” was included in Table 1, and refer-
ences are provided for the proposed synthetic routes from
biomass. The commercial validity of these routes was not con-
sidered, as it is beyond the scope of this work.

In addition, three solvents that were not classified at the
time the guide was released were also chosen: 2,2,5,5-tetra-
methyloxolane (TMO), 2,5-dimethylfuran and isooctane. TMO

This journal is © The Royal Society of Chemistry 2025

is a new, safer alternative to toluene due to its superior pre-
dicted toxicity profile and resistance to autooxidation.'*
Although it is part of the ether family, it has similar solvation
properties to hydrocarbon and aromatic solvents like heptane
and toluene.” 2,5-Dimethylfuran is easily produced from
biomass via 5-hydroxymethylfurfural (HMF).'® It can have
interesting solvent properties even though it is reactive under
acidic conditions and has a yellow colour, making it unsuita-
ble for certain applications.” Isooctane can also be produced
from biomass. Global Bioenergy notably established a fermen-
tation process of bio-based sugars to obtain isobutene.'® In
2016, they developed a partnership with Lantménnen Aspen to
convert this molecule into isooctane, for biofuel appli-
cations.'® If hydrocarbons need to be used in a process, isooc-
tane could thus be a better option.

These three solvents could be retrospectively assigned
scores using the CHEM21 calculation spreadsheet, which is
included in the SI of the solvent guide article.” By inputting
known data into the spreadsheet for each solvent, isooctane
was described as “Problematic” due to scores of 5/10, 2/10,

Green Chem., 2025, 27,12151-12159 | 12153
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and 7/10 in the “Safety”, “Health” and “Environment” cat-
egories, respectively. As TMO and 2,5-dimethylfuran have not
yet received full REACH approval, they were automatically
assigned “Health” and “Environment” scores of 5 by default
(this also applied to GVL, diethyl succinate and p-cymene).
This resulted in a default ranking of “Problematic” for each of
these solvents, although this classification can be significantly
improved in the future once REACH registration has been
achieved. Notably, TMO and 2,5-dimethylfuran would receive a
“Recommended” score upon successful REACH registration
(Table S1, SI).

Finally, a selection of common solvents (hexane, diethyl
ether, toluene, chloroform, DCM, THF, 1,4-dioxane, NMP and
methanol) was also included for comparative purposes. They
were selected to represent a wide range of chemical groups
and to have a broad distribution of physical properties and
Hansen Solubility Parameters (HSPs) (Fig. S1, SI). Hexane is a
particularly low polarity, aprotic hydrocarbon solvent; diethyl
ether is a highly hazardous, volatile, low polarity ether solvent;
toluene is a ‘workhorse’ low polarity but polarisable aromatic
solvent with moderate volatility; chloroform is a low-polarity
halogenated solvent that is denser than water; DCM is a vola-
tile halogenated solvent of moderate polarity and high polariz-
ability; 1,4-dioxane is a water miscible, volatile ether of moder-
ate polarity aprotic solvent commonly used in organosolv bior-
efining; THF is a water miscible, volatile, mid polarity aprotic
solvent; NMP is a dipolar aprotic amide solvent with a high
boiling point; and methanol is a volatile polar protic alcohol
that, while potentially bio-based, is toxic.

Table 2 shows the updated miscibility table, which includes
more recently proposed greener solvents as introduced above.
The IUPAC definition of miscibility is the “capability of a
mixture to form a single phase over certain ranges of tempera-
ture, pressure, and composition”."* From the point of view of a
researcher in the lab, this is not particularly helpful, as most
mixtures of solvents will form a single phase if the percentage
of the second solvent in the total volume is sufficiently low. As
such, in this work, miscibility is defined from a practical per-
spective to quickly aid a lab-based chemist in solvent choice
for applications such as liquid-liquid extraction or co-solvent
precipitation. In the updated miscibility table shown in
Table 2, two solvents are:

» Miscible when they fully mix in any proportion at room
temperature (18-20 °C).

« Partially miscible when they form a homogeneous solu-
tion only at certain concentrations at room temperature
(18-20 °C).

- Immiscible when they do not mix and form a hetero-
geneous solution with two layers that can be observed visually
at room temperature (18-20 °C).

Demixing upon nucleation is not considered in this work
due to the unlimited possibilities of solutes in a dual solvent
system. Similarly, mixing upon nucleation is not considered
for the same reason. Furthermore, solvents that were found to
be partially miscible/immiscible at room temperature in this
work could potentially mix to a higher degree with increasing
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temperatures or pressures.>'® However, the table cannot be
extrapolated to account for such conditions.

Experiments were carried out at room temperature
(18-20 °C) and atmospheric pressure to assess the miscibility
of the selected solvents. For the immiscible solvent pairs (even
when refractive indices are similar), temporary turbidity, small
droplets, or emulsion-like behaviour appeared while stirring
but disappeared after settling, resulting usually in two distinct
layers. These visual clues provided sufficient indication of
phase separation under our experimental conditions. For the
miscible solvent pairs, a phenomenon that could be associated
with the thin-film interference effect (light reflection resulting
in different colours while swirling) was often observed which
gradually disappeared as the solvents interacted and fully
mixed.>*"

The solvents were organised in Table 2 according to increas-
ing relative energy distance (R,) from water using HSP theory
(see Table S2, SI). This roughly corresponds to a decreasing
trend in polarity/hydrogen-bonding ability down the table and
explains why immiscible solvent pairs tend to cluster at the
edge of the table. It also means that likely replacements for a
target traditional solvent should be located near the target
solvent in the table.

The miscibility table was colour coded to illustrate the inter-
action between solvent pairs. The solvents found to be misci-
ble were highlighted in off-white, the partially miscible in light
grey and the immiscible in dark grey. The letters in the light
grey correspond to a legend at the bottom that describes the
concentrations at which the solvents are miscible/immiscible.
The letter R indicates that the solvents reacted or interacted
exothermically, as heat was released while mixing. In addition,
the solvent names were colour coded according to the
CHEM21 guide as described above, so greener alternatives can
be quickly identified for different applications.

For example, in liquid-liquid extraction, it is necessary to
use immiscible solvents to separate compounds based on their
solubility in each phase. Water is typically used as one phase,
so identifying an immiscible solvent to extract organic mole-
cules is required. Table 2 highlights many green solvents
which could be effective, such as TMO, dimethyl carbonate
(DMC), ethyl acetate, or 2,5-dimethylfuran. They have relatively
low boiling points, making them suitable as they are easy to
remove in the subsequent steps.

Liquid-liquid extraction could also be applied to overcome
the high boiling points of some green solvents (Cyrene, propy-
lene carbonate, GVL, and diethyl succinate). A work-up could
be facilitated by using liquid-liquid extractions. For instance,
propylene carbonate is immiscible with TMO at specific ratios
and is fully immiscible with methanol or isooctane. Similarly,
GVL and Cyrene are immiscible with isooctane. These more
volatile solvents could be used to extract target compounds,
allowing easier subsequent solvent removal.

Selective precipitation is another strategy, which involves
using miscible solvents in which the substrate has limited
solubility. For example, water can be used in combination with
Cyrene or GVL to induce precipitation. Similarly, polar, hydro-

This journal is © The Royal Society of Chemistry 2025
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Water
Glycerol
Methanol

Ethanol

Isopropanol

n -Butanol

Formic acid

t-Butanol

Acetic Acid
Ethyl Lactate
DMSO
DMC
Acetone
THF
Cyrene

Acetonitrile
Diethyl Succinate

Water

Glycerol

Methanol

Ethyl Acetate

Anisole

MEK

n-Butyl Acetate

Cyclohexanone

Chloroform

p-Cymene
Isooctane

Propylene Carbonate
2,5-Dimethylfuran
MIBK
2-MeTHF
Diethyl Ether

Ethanol

Isopropanol

n -Butanol

Formic acid

t-Butanol

Acetic Acid

Ethyl Lactate

DMSO

DMC

GVL

Acetone

THF

Cyrene

Acetonitrile

Diethyl Succinate

Ethyl Acetate

Anisole

MEK

n -Butyl Acetate

Cyclohexanone

Chloroform

Propylene Carbonate

2,5-Dimethylfuran

MIBK

2-MeTHF

Diethyl Ether

T™MO

p -Cymene

Toluene

Isooctane

Recommended

Problematic

Highly Harzardous

DMSO = Dimethyl sulfoxide
DMC = Dimethyl carbonate
NMP = N -Methylpyrrolidone
GVL = gamma -Valerolactone
THF = Tetrahydrofuran

Immiscible

Miscible at certain concentrations

Miscible

o
&

Reaction observed upon contact

DCM = Dichloromethane

MEK = Methyl ethyl ketone

MIBK = Methyl isobutyl ketone
2-MeTHF = 2-Methyltetrahydrofuran
TMO = 2,2,5,5-Tetramethyloxolane

This journal is © The Royal Society of Chemistry 2025

Immiscible if:

85% > n-Butanol > 4%

98% > DMC > 14%

98% > Ethyl acetate > 9%

91% > MEK > 29%

94% > Cyclohexanone > 9%

93% > Propylene Carbonate > 14%

100% > Isooctane > 32%

85% > n-Butanol > 4%

—|xT|®o|(n|m|(Oo|o|m|>

96% > Isooctane > 20%

-

86% >TMO >39%
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gen-bonding ethanol could be used in combination with low-
polarity TMO.

A particularly interesting insight obtained during this study
was the partial miscibility of certain solvent pairs, which can
potentially open new possibilities in purification. For example,
TMO and propylene carbonate are immiscible at concen-
trations of 86% > TMO > 39%. This means that TMO could be
used as a precipitation solvent at low or high percentages of
composition or as an extraction solvent at more equal percen-
tage compositions. The usefulness of this observation would
depend on temperature, pressure and solute nucleation
effects, but it can potentially be harnessed to optimise a purifi-
cation system.

The updated solvent miscibility table can also be useful in
suggesting solvent blends as alternatives to traditional hazar-
dous solvents. Cyrene and glycerol are promising bio-based
compounds. However, their high viscosities can limit their
applicability in some processes.>”> Even small amounts of co-
solvents can significantly reduce viscosity. Indeed, glycerol has
a viscosity of 1500 cP at 20 °C, and the addition of 9% of water
decreases it to 220 cP - a sevenfold decrease.>® Other co-sol-
vents may be preferable to water, as water can be difficult to
remove from the reaction medium or may interfere with the
reaction itself. Therefore, understanding the miscibility of
these viscous solvents with less viscous alternatives becomes
essential.

Conclusion

Solvent miscibility is an important criterion in the selection of
solvents for a process. While miscibility tables have been devel-
oped to guide researchers, they have not been expanded to
include many of the newer green solvents. This study thus
aimed to address this gap by updating the solvent miscibility
table to include green solvents. The green solvents were largely
selected from the list of “Recommended” solvents in the
Chem21 guide but include some solvents with at least a pro-
posed synthetic route from biomass. Some classic solvents
were also chosen for comparison based on their HSPs, but in
general, hazardous solvents were eliminated in an effort to
incentivise the use of greener solvents.

The updated table was colour coded, and solvents were
ordered according to their distance from water based on
Hansen Solubility Parameters. The determination of miscibil-
ity/immiscibility was carried out visually, as it aimed to aid
lab-based chemists who require a quick reference for solvent
miscibility. Partial miscibility required precision tests to deter-
mine solubility limits and these are provided in the legend.
Finally, some potential applications of this guide for the lab
researchers in the chemical industry are suggested.

While this work contributes to filling an important knowl-
edge gap, the study is ongoing—new solvents with different
and interesting properties continue to emerge, and simple
experimental tests can be used to extend and update the misci-
bility data over time.
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