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Dear Editor, 
 

I am writing to you regarding the submission of the manuscript “Identification of High Performance 
Solvents for the Sustainable Processing of Graphene” for consideration in Green Chemistry. 

 

The article describes the extensive screening of more than 10,000 solvents to find a new sustainable 

alternative for the exfoliation graphene. Liquid exfoliation is seen as the preferred scalable method in 

which to prepare graphene, and as such, any modification to this method to increase either graphene 

concentration or sustainability would be seen as highly significant. As a result of our effort we have found 

that the use Cyrene
TM

, a bio-based solvent derived from cellulose, could achieve graphene dispersions an 

order of magnitude higher than that found for NMP (the traditional graphene exfoliation solvent) under 

identical processing conditions. We specifically focus on a fast processing time of 15 minutes, as after 

consultation with various industries it is of commercial interest that processing should be as quick and 

simple as possible. With higher processing times we have also shown that even higher graphene 

concentrations of graphene can be obtained, with important minimal defects to the graphene flakes. 

 

Further investigation into why the solvent Cyrene
TM

 yielded such high graphene dispersions identified 

optimal surface tension, near ideal Hansen polarity, and a higher than typical viscosity as responsible. 

Using these findings led to a number of other solvents being identified as sustainable, high performance 

solvents, further verifying the novel methodology we have developed and its results. 

 

We believe this work is of real interest to the readers of Green Chemistry for a number of reasons. There 

are an increasing number of papers published on the topic of graphite exfoliation to graphene and its use. 

However, very few report on needed ‘green’ processing solvents in this area, and none have screened such 

an extensive amount. Therefore, we believe this publication is timely and will help direct researches and 

industry in the multidisciplinary field of graphene use to a more sustainable solvent choice.  
 

We appreciate your time in considering this manuscript and please do not hesitate to contact me if you 

require any further information, and I look forward to hearing from you in due course. 
 

The article (Microsoft word 2010) includes 5 figures (file format: tif), and also references to two 

supplementary files (Microsoft word and excel). 
 

Yours sincerely, 

 

Dr. Peter S. Shuttleworth, Ph.D 

(On behalf of the other corresponding author, Prof. James H. Clark and authors) 
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Identification of High Performance Solvents for the Sustainable 
Processing of Graphene 
H.J. Salavagione,a J. Sherwood,b M. De bruyn,b V.L. Budarin,b G.J. Ellis,a J.H. Clark*b and P.S. 
Shuttleworth*a 

Nanomaterials have many  advanced  applications,  from  bio‐medicine  to  flexible  electronics  to  energy  storage,  and  the 
broad  interest  in graphene‐based materials and devices means  that high annual  tonnages will be  required  to meet  this 
demand. However, manufacturing at the required scale remains unfeasible until economic and environmental obstacles 
are  resolved. Liquid exfoliation of graphite  is  the preferred scalable method  to prepare  large quantities of good quality 
graphene, but only  low concentrations are achieved and the solvents habitually employed are toxic. Furthermore, good 
dispersions of nanomaterials in organic solvents are crucial for the synthesis of many types of nanocomposites. To address 
the  performance  and  safety  issues  of  solvent  use,  a  bespoke  approach  to  solvent  selection  was  developed  and  the 
renewable solvent Cyrene was identified as having excellent properties. Graphene dispersions in Cyrene were found to be 
an order of magnitude more  concentrated  than  those achieved  in N‐methylpyrrolidinone  (NMP). Key attributes  to  this 
success are optimum solvent polarity, and  importantly a high viscosity. We report the role of viscosity as crucial for the 
creation of  larger  and  less defective  graphene  flakes.  These  findings  can equally be applied  to  the dispersion of other 
layered bi‐dimensional materials, where alternative solvent options could be used as drop‐in replacements for established 
processes  without  disruption  or  the  need  to  use  specialized  equipment.  Thus,  the  discovery  of  a  benign  yet  high 
performance graphene processing solvent enhances  the efficiency, sustainability and commercial potential of  this ever‐
growing  field,  particularly  in  the  area  of  bulk  material  processing  for  large  volume  applications.

Introduction 
The  manufacture  of  nanocomposite  materials  is  commonly 
achieved  through  wet  impregnation  techniques,  where  the 
nanomaterial  is  dispersed  in  a  solvent  that  is  subsequently 
removed.  Graphene  has  generated  substantial  interest  in 
recent  years  due  to  its  unique  combination  of  excellent 
mechanical, electrical, thermal and optical properties,1 making 
it  an  interesting  material  for  a  great  number  of  varied 
applications,  including  flexible  electronics,2,3,4  energy 
storage,5,6,7,8 corrosion  inhibition,9 etc. The different methods 
of  graphene  fabrication  each  have  advantages  and 
disadvantages.  So‐called  ‘bottom‐up’  approaches  such  as 
chemical  vapor  deposition  (CVD)  are  useful  for  assembling 
precision,  high  value  materials,  electronics  being  one 
example.10 Conversely,  the  ‘top‐down’  approach has broader 
utility,  and  is  relevant  to  the  bulk  processing  of  two‐

dimensional materials  for nanocomposites  for  instance. As an 
example of a  ‘top‐down’ approach,  liquid exfoliation methods 
(from  graphite)  are  cheap,  versatile,  simple  to  execute,  and 
therefore  scalable.11,12  Advantageously,  in  many  cases  the 
resulting dispersion can be directly applied to the synthesis of 
composite materials. Unfortunately yields can be  low, both  in 
terms of the quantity of single layer graphene sheets obtained 
and  the  amount  of  remaining  unexfoliated  material.13  The 
issue  of  low  yields  has  been  addressed with  long  processing 
times under sonication, the use of electrochemical processes, 
addition  of  surfactants,  etc.  to  assist  the  exfoliation  process. 
However,  these  strategies  can  result  in  significant 
deterioration  in  the  structural  quality  of  the material,  or  an 
increase  in  the number of processing  steps,  leading  to a  less 
useful product.14  
Moreover,  a  fundamental  problem  with  liquid  phase 
exfoliation  and  dispersion  (relevant  to  sonication  and  shear 
methods)  is  that  the preferred  solvents present quite  severe 
health risks, as typified by the reproductive toxicants NMP and 
DMF.15,16,17  Both  have  been  placed  on  the  candidate  list  of 
‘Substances  of  Very  High  Concern’  (SVHC),  the  prerequisite 
step  to  any  substance  becoming  restricted  and  subject  to 
authorization  under  European  REACH  regulation  [Regulation 
(EC)  No.  1907/2006]  before  use  or  import  into  Europe  is 
permitted.18  In  the  USA  similar  concerns  over  NMP,19  and 
DMF,20 have been  raised. Thus,  it  follows  that  these  solvents 
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are  an  unsustainable  option  for  graphene  processing. 
Unfortunately  viable  substitutes  for  these  dipolar  aprotic 
solvents  are  scarce.  One  alternative  solvent  is  1,2‐
dichlorobenzene  (oDCB),21  as  it  is  not  currently  subject  to 
REACH  restrictions. However,  it  appears  on  the  international 
ChemSec  ‘SIN  (Substitute  It  Now)  list’,22  and  the  US  EPA 
‘Extremely Hazardous Substances  List’ due  to  its high aquatic 
toxicity.23 
When  considering other  solvent  systems,  low boiling  volatile 
organic  compounds  (VOCs)  are  appealing  from  a  processing 
perspective, but these remain unpopular because the amount 
of graphene obtained in dispersion is typically halved,24 or they 
require  the  transfer  of  graphene  from  a  suspension  in NMP 
anyway.25  Instead  of  organic  solvents,  liquid  exfoliation  of 
graphite  is  also  possible  in  aqueous  media  employing 
surfactants.26  However,  only  certain  planar  or  disk‐like 
surfactants are pertinent, and  if used  for  the manufacture of 
composite materials  the  residual  surfactant on  the  graphene 
may  affect  their  resulting  properties.  Moreover,  these 
surfactants  are  typically  insulating  which  leads  to  costly 
cleaning  steps  after  film  formation  or  device  manufacture. 
Graphene  has  also  been  prepared  via  electrochemical 
techniques,27  including  the  use  of  aqueous  electrolytes.28,29 
Compared to ultrasound assisted exfoliation of graphite, these 
methods require specialized equipment and additional steps to 
isolate  the  graphene  laminates,  and  typically  lead  to  high 
defect  ratios.  The  anodic  polarization  of  graphite  electrodes, 
causing  delamination  and  the  formation  of  solid  deposits,  is 
potentially  scalable but  the  resulting material  is oxidized and 
therefore requires further processing steps to achieve a better 
quality material.29,30 Cathodic polarization gives higher quality 
graphite  intercalation  compounds,  but  ultimately  exfoliation 
with additional ultrasound  treatments  in organic solvents  like 
NMP and DMF  is still required to produce a useable graphene 
material.31,32 
It  is  clear  that any dependence on  conventional  solvents will 
hinder  the  long  term  development  and  sustainability  of  the 
graphene  nanocomposite  industry,  but  alternatives  to  liquid 
exfoliation  have  not  yet  been  developed  to  the  point where 
they are relevant for the mass production of graphene or other 
two dimensional materials. New solvents are urgently needed 
that  overcome  the  toxicity  issues  of  the  high  performance 
solvents  used  today,  but  this  must  not  be  achieved  by 
compromising on performance.  In  response  to  this challenge, 
we now  report  the discovery of a  sustainable  solvent  for  the 
liquid  phase  exfoliation  of  graphite,  and  provide  a 
rationalization  for  the  high  concentration  of  graphene 
observed.  The  identification  of  benign,  high  performance 
solvent candidates was achieved computationally by matching 
solvents to a set of ideal characteristics required for successful 
graphene  dispersion, which  include  polarity,  surface  tension, 
viscosity,  toxicity  and  “greenness”.  Considering  the  current 
growth  in the technological areas that are set to benefit from 
the  use  of  nanomaterials,  demand  for  large  quantities  of 
benign  processing  solvents  compliant  with  the  relevant 
regulations  must  be  met  to  secure  the  future  of  this 
burgeoning  industry.  Our  technique  of  solvent  selection  is 

equally applicable to the dispersion of other two dimensional 
materials  for  bulk  processing  applications,  signifying  that 
solvents  can  be  found  that  are  beneficial  at  all  stages  of 
research and development, and through to commercialization, 
for a large number of advanced products. 

Experimental 
Graphene dispersion procedure 
Solvent  was  added  (3 mL)  to  a  vial  containing    4.5 mg  of 
graphite  (Aldrich,  <45 micron,  99.99%,  B.N.  496596‐113.4G). 
The mixture was  treated with  an  ultrasonic  probe  during  15 
minutes and the dispersions were centrifuged at 7000 rpm for 
10 minutes.  The  supernatant was  pipetted  out  and  used  for 
the subsequent studies. 
UV calibration 
A centrifuged sample of graphene in Cyrene (1 mL) was passed 
through a fluoroporeTM membrane (0.2 m pore size) and the 
solid  residue  carefully  weighed,  accounting  for  any  residual 
solvent  to  determine  the  actual  dispersion  of  graphene.  The 
same  solution was  diluted  several  times  in  order  to  prepare 
samples  with  different  graphene  amounts  to  collect  the 
absorption spectra. 
High  resolution  transmission  electron  microscopy  (HRTEM) 
Dispersions  of  both  Cyrene  and  NMP  were  analyzed  at  the 
Centro  Nacional  de  Microscopía  Electrónica,  Madrid,  Spain 
with the aid of a technician. HRTEM micrographs were taken at 
random  locations  across  the  grids,  to  ensure  a  non‐biased 
assessment.  For  measurement  of  graphene  flake  lateral 
dimensions, a JEOL JEM‐2100 instrument (JEOL Ltd., Akishima, 
Tokyo,  Japan),  using  a  LaB6  filament,  a  lattice  resolution  of 
0.25  nm  and  an  acceleration  voltage  of  200  kV  was  used. 
Analysis of  the  graphene  flake  layers  and molecular  integrity 
were carried out on a  JEOL  JEM‐3000F  instrument  (JEOL Ltd., 
Akishima,  Tokyo,  Japan),  using  a  LaB6  filament,  a  lattice 
resolution of 0.17 nm and an acceleration voltage of 300 kV. 
Directly after sonication and centrifugation the dispersion was 
added  to  an  equal  volume  of  acetone  to  dilute  it  as  it was 
found  that  it was  too  concentrated  to  achieve  a  good  TEM 
image, and secondly to aid evaporation of the solvent. Samples 
were prepared by drop‐casting  a  few milliliters of dispersion 
onto  holey  carbon  films  (copper  grids)  and  dried  at  120  ºC 
under vacuum for 12 hours. 
Raman spectroscopy 
Measurements  were  undertaken  in  the  Raman 
Microspectroscopy Laboratory of  the Characterisation Service 
in the Institute of Polymer Science & Technology, CSIC using a 
Renishaw  InVia‐Reflex Raman  system  (Renishaw plc, Wotton‐
under‐Edge, UK), which employed a grating spectrometer with 
a  Peltier‐cooled  CCD  detector  coupled  to  a  confocal 
microscope. The Raman scattering was excited with an argon 
ion  laser  ( = 514.5 nm),  focusing on  the sample with a 100x 
microscope  objective  (NA=0.85)  with  a  laser  power  of 
approximately 2 mW at the sample. Spectra were recorded  in 
the range between 1000 and 3200 cm‐1. All spectral data was 
processed with Renishaw WiRE 3.3 software. 
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Solvent polarity 
Hansen solubility parameter calculations were conducted with 
the HSPiP software package (4th Edition 4.1.04, developed by 
Abbott, Hansen and Yamamoto). 

Results and Discussion 
Bio‐based Cyrene as a high performance solvent for graphene 

There  has  been much  discussion  over  the  exact  role  of  the 
solvent  in  the  processing  of  carbon  nanostructures, which  is 
still open to debate.33,34,35 Regarding graphene dispersions, the 
consensus  is  that  the  solvent  surface  energy  is  of  crucial 
importance,17,36  and  observations  that  concentration 
correlates  to  solvent  polarity  should  also  be  considered  as 
highly significant.37,38 If this is true then it should be possible to 
select a number of non‐toxic, alternative solvents based on a 
screening of potential candidates. However, it may also be the 
case  that  other  solvent  properties,  previously  overlooked, 
could  also  be  jointly  responsible  for  the  efficiency  of  the 
process.  By  implementing  a  methodical  solvent  selection 
procedure,  substitute  solvents  can  be  proposed  and  tested. 
Carrying out this process improves our understanding of liquid 
exfoliation methods, and can lead to other relevant properties 
being identified from the solvent dataset (should they exist). 
Cyrene  (CAS:  53716‐82‐8)  is  derived  in  2  simple  steps  from 
cellulose via  levoglucosenone,39 and was recently reported as 
a replacement solvent for organic transformations where NMP 
is  currently  the  favored  solvent.40  This  multifunctional,  bio‐
based solvent is composed of 2 fused rings (see Figure 1a and 
the  Supporting  Information,  Scheme  S1)  and  importantly  it 
does not  contain  the amide  functionality associated with  the 
reproductive  toxicity of many of  the  common dipolar aprotic 
solvents (e.g. NMP and DMF). Equally, Cyrene does not contain 
any chlorine which can present end‐of‐life pollution  issues or 
create corrosive by‐products if incinerated (e.g. oDCB). We can 
report  that  Cyrene  has  very  low  acute  toxicity  (LD50)  and 
aquatic toxicity (EC50) values of >2000 mg kg‐1 and >100 mg L‐1 
respectively.  These  are  well  above  the  hazard  thresholds 
defined  by  the  Globally  Harmonized  System  of  Classification 
and Labelling of chemicals  (GHS),41 also adopted as European 
Regulation  (EC)  1272/2008  (classification,  labelling  and 
packaging  (CLP)  of  substances).42  Additionally  Cyrene  is 
biodegradable, not mutagenic, and with a flash point of 108 °C 
it is safer to handle than many oxygenated solvents. It is stable 
to  oxidation  and  (at  end‐of‐life)  upon  incineration  or 
biodegradation yields only carbon dioxide and water. This is an 
advantage  over  equivalent  petrochemical  dipolar  aprotic 
solvents such as NMP which liberate NOx upon decomposition. 
Dispersions  of  graphene  were  generated  by  applying  15 
minutes  of  ultrasound  treatment  to  aid  graphite  exfoliation 
separately in both Cyrene and NMP, followed by 10 minutes of 
centrifugation at 7000 rpm. The short ultrasound duration was 
chosen bearing  in mind  industrial productivity of  the process, 
with longer times seen as a key limiting factor when scaling. It 
is  also  known  to  be  sufficient  to  aid  graphene‐solvent 
dispersion, but also brief enough to limit solvent degradation  

Figure 1. Comparison of NMP and Cyrene.  (a) Molecular structure of CyreneTM, 
and 3D representations. (b) The magnitude of UV‐visible spectrum absorbances 
of graphene dispersions  in the solvents Cyrene and NMP at 660 nm. (c) Optical 
absorbance (λex= 660 nm) divided by cell  length (A/l), as a function of graphene 
concentration  in  Cyrene.  The  concentration  range  chosen  reflects  results  in 
NMP. The  inset picture (bottom right) shows samples of (i) pure Cyrene and (ii) 
Cyrene  dispersed  graphene.  (d)  The  concentration  of  graphene  achieved  in 
Cyrene and NMP. (e) The physical properties of Cyrene compared to NMP. 

and subsequent  formation of oligomers or polymers  that can 
then  adhere  or  radically  graft  to  the  nanoparticle  surface, 
further  stabilizing  them  in  solution.43,44  The  concentration  of 
dispersed  graphene  in  the  supernatant  was  then measured 
using  UV  spectroscopy  in  accordance  with  established 
methods as defined by Hernandez et al.,17 with  full details of 
materials  and  methods  presented  in  the  Supporting 
Information. Using  the  standard UV absorbance at 660 nm,17 
where  the  spectra  of  the  NMP  and  Cyrene  graphene 
dispersions  both  have  a  gradient  of  approximately  zero,  the 
observed  magnitudes  of  absorbance  are  0.42  and  0.96 
respectively  (see  Figure  1b).  Figure  1c  displays  the  linear 
correlation  fit according  to  the Lambert‐Beer  law  required  to 
calculate the molar absorptivity coefficient. A value of 398 L g‐1 
m‐1 was obtained, which  is similar to reports for other carbon 
nanostructures, but somewhat lower than previously reported 
for  graphene  dispersed  in  different  solvents  as  a  result  of 
similar treatments.17,45,46 For dispersed carbon nanostructures 
the absolute value depends on the different number of  layers 
and the surface properties of the graphene.47,48 An insight into 
the number of layers and the size of the graphene flakes after 
dispersion in Cyrene is provided later.  
Using the experimentally derived molar absorptivity coefficient 
for  Cyrene,  the  concentration  of  dispersed  graphene  was 
found  to  be  0.24  mg  mL‐1.  This  is  an  order  of  magnitude 
greater  than  observed  for  the  commonly  used  solvent NMP 
(0.018  mg  mL‐1)  using  its  standard  molar  absorptivity 
coefficient  of    =  2460  L  g‐1  m‐1  under  exactly  the  same 
experimental  conditions  (see  Figure  1d).17  This  substantial 
increase in the achievable concentration of graphene, without 
the use of  surfactants  and with  a  short processing  time, has 
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Figure 2. The application of solvent selection criteria for optimizing graphene dispersions. (a) Pictorial representation of the solvent selection steps applied for the 
computational screening of suitable solvents. (b) Graphene dispersion as a function of (i) dispersive, δD (ii) polar, δP and iii), hydrogen‐bonding, δH Hansen solubility 
parameters, with  the dashed red  line being  indicative of  ideal graphene properties.  (c) Hansen solubility map showing the similarity of the  final bio‐based solvent 
candidates (and NMP) to graphene in terms of their polarity. (d) Principle Component Analysis (PCA) biplot for candidate solvents (including NMP, oDCB and DMF for 
reference) with vectors (lines with arrow heads) indicating surface tension; kinematic viscosity (KV), where high viscosity and a reduced settling velocity according to 
Stokes’ law are beneficial;49 and Hansen radius (Ra). The values of the selected solvent parameters were normalized for the PCA, with the value for Ra presented as 
lower values giving higher scores. The projection lines perpendicular to the vector lines show that Cyrene has the lowest Ra and second highest kinematic viscosity. 

important  implications  for  the efficiency of  future  large  scale 
processing, suggesting that higher throughput, reduced waste 
and lower energy consumption is possible, which in turn could 

have  an  impact  on  the market  price  of  graphene  products. 
Also,  this  could  extend  the  number  of  commercially  viable 
graphene applications to include high volume products such as 
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composites, energy storage, biomedical devices, and coatings 
to  name  but  a  few.50  The  preparation  conditions  were 
optimized  (as  presented  subsequently)  to  achieve  graphene 
concentrations  in  the  region of  ≈  1.0 mg ml‐1,  still using one 
simple  processing  step  (see  Supporting  Information,  Figure 
S10). 
Rationalization of solvent selection for graphene processing 

After  establishing  a  comparison  between  the  properties  of 
NMP and Cyrene, it was surprising to observe how much more 
concentrated  the  graphene  dispersions  were  in  Cyrene.  It 
would have been expected that the ideal solvent for graphene 
processing would have similar physical properties  to NMP  for 
example,  but  with  an  improved  environmental,  health  and 
safety profile. This  is true of Cyrene, but does not explain the 
vast  difference  in  its  performance,  compared  to NMP.  Some 
relevant characteristics of Cyrene compared  to  those of NMP 
are  provided  in  Figure  1e.  The  only  notable  distinction 
between  the  physical  properties  of  Cyrene  and  the 
conventional solvents used  for producing graphene  is  in  their 
viscosities. 
Cyrene  is  indeed more  viscous  than most  solvents  in  regular 
use  (Figure  1e),  and  this may  be  responsible  in  part  for  the 
high  concentration  of  dispersed  graphene  achieved.  This 
hypothesis led to us to develop a more comprehensive solvent 
selection  procedure,  firstly  to  generate  more  sustainable 
solvent  candidates  (for graphene processing  in  this  instance), 
and  secondly  to  construct  a  rationale  with  which  to  better 
describe  and  understand  solvent  performance.  It  was  our 
intention to create a solvent selection methodology based on 
generalized  principles  so  that  it  may  find  use  in  other 
applications,  such  as  other  bidimensional/layered  crystal 
materials where otherwise an extensive  regime of  costly and 
time consuming screening experiments would be needed.  
To assess the role of surface tension, polarity, and viscosity  in 
detail, a database of more than 10,000 solvents (containing 51 
bio‐based  solvents)  was  screened  against  the  extended 
physical property criteria  (phase 1),  followed by toxicity, then 
environmental  persistency,  bioaccumulation,  and  aquatic 
toxicity (phase 2) through a series of stage gates (see Figure 2a 
for a summary of the screening procedure), as fully explained 
in the Supporting Information. Algorithms for solvent selection 
have  been  used  previously  to  optimize  extractions,  reaction 
chemistry,51 and for the selection of green alternative solvent 
pairs for polymer synthesis,52 but to date this approach has not 
been  extended  to  the  more  complex  problem  of  graphite 
exfoliation and dispersion. By applying our algorithm the large 
dataset was refined to just 8 solvents that both satisfied all of 
the physical property  requirements and were  compliant with 
REACH. 
Thus,  after  screening  (phase  1  and  phase  2),  the  solvents 
identified as potentially high performance solvents for greener 
graphene  processing were:  Cyrene,  oDCB,  benzonitrile,  butyl 
lactate,  cyclohexanone,  cyclopentanone,  pyridine,  and 
triacetin.  In  principle,  NMP  and  DMF  did  fulfill  the  property 
requirements  (phase  1)  but  are  unsuitable  based  on  their 
reprotoxicity (phase 2). To the best of the authors’ knowledge, 

this is the outcome of the most comprehensive attempt yet to 
rationalize  solvent  selection  for  graphene  dispersions,  and 
crucially  without  the  restriction  of  being  limited  to 
observations based on a small experimental set of solvents. 
Reviewing  the  eight‐solvent  shortlist  with  environmental 
health  and  safety  principles  in mind  (phase  3),  butyl  lactate 
and  triacetin  emerged,  along  with  Cyrene,  as  the  most 
promising green solvents. As well as being the only solvents to 
satisfy  the  requirements  of  the  complete  solvent  selection 
procedure, all  three are  renewable, and none are considered 
flammable,  acutely  toxic,  or  harmful  to  the  aquatic 
environment  according  to  European  CLP  regulation.42  It  is 
worth  noting  that  cyclohexanone  and  cyclopentanone  have 
been  suggested  as  green  graphene  processing  solvents 
previously.37 However both have  low  flash points and  for  this 
reason  failed phase 3 of  the solvent selection procedure. The 
solvents  1,2‐dichlorobenzene,  benzonitrile,  and  pyridine  (like 
cyclohexanone  and  cyclopentanone)  are  also  non‐renewable 
but, more importantly, they are all acutely toxic. 
As  a  preliminary  verification  of  the  suitability  of  our  solvent 
candidates,  contact  angles measurements  on  graphene were 
obtained (Supporting Information, Figure S3). Butyl lactate and 
especially triacetin displayed non‐ideal wetting, and to a lesser 
extent this was also true for Cyrene. Nevertheless, the viscous 
triacetin provided a suitable medium for graphene dispersions 
that  was  found  to  be  approximately  equivalent  to  NMP  in 
terms  of  the  concentration  achieved  (0.019 mg mL‐1),  again 
highlighting  limitations  in  the  use  of  contact  angles  alone  to 
identify  suitable  solvents  for  graphite  exfoliation.  Figure  2b 
shows  the values of  the Hansen solubility parameters  for  the 
three  preferred  solvents  (including  NMP,  oDCB  and  DMF  as 
further  reference  solvents),  versus  the  concentration  of 
dispersed graphene  that was obtained. The accepted Hansen 
solubility parameters  for graphene, D = 18.0 MPa0.5, P = 9.3 
MPa0.5,  H  =  7.7 MPa0.5,  are  indicated  on  these  charts, with 
ideal  solvents  having  a  similar  polarity.37  The  dispersion 
solubility parameter (D) of NMP  is almost  identical to that of 
graphene,  with  Cyrene  and  oDCB  being  slightly  higher. 
Effective  solvents  for  graphite  exfoliation  have  non‐zero 
polarity  (P)  and  hydrogen  bonding  (H)  values  despite  the 
non‐polar nature of graphene, and all  three Hansen solubility 
parameters are essential when describing the affinity between 
solvent  and  solute.  Cyrene  presents  similar  H  compatibility 
and  the  closest  P match  to  graphene.  A  3D  representation 
illustrates how  the  solvents  compare  to  graphene  from  their 
distance  in Hansen space (see Figure 2c). A key finding  is that 
of  all  the  solvents  found  to  meet  the  performance  criteria 
(phase  one),  Cyrene  has  the  smallest  Hansen  radius  (the 
distance  from  graphene  in  the  Hansen  space,  2.2  MPa0.5), 
hence suggesting the greatest affinity to graphene. 
Further  analysis  of  the  identified  solvent  parameters  (i.e. 
surface tension, viscosity and Hansen radius), was undertaken 
using  Principle  Component  Analysis,  PCA  (Figure  2d).  This 
technique  suggested  that  the  surface  tension  of  the  solvent 
appears to have the least specific role of the three parameters, 
but  is still vital for graphene processing. If the surface tension 
is  sufficient  to promote  a  general  affinity  towards  graphene, 
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Figure 3. TEM analysis of Cyrene dispersed graphene. (a) TEM of a holey carbon grid coated with a number of graphene flakes. (b) A TEM image of a single graphene 
flake. (c) Magnification of the border area of the flake displayed in (b) showing it to be mono‐ or bi‐layer. (d) An example of a larger single graphene flake, possibly 
with some folding and a smaller flake underneath. (e) HRTEM of monolayer graphene as confirmed by the FFT diffraction pattern of the image showing a set of six 
inner spots and much  less  intense outer spots  (inset) with a well‐defined grain structure.  (f) A  filtered  image of  the region shown  in  (e) allowing  the well‐defined 
graphene hexagon structure to be observed. (g) Intensity analysis along the dashed line presented in (f). (h) Intensity profile along the green line in (f) of a C‐C bond 
length. (i, j and k) Histograms showing the size distribution of the graphene flakes width, length and layer thickness respectively. 

only  then  do  solvent  polarity  and  viscosity  have  the 
opportunity  to  enhance  the  process  efficiency.  For  example, 
Cyrene has a superior polarity to triacetin whilst being similarly 
viscous,  therefore  the concentration of graphene observed  in 
triacetin dispersions  is the  lower of the two, but nevertheless 
still  comparable  to  NMP.  Butyl  lactate  is  less  viscous  than 
triacetin,  again  more  similar  to  NMP,  but  in  terms  of  its 
polarity  not  as  suitable  as  NMP.  For  these  reasons  the 
concentration  of  graphene  generated  in  butyl  lactate  is  low 
but measureable (0.002 mg mL‐1). 
Analysis of exfoliation and graphene quality 

As described above, the effectiveness of Cyrene for preparing 
stable  graphene  dispersions  in  high  yield  has  been 
corroborated and explained based on  the physical properties 
of  the  studied  solvents.  However,  it  is  also  necessary  to 
evaluate  the  quality  of  the  dispersed  graphene.  The  lateral 
dimensions of the graphene flakes were thoroughly evaluated 
using  high  resolution  transmission  electron  microscopy 
(HRTEM).  Representative  results  are  presented  in  Figure  3 
extracted  from  images  of  Cyrene  dispersions  deposited  on 
holey  carbon  grids,  collected  at  forty  different  points 
(experimental  details  along with  the  results  of  NMP  can  be 
found  in  the Supporting  Information, Figure S5). As expected 
some heterogeneity is perceived in both the lateral dimensions 
of  the  flakes  and  their  thickness.  Figure  3a  shows  a  low 
magnification TEM  image demonstrating a  typical distribution 
of flakes seen with lateral dimensions in this case between 450 
nm and 3 m. From Figure 3a, a close‐up of a graphene flake 
with  lateral  dimensions  in  the  range  of  1.25  ×  0.45  m2  is 

shown  (Figure 3b), with  increased magnification at  its border 
(Figure  3c)  demonstrating  it  to  be  a  monolayer  with  well‐
defined  edges.  A  larger  example  of  a monolayer  (2.9  ×  0.3 
m2) flake can be seen in Figure 3d. Figure 3e shows a HRTEM 
image of another graphene monolayer with  its respective fast 
Fourier  transform  (FFT)  diffraction  pattern  (inset),  displaying 
the characteristic more intense inner {0‐110; ‐1010} spots and 
fainter outer {1‐210; ‐2110} ones, confirming the existence of a 
single  layer.17,53  Applying  a  filter  to  this  image  (Figure  3f) 
permits the hexagonal defect‐free structure of graphene from 
its  intensity  analysis  (Figure  3g)  to  be  assessed  with  a 
measured hexagon width of 0.25 nm (dashed blue line) found, 
very  close  to  other  reported  values.54,55  Likewise,  analysis  of 
the intensity profile along the green line in Figure 3f allows the 
C‐C bond length of 1.47 Å to be estimated (Figure 3h), close to 
the expected value of 1.42 Å. 
In  addition,  folded  flakes  as  well  as  flakes  thicker  than 
monolayer  graphene  (bilayer,  three‐layer,  few‐layers  and 
multilayers)  were  also  observed  for  both  Cyrene  and  NMP 
generated graphene. Statistical analysis demonstrates that the 
average  length and width of the flakes (≤ 10  layers) produced 
using  Cyrene  are  larger  than  those made  using  NMP  under 
identical  conditions  (see  Figure  3i,  j  and  Supporting 
Information, Figure S7). The mean dimensions of the ≤ 10 layer 
flakes dispersed in Cyrene were measured as 0.725  0.406 μm 
in width and 1.323  0.647 μm in length compared to 0.520  
0.450  μm  and  0.831    0.595  μm  respectively measured  for 
NMP. 
To  ascertain  the  thickness  of  the  flakes,  further  statistical 
analysis across the entirety of the TEM images was performed,  
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Figure 4. Figure Raman spectra of drop‐casted graphene  films  (λlaser = 2.41 eV). Films 
were  prepared  using  NMP  (G‐NMP),  Butyl  lactate  (G‐BL),  Cyrene  (G‐Cyrene)  and 
triacetin (G‐triacetin) and are presented in order of most viscous (triacetin, bottom) to 
least viscous solvent (NMP, top). The G band (a primary E2g in‐plane vibration mode), 
the disorder‐induced D and Dꞌ‐bands, the second‐order 2D (or Gꞌ) band of the graphene 
spectra are labelled for clarity. For more information on graphene Raman spectroscopy 
please refer to Malard et al.56 

counting  the  number  of  layers  at  the  edge  of  sheets  by 
HRTEM.  The  results  indicated  that  92.5  %  of  the  flakes 
produced using Cyrene has  10 or  fewer  layers.  Furthermore, 
75%  had  no  more  than  5  layers  and  7.5%  are  monolayer 
graphene, with the mean flake layer count being 4.5 per flake 
(Figure 3k). On a mass basis, the monolayer flakes account for 
1.2%  of  the  sample,  while  few‐layer  (≤  5)  graphene  flakes 
make up approximately 10% of the sample mass. Compared to 
samples  produced  in NMP,  those  produced with  Cyrene  are 
much  thinner  on  average,  with  only  42.5%  of  the  flakes 
produced using NMP composed of ≤ 10 layers, suggesting that 
the NMP  dispersion was  still  largely  graphitic.  In  the  case  of 
NMP  exfoliated  graphite  no monolayer  flakes were  detected 
under  the  conditions  specified.  One  of  the  most  important 
features  in 2D materials  like  graphene  is  a high  aspect  ratio. 
Using  the mean  lengths  and  thicknesses  obtained  from  the 
TEM  images,  and  the  known  interlayer  distance  between 
graphene  layers  of  0.345  nm,  the  average  aspect  ratio  of 
graphene prepared in Cyrene was much higher than NMP and 
estimated to be approximately 1000 and 600, respectively. 
Raman  spectroscopy  was  also  applied  to  further  assess 
graphene  quality  and  evaluate  the  influence  of  solvent 
viscosity.  Extending  the  comparison  to  NMP  provided  a 
benchmark  for  evaluating  the  quality  of  the  graphene 
dispersed  in  butyl  lactate,  Cyrene,  and  triacetin.  The  most 
important features in the Raman spectra, as shown in Figure 4, 
are  the  G  band,  a  primary  E2g  in‐plane  vibration  mode 
appearing  around  1582  cm‐1,  the  second  order  2D  band  at 
around  2700  cm‐1  and  the  disorder‐induced  D  and  Dꞌ  bands 
around 1350 cm‐1 and 1620 cm‐1,  respectively. The  first‐order 
G‐mode  and  D‐mode  appear  at  the  same  frequencies  in 
graphene produced in either NMP or Cyrene, and the average 
full width at half maximum (FWHM) of the D‐band is 39.8 cm‐1 
and  found  to  be  identical  for  both  samples. However, more 
revealing  is  the  AD/AG  ratio,  which  is  a  known  probe  of 
structural defects  in  the carbon network.57 AD/AG  ratios were 
calculated by  collecting Raman  spectra at 20 different points 
for each sample. This ratio decreases from 0.29  0.08 for NMP 

to 0.20  0.06 for Cyrene, providing evidence of less defective 
graphene  flakes when using Cyrene as  the dispersing solvent, 
and hence, further supporting the importance of viscosity. 
Analysis  of  the  Raman  ID/IG  ratio  (intensity)  for  NMP,  butyl 
lactate, Cyrene  and  triacetin  generated  graphene dispersions 
shows  that  the mean  in‐plane crystallite size, La, of graphene 
particles  decreases  with  lower  solvent  viscosity  (see 
Supporting  Information, Figure S9a). Average La values of 227 
 76 nm and 136  46 nm were obtained  for  the Cyrene and 
NMP  dispersions,  respectively,  using  the  general  equation 
proposed  by  Cançado  et  al.58  The  solvent  viscosity  also 
correlates to the distance between defects, LD, and the density 
of  these  defects,  nD.

57  Both  measurements  are  additional 
markers of the quality of the materials. The distance between 
defects,  nD  is  advantageously maintained  in  higher  viscosity 
solvents, reducing from 40.6  6.4 nm for graphene generated 
in  Cyrene,  to  31.6    5.6  nm  when  NMP  is  employed.  As  a 
consequence, the density of defects increases with decreasing 
solvent  viscosity  (Supporting  Information,  Figure  S9c). Values 
of 2.1 × 1010  5.8 × 109, and 3.6 × 1010  1.3 × 1010 defects per 
cm2 were calculated for Cyrene and NMP respectively. 
In  the  related work  of  Kim  and  Lee,35  the  reported  yield  of 
exfoliated graphite nanosheets was  found  to be proportional 
to  the  solvent  viscosity,  and  the  average  graphene  flake 
thickness  associated with  the  surface  tension  of  the  solvent. 
Unfortunately  no  explanation  for  the  observed  influence  of 
viscosity was provided at that time. Our observations  indicate 
that  graphene  particles  are  better  protected  from  damage 
during ultrasound treatment  in more viscous solvents,  leading 
to  larger and  less defective  flakes. This  is consistent with  the 
inverse relationship between the ultrasound velocity in a fluid 
(relevant to the initial preparation of the dispersions described 
here) and the viscosity of the solvent.59 This  is especially true 
at the beginning of the preparation procedure, when thermal 
agitation does not have enough time to exert an influence. We 
proved  this  experimentally  by  varying  the  duration  of  the 
ultrasound  step,  up  to  a  maximum  exposure  time  of  120 
minutes. Whilst longer sonication times are known to increase 
the overall yield of  the dispersed graphene,  they can also be 
detrimental  to both  the  size,13 and quality of  the  flakes.14 As 
expected,  the  amount  of  graphene  dispersed  in  Cyrene 
increased gradually with sonication time, with a concentration 
of ~0.7 mg mL‐1 achieved after 2 hours (Figure 5a) with a very 
high ~48% graphite to graphene conversion; this is higher than 
what  is  typically  obtained  in  different  organic  solvents 
requiring much more complex protocols.11 
Perhaps  more  importantly,  the  quality  of  the  graphene 
resulting from varied sonication times was assessed by Raman 
spectroscopy (Figure 5b), with the AD/AG ratio calculated from 
an average of 20 spectra per sample. As seen, the AD/AG ratio 
for  Cyrene  generated  graphene  slightly  increased  with 
sonication  time, passing  from 0.20 ± 0.06 after 15 minutes  to 
0.30  ±  0.10  after  120 minutes.  However,  the  corresponding 
AD/AG  ratio  for  the  graphene  generated  in  NMP  increased 
much more significantly, from 0.29 ± 0.08 to 0.75 ± 0.22 after 
the same  intervals of 15 and 120 minutes. Triacetin dispersed 
graphene was  also  evaluated,  and  in  this  case  the  variation 
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was less than that observed for Cyrene. These results reiterate 
that  solvent  viscosity  has  a  positive  effect  on  stabilizing  and 
preserving  the  integrity  of  the  graphene  flakes  when  using 
ultrasound  processing.  This  study  shows  conclusively  that  a 
short,  industrially  relevant  sonication  time  of  15  minutes 
allows  for  a  high  throughput  of  high  quality  graphene when 
using  Cyrene  as  the  dispersing  solvent.  In  instances  where 
even greater concentrations of graphene dispersed in solution 
are  required,  increasing  the  initial  graphite  loading  and  the 
duration of sonication to a more conventional processing time 
(2  hours)  increases  yields  to  near  1.0  mg  ml‐1  (Supporting 
Information,  Figure  S10),  albeit  at  the  expense  of  the 
percentage  of  starting  material  converted,  and  a  slight 
detriment to product quality but, if pursued, the application of 
a viscous solvent becomes even more pertinent. 
The  overall  implication  therefore  is  of  a  doubly  beneficial 
effect,  as  solvent  viscosity  not  only  improves  the  stability  of 
the  dispersion  by  reducing  settling  velocity  under 
centrifugation  according  to  Stokes’  law,49  but  also  helps  to 
preserve  the  integrity  of  the  graphene  flakes.  However, 
solvents that are too viscous tend to  inhibit the deposition of 
graphene.60  Therefore  a  compromise must be  reached,  since 
the  solvent  cannot be  so  viscous  that  it becomes difficult  to 
convert  the dispersions  into graphene materials.  It also must 
not be ignored that the initial requirements of surface tension 
and  polarity  (Hansen  radius)  must  still  be  met,  and  a  high 
viscosity  is  not  a  sole  substitute  for  unsuitable  solvent 
properties in other respects. 

Conclusions 
Cyrene  has  been  shown  to  present  near‐ideal  physical 
properties  for  graphite  exfoliation  and  the  production  of 
graphene  dispersions.  This  discovery  has  advanced  our 
understanding  of  which  solvent  effects  influence  the 
dispersion  of  graphene.61  In  order  to  understand  the major 
attributes that characterize a high performance solvent for the 
liquid  exfoliation  of  graphite  to  graphene,  a  computational 
assessment  of  >10,000  solvents  was  employed.  The  solvent 
selection  procedure  included  physical  properties  and 
environmental  health  and  safety  aspects  to  provide  an 
indication  of  the  availability  of  optimal  solvents  for  the 
exfoliation  of  graphite.  The  results  led  to  the  experimental 
evaluation  of  three  bio‐based,  viscous  solvents:  Cyrene, 
triacetin,  and  butyl  lactate.  Under  conventional  ultrasound 
processing  these were able  to generate graphene with  fewer 
defects  compared  to  conventionally  used  solvents  such  as 
NMP.  
The  solvent  selection  procedure  developed  has  the  broader 
potential  for  the  identification  of  new  solvents  for 
nanomaterial processing  in general, and  is not  just  limited  to 
graphene.  If the role of the solvent can be  identified  in terms 
of  physical  properties  from  a  small  experimental  dataset,  or 
even speculated from predictive calculations, solvent selection 
for  nanomaterial  dispersion  is  now much  easier  to  optimize 
and  rationalize.  Where  dispersions  of  graphene  or  other 
nanoparticles  are  required,  optimization  of  performance  as 

well as environmental health and safety  is critically  important 
if  the process  is  to be  commercially viable on  the  long  term. 
Stable,  high  concentration  graphene  dispersions  in  Cyrene 
mean shorter sonication times are possible, and less solvent is 
required  to  deliver  the  same  quantity  of  nanoparticles.  The 
selected  solvent,  Cyrene  could  easily  be  used  as  a  ‘slot  in’ 
replacement  for  other  solvents  developed  for  alternative 
processing  techniques  other  than  sonication,  such  as  shear 
mixing, which shows promise for industrial scale up.62 Thus the 
realization of  larger scale processing of graphene with higher 
throughput  to  meet  the  growing  electronics  and  energy 
markets comes one step closer, and with the added potential 
benefit  of  vastly  improved  economic  and  environmental 
credentials. 
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Experimental 

 

Materials. Graphite powder with a particle size of 45 µm was purchased from Aldrich (<45 

micron, 99.99%, B.N. 496596-113.4G). CVD-graphene on Si covered with a SiO2 layer of 90 

nm was purchased from Graphenea, Spain. Triacetin and N-methyl-2-pyrrolidinone (NMP) 

were purchased from Sigma Aldrich. Dihydrolevoglucosenone (Cyrene) was obtained from 

Circa Group Pty Ltd, and later further purified by first passing the solvent through an alumina 

column and afterwards by vacuum distillation. The synthesis of Cyrene from cellulose via 

levoglucosenone has been previously reported (see Scheme 1).
1,2

  

 

Scheme S1: Route of dihydrolevoglucosenone (Cyrene) production from cellulose via 

levoglucosenone. 

 

All other materials were used as received. 

 

Graphene solvent dispersion. The experimental procedure to disperse graphene was as 

follows: 3 mL of solvent was added to a vial containing ∼ 4.5 mg of graphite (Aldrich, <45 

micron, 99.99%, B.N. 496596-113.4G). The mixture was treated with an ultrasonic probe 

(UP400S ultrasonic processor, Hielscher) during 15 minutes and the resulting dispersions 
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were centrifuged at 7000 rpm for 10 minutes. The supernatant after centrifugation was 

transferred to a new vial by pipette. 

Solvent dispersion concentration. UV-Vis absorption spectra of dispersed graphene in the 

solvents NMP, Cyrene, and triacetin were recorded on a Perkin Elmer Lambda 35 

spectrophotometer and analysed using the dedicated Perkin Elmer UV Winlab v. 2.85.04 

software, with the absorption spectrum shown in Figure S1.  

For the UV calibration, 1 mL of centrifuged sample of graphene in Cyrene was passed 

through a fluoropore
TM

 membrane (0.2 µm pore size) and the solid residue carefully weighed, 

accounting for any residual solvent to determine the actual dispersion of graphene. The same 

solution was diluted several times in order to prepare samples with different graphene 

concentrations. Using the UV absorbance at 660 nm,
3
 where the spectra of the NMP and 

Cyrene dispersions both have a gradient of approximately zero, the observed magnitudes of 

absorbance were recorded. The variation of absorbance divided by cell length, as a function 

of the concentration of graphene dispersed in the reference solutions of Cyrene were plotted 

(see Figure 1c, main text) and the line of best fit used to calculate the molar absorptivity 

coefficient according to the Lambert-Beer law. 

Contact angle. A computer controlled microscope Intel QX3 was used to measure the 

contact angle of the tested solvents. CVD-Graphene (on Si/SiO2) pieces (Graphenea),
4
 were 

placed on a manually controlled tilt table with a white light source to illuminate the sample 

from behind. With the microscope in the horizontal position, the shape of the static drops of 

the different solvents (3 μL) on the surface using a 60x objective were recorded at room 

temperature and pressure, and the contact angles calculated using a conventional drop shape 

analysis technique (Attension Theta optical tensiometer). Please also refer to Figure S3.  
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Solvent polarity. The calculation of Hansen solubility parameters and Hansen radii was 

performed with the HSPiP software package (4th Edition 4.1.04, developed by Abbott, 

Hansen and Yamamoto).  

High resolution transmission electron microscopy (TEM). Both Cyrene and NMP 

dispersions were analysed using two types of TEM at the Centro Nacional de Microscopía 

Electrónica, Madrid, Spain with the aid of a technician, with TEM micrographs taken at 

random locations across the grids, to ensure a non-biased assessment. For measurement of 

graphene flake lateral dimensions, High-resolution HRTEM micrographs were performed on 

a JEOL JEM-2100 instrument (JEOL Ltd., Akishima, Tokyo, Japan), using a LaB6 filament, 

a lattice resolution of 0.25 nm and an acceleration voltage of 200 kV. For analysis of the 

graphene flake layers and molecular integrity of the graphene flakes, measurements were 

carried out on a High-resolution HRTEM micrographs were performed on a JEOL JEM-

3000F instrument (JEOL Ltd., Akishima, Tokyo, Japan), using a LaB6 filament, a lattice 

resolution of 0.17 nm and an acceleration voltage of 300 kV. Directly after sonication and 

centrifugation the dispersion was added to an equal volume of acetone to dilute it as it was 

found that it was too concentrated to achieve a good TEM image, and secondly to aid 

evaporation of the solvent. Samples were prepared by drop-casting a few millilitres of 

dispersion onto holey carbon films (copper grids) and dried at 120 ºC under vacuum for 12 

hours. 

Raman spectroscopy characterisation. Raman measurements were undertaken in the 

Raman Microspectroscopy Laboratory of the Characterisation Service in the Institute of 

Polymer Science & Technology, CSIC using a Renishaw InVia-Reflex Raman system 

(Renishaw plc, Wotton-under-Edge, UK), which employed a grating spectrometer with a 

Peltier-cooled CCD detector coupled to a confocal microscope. The Raman scattering was 

excited with an argon ion laser (λ= 514.5 nm), focusing on the sample with a 100x 
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microscope objective (NA=0.85) with a laser power of approximately 2 mW at the sample. 

Spectra were recorded in the range between 1000 and 3200 cm
-1

. All spectral data was 

processed with Renishaw WiRE 3.2 software. We would like to thank Ms. Isabel Muñoz 

Ochando from the Instituto de Ciencia y Tecnología de Polímeros de Madrid (ICTP), CSIC 

for help testing the samples. 

 

 

 

 

 

 

Additional results 

 

UV-vis dispersion analysis. The procedure for the preliminary analysis of the graphene 

dispersion with UV-vis spectroscopy is explained in the Methods section previously. The 

analysis permitting the calculation of graphene concentration is shown in Figure S1. The UV 

absorbance spectra are featureless above 500 nm (Cyrene starts to absorb below this value), 

but due to increased scattering caused by dispersed graphene particles in the case of Cyrene, 

its baseline is significantly higher than that of NMP and other solvents, indicative of a higher 

graphene concentration. Photographs of the dispersions immediately after centrifugation and 

one month later are shown in Figure S2. 
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Figure S1. Spectroscopic analysis of graphene dispersion concentrations. The graph shows 

the UV-visible spectra of graphene dispersions in the solvents Cyrene (G-Cyrene), triacetin 

(G-triacetin), NMP (G-NMP), and butyl lactate (G-BL). 

 

 

Figure S2. Pictures of the dispersed solvents after sonication and centrifugation. a) Graphene 

dispersions in butly lactate (BL), triacetin (TA), N-methyl-2-pyrrolidinone (NMP) and 

Cyrene compared to the original solvent without dispersed graphene. Samples were prepared 

at an initial concentration of 1.5 mg ml
-1

, after 15 minutes sonication time followed by two 

rounds of 7.5 minute centrifugation at 7000 rpm. b) Picture showing the stability of the 

graphene dispersions after one month, with additional images of Cyrene dispersions after 1 

month prepared with various sonication times (same initial concentration of 1.5 mg ml
-1

). 
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Surface tension study. The relationship between the contact angles (Figure S3) and the 

surface energy of the graphene monolayer on Si/SiO2 can be expressed by Equation 1, which 

is derived from Young’s equation and the work of adhesion of liquids in solid surfaces and 

applying the Neumann’s equation of state theory.
5
 In Equation 1, β is the constant coefficient 

of graphene. 

 

𝑙𝑙 �𝛿𝑠𝑠𝑠 �1+𝑐𝑠𝑠𝑐2 �2� =  −2𝛽(𝛿𝐺 − 𝛿𝑠𝑠𝑠)2 + ln (𝛿𝐺)    Eq. (1) 

 

A plot of the left-hand side of the Equation 1 as a function of the solvent surface energy (δsol) 

was fitted with a second-order polynomial curve, from which β and the surface tension of 

graphene on SiO2 can be determined (δG). A good fit of the experimental points (excluding 

triacetin) was obtained (Figure S4). 

 

 

Figure S3. Contact angle study for the verification of graphene affinity on CVD-graphene 

monolayer on Si/SiO2. 
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Figure S4. Calculation of the graphene surface energy. Variation of contact angle with 

solvent’s surface energy according to Neumann’s equation including triacetin. 

 

High solvent affinity for the graphene surface manifests itself through the wettability 

of the solvent and a low contact angle.
5
 The tension at this solid-liquid interface is a result of 

attractive intermolecular forces. If the interfacial tension between the surface and the solvent 

is low then there will be little enthalpy loss in creating the surface-solvent interface, hence 

minimizing the energy cost of exfoliation. The lowest contact angles, and subsequently the 

best wetting performances, are observed for solvents with a surface tension between 35 mN 

m
-1

 and 38 mN m
-1

, corresponding to oDCB and DMF. As anticipated from the higher 

graphene concentration in Cyrene in relation to NMP, the contact angle formed by Cyrene 

was found to be lower than that for NMP, but only marginally. Considering all the organic 

solvents, the surface energy value of the graphene employed was calculated to be 67 mN m
-1

 

using Neumann’s equation of state theory, in excellent agreement with previous findings.
6
 

It has been previously demonstrated that the contact angle of water droplets on 

graphene depends on the number of layers,
7,8

 the substrate,
9
 and the duration of the 

experiment, which can be affected through the absorption of airborne contaminates, including 

hydrocarbons.
10

 Although in our study we are also using a range of organic solvents, we have 

considered these variables. In summary the time dependence is controlled by collecting the 

contact angle values immediately after depositing the drop of solvent. The thickness and 
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uniformity of the CVD-graphene were evaluated by Raman spectroscopy. The I2D/IG intensity 

ratio and the full width at half-maximum of the 2D band, related to the number of CVD-

graphene layers, are 1.7 ± 0.2 and 36.9 ± 0.8 cm
-1

 respectively, resembling the values 

previously observed for CVD-graphene.
11,12

 This data is indicative of graphene uniformly 

distributed on the Si/SiO2 surface, allowing us to discard the effect of the graphene thickness 

on the contact angles. Moreover, reference experiments of contact angles on Si/SiO2 wafers 

(without graphene) were conducted to evaluate the influence of the substrate. The measured 

values were very similar for all organic solvents (∼32.0º to 36.6º) demonstrating minimal 

influence of the Si/SiO2 substrate on the contact angle. 

 

High resolution transmission electrion microscopy. Lower magnification images of the 

dispersions were taken as an initial assessment of the quality of the graphene flakes, and also 

aid with the measurement of the lateral flake dimensions. It can be seen in Figure S5, images 

A and B (Cyrene) that the flakes are much better dispersed in comparison to the flakes seen 

in images E and F for NMP, which by comparison are much more agglomerated. This is 

clearer when comparing images in Figure S5 C and D with those in Figure S5 G and H, 

where the latter are overall larger, but from their representative diffraction patterns are 

observed to be multilayer to graphitic. The flakes formed in Cyrene are bi- to few layers. 

Figure S6, images A-D, show HRTEM images of various flakes with well-defined edges, 

ranging from probable single layer graphene to few layer graphene produced from the Cyrene 

graphene dispersion. Images E-H are for those obtained from the NMP-graphene dispersion, 

and as can be seen they range from few layer flakes to graphitic particles in nature. 

Additionally, when comparing the lateral dimensions of the samples prepared in either 

Cyrene or NMP it can be seen that for flake sizes with ≤10 layers, flakes produced using 

Cyrene are actually larger on the whole (see Figure S7). 
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Figure S5. High resolution transmission electron microscopy (HRTEM) of graphene 

produced in Cyrene and NMP. Lower magnification TEM images of dispersions achieved 

with Cyrene (inset images A and B) and NMP (E and F). High magnification images of 

flakes with various layers can be seen in images C and D (Cyrene) and G and H (NMP). 
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Figure S6. HRTEM images showing the edges of Cyrene dispersed graphene (inset images 

A-D) and NMP dispersed graphene (E-H). 
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Figure S7. Flake length (L) and width (W) dimensions taken from TEM measurements for 

both Cyrene (left) and NMP (right) dispersions.  

 

Raman graphene quality analysis. Examination of the Raman 2D band in this work was 

found to be very instructive in ruling out whether the postulated ‘protection’ offered by 

viscous solvents counteracts the critical role of surface tension. It is accepted that the number 

of Lorentzian curves (FWHM ~ 24) making up the 2D band relates to the number of stacked 

graphene layers.
13-15

 Here deconvolution of 2D Raman band for Cyrene suggested the 

formation of polydisperse samples ranging from two to a few and multilayers graphene, 

similar to NMP treated under the same conditions (Figure S8). Furthermore, the 2D band 

width, another parameter used to determine the thickness of graphene laminates, is very 

similar for both samples, which also suggests that they represent a similar thickness of 

graphene.
16

 The difference between this and the results of TEM etc. are due to the extended 

drying times of the dispersion on the Si/SiO2 wafer in comparison to the holey carbon grid 

used for TEM and also the fact that monolayer graphene is virtually invisible under an optical 
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microscope to be able to locate them and test them, even when using recommended Si/SiO2 

(300 nm). 

 

 

Figure S8. Raman 2D band deconvolution to estimate the number of graphene stacked 

layers. The spectra were acquired in different points of samples deposited by drop-casting on 

Si/SiO2 substrates. 

 

A general expression to estimate the crystallite size La from the integrated intensity 

ratio ID/ IG has been proposed by Cançado et al.,
17

 and can be written as follows (Equation 2) 

where λ is the laser wavelength in nm, in this case 514 nm.  

 𝐿𝑎(𝑙𝑛) = 2.4𝑥10−10𝜆𝑠4(
𝐼𝐷𝐼𝐺)−1      Eq. (2) 
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The distance between defects (LD) and the defect density (nD) can also be estimated from the 

ID/ IG using experimentally determined equations.
18

 The LD can be written as is shown in 

Equation 3, and the density of defect as Equation 4. 

 

𝐿𝐷2 (𝑙𝑛2) = (1.8 ± 0.5) × 10−9𝜆𝑠4 �𝐼𝐷𝐼𝐺�−1     Eq. (3) 

𝑙𝐷(𝑐𝑛−2) =
(1.8±0.5)×1022𝜆𝑙4 �𝐼𝐷𝐼𝐺�       Eq. (4) 

 

Changes in La, LD, and the defect density (nD) compared with the viscosity of the 

tested solvents are shown in Figure S9. 
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Figure S9. Variation in characteristic parameters of graphene flakes, obtained from the ID/IG 

Raman ratio. A) Crystallite size, La; B) distance between defects (LD); and, C) the density of 

defects (nD). The viscosity of the tested solvents increases in the following order: NMP, 

Cyrene, and triacetin. 

 

The evaluated parameters display an apparent relationship with solvent viscosity. As 

expected, the flakes obtained in solvents with higher viscosity display larger graphitic 

domains and lower density of defects. Although solvents of intermediate viscosity need to be 
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tested to appropriately obtain an equation describing the variation of each parameter with 

viscosity, the data in Figure S9 clearly demonstrates the effect of viscosity on the structural 

integrity of graphene flakes. 

 

Exfoliation optimization. The experimental parameters, e.g. sonication time and initial 

graphite concentration that determine the concentration of the dispersed graphene were re-

evaluated. Long sonication times have previously been reported as a means to obtain high 

graphene concentrations in NMP.
19

 This this may also be advantageous for dispersions in 

Cyrene. The aim of our investigation here was to establish the optimal conditions that 

maximize the dispersion of graphene for commercially pertinent applications, whilst 

preserving the structural integrity of the graphene flakes. 

Firstly, different initial concentrations of graphite, Ci, of 0.5, 1.5, 5.0 and 10 mg mL
-1

 

were tested to evaluate the exfoliation of graphite to dispersed graphene in Cyrene (Figure 

S10a). The amount of dispersed material was determined by UV-visible spectroscopy, where 

the absorbance at 660 nm was measured in the same way as previously outlined. An almost 

linear dependence of the amount of dispersed graphene versus the starting graphite amount 

was observed up to Ci = 5 mg mL
-1

, with the gradient accounting for an additional 0.15 mg of 

dispersed particles for every 1 mg increase in the starting graphite loading. Few gains are 

made beyond an initial graphite concentration of 5 mg mL
-1

, but still graphene concentrations 

of ~1 mg mL
-1

 can be reached with an initial graphite load of Ci = 10 mg mL
-1

. Figure S10b 

presents the percentage of the initial graphite that can be converted into dispersed particles. It 

is evident that this quantity initially increases, reaching a maximum (16%) in the range 1.5 

mg mL
-1

 < Ci < 5 mg mL
-1

 and then decreases significantly to no more than 10% when Ci = 

10 mg mL
-1

. This trend can be related to the effect of powdered graphite particles on the 

efficiency of sonication, and consequently exfoliation. Specifically, high amounts of 
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suspended graphite powder minimize the efficiency of the ultrasound irradiation leading to 

less particles being able to benefit from the desired cavitation phenomenon.
20

  

 

 

Figure S10. Graphene dispersion parameter optimization. a) Variation of the initial graphite 

concentration versus the measured the concentration of graphene dispersed after the standard 

15 minutes sonication and 10 minutes centrifugation, and, b) the respective percentage of 

starting graphite that in-turn converts to dispersed graphene. 

 

  

Page 29 of 72 Green Chemistry



S18 

 

Solvent selection procedure 

 

Overview. A solvent selection protocol was developed to identify ideal solvents for graphene 

processing and to help define the precise role of the solvent. Given the clearly recognisable 

need, the methodology was developed to find a high performance yet green solvent. 

Algorithms for solvent selection have been used previously to optimise the solvent for simple 

extractions, and in examples of reaction chemistry.
21

 If the requirements of the solvent can be 

defined in terms of measurable properties, then we postulated that the principle can also be 

applied to the more complex problem of graphite exfoliation and the subsequent dispersion of 

graphene flakes in solution. There has been much debate over the exact role of the solvent in 

the processing of carbon nanostructures,
22-25

 which is not fully understood. Nevertheless there 

is a consensus that solvent surface energy and viscosity are both crucially important in order 

to achieve an acceptable concentration of dispersed graphene.
3,25

 The polarity of the medium 

is also influential, and Hansen solubility parameters have been used previously to correlate 

graphene concentration to solvent polarity.
26,27

 However different reports do not always agree 

on the significance of each solvent property, or in some instances what the ideal value of that 

property actually is.
3,5

 That being the case, an approach to solvent selection that can be easily 

updated, added to, or otherwise modified is greatly beneficial. 

Here we report a high throughput screening of a large database of solvents in order to 

identify green solvents able to disperse graphene in relatively high concentrations. After a 

comprehensive selection process, the most promising solvent candidates, as indicated through 

calculation, were subjected to an experimental validation of their performance. This multi-

stage assessment of solvent properties was designed to refine a large solvent dataset, far 

beyond the number of solvents that could actually be tested experimentally, to only the 

environmentally friendly solvent candidates with an anticipated high performance. This is a 
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key difference between this approach and the solely experimental methods of other studies 

that make use of Hansen solubility parameters.
26

 A series of experiments and analysis 

confirmed the theoretical predictions, with Cyrene for example achieving highly concentrated 

dispersions of quality graphene flakes. 

To the best of the authors’ knowledge, this work is the first attempt to select a solvent 

for creating graphene dispersions by considering relevant properties in a logical, systematic 

way, but crucially without the restriction of choosing a solvent from a small experimental set. 

The approach employed reduces a large number of possible solvent candidates to a shortlist 

consisting of only those solvents that meet the requirements of each criterion. Thus, 

experimental validation of the solvent selection protocol is only required for a minimal 

number of solvents, thus creating a streamlined investigation that at the same time actually 

encompasses several hundreds of solvents more than a typical, experimentally led project. 

The act of carrying out the solvent selection process creates a better understanding of the 

relevant solvent characteristics. This in turn assists with future solvent development, where 

the solvent selection process may be adapted or new solvent candidates introduced in later 

iterations. A concise version of the assessment is provided as a separate (Microsoft Excel) 

file. 

The first round of the methodology concerns the solvent properties that influence the 

performance of the process (i.e. ultrasound assisted exfoliation and graphene dispersion). A 

polarity matching exercise using Hansen solubility parameters established suitable solvents 

on the basis of bulk solution interactions with graphene. Target parameters representing the 

polarity of graphene were obtained from the literature.
26

 Secondly the interaction between the 

solvent and graphene through their surface energies, again relevant to exfoliation and 

dispersion stability, was also used to select promising solvent candidates.
5,6

 Finally the 

stability of a graphene suspension was approximated using Stokes’ law of settling velocities, 
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where the density/viscosity ratio is important (as explained subsequently). The three criteria 

were applied in individual assessments, not sequentially (Table S1). This is so that if a 

requirement is changed, the recalculation of the solvent shortlist is simplified. Solvent 

candidates move through to the next stage of the assessment only if they meet the 

requirements of all three parallel performance criteria. 

 

Table S1. Solvent selection performance criteria. 

Performance 

metric 

Measurement  Target Requirement 

Solvent-solute 

interaction 

Polarity (calculated) δD = 18 MPa
0.5 

δP = 9.3 MPa
0.5 

δH = 7.7 MPa
0.5

 

Hansen distance between 

target and solvent lower than 

6.5 MPa
0.5

. 

Solvent-solute 

interaction 

Surface tension  γ = 38.2 ± 6 

mN·m
-1

 

Solvent surface tension falls 

within designated range. 

Dispersion 

stability 

Density (ρ /g·mL-1
) 

and dynamic viscosity 

(μ / g·s
-1

·m
-1

) 

ρ/μ ≤ 1.20 10
6
 

s·m
-2

 

Low density/viscosity ratio. 

 

The original dataset of solvents exceeded 10,000 entries. The large number of solvent 

candidates was processed using the HSPiP solubility estimation software package, sorting by 

polarity. The remaining data analysis was performed in a spreadsheet (refer to the separate 

electronic supplementary information file). Many of the solvents contained in the dataset lack 

experimental viscosity and surface tension data, meaning they cannot pass all the solvent 

selection criteria for this reason alone. However this exercise does highlight promising 

solvents that could be synthesised and their additional physical properties tested. 

Computational estimates could also guide this task and future work will investigate this 

possibility further. The original HSPiP dataset from which the list of solvent candidates was 

derived was supplemented by a number of bio-based solvents, to which special interest was 
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paid within the assessment (Table S2). A summary of how each bio-based solvent fared 

during the solvent selection process is maintained throughout the following discussions. 

 

Table S2. Bio-based solvents included in the solvent selection process. 

Solvent name Bio-based 

content* 

Source
§
  

1,2-Pentanediol 100% Pyrolysis of carbohydrate 

1,2-Propanediol 100% Derived from glicerol 

1,3-Propanediol 100% Derived from glicerol 

1,4-Butanediol 100% Fermentation product 

1-Butanol 100% Fermentation product 

2-Butanol 100% Fermentation product 

2-Methyltetrahydrofuran 100% Pyrolysis of carbohydrate 

2-Octanol  100% Synthesised from vegetable oils 

2-Propanol 100% Fermentation product 

Acetic acid 100% Fermentation product 

Acetone 100% Fermentation product 

Acetyltributyl citrate  18% Made from citric acid 

Butyl lactate 43% Made from lactic acid 

Butyric acid 100% Fermentation product 

Cyrene 100% Pyrolysis of carbohydrate 

Table S2. Bio-based solvents included in the solvent selection process. (continued). 

Solvent name Bio-based 

content* 

Source
§
 

Diethoxymethane 80% Made with bio-ethanol 

Dimethyl ether 100% Made from bio-gas 

Dimethyl isosorbide 75% Pyrolysis of carbohydrate 

Dimethyl sulphoxide 100% Made from dimethyl sulphide 

d-Limonene 100% Essential oils 
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Ethanol 100% Fermentation product 

Ethyl acetate 100% Made from bio-ethanol 

Ethyl lactate 100% Made from lactic acid 

Ethylene glycol 100% Made from bio-ethanol 

Eugenol 100% Essential oils 

Furfural 100% Pyrolysis of carbohydrate 

Furfuryl alcohol 100% Pyrolysis of carbohydrate 

Glycerol 100% Vegetable oils 

Glycerol carbonate 75% Derived from glicerol 

Glycerol formal 75% Derived from glicerol 

Isoamyl alcohol 100% Fermentation product 

Isobutanol 100% Fermentation product 

Isoeugenol 100% Essential oils 

Lactic acid 100% Fermentation product 

Lauric acid 100% Vegetable oils 

Levulinic acid 100% Pyrolysis of carbohydrate 

Methanol 100% Made from bio-gas 

Methyl lactate 75% Made from lactic acid 

Methyl oleate 95% Synthesised from vegetable oils 

 

Table S2. Bio-based solvents included in the solvent selection process. (continued). 

Solvent name Bio-based 

content* 

Source
§
  

Oleic acid 100% Vegetable oils 

p-Cymene 100% Made from limonene 

Solketal 50% Derived from glicerol 

t-Butyl ethyl ether 33% Made with bio-ethanol 

Tetrahydrofuran 100% Pyrolysis of carbohydrate 

Tetrahydrofurfuryl alcohol 100% Pyrolysis of carbohydrate 
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Triacetin 33% Derived from glicerol 

Triethyl citrate 100% Made from citric acid 

α-Pinene 100% Essential oils 

α-Terpineol 100% Essential oils 

β-Pinene 200% Essential oils 

γ-Valerolactone 100% Pyrolysis of carbohydrate 

*Bio-based content is calculated on the basis of the number of carbon atoms from biomass 

origin as a percentage of the total carbon content. 

§
References are provided in the supplementary excel file. 

 

The second phase of the solvent selection process rejects solvents with obvious 

environmental, health and safety (EHS) issues under scrutiny by legislation. The first of these 

requirements is that no solvent possesses known carcinogen, mutagen, or reprotoxic (CMR) 

characteristics. This is supplemented with an acute toxicity assessment, for these solvents 

should also be avoided where possible (Table S3). Then the environmental persistency, 

bioaccumulation, and toxicity (PBT) of solvents meeting the performance criteria was 

considered. These health and environmental requirements are implemented in the solvent 

selection process according to the requirements of the EU regulation (EC) No 1907/2006, 

Registration, Evaluation, Authorisation & restriction of CHemicals (REACH) and the EU 

regulation (EC) No 1272/2008, Classification, Labelling and Packaging (CLP). It is important 

to align the requirements of each criteria to formal legislated property values in order to be 

industrially and commercially relevant. Arbitrary thresholds have been avoided so not to 

introduce a preference or inadvertent bias for a particular solvent. 

 

Table S3. Solvent selection legislative criteria. 

EHS metric Indicator Requirement 

CMR or acutely toxic 
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Acute toxicity H300, H301, H310, H311, 

H330, or H331 hazard 

statements* 

LD50 >300 mg/kg (avoiding CLP 

category 1, 2, or 3: fatal/toxic). 

Carcinogenic Carcinogenicity category 

1A, 1B, or 2* 

Neither a category 1 or 2 carcinogen 

(REACH). 

Mutagenic Germ cell mutagenicity 

categories 1A, 1B, or 2* 

No evidence of mutagenicity (REACH), 

including animal trials and Ames test. 

Reproductive 

toxin 

Reproductive toxicity 

categories 1A, 1B, or 2* 

Neither a category 1 or 2 reproductive 

toxicant (REACH). 

PBT** 

Persistent Biodegradation (multiple 

test methods and 

calculations available). 

Solvent must be considered as 

biodegradable. 

Bioaccumulating logP logP < 4 indicates potential to 

bioaccumulate (CLP). 

Toxic  EC50 EC10 > 0.01 mg/L (REACH). 

*The associated hazard statements are defined in the EU CLP directive (Regulation No. 

1272/2008). 

**All three categories must apply for a substance to be considered PBT, but for this 

assessment each category is considered individually. 

 

 Solvent candidates meeting the performance criteria and also found to have suitable 

EHS profiles formed a final shortlist, and were then ranked according to additional criteria 

describing the greenness of each solvent. The topic of greenness is highly subjective, and this 

is an undesirable approach when making an assessment. Therefore solvents were just 

compared in this respect, and not selected or rejected on the basis of any green chemistry 

principles. Indicators of greenness were chosen that could be discussed and compared in the 

context of regulation (Table S4). No thresholds were set, although ideal target values derived 

from legislation are suggested to help identify the most promising of candidates. European 

regulation (EC) 1272/2008 on classification, labelling and packaging of substances and 

mixtures (CLP) and European Directive 2010/75/EU (industrial emissions directive) are both 

helpful in this respect. The toxicity threshold values are larger than what were used in the 
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EHS criteria, broadened out to include less severe hazards, yet still requiring labelling 

according to the CLP directive. In addition, bio-based solvents made from renewable 

resources were prioritised, under the guidance of European Technical Specification 

TS/16766.
28

 This process helped to identify butyl lactate, Cyrene, and triacetin as the primary 

candidates for the sustainable solvent processing of graphene, incorporating practical, 

regulatory, environmental, health, and safety aspects as part of this judgement. Greater detail 

on each of these assessment phases is now provided. A spreadsheet containing the solvent 

selection calculations has also been made available for greater detail. 
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Table S4. Solvent selection greenness criteria. 

Greenness 

criteria 

Target or 

threshold 

value 

Justification and context 

Renewability 

Bio-based 

content 
≥25% Minimum of 25% bio-based carbon content (as 

proportion of total carbon content) given in European 

technical specification TS/16766,entitled Bio-based 

solvents: Requirements and test methods to qualify as a 

bio-based product. 

Toxicity  

LD50 (rat, oral) > 2000 mg·kg
-1

 ‘Acute toxicity’ threshold, below which a substance is 

recognised as harmful (European regulation (EC) 

1272/2008, CLP). 

Flammability 

Autoignition 

temperature 

None set. Indicative of safety. No threshold listed in the CLP 

regulation. 

Flash point > 60 °C ‘Flammable liquids’ threshold (CLP). 

Environmental impact 

Vapour pressure < 0.075 mmHg Industrial emissions 'VOC' threshold (European 

directive 2010/75/EU). 

logP < 4 ‘Harmful to the aquatic environment’ threshold (CLP), 

applied in combination with EC50. 

EC50 (Daphnia 

magna, 48 

hours) 

> 100 mg·L
-1

 ‘Harmful to the aquatic environment’ threshold (CLP), 

applied in combination with logP. 

Biodegradability None set. Indicative of persistence. 

 

Hansen solubility. The Hansen solubility parameters were originally established as an 

empirical description of polymer solubility.
29

 However they are now widely used to identify 

solvents for a wide range of solutes, including carbon nanostructures.
5,30-32

 In Hansen 

solubility theory, solutes are predicted to be most soluble in solvents with a similar polarity, 

as defined by three scales describing dispersion forces (δD), dipole forces (δP), and hydrogen 

Page 38 of 72Green Chemistry



S27 

 

bonding interactions (δH). The length of a vector connecting a solvent to a solute in this three 

dimensional Hansen space is indicative of the likely solubility. Using characteristic values for 

graphene (δD ∼ 18.0 MPa
1/2

; δP ∼ 9.3 MPa
1/2

; δH ∼ 7.7 MPa
1/2

),
26

 potential solvents can be 

found computationally. The Hansen parameters are typically calculated rather than obtained 

from experiments, so the potential solvent set is infinite. This equally applies to theoretical 

solvent structures before they are first synthesised. Using the Hansen Solubility Parameters 

in Practice (HSPiP) software, a number of potential graphene dispersing solvents were 

identified from more than 10,000 candidates contained within the software. As stated earlier, 

this dataset was complimented with 51 bio-based solvent entries taken from the University of 

York’s Sustainable Solvent Selection Service (S4) database.  

A representative selection of solvents is shown in the following polarity diagram to 

demonstrate the solvent selection process (Figure S11). The assignment of solvents and non-

solvents, and hence the boundary of the so-called solubility sphere (shown in green) was 

defined using a minimal number of experimental observations already available in the 

literature. While acetone is seen as a poor solvent for graphene dispersibility,
26

 it is actually a 

better polarity match to graphene in the 3D Hansen space (radius of 5.2 MPa
0.5

) than DMF 

(5.8 MPa
0.5

), the latter being a recognised solvent. This suggests other solvent properties are 

relevant. A sphere radius of 6.5 MPa
0.5

 was chosen to differentiate between potentially 

suitable and unsuitable solvents on the basis of polarity (Figure S11). Acetone and DMF are 

both contained within this boundary. 
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Figure S11. A three dimensional Hansen solubility map, where graphene is shown as the 

green data point, some representative solvents as solid blue data points, and a selection of 

non-solvents shown as red data points. The green sphere marks the boundary between 

solvents and non-solvents as calculated by the HSPiP software. 

 

From this analysis a great number of solvent candidates can be ruled out because of 

their unsuitable polarity. From the original solvent set, more than 4000 compounds were 

identified has having a desirable polarity, and retained for further consideration. Note that the 

other two performance criteria rely on experimental data (i.e. density/viscosity and surface 

tension), and so a great deal of the solvents identified on the basis of their polarity cannot 

continue onwards through the solvent selection process. However very good polarity matches 

could always warrant experimental determination of these physical properties in the search 

for alternative solvents, although this was not pursued at this time. 

Most of the 51 bio-based solvents in the original dataset do not possess the desired 

polarity. Only 18 met this requirement (Table S5), of which the closest polarity match to 

graphene was Cyrene (dihydrolevoglucosenone), followed by dimethyl isosorbide. Prominent 
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bio-based solvents with an undesirable polarity, and thus eliminated from the assessment, 

included limonene, ethanol, and glycerol. 

 

Table S5. Polarity characteristics of the bio-based solvents. 

Solvent name δD /MPa
½
  δP /MPa

½
 δH /MPa

½
 Radius Status 

1,2-Pentanediol 16.7 7.2 16.8 9.69 Fail 

1,2-Propanediol 16.8 10.4 21.3 13.9 Fail 

1,3-Propanediol 16.8 13.5 23.2 16.2 Fail 

1,4-Butanediol 16.6 11.0 20.9 13.6 Fail 

1-Butanol 16.0 5.7 15.8 9.72 Fail 

2-Butanol 15.8 5.7 14.5 8.86 Fail 

2-Methyltetrahydrofuran 16.9 5.0 4.3 5.91 Pass 

2-Octanol  16.1 4.2 9.1 6.51 Fail 

2-Propanol 15.8 6.1 16.4 10.3 Fail 

Acetic acid 14.5 8.0 13.5 9.18 Fail 

Acetone 15.5 10.4 7.0 5.17 Pass 

Acetyltributyl citrate  16.7 2.5 7.4 7.29 Fail 

Butyl lactate 15.8 6.5 10.2 5.78 Pass 

Butyric acid 15.7 4.8 12.0 7.74 Fail 

Cyrene 18.8 10.6 6.9 2.21 Pass 

Diethoxymethane 15.4 5.7 5.1 6.84 Fail 

 

 

Table S5. Polarity characteristics of the bio-based solvents. (continued). 

Solvent name δD /MPa
½
  δP /MPa

½
 δH /MPa

½
 Radius Status 

Dimethyl isosorbide 17.6 7.1 7.5 2.35 Pass 

Dimethyl sulphoxide 18.4 16.4 10.2 7.57 Fail 

d-Limonene 17.2 1.8 4.3 8.39 Fail 
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Ethanol 15.8 8.8 19.4 12.5 Fail 

Ethyl acetate 15.8 5.3 7.2 5.97 Pass 

Ethyl lactate 16 7.6 12.5 6.48 Pass 

Ethylene glycol 17.0 11.0 26.0 18.5 Fail 

Eugenol 19.0 7.5 13.0 5.94 Pass 

Furfural 18.6 14.9 5.1 6.29 Pass 

Furfuryl alcohol 17.4 7.6 15.1 7.69 Fail 

Glycerol 17.4 11.3 27.2 19.6 Fail 

Glycerol carbonate 17.9 25.5 17.4 18.9 Fail 

Glycerol formal 18.4 10.6 16.5 8.93 Fail 

Isoamyl alcohol 15.8 5.2 13.3 8.22 Fail 

Isobutanol 15.1 5.7 15.9 10.7 Fail 

Isoeugenol 18.9 5.7 9.9 4.59 Pass 

Lactic acid 17.3 10.1 23.3 15.7 Fail 

Lauric acid 16.2 4.1 7.4 6.33 Pass 

Levulinic acid 17.1 10.4 13.5 6.17 Pass 

Methanol 14.7 12.3 22.3 16.3 Fail 

Methyl lactate 16.9 8.3 16.1 8.74 Fail 

Methyl oleate 16.2 3.8 4.5 7.31 Fail 

Oleic acid 16.0 2.8 6.2 7.78 Fail 

p-Cymene 17.3 2.4 2.4 8.81 Fail 

 

Table S5. Polarity characteristics of the bio-based solvents. (continued). 

Solvent name δD /MPa
½
  δP /MPa

½
 δH /MPa

½
 Radius Status 

Solketal 16.6 7.9 12.0 5.32 Pass 

t-Butyl ethyl ether 14.4 3.5 2.7 10.5 Fail 

Tetrahydrofuran 16.8 5.7 8.0 4.34 Pass 

Tetrahydrofurfuryl 

alcohol 

17.8 8.2 12.9 5.33 Pass 
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Triacetin 16.5 4.5 9.1 5.83 Pass 

Triethyl citrate 16.5 4.9 12 6.84 Fail 

α-Pinene 16.4 1.1 2.2 10.4 Fail 

α-Terpineol 17.1 3.6 7.6 5.98 Pass 

β-Pinene 16.3 1.1 1.9 10.6 Fail 

γ-Valerolactone 16.9 11.5 6.3 3.41 Pass 

 

Surface energy. Only eleven of the bio-based solvents pass the surface tension requirement, 

and 53 in total (Table S6). No surface tension data for  γ-valerolactone was available, but 

considering its successful progress in other aspects of the solvent selection process it was 

important in this case to have an idea of its surface tension through computational estimates. 

Using HSPiP, the surface tension of γ-valerolactone was calculated to be unsatisfactory (29.9 

mN m
-1

). The same applies for dimethyl isosorbide. Experimental testing of these two 

promising solvents should be considered in future studies. Six bio-based solvents pass the 

requirements for both the polarity and the surface tension criteria: butyl lactate, Cyrene, 

furfural, levulinic acid, tetrahydrofurfuryl alcohol and triacetin. 

 

 

Table S6. Surface tension characteristics of the bio-based solvents. 

Solvent name Surface tension 

/mN m
-1

 

Status 

1,2-Pentanediol  No data 

1,2-Propanediol 40.1 Pass 

1,3-Propanediol  No data 

1,4-Butanediol 44.6 Fail 

1-Butanol 24.7 Fail 
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2-Butanol 23.4 Fail 

2-Methyltetrahydrofuran  No data 

2-Octanol  26.4 Fail 

2-Propanol 20.9 Fail 

Acetic acid 27.4 Fail 

Acetone 22.7 Fail 

Acetyltributyl citrate   No data 

Butyl lactate 35.0 Pass 

Butyric acid 26.7 Fail 

Cyrene 33.6 Pass 

Diethoxymethane 21.6 Fail 

Dimethyl ether 16.0 Fail 

Dimethyl isosorbide  (Fail)* 

Dimethyl sulphoxide 43.0 Pass 

d-Limonene 26.9 Fail 

 

Table S6. Surface tension characteristics of the bio-based solvents. (continued). 

Solvent name Surface tension 

/mN m
-1

 

Status 

Ethanol 21.2 Fail 

Ethyl acetate 23.8 Fail 

Ethyl lactate 29.2 Fail 

Ethylene glycol 48.5 Fail 

Eugenol 30.9 Fail 

Furfural 43.5 Pass 
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Furfuryl alcohol 38.0 Pass 

Glycerol 63.4 Fail 

Glycerol carbonate  No data 

Glycerol formal 44.5 Fail 

Isoamyl alcohol 23.8 Fail 

Isobutanol 23.0 Fail 

Isoeugenol 30.8 Fail 

Lactic acid  No data 

Lauric acid 26.6 Fail 

Levulinic acid 39.7 Pass 

Methanol 22.3 Fail 

Methyl lactate 39.0 Pass 

Methyl oleate 31.3 Fail 

Oleic acid 32.8 Pass 

Table S6. Surface tension characteristics of the bio-based solvents. (continued). 

Solvent name Surface tension 

/mN m
-1

 

Status 

p-Cymene 28.1 Fail 

Solketal 32.1 Fail 

t-Butyl ethyl ether 19.1 Fail 

Tetrahydrofuran 26.4 Fail 

Tetrahydrofurfuryl 

alcohol 

37.0 Pass 

Triacetin 35.5 Pass 

Triethyl citrate  No data 
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α-Pinene 25.9 Fail 

α-Terpineol 31.6 Fail 

β-Pinene 26.9 Fail 

γ-Valerolactone  (Fail)* 

*No experimental data was available. The calculated surface tension did not meet the 

requirement. 

 

Viscosity. At this point it is worth emphasising that polarity (a thermodynamic trait) is not 

the only solvent property responsible for solubility. Kinetic factors are also applicable. The 

frictional forces present between solvent and solute, and the resulting settling velocity when 

establishing the suspension of graphene particles are likely to influence the concentration and 

stability of the dispersion. Although applied for spherical particles, we assume here that 

Stokes’ law can also be used in this instance (i.e. for flat laminates).
33

 According to Stokes’ 

law, the settling velocity under centrifugation is given by equation 5: 

 

𝑉𝑠 =  
89  
𝑟𝑔2𝜋2𝑓2𝑅�𝜌𝑔−𝜌𝑠�µ 

        Eq. (5) 

 

Most of the variables relate to the particles, with 𝑟𝑔 representing the lateral average size of 

graphene flakes; f is the number of rotations (which is 1167 s
-1

 in our experiments); R is the 

radius of the centrifuge (the distance of the bottom of the tube to the centre, in this case 8 

cm); and 𝜌𝑔 is the density of graphene. 

The two solvent properties, and therefore the variables relevant in this solvent 

screening, are the solvent density 𝜌𝑠 and dynamic viscosity μ. According to equation 5 the 

ratio of density to viscosity will therefore influence the settling velocity of particles in 

suspension. A small density/dynamic viscosity ratio is desirable in this instance (equivalent to 
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the inverse of kinematic viscosity). We have proposed that a low settling velocity caused by 

high kinematic viscosity contributes to a higher concentration of dispersed graphene after 

centrifugation because of the increased stability of the dispersion. Evidence that viscosity is 

also related to the quality of graphene has also been provided (refer to Raman spectroscopy 

experiments in the main article and the Experiment Results section of this Supporting 

Information). 

An arbitrary upper limit to the density/viscosity ratio of 1.20 g mL
-1

 cP
-1

 was 

implemented so to contain the recognised solvents with known high performance (NMP, 

DMF, and 1,2-DCB) but exclude enough solvents to justify the exercise. This produced 127 

candidates from 199 entries. This was calculated independently of whether the polarity and 

surface tension of each solvent candidate was deemed as suitable or not. Of the solvent 

candidates with an ideal density to viscosity ratio, many are plasticisers, diols, and other 

glycerol derivatives too polar to qualify as graphene processing solvents (at least using the 

conditions reported here). Most of the bio-based solvents pass this criterion of the 

assessment, with the exception of 2-methyltetrahydrofuran, acetone, ethyl acetate, methanol, 

and tetrahydrofuran, and 8 further solvents without viscosity data (Table S7). 

 

Table S7. Viscosity characteristics of the bio-based solvents. 

Solvent name Density 

(ρ) 

/g mL
-1

 

Viscosity 

(µ) 

/g s
-1

 m
-1

  

ρ/µ  Status 

1,2-Pentanediol    No data 

1,2-Propanediol 1.04 56 0.019 Pass 

1,3-Propanediol    No data 

1,4-Butanediol 1.02 84.9 0.012 Pass 

1-Butanol 0.81 2.5 0.32 Pass 
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2-Butanol 0.80 3.0 0.27 Pass 

2-Methyltetrahydrofuran 0.85 0.46 1.9 Fail 

2-Octanol  0.82 6.5 0.13 Pass 

2-Propanol 0.79 2.0 0.39 Pass 

Acetic acid 1.04 1.1 0.99 Pass 

Acetone 0.79 0.32 2.5 Fail 

Acetyltributyl citrate  1.05 42.7 0.025 Pass 

Butyl lactate 0.98 3.8 0.26 Pass 

Butyric acid 0.96 1.4 0.67 Pass 

Cyrene 1.25 14.5 0.086 Pass 

Diethoxymethane    No data 

 

Table S7. Viscosity characteristics of the bio-based solvents. (continued). 

Solvent name Density 

(ρ) 

/g·mL
-1

 

Viscosity 

(µ) 

/g·s
-1

·m
-1

 

ρ/µ Status 

Dimethyl ether    No data 

Dimethyl isosorbide 1.15 5 0.23 Pass 

Dimethyl sulphoxide 1.10 2.0 0.55 Pass 

d-Limonene 0.84 0.92 0.91 Pass 

Ethanol 0.79 1.1 0.74 Pass 

Ethyl acetate 0.89 0.44 2.0 Fail 

Ethyl lactate 1.03 2.7 0.38 Pass 

Ethylene glycol 1.11 16.1 0.069 Pass 

Eugenol 1.07 7.8 0.14 Pass 

Furfural 1.15 1.6 0.73 Pass 

Furfuryl alcohol 1.13 4.6 0.24 Pass 

Glycerol 1.25 954 0.0013 Pass 

Glycerol carbonate 1.4 85 0.017 Pass 
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Glycerol formal 1.22 14.2 0.086 Pass 

Isoamyl alcohol 0.81 4.2 0.19 Pass 

Isobutanol 0.80 4.7 0.17 Pass 

Isoeugenol 1.08 7.5 0.15 Pass 

Lactic acid    No data 

Lauric acid 0.87 7.3 0.12 Pass 

Levulinic acid    No data 

Methanol 0.79 0.54 1.5 Fail 

Methyl lactate 1.09 2.9 0.38 Pass 

Methyl oleate 0.87 4.9 0.18 Pass 

Table S7. Viscosity characteristics of the bio-based solvents (continued). 

Solvent name Density 

(ρ) 

/g·mL
-1

 

Viscosity 

(µ) 

/g·s
-1

·m
-1

 

ρ/µ Status 

Oleic acid 0.89 25.6 0.035 Pass 

p-Cymene    No data 

Solketal 1.07 11 0.097 Pass 

t-Butyl ethyl ether    No data 

Tetrahydrofuran 0.89 0.53 1.7 Fail 

Tetrahydrofurfuryl 

alcohol 

1.05 6.2 0.17 Pass 

Triacetin 1.16 17.4 0.066 Pass 

Triethyl citrate 1.14 35.2 0.032 Pass 

α-Pinene 0.86 1.3 0.67 Pass 

α-Terpineol 0.94 36.5 0.026 Pass 

β-Pinene 0.86 1.5 0.57 Pass 

γ-Valerolactone 1.05 2.2 0.48 Pass 

 

Environmental health and safety. At this juncture it is prudent to review the current status 

of the solvent candidates. In total 22 solvents have the required polarity, viscosity, and 
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surface tension characteristics, including the benchmark solvents NMP, DMF, and 1,2-

dichlorobenzene (Table S8). Environmental, health and safety (EHS) criteria were applied to 

the remaining 22 solvents. Five bio-based solvents are contained within this set. Levulinic 

acid did not have sufficient data to complete the viscosity assessment, but has recently been 

reported elsewhere as a viable graphene processing solvent.
34

 

 

Table S8. Summary of solvent selection candidates. 

Solvent Polarity Surface 

tension 

/mN.m
-1

 

Viscosity 

/g·s
-1

·m
-1

 
δD δP δH Radius 

1,1,2,2-Tetrachloroethane 18.8 5.1 5.3 5.1 34.7 1.8 

1,2,3-Trichloropropane 17.8 12.3 3.4 5.3 37.7 2.5 

1,2-Dichlorobenzene 19.2 6.3 3.3 5.8 36.6 1.3 

Acetophenone 18.8 9.0 4.0 4.0 39.8 1.7 

Aniline 20.1 5.8 11.2 6.5 41.1 4.4 

Benzaldehyde 19.4 7.4 5.3 4.2 38 1.3 

Benzonitrile 18.8 12 3.3 5.4 38.8 1.3 

Butyl lactate 15.8 6.5 10.2 5.8 35 3.8 

Cyclohexanone 17.8 8.4 5.1 2.8 35.1 2.2 

Cyclopentanone 17.9 11.9 5.2 3.6 33.2 1.29 

Cyrene 18.8 10.6 6.9 2.2 33.6 14.5 

Diethyl phthalate 17.6 9.6 4.5 3.3 37.5 12.9 

Diethylene glycol monobutyl 

ether 

16.0 7.0 10.6 5.5 32.8 4.9 

Furfural 18.6 14.9 5.1 6.3 43.5 1.6 

Morpholine 18.0 4.9 11.0 5.5 37.5 2.2 

DMAc 16.8 11.5 9.4 3.7 32.4 0.9 

DMF 17.4 13.7 11.3 5.8 35 0.8 

Nitrobenzene 20.0 10.6 3.1 6.2 43.4 1.8 
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NMP 18.0 12.3 7.2 3.0 40.7 1.7 

Pyridine 19.0 8.8 5.9 2.7 36.6 0.9 

Tetrahydrofurfuryl alcohol 17.8 8.2 12.9 5.3 37 6.2 

Triacetin 16.5 4.5 9.1 5.8 35.5 17.4 

 

As a first pass greenness assessment, the safety datasheet (obtained from Sigma-

Aldrich) of each of the 22 shortlisted solvents was used to immediately rule out candidates 

based on their toxicity profile (Table S9). Any solvent that causes cancer in humans, has been 

found to be mutagenic, or is reprotoxic was rejected in line with REACH CMR requirements 

(Table S3). Entries in orange in Table S9 indicate likely chronic toxicity in humans based on 

animal studies. Solvents that are severely acutely toxic (e.g. represented by any of the hazard 

statements H300, H301, H310, H331, H330, H331 as defined in the CLP directive) were also 

removed from the final candidate list, leaving only eight solvents remaining. No solvent 

candidates of the 22 on the shortlist were classifiable as PBT, although the aquatic toxicity of 

several candidates is high (see supplementary spreadsheet file). 
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Table S9. Solvent toxicology data screening. 

Solvent Carcino-

genicity 

Muta-

genicity 

Reproduc-

tive 

toxicity 

Acute 

toxicity 

1,1,2,2-Tetrachloroethane    H310 & 

H330 

1,2,3-Trichloropropane Category 

1B (H350) 

Category 2 

(H341) 

Category 

1B (H360) 

H301 & 

H311 & 

H331 

1,2-Dichlorobenzene Pass 

Acetophenone  Positive 

animal 

tests 

  

Aniline Category 2 

(H351) 

Category 2 

(H341) 

 H301 & 

H311 & 

H331 

Benzaldehyde  Positive 

animal 

tests 

  

Benzonitrile Pass 

Butyl lactate Pass 

Cyclohexanone Pass 

Cyclopentanone Pass 

Cyrene Pass 

Diethyl phthalate   Positive 

animal 

tests 
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Table S9. Solvent toxicology data screening. (continued). 

Solvent Carcino-

genicity 

Muta-

genicity 

Reproduc-

tive 

toxicity 

Acute 

toxicity 

Diethylene glycol monobutyl 

ether 

REACH restriction already in place: “Shall not be 

placed on the market for supply to the general public, 

as a constituent of spray paints or spray cleaners in 

aerosol dispensers in concentrations equal to or 

greater than 3 % by weight” (EU regulation (EC) No 

1907/2006). 

Furfural Category 2 

(H351) 

Positive 

animal 

tests 

 H301 & 

H331 

Morpholine  Positive 

animal 

tests 

  

N,N-Dimethylacetamide   Category 2 

(H360D) 

 

DMF   Category 2 

(H360D) 

 

Nitrobenzene Category 

1B (H351) 

 Category 

1B 

(H360F) 

H301 & 

H311 & 

H331 

NMP   Category 2 

(H360) 

 

Pyridine Pass 

Tetrahydrofurfuryl alcohol   Category 

1B 

(H360Df) 

 

Triacetin Pass 

 

Greenness assessment. The final phase of the solvent selection process relates to the 

greenness of each remaining solvent. The greenness assessment was only applied to the eight 

solvent candidates fulfilling the earlier performance requirements and EHS requirements to 

reduce the data gathering exercise. Cyrene is the only wholly bio-based solvent remaining. 

Butyl lactate is partially bio-based at present, as is triacetin. The technology exists to produce 
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wholly bio-based butyl lactate and triacetin, but the price and availability of bio-1-butanol 

and bio-based acetic acid means for the time being their petrochemical equivalents are used 

to produce the downstream solvents. This was not seen as a concern in the long term, with the 

lower threshold for bio-based solvents set at 25% bio-based carbon content (Table S4). For 

the 5 other solvents (1,2-dichlorobenzene, benzonitrile, cyclohexanone, cyclopentanone, and 

pyridine) the lack of a commercially proven renewable feedstock for manufacture is 

disadvantageous. 

Greenness criteria were selected in an attempted to cover the different aspects of the 

solvent life cycle while also being validated by regulations. This exercise is not intended to 

rule out any of the final eight solvent candidates, instead its purpose is to create a hierarchy 

within these remaining solvents. 

Seven physical property and toxicology data sets were obtained and related to 

consequential environmental, health and safety effects. The criteria were vapour pressure 

(low values are ideal to reduce VOC losses into atmosphere), autoignition temperature and 

flash point (for safety considerations), and rat oral LD50 (a health measure). In terms of 

environmental issues, lipophilicity (low logP values suggest a low potential for 

bioaccumulation) and aquatic toxicity were also considered in addition to biodegradability. 

Indicators for these criteria were presented earlier (Table S4). The greenness of the final eight 

solvent candidates can be compared to identify the most favourable options. A detailed 

examination is featured in the accompanying spreadsheet. For here it suffices to say that of 

the eight solvents, only triacetin is free of any breaches of legislated threshold values (Table 

S10). Butyl lactate and Cyrene are both VOCs. In addition to being VOCs, the five 

petrochemical solvents are all harmful if swallowed (whereas the bio-based solvents are not). 

Furthermore, 1,2-dichlorobenzene is hazardous to the aquatic environment, and 

cyclohexanone, cyclopentanone, and pyridine are all regarded as flammable liquids because 
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of their low flash points. For these reasons butyl lactate, Cyrene, and triacetin were employed 

as solvents in experimental  graphene processing (Figure S12). The results are reported in the 

main article. 

 

Table S10. Solvent greenness issues. 

Solvent Breaches of regulatory limits relating to solvent greenness 

1,2-Dichlorobenzene CLP 'acute toxicity' threshold (harmful if swallowed); Industrial 

emissions VOC definition; CLP 'harmful to the aquatic 

environment'. 

Benzonitrile CLP 'acute toxicity' threshold (harmful if swallowed); Industrial 

emissions VOC definition. 

Butyl lactate Industrial emissions VOC definition. 

Cyclohexanone CLP 'acute toxicity' threshold (harmful if swallowed); CLP 

'flammable liquids' threshold; Industrial emissions VOC 

definition. 

Cyclopentanone CLP 'acute toxicity' threshold (harmful if swallowed); CLP 

'flammable liquids' threshold; Industrial emissions VOC 

definition. 

Cyrene Industrial emissions VOC definition. 

Pyridine CLP 'acute toxicity' threshold (harmful if swallowed); CLP 

'flammable liquids' threshold; Industrial emissions VOC 

definition. 

Triacetin None. 
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Figure S12. A schematic of the solvent selection process, refining a large dataset to three 

bio-based solvent candidates. 

 

It should also be recognised that four of the solvents: benzonitrile, cyclohexanone, 

cyclopentanone, and pyridine, have been tested previously as graphene dispersion solvents,
26

 

and additionally 1,2-dichlorobenzene is an established solvent of course.
35

 The prior 

existence of experimental data is useful to validate the solvent selection process, and can 

even be used to improve the protocol in subsequent reiterations. Of these solvents, 

cyclohexanone and cyclopentanone had previously been put forward as greener and more 

efficient graphene processing solvents.
29

 Similarly benzonitrile also offered greater 

concentrations of graphene than NMP. In the same polarity relationship study pyridine was 

reported as a poor solvent,
26

 which is unexpected from the conclusion of the solvent selection 

process in this work. One explanation could be the relatively low viscosity of pyridine for a 

graphene solvent, which is close to the cut-off threshold that was established in the solvent 
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selection process. Also note however that other reports show the successful use of pyridine as 

a graphene processing solvent,
36

 and so the distinction between good and poor graphene 

processing solvents remains slightly elusive. That is why a multi-criteria solvent selection 

protocol was designed, and a number of solvent candidates shortlisted rather than only one.  

 

Overview of advantages of Cyrene compared to NMP. Table S11 provides the numerical 

data given in Figure 1 of the main article. 

 

Table S11. Relevant properties of Cyrene and NMP. 

 Solvent properties NMP Cyrene 

P
h
ys

ic
a
l 

p
ro

p
er

ti
es

 

Density (ρ), g cm
-3

 1.03 1.24 

Viscosity (µ), cP 1.7 10.5 

Surface tension (γ), mN m
-1

 40.7 33.6 

Surface energy (ε),* mN m
-1

 70.5 63.4 

Dispersive Hansen parameter (δD),
§
 MPa

0.5
 18.0 18.8 

Polar Hansen parameter (δP),
§
 MPa

0.5
 12.3 10.6 

Hydrogen bonding Hansen parameter (δH),
§
 MPa

0.5
 7.2 6.9 

E
n
vi

ro
n
m

en
ta

l 

h
ea

lt
h
 a

n
d
 s

a
fe

ty
 

co
n
si

d
er

a
ti

o
n
s Vapor pressure, mmHg 0.34 0.21 

Flash point (closed cup), °C 92 108 

Bio-based content 0% 100% 

logP -0.38 -1.52 
∗
Calculated according to the equation: 𝛾 = 𝜀 − 𝑇𝑇, where the surface entropy, S takes the 

same value for both solvents,
3
 of S ∼ 0.1 mJ m

-2
 K

-1 

§
Calculated with HSPiP software. 
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Literature data for graphene dispersion solvents 
      

Literature conclusions for successful liquid exfoliation of graphite 
  

Measurement of Multicomponent Solubility Parameters for Graphene Facilitates Solvent Discovery 

     

Liquid Exfoliation of Defect-Free Graphene 

     

Y. Hernandez, M. Lotya, D. Rickard, S. D. Bergin and J. N. Coleman, Langmuir, 2010, 26, 3208-3213.     J. N. Coleman, Accounts of Chemical Research, 2013, 46, 14-22 (and references within).     

Solvent name Concentration (µg/mL) 
Relative concentration 

to NMP 

Included on final 

solvent shortlist 

Reasons for exluding high performance 

solvents in this assessment (see later) 
Criteria       

Cyclopentanone 8,5 1,8 Yes   Surface energy Solvents must have a surface energy similar to graphene to delaminate graphite: E /mN m-1 68 

Cyclohexanone 7,3 1,6 
Yes   Polarity Solvents must have a certain polarity to successfully disperse graphene: δD /MPa½ 18,0 

N-Formyl piperidine 7,2 1,5 
  Lack of data.     δP /MPa½ 9,3 

Vinyl pyrrolidinone 5,5 1,2 
  Lack of data.     δH /MPa½ 7,7 

Dimethylimidazolidinone 5,4 1,1   Lack of data. 

Bromobenzene 5,1 1,1   Failed density/viscosity requirement. 

Benzonitrile 4,8 1,0 Yes   

Benzyl benzoate 4,7 1,0   Failed surface tension requirement. 

NMP 4,7 1,0   Reprotoxic. 

Dimethylpropylene urea 4,6 1,0   

γ-Butyrolactone 4,1 0,9   

DMF 4,1 0,9   

N-Ethyl pyrrolidinone 4,0 0,9   

Dimethyl acetamide 3,9 0,8   

Cyclohexyl pyrrolidinone 3,7 0,8   

DMSO 3,7 0,8   

Dibenzyl ether 3,5 0,7   

Chloroform 3,4 0,7   

2-Propanol 3,1 0,7   

Chlorobenzene 2,9 0,6   

N-Octyl pyrrolidinone 2,8 0,6   

1,3-Dioxolane 2,8 0,6   

Ethyl acetate 2,6 0,6   

Quinoline 2,6 0,6   

Benzaldehyde 2,5 0,5   

Ethanolamine 2,5 0,5   

Diethyl phthalate 2,2 0,5   

N-Decyl pyrrolidinone 2,1 0,4   

Pyridine 2,0 0,4 Yes 

Dimethyl phthalate 1,8 0,4   

Formamide 1,7 0,4   

Ethanol 1,6 0,3   

Vinyl acetate 1,5 0,3   

Acetone 1,2 0,3   

Water 1,1 0,2   

Ethylene glycol 1,0 0,2   

Toluene 0,8 0,2   

Heptane 0,3 0,1   

Hexane 0,2 0,04   

Pentane 0,2 0,03   

Literature data (Note// this can be provided as a workable spreedsheet 
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Problem definition 

                                              

Method Influential solvent parameters Parameter 1 Symbol Value Units Description Parameter 2 Symbol Value Units Description 

Stage Description and identification of relevant solvent properties Melting point Boiling point Vapour pressure Density Viscosity Polarity Surface tension Partition coefficient Water solubility                             

1 Exfoliation A mixture of the chosen solvent and graphite is treated with an ultrasonic probe.       May effect sonication cavities Stabilise exfoliated graphene                                 

  The solubility of graphene is dependent on the polarity and surface tension of the solvent. The effectiveness 

of the ultrasonic agitation is related to the viscosity and density of the solvent medium, but not in a way that 

is easily translated into target values for these properties given the present understanding of the process. 

See stage 2. 

                  Polarity δD 18,0     MPa
0.5

 Dispersion force of graphene (target) Surface energy γ 38,2 ± 6 dynes/cm Optimal surface energy (and range) 

                    δP 9,3     MPa
0.5

 Dipole forces of graphene (target)               

                    δH 7,7     MPa
0.5

 Hydrogen bond forces of graphene (target)               

                    Ra ≤ 5,0   MPa
0.5

 Strict requirment               

                    Ra ≤ 6,5   MPa
0.5

 Borderline solvents               

2 Dispersion The suspension is centrifuged and filtered.       Settling velocity (Stokes' law)                                     

  The stability of the graphene dispersion is influenced by the settling velocity of the particles, in turn dictated 

by the viscosity and density of the solvent. 

                  Density:viscosity ρ/μ 1,20     g/mol.cP Maximum density:viscosity ratio               

                                              

3 Deposition Samples were drop-casted for analysis (e.g. AFM)   Rate of solvent removal                                         

  The solvent must be removable by evaporation in a controlled manner (80 °C under vacuum).                 Boiling point T n/a     K No target or limits set Vapour pressure P n/a     Pa No target or limits set 

The first phase of the solvent selection process is based on matching the physical properties of solvents to relevant requirements (target values and maximum or minimum permissible values). The relevant properties are highlighted in orange. Pale orange indicates a speculated effect. The requirements are then proposed. For 

example, polarity is defined with the Hansen solubility parameters. The target values are those of graphene. The flexibility of the assessment is limited to a certain radius when the distance between solute and solvent is plotted in the 3D Hansen space. The limits are set according to available solubility data. The target surface 

energy is that of graphene. The density and viscosity target is an arbitrary threshold. 

This first phase of solvent selection (physical properties) has been developed in 3 stages. Stage 1 applies what is already understood in the literature. The results formed the initial evaluation of solvents in this work. This was expanded to include stage 2, which introduces the greater understanding we have developed in this work. 

Stage 3 is a proposal for future work, which will require some innovation to develop the necessary bespoke solvent systems that are viscous and volatile, and the correct polarity. After this first phase of solvent selection the toxicity and environmental impact of solvents is assessed in the context of regulation (phase 2), and finally 

the greenness of solvents was evaluated (phase 3). 

Process Worksheets 

PHASE 1 Stage 1 "Polarity" 

     "Surface tension" 

PHASE 1 Stage 2 "Viscosity and density" 

PHASE 1 Stage 3 Not attempted 

PHASE 2 Stage 1 "Shortlist" 

PHASE 2 Stage 2 "Shortlist" 

PHASE 3 "Final decision" 

      

        

        

        

        

        

        

        

        

 http://www.york.ac.uk/res/s4/     

Identify problem 
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Solvent selection stage gates 
        

Phase 1 Phase 2 Phase 3 

Stage 1: Polarity and surface energy Stage 2: Density and viscosity Stage 3: Volatility (not applicable) Stage 1: CMR, fatal acute toxicity Stage 2: PBT (environmental impact) Greenness 

1,1,2,2-Tetrachloroethane 1,1,2,2-Tetrachloroethane         

1,2,3-Trichloropropane 1,2,3-Trichloropropane         

1,2-Dichlorobenzene 1,2-Dichlorobenzene   1,2-Dichlorobenzene 1,2-Dichlorobenzene   

1,2-Dichloroethane           

2-Pentanone           

Acetic anhydride           

Acetophenone Acetophenone         

Aniline Aniline         

Anisole           

Benzaldehyde Benzaldehyde         

Benzonitrile Benzonitrile   Benzonitrile Benzonitrile   

Bromobenzene           

Butyl lactate Butyl lactate   Butyl lactate Butyl lactate Butyl lactate 

Cyclohexanone Cyclohexanone   Cyclohexanone Cyclohexanone   

Cyclopentanone Cyclopentanone   Cyclopentanone Cyclopentanone   

Cyrene Cyrene   Cyrene Cyrene Cyrene 

Diethyl phthalate  Diethyl phthalate          

Diethylene glycol monobutyl ether Diethylene glycol monobutyl ether         

Furfural Furfural         

Levulinic acid           

Morpholine Morpholine         

N,N-Dimethyl acetamide N,N-Dimethyl acetamide         

N,N-Dimethyl formamide N,N-Dimethyl formamide         

Nitrobenzene Nitrobenzene         

NMP NMP         

Pyridine Pyridine   Pyridine Pyridine   

Tetrahydrofurfuryl alcohol Tetrahydrofurfuryl alcohol         

Triacetin Triacetin   Triacetin Triacetin Triacetin 

Triethylphosphate           

29 22   8 8 3 

6 5   3 3 3 

Green text indicates bio-based solvents 

Review 
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Solvent name (3 demonstration examples) Hansen D Hansen P Hansen H 
Distance in 

Hansen space 
Polarity Polarity criteria key 

  

Toluene 18,0 1,4 2,0 9,74 FAIL Distance <5   Pass 

Acetone 
15,5 10,4 7,0 5,17 PASS 5< Distance <6.5 Borderline (still considered a pass) 

Tetrahydrofuran 
16,8 5,7 8,0 4,34 PASS Distance >6.5   Fail 

The full list of >10,000 solvents used in the polarity screening is not included in this spreadsheet for confidentiality reasons and conciseness. More than half were 

rejected because of their unsuitable polarity. Many of the remaining solvents are not realistically available to purchase, or do not have any physical property data 

meaning they cannot be included in subsequent assessments. A 'pass' is obtained when the distance in the Hansen space between solvent and solute is below 5.0 

MPa0.5. A borderline 'pass' is also awarded when this distance is between 5.0-6.5 MPa0.5 because some solvents that fall into this range are known to be good solvents 

(e.g. DMF) and others not (e.g. acetone). With several other factors responsible for the efficiency of graphene processing it is unclear at this stage where the ultimate 

solubility boundary is. Solvents are presented in the "Shortlist" worksheet when data was available to assess at least one other criteria. Note that all three of the 

solvents represented above failed both the viscosity and the surface tension criteria. 

Target Hansen D Hansen P Hansen H Reference 

Graphene 18,0 9,3 7,7 Hernandez et al., Langmuir, 2010, 26, 3208. 

Polarity Page 66 of 72Green Chemistry



Solvent name

Surface 

Tension 

(dynes/cm)

Ref
ΔSurface 

tension
Difference Ranking Pass

Surface 

tension 

targets

References

Triethylphosphate 38,2 HSDB 0,00 0,0 1 PASS 16,9 [Wang 2009] Ab Rani 2014 M. A. Ab Rani  et al ., Green Chem. , 2014, 16, 1282.

Furfuryl alcohol 38 SOLV-DB 0,20 0,2 2 PASS 45,2 [Hernandez 2008] Aycock 2007 D. F. Aycock, Org. Process Res. Dev. , 2007, 11, 156.

Benzaldehyde 38,00 HSDB 0,20 0,2 3 PASS 38,2 [Coleman 2013] Coleman 2013 J. N. Coleman, Accounts of Chemical Research , 2012, 36, 14-22.

N -Methyl formamide 37,96 HSDB 0,24 0,2 4 PASS 37,4 Average of recognised solvents DMF, NMP, & 1,2-DCB Hernandez 2008 Y. Hernandez et al. , Nature Nanotechnology , 2008, 3, 563.

1,3-Butanediol 37,8 Smallwood 1996 0,40 0,4 5 PASS HSDB Hazardous substances database. Accessed through the TOXNET portal (US national l ibrary of medicine) http://toxnet.nlm.nih.gov/ Accessed May 2014

1,2,3-Trichloropropane 37,7 HSDB 0,50 0,5 6 PASS 38,2 Selected target 6,0 Select range Smallwood 1996 I. M. Smallwood, Handbook of Organic Solvents, Arnold publishing, London, 1996.

Benzonitri le 38,79 MSDS (Sigma-Aldrich) -0,59 0,6 7 PASS 32,2 lower limit PASS SOLV-DB http://solvdb.ncms.org/solvdb.htm Accessed April  2014

Diphenyl ether 38,82 SOLV-DB -0,62 0,6 8 PASS 44,2 higher limit FAIL Redesta http://www.redesta.de/html_englisch/cyclopentanon.htm Accessed May 2015

Formic acid 37,58 SOLV-DB 0,62 0,6 9 PASS Rowan SSG S. Slater and M. Savelski, Journal of Environmental Science and Health Part A , 2007, 42, 1595-1605.

Morpholine 37,5 Smallwood 1996 0,70 0,7 10 PASS Kwok 1998 D. Y. Kwok et al ., Langmuir , 1998, 14, 2221.

Diethyl phthalate 37,5 HSDB 0,70 0,7 11 PASS Wang 2009 S. Wang et al ., Langmuir , 2009, 25, 11078–11081.
Benzyl alcohol 39 MSDS (Sigma-Aldrich) -0,80 0,8 12 PASS

Methyl lactate 39 SOLV-DB -0,80 0,8 13 PASS

Nitromethane 37,19 HSDB 1,01 1,0 14 PASS

Tetrahydrofurfuryl alcohol 37 SOLV-DB 1,20 1,2 15 PASS

Levulinic acid 39,7 MSDS (GF Biochemicals) -1,50 1,5 16 PASS

1,2-Dichlorobenzene 36,61 HSDB 1,59 1,6 17 PASS

Acetophenone 39,8 HSDB -1,60 1,6 18 PASS

Pyridine 36,6 SOLV-DB 1,60 1,6 19 PASS

Phenol 36,5 Smallwood 1996 1,70 1,7 20 PASS

1,2-Propanediol 40,1 HSDB -1,90 1,9 21 PASS

m -Dichlorobenzene 36,2 HSDB 2,00 2,0 22 PASS

Bromobenzene 36 HSDB 2,20 2,2 23 PASS

γ-Butyrolactone 40,43 SOLV-DB -2,23 2,2 24 PASS

NMP 40,7 SOLV-DB -2,50 2,5 25 PASS

Triacetin 35,52 Kwok 1998 2,68 2,7 26 PASS

N ,N -Dimethyl anil ine 35,5 HSDB 2,70 2,7 27 PASS

Sulpholane 35,5 SOLV-DB 2,70 2,7 28 PASS

Aniline 41,12 MSDS (Sigma-Aldrich) -2,92 2,9 29 PASS Limit 0 6,0

Chloroacetic acid 35,17 HSDB 3,03 3,0 30 PASS 80 6,0

Cyclohexanone 35,05 SOLV-DB 3,15 3,2 31 PASS

Propylene carbonate 41,39 SOLV-DB -3,19 3,2 32 PASS

Butyl lactate 35 SOLV-DB 3,20 3,2 33 PASS

N ,N -Dimethyl formamide 35 Smallwood 1996 3,20 3,2 34 PASS

Anisole 35 SOLV-DB 3,20 3,2 35 PASS

1,1,2,2-Tetrachloroethane 34,72 HSDB 3,48 3,5 36 PASS

Cyclohexanol 33,91 SOLV-DB 4,29 4,3 37 PASS

2-Pentanone 33,87 SOLV-DB 4,33 4,3 38 PASS

N -Methylacetamide 33,67 HSDB 4,53 4,5 39 PASS

Cyrene 33,6 Courtesy of Laurianne Moity, Université Lil le Nord de France 4,60 4,6 40 PASS

Dimethyl sulphoxide 42,98 SOLV-DB -4,78 4,8 41 PASS

Cyclopentanone 33,4 Zeon technical data 4,80 4,8 42 PASS

Nitrobenzene 43,4 MSDS (Sigma-Aldrich) -5,20 5,2 43 PASS

Chlorobenzene 33 MSDS (Sigma-Aldrich) 5,20 5,2 44 PASS

Furfural 43,5 MSDS (Sigma-Aldrich) -5,30 5,3 45 PASS

Oleic acid 32,8 HSDB 5,40 5,4 46 PASS

Diethylene glycol monobutyl ether 32,8 MSDS (Sigma-Aldrich) 5,40 5,4 47 PASS

1,4-Dioxane 32,8 SOLV-DB 5,40 5,4 48 PASS

Acetic anhydride 32,7 MSDS (Sigma-Aldrich) 5,50 5,5 49 PASS

Nitroethane 32,66 HSDB 5,54 5,5 50 PASS

N ,N -Dimethyl acetamide 32,43 SOLV-DB 5,77 5,8 51 PASS

Tetraethylene glycol 44,13 SOLV-DB -5,93 5,9 52 PASS

1,2-Dichloroethane 32,2 MSDS (Sigma-Aldrich) 6,00 6,0 53 PASS

Solketal : ((2,2-dimethyl-1,3-dioxolan-4-yl)methanol) 4-methanol) 32,1 Glaconchemie technical data 6,10 6,1 54 FAIL

Carbon disulphide 32 Smallwood 1996 6,20 6,2 55 FAIL

Dimethyl carbonate 31,925 HSDB 6,28 6,3 56 FAIL

1,3-Dioxolane-4-methanol (glycerol formal) 44,5 Glaconchemie -6,30 6,3 57 FAIL

1,4-Butanediol 44,6 HSDB -6,40 6,4 58 FAIL

2-Ethoxyethyl acetate 31,8 HSDB 6,40 6,4 59 FAIL

α-Terpineol 31,6 SOLV-DB 6,60 6,6 60 FAIL

Quinoline 45,0 SOLV-DB -6,80 6,8 61 FAIL

1,4-Dichlorobenzene 31,4 HSDB 6,80 6,8 62 FAIL

Tetrachloroethylene 31,3 SOLV-DB 6,90 6,9 63 FAIL

Methyl oleate 31,3 HSDB 6,90 6,9 64 FAIL

Tri(ethylene glycol) 45,2 HSDB -7,00 7,0 65 FAIL

Acetylacetone 31,2 MSDS (Sigma-Aldrich) 7,00 7,0 66 FAIL

Eugenol 30,929 HSDB 7,27 7,3 67 FAIL

2-Methoxyethanol (methyl cellosolve) 30,84 SOLV-DB 7,36 7,4 68 FAIL

Isoeugenol 30,813 HSDB 7,39 7,4 69 FAIL

Pyrrolidine 30,564 HSDB 7,64 7,6 70 FAIL

2-Nitropropane 30 Smallwood 1996 8,20 8,2 71 FAIL

3,3-Dimethyl-2-butanone 29,879 HSDB 8,32 8,3 72 FAIL

Diethylene glycol monoethyl ether 29,53 SOLV-DB 8,67 8,7 73 FAIL

Diethylene glycol dimethyl ether 29,5 SOLV-DB 8,70 8,7 74 FAIL

o -Xylene 29,49 SOLV-DB 8,71 8,7 75 FAIL

Triethylene glycol dimethyl ether 29,4 HSDB 8,80 8,8 76 FAIL

Ethyl lactate 29,20 SOLV-DB 9,00 9,0 77 FAIL

Acetonitri le 29 MSDS (Sigma-Aldrich) 9,20 9,2 78 FAIL

1-Decanol 28,9 HSDB 9,30 9,3 79 FAIL

Mesitylene 28,84 HSDB 9,36 9,4 80 FAIL

Dipropylene glycol monomethyl ether 28,8 SOLV-DB 9,40 9,4 81 FAIL

Trichloroethylene 28,8 SOLV-DB 9,40 9,4 82 FAIL

Octanoic acid 28,6 MSDS (Sigma-Aldrich) 9,60 9,6 83 FAIL

Diethylene glycol monomethyl ether 28,49 SOLV-DB 9,71 9,7 84 FAIL

Ethyl benzene 28,48 SOLV-DB 9,72 9,7 85 FAIL

Benzene 28,22 HSDB 9,98 10,0 86 FAIL

2-Ethoxyethanol (ethyl cellosolve) 28,2 SOLV-DB 10,00 10,0 87 FAIL

m -Xylene 28,1 SOLV-DB 10,10 10,1 88 FAIL

p -Cymene 28,09 HSDB 10,11 10,1 89 FAIL

Z-1,2-Dichloroethylene 28 HSDB 10,20 10,2 90 FAIL

Toluene 27,92 SOLV-DB 10,28 10,3 91 FAIL

Ethylene glycol 48,49 SOLV-DB -10,29 10,3 92 FAIL

Di(ethylene glycol) 48,5 HSDB -10,30 10,3 93 FAIL

Dichloromethane 27,89 SOLV-DB 10,31 10,3 94 FAIL

Trichloroacetic acid 27,8 HSDB 10,40 10,4 95 FAIL

p -Xylene 27,76 SOLV-DB 10,44 10,4 96 FAIL

Cumene 27,69 MSDS (Sigma-Aldrich) 10,51 10,5 97 FAIL

Tributylphosphate 27,55 HSDB 10,65 10,7 98 FAIL

Acetic acid 27,42 SOLV-DB 10,78 10,8 99 FAIL

Butyronitri le 27,33 HSDB 10,87 10,9 100 FAIL

Propanenitri le 27,25 HSDB 10,95 11,0 101 FAIL

Propionic acid 27,21 MSDS (Sigma-Aldrich) 10,99 11,0 102 FAIL

1-Methoxy-2-propanol 27 Smallwood 1996 11,20 11,2 103 FAIL

Diethylene glycol dibutyl ether 27 SOLV-DB 11,20 11,2 104 FAIL

1-Octanol 26,92 SOLV-DB 11,28 11,3 105 FAIL

Carbon tetrachloride 26,92 SOLV-DB 11,28 11,3 106 FAIL

d -Limonene 26,87 SOLV-DB 11,33 11,3 107 FAIL

β-Pinene 26,85 HSDB 11,35 11,4 108 FAIL

Butyric acid 26,74 MSDS (Sigma-Aldrich) 11,46 11,5 109 FAIL

Diethylene glycol diethyl ether 26,68 SOLV-DB 11,52 11,5 110 FAIL

Lauric acid 26,6 HSDB 11,60 11,6 111 FAIL

Benzyl benzoate 26,6 HSDB 11,60 11,6 112 FAIL

Cyclohexene 26,56 HSDB 11,64 11,6 113 FAIL

Chloroform 26,53 SOLV-DB 11,67 11,7 114 FAIL

Dimethyl sulphide 26,5 HSDB 11,70 11,7 115 FAIL

Tetrahydrofuran 26,4 SOLV-DB 11,80 11,8 116 FAIL

2-Octanol 26,38 SOLV-DB 11,82 11,8 117 FAIL

1-Heptanol 26,2 SOLV-DB 12,00 12,0 118 FAIL

2-Heptanone 26,17 HSDB 12,03 12,0 119 FAIL

2-Butoxyethanol (butyl cellosolve) 26,14 HSDB 12,06 12,1 120 FAIL

n-Hexyl acetate 26 SOLV-DB 12,20 12,2 121 FAIL

1-Bromobutane 25,9 HSDB 12,30 12,3 122 FAIL

α-Pinene 25,87 HSDB 12,33 12,3 123 FAIL

1-Hexanol 25,73 SOLV-DB 12,47 12,5 124 FAIL

1-Pentanol 25,6 SOLV-DB 12,60 12,6 125 FAIL

1,1,1-Trichloroethane 25,56 SOLV-DB 12,64 12,6 126 FAIL

2-Hexanone 25,5 SOLV-DB 12,70 12,7 127 FAIL

3-Pentanone 25,33 MSDS (Sigma-Aldrich) 12,87 12,9 128 FAIL

Amyl acetate 25,13 SOLV-DB 13,07 13,1 129 FAIL

Cyclohexane 24,98 Smallwood 1996 13,22 13,2 130 FAIL

Tributylamine 24,9 HSDB 13,30 13,3 131 FAIL

1,1-Dichloroethane 24,75 HSDB 13,45 13,5 132 FAIL

1-Butanol 24,67 SOLV-DB 13,53 13,5 133 FAIL

1,2-Dimethoxyethane 24,61 HSDB 13,59 13,6 134 FAIL

Methyl ethyl ketone 24,6 SOLV-DB 13,60 13,6 135 FAIL

Bromoethane 24,5 HSDB 13,70 13,7 136 FAIL

Ethyl butyrate 24,5 HSDB 13,70 13,7 137 FAIL

Methyl butyrate 24,46 SOLV-DB 13,74 13,7 138 FAIL

3-Methyl-2-butanone 24,3 MSDS (Sigma-Aldrich) 13,90 13,9 139 FAIL

n -Propyl acetate 24,28 SOLV-DB 13,92 13,9 140 FAIL

Ethyl propionate 24,27 SOLV-DB 13,93 13,9 141 FAIL

Methyl acetate 24,1 SOLV-DB 14,10 14,1 142 FAIL

1,1-Dichloroethylene 24 HSDB 14,20 14,2 143 FAIL

Ethyl formate 24 HSDB 14,20 14,2 144 FAIL

Methyl formate 24 HSDB 14,20 14,2 145 FAIL

2,6-Dimethyl-4-heptanone 23,92 HSDB 14,28 14,3 146 FAIL

Isoamyl alcohol 23,8 Smallwood 1996 14,40 14,4 147 FAIL

Ethyl acetate 23,75 SOLV-DB 14,45 14,5 148 FAIL

Isobutyl acetate 23,7 HSDB 14,50 14,5 149 FAIL

1-Propanol 23,45 SOLV-DB 14,75 14,8 150 FAIL

2-Butanol 23,37 SOLV-DB 14,83 14,8 151 FAIL

n -Decane 23,37 HSDB 14,83 14,8 152 FAIL

4-Methyl-2-pentanone (methyl isobutyl ketone) 23,29 SOLV-DB 14,91 14,9 153 FAIL

Butylamine 23,17 SOLV-DB 15,03 15,0 154 FAIL

Isobutanol 22,98 SOLV-DB 15,22 15,2 155 FAIL

2-Methyl-2-butanol 22,77 HSDB 15,43 15,4 156 FAIL

Acetone 22,68 SOLV-DB 15,52 15,5 157 FAIL

n -Propylamine 22,4 HSDB 15,80 15,8 158 FAIL

Methanol 22,3 SOLV-DB 15,90 15,9 159 FAIL

Isopropyl acetate 22,1 SOLV-DB 16,10 16,1 160 FAIL

Ethanol 21,99 SOLV-DB 16,21 16,2 161 FAIL

Dibutyl ether 21,99 SOLV-DB 16,21 16,2 162 FAIL

1-Chloropropane 21,78 HSDB 16,42 16,4 163 FAIL

n -Octane 21,7 Smallwood 1996 16,50 16,5 164 FAIL

Diethoxymethane (ethylal) 21,62 Lambiotte technical data 16,58 16,6 165 FAIL

Ethanethiol 21,62 HSDB 16,58 16,6 166 FAIL

Methylcyclopentane 21,6 HSDB 16,60 16,6 167 FAIL

Acetaldehyde 21,2 HSDB 17,00 17,0 168 FAIL

Dimethoxymethane 21,1 HSDB 17,10 17,1 169 FAIL

2-Propanol 20,93 HSDB 17,27 17,3 170 FAIL

Triethylamine 20,66 SOLV-DB 17,54 17,5 171 FAIL

Diethylamine 19,85 MSDS (Sigma-Aldrich) 18,35 18,4 172 FAIL

t -Butyl ethyl ether 19,8 HSDB 18,40 18,4 173 FAIL

n -Heptane 19,7 SOLV-DB 18,50 18,5 174 FAIL

t -Butyl methyl ether 19,07 SOLV-DB 19,13 19,1 175 FAIL

Isooctane (2,2,4-trimethylpentane) 18,33 Smallwood 1996 19,87 19,9 176 FAIL

2-Chloropropane 18,09 HSDB 20,11 20,1 177 FAIL

Formamide 58,35 HSDB -20,15 20,2 178 FAIL

Decamethylcyclopentasiloxane (D5) 18,04 Ab Rani 2014 20,16 20,2 179 FAIL

n -Hexane 17,94 SOLV-DB 20,26 20,3 180 FAIL

Octamethylcyclotetrasiloxane (D4) 17,93 Ab Rani 2014 20,27 20,3 181 FAIL

Diisopropyl ether 17,34 SOLV-DB 20,86 20,9 182 FAIL

Octamethyltrisi loxane (MDM) 16,95 Ab Rani 2014 21,25 21,3 183 FAIL

Diethyl ether 16,5 SOLV-DB 21,70 21,7 184 FAIL

Dimethyl ether 16 HSDB 22,20 22,2 185 FAIL

Hexamethyldisiloxane (M2) 15,7 Ab Rani 2014 22,50 22,5 186 FAIL

n -Pentane 15,48 SOLV-DB 22,72 22,7 187 FAIL

Butyl acetate 14,5 HSDB 23,70 23,7 188 FAIL

Glycerol 63,4 MSDS (Sigma-Aldrich) -25,20 25,2 189 FAIL

PPG-1200 (n = 20) 63,62 MSDS (Sigma-Aldrich) -25,42 25,4 190 FAIL

Dimethyl glutarate 67,3 MSDS (Sigma-Aldrich) -29,10 29,1 191 FAIL

Water 72,75 Smallwood 1996 -34,55 34,6 192 FAIL

MEAN 30,12

SD 9,12

Target surface tension (to match surface energy of graphene) chosen 

from the options provided in cell K9. Flexibil ity in surface tension 

match entered in cell N9. All  solvents within the correct range pass 

this criteria.
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Solvent name Hansen D Hansen P Hansen H
Distance in 

Hansen space
Polarity

Surface 

tension
All technical requirements Polarity notes

1,1,1-Trichloroethane 16,8 4,3 2,0 8,0 FAIL FAIL Fail Fail

1,1,2,2-Tetrachloroethane 18,8 5,1 5,3 5,1 PASS PASS Pass 1,1,2,2-Tetrachloroethane Borderline (still considered a pass)

1,1-Dichloroethane 16,5 7,8 3,0 5,8 PASS FAIL Fail

1,1-Dichloroethylene 16,4 5,2 2,4 7,4 FAIL FAIL Fail Fail surface ten Ra rank

1,2,3-Trichloropropane 17,8 12,3 3,4 5,3 PASS PASS Pass 1,2,3-Trichloropropane Borderline (still considered a pass) Triethylphosphate 38,2 0 3,7 6

1,2-Dichlorobenzene 19,2 6,3 3,3 5,8 PASS PASS Pass 1,2-Dichlorobenzene Borderline (still considered a pass) Benzaldehyde 38,00 -0,2 4,2 11

1,2-Dichloroethane 18,0 7,4 4,1 4,1 PASS PASS Pass 1,2-Dichloroethane Strong polarity match 1,2,3-Trichloropropane 37,7 -0,5 5,3 14

1,2-Dimethoxyethane 15,8 5,9 6,1 5,8 PASS FAIL Fail Benzonitri le 38,79 0,59 5,4 18

1,2-Propanediol 16,8 10,4 21,3 13,9 FAIL PASS Fail Morpholine 37,5 -0,7 5,5 20

1,3-Butanediol 16,5 8,1 20,9 13,6 FAIL PASS Fail Diethyl phthalate 37,5 -0,7 3,3 4

1,3-Dioxolane-4-methanol (glycerol formal) 18,4 10,6 16,5 8,9 FAIL FAIL Fail Fail Tetrahydrofurfuryl alcohol 37 -1,2 5,3 17

1,4-Butanediol 16,6 11,0 20,9 13,6 FAIL FAIL Fail Fail Levulinic acid 39,7 1,5 6,17 25

1,4-Dichlorobenzene 19,7 5,6 2,7 7,1 FAIL FAIL Fail Fail 1,2-Dichlorobenzene 36,61 -1,59 4,1 10

1,4-Dioxane 17,5 1,8 9,0 7,7 FAIL PASS Fail Acetophenone 39,8 1,6 4,0 8

1-Bromobutane 16,5 4,1 3,9 7,1 FAIL FAIL Fail Fail Pyridine 36,6 -1,6 2,7 1

1-Butanol 16,0 5,7 15,8 9,7 FAIL FAIL Fail Fail Bromobenzene 36 -2,2 5,8 21

1-Chloropropane 16,0 7,8 2,0 7,1 FAIL FAIL Fail Fail NMP 40,7 2,5 3,0 3

1-Decanol 16,0 4,7 10,5 6,7 FAIL FAIL Fail Fail Triacetin 35,52 -2,68 5,8 24

1-Heptanol 16,0 5,3 11,7 6,9 FAIL FAIL Fail Fail Anil ine 41,12 2,92 6,5 28

1-Hexanol 15,9 5,8 12,5 7,3 FAIL FAIL Fail Fail Cyclohexanone 35,05 -3,15 2,8 2

1-Methoxy-2-propanol 15,6 6,3 11,6 6,9 FAIL FAIL Fail Fail Butyl lactate 35 -3,2 5,8 22

1-Octanol 16,0 5,0 11,2 6,8 FAIL FAIL Fail Fail N ,N -Dimethyl formamide 35 -3,2 5,8 23

1-Pentanol 15,9 5,9 13,9 8,2 FAIL FAIL Fail Fail Anisole 35 -3,2 5,0 12

1-Propanol 16,0 6,8 17,4 10,8 FAIL FAIL Fail Fail 1,1,2,2-Tetrachloroethane 34,72 -3,48 5,1 13

2,6-Dimethyl-4-heptanone 16,0 3,7 4,1 7,8 FAIL FAIL Fail Fail 2-Pentanone 33,87 -4,33 5,3 15

2-Aminoethanol 17,0 15,5 21,0 14,8 FAIL NO DATA Fail Cyrene 33,6 -4,6 2,2 0

2-Butanol 15,8 5,7 14,5 8,9 FAIL FAIL Fail Fail Cyclopentanone 33,4 -4,8 3,6 5

2-Butoxyethanol (butyl cellosolve) 16,0 5,1 12,3 7,4 FAIL FAIL Fail Fail Nitrobenzene 43,4 5,2 6,2 26

2-Chloropropane 15,0 8,0 2,0 8,4 FAIL FAIL Fail Fail Furfural 43,5 5,3 6,3 27

2-Ethoxyethanol (ethyl cellosolve) 15,9 7,2 14,0 7,9 FAIL FAIL Fail Fail Diethylene glycol monobutyl ether 32,8 -5,4 5,5 19

2-Ethoxyethyl acetate 15,9 4,7 10,6 6,9 FAIL FAIL Fail Fail N ,N -Dimethyl acetamide 32,43 -5,77 3,7 7

2-Ethylhexanol 15,9 3,3 11,8 8,4 FAIL NO DATA Fail 1,2-Dichloroethane 32,2 -6 4,1 10

2-Heptanone 16,2 5,7 4,1 6,2 PASS FAIL Fail Acetic anhydride 32,7 -5,5 5,3 16

2-Hexanone 15,3 6,1 4,1 7,2 FAIL FAIL Fail Fail

2-Methoxyethanol (methyl cellosolve) 16,0 8,2 15,0 8,4 FAIL FAIL Fail Fail

2-Methyl-2-butanol 15,3 6,1 13,3 8,4 FAIL FAIL Fail Fail

2-Methyltetrahydrofuran 16,9 5,0 4,3 5,9 PASS NO DATA Fail

2-Nitropropane 16,2 12,1 4,1 5,8 PASS FAIL Fail

2-Octanol 16,1 4,2 9,1 6,5 FAIL FAIL Fail Fail

2-Pentanone 16,0 7,6 4,7 5,3 PASS PASS Pass 2-Pentanone Borderline (still considered a pass)

2-Propanol 15,8 6,1 16,4 10,3 FAIL FAIL Fail Fail

2-Pyrrolidinone 18,2 12,0 9,0 3,0 PASS NO DATA Fail

3,3-Dimethyl-2-butanone 15,1 5,5 3,3 8,2 FAIL FAIL Fail Fail

3-Methyl-2-butanone 15,6 6,7 4,0 6,6 PASS FAIL Fail

3-Pentanone 15,8 7,6 4,7 5,6 PASS FAIL Fail

4-Methyl-2-pentanone (methyl isobutyl ketone) 15,3 6,1 4,1 7,2 FAIL FAIL Fail Fail

Acetaldehyde 14,7 12,5 7,9 7,3 FAIL FAIL Fail Fail

Acetic acid 14,5 8,0 13,5 9,2 FAIL FAIL Fail Fail

Acetic anhydride 16,0 11,7 10,2 5,3 PASS PASS Pass Acetic anhydride Borderline (still considered a pass)

Acetone 15,5 10,4 7,0 5,2 PASS FAIL Fail

Acetonitri le 15,3 18,0 6,1 10,4 FAIL FAIL Fail Fail

Acetophenone 18,8 9,0 4,0 4,0 PASS PASS Pass Acetophenone Strong polarity match

Acetylacetone 16,1 10,0 6,2 4,1 PASS FAIL Fail

Acetyltributyl citrate 16,7 2,5 7,4 7,3 FAIL NO DATA Fail

Amyl acetate 15,8 3,3 6,1 7,6 FAIL FAIL Fail Fail

Anil ine 20,1 5,8 11,2 6,5 PASS PASS Pass Aniline Borderline (still considered a pass)

Anisole 17,8 4,4 6,9 5,0 PASS PASS Pass Anisole Strong polarity match

Benzaldehyde 19,4 7,4 5,3 4,2 PASS PASS Pass Benzaldehyde Strong polarity match

Benzene 18,4 0,0 2,0 10,9 FAIL FAIL Fail Fail

Benzonitri le 18,8 12,0 3,3 5,4 PASS PASS Pass Benzonitrile Borderline (still considered a pass)

Benzyl alcohol 18,4 6,3 13,7 6,8 FAIL PASS Fail

Benzyl benzoate 20,0 5,1 5,2 6,3 PASS FAIL Fail

Bromobenzene 19,2 5,5 4,1 5,8 PASS PASS Pass Bromobenzene Borderline (still considered a pass)

Bromoethane 16,5 8,4 2,3 6,2 PASS FAIL Fail

Butyl acetate 15,8 3,7 6,3 7,3 FAIL FAIL Fail Fail

Butyl lactate 15,8 6,5 10,2 5,8 PASS PASS Pass Butyl lactate Borderline (still considered a pass)

Butylamine 16,2 4,5 8,0 6,0 PASS FAIL Fail

Butyric acid 15,7 4,8 12,0 7,7 FAIL FAIL Fail Fail

Butyronitri le 15,3 12,4 5,1 6,8 FAIL FAIL Fail Fail

Carbon disulphide 20,2 0,0 0,6 12,5 FAIL FAIL Fail Fail

Carbon tetrachloride 17,8 0,0 0,6 11,7 FAIL FAIL Fail Fail

Chloroacetic acid 17,6 11,0 15,9 8,4 FAIL PASS Fail

Chlorobenzene 19,0 4,3 2,0 7,8 FAIL PASS Fail

Chloroform 17,8 3,1 5,7 6,5 PASS FAIL Fail

cis -Decalin 17,6 0,0 0,0 12,1 FAIL NO DATA Fail

Cumene 18,1 1,2 1,2 10,4 FAIL FAIL Fail Fail

Cyclohexane 16,8 0,0 0,2 12,2 FAIL FAIL Fail Fail

Cyclohexanol 17,4 4,1 13,5 7,9 FAIL PASS Fail

Cyclohexanone 17,8 8,4 5,1 2,8 PASS PASS Pass Cyclohexanone Strong polarity match

Cyclohexene 17,2 1,0 2,0 10,2 FAIL FAIL Fail Fail

Cyclopentane 16,4 0,0 1,8 11,5 FAIL NO DATA Fail

Cyclopentanone 17,9 11,9 5,2 3,6 PASS PASS Pass Cyclopentanone Strong polarity match

Cyrene 18,8 10,6 6,9 2,2 PASS PASS Pass Cyrene Strong polarity match

DCM 17,0 7,3 7,1 2,9 PASS FAIL Fail

Decamethylcyclopentasiloxane (D5) 12,9 1,3 1,0 14,6 FAIL FAIL Fail Fail

Di(ethylene glycol) 16,6 12,0 19,0 12,0 FAIL FAIL Fail Fail

Dibenzyl ether 19,6 3,4 5,2 7,2 FAIL NO DATA Fail

Dibutoxymethane 15,7 4,0 3,9 8,0 FAIL NO DATA Fail

Dibutyl ether 15,2 3,4 3,2 9,3 FAIL FAIL Fail Fail

Diethoxymethane (ethylal) 15,4 5,7 5,1 6,8 FAIL FAIL Fail Fail

Diethyl ether 14,5 2,9 4,6 10,0 FAIL FAIL Fail Fail

Diethyl phthalate 17,6 9,6 4,5 3,3 PASS PASS Pass Diethyl phthalate Strong polarity match

Diethylamine 14,9 2,3 6,1 9,5 FAIL FAIL Fail Fail

Diethylene glycol dibutyl ether 15,8 4,7 4,4 7,2 FAIL FAIL Fail Fail

Diethylene glycol diethyl ether 15,8 5,9 5,6 5,9 PASS FAIL Fail

Diethylene glycol dimethyl ether 16,0 5,9 6,2 5,5 PASS FAIL Fail

Diethylene glycol monobutyl ether 16,0 7,0 10,6 5,5 PASS PASS Pass Diethylene glycol monobutyl ether Borderline (still considered a pass)

Diethylene glycol monoethyl ether 16,1 9,2 12,2 5,9 PASS FAIL Fail

Diethylene glycol monomethyl ether 16,2 7,8 12,6 6,3 PASS FAIL Fail

Diisopropyl ether 15,1 3,2 3,2 9,5 FAIL FAIL Fail Fail

Dimethoxymethane 15,0 1,8 8,6 9,7 FAIL FAIL Fail Fail

Dimethyl carbonate 15,5 8,6 9,7 5,4 PASS FAIL Fail

Dimethyl ether 15,2 6,1 5,7 6,8 FAIL FAIL Fail Fail

Dimethyl glutarate 16,1 7,7 8,3 4,2 PASS FAIL Fail

Dimethyl isosorbide 17,6 7,1 7,5 2,4 PASS NO DATA Fail

Dimethyl phthalate 18,6 10,8 4,9 3,4 PASS NO DATA Fail

Dimethyl sulphide 16,1 6,4 7,4 4,8 PASS FAIL Fail

Dimethyl sulphoxide 18,4 16,4 10,2 7,6 FAIL PASS Fail

Diphenyl ether 19,4 3,4 4,0 7,5 FAIL PASS Fail

Dipropylene glycol 16,5 10,6 17,7 10,5 FAIL NO DATA Fail

Dipropylene glycol monomethyl ether 15,5 5,7 11,2 7,1 FAIL FAIL Fail Fail

d -Limonene 17,2 1,8 4,3 8,4 FAIL FAIL Fail Fail

Ethanethiol 15,7 6,5 7,1 5,4 PASS FAIL Fail

Ethanol 15,8 8,8 19,4 12,5 FAIL FAIL Fail Fail

Ethoxybenzene 18,4 4,5 4,0 6,1 PASS NO DATA Fail

Ethyl acetate 15,8 5,3 7,2 6,0 PASS FAIL Fail

Ethyl benzene 17,8 0,6 1,4 10,7 FAIL FAIL Fail Fail

Ethyl butyrate 15,5 5,6 5,0 6,8 FAIL FAIL Fail Fail

Ethyl formate 15,5 8,4 8,4 5,1 PASS FAIL Fail

Ethyl lactate 16,0 7,6 12,5 6,5 PASS FAIL Fail

Ethyl morpholine 17,7 5,0 6,6 4,5 PASS NO DATA Fail

Ethyl propionate 15,5 6,1 4,9 6,6 PASS FAIL Fail

Ethylene glycol 17,0 11,0 26,0 18,5 FAIL FAIL Fail Fail

Ethylene glycol dibutyl ether 15,7 4,5 4,2 7,5 FAIL NO DATA Fail

Ethylene glycol diethyl ether 15,4 5,4 5,2 7,0 FAIL NO DATA Fail

Ethylenediamine 16,6 8,8 17,0 9,7 FAIL NO DATA Fail

Eugenol 19,0 7,5 13,0 5,9 PASS FAIL Fail

Formamide 17,2 26,2 19,0 20,4 FAIL FAIL Fail Fail

Formic acid 14,6 10,0 14,0 9,3 FAIL PASS Fail

Furan 17,0 1,8 5,3 8,1 FAIL NO DATA Fail

Furfural 18,6 14,9 5,1 6,3 PASS PASS Pass Furfural Borderline (still considered a pass)

Furfuryl alcohol 17,4 7,6 15,1 7,7 FAIL PASS Fail

Glycerol 17,4 11,3 27,2 19,6 FAIL FAIL Fail Fail

Glycerol carbonate 17,9 25,5 17,4 18,9 FAIL NO DATA Fail

Heptanoic acid 16,1 5,2 10,3 6,2 PASS NO DATA Fail

Hexamethyldisiloxane (M2) 12,6 2,0 0,0 15,1 FAIL FAIL Fail Fail

Isoamyl acetate 15,3 3,1 7,0 8,3 FAIL NO DATA Fail

Isoamyl alcohol 15,8 5,2 13,3 8,2 FAIL FAIL Fail Fail

Isobutanol 15,1 5,7 15,9 10,7 FAIL FAIL Fail Fail

Isobutyl acetate 15,1 3,7 6,3 8,2 FAIL FAIL Fail Fail

Isoeugenol 18,9 5,7 9,9 4,6 PASS FAIL Fail

Isooctane (2,2,4-trimethylpentane) 14,1 0,0 0,0 14,4 FAIL FAIL Fail Fail

Isopropyl acetate 14,9 4,5 8,2 7,9 FAIL FAIL Fail Fail

Lauric acid 16,2 4,1 7,4 6,3 PASS FAIL Fail

Levulinic acid 17,1 10,4 13,5 6,2 PASS PASS Pass Levulinic acid Borderline (still considered a pass)

m -Cresol 18,5 6,5 13,7 6,7 FAIL NO DATA Fail

m -Dichlorobenzene 19,2 5,1 2,7 7,0 FAIL PASS Fail

Mesitylene 18,0 0,6 0,6 11,2 FAIL FAIL Fail Fail

Methanol 14,7 12,3 22,3 16,3 FAIL FAIL Fail Fail

Methyl acetate 15,5 7,2 7,6 5,4 PASS FAIL Fail

Methyl butyrate 15,8 4,9 6,2 6,4 PASS FAIL Fail

Methyl ethyl ketone 16,0 9,0 5,1 4,8 PASS FAIL Fail

Methyl formate 15,3 8,4 10,2 6,0 PASS FAIL Fail

Methyl lactate 16,9 8,3 16,1 8,7 FAIL PASS Fail

Methyl oleate 16,2 3,8 4,5 7,3 FAIL FAIL Fail Fail

Methylcyclopentane 16,0 0,0 1,0 12,1 FAIL FAIL Fail Fail

Morpholine 18,0 4,9 11,0 5,5 PASS PASS Pass Morpholine Borderline (still considered a pass)

m -Xylene 17,8 2,6 2,8 8,3 FAIL FAIL Fail Fail

N ,N -Dimethyl acetamide 16,8 11,5 9,4 3,7 PASS PASS Pass N,N-Dimethyl acetamide Strong polarity match

N ,N -Dimethyl anil ine 18,3 3,2 5,5 6,5 FAIL PASS Fail

N ,N -Dimethyl formamide 17,4 13,7 11,3 5,8 PASS PASS Pass N,N-Dimethyl formamide Borderline (still considered a pass)

N ,N '-Dimethylethyleneurea (DMEU) 18,2 10,0 8,1 0,9 PASS NO DATA Fail

n -Decane 15,7 0,0 0,0 12,9 FAIL FAIL Fail Fail

n -Heptane 15,3 0,0 0,0 13,2 FAIL FAIL Fail Fail

n -Hexane 14,9 0,0 0,0 13,6 FAIL FAIL Fail Fail

n-Hexyl acetate 15,8 2,9 5,9 8,0 FAIL FAIL Fail Fail

Nitrobenzene 20,0 10,6 3,1 6,2 PASS PASS Pass Nitrobenzene Borderline (still considered a pass)

Nitroethane 16,0 15,5 4,5 8,0 FAIL PASS Fail

Nitromethane 15,8 18,8 6,1 10,6 FAIL PASS Fail

N -Methyl formamide 17,4 18,8 15,9 12,6 FAIL PASS Fail

N -Methylacetamide 16,9 17,0 13,0 9,6 FAIL PASS Fail

NMP 18,0 12,3 7,2 3,0 PASS PASS Pass NMP Strong polarity match

n -Octane 15,5 0,0 0,0 13,1 FAIL FAIL Fail Fail

n -Pentane 14,5 0,0 0,0 14,0 FAIL FAIL Fail Fail

n -Propyl acetate 15,3 4,3 7,6 7,4 FAIL FAIL Fail Fail

n -Propylamine 16,0 4,9 8,6 6,0 PASS FAIL Fail

Octamethylcyclotetrasiloxane (D4) 12,8 1,3 1,0 14,7 FAIL FAIL Fail Fail

Octamethyltrisi loxane (MDM) 12,2 1,8 0,0 15,8 FAIL FAIL Fail Fail

Octanoic acid 15,7 3,3 8,2 7,6 FAIL FAIL Fail Fail

Oleic acid 16,0 2,8 6,2 7,8 FAIL PASS Fail

Omnia : Butyl-3-hydroxybutyrate 16,5 5,9 10,7 5,4 PASS NO DATA Fail

o -Xylene 17,8 1,0 3,1 9,5 FAIL FAIL Fail Fail

p -Cymene 17,3 2,4 2,4 8,8 FAIL FAIL Fail Fail

Phenol 18,5 5,9 14,9 8,0 FAIL PASS Fail

Propanenitri le 15,3 14,3 5,5 7,7 FAIL FAIL Fail Fail

Propionic acid 14,7 5,3 12,4 9,0 FAIL FAIL Fail Fail

Propylene carbonate 20,0 18,0 4,1 10,2 FAIL PASS Fail

p -Xylene 17,8 1,0 3,1 9,5 FAIL FAIL Fail Fail

Pyridine 19,0 8,8 5,9 2,7 PASS PASS Pass Pyridine Strong polarity match

Pyrrolidine 17,9 6,5 7,4 2,8 PASS FAIL Fail

Quinoline 20,5 5,6 5,7 6,5 FAIL FAIL Fail Fail

Solketal : ((2,2-dimethyl-1,3-dioxolan-4-yl)methanol) 4-methanol) 16,6 7,9 12,0 5,3 PASS FAIL Fail

Sulpholane 17,8 17,4 8,7 8,2 FAIL PASS Fail

t -Butyl ethyl ether 14,4 3,5 2,7 10,5 FAIL FAIL Fail Fail

t -Butyl methyl ether 14,8 4,3 5,0 8,6 FAIL FAIL Fail Fail

Tetrachloroethylene 18,3 5,7 0,0 8,5 FAIL FAIL Fail Fail

Tetraethylene glycol 16,4 9,4 15,3 8,3 FAIL PASS Fail

Tetrahydrofuran 16,8 5,7 8,0 4,3 PASS FAIL Fail

Tetrahydrofurfuryl alcohol 17,8 8,2 12,9 5,3 PASS PASS Pass Tetrahydrofurfuryl alcohol Borderline (still considered a pass)

Toluene 18,0 1,4 2,0 9,7 FAIL FAIL Fail Fail

Tri(ethylene glycol) 16,0 12,5 18,6 12,0 FAIL FAIL Fail Fail

Triacetin 16,5 4,5 9,1 5,8 PASS PASS Pass Triacetin Borderline (still considered a pass)

Tributylamine 15,7 2,2 2,1 10,2 FAIL FAIL Fail Fail

Tributylphosphate 16,3 6,3 4,3 5,7 PASS FAIL Fail

Trichloroacetic acid 18,3 7,0 13,0 5,8 PASS FAIL Fail

Trichloroethylene 18,0 3,1 5,3 6,7 FAIL FAIL Fail Fail

Triethylamine 15,5 0,4 1,0 12,2 FAIL FAIL Fail Fail

Triethylcitrate 16,5 4,9 12 6,84 FAIL NO DATA Fail

Triethylene glycol dimethyl ether 15,9 5,9 6,4 5,6 PASS FAIL Fail

Triethylphosphate 16,7 11,4 9,2 3,7 PASS PASS Pass Triethylphosphate Strong polarity match

Water 15,5 16,0 42,3 35,6 FAIL FAIL Fail Fail

Z-1,2-Dichloroethylene 17,0 8,0 3,2 5,1 PASS FAIL Fail

α-Pinene 16,4 1,1 2,2 10,4 FAIL FAIL Fail Fail

α-Terpineol 17,1 3,6 7,6 6,0 PASS FAIL Fail

β-Pinene 16,3 1,1 1,9 10,6 FAIL FAIL Fail Fail

γ-Butyrolactone 18,0 16,6 7,4 7,3 FAIL PASS Fail

γ-Valerolactone 16,9 11,5 6,3 3,4 PASS NO DATA Fail

Total solvents meeting at least one requirement: 120 80 53 Number of solvents: 29

Solvents are presented in this shortlist if data was available to assess at least one additional criteria to polarity. The full  l ist of 

solvents is not given because of a shortage of viscosity and surface tension data and proprietary polarity data.

The three candidates that exceed NMP are (1) Cyrene, (2) pyridine, and  (3) cyclohexanone. Experimental evaluation shows 

pyridine to be a poorer solvent than NMP, and cyclohexanone better than NMP (see "Literature data" worksheet). This indicates 

that the solvent selection procedure is wrong or incomplete. Regardless, this was the justification to apply Cyrene as a solvent 

for the l iquid exfoliation of graphene. The results of the Cyrene testing led to another parameter being added to the assessment.
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Solvent name Density (g/mL) Ref
Dynamic 

viscosity (cP)
log (viscosity)*

Temp for 

viscosity (°C)
Ref

Density:viscosity 

ratio

Density:viscosity 

threshold
Ranking Pass References

Glycerol 1,25 MSDS (Sigma-Aldrich) 954 2,98 25 HSDB 1,31E-03 1 PASS Ab Rani 2014 M. A. Ab Rani  et al ., Green Chem. , 2014, 16, 1282.

Dipropylene glycol 1,02 MSDS (Sigma-Aldrich) 107 2,03 20 HSDB 9,56E-03 2 PASS Aycock 2007 D. F. Aycock, Org. Process Res. Dev. , 2007, 11, 156.

1,3-Butanediol 1,00 SOLV-DB 98,3 1,99 ? SOLV-DB 1,02E-02 3 PASS HSDB Hazardous substances database. Accessed through the TOXNET portal (US national l ibrary of medicine) http://toxnet.nlm.nih.gov/ Accessed May 2014

1,4-Butanediol 1,02 MSDS (Sigma-Aldrich) 84,9 1,93 20 HSDB 1,20E-02 4 PASS Smallwood 1996 I. M. Smallwood, Handbook of Organic Solvents, Arnold publishing, London, 1996.

Glycerol carbonate 1,4 Glaconchemie technical data 85 1,93 25 Glaconchemie technical data 1,65E-02 5 PASS SOLV-DB http://solvdb.ncms.org/solvdb.htm Accessed April  2014

Tetraethylene glycol 1,13 SOLV-DB 61,9 1,79 20 HSDB 1,83E-02 6 PASS Redesta http://www.redesta.de/html_englisch/cyclopentanon.htm Accessed May 2015

1,2-Propanediol 1,04 SOLV-DB 56 1,75 ? SOLV-DB 1,86E-02 7 PASS Rowan SSG S. Slater and M. Savelski, Journal of Environmental Science and Health Part A , 2007, 42, 1595-1605.

Tri(ethylene glycol) 1,12 SOLV-DB 49 1,69 ? SOLV-DB 2,28E-02 8 PASS

Acetyltributyl citrate 1,05 MSDS (Sigma-Aldrich) 42,7 1,63 25 HSDB 2,46E-02 9 PASS

α-Terpineol 0,94 SOLV-DB 36,5 1,56 ? SOLV-DB 2,57E-02 10 PASS

Di(ethylene glycol) 1,12 SOLV-DB 38,5 1,59 ? SOLV-DB 2,91E-02 11 PASS

Triethyl citrate 1,14 MSDS (Sigma-Aldrich) 35,2 1,55 25 HSDB 3,23E-02 12 PASS

Oleic acid 0,89 MSDS (Sigma-Aldrich) 25,6 1,41 30 HSDB 3,48E-02 13 PASS

2-Aminoethanol 1,01 MSDS (Sigma-Aldrich) 18,95 1,28 25 HSDB 5,34E-02 14 PASS Maximum density:viscosity ratio 1,20

Ethylene glycol dibutyl ether 0,83 SOLV-DB 14,04 1,15 ? SOLV-DB 5,93E-02 15 PASS

1-Decanol 0,83 MSDS (Sigma-Aldrich) 13,11 1,12 20 MSDS (Sigma-Aldrich) 6,32E-02 16 PASS

Triacetin 1,16 Eastman technical data 17,4 1,24 20 Eastman technical data 6,64E-02 17 PASS

Ethylene glycol 1,11 SOLV-DB 16,1 1,21 25 HSDB 6,89E-02 18 PASS

Dimethyl phthalate 1,19 MSDS (Sigma-Aldrich) 17,2 1,24 25 HSDB 6,92E-02 19 PASS

m -Cresol 1,03 MSDS (Sigma-Aldrich) 12,9 1,11 25 HSDB 8,02E-02 20 PASS

2-Pyrrolidinone 1,12 MSDS (Sigma-Aldrich) 13,3 1,12 25 HSDB 8,42E-02 21 PASS

2-Ethylhexanol 0,83 HSDB 9,8 0,99 20 HSDB 8,51E-02 22 PASS

1,3-Dioxolane-4-methanol (glycerol formal) 1,215 Glaconchemie technical data 14,2 1,15 25 Glaconchemie technical data 8,56E-02 23 PASS

Diethyl phthalate 1,12 MSDS (Sigma-Aldrich) 12,9 1,11 20 ECHA register 8,68E-02 24 PASS

Solketal : ((2,2-dimethyl-1,3-dioxolan-4-yl)methanol) 4-methanol) 1,066 Glaconchemie technical data 11 1,04 25 Glaconchemie technical data 9,69E-02 25 PASS

1-Heptanol 0,82 SOLV-DB 7,4 0,87 20 HSDB 1,11E-01 26 PASS

1-Octanol 0,82 SOLV-DB 7,363 0,87 ? SOLV-DB 1,12E-01 27 PASS

Cyrene 1,25 F.Hoffmann-La Roche Ltd. 11,03 1,04 20 This work 1,13E-01 28 PASS

Lauric acid 0,87 HSDB 7,3 0,86 50 HSDB 1,19E-01 29 PASS

Dibenzyl ether 1,04 MSDS (Sigma-Aldrich) 8,719 0,94 ? HSDB 1,20E-01 30 PASS

Sulpholane 1,26 SOLV-DB 10,29 1,01 ? SOLV-DB 1,22E-01 31 PASS

2-Octanol 0,82 SOLV-DB 6,49 0,81 ? SOLV-DB 1,26E-01 32 PASS

Benzyl benzoate 1,12 MSDS (Sigma-Aldrich) 8,292 0,92 25 HSDB 1,35E-01 33 PASS

Eugenol 1,07 MSDS (Sigma-Aldrich) 7,817 0,89 20 HSDB 1,36E-01 34 PASS

Isoeugenol 1,08 MSDS (Sigma-Aldrich) 7,476 0,87 20 HSDB 1,45E-01 35 PASS

Octanoic acid 0,91 MSDS (Sigma-Aldrich) 5,74 0,76 ? HSDB 1,59E-01 36 PASS

Tetrahydrofurfuryl alcohol 1,05 SOLV-DB 6,24 0,80 ? SOLV-DB 1,68E-01 37 PASS

Omnia : Butyl-3-hydroxybutyrate 0,97 MSDS (Eastman) 5,77 0,76 25 MSDS (Eastman) 1,68E-01 38 PASS

Isobutanol 0,80 SOLV-DB 4,703 0,67 15 HSDB 1,70E-01 39 PASS

Methyl oleate 0,87 MSDS (Sigma-Aldrich) 4,88 0,69 30 HSDB 1,79E-01 40 PASS

Benzyl alcohol 1,05 MSDS (Sigma-Aldrich) 5,474 0,74 25 HSDB 1,91E-01 41 PASS

Isoamyl alcohol 0,81 MSDS (Sigma-Aldrich) 4,2 0,62 25 Smallwood 1996 1,93E-01 42 PASS

Diethylene glycol monobutyl ether 0,95 MSDS (Sigma-Aldrich) 4,9 0,69 20 HSDB 1,94E-01 43 PASS

Cyclohexanol 0,97 SOLV-DB 4,6 0,66 25 HSDB 2,11E-01 44 PASS

2-Methyl-2-butanol 0,81 HSDB 3,79 0,58 25 HSDB 2,14E-01 45 PASS

Ethoxybenzene 0,97 MSDS (Sigma-Aldrich) 4,24 0,63 -30 HSDB 2,28E-01 46 PASS

Dimethyl isosorbide 1,15 MSDS (Sigma-Aldrich) 5 0,70 25 Dottikon technical data 2,30E-01 47 PASS

1-Pentanol 0,81 SOLV-DB 3,512 0,55 ? SOLV-DB 2,31E-01 48 PASS

Aniline 1,02 MSDS (Sigma-Aldrich) 4,4 0,64 25 Smallwood 1996 2,32E-01 49 PASS

Furfuryl alcohol 1,13 SOLV-DB 4,62 0,66 25 HSDB 2,44E-01 50 PASS

Phenol 1,07 MSDS (Sigma-Aldrich) 4,3 0,63 43 Smallwood 1996 2,49E-01 51 PASS

Diethylene glycol monoethyl ether 0,98 SOLV-DB 3,85 0,59 25 HSDB 2,56E-01 52 PASS

Butyl lactate 0,98 SOLV-DB 3,8 0,58 ? SOLV-DB 2,58E-01 53 PASS

Decamethylcyclopentasiloxane (D5) 0,96 MSDS (Sigma-Aldrich) 3,7 0,57 25 Ab Rani 2014 2,59E-01 54 PASS

Triethylene glycol dimethyl ether 0,99 SOLV-DB 3,8 0,58 ? SOLV-DB 2,61E-01 55 PASS

N -Methylacetamide 0,96 MSDS (Sigma-Aldrich) 3,65 0,56 30 HSDB 2,62E-01 56 PASS

2-Butanol 0,80 SOLV-DB 2,998 0,48 ? SOLV-DB 2,68E-01 57 PASS

Heptanoic acid 0,92 MSDS (Sigma-Aldrich) 3,4 0,53 30 HSDB 2,70E-01 58 PASS

Dipropylene glycol monomethyl ether 0,95 SOLV-DB 3,5 0,54 25 HSDB 2,71E-01 59 PASS

2-Butoxyethanol (butyl cellosolve) 0,90 SOLV-DB 3,15 0,50 25 HSDB 2,85E-01 60 PASS

Tributylphosphate 0,98 MSDS (Sigma-Aldrich) 3,39 0,53 25 HSDB 2,89E-01 61 PASS

Diethylene glycol monomethyl ether 1,02 SOLV-DB 3,48 0,54 25 HSDB 2,92E-01 62 PASS

cis -Decalin 0,90 MSDS (Sigma-Aldrich) 2,99 0,48 25 HSDB 3,00E-01 63 PASS

Diphenyl ether 1,07 SOLV-DB 3,4909 0,54 27 HSDB 3,05E-01 64 PASS

1-Butanol 0,81 SOLV-DB 2,544 0,41 25 HSDB 3,17E-01 65 PASS

3,3-Dimethyl-2-butanone 0,81 MSDS (Sigma-Aldrich) 2,47 0,39 -53 HSDB 3,26E-01 66 PASS

1-Propanol 0,80 SOLV-DB 2,256 0,35 20 HSDB 3,54E-01 67 PASS

Quinoline 1,09 MSDS (Sigma-Aldrich) 2,997 0,48 30 HSDB 3,65E-01 68 PASS

Diethylene glycol dibutyl ether 0,89 SOLV-DB 2,39 0,38 ? SOLV-DB 3,72E-01 69 PASS

Methyl lactate 1,09 SOLV-DB 2,9 0,46 ? SOLV-DB 3,76E-01 70 PASS

Ethyl lactate 1,03 SOLV-DB 2,7 0,43 ? SOLV-DB 3,81E-01 71 PASS

2-Propanol 0,79 SOLV-DB 2,038 0,31 25 HSDB 3,88E-01 72 PASS

Dimethyl glutarate 1,09 MSDS (Sigma-Aldrich) 2,7577 0,44 20 MSDS (Sigma-Aldrich) 3,95E-01 73 PASS

Cyclohexanone 0,95 SOLV-DB 2,2 0,34 25 HSDB 4,30E-01 74 PASS

Octamethylcyclotetrasiloxane (D4) 0,96 MSDS (Sigma-Aldrich) 2,19 0,34 25 Ab Rani 2014 4,37E-01 75 PASS

Morpholine 1,00 MSDS (Sigma-Aldrich) 2,2 0,34 25 Smallwood 1996 4,53E-01 76 PASS

Propylene carbonate 1,20 SOLV-DB 2,53 0,40 ? SOLV-DB 4,72E-01 77 PASS

γ-Valerolactone 1,05 MSDS (Sigma-Aldrich) 2,18 0,34 25 MSDS (Thermo) 4,82E-01 78 PASS

1-Methoxy-2-propanol 0,924 Smallwood 1996 1,9 0,28 25 Smallwood 1996 4,86E-01 79 PASS

2-Ethoxyethanol (ethyl cellosolve) 0,93 SOLV-DB 1,84 0,26 25 HSDB 5,03E-01 80 PASS

N ,N -Dimethyl anil ine 0,96 MSDS (Sigma-Aldrich) 1,89 0,28 2,5 HSDB 5,06E-01 81 PASS

N ,N '-Dimethylethyleneurea (DMEU) 1,06 MSDS (Sigma-Aldrich) 2,0592 0,31 20 MSDS (Sigma-Aldrich) 5,13E-01 82 PASS

Dimethyl sulphoxide 1,10 SOLV-DB 1,991 0,30 ? SOLV-DB 5,50E-01 83 PASS

1,2,3-Trichloropropane 1,39 MSDS (Sigma-Aldrich) 2,505 0,40 20 HSDB 5,54E-01 84 PASS

β-Pinene 0,86 HSDB 1,522 0,18 25 HSDB 5,65E-01 85 PASS

Tributylamine 0,78 MSDS (Sigma-Aldrich) 1,35 0,13 25 HSDB 5,76E-01 86 PASS

Acetophenone 1,03 MSDS (Sigma-Aldrich) 1,74 0,24 25 Smallwood 1996 5,92E-01 87 PASS

Ethylenediamine 0,90 MSDS (Sigma-Aldrich) 1,5 0,18 25 HSDB 5,99E-01 88 PASS

Formic acid 1,21 SOLV-DB 1,966 0,29 ? SOLV-DB 6,18E-01 89 PASS

2-Methoxyethanol (methyl cellosolve) 0,97 SOLV-DB 1,57 0,20 ? SOLV-DB 6,18E-01 90 PASS

NMP 1,03 SOLV-DB 1,666 0,22 ? SOLV-DB 6,20E-01 91 PASS

Diethylene glycol diethyl ether 0,91 SOLV-DB 1,4 0,15 ? SOLV-DB 6,47E-01 92 PASS

α-Pinene 0,86 MSDS (Sigma-Aldrich) 1,303 0,11 25 HSDB 6,58E-01 93 PASS

γ-Butyrolactone 1,13 SOLV-DB 1,7 0,23 ? SOLV-DB 6,62E-01 94 PASS

Nitrobenzene 1,20 MSDS (Sigma-Aldrich) 1,8 0,26 25 Smallwood 1996 6,64E-01 95 PASS

Butyric acid 0,96 MSDS (Sigma-Aldrich) 1,426 0,15 25 HSDB 6,72E-01 96 PASS

Furfural 1,15 SOLV-DB 1,587 0,20 25 HSDB 7,27E-01 97 PASS

Chloroacetic acid 1,58 HSDB (solid at 20 °C) 2,16 0,33 70 HSDB 7,31E-01 98 PASS

2-Ethoxyethyl acetate 0,97 SOLV-DB 1,32 0,12 20 HSDB 7,33E-01 99 PASS

Ethanol 0,79 SOLV-DB 1,08 0,03 25 Smallwood 1996 7,35E-01 100 PASS

Cyclopentanone 0,95 MSDS (Sigma-Aldrich) 1,29 0,11 ? Redesta 7,37E-01 101 PASS

Benzaldehyde 1,05 MSDS (Sigma-Aldrich) 1,321 0,12 25 HSDB 7,91E-01 102 PASS

Cyclohexane 0,78 MSDS (Sigma-Aldrich) 0,98 -0,01 25 Smallwood 1996 7,95E-01 103 PASS

n-Hexyl acetate 0,87 SOLV-DB 1,075 0,03 ? SOLV-DB 8,08E-01 104 PASS

Benzonitri le 1,01 HSDB 1,250 0,10 25 HSDB 8,08E-01 105 PASS

Ethyl morpholine 0,91 MSDS (Sigma-Aldrich) 1,08 0,03 20 HSDB 8,43E-01 106 PASS

n -Decane 0,73 MSDS (Sigma-Aldrich) 0,838 -0,08 25 HSDB 8,71E-01 107 PASS

1,1,2,2-Tetrachloroethane 1,59 MSDS (Sigma-Aldrich) 1,77 0,25 20 HSDB 8,96E-01 108 PASS

2,6-Dimethyl-4-heptanone 0,81 MSDS (Sigma-Aldrich) 0,896 -0,05 21 HSDB 9,02E-01 109 PASS

d -Limonene 0,84 SOLV-DB 0,923 -0,03 ? SOLV-DB 9,08E-01 110 PASS

Dibutoxymethane 0,84 MSDS (Sigma-Aldrich) 0,904305 -0,04 25 MSDS (Sigma-Aldrich) 9,23E-01 111 PASS

1,4-Dioxane 1,03 SOLV-DB 1,087 0,04 ? SOLV-DB 9,46E-01 112 PASS

Diethylene glycol dimethyl ether 0,94 SOLV-DB 0,989 0,00 ? SOLV-DB 9,49E-01 113 PASS

Octamethyltrisi loxane (MDM) 0,82 MSDS (Sigma-Aldrich) 0,85 -0,07 25 Ab Rani 2014 9,65E-01 114 PASS

Propionic acid 0,99 MSDS (Sigma-Aldrich) 1,020 0,01 25 HSDB 9,73E-01 115 PASS

1,2-Dichlorobenzene 1,31 MSDS (Sigma-Aldrich) 1,324 0,12 25 HSDB 9,86E-01 116 PASS

Acetic acid 1,04 SOLV-DB 1,056 0,02 25 HSDB 9,89E-01 117 PASS

2-Heptanone 0,81 SOLV-DB 0,815 -0,09 ? SOLV-DB 9,95E-01 118 PASS

Isoamyl acetate 0,88 MSDS (Sigma-Aldrich) 0,872 -0,06 20 HSDB 1,00E+00 119 PASS

N ,N -Dimethyl acetamide 0,94 SOLV-DB 0,927 -0,03 ? SOLV-DB 1,01E+00 120 PASS

Amyl acetate 0,87 SOLV-DB 0,862 -0,06 ? SOLV-DB 1,01E+00 121 PASS

Pyridine 0,98 MSDS (Sigma-Aldrich) 0,88 -0,06 25 Smallwood 1996 1,11E+00 122 PASS

Water 1,00 MSDS (Sigma-Aldrich) 0,89 -0,05 25 Smallwood 1996 1,12E+00 123 PASS

N ,N -Dimethyl formamide 0,95 Smallwood 1996 0,82 -0,09 25 Smallwood 1996 1,15E+00 124 PASS

o -Xylene 0,88 SOLV-DB 0,760 -0,12 25 HSDB 1,15E+00 125 PASS

Cumene 0,86 MSDS (Sigma-Aldrich) 0,737 -0,13 25 HSDB 1,17E+00 126 PASS

Ethylene glycol diethyl ether 0,84 SOLV-DB 0,7 -0,15 ? SOLV-DB 1,19E+00 127 PASS

Ethyl butyrate 0,88 MSDS (Sigma-Aldrich) 0,711 -0,15 15 HSDB 1,23E+00 too high 128 FAIL

m -Dichlorobenzene 1,29 MSDS (Sigma-Aldrich) 1,044 0,02 25 HSDB 1,23E+00 too high 129 FAIL

Diethylamine 0,71 MSDS (Sigma-Aldrich) 0,571 -0,24 25 HSDB 1,24E+00 too high 130 FAIL

Anisole 0,99 SOLV-DB 0,789 -0,10 ? SOLV-DB 1,25E+00 too high 131 FAIL

Dibutyl ether 0,76 SOLV-DB 0,602 -0,22 ? SOLV-DB 1,27E+00 too high 132 FAIL

Acetic anhydride 1,08 MSDS (Sigma-Aldrich) 0,843 -0,07 25 HSDB 1,28E+00 too high 133 FAIL

Isobutyl acetate 0,87 MSDS (Sigma-Aldrich) 0,676 -0,17 25 HSDB 1,28E+00 too high 134 FAIL

Butylamine 0,74 SOLV-DB 0,574 -0,24 25 HSDB 1,28E+00 too high 135 FAIL

Butyl acetate 0,88 SOLV-DB 0,685 -0,16 25 HSDB 1,28E+00 too high 136 FAIL

Cyclohexene 0,81 MSDS (Sigma-Aldrich) 0,625 -0,20 25 HSDB 1,30E+00 too high 137 FAIL

Butyronitri le 0,79 MSDS (Sigma-Aldrich) 0,6 -0,22 20 HSDB 1,32E+00 too high 138 FAIL

Bromobenzene 1,49 MSDS (Sigma-Aldrich) 1,124 0,05 20 HSDB 1,33E+00 too high 139 FAIL

2-Nitropropane 0,99 MSDS (Sigma-Aldrich) 0,74 -0,13 25 Smallwood 1996 1,34E+00 too high 140 FAIL

Ethyl benzene 0,86 SOLV-DB 0,64 -0,19 25 HSDB 1,35E+00 too high 141 FAIL

1-Hexanol 0,82 SOLV-DB 0,592 -0,23 25 HSDB 1,38E+00 too high 142 FAIL

2-Hexanone 0,81 SOLV-DB 0,584 -0,23 ? SOLV-DB 1,38E+00 too high 143 FAIL

Chlorobenzene 1,11 MSDS (Sigma-Aldrich) 0,8 -0,10 25 Smallwood 1996 1,38E+00 too high 144 FAIL

n -Octane 0,70 MSDS (Sigma-Aldrich) 0,5 -0,30 25 Smallwood 1996 1,41E+00 too high 145 FAIL

p -Xylene 0,86 SOLV-DB 0,603 -0,22 25 HSDB 1,42E+00 too high 146 FAIL

Methanol 0,79 SOLV-DB 0,544 -0,26 25 HSDB 1,45E+00 too high 147 FAIL

Benzene 0,87 SOLV-DB 0,604 -0,22 25 HSDB 1,45E+00 too high 148 FAIL

Isooctane (2,2,4-trimethylpentane) 0,69 MSDS (Sigma-Aldrich) 0,477 -0,32 25 Smallwood 1996 1,45E+00 too high 149 FAIL

4-Methyl-2-pentanone (methyl isobutyl ketone) 0,80 SOLV-DB 0,5463 -0,26 ? SOLV-DB 1,46E+00 too high 150 FAIL

1,4-Dichlorobenzene 1,24 MSDS (Sigma-Aldrich) 0,839 -0,08 55 HSDB 1,48E+00 too high 151 FAIL

m -Xylene 0,86 SOLV-DB 0,581 -0,24 25 HSDB 1,48E+00 too high 152 FAIL

1,2-Dichloroethane 1,26 MSDS (Sigma-Aldrich) 0,84 -0,08 20 HSDB 1,50E+00 too high 153 FAIL

Hexamethyldisiloxane (M2) 0,76 MSDS (Sigma-Aldrich) 0,5 -0,30 25 Ab Rani 2014 1,53E+00 too high 154 FAIL

1,1,1-Trichloroethane 1,32 SOLV-DB 0,858 -0,07 20 HSDB 1,54E+00 too high 155 FAIL

Toluene 0,86 SOLV-DB 0,560 -0,25 25 HSDB 1,54E+00 too high 156 FAIL

Nitroethane 1,05 MSDS (Sigma-Aldrich) 0,661 -0,18 25 HSDB 1,58E+00 too high 157 FAIL

Dimethyl carbonate 1,07 MSDS (Sigma-Aldrich) 0,664 -0,18 20 HSDB 1,61E+00 too high 158 FAIL

Acetylacetone 0,98 MSDS (Sigma-Aldrich) 0,6 -0,22 20 HSDB 1,63E+00 too high 159 FAIL

n -Propyl acetate 0,89 SOLV-DB 0,544 -0,26 25 HSDB 1,63E+00 too high 160 FAIL

Carbon tetrachloride 1,58 SOLV-DB 0,97 -0,01 25 Smallwood 1996 1,63E+00 too high 161 FAIL

Methyl butyrate 0,90 SOLV-DB 0,55 -0,26 ? SOLV-DB 1,64E+00 too high 162 FAIL

Tetrahydrofuran 0,89 SOLV-DB 0,53 -0,28 20 HSDB 1,68E+00 too high 163 FAIL

2-Pentanone 0,80 SOLV-DB 0,473 -0,33 25 HSDB 1,69E+00 too high 164 FAIL

Propanenitri le 0,77 MSDS (Sigma-Aldrich) 0,454 -0,34 15 HSDB 1,70E+00 too high 165 FAIL

Cyclopentane 0,75 MSDS (Sigma-Aldrich) 0,44 -0,36 20 HSDB 1,71E+00 too high 166 FAIL

n -Heptane 0,68 SOLV-DB 0,397 -0,40 ? SOLV-DB 1,71E+00 too high 167 FAIL

Isopropyl acetate 0,87 SOLV-DB 0,49 -0,31 25 HSDB 1,78E+00 too high 168 FAIL

3-Pentanone 0,81 MSDS (Sigma-Aldrich) 0,444 -0,35 25 HSDB 1,83E+00 too high 169 FAIL

Nitromethane 1,13 MSDS (Sigma-Aldrich) 0,614 -0,21 25 HSDB 1,84E+00 too high 170 FAIL

2-Methyltetrahydrofuran 0,85 MSDS (Sigma-Aldrich) 0,46 -0,34 25 Aycock 2007 1,85E+00 too high 171 FAIL

Ethyl propionate 0,88 SOLV-DB 0,473 -0,33 ? SOLV-DB 1,87E+00 too high 172 FAIL

Diisopropyl ether 0,72 SOLV-DB 0,379 -0,42 ? SOLV-DB 1,90E+00 too high 173 FAIL

Tetrachloroethylene 1,62 MSDS (Sigma-Aldrich) 0,839 -0,08 25 HSDB 1,93E+00 too high 174 FAIL

1-Chlorobutane 0,89 MSDS (Sigma-Aldrich) 0,45 -0,35 20 HSDB 1,97E+00 too high 175 FAIL

Triethylamine 0,72 SOLV-DB 0,363 -0,44 ? SOLV-DB 1,99E+00 too high 176 FAIL

Methyl ethyl ketone 0,80 SOLV-DB 0,40 -0,40 25 HSDB 2,00E+00 too high 177 FAIL

1,2-Dimethoxyethane 0,87 MSDS (Sigma-Aldrich) 0,4335 -0,36 20 MSDS (Sigma-Aldrich) 2,00E+00 too high 178 FAIL

n -Hexane 0,65 SOLV-DB 0,326 -0,49 20 HSDB 2,01E+00 too high 179 FAIL

Ethyl acetate 0,89 SOLV-DB 0,44 -0,36 25 HSDB 2,03E+00 too high 180 FAIL

Acetonitri le 0,79 MSDS (Sigma-Aldrich) 0,38 -0,42 25 Smallwood 1996 2,07E+00 too high 181 FAIL

1-Bromobutane 1,28 MSDS (Sigma-Aldrich) 0,606 -0,22 25 HSDB 2,11E+00 too high 182 FAIL

t -Butyl methyl ether 0,76 SOLV-DB 0,34 -0,47 ? SOLV-DB 2,24E+00 too high 183 FAIL

Methyl acetate 0,93 SOLV-DB 0,381 -0,42 20 HSDB 2,44E+00 too high 184 FAIL

Furan 0,94 MSDS (Sigma-Aldrich) 0,38 -0,42 20 HSDB 2,46E+00 too high 185 FAIL

Acetone 0,79 MSDS (Sigma-Aldrich) 0,32 -0,49 20 HSDB 2,47E+00 too high 186 FAIL

Chloroform 1,48 SOLV-DB 0,563 -0,25 20 HSDB 2,63E+00 too high 187 FAIL

Z-1,2-Dichloroethylene 1,28 MSDS (Sigma-Aldrich) 0,48 -0,32 20 HSDB 2,68E+00 too high 188 FAIL

2-Chloropropane 0,86 MSDS (Sigma-Aldrich) 0,32 -0,49 20 HSDB 2,68E+00 too high 189 FAIL

Trichloroethylene 1,50 SOLV-DB 0,55 -0,26 25 HSDB 2,73E+00 too high 190 FAIL

n -Pentane 0,62 SOLV-DB 0,225 -0,65 ? SOLV-DB 2,76E+00 too high 191 FAIL

Diethyl ether 0,71 SOLV-DB 0,2448 -0,61 20 HSDB 2,89E+00 too high 192 FAIL

Methyl formate 0,97 MSDS (Sigma-Aldrich) 0,325 -0,49 25 HSDB 3,00E+00 too high 193 FAIL

1,1-Dichloroethane 1,17 MSDS (Sigma-Aldrich) 0,38 -0,42 20 HSDB 3,08E+00 too high 194 FAIL

DCM 1,33 MSDS (Sigma-Aldrich) 0,43 -0,37 20 HSDB 3,08E+00 too high 195 FAIL

Acetaldehyde 0,79 MSDS (Sigma-Aldrich) 0,2456 -0,61 15 HSDB 3,20E+00 too high 196 FAIL

Carbon disulphide 1,27 MSDS (Sigma-Aldrich) 0,36 -0,44 25 Smallwood 1996 3,52E+00 too high 197 FAIL

1,1-Dichloroethylene 1,21 MSDS (Sigma-Aldrich) 0,3302 -0,48 20 HSDB 3,67E+00 too high 198 FAIL

Bromoethane 1,46 MSDS (Sigma-Aldrich) 0,379 -0,42 25 HSDB 3,85E+00 too high 199 FAIL

MEAN 0,98 10,99

SD 0,19 68,96

Requirement

First criterion: A upper threshold was established regarding the density:viscosity ratio, l imiting the solvent set to a maximum of 130 candidates. This is derived from Stokes' law for settling velocity 

under centrifugation, where the variables relevant to the solvent are present as density over viscosity.
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Solvent name Hansen D Hansen P Hansen H
Distance in 

Hansen space
Polarity

Surface 

tension

Density: 

viscosity
All  technical requirements Polarity notes

Preliminary MSDS health hazards 

screening
Final solvent candidate shortlist References

1,1,1-Trichloroethane 16,8 4,3 2,0 8,0 FAIL FAIL FAIL Fail Fail Hamilton 2009 C. E. Hamilton et al ., Nano Lett., 2009, 9, 3460-3462.

1,1,2,2-Tetrachloroethane 18,8 5,1 5,3 5,1 PASS PASS PASS Pass 1,1,2,2-Tetrachloroethane Borderline (still considered a pass) Fatally acute toxicity Hernandez 2010 Y. Hernandez et al ., Langmuir , 2010, 26, 3208-3213.

1,1-Dichloroethane 16,5 7,8 3,0 5,8 PASS FAIL FAIL Fail

1,1-Dichloroethylene 16,4 5,2 2,4 7,4 FAIL FAIL FAIL Fail Fail

1,2,3-Trichloropropane 17,8 12,3 3,4 5,3 PASS PASS PASS Pass 1,2,3-Trichloropropane Borderline (still considered a pass) Carcinogen, acutely toxic

1,2-Dichlorobenzene 19,2 6,3 3,3 5,8 PASS PASS PASS Pass 1,2-Dichlorobenzene Borderline (still considered a pass) No warnings 1,2-Dichlorobenzene 1,7 Hamilton et al ., 2009

1,2-Dichloroethane 18,0 7,4 4,1 4,1 PASS PASS FAIL Fail Ra den visc ratio

1,2-Dimethoxyethane 15,8 5,9 6,1 5,8 PASS FAIL FAIL Fail Benzaldehyde 4,2 1,05 1,321 0,791067

1,2-Propanediol 16,8 10,4 21,3 13,9 FAIL PASS PASS Fail 1,2,3-Trichloropropane 5,3 1,39 2,505 0,553693

1,3-Butanediol 16,5 8,1 20,9 13,6 FAIL PASS PASS Fail Benzonitri le 5,4 1,01 1,250 0,808

1,3-Dioxolane-4-methanol (glycerol formal) 18,4 10,6 16,5 8,9 FAIL FAIL PASS Fail Morpholine 5,5 1,00 2,2 0,452727

1,4-Butanediol 16,6 11,0 20,9 13,6 FAIL FAIL PASS Fail Diethyl phthalate 3,3 1,12 12,9 0,086822

1,4-Dichlorobenzene 19,7 5,6 2,7 7,1 FAIL FAIL FAIL Fail Fail Tetrahydrofurfuryl alcohol 5,3 1,05 6,24 0,167997

1,4-Dioxane 17,5 1,8 9,0 7,7 FAIL PASS PASS Fail 1,2-Dichlorobenzene 5,8 1,31 1,324 0,986405

1-Bromobutane 16,5 4,1 3,9 7,1 FAIL FAIL FAIL Fail Fail Acetophenone 4,0 1,03 1,74 0,591954

1-Butanol 16,0 5,7 15,8 9,7 FAIL FAIL PASS Fail Pyridine 2,7 0,98 0,88 1,111364

1-Chloropropane 16,0 7,8 2,0 7,1 FAIL FAIL FAIL Fail Fail NMP 3,0 1,03 1,666 0,620048

1-Decanol 16,0 4,7 10,5 6,7 FAIL FAIL PASS Fail Triacetin 5,8 1,16 17,4 0,066379

1-Heptanol 16,0 5,3 11,7 6,9 FAIL FAIL PASS Fail Aniline 6,5 1,02 4,4 0,232273

1-Hexanol 15,9 5,8 12,5 7,3 FAIL FAIL FAIL Fail Fail Cyclohexanone 2,8 0,95 2,2 0,429636

1-Methoxy-2-propanol 15,6 6,3 11,6 6,9 FAIL FAIL PASS Fail Butyl lactate 5,8 0,98 3,8 0,257895

1-Octanol 16,0 5,0 11,2 6,8 FAIL FAIL PASS Fail N,N-Dimethyl formamide 5,8 0,95 0,82 1,152439

1-Pentanol 15,9 5,9 13,9 8,2 FAIL FAIL PASS Fail 1,1,2,2-Tetrachloroethane 5,1 1,59 1,77 0,896045

1-Propanol 16,0 6,8 17,4 10,8 FAIL FAIL PASS Fail Cyrene 2,2 1,25 11,03 0,113327

2,6-Dimethyl-4-heptanone 16,0 3,7 4,1 7,8 FAIL FAIL PASS Fail Cyclopentanone 3,6 0,95 1,29 0,737209

2-Aminoethanol 17,0 15,5 21,0 14,8 FAIL NO DATA PASS Fail Nitrobenzene 6,2 1,20 1,8 0,664444

2-Butanol 15,8 5,7 14,5 8,9 FAIL FAIL PASS Fail Furfural 6,3 1,15 1,587 0,727473

2-Butoxyethanol (butyl cellosolve) 16,0 5,1 12,3 7,4 FAIL FAIL PASS Fail Diethylene glycol monobutyl ether 5,5 0,95 4,9 0,19449

2-Chloropropane 15,0 8,0 2,0 8,4 FAIL FAIL FAIL Fail Fail N,N-Dimethyl acetamide 3,7 0,94 0,927 1,009709

2-Ethoxyethanol (ethyl cellosolve) 15,9 7,2 14,0 7,9 FAIL FAIL PASS Fail

2-Ethoxyethyl acetate 15,9 4,7 10,6 6,9 FAIL FAIL PASS Fail

2-Ethylhexanol 15,9 3,3 11,8 8,4 FAIL NO DATA PASS Fail

2-Heptanone 16,2 5,7 4,1 6,2 PASS FAIL PASS Fail

2-Hexanone 15,3 6,1 4,1 7,2 FAIL FAIL FAIL Fail Fail

2-Methoxyethanol (methyl cellosolve) 16,0 8,2 15,0 8,4 FAIL FAIL PASS Fail

2-Methyl-2-butanol 15,3 6,1 13,3 8,4 FAIL FAIL PASS Fail

2-Methyltetrahydrofuran 16,9 5,0 4,3 5,9 PASS NO DATA FAIL Fail

2-Nitropropane 16,2 12,1 4,1 5,8 PASS FAIL FAIL Fail

2-Octanol 16,1 4,2 9,1 6,5 FAIL FAIL PASS Fail

2-Pentanone 16,0 7,6 4,7 5,3 PASS PASS FAIL Fail

2-Propanol 15,8 6,1 16,4 10,3 FAIL FAIL PASS Fail

2-Pyrrolidinone 18,2 12,0 9,0 3,0 PASS NO DATA PASS Fail

3,3-Dimethyl-2-butanone 15,1 5,5 3,3 8,2 FAIL FAIL PASS Fail

3-Methyl-2-butanone 15,6 6,7 4,0 6,6 PASS FAIL FAIL Fail

3-Pentanone 15,8 7,6 4,7 5,6 PASS FAIL FAIL Fail

4-Methyl-2-pentanone (methyl isobutyl ketone) 15,3 6,1 4,1 7,2 FAIL FAIL FAIL Fail Fail

Acetaldehyde 14,7 12,5 7,9 7,3 FAIL FAIL FAIL Fail Fail

Acetic acid 14,5 8,0 13,5 9,2 FAIL FAIL PASS Fail

Acetic anhydride 16,0 11,7 10,2 5,3 PASS PASS FAIL Fail

Acetone 15,5 10,4 7,0 5,2 PASS FAIL FAIL Fail

Acetonitri le 15,3 18,0 6,1 10,4 FAIL FAIL FAIL Fail Fail

Acetophenone 18,8 9,0 4,0 4,0 PASS PASS PASS Pass Acetophenone Strong polarity match Mutagencity

Acetylacetone 16,1 10,0 6,2 4,1 PASS FAIL FAIL Fail

Acetyltributyl citrate 16,7 2,5 7,4 7,3 FAIL NO DATA PASS Fail

Amyl acetate 15,8 3,3 6,1 7,6 FAIL FAIL PASS Fail

Aniline 20,1 5,8 11,2 6,5 PASS PASS PASS Pass Aniline Borderline (still considered a pass) Carcinogen, acutely toxic

Anisole 17,8 4,4 6,9 5,0 PASS PASS FAIL Fail

Benzaldehyde 19,4 7,4 5,3 4,2 PASS PASS PASS Pass Benzaldehyde Mutagencity

Benzene 18,4 0,0 2,0 10,9 FAIL FAIL FAIL Fail Fail

Benzonitri le 18,8 12,0 3,3 5,4 PASS PASS PASS Pass Benzonitrile Borderline (still considered a pass) No warnings Benzonitrile 1,0 Hernandez et al.  2010

Benzyl alcohol 18,4 6,3 13,7 6,8 FAIL PASS PASS Fail

Benzyl benzoate 20,0 5,1 5,2 6,3 PASS FAIL PASS Fail

Bromobenzene 19,2 5,5 4,1 5,8 PASS PASS FAIL Fail

Bromoethane 16,5 8,4 2,3 6,2 PASS FAIL FAIL Fail

Butyl acetate 15,8 3,7 6,3 7,3 FAIL FAIL FAIL Fail Fail

Butyl lactate 15,8 6,5 10,2 5,8 PASS PASS PASS Pass Butyl lactate Borderline (still considered a pass) No warnings Butyl lactate 0,11 This work

Butylamine 16,2 4,5 8,0 6,0 PASS FAIL FAIL Fail

Butyric acid 15,7 4,8 12,0 7,7 FAIL FAIL PASS Fail

Butyronitri le 15,3 12,4 5,1 6,8 FAIL FAIL FAIL Fail Fail

Carbon disulphide 20,2 0,0 0,6 12,5 FAIL FAIL FAIL Fail Fail

Carbon tetrachloride 17,8 0,0 0,6 11,7 FAIL FAIL FAIL Fail Fail

Chloroacetic acid 17,6 11,0 15,9 8,4 FAIL PASS PASS Fail

Chlorobenzene 19,0 4,3 2,0 7,8 FAIL PASS FAIL Fail

Chloroform 17,8 3,1 5,7 6,5 PASS FAIL FAIL Fail

cis -Decalin 17,6 0,0 0,0 12,1 FAIL NO DATA PASS Fail

Cumene 18,1 1,2 1,2 10,4 FAIL FAIL PASS Fail

Cyclohexane 16,8 0,0 0,2 12,2 FAIL FAIL PASS Fail

Cyclohexanol 17,4 4,1 13,5 7,9 FAIL PASS PASS Fail

Cyclohexanone 17,8 8,4 5,1 2,8 PASS PASS PASS Pass Cyclohexanone Strong polarity match No warnings Cyclohexanone 1,6 Hernandez et al.  2010

Cyclohexene 17,2 1,0 2,0 10,2 FAIL FAIL FAIL Fail Fail

Cyclopentane 16,4 0,0 1,8 11,5 FAIL NO DATA FAIL Fail

Cyclopentanone 17,9 11,9 5,2 3,6 PASS PASS PASS Pass Cyclopentanone Strong polarity match No warnings Cyclopentanone 1,8 Hernandez et al.  2010

Cyrene 18,8 10,6 6,9 2,2 PASS PASS PASS Pass Cyrene Strong polarity match No warnings Cyrene 13,3 This work

DCM 17,0 7,3 7,1 2,9 PASS FAIL FAIL Fail

Decamethylcyclopentasiloxane (D5) 12,9 1,3 1,0 14,6 FAIL FAIL PASS Fail

Di(ethylene glycol) 16,6 12,0 19,0 12,0 FAIL FAIL PASS Fail

Dibenzyl ether 19,6 3,4 5,2 7,2 FAIL NO DATA PASS Fail

Dibutoxymethane 15,7 4,0 3,9 8,0 FAIL NO DATA PASS Fail

Dibutyl ether 15,2 3,4 3,2 9,3 FAIL FAIL FAIL Fail Fail

Diethoxymethane (ethylal) 15,4 5,7 5,1 6,8 FAIL FAIL NO DATA Fail

Diethyl ether 14,5 2,9 4,6 10,0 FAIL FAIL FAIL Fail Fail

Diethyl phthalate 17,6 9,6 4,5 3,3 PASS PASS PASS Pass Diethyl phthalate Strong polarity match Reproductive toxicity

Diethylamine 14,9 2,3 6,1 9,5 FAIL FAIL PASS Fail

Diethylene glycol dibutyl ether 15,8 4,7 4,4 7,2 FAIL FAIL PASS Fail

Diethylene glycol diethyl ether 15,8 5,9 5,6 5,9 PASS FAIL PASS Fail

Diethylene glycol dimethyl ether 16,0 5,9 6,2 5,5 PASS FAIL PASS Fail

Diethylene glycol monobutyl ether 16,0 7,0 10,6 5,5 PASS PASS PASS Pass Diethylene glycol monobutyl ether Borderline (still considered a pass) REACH restriction applies

Diethylene glycol monoethyl ether 16,1 9,2 12,2 5,9 PASS FAIL PASS Fail

Diethylene glycol monomethyl ether 16,2 7,8 12,6 6,3 PASS FAIL PASS Fail

Diisopropyl ether 15,1 3,2 3,2 9,5 FAIL FAIL FAIL Fail Fail

Dimethoxymethane 15,0 1,8 8,6 9,7 FAIL FAIL NO DATA Fail

Dimethyl carbonate 15,5 8,6 9,7 5,4 PASS FAIL FAIL Fail

Dimethyl ether 15,2 6,1 5,7 6,8 FAIL FAIL NO DATA Fail

Dimethyl glutarate 16,1 7,7 8,3 4,2 PASS FAIL PASS Fail

Dimethyl isosorbide 17,6 7,1 7,5 2,4 PASS NO DATA PASS Fail

Dimethyl phthalate 18,6 10,8 4,9 3,4 PASS NO DATA PASS Fail

Dimethyl sulphide 16,1 6,4 7,4 4,8 PASS FAIL NO DATA Fail

Dimethyl sulphoxide 18,4 16,4 10,2 7,6 FAIL PASS PASS Fail

Diphenyl ether 19,4 3,4 4,0 7,5 FAIL PASS PASS Fail

Dipropylene glycol 16,5 10,6 17,7 10,5 FAIL NO DATA PASS Fail

Dipropylene glycol monomethyl ether 15,5 5,7 11,2 7,1 FAIL FAIL PASS Fail

d -Limonene 17,2 1,8 4,3 8,4 FAIL FAIL PASS Fail

Ethanethiol 15,7 6,5 7,1 5,4 PASS FAIL NO DATA Fail

Ethanol 15,8 8,8 19,4 12,5 FAIL FAIL PASS Fail

Ethoxybenzene 18,4 4,5 4,0 6,1 PASS NO DATA PASS Fail

Ethyl acetate 15,8 5,3 7,2 6,0 PASS FAIL FAIL Fail

Ethyl benzene 17,8 0,6 1,4 10,7 FAIL FAIL FAIL Fail Fail

Ethyl butyrate 15,5 5,6 5,0 6,8 FAIL FAIL PASS Fail

Ethyl formate 15,5 8,4 8,4 5,1 PASS FAIL NO DATA Fail

Ethyl lactate 16,0 7,6 12,5 6,5 PASS FAIL PASS Fail

Ethyl morpholine 17,7 5,0 6,6 4,5 PASS NO DATA PASS Fail

Ethyl propionate 15,5 6,1 4,9 6,6 PASS FAIL FAIL Fail

Ethylene glycol 17,0 11,0 26,0 18,5 FAIL FAIL PASS Fail

Ethylene glycol dibutyl ether 15,7 4,5 4,2 7,5 FAIL NO DATA PASS Fail

Ethylene glycol diethyl ether 15,4 5,4 5,2 7,0 FAIL NO DATA PASS Fail

Ethylenediamine 16,6 8,8 17,0 9,7 FAIL NO DATA PASS Fail

Eugenol 19,0 7,5 13,0 5,9 PASS FAIL PASS Fail

Formamide 17,2 26,2 19,0 20,4 FAIL FAIL NO DATA Fail

Formic acid 14,6 10,0 14,0 9,3 FAIL PASS PASS Fail

Furan 17,0 1,8 5,3 8,1 FAIL NO DATA FAIL Fail

Furfural 18,6 14,9 5,1 6,3 PASS PASS PASS Pass Furfural Borderline (still considered a pass) Carcinogen, acutely toxic

Furfuryl alcohol 17,4 7,6 15,1 7,7 FAIL PASS PASS Fail

Glycerol 17,4 11,3 27,2 19,6 FAIL FAIL PASS Fail

Glycerol carbonate 17,9 25,5 17,4 18,9 FAIL NO DATA PASS Fail

Heptanoic acid 16,1 5,2 10,3 6,2 PASS NO DATA PASS Fail

Hexamethyldisiloxane (M2) 12,6 2,0 0,0 15,1 FAIL FAIL FAIL Fail Fail

Isoamyl acetate 15,3 3,1 7,0 8,3 FAIL NO DATA PASS Fail

Isoamyl alcohol 15,8 5,2 13,3 8,2 FAIL FAIL PASS Fail

Isobutanol 15,1 5,7 15,9 10,7 FAIL FAIL PASS Fail

Isobutyl acetate 15,1 3,7 6,3 8,2 FAIL FAIL FAIL Fail Fail

Isoeugenol 18,9 5,7 9,9 4,6 PASS FAIL PASS Fail

Isooctane (2,2,4-trimethylpentane) 14,1 0,0 0,0 14,4 FAIL FAIL FAIL Fail Fail

Isopropyl acetate 14,9 4,5 8,2 7,9 FAIL FAIL FAIL Fail Fail

Lauric acid 16,2 4,1 7,4 6,3 PASS FAIL PASS Fail

Levulinic acid 17,1 10,4 13,5 6,17 PASS PASS NO DATA Fail

m -Cresol 18,5 6,5 13,7 6,7 FAIL NO DATA PASS Fail

m -Dichlorobenzene 19,2 5,1 2,7 7,0 FAIL PASS PASS Fail

Mesitylene 18,0 0,6 0,6 11,2 FAIL FAIL NO DATA Fail

Methanol 14,7 12,3 22,3 16,3 FAIL FAIL FAIL Fail Fail

Methyl acetate 15,5 7,2 7,6 5,4 PASS FAIL FAIL Fail

Methyl butyrate 15,8 4,9 6,2 6,4 PASS FAIL FAIL Fail

Methyl ethyl ketone 16,0 9,0 5,1 4,8 PASS FAIL FAIL Fail

Methyl formate 15,3 8,4 10,2 6,0 PASS FAIL FAIL Fail

Methyl lactate 16,9 8,3 16,1 8,7 FAIL PASS PASS Fail

Methyl oleate 16,2 3,8 4,5 7,3 FAIL FAIL PASS Fail

Methylcyclopentane 16,0 0,0 1,0 12,1 FAIL FAIL NO DATA Fail

Morpholine 18,0 4,9 11,0 5,5 PASS PASS PASS Pass Morpholine Borderline (still considered a pass) Mutagencity

m -Xylene 17,8 2,6 2,8 8,3 FAIL FAIL FAIL Fail Fail

N ,N -Dimethyl acetamide 16,8 11,5 9,4 3,7 PASS PASS PASS Pass N,N-Dimethyl acetamide Strong polarity match Reproductive toxicity

N ,N -Dimethyl anil ine 18,3 3,2 5,5 6,5 FAIL PASS PASS Fail

N ,N -Dimethyl formamide 17,4 13,7 11,3 5,8 PASS PASS PASS Pass N,N-Dimethyl formamide Borderline (still considered a pass) Reproductive toxicity

N ,N '-Dimethylethyleneurea (DMEU) 18,2 10,0 8,1 0,9 PASS NO DATA PASS Fail

n -Decane 15,7 0,0 0,0 12,9 FAIL FAIL PASS Fail

n -Heptane 15,3 0,0 0,0 13,2 FAIL FAIL FAIL Fail Fail

n -Hexane 14,9 0,0 0,0 13,6 FAIL FAIL FAIL Fail Fail

n-Hexyl acetate 15,8 2,9 5,9 8,0 FAIL FAIL PASS Fail

Nitrobenzene 20,0 10,6 3,1 6,2 PASS PASS PASS Pass Nitrobenzene Borderline (still considered a pass) Carcinogen, reproductive toxicity

Nitroethane 16,0 15,5 4,5 8,0 FAIL PASS FAIL Fail

Nitromethane 15,8 18,8 6,1 10,6 FAIL PASS FAIL Fail

N -Methyl formamide 17,4 18,8 15,9 12,6 FAIL PASS NO DATA Fail

N -Methylacetamide 16,9 17,0 13,0 9,6 FAIL PASS PASS Fail

NMP 18,0 12,3 7,2 3,0 PASS PASS PASS Pass NMP Strong polarity match Reproductive toxicity

n -Octane 15,5 0,0 0,0 13,1 FAIL FAIL FAIL Fail Fail

n -Pentane 14,5 0,0 0,0 14,0 FAIL FAIL FAIL Fail Fail

n -Propyl acetate 15,3 4,3 7,6 7,4 FAIL FAIL FAIL Fail Fail

n -Propylamine 16,0 4,9 8,6 6,0 PASS FAIL NO DATA Fail

Octamethylcyclotetrasiloxane (D4) 12,8 1,3 1,0 14,7 FAIL FAIL PASS Fail

Octamethyltrisi loxane (MDM) 12,2 1,8 0,0 15,8 FAIL FAIL PASS Fail

Octanoic acid 15,7 3,3 8,2 7,6 FAIL FAIL PASS Fail

Oleic acid 16,0 2,8 6,2 7,8 FAIL PASS PASS Fail

Omnia : Butyl-3-hydroxybutyrate 16,5 5,9 10,7 5,4 PASS NO DATA PASS Fail

o -Xylene 17,8 1,0 3,1 9,5 FAIL FAIL PASS Fail

p -Cymene 17,3 2,4 2,4 8,8 FAIL FAIL NO DATA Fail

Phenol 18,5 5,9 14,9 8,0 FAIL PASS PASS Fail

Propanenitri le 15,3 14,3 5,5 7,7 FAIL FAIL FAIL Fail Fail

Propionic acid 14,7 5,3 12,4 9,0 FAIL FAIL PASS Fail

Propylene carbonate 20,0 18,0 4,1 10,2 FAIL PASS PASS Fail

p -Xylene 17,8 1,0 3,1 9,5 FAIL FAIL FAIL Fail Fail

Pyridine 19,0 8,8 5,9 2,7 PASS PASS PASS Pass Pyridine Strong polarity match No warnings Pyridine 0,4 Hernandez et al.  2010

Pyrrolidine 17,9 6,5 7,4 2,8 PASS FAIL NO DATA Fail

Quinoline 20,5 5,6 5,7 6,5 FAIL FAIL PASS Fail

Solketal : ((2,2-dimethyl-1,3-dioxolan-4-yl)methanol) 4-methanol) 16,6 7,9 12,0 5,3 PASS FAIL PASS Fail

Sulpholane 17,8 17,4 8,7 8,2 FAIL PASS PASS Fail

t -Butyl ethyl ether 14,4 3,5 2,7 10,5 FAIL FAIL NO DATA Fail

t -Butyl methyl ether 14,8 4,3 5,0 8,6 FAIL FAIL FAIL Fail Fail

Tetrachloroethylene 18,3 5,7 0,0 8,5 FAIL FAIL FAIL Fail Fail

Tetraethylene glycol 16,4 9,4 15,3 8,3 FAIL PASS PASS Fail

Tetrahydrofuran 16,8 5,7 8,0 4,3 PASS FAIL FAIL Fail

Tetrahydrofurfuryl alcohol 17,8 8,2 12,9 5,3 PASS PASS PASS Pass Tetrahydrofurfuryl alcohol Borderline (still considered a pass) Reproductive toxicity

Toluene 18,0 1,4 2,0 9,7 FAIL FAIL FAIL Fail Fail

Tri(ethylene glycol) 16,0 12,5 18,6 12,0 FAIL FAIL PASS Fail

Triacetin 16,5 4,5 9,1 5,8 PASS PASS PASS Pass Triacetin Borderline (still considered a pass) No warnings Triacetin 1,06 This work

Tributylamine 15,7 2,2 2,1 10,2 FAIL FAIL PASS Fail

Tributylphosphate 16,3 6,3 4,3 5,7 PASS FAIL PASS Fail

Trichloroacetic acid 18,3 7,0 13,0 5,8 PASS FAIL FAIL Fail

Trichloroethylene 18,0 3,1 5,3 6,7 FAIL FAIL FAIL Fail Fail

Triethylamine 15,5 0,4 1,0 12,2 FAIL FAIL FAIL Fail Fail

Triethylcitrate 16,5 4,9 12 6,84 FAIL NO DATA PASS Fail

Triethylene glycol dimethyl ether 15,9 5,9 6,4 5,6 PASS FAIL PASS Fail

Triethylphosphate 16,7 11,4 9,2 3,7 PASS PASS NO DATA Fail

Water 15,5 16,0 42,3 35,6 FAIL FAIL PASS Fail

Z-1,2-Dichloroethylene 17,0 8,0 3,2 5,1 PASS FAIL FAIL Fail

α-Pinene 16,4 1,1 2,2 10,4 FAIL FAIL PASS Fail

α-Terpineol 17,1 3,6 7,6 6,0 PASS FAIL PASS Fail

β-Pinene 16,3 1,1 1,9 10,6 FAIL FAIL PASS Fail

γ-Butyrolactone 18,0 16,6 7,4 7,3 FAIL PASS PASS Fail

γ-Valerolactone 16,9 11,5 6,3 3,4 PASS NO DATA PASS Fail

Total solvents meeting at least one requirement: 178 80 53 130 Number of solvents: 22 Number of solvents: 8

Experimental concentration of 

dispersed graphene (relative to 

NMP)

Introducing density and viscosity as a combined parameter explains the poor performance of pyridine, and the high 

performance of Cyrene and cyclohexanone. The density/viscosity threshold could have been tightened to exclude pyridine, but 

was set to what it is so that DMF was accepted as having the correct physical properties. Butyl lactate and triacetin join Cyrene 

as the favoured solvents after passing phase 2 and phase 3 of the solvent selection procedure.
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Solvent name

Bio-based carbon 

content 

(calculation)

Supplier
Autoignition 

Temperature (°C)
Ref

Standard 

deviations from 

mean

Flash Point, closed 

cup (°C)
Ref

Standard 

deviations from 

mean

LD50 oral (mg/kg, 

rat)
log(LD50) Test notes Ref

Relative to LD50) 

of 2000 mg/kg

Vapor pressure 

(mmHg)
log(VP)

Temp. for vapor 

pressure (°C)
Ref

Standard 

deviations from 

mean                 

inverted so high 

values are 

desirable

Octanol-Water 

Partition Constant 

(Log Kow)

Ref

Standard 

deviations from 

mean                 

inverted so high 

values are 

desirable

EC50 (mg/L) 48hr 

Daphnia magna
log(EC50) Test notes Ref

Standard 

deviations from 

mean

Biodegradation

1,2-Dichlorobenzene 0% 648 MSDS (Sigma-Aldrich) 2,27 66 Rowan SSG 0,12 500 2,70 Rowan SSG 0,25 1,2E+00 0,08 20 MSDS (Sigma-Aldrich) 0,66 3,43 Rowan SSG -0,94 0,74 -0,13 EPA ECOTOX -0,908 Considered biodegradable.

Benzonitri le 0% 550 NIOSH MSDS 1,42 70 MSDS (Sigma-Aldrich) 0,19 971 2,99 MSDS (Sigma-Aldrich) 0,49 7,5E-01 -0,12 20 MSDS (Sigma-Aldrich) 0,72 1,56 MSDS (Sigma-Aldrich) 0,01 122 2,09 24hr EPA ECOTOX -0,314 Considered biodegradable.

Butyl lactate 43% Green Biologics 382 HSDB -0,05 71 SOLV-DB 0,21 2000 3,30 SOLV-DB 1,00 2,0E-01 -0,70 20 http://www.inchem.org/ 0,89 1,37 SOLV-DB 0,11 423 2,63 EPA ECOTOX -0,169 Considered biodegradable.

Cyclohexanone 0% 420 SOLV-DB 0,29 44 SOLV-DB -0,26 1535 3,19 SOLV-DB 0,77 4,3E+00 0,64 25 SOLV-DB 0,49 0,81 ChemSpider 0,39 820 2,91 24hr EPA ECOTOX -0,092 Considered biodegradable.

Cyclopentanone 0% 445 MSDS (Imperial College) 0,50 30 MSDS (Sigma-Aldrich) -0,50 1180 3,07 MSDS (ScienceLab) 0,59 1,1E+01 1,06 25 HSDB 0,37 0,24 (calculated) 0,68 1435 3,16 24 hr EPA ECOTOX -0,026 Considered biodegradable.

Cyrene : Dihydrolevoglucosenone 100% Circa 296 F.Hoffmann-La Roche Ltd. -0,80 108 F.Hoffmann-La Roche Ltd. 0,85 2000 3,30 min. value F.Hoffmann-La Roche Ltd. 1,00 2,1E-01 -0,68 25 F.Hoffmann-La Roche Ltd. 0,88 -1,52 F.Hoffmann-La Roche Ltd. 1,58 100 2,00 min. value F.Hoffmann-La Roche Ltd. -0,337 Considered biodegradable.

Pyridine 0% 482 MSDS (Sigma-Aldrich) 0,83 17 MSDS (Sigma-Aldrich) -0,73 891 2,95 MSDS (Sigma-Aldrich) 0,45 2,0E+01 1,30 25 MSDS (Sigma-Aldrich) 0,30 0,65 Rowan SSG 0,47 940 2,97 MSDS (Sigma-Aldrich) -0,076 Considered biodegradable.

Triacetin 33% Eastman 433 MSDS (Fisher) 0,40 138 MSDS (Fisher) 1,37 3000 3,48 MSDS (Fisher) 1,50 2,5E-03 -2,61 25 MSDS (Fisher) 1,45 0,36 MSDS (Eastman, calc .) 0,62 380 2,58 MSDS (Spectrum) -0,181 Considered biodegradable.

S4 database mean average 387 59 5020 3,70 207 2,32 1,58 1800 3,26

S4 database SD 115 58 7712 3,89 2497 3,40 1,97 5349 3,73

Mean + SD 502 117 7,59 5,71 3,55 6,98

Mean - SD 273 1 -0,19 -1,08 -0,39 -0,47

NMP (for comparison) 0% 346 HSDB -0,36 92 SOLV-DB 0,57 3914 3,59 SOLV-DB 1,96 3,4E-01 -0,47 25 SOLV-DB 0,82 -0,38 ChemSpider 1,00 1000 3,00 min. value, 24hr MSDS (Sigma-Aldrich) -0,068

Regulatory limits and requirements in European standards 25%
European standard 

TS/16766.
n/a 60

CLP 'flammable l iquids' 

threshold
0,02 2000 3,30 CLP 'acute toxicity' threshold 1,00 0,075 -1,12

Industrial Emissions 

2010/75/EU 'VOC' threshold
1,01 4

CLP 'harmful to the aquatic 

environment' threshold (in 

practice EC 50 <100 also)

-1,23 100 2,00

CLP 'harmful to the aquatic 

environment' threshold (in 

practice logP ≥4 also)

-0,34

Solvent name # Best in class # Worst in class Bio-based? Summation of scores Rank All breaches of regulatory l imits

1,2-Dichlorobenzene 1 3 No 1,7 8 CLP 'acute toxicity' threshold (harmful if swallowed); Industrial emissions VOC definition; CLP 'harmful to the aquatic environment'.

Benzonitri le No 2,8 4 CLP 'acute toxicity' threshold (harmful if swallowed); Industrial emissions VOC definition.

Butyl lactate Partially 3,1 3 Industrial emissions VOC definition.

Cyclohexanone No 2,6 5 CLP 'acute toxicity' threshold (harmful if swallowed); CLP 'flammable l iquids' threshold; Industrial emissions VOC definition.

Cyclopentanone 1 No 2,5 6 CLP 'acute toxicity' threshold (harmful if swallowed); CLP 'flammable l iquids' threshold; Industrial emissions VOC definition.

Cyrene : Dihydrolevoglucosenone 1 1 Yes 3,5 2 Industrial emissions VOC definition.

Pyridine 2 No 2,2 7 CLP 'acute toxicity' threshold (harmful if swallowed); CLP 'flammable l iquids' threshold; Industrial emissions VOC definition.

Triacetin 3 Partially 4,8 1 None.

 http://www.york.ac.uk/res/s4/

Additional notes: REACH Annex VIII requirements

Persistence (PBT) not anticipated - all  solvents biodegrade

Bioaccumulation (PBT) not anticipated (log P <4)

Toxicity (PBT) not anticipated (EC50 >0.01)

Carcinogenity (CMR) not identified

Mutagenicity (CMR) not identified

Reprotoxicity (CMR) not identified

2

10

chart

2 10

3

4

5

6 1 -1

7 1 0

8 1 1

9

This data has been extracted from the University of York 'S4' solvent database. Values were collected from freely available sources except the Cyrene data, which was requested from 

F.Hoffmann-La Roche Ltd. We would l ike to thank F.Hoffmann-La Roche Ltd. for allowing us to use this data from the SDS they compiled.

Solvent data ploted against a scale of +/- 1 standard deviation (mean average shown as a black diamond). An exception is made for LD 50 where a l inear scale is given for improved clarity. Solvent data shown as red 

circles (in the order left to right as l isted in the table above). Cyrene is shown as a fi l led red data point. NMP (for reference) is given as a X data point, but please note NMP is reprotoxic, whereas the other solvents are 

not recognised as such. Regulation thresholds are given as a green line. High values indicates 'greenness'.

Summation of scores and the rank is purely for guidance.
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Solvent name
Bio-based 

carbon content
Source Supplier Reference Hansen D Hansen P Hansen H

Distance in 

Hansen space
Polarity

Surface 

tension

Density: 

viscosity
Additional comments

1,2-Pentanediol 100% Pyrolysis of carbohydrate Pennakem agrobiobase.com/en/database/bioproducts/agriculture-forestry-viticulture/12-pentanediol (accessed 30-10-2015) 16,7 7,2 16,8 9,7 FAIL NO DATA NO DATA

1,2-Propanediol 100% Derived from glycerol Oelon agrobiobase.com/en/database/bioproducts/food-feed/radianol-4713-bio-propylene-glycol (accessed 30-10-2015) 16,8 10,4 21,3 13,9 FAIL PASS PASS

1,3-Dioxolane-4-methanol (glycerol formal) 75% Derived from glycerol Lambiotte&Cie agrobiobase.com/en/database/bioproducts/agriculture-forestry-viticulture/glycerol-formal (accessed 30-10-2015) 18,4 10,6 16,5 8,9 FAIL FAIL PASS

1,3-Propanediol 100% Derived from glycerol DuPont-Tate & Lyle agrobiobase.com/en/database/bioproducts/agriculture-forestry-viticulture/13-propanediol-biobased (accessed 30-10-2015) 16,8 13,5 23,2 16,2 FAIL NO DATA NO DATA

1,4-Butanediol 100% Fermentation product Genomatica www.genomatica.com/products/genobdoprocess (accessed 30-10-2015) 16,6 11 20,9 13,6 FAIL FAIL PASS

1-Butanol 100% Fermentation product Numerous (fuel market) www.biofuelstp.eu/butanol.html (accessed 30-10-2015) 16 5,7 15,8 9,7 FAIL FAIL PASS

2-Butanol 100% Fermentation product DuPont US patent 2008/0274525 A1 15,8 5,7 14,5 8,9 FAIL FAIL PASS

2-Methyltetrahydrofuran 100% Pyrolysis of carbohydrate Pennakem V. Pace et al ., ChemSusChem ., 2012, 5, 1369-1379. 16,9 5 4,3 5,9 PASS NO DATA FAIL

2-Octanol 100% Synthesised from vegetable oils Arkema agrobiobase.com/en/database/bioproducts/chemistry-formulation-synthesis/2-octanol (accessed 30-10-2015) 16,1 4,2 9,1 6,5 FAIL FAIL PASS

2-Propanol 100% Fermentation product Lanzatech US patent 2012/0252083 A1 15,8 6,1 16,4 10,3 FAIL FAIL PASS

Acetic acid 100% Fermentation product Sekab www.sekab.com/chemistry/acetic-acid (accessed 30-10-2015) 14,5 8 13,5 9,2 FAIL FAIL PASS

Acetone 100% Fermentation product Numerous (plastisicer market) 15,5 10,4 7 5,2 PASS FAIL FAIL

Acetyltributyl citrate 18% Made from citric acid Numerous (plastisicer market) 16,7 2,5 7,4 7,3 FAIL NO DATA PASS

Butyl lactate 43-100% Made from lactic acid Galactic www.lactic.com/en-us/products/productrange/galaster%E2%84%A2galasolv%E2%84%A2.aspx (accessed 30-10-2015) 15,8 6,5 10,2 5,8 PASS PASS PASS Considered as a candidate

Butyric acid 100% Fermentation product Numerous (food and fragrances) 15,7 4,8 12 7,7 FAIL FAIL PASS

Cyrene 100% Pyrolysis of carbohydrate Circa J. Sherwood et al ., Chem. Commun ., 2014, 50, 9650-9652. 18,8 10,6 6,9 2,2 PASS PASS PASS Considered as a candidate

Diethoxymethane (ethylal) 80% Made with bio-ethanol Lambiotte&Cie agrobiobase.com/en/database/bioproducts/chemistry-formulation-synthesis/ethylal (accessed 30-10-2015) 15,4 5,7 5,1 6,8 FAIL FAIL NO DATA

Dimethyl ether 100% Made from bio-gas Chemrec www.biofuelstp.eu/bio-dme.html (accessed 30-10-215) 15,2 6,1 5,7 6,8 FAIL FAIL NO DATA

Dimethyl isosorbide 75% Pyrolysis of carbohydrate Roquette and downstream www.lotioncrafter.com/dimethyl-isosorbide-dmi.html (accessed 30-10-2015) 17,6 7,1 7,5 2,4 PASS FAIL* PASS *Based on predicted data from HSPiP (28.0 dynes/cm)

Dimethyl sulphoxide 100% Made from dimethyl sulphide Numerous (paper and pulp sector) 18,4 16,4 10,2 7,6 FAIL PASS PASS

d -Limonene 100% Essential oils Numerous (fragrance sector) www.who.int/ipcs/publications/cicad/en/cicad05.pdf (accessed 30-10-15) 17,2 1,8 4,3 8,4 FAIL FAIL PASS

Ethanol 100% Fermentation product Numerous (fuel market) www.biofuelstp.eu/bioethanol.html (accessed 30-10-15) 15,8 8,8 19,4 12,5 FAIL FAIL PASS

Ethyl acetate 100% Made from bio-ethanol Sekab www.sekab.com/chemistry/ethyl-acetate (accessed 30-10-2015). 15,8 5,3 7,2 6,0 PASS FAIL FAIL

Ethyl lactate 100% Made from lactic acid Galactic www.lactic.com/en-us/13_ethyl-lactate/index.html 16 7,6 12,5 6,5 PASS FAIL PASS

Ethylene glycol 100% Made from bio-ethanol India glycols www.indiaglycols.com/product_groups/monoethylene_glycol.htm (accessed 02-11-2015) 17 11 26 18,5 FAIL FAIL PASS

Eugenol 100% Essential oils Numerous (fragrance sector) 19 7,5 13 5,9 PASS FAIL PASS

Furfural 100% Pyrolysis of carbohydrate Numerous www.furan.com/furfural.html (accessed 30-10-2015) 18,6 14,9 5,1 6,3 PASS PASS PASS Eliminated on the basis of toxicity and mutagenicity

Furfuryl alcohol 100% Pyrolysis of carbohydrate Numerous www.furan.com/furfuryl_alcohol_applications.html (accessed 02-11-2015) 17,4 7,6 15,1 7,7 FAIL PASS PASS

Glycerol 100% Vegetable oils Numerous (fuel market) Y. Gu et al. , Green Chem. , 2010 ,12, 1127-1138. 17,4 11,3 27,2 19,6 FAIL FAIL PASS

Glycerol carbonate 75% Derived from glycerol Glacochemie www.glaconchemie.de (accessed 02-11-2015) 17,9 25,5 17,4 18,9 FAIL NO DATA PASS

Isoamyl alcohol 100% Fermentation product Numerous (fusel oil) 15,8 5,2 13,3 8,2 FAIL FAIL PASS

Isobutanol 100% Fermentation product Gevo US patent 2011/0087000 A1 15,1 5,7 15,9 10,7 FAIL FAIL PASS

Isoeugenol 100% Essential oils Numerous (fragrance sector) 18,9 5,7 9,9 4,6 PASS FAIL PASS

Lactic acid 100% Fermentation product Numerous (polymer market) cellulac.co.uk/en/main/process-diagram (accessed 30-10-2015) 17,3 10,1 23,3 15,7 FAIL NO DATA NO DATA

Lauric acid 100% Vegetable oils Numerous (fuel market) 16,2 4,1 7,4 6,3 PASS FAIL PASS

Levulinic acid 100% Pyrolysis of carbohydrate GF Biochemicals http://www.gfbiochemicals.com/products/#levulinic-acid 17,1 10,4 13,5 6,2 PASS PASS NO DATA** **Viscosity data unavailable. Lower performance than NMP (see M. Sharma et al., Chem. Commun., 2016, DOI: 10.1039/C6CC00256K).

Methanol 100% Made from bio-gas Numerous www.irena.org/DocumentDownloads/Publications/IRENA-ETSAP%20Tech%20Brief%20I08%20Production_of_Bio-methanol.pdf (accessed 02-11-2015) 14,7 12,3 22,3 16,3 FAIL FAIL FAIL

Methyl lactate 75% Made from lactic acid Numerous (fuel market) 16,9 8,3 16,1 8,7 FAIL PASS PASS

Methyl oleate 95% Synthesised from vegetable oils Numerous (fuel market) 16,2 3,8 4,5 7,3 FAIL FAIL PASS

Oleic acid 100% Vegetable oils Numerous (fuel market) 16 2,8 6,2 7,8 FAIL PASS PASS

p -Cymene 100% Made from limonene/pinene Numerous (fragrance sector) J. A. Dávila et al ., Waste and Biomass Valorization , 2015, 6, 253-261. 17,3 2,4 2,4 8,8 FAIL FAIL NO DATA

Solketal : ((2,2-dimethyl-1,3-dioxolan-4-yl)methanol) 4-methanol) 50% Derived from glycerol Rhodia www.rhodia.com.cn/en/binaries/ Flyer_AugeoSL191_EN.pdf (accessed 30-10-2015) 16,6 7,9 12,0 5,3 PASS FAIL PASS

t -Butyl ethyl ether 33% Made with bio-ethanol Braskem www.braskem.com/site.aspx/ethyl-tertiary-butyl-ether (accessed 30-10-15) 14,4 3,5 2,7 10,5 FAIL FAIL NO DATA

Tetrahydrofuran 100% Pyrolysis of carbohydrate Pennakem agrobiobase.com/en/database/bioproducts/chemistry-formulation-synthesis/thf (accessed 30-10-2015) 16,8 5,7 8 4,3 PASS FAIL FAIL

Tetrahydrofurfuryl alcohol 100% Pyrolysis of carbohydrate Pennakem agrobiobase.com/en/database/bioproducts/agriculture-forestry-viticulture/thfa (accessed 30-10-2015) 17,8 8,2 12,9 5,3 PASS PASS PASS Eliminated on the basis of reproductive toxicity

Triacetin 33%-100% Derived from glycerol Eastman www.eastman.com/Products/Pages/ProductHome.aspx?Product=71001049 (accessed 30-10-2015) 16,5 4,5 9,1 5,8 PASS PASS PASS Considered as a candidate

Triethyl citrate 100% Made from citric acid Numerous (plastisicer market) 16,5 4,9 12 6,8 FAIL NO DATA PASS

α-Pinene 100% Essential oils Numerous (fragrance sector) 16,4 1,1 2,2 10,4 FAIL FAIL PASS

α-Terpineol 100% Essential oils Numerous (fragrance sector) 17,1 3,6 7,6 6,0 PASS FAIL PASS

β-Pinene 200% Essential oils Numerous (fragrance sector) 16,3 1,1 1,9 10,6 FAIL FAIL PASS

γ-Valerolactone 100% Pyrolysis of carbohydrate Numerous (fragrance/fuel additive) http://www.adv-bio.com/ProductDetail.aspx?ProdNo=1252 16,9 11,5 6,3 3,4 PASS FAIL* PASS *Based on predicted data from HSPiP (29.9 dynes/cm). Failed as a solvent (see M. Sharma et al., Chem. Commun., 2016, DOI: 10.1039/C6CC00256K).

Total bio-based solvents considered: 51 18 11 38

 http://www.york.ac.uk/res/s4/

Bio-based solvent summary 
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