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Sustainability spotlight

Expansion of a paints and coatings solvent guide.
Combining solvent guides and Hansen solubility
parameters for greener solvent and solvent mixture
selection

Erica Kemp, Harry Maslen and Helen F. Sneddon @ *

A substantive update to the 2024 paints and coatings solvents guide, scoring an additional 40 solvents,
including those used as strippers, has been provided. The ranking of alternative solvents and solvent
mixtures based on sustainability (or other) scores and Hansen Solvent Parameters (HSP) has been
facilitated through modification of Albrecht and Strube's 2025 software. Two examples of scoring
approaches are exemplified. Circle diagrams, showing a range of possible solvent mixtures as alternatives
for a given solvent (or solvent mixture) have been developed and exemplified for two key solvents where
there is particular interest in replacement, dichloromethane and N-methyl pyrrolidone. The nature of
solvents and solvent mixtures required to map HSP space using both pharmaceutical and paints and
coatings specific solvent lists has been plotted, highlighting under-served areas of solvent space for
future research.

Solvents are critical to chemistry underpinning SDGs including Good Health and well-being (SDG 3), Industry Innovation and Infrastructure (SDG 9), and
Responsible Consumption and Production (SDG 9). We here score 40 additional solvents in a paints and coatings context and facilitate the ranking of both
pharmaceutical and paints and coatings solvents, based on a combination of Hansen solubility parameters and sustainability scores. Diagrams showcase

a range of possible solvent mixtures as alternatives for a given solvent, exemplified for dichloromethane and N-methyl pyrrolidone. The nature of solvents and

solvent mixtures required to map HSP space using both pharmaceutical and paints and coatings specific solvent lists has been plotted, highlighting under-

served areas of solvent space for future research.

1. Introduction

Hansen Solubility Parameters (HSPs) have been used for nearly
60 years to understand solvents and issues of solubility,
dispersion, diffusion, and chromatography." While HSPs alone
cannot perfectly predict solubility, they can be used to identify
solvents and solvent mixtures that are likely to be suitable and
identify candidates for empirical screening or start points for
formulation optimisation, and have achieved widespread use in
solvent selection in the paintings and coatings sector,?
including as a tool for substituting fossil-based with biobased
solvents®® Lists of “green” solvents have previously been
provided for use in Hansen Solubility Parameter software,* and
in 2025 Albrecht and Strube published a Python tool for pre-
dicting optimal solvent blends based on Hansen solubility
parameters.®

In recent years solvent guides, considering multiple facets of
sustainability, have been a key tool in influencing the overall

Green Chemistry Centre of Excellence, Department of Chemistry, University of York,
Heslington, York, YO10 5DD, UK. E-mail: helen.sneddon@york.ac.uk

© 2026 The Author(s). Published by the Royal Society of Chemistry

nature of the solvents used in industry. These have chiefly been
applied in the discovery, development and ultimately manu-
facture of active pharmaceutical ingredients (APIs) in the
pharmaceutical industry,*™ or more recently analytical chem-
istry,’ and the original guides were designed with how solvents
are typically used in the pharmaceutical industry in mind. The
nature of the solvents scored, the relevance of the properties
scored, and assumptions made about the conditions under
which the solvents would be used, and how they might be
disposed, do not necessarily translate to other use cases.

The GSK Solvent Selection Guide approach, considering
multiple criteria, has been widely used with ~1000 citations to
date according to Scopus. Mindful that use of solvents by the
paints and coatings industry has long dwarfed solvent use by
the pharmaceutical sector, in 2024 we published a guide using
analogous methodology specifically focussed on the nature and
use of solvents in both industrial and consumer settings.™

We hereby expand on the 2024 paints and coatings solvent
guide,” scoring an additional 40 solvents, and specifically
including solvents predominantly used as strippers as well as in
paints and coatings formulations.

RSC Sustainability
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In addition, we elaborate on Albrecht and Strube's open
access software,’ allowing the use of different lists of industry
specific solvents, and context specific sustainability scores. The
modified software enables a user to obtain a list of preferred
solvents, or solvent mixtures, ranked in order of distance in
Hansen solubility space from the desired solute, and/or by
various sustainability credentials, as selected by the user, for
screening. The size of the relative energy difference (RED),
a dimensionless value used to indicate whether the solvent (or
solvent mixture), and the interaction radius (R,), is within the
solubility limits of the solute, can be customised. Typically,
a RED value above 1 indicates a poor or non-solvent, while
a value at or below 1 indicates a good or marginal solvent.

This software can therefore be used to find “greener” solvents
or solvent mixtures suitable for solubilising a given substrate, or
to find solvents, or solvent mixtures that might be suitable for
screening as start points for replacing current solvents, where
solubilising of solute is key to the application in question.

Mindful that dichloromethane (DCM) historically was used
extensively in the paints and coatings industry, prior to EU
legislation in 2010,"* and US legislation in 2014," and the use of
dichloromethane in laboratory settings is increasingly
restricted further to the introduction in 2024 in the US of
methylene chloride regulation under the Toxic Substances
Control Act,*>'¢ this approach has been used to generate lists of
possible “greener” binary solvent mixtures for screening as
alternatives to DCM.

Similarly, as N-methyl pyrrolidone (NMP) is restricted by
REACH due to its classification as a reproductive toxicant and
for its potential to cause serious eye, skin and respiratory irri-
tation,” this approach has been used to generate lists of
possible “greener” binary solvent mixtures for screening as
alternatives to NMP.

Iteration of this code across a hypothetical grid of HSP space
additionally offers the intriguing possibility of mapping out
which areas, i.e. which solutes, are most readily accessible
through current “green” solvents and solvent mixtures for
a particular application. Such an analysis has been done for
different values of RED and R, (see SI, S7-S10) and these plots
suggest areas where future research is required for new “green”
solvents and solvent mixtures.

2. Methodology
2.1 Solvent selection

The open access software provided by Albrecht and Strube® is
customisable to accept different solvent lists. Many solvent
guides have been published over the years,*”*">'® however, for
the purposes of this work, solvent lists for different applications
were compiled as follows.

2.1.1 Pharmaceutical industry relevant solvents. The 2016
iteration of the GSK Solvent Selection Guide® provides a list of
154 solvents in the SI. In addition to solvents in common use
across the industry, as explained in the SI of that publication,
this list included several solvents that were at the time of
publication being proposed as being of potential interest in this
space but have not featured particularly in the literature in the

RSC Sustainability
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intervening years (e.g. N,N-dimethyl octanamide, N,N-dimethyl
decanamide, N,N-dimethylaniline) and several perfluorinated
halogenated solvents (perfluorotoluene, perfluorocyclic ether,
perfluorocyclohexane, perfluorohexane) now thought to be even
less likely to be used as awareness of per- and polyfluoroalkyl
substances (PFAS) issues has grown.' Furthermore HSPs were
not easily available (through use of Steven Abbott's website*®
which lists the HSPs of >1000 solvents and the Accudyne web-
site*') for all the solvents listed, and after consideration, this list
was reduced to a list of 130 which was felt to reflect the more
commonly encountered solvents.

2.1.2 Solvents relevant to paints and coatings. The 77
solvents considered in the 2024 solvent sustainability guide for
the paints and coatings industry'® were supplemented with an
additional 40 solvents sourced from a combination of searching
for solvents of relevance to paint strippers, and solvents listed
by Albrecht and Strube, not previous considered in the 2024
guide. Whilst not all solvents were necessarily applicable to
both consumer and industrial settings, for generation of one
overarching paints and coatings guide, additional solvents were
added to both the Consumer and Industrial versions (see SI).
For solvents where differences in overall ranking were observed
between the industrial and consumer guides the precautionary
principle applied and the lower ranking was used throughout
this combined paints and coatings work.

2.2 Solvent scoring

The methodology used in the 2024 paints and coatings solvent
guide,™ was used to score the new 40 solvents. A summary of
this methodology, and the differences between the consumer
and industrial guides is provided in Table 1.

Overall traffic light scores of “red” (most issues), “amber”
(some issues) and “green” (few issues) have been applied
consistent with the methodologies published in the respective
papers.>*?

However, the parameters can be adjusted to reflect other
specific sub-category scores as might be appropriate to
a particular application, for example biobased content, or VOC
emissions. Factors not directly related to sustainability could
also be ranked in a similar way, for example, melting or boiling
point, or, should users have the data applicable to their situa-
tion available, cost.

2.3 Solvent shortlisting for screening

Any proposed scoring approach must be treated with caution. A
solvent mixture cannot in general be assumed to inherit its
hazard or sustainability profile directly from its single compo-
nents. There are many documented examples of, for example,
minimum flash points of mixtures being lower than either of
the composite solvents.”*>* In addition toxicity can also be
related to co-solvent effects, and in the case of dermal absorp-
tion, mixtures can significantly enhance skin permeation rela-
tive to the neat compounds,**” including with an N-methyl
pyrrolidone mixture.?®

In occupational exposure assessment, additive models are
commonly applied when multiple substances produce similar

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Overview of scoring criteria for the paints and coatings guide

Scoring Criteria Value range Consumer-specific Industrial-specific

# aspect Rationale used (score 1-10) guide guide Notes

Waste

1 Incineration Solvents from paint NOx emissions Score 1 (least “green”) -  No water solubility Includes water solubility
manufacturing and (nitrogen-containing 10 (most “green”). factor; formula: factor as there is a greater
disposal are frequently  solvents penalised); Derived from geometric  +/(emissions x burn) likelihood of energy
incinerated enthalpy of combustion mean of emissions recovery from solvent

(AcHo, k] g ") score and burn score incineration, and potential
considered as energy contact with water in this
can be recovered; water process (smaller weighting
solubility (wet solvents than pharma guide).
release less energy on Formula: (emissions® x
combustion) burn® x water)"(1/5)

2 Recycling Some industry Boiling point; reactivity;  Score 1-10. Derived NOT included in INCLUDED in industrial Major methodology
processes allow solvent  flammability and from (BP* x reactivity consumer composite composite score difference between
recovery and reuse; not  explosion potential; x flam/expl x ease of score. Consumer the consumer and
applicable for ease of drying; water drying)~(1/5) solvents are released to industry guides
consumer paints solubility (potential for atmosphere on

atmospheric moisture application and rarely

absorption during collected for recycling

recycling) (other than reuse
projects)

3 Biotreatment Solvents entering Theoretical oxygen Score 1-10 from Does NOT include Also does NOT include
drains (via brush demand (ThOD, kJ geometric mean of a “release to air” “release to air” component
washing, spills) pass kg~ ")—penalises ThOD score, N-content  component (removed
through wastewater high-oxygen-demand score, and aqueous vs. pharma guide):
treatment; nitrogen- solvents; nitrogen potential score consumer paints
rich or recalcitrant content (additional intentionally release
solvents place extra demand and ecological solvent to air on drying
burden on biotreatment  risk); water solubility—

miscible solvents more
likely to enter aqueous
waste streams
4 VOC emissions Most solvents in paints ~ Vapour pressure Score 1-10 from Unchanged Unchanged methodology. Score reflects

are classified as VOCs;
their tendency to
evaporate affects air
quality and regulatory
compliance. Weighted
more heavily than in
the pharma guide given
the evaporative role of
paint solvents

(mmHg at STP)—
primary driver; boiling
point—solvents with
very low boiling points
additionally penalised
for acute high emission
rates

geometric mean of
vapour pressure score
and boiling point score

methodology. VOC
score weighted more
heavily in consumer
composite formula
(voc?)

VOC score weighted more
heavily in industrial
composite formula (VOC?)

propensity to
evaporate, not
absolute regulatory
VOC limits (which
depend on amount,

not type)

Jladed
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Table 1 (Contd.)
Scoring Criteria Value range Consumer-specific Industrial-specific
# aspect Rationale used (score 1-10) guide guide Notes
Environment
5 Environmental Solvents entering Acute aquatic toxicity Score 1-10 from Methodology Methodology unchanged Log KOW used as
impact - waterways (via runoff, (LCs fish, ECsq geometric mean of unchanged from from pharma guide chronic hazard
Aqueous drains, or spills) may daphnia, ICs, algae— toxicity score, log KOW  pharma guide indicator. GHS H
harm aquatic worst case, mg L™); score, and phrases supplement
organisms; chronic toxicity (log biodegradability score toxicity data where
bioaccumulation KOW as test values
potential and bioaccumulation unavailable
biodegradability indicator; GHS H400-
determine persistence H413 phrases);
of harm biodegradability (BOD/
ThOD ratio; ready
biodegradability tests
OECD 301; BOD data)
6 Environmental Evaporated solvents POCP (photochemical Score 1-10 from SPCP ADDED for SPCP NOT used for Air score weighted
impact - Air contribute to ozone ozone creation geometric mean of consumer guide. industrial guide—higher more heavily in both
formation and potential, kg C,H,-eq/ POCP score, SPCP Calculated using ventilation requirements in  composite formulas
secondary indoor air 100 kg); SPCP score, and odour score ~ INCHEM-Py v1.2 factory environments mean  (air x aqueous?)
pollutants; particularly  (secondary product (MCM v3.3.1) indoor secondary product  ~(1/3) to reflect
important for consumer  creation potential— simulating 10 ppb VOC  formation is less relevant importance of VOC
paints used indoors. modelled indoor air in a residence air impacts in paints
Weighted more heavily ~ pollutant (300 K, 45% RH, context
than in the pharma concentrations using 0.76 h™" air change).
guide INCHEM-Py/MCM); Captures indoor
odour score (vapour secondary pollutants:
pressure/odour ONs, PANs, HCHO, O3,
threshold ratio) glyoxal, acetaldehyde
Health
7 Health hazard Intrinsic toxicological OEL (occupational Score 1-10 from the Changed from pharma  Changed from pharma Reproductive
hazard to humans from  exposure limit, ppm)—  lower of OEL-derived guide: if no OEL is guide: if no OEL is toxicity (H360/H362)
the solvent regardless of  initial benchmark from  score and GHS H- available, score is based available, score is based or CMR
how much is inhaled or ~ACGIH TLV, NIOSH, phrase score solely on GHS H- solely on GHS H-phrases. classification

absorbed; includes
reproductive toxicity,
carcinogenicity, acute
lethal toxicity, organ
toxicity

OSHA, EU-OSHA, ATHA
WEELs, UK WELs,
German TRGS 900
(lowest value used); EU
GHS H-phrase hazard
classification applied
via decision tree (H300/
H310/H330 = score 1;
H301/H311/H331/
H314/H318 = score 2;
H302/H312/H332/H373
= score 3; H315/H319/
H335 = score 4)

phrases. No presumed/
default OEL value
assigned

No presumed/default OEL
value assigned

triggers automatic
score 1. Health score
= /(health hazard x
exposure potential)

Aiiqeuleisns DSy
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Table 1 (Contd.)
Scoring Criteria Value range Consumer-specific Industrial-specific
# aspect Rationale used (score 1-10) guide guide Notes
8 Exposure How readily a worker or ~ OEL (minimum across Score 1-10 from VHR. Methodology Methodology unchanged VHR captures the
potential consumer will actually all sources, ppm); High VHR = low score unchanged from from pharma guide combined effect of
be exposed via relative rate of (more hazardous pharma guide volatility and
inhalation given typical  evaporation (RRE, exposure potential) toxicity. A very toxic
use conditions; relative to n-butyl but non-volatile
combines how volatile acetate = 1.0); vapour solvent may score
the solvent is with the hazard ratio better than a mildly
risks of inhaling that (VHR = RRE/OEL)—the toxic but highly
solvent higher the VHR, the volatile one
more rapidly
a hazardous
concentration
can build up
Safety
9 Flammability & Solvents in paints Boiling point (°C); flash  Score 1-10 from Methodology Methodology unchanged Safety score =
explosion represent significant point (°C); auto-ignition  geometric mean of 5 unchanged J(flammability &
potential fire and explosion risks  temperature (°C); component scores explosion x
during manufacture, vapour pressure reactivity &
storage, application, (mmHg); electrical stability).
and disposal; conductivity (pS m~'— Pyrophoric/shock-
particularly important low conductivity = sensitive hazards
given large-scale electrostatic ignition not scored as no
industrial use risk) qualifying solvents
found in paints
10 Reactivity & Some solvents can form  Peroxide formation Score 1-10 from Special hazards Special hazards component THF scores
stability peroxides on storage, potential (NOAA geometric mean of component NOT included for same particularly poorly
self-react, decompose reactivity data: none/ peroxide score, NFPA (pyrophoric, shock- reason — none of the due to peroxide
on heating, or react possible on score, and acidity/ sensitive) NOT assessed paints solvents formation potential
with acidic/basic paint ~ concentration/forms basicity score included—none of the meet this criterion (score 1). Score
components, readily); NFPA reactivity assessed paints solvents reflects self-
presenting safety rating (0-3); acidity/ meet this criterion reactivity; reaction
hazards basicity (pKa—very with paint
acidic or basic solvents components
penalised) handled separately
through
formulation
assessment
Sourcing
11 Global warming  New for paints guide. Cradle-to-gate GWP (kg  Score 1-10 from New for this guide. New for this guide. Sourcing score =

potential (GWP)

Reflects the carbon
footprint of
manufacturing the
solvent. Full LCA

CO, eq. per kg solvent)
from CCalc 2 and
literature. Where
unavailable, near-

quartile rank. Q1 = 10
(greenest), Q4 =1
(least green)

Methodology identical
for both use cases

Methodology identical for

both use cases

JV(GWP x biobased).

Sourcing was
excluded entirely
from the pharma

Jladed
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Table 1 (Contd.)
Scoring Criteria Value range Consumer-specific Industrial-specific
# aspect Rationale used (score 1-10) guide guide Notes
excluded as data neighbour estimation guide (LCA not
unavailable for many used based on included in
solvents molecular complexity composite). Major
and molar mass. addition in paints
Divided into quartiles: guide
Q1 (lowest GWP) =
score 4; Q2 = score 3;
Q3 = score 2; Q4
(highest GWP) = score 1
12 Biobased New for paints guide. Qualitative assessment  Score 1-10 derived New for this guide. New for this guide. Inherently crude
potential Reflects the potential of commercial biobased directly from biobased Methodology identical Methodology identical for and subject to

for the solvent to be
sourced from renewable
feedstocks; responds to
industry net-zero
targets and growing
interest in biobased
materials

availability: Score 4 =
current commercial
whole-structure
biobased source; score
3 = potential
commercial biobased
source (unconfirmed);
score 2.5 = partially
biobased (at least one
component from bio);
score 2 = potential
future commercial
biobased source; score
1 = no likely biobased
source

rating (x2.5 to give 1-10
scale). Comments in SI
excel files provide
details of specific
biobased routes
considered

for both use cases

both use cases

change as new
routes emerge. Does
not assess whether
biobased route is
sustainable (land
use, agricultural
waste vs. food crop).
TRL and
commercial scale
not factored in

Aiiqeuleisns DSy
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Water 7732-18-5 Water
Butyl Diglycol Acetate 124-174 Ester
Benzyl Alcohol 100-51-6 Alcohol
Ethylene glycol 107-21-1 Alcohol
gamma-Butyrolactone (GBL) 96-48-0 Ester
Glycerol Carbonate 931-40-8 Alcohol
Butyl levulinate 2052-15-5 Ester
Butyl lactate 138-22-7 Ester
n-Amyl Alcohol (Pentanol) 71-41-0 Alcohol
Caprolactone (Epsilon) 502-44-3 Ester
Diisobutyl adipate 141-04-8 Ester
Benzyl Benzoate 120-514 Ester
Butyl Benzoate 136-60-7 Ester
Ethyl levulinate 539-88-8 Ester
1,3-Propanediol 504-63-2 Alcohol
Methyl iso-Butyl Carbinol 108-11-2 Alcohol
1,2-Propanediol h7-55-6 Alcohol
n-Butyl Propionate 590-01-2 Ester
Dimethyl Succinate 106-65-0 Ester
Diethylene glycol dibenzoate 120-55-8 Ester
Iso-Butyl Isobutyrate 97-85-8 Ester
Dimethyl Glutarate 1119-40-0 Ester
Diethylene glycol ethyl ether 111-90-0 Ether
Methyl iso-Amyl Ketone 110-12-3 Ketone
Iso-Pentyl Alcohol (Isopentanol) 123-51-3 Alcohol
|Tri(ethylene glycol) 112-27-6 Alcohol
Di(ethylene glycol) 111-46-6 Alcohol
Iso-Pentyl Acetate 123-92-2 Ester
Methyl lactate 547-64-8 Ester
n-Amyl Acetate 628-63-7 Ester
1-Butanol 71-36-3 Alcohol
Diisobutyl glutarate 71195-64-7 Ester
Butyl acetate 123-864 Ester
Ethanol/IMS 64-17-5 Alcohol
Ethylene glycol monobutyl ether acetate 112-07-2 Ester
Propyl acetate 109-60-4 Ester
Cyclohexanedimethanol 105-08-8 Alcohol
Ethyl propionate 105-37-3 Ester
Xylol (mixed xylenes) 1330-20-7 Aromatic
2,2,5,5-Tetramethyloxolane (TMO) 15045-43-9 Ether
Diisobutyl succinate 925-06-4 Ester
t-Butyl acetate 540-88-5 Ester
2-Ethyl hexanol 104-76-7 Alcohol
2-Pentanone 107-87-9 Ketone
Ethyl lactate 97-64-3 Ester
n-Propyl Propanoate 106-36-5 Ester
2-Pentanol 6032-29-7 Alcohol
sec-Butyl Acetate 105464 Ester
Diacetone Alcohol 123-42-2 Alcohol
Dipropylene Glycol 110-98-5 Alcohol
2,2 4-Trimethyl-1,3-p diol isobutyrate (Texanol) 25265-77-4 Ester
2,4,7,9-Tetramethyl-4,7-decanediol 17913-76-7 Alcohol
Dimethyl carbonate 616-38-6 Carbonate
m-Cresol 108-394 Aromatic
2-Propanol 67-63-0 Alcohol
Dimethyl Adipate 627-93-0 Ester
Diethylene glycol monobutyl ether 112-34-5 Alcohol
Propylene glycol phenyl ether 770-354 Ether
1.4-Butanediol 110-63-4 Alcohol
Ethylene carbonate 96-49-1 Carbonate
Propylene carbonate 108-32-7 Carbonate
Glycerol 56-81-5 Alcohol
1-Propanol 71-23-8 Alcohol
Phenethyl alcohol 60-12-8 Alcohol
Isobutanol 78-83-1 Alcohol
2-Phenoxyethanol 122-99-6 Alcohol
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Environ. Impact - Aqueous
Environmental Impact - Air

Health Hazard
Exposure potential

Safety Flammability & Explosion

have boiling points >230 °C, which identifies them as existing or potential coalescent solvents in waterborne paints.

© 2026 The Author(s). Published by the Royal Society of Chemistry

Safety Reactivity & Stability
Biobased

(a and b) Updated single page version of the guide for paints and coatings, applying the consumer scoring. Solvents highlighted in purple
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Dipropylene glycol n-butyl ether 29911-28-2 (isomeric mixture) Ether B | 10 | 8 | | 6
Diethylene glycol phenyl ether / 2-(2-Phenoxyethoxy)ethanol 104-68-7 Ether | 6
Dipropylene Glycol Methyl Ether 34590-94-8 Ether [
Propylene glycol butyl ether (2-butoxypropanol) 5131-66-8 Alcohol 6
Diisobutyl ketone 108-83-8 Ketone 6
0-Xylene 95-47-6 Aromatic 5
Isopropyl acetate 108-21-4 Ester 5
Methanol 67-56-1 Alcohol 5
3-Pentanone 96-22-0 Ketone 5
2-Methoxy-1-methylethyl acetate (also called Propylene glycol 108-65-6 Ester 5
Tetrahydrofurfuryl Alcohol 97-99-4 Alcohol 5
2-Butanol 78-92-2 Alcohol 5
Cyclopentyl methyl ether 5614-37-9 Ether 5
Cyclohexanol 108-93-0 Alcohol 5
Ethylene glycol butyl ether 111-76-2 Alcohol 5
Ethyl acetate 141-78-6 Ester i
Methylethyl ketone 78-93-3 Ketone 5
Ethyl benzene 100-41-4 Aromatic 5
t-Butanol 75-65-0 Alcohol 5
Toluene 108-88-3 Aromatic 5
Ip-Xylene 106-42-3 Aromatic 5
1-Methoxypropan-2-ol 107-98-2 Alcohol 5
Methyl acetate 79-20-9 Ester 5
Methylisobutyl ketone 108-10-1 Ketone 5
/Acetone 67-64-1 Ketone 5
1-Isopropyl-2,2-dimethyltrimethylene diisobuty 6846-50-0 Ester 5
m-Xylene 108-38-3 Aromatic 5
2-Methyltetrahydrofuran 96-47-9 Ether 5
Cyclohexanone 108-94-1 Ketone 5
2-Methoxyethanol 109-86-4 Alcohol 5
1,2,4-Trimethylbenzene 95-63-6 Aromatic
Methyl Carbitol 11-77-3 Alcohol
Dimethyl formamide 68-12-2 Dipolar Aprotic
N-Methyl pyrrolidone 872-504 Dipolar Aprotic
I Triethylamine 121-44-8 Amine
\White spirit type 3 medium flash 919-857-5 <2% aromatics 64742-48-9 Hydrocarbon
Iso-Propyl Ether 108-20-3 Ether
Dimethyl ether 115-10-6 Ether
Heptane 142-82-5 Hydrocarbon
Benzene 71-43-2 Aromatic
Dimethyl sulfoxide 67-68-5 Dipolar Aprotic
White spirit type 1 medium flash 919-446-0 (64742-80-9) 8052-41-3/64742-82-1 Hydrocarbon
Dimethyl Cyclohexane (1,2) 583-67-3 Hydrocarbon
Hexane 110-54-3 Hydrocarbon
Methyl Cyclohexane 108-87-2 Hydrocarbon
1,3-Dioxolane 646-06-0 Ether
Cyclohexane 110-82-7 Hydrocarbon
Dichloromethane 75-09-2 Chlorinated
Dimethoxymethane 109-87-5 Ether
Tetrahydrofuran 109-99-9 Ether
Fig.1 (Contd.)

effects, such as respiratory irritation or Central Nervous System
(CNS) depression. For example, Occupational Safety and Health
Administration (OSHA) explicitly uses an equivalent exposure
approach based on the sum of concentration-to-limit ratios for
mixtures of contaminants with similar effects.> Classification,
Labelling and Packaging (CLP) regulation also dictates that the
assignment of mixtures for multiple hazard classes - several of
which are particularly relevant to paint and coating solvents — be
concentration-driven and work additively.*® This approach
generates conservative safety assessments for solvent mixtures
which may not be fully captured by a worst component
approach.

RSC Sustainability

However, we believe there is value in applying some simple
over-arching triaging of solvent mixtures by sustainability or
other criteria in cases where full assessment of all solvent
mixtures is unlikely to be feasible. We believe, for example, that
a “worst component” approach may be helpful to apply
simplistic composite scores to large numbers of hypothetical
mixtures of solvents in order to winnow down prospective
candidates for screening. Such an approach would later require
a detailed analysis of the specific physicochemical and toxico-
logical properties of any promising mixtures to be rigorously
assessed, accounting for the additivity (or more complex inter-
action) of hazards.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2

boiling points >230 °C, which identifies them as existing or potential coalescent solvents in waterborne paints.
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Water 7732-18-5 Water 100
[gamma-Butyrolactone (GBL) 96-48-0 Ester 204
Butyl Diglycol Acetate 124-174 Ester 247
Benzyl Benzoate 120-51-4 Ester 323
Glycerol Carbonate 931-40-8 Alcohol 350
t-Butyl acetate 540-88-5 Ester 95
n-Amyl Alcohol (Pentanol) 71-41-0 Alcohol 138
Butyl Benzoate 136-60-7 Ester 249
Benzyl Alcohol 100-51-6 Alcohol 205
1,2-Propanediol 57-55-6 Alcohol 188
Xylol (mix of xylenes) 1330-20-7 Aromatic 140
Iso-Butyl Isobutyrate 97-85-8 Ester 148
1,3-Propanediol 504-63-2 Alcohol 214
Methyl iso-Butyl Carbinol 108-11-2 Alcohol 132
n-Amyl Acetate 628-63-7 Ester 149
Dimethyl Glutarate 1119-40-0 Ester 94 |5
m-Cresol 108-394 Aromatic 203
n-Butyl Propionate 590-01-2 Ester 146
Butyl lactate 138-22-7 Ester 186 | 6
I Tri(ethylene glycol) 112-27-6 Alcohol 285
Butyl acetate 123-864 Ester 126
Butyl levulinate 2052-15-5 Ester 238
Ethanol/IMS 64-17-5 Alcohol 78 |5
Dimethyl Succinate 106-65-0 Ester 200 | 5
Ethylene glycol 107-211 Alcohol 197 | 6
(Caprolactone (Epsilon) 502-44-3 Ester 236 | 6
Ethyl levulinate 539-88-8 Ester 206 | 5
Iso-Pentyl Acetate 123-92-2 Ester 142
Methyl lactate 547-64-8 Ester 144 | 6
/Acetone 67-64-1 Ketone 5% |6
Methyl iso-Amyl Ketone 110-12-3 Ketone 144
Di(ethylene glycol) 111-46-6 Alcohol 246 | 6
Propyl acetate 109-60-4 Ester 102 | 6
n-Propyl Propanoate 106-36-5 Ester 123
Diacetone Alcohol 12342-2 Alcohol 168 | 5
Cyclohexanedimethanol 105-08-8 Alcohol 286
Glycerol 56-81-5 Alcohol 290 | 6
2-Propanol 67-63-0 Alcohol 82 |5
Dipropylene Glycol 110-98-5 Alcohol 232
sec-Butyl Acetate 105-46-4 Ester 142
2-Pentanone 107-87-9 Ketone 102
Diethylene glycol ethyl ether 111-90-0 Ether 196 | 5
2,2,5,5-Tetramethyloxolane (TMO) 15045-43-9 Ether 112
Phenethyl alcohol 60-12-8 Alcohol 220
Dimethyl carbonate 616-38-6 Carbonate 91
2-Pentanol 6032-29-7 Alcohol 119
Ethyl acetate 141-78-6 Ester 77 | 5
Methanol 67-56-1 Alcohol 65
Dimethyl Adipate 627-93-0 Ester 110 | 56
1-Propanol 71-23-8 Alcohol 97 |5
Ethyl propionate 105-37-3 Ester 99
Diethylene glycol phenyl ether / 2-(2-Phenoxyethoxy)ethanol 104-68-7 Ether 296
Dipropylene Glycol Methyl Ether 34590-94-8 Ether 190 | 5
Ethylene glycol monobutyl ether acetate 112-07-2 Ester 192
2-Ethyl hexanol 104-76-7 Alcohol 185
Isopropyl acetate 108-214 Ester 89
1-Butanol 71-36-3 Alcohol 118 | 6
1,4-Butanediol 110-634 Alcohol 235 | 5
iso-Pentyl Alcohol (Isopentanol) 123-51-3 Alcohol 132 | 6
Dipropylene glycol n-butyl ether 29911-28-2 (isomeric mixture) Ether 233
0-Xylene 95-47-6 Aromatic 144

Recycling

‘Biotreatment.

| VOC Emissions

=

RSC Sustainability

Health Hazard

Exposure potential
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(a and b) Updated single page version of the industrial solvent selection guide for paints and coatings. Solvents highlighted in purple have

© 2026 The Author(s). Published by the Royal Society of Chemistry

RSC Sustainability



RSC Sustainability Paper
(b)
s
3
1E HE
AE - |2
=3 v
3 % g A
= o | B | = =
3 s Elz|2E|2
3 . 8 HEE O HHHEHE
z § ga HEEEEHEHEE
g g 3@ 2= ol212)s|8 |22 P
= ¢ 33 3 s s|z|2|5|%|3|3 EHE
Cd & e S| e S|d|o|Z|d|s|a @
Ethyl lactate 97-64-3 Ester 154 6 6
2-Phenoxyethanol 122-99-6 Alcohol 244 5 5 6 5
Ethylene carbonate 96-49-1 Carbonate 248 6 5
Methylisobutyl ketone 108-10-1 Ketone 117 6 516 5
Methyl acetate 79-20-9 Ester 57 5 5
2-Butanol 78-92-2 Alcohol 100 | 6 5 5 6 5
1-Methoxypropan-2-ol 107-98-2 Alcohol 119715 6 6 6 5
3-Pentanone 96-22-0 Ketone 102 6 5 6] 6 5
Isobutanol 78-83-1 Alcohol 108 5 5 5
Propylene carbonate 108-32-7 Carbonate 242 5
Propylene glycol butyl ether (2-Butoxypropanol) 5131-66-8 Alcohol 170 | 6 5 5 5 6 5
t-Butanol 75-65-0 Alcohol 82 | 6 G0/ |N5 5
2-Methoxy-1-methylethyl acetate (also called Propylene glycol 108-65-6 Ester 146 | 5 5 6 6 5
Cyclopentyl methyl ether 5614-37-9 Ether 106 | 6] 6 6 5 6 5
m-Xylene 108-38-3 Aromatic 139 5 5 5 5 5
Dimethyl formamide 68-12-2 Dipolar Aprotic | 153 6 5 5 5
Methylethyl ketone 78-93-3 Ketone 80 |6 6 6 5
Cyclohexanol 108-93-0 Alcohol 161 5
Ethyl benzene 100-41-4 Aromatic 136 (30 [BES 6| 5 5
2-Methyltetrahydrofuran 96-47-9 Ether 78 5 6| 5 5
Ip-Xylene 106-42-3 Aromatic 138 6 6 5 5
Ethylene glycol butyl ether 111-76-2 Alcohol 168 6] 6 6 5
Tetrahydrofurfuryl Alcohol 97-994 Alcohol 178 | 5 5
Dimethyl ether 115-10-6 Ether 25 |\5]'5
Diethylene glycol monobutyl ether 112-34-5 Alcohol 231 | 5 6
Cyclohexanone 108-94-1 Ketone 155 6 5
Iso-Propyl Ether 108-20-3 Ether 68 3
2-Methoxyethanol 109-86-4 Alcohol 124
Propylene glycol phenyl ether 770-354 Ether 241 | 5 6
Toluene 108-88-3 Aromatic 111 5 5
(Triethylamine 121-44-8 Amine 89 | 6 6
White spirit type 3 medium flash 919-857-6 <2% aromatics 64742-48-9 Hydrocarbon 65 6 5
Methyl Carbitol 111-77-3 Alcohol 194 | 5 6 | 10 6
N -Methyl pyrrolidone 872-50-4 Dipolar Aprotic | 202 5
1.2, 4-Trimethylbenzene 95-63-6 Aromatic 169 5 51115
Dimethoxymethane 109-87-5 Ether 41 | 6 5
Heptane 142-82-5 Hydrocarbon 98 6
Benzene 71432 Aromatic 80
\White spirit type 1 medium flash 919-446-0 (64742-80-9) 8052-41-3/64742-82-1 Hydrocarbon 90 6 5
1,4-Dioxane 123-911 Ether 66 1 5115 6
Dimethyl Cyclohexane (1,2) 583-57-3 Hydrocarbon 119 | 6 5
Diisobutyl ketone 108-83-8 Ketone 168 | 6 5
Cyclohexane 110-82-7 Hydrocarbon 81 5
Hexane 110-54-3 Hydrocarbon 69 6
Methyl Cyclohexane 108-87-2 Hydrocarbon 101 5 6
Dimethyl sulfoxide 67-68-5 Dipolar Aprotic | 189 6
1,3-Dioxolane 646-06-0 Ether 76 5
Dichloromethane 75-09-2 Chlorinated 40 6 5
Tetrahydrofuran 109-99-9 Ether 65 6
Fig.2 (Contd.)

Similarly, a weighted average of scores might be more
appropriate for some criteria, again on the understanding that
this approach is proposed to exist alongside full risk assess-
ment, and that more rigorous assessment of promising
mixtures would be required before scale up, or further
commitment of time, or resources.

2.3.1 Scoring based on lowest scoring component. The
code has been modified such that the output csv file of solvents
and solvent mixtures listed in order of RED from the specified
solute (or solutes, as the code can handle up to 5 solutes or
polymers) is now annotated with (and filterable by) a red (R),
amber (A), or green (G) label, as applicable to the worst ranked
solvent present in a mixture. Whilst clearly not always

RSC Sustainability

a sufficiently rigorous approach for handling mixtures, this was
felt in certain scenarios to be an appropriate way to take into
account that not all hazards scale with volume used, and this
approach, or one analogous to it, is considered justified when
specific classes of solvent need to be entirely avoided.

2.3.2 Scoring based on composition dependent weighting.
The code has also been modified such that a composition
dependent weighting can be given to numerical scores (or sub-
scores). As described above, this approach will also not always
be an appropriate way to handle mixtures, however we exem-
plify it for biobased-content score, where it could have use in
triaging out mixtures with particularly low biobased content,
and - if accurate, source specific, data were available for

© 2026 The Author(s). Published by the Royal Society of Chemistry
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a subset of solvents - the approach could be trivially extended to
allow for focus only on mixtures of greater than a given
percentage biobased content predicted to be worth screening to
solubilise a given substrate of interest.

Additive approaches, multicomponent optimisation, or tri-
aging through various iterations of different scoring systems
might also be envisaged depending on specific desired criteria
for a given application.

2.4 Mapping of coverage of Hansen solvent parameter space

Iteration of this code across a grid of HSP space, separating each
point by 0.5, was used to give visualisations of what might be
anticipated to be accessible from blends of red, amber and
green solvents, using either the pharmaceutical solvents or
combined paints and coatings solvent lists for various values of
RED and R,. Percentage coverage could be quoted for each
“cloud” of space. The code, modified from Albrecht and Strube's
start point, is made available in the SI.

RSC Sustainability

3. Results

3.1 The updated paints and coatings guide

Forty solvents (18 of which overlap with the pharmaceutical
solvents list) were scored according to the consumer (Fig. 1) and
industrial (Fig. 2) paints and coatings heuristics*® for:

1. Consumer decorative paints - paints designed to be
applied by the general public in home environments. Whilst
consumer paints are now predominantly waterborne, some trim
paints and primers are still solvent borne. Drying takes place at
ambient temperature.

2. Air-drying industrial paints - paints designed to be applied
by professional applicators in factory environments with the
protection of local exhaust ventilation and emissions capture.
Drying takes place at ambient or slightly elevated temperature.

Differences between the scoring approaches are summarised
in Table 1 and provided in more detail in the 2024 paints and
coatings guide.*® The 40 solvents newly scored here are: benzyl
benzoate, butyl benzoate, 1,2-dimethyl cyclohexane, hexane,

Pharmaceutical Solvents in 3D Hansen Space
130 solvents coloured by overall RAG score

View 1 (Front-Right)

@ Red (Most issues)
© Amber (Some issues)
© Green (Few issues)

(Buipuoq usbhoipAH) HQ

25 20

View 3 (Back-Left)

@ Red (Most issues)
© Amber (Some issues)
@ Green (Few issues)

(Buipuoq uaboapAH) HQ

Fig. 3 Visualisation of the pharmaceutical guide solvents in HSP space.
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Paints and Coatings Solvents in 3D Hansen Space
116 solvents coloured by overall RAG score

View 1 (Front-Right)

@ Red (Most issues)
© Amber (Some issues)
© Green (Few issues)

(Buipuoq uab0ipAH) HQ

View 3 (Back-Left)

® Red (Most issues)
© Amber (Some issues)
© Green (Few issues)

(Buipuoq uaB01pAH) HE

View 2 (Back-Right)

® Red (Most issues)
© Amber (Some issues)
@ Green (Few issues)

N
o

w
S}

(=3 N
o o
6H (Hydrogen bonding)

View 4 (Top View)

Red (Most issues)
Amber (Some issues)
Green (Few issues)

[CNeN ]

AH) HS

(putpucd usbolP

Fig. 4 Visualisation of the paints and coatings guide solvents in HSP space.

methyl cyclohexane, heptane, cyclohexane, xylene, iso-butyl iso-
butyrate, n-butyl propionate, n-amyl acetate, iso-pentyl acetate,
m-cresol, methyl iso-amyl ketone, n-propyl propanoate, sec-butyl
acetate, iso-propyl ether, methyl iso-butyl carbinol, n-amyl
alcohol (pentanol), iso-pentyl alcohol (isopentanol), butyl di-
glycol acetate, cyclohexanol, benzyl alcohol, caprolactone
(epsilon), diacetone alcohol, 1,3-dioxolane, dipropylene glycol,
dipropylene glycol methyl ether, gamma-butyrolactone (GBL),
glycerol carbonate, methyl carbitol, tetrahydrofurfuryl alcohol,
dichloromethane, dimethoxymethane, dimethyl ester, phene-
thyl alcohol, dimethyl sulfoxide, dimethyl adipate, dimethyl
succinate.

3.2 Visualisation of the pure solvents in HSP space

The spread of solvents from the pharmaceutical (Fig. 3) and
paints and coatings (Fig. 4) guides can be seen in HSP space.
Each solvent has been coloured according to its overall traffic
light (RAG) scores of “red” (most issues), “amber” (some issues)

RSC Sustainability

and “green” (few issues) and these scores have been applied
consistent with the methodologies published in the respective
papers, with for the paints and coatings guide whichever is the
lowest rank used in instances where there are differences
between the consumer and industrial guides. (See SI S1 and
S2).%"* As might be expected for the greater range of purposes to
which the pharmaceutical industry relevant solvents are typically
used, the coverage is wider in Fig. 3. The absence of “green”
solvents in the non-polar, low dp (polar) region across both
classes of solvents is consistent with previous observations.***"*

3.3 Suggestion of possible alternative solvents and solvent
mixtures

The tool can be used, with various values of R, and RED, to
explore the solvents or solvent mixtures likely to solubilise
a particular substrate of known HSPs. Alternatively, whilst both
dichloromethane and N-methyl pyrrolidone are known for sol-
ubilising a wide range of substrates, as a demonstration of how

© 2026 The Author(s). Published by the Royal Society of Chemistry
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DCM replacements using Pharmaceutical Guide R, = 8

18 solvents | 15 pairs

2-Pentanone (methyl 3-Pentanone (diethyl
n-propyl ketone) ketone)
Methylethyl ketone 1,3-Dioxolane

O j,xb

f
i
X -
Isoamyl acetate k X Dihydrolevoglucosenone

o x ®

Dimethyl adipate Dimethyl isosorbide

Diethy! succ o

(Propionic acid)

Acetic Anhydride

(-octanal] Butyl acetate

1-Heptanol (Glycerol triacetate

Methyl acetate Cyclopentanone
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RED Values

0.021

0.031

0.034

0.046

0.047

0.054

0.058

0.060

0.063

0.065

0.066

X = mixture pol
Line colour matches solvent

Fig. 5 Selected suggested “green” and "“amber” binary solvent mixture alternatives to dichloromethane using the pharmaceutical solvents list.

Colours included for disambiguation of one solvent from another. Not indicative of any scoring system.

DCM replacements using Paints and Coatings Guide Ro = 8

18 solvents | 14 pairs

. Diethylene glycol
Dimethyl Glutarate phenyl ether

Propyiens carbanate

Buty! Digiycol /%

9 Ethyl levulinate
o
o W o
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< N
- - Diethylene glycol
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77
/4
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x" x'//// i
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X
O
@) @)
(@) O

Butyl lactate Dimethyl carbonate

Dipropylene glycol ETY -4-7-4 i
nbuityl ether 2-4-7-9-Tetramethyl-4-7-decanediol

RED Values

0.036

0.041

0.044

0.048

0.050

0.054

0.056

0.058

0.059

0.061

x = mixture point
Line colour matches solvent

Fig.6 Selected suggested “green” and "amber” binary solvent mixture alternatives to dichloromethane using the paints and coatings solvents list.

Colours included for disambiguation of one solvent from another. Not indicative of any scoring system.
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NMP replacements using Pharmaceutical Guide Ro = 8

18 solvents | 14 pairs

RED Values

Paper

1-Heptanol . on

Diethylene glycol b 0.034
monobutyl ether Cyclopentanone

0.048

d 0.049

O e 0.054

Isoamyl alcohol O . Dimethyl sulfoxide ¢ 0,055
h 1
X X 9 0.058
@) N @)
h 0.059
c .
b i 0.062
X
j 0.063
Propylene carbonate « 008

@) @) oo

x = mixture point
Line colour matches solvent

Crerene) @

Dihydrolevoglucosenone |

X

Cyclohexane

O
1-Hexanol Benzyl alcohol

2-Butanol Butylene carbonate

Fig. 7 Selected suggested “green” and “amber” binary solvent mixture alternatives to N-methyl pyrrolidone using the pharmaceutical solvents
list. Colours included for disambiguation of one solvent from another. Not indicative of any scoring system.

NMP replacements using Paints and Coatings Guide R, = 8

18 solvents | 14 pairs

RED Values
Dipropyiene Giyeo
! Methyl Ether
acetate a 0.027
Dipropylene glycol b 0.036
n-butyl ether Butyl lactate . o
d 0.042
e 0.051
Methyl iso-Butyl
Carbinol gamma-Butyrolactone (GBL) ¢ 0.063
9 0.065
O h 0.069
i 0.077
j 0.087
Methyl acetate Caprolactone (Epsilon) . 009
@} ®© "
m 0.093
\ n 0.095
(Fethopromnza) @) N (Bropyiene carbonate)
x = mixture point
/ Line colour matehes saivent

?-Methoxy-bmethylethyl acetate |

@) Y /e

2,2,4-Trimethyl-1,3-pentanediol monoisobutyrate
(Texanol)

@)

Butyl Benzoate 2-Ethyl hexanol

Oy’ ®
© O

Glycerol Carbonate (Acetone |

Diethylene glycol Ethylene glycol
dibenzoate butyl ether

Fig. 8 Selected suggested “green” and "amber” binary solvent mixture alternatives to N-methyl pyrrolidone using the paints and coatings
solvents list. Colours included for disambiguation of one solvent from another. Not indicative of any scoring system.
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NMP replacements using Paints and Coatings Guide R, = 8, composition weighted biobased score>4

18 solvents | 15 pairs

Diethylene glycol
monobuty) ether (2.3-Dioxane)
Dipropylene Glycol
Methyl Ether
O Q.
X
R e O
monobutyl ether .
acetate “\
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X
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X
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X
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@ x
Methyl acetate i
X k
X
1-Methoxypropan-2-ol

2-Methoxy-1-methylethyl acetate

Dimethyl ether

Butyl Benzoate

3

RED Values

0.027
0.031
gamma-Butyrolactone (GBL)
0.036
0.041
0.042
Butyl lactate | 0.051
0.063
O 0.065
0.069
0.077
Caprolactone (Epsilon)
0.078

0.084
0.087

0.090

© 3 3 = x = = T @ = 0 & a T

0.095

Propylene carbonate

X = mixture point
X Line colour matches solvent

. Ethylene glycol
butyl ether
m Diethylene glycol

dibenzoate

Glycerol Carbonate

Fig. 9 Example of using composition weighted average scoring. Suggested binary solvent mixture alternatives to NMP using the paints and
coatings list with an overall biobased score of greater than 4. Colours included for disambiguation of one solvent from another. Not indicative of

any scoring system.

this tool can be used to rank solvent mixtures for screening
solubility, one could consider how solvent mixtures might be
explored as alternatives for solvents where usage is being
discouraged or phased out.

For both the pharmaceutical and paints and coatings
solvents lists, looking at step sizes of solvent ratios of 5%
(chosen as a practical compromise as a readily computed,
simple to work with, level of granularity, other step sizes can be
selected, by adjusting the excel parameter set up file), or a given
R, value (here we have chosen R, = 8 as typical of the distance of
a marginal solvent from a polymer.*) lists can be generated,
and filtered so any given solvent pair only returns the ratio of
solvents with the lowest RED, to give lists of possible “green”
and “amber” alternative solvent mixtures (see SI S3-S6).

3.3.1 Alternatives to dichloromethane. Dichloromethane
historically was used extensively in the paints and coatings
industry, prior to EU legislation in 2010, and US legislation in
2014," and the use of dichloromethane in laboratory settings is
increasingly restricted further to the introduction in 2024 in the
US of methylene chloride regulation under the Toxic Substances
Control Act.*®

Whilst the lists generated by this code (see SI S3 and S5) are
anticipated to be useful, they do not immediately highlight
which solvents are appearing most frequently with other part-
ners as possible replacements.

© 2026 The Author(s). Published by the Royal Society of Chemistry

Avisualisation was therefore developed (code available in the
SI) to show solvent mixtures for the top X (number can be
specified by user) solvents giving the lowest RED values for
a particular scenario (solvent % step sizes, Ry, HSP for solute/
solvent seeking replacement, filtered to show “green” and
“amber” or just “green” solvents). The visualisations depict the
ratio of the solvent mixtures by means of a cross on the line
between two solvents, and have a legend showing the RED
value. The specifics of such diagrams will vary depending on the
parameters chosen but examples are shown for possible binary
mixtures of Green and Amber solvents from the pharmaceutical
solvents list (Fig. 5) and paints and coatings solvent list (Fig. 6)
that might mimic dichloromethane, with an R, of 8 (Full tables
available in the SI S3 and S5).

3.3.2 Alternatives to N-methyl pyrrolidone. N-methyl
pyrrolidone (NMP) is restricted by REACH due to its classifica-
tion as a reproductive toxicant and for its potential to cause
serious eye, skin and respiratory irritation."” As such there is
interest in binary mixtures than can mimic the Hansen solu-
bility parameters of N-methyl pyrrolidone, and lists have been
generated from both solvent lists (see SI S4 and S6). The solvent
mixtures can be visualised as a diagram considering possible
binary mixtures of green and amber solvents from the phar-
maceutical solvents list (Fig. 7) and paints and coatings solvent

RSC Sustainability
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3D Pharmaceuticals Guide RAG Heatmap - Grid: 0.5 units, RED < 0.3
Best Achievable RAG Score | 25,600 points evaluated

View 1 (Front-Right)

RAG Categories Solvents/Polymers
Green achievable (12,571) | NMP
Amber achievable (4,938) ® DCM

Red achievable (1,655) A PEEK
* PEs

(Buipuoq ushouphAH) HQ

View 3 (Back-Left)
RAG Categories Solvents/Polymers
Green achievable (12,571)
‘Amber achievable (4,938)
Red achievable (1,655)

® oM
A PEEK

(Buipuoq uabouphAH) HQ

View 2 (Back-Right)

RAG Categories Solvents/Polymers

Green achievable (12,571) m NvP
® DCM
A PEEK
& PES

Amber achievable (4,938)
Red achievable (1,655)

6H (Hydrogen bonding)

RAG Categories Solvents/Polymers
Green achievable (12,571) | NMP
Amber achievable (4,938) i ® DCM
Red achievable (1,655) A PEEK

20.022

Fig. 10 Map of the best achievable RAG score for solvents or solvent mixtures likely to solubilise a given point in HSP space using 130 phar-
maceutically relevant solvents. Green points indicate that both solvents in the binary mixture have a RAG score of green, amber points indicate
that one or both of the solvents have a RAG score of amber, and red points indicate that one or both of the solvents have a RAG score of red.

list (Fig. 8) that might mimic N-methyl pyrrolidone, within an R,
of 8, chosen as a typical example.

Furthermore, a diagram is also presented in which the red,
amber green overall classifications were not used (and indeed
one of the solvents suggested, 1,4-dioxane, scores overall “red”),
and scoring only considered biobased (or potentially biobased)
content (Fig. 9). In this case greater weighting was given to
solvent mixtures with a weighted biobased score >4. This is to
exemplify how composition dependent weighting can be used
to produce tailored or bespoke lists of binary mixtures to
address specific sustainability criteria.

3.4 Mapping of accessible space using the pharmaceutical
solvents list

The code was iterated across a hypothetical grid of HSP space
separating each point by 0.5, considering solvent mixtures

RSC Sustainability

refined to 5%, and with an (arbitrarily chosen) RED value of 0.3,
and R, of 8 (additional plots available in SI show how these
visualisations and statistics can vary with different RED and R,
values) to give visualisations of what might be anticipated to be
accessible HSP space from blends of red, amber and green
solvents, using the pharmaceutical solvents list (Fig. 10). The
Red, Amber, Green, (RAG) score for each point is determined in
this visualisation by the worst ranked solvent present in the
mixture, irrespective of composition.

Of 25600 points across this grid, 19164 grid points were
deemed to have achievable solutions (RED < 0.3) with this list of
130 solvents (74.9% coverage of this space).

Of the area deemed to have an achievable solution, “green”
solvents or solvent mixtures could be used for 12 571 grid points
(49.1% of the total space, or 65.6% of the “achievable cloud”).
“Amber” solvents or solvent mixtures could be used for 4938
grid points (19.3% of the total space or 25.8% of the “achievable

© 2026 The Author(s). Published by the Royal Society of Chemistry
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3D Paints and Coatings RAG Heatmap - Grid: 0.5 units, RED < 0.3
Best Achievable RAG Score | 25,600 points evaluated

View 1 (Front-Right)
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Fig. 11 Map of the best achievable RAG score for solvents or solvent mixtures likely to solubilise a given point in HSP space using 116 paints and
coatings solvents. Green points indicate that both solvents in the binary mixture have a RAG score of green, amber points indicate that one or
both of the solvents have a RAG score of amber, and red points indicate that one or both of the solvents have a RAG score of red.

cloud”). “Red” solvents were required for 1655 grid points (6.5%
of the total space or 8.6% of the “achievable cloud”).

3.5 Mapping of accessible space using the paints and
coatings solvents list

The code was iterated across a hypothetical grid of HSP space
separating each point by 0.5, considering solvent mixtures
refined to 5%, and with an RED value of 0.3 (additional plots
available in SI) to give visualisations of what might be antici-
pated to be accessible HSP space from blends of red, amber and
green solvents, using the paints and coatings solvents lists,
Fig. 11.

Of 25600 points across this grid, 18391 grid points were
deemed to have achievable solutions (RED < 0.3) with this list of
116 solvents (71.8% coverage of this space).

© 2026 The Author(s). Published by the Royal Society of Chemistry

Of the area deemed to have an achievable solution, “green”
solvents or solvent mixtures could be used for 13 142 grid points
(51.3% of the total space, or 71.5% of the “achievable cloud”).
“Amber” solvents or solvent mixtures could be used for 4618
grid points (18.0% of the total space or 25.1% of the “achievable
cloud”). “Red” solvents were required for 631 grid points (2.5%
of the total space or 3.4% of the “achievable cloud”).

4. Discussion

4.1 Caveats

4.1.1 Utility. The additional 40 solvents had all been listed
(either by Albrecht and Strube® or in our findings) as being of
interest to the paints and coatings industry, and were added to
the consumer and industrial guide as suggested by literature, or
to both in order to score using both assessments. Presence of
a solvent in one list or the other or both should not therefore be
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taken as definitively implying that such solvents are being, or
should be, used in such scenarios.

The solvent lists and diagrams generated are purely
demonstrative, for proposed use generating shortlists for
screening. Whilst the HSP approach underpinning this work is
well validated in the literature,*** with numerous practical case
studies where this has been applied in the paints and coatings
space,® no claims are made that any of the suggested alterna-
tives will work as drop-in replacements for any specific
application.

We would urge caution, and Fig. 10 and 11 show, in addition
to the position of NMP and DCM in the “clouds” of space
accessible by “green” binary mixtures, two exemplar polymers:
polyethersulfone (PES) and polyether ether ketone (PEEK). The

location
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of both points suggests that (under the given RED
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values and R, values) “green” binary solvent suggestions will be
suggested. Indeed this is the case (see SI S11). However, the
literature suggests both polymers have proved challenging to
fabricate using greener solvents with PES having literature
support for more promising options,***® (including some from
these lists) than PEEK, notably toward the very outer edge of the
“green” solvents cloud.*
Different lists will be obtained if different R, values are used,
or if the solvents are constrained in being mixed at finer, or
coarser, gradations than 5%. Users are invited to customise as
to their requirements. Work to date has so far only considered
binary mixtures. Extension to ternary mixtures is possible, but
likely to involve additional barriers in the practical use of such
mixtures.
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Fig.12 Plot showing the sensitivity of the top 10 ranked solvent mixtures to Rg from 2 to 10 (using 5% solvent steps). (DMl = dimethyl isosorbide,
DEG = diethyleneglycol, PC = propylene carbonate, BDG = butyl diglycol, DPnB = dipropylene glycol, DPGME = dipropylene glycol methyl
ether, EG = ethylene glycol, MIBC = methyl iso-butyl carbinol, MPA = propylene glycol methyl ether acetate, GBL = gamma-butyrolactone).
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Sensitivity of Top 10 Solvent Mixture Rankings to Scanning Step Size
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Fig. 13 Plot showing the sensitivity of the identity of the top 10 ranked solvent mixtures to % solvent step (using Ro = 8). (DMI = dimethyl
isosorbide, DEG = diethyleneglycol, PC = propylene carbonate, BDG = butyl diglycol, DPnB = dipropylene glycol, DPGME = dipropylene glycol
methyl ether, EG = ethylene glycol, MIBC = methyl iso-butyl carbinol, MPA = propylene glycol methyl ether acetate, GBL = gamma-

butyrolactone).

In addition to there being no guarantee that these solvent
mixtures will solubilise the required substrates as predicted,
there are many applications for which other criteria (functional
group compatibility, melting points, boiling points, viscosity,
necessity of using a single solvent, transparency at a given
wavelength for monitoring of a reaction, etc.) would additionally

© 2026 The Author(s). Published by the Royal Society of Chemistry

need to be considered. Several of the solvents in these lists will
have reactivities incompatible with many solvent uses. The
chemist using this tool will be required to filter according to
additional requirements specific for their purpose, however,
such lists might, in some circumstances provide a start point for
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screening of alternative solvents, or the development of alter-
native formulations.

4.1.2 What does “green” mean anyway? There is a strong
argument that reductive overall red, amber, green scoring can
be counterproductive. The “greenest” solvent for a particular
application is inherently dependent on the specifics of that
case. It is to be hoped that the flexibility of this tool, which
allows it to be applied to sub-scores within the various solvent
guides allow forthoughtful customisation. The equivalent
principle of cautious scepticism should also be extended to
claims to as to the coverage (or not) of space by “green” solvents.

4.1.3 How sensitive are the outputs to the parameters
chosen? The R, and step size of the solvent ratios can be cus-
tomised by the user, but in cases where there may be uncer-
tainty as to what these parameters should be set to, one might
wonder how dependent the list of solvents suggested for
screening might be on the choice of parameters.

As such, for a set solvent ratio step size of 5%, the relative
ranking of the top 10 binary solvent mixtures suggested was
plotted for R, values of 2, 5, 6, 7, 8, 9 and 10 (Fig. 12). Little
change can be seen in the relative rankings, suggesting that in
many cases any value of R, can be used if a simple list of start
points for screening is required. It should be noted that for any
given binary solvent mixture only the ratio giving the lowest
RED was selected. Other ratios may still have lower RED values
than other, lower ranked, binary mixtures.

How sensitive the model is to the solvent ratio step size can be
judged by the RED values obtained, and as one might expect, using
smaller step sizes gives lower RED values in all 4 instances (SI S12).

However, mindful that in many cases solvent properties
other that how well the mixture solubilises a given solvent may
be critical to the practicality of a suggested ratio, it is reasonable
to wonder whether the step size selected changed the identity of
the top 10 solvents suggested, or merely the percentage ratios
proposed (which could always be optimised from a coarser, 5%
step at a later stage).

As such for a set R, value of 8, typical of the distance of
a marginal solvent from a polymer, the identity of the top 10
binary solvent mixtures (ignoring percentage composition) was
plotted for percentage step sizes of 1% and 5% (Fig. 13). The top
suggestions were seen to be broadly consistent, suggesting that
in many cases the coarser 5% step may be sufficient for a first
pass screen prior to further refinement if desired.

4.2 Updated consumer and industrial guides

While the updated versions of these guides are largely presented
without comment on the understanding that chemists will use
these scores, sub-scores, and combinations of scores differently
in different contexts and should be free to apply their own
judgements, there were some notable observations in the newly
scored solvents. Dibasic esters have been widely recommended
as “greener” solvents for the paints and coatings industry,*>*
and our scoring is consistent with this assessment and continues
to give these solvents a green or high Amber overall score. Newly
scored dimethyl succinate and dimethyl adipate both scored
“green”. Conversely, methyl carbitol, given the commercial
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availability of biobased ethylene oxide,**** another (potentially)
biobased solvent, was overall graded as “red” by our approach, in
large part down to its flammability and reprotoxicity as evi-
denced by its H361d Globally Harmonised System (GHS) phrase
(Suspected of damaging the unborn child).

4.3 Comparison of solvent guides

Propylene carbonate was notably observed in 12 of the top 26
recommended potential NMP-replacement solvent mixtures
(under the sample conditions chosen) from the pharmaceutical
and paint and coating lists (Fig. 7 and 8). Propylene carbonate
ranked as amber under both the industrial and consumer paint
guides, scoring highly in environmental impact, health impact,
and safety. The top ranked NMP-replacement (under the sample
conditions chosen) from the paints and coatings list was
a propylene carbonate butyl lactate mixture. Butyl lactate
ranked overall “green” in both consumer and industrial guides.

Whilst not recommended as frequently, propylene carbonate,
in a binary mixture with butyl digylcol acetate, was still the top
recommended replacement for DCM from the paints and coat-
ings solvent list (Fig. 6). Butyl diglycol acetate is the second
ranked solvent in the consumer guide and the fourth ranked
solvent in the industrial guide, exhibiting significantly greener
safety, environmental, and health impact scores than DCM. Both
solvents in this mixture also have high boiling points, and so
would address the major VOC drawbacks associated with DCM.

Interestingly for all values of R, explored (see SI) both the
pharmaceutical and paints and coatings guides listed more
possible alternatives for DCM than for NMP, reflecting the
different areas of HSP space that these solvents occupy, but
possibly also reflecting the likely ease of substitution of these
solvents. This is consistent with previous reviews which have
explored alternatives to chlorinated*® and dipolar aprotic”
solvents and found greener alternatives to chlorinated solvents
to be better developed.

4.4 Miscibility

The solvent lists used above do not explicitly factor in misci-
bility of solvents at all. This is intentional, since for many
purposes, miscibility of a mixture would not be required for the
application, especially if combinations are being used as a start
point for further formulation work. For instances where
miscibility is required, the reader is directed to miscibility
databases and invited to filter their solvent lists, considering the
temperature of their required application, before running the
software for their purposes. The Merck website*® provides
a simple table of the miscibilities of 32 common solvents with
each other. However a more comprehensive consideration of
miscibilities across all solvent ratios may be appropriate for
some scenarios, and in those instances the reader is directed to
subscription based resources such as DECHEMA DETHERM,*
the NIST ThermoData Engine,*® Dortmund Data Bank (DDB),**
or the CRC Handbook of Chemistry and Physics®® amongst
others. Or indeed, the HSPs of the component solvents in
a mixture can themselves be considered to suggest whether
a given mixture is likely to be miscible.

© 2026 The Author(s). Published by the Royal Society of Chemistry



Paper

4.5 Underserved areas of solvent space

Comparison of the “clouds” of Hansen solubility space covered
by either the pharmaceutical solvents list or the paints and
coatings list with the positions of the pure solvents in phar-
maceutical and paints and coatings, highlights areas of space
which are relatively underserved by any solvents, and areas of
space which are relatively underserved by greener solvents. This
approach complements previous assessments of this space with
fewer solvents.>

5. Conclusions

An extended solvent sustainability guide, including a further 40
solvents, is offered specific to the paints and coatings industry,
with scores given for both industrial and consumer applications.

Albrecht and Strube's open access software has been modi-
fied to be able to consider red, amber, green overall scores, or
sub scores, or other criteria, to facilitate selection of alternative
solvents for screening. Diagrams have been developed to help
show mixtures of solvents that could be explored to replace
certain solvents/solubilising of certain substrates. Excel files
and code have been provided (see SI) to facilitate generation of
lists, or diagrams, of solvent mixtures postulated as replace-
ment mixtures for any listed solvent, or as possible solvent
systems for solubilising a given solute.

The binary solvent mixtures offered as replacements for
DCM and NMP in the circle diagrams are an initial snapshot of
the greener solutions that can be identified using this toolkit.
However, no definitive list of replacements is being proposed
here, these are not one-size-fits-all solutions, and care should be
taken to customise parameters and scoring in a way that is
shaped to users' individual applications. Many different aspects
of sustainability can be addressed in this way, quickly providing
lists of appropriate solvents with can be investigated further.

The mapping of space, by the binary mixtures highlights
areas of space which are relatively underserved by any solvents,
not surprisingly, the edges of the cloud, where the outlying
solvents of the individual solvent plots feature, and which are
relatively underserved by greener solvents. These “deserts” for
green solvents include the non-polar low 6p region typically
served by aliphatic (hexane, white spirit) and aromatic hydro-
carbons (toluene, xylenes), the low dy region typically occupied
by chlorinated solvents (that the binary mixtures postulated as
alternatives to DCM in this paper attempt to address) and the
high 6y, high dp region occupied by dipolar aprotic solvents
(that the binary mixtures postulated as alternatives to NMP in
this paper attempt to address). It is to be hoped that future
research will identify single solvent green alternatives to help fill
these gaps, similar to the way tetramethyloxolane has been
proposed as an alternative for aromatic hydrocarbons.’"*

Whilst outside the scope of this publication, it is also
intended for further work to explore the practical validation of
this approach for DCM and NMP replacement for a subset of
applications.

Longer term it is envisioned that this work could comple-
ment existing approaches for solvent selection in the paints and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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coatings industry,> and the pharmaceutical industry*** by
facilitating the consideration of multiple sustainability criteria
for different solvent mixtures. Some of these tools already
enable filtering by properties, it would be computationally
relatively straightforward to also permit filtering by HSP
parameters, and to thereby identify lists of binary mixtures for
screening meeting additional criteria.
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