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Use safer solvents and auxiliaries
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Solvents in Green Chemistry

An immediate and obvious approach toward 
large-scale waste reduction is to minimize or 
eradicate auxiliary substances (those that do 
not appear in the desired product). A significant 
ancillary in many processes is the solvent, 
which usually provides a medium for reactant 
dissolution. Research into low-solvent or 
solvent-free reactivity is therefore currently of 
great interest.
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Solvents in Green Chemistry

Employment of solvents in chemical reactivity 
stretches back many centuries. "Corpora non 
agunt nisi fluida seu soluta" (Aristotele) 
[“Compounds that are not fluid or dissolved, do 
not react”]. As more solvents became available to 
chemists it was further noted that not only are 
solvents a necessity, but choosing the correct 
solvent for a particular reaction is of even greater 
importance.
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Solvents in Green Chemistry
Woodward and Eschenmoser’s Vitamin B12 
synthesis 
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37 synthetic steps and 20 different organic solvents
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• Solvents represent roughly 56% of the total mass used 
in pharmaceutical manufacturing.

• For every kilogram of active pharmaceutical 
ingredient (API) produced 22 kg of solvent are needed

• GlaxoSmithKline developed guidelines for which 
solvents are safe to use and which solvents should be 
avoided
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The criteria that are generally considered when
assessing the environmental credentials of a solvent
include: 

• Carbon footprint
• Biodegradability
• Solubility in water (solvents that are 

immiscible with water are less likely to 
contaminate aqueous waste streams) 



Solvents in Green Chemistry
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The criteria that are generally considered when
assessing the environmental credentials of a solvent
include: 

• Whether it gives rise to volatile organic
compounds (VOCs) (solvents with higher
boiling points are less likely to have this
issue) 

• Whether the solvent is easy to recycle
(distillation is less energy intensive for 
lower boiling solvents) 

• Whether the solvent is produced from a 
renewable feedstock
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Additionally, safety criteria can be incorporated, 
including the solvent’s:

• Stability
• Flammability (or flash point)
• Toxicity (human and environmental) 



Solvents in Green Chemistry
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Alternative solvents suitable for green 
chemistry are those that have low toxicity, are 
easy to recycle, are inert and do not 
contaminate the product.
There is no perfect green solvent that can be 
applied to all situations 
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There is still debate about what constitutes a “green 
solvent” and which solvents are truly environmentally 
benign. 
Recycling the solvent is another strategy that is 
employed by many companies. However, because 
current recycling methods are not very efficient there is 
only approximately a 50-80% recovery rate, thus 
recycling is not a sustainable option.
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A green and sustainable solvent can be defined 
as a solvent that addresses environmental 
issues, contributes to the optimization of the 
overall process, and is cost-effective. Specific 
process considerations must include reaction 
rates, product yields and selectivity, product 
separation, and recycling strategies for both the 
catalyst and the solvent.
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Solvents in Green Chemistry
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Compromise of transport ability and solvent power for 
various types of solvents
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Worker safety: including carcinogenicity, mutagenicity, 
reprotoxicity, skin absorption/sensitization, and toxicity;
Process safety: including flammability, potential for high 
emissions through high vapour pressure, static charge, 
potential for peroxide formation and odour issues.
Environmental and regulatory considerations: including 
ecotoxicity and ground water contamination, potential EHS 
regulatory restrictions, ozone depletion potential, 
photoreactive potential. 
(Pfizer)
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The flash point of a volatile material is the lowest temperature at which it can vaporize to form an ignitable 
mixture in air. Measuring a flash point requires an ignition source. 
HAP: Hazardous Air Pollutants
The threshold limit value (TLV) of a chemical substance is a level to which it is believed a worker can be 
exposed day after day for a working lifetime without adverse health effects.
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CED: cumulative energy demand
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Solvent Polarity



SOLVENT-FREE CHEMISTRY
INTRODUCTION
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The greenest solvent, in terms of 
reducing waste, is no solvent
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A dry solid phase reaction is solvent-
free, also a reaction where there is a 
liquid present, but it is not acting as a 
solvent (i.e., nothing is dissolved in it) is 
also solvent-free
Welton 2006
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A dry solid phase reaction is solvent-
free, also a reaction where there is a 
liquid present, but it is not acting as a 
solvent (i.e., nothing is dissolved in it) is 
also solvent-free
Welton 2006
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Solvent-free?
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β-ketoester (0.53 mL, 4.15 mmol) 
is present in excess of the 
salicylaldehyde derivative (0.4 g, 
2.07 mmol). As ethyl acetoacetate 
is a liquid at room temperature, it 
is clearly participating as both 
reagent and solvent.
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Solvent-free?
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In many solvent-free approaches, 
VOCs are used to extract and purify 
the product, and therefore the 
reaction may be solvent free but 
often the process as a whole does 
use solvents.
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Mortar and Pestle
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Chemical reactions can exist 
without the assistance of a 
solvent. Oxidations, reductions, 
and condensations reactions 
have all been studied under 
solvent-free conditions with the 
use of a mortar and pestle.
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Mortar and Pestle
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Only reagents that form 
a eutectic melt when 
combined gave the 
desired product. 
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Mechanochemistry
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Ball milling is a procedure in which solid 
reactants are placed inside a vessel, in 
the absence of solvent, along with one 
or more ball bearings. Planetary mills 
and vibratory mills are two of the most 
utilized mills for conducting solvent-free 
chemical reactions.
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Mechanochemistry
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Vibratory mill

Planetary Mill
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Mechanochemistry
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Ball milling reactions are considered to 
occur in a two-step process.
• Activation step: the particles are 

reduced to a size suitable for reaction. 
• Ignition step: ball collisions cause a 

chemical reaction to occur. 
There are various aspects that govern the 
rate of these two steps. 
• mechanical operation of the mill
• mechanics of individual collisions
• chemical process
• structural changes
• defect formations. 
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Mechanochemistry
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Factors such as:
• milling time, 
• milling speed, 
• ball to powder ratio (i e , mass of the 

solids to the mass of the balls), 
• atmosphere,
• temperature of the mill
all play an integral role in this novel 
technique.
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Examples

Green Chemistry – Prof. Rossi – AA 2017-2018

Solvent-free methods have been used 
extensively in supramolecular chemistry, 
coordination chemistry and the formation 
of transition-metal clusters and polymers
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Solvent Free: r.t.; 10 min;
Water: 100°C; 4 weeks
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Catalytic Transformation
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Catalytic Transformation
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SUPERCRITICAL FLUIDS
Introduction
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What is a SCF? 

Substances enter the SCF phase 
above their critical pressures (Pc) 
and temperatures (Tc), 

Introduction
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The critical point of a SCF represents the highest 
temperature and pressure at which the substance 
can exist as a vapour and liquid in equilibrium. 
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The densities of the two phases 
converge and become identical, 
the distinction between gas and 
liquid disappears, and the 
boiling curve comes to an end at 
the critical point. 
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No distinct gas or liquid phase can exist above the 
critical point, and the SCF phase has a unique 
combination of properties from both gas and liquid 
states
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• At liquid-like densities SCFs exhibit low viscosity 
and high diffusion rates, like a gas; 

• Conventional solvents require very large pressure 
changes to vary their density, whereas the 
density of a SCF changes significantly upon 
increasing pressure;

• Solubility in a SCF is related to density, therefore 
this medium has the added benefit of being 
tunable, and hence the solubility of species can 
be directly controlled. 
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• Purification or reaction quenching can thus be 
achieved by reducing solvent density and 
precipitating the product;

• Varying the density can also affect the selectivity and 
outcome of some chemical reactions;

• Lower than supercritical pressures of gases can be 
used to expand organic solvents and lead to the 
formation of a gas-expanded liquid (GXL) phase.
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SUPERCRITICAL FLUIDS
Supercritical Carbon Dioxide



Supercritical and Liquid 

Carbon Dioxide
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• Inexpensive;

• Obtained as a byproduct of fermentation and combustion;

• Nontoxic and not a VOC;

• Nonflammable and relatively inert;

• React with nucleophiles (e.g. carbamic acid formation from 

amines);

• Cannot be oxidized and therefore oxidation reactions using 

air or O2 as the oxidant have been intensively investigated;

• Inert to free-radical chemistry, in contrast to many 

conventional solvents;
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Supercritical and Liquid 
Carbon Dioxide

Green Chemistry – Prof. Rossi – AA 2017-2018

• Product isolation to total dryness is achieved by simple 
evaporation;

• Given the critical point of carbon dioxide, most processes 
reported to date have been conducted in a pressure 
regime between 100–200 bar;
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Supercritical and Liquid 
Carbon Dioxide
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Solubility in scCO2
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All gases are miscible with SCFs

This is particularly important for catalysis in SCFs 

and particularly scCO2

[For example, the concentration of hydrogen in a 

supercritical mixture of hydrogen (85 bar) and 

carbon dioxide (120 bar) at 50 °C is 3.2 M, whereas 

the concentration of hydrogen in THF under the 

same pressure is merely 0.4 M]

Green Chemistry 06.02



Solubility in scCO2
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Extraction
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Supercritical carbon dioxide is widely 
used in Supercritical Fluid Extraction 
(SFE) and Supercritical Fluid 
Chromatography (SFC)
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Extraction
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Chemical Synthesis
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Chemical Synthesis
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Biphasic Carbon Dioxide–Aqueous and Carbon Dioxide–Ionic 
Liquid Systems
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Chemical Synthesis

Green Chemistry – Prof. Rossi – AA 2017-2018 Green Chemistry 06.02



Chemical Synthesis
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Materials Synthesis and 
Modification
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SUPERCRITICAL FLUIDS
Supercritical Water and Near-Critical Water 



Introduction
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A wide and increasing range of synthetic 
reactions have been performed in near-critical 
(around 275 °C, 60 bar) and supercritical water 
(around 400 °C, 200 bar).

The solvent properties of near-critical water (NCW) 
are similar to a polar organic solvent such as 
acetone.
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As Kw increases with temperature, [H3O+] and [OH–] 
concentrations are high compared to room 
temperature, and therefore, this leads to many of 
the interesting properties of NCW and SCW.

NCW is less corrosive than SCW and requires lower 
temperatures and pressures. Therefore, research using 
NCW has grown recently, especially in extractions and 
microwave-assisted syntheses. 

Green Chemistry 06.02



Extraction

Green Chemistry – Prof. Rossi – AA 2017-2018

Supercritical water is rarely used in the 
extraction of natural products due to its 
corrosive nature and tendency to degrade 
(oxidize) organic compounds.

NCW, and even room-temperature pressurized 
water, have excellent properties for natural 
product extraction.
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Chemical Synthesis
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As organic molecules show an increase in 
solubility in water as its temperature rises, 
chemical transformations performed in NCW 
are becoming more common
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Chemical Synthesis
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Chemical Synthesis
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Materials Synthesis
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Supercritical Water
Oxidation (SCWO) 
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SCW is an excellent medium for the total oxidation 
of unwanted and hazardous organic compounds 
such as those that need to be removed from 
wastewater and process streams
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SUPERCRITICAL FLUIDS
Supercritical Alcohols



Introduction
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