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Abstract— Solvents account for the greater part of the mass
consumed in pharmaceutical manufacture and for a correspondingly
large share of its environmental burden, which has made solvent
substitution the most direct lever available for reducing that burden.
A substantial body of work now supports substitution decisions,
principally through solvent selection guides that score candidates on
safety, health and environmental criteria. This review examines how
well that apparatus serves small-scale synthesis — academic
laboratories, contract research organisations and small
manufacturers — as distinct from the large integrated producers for
whom it was built. Three arguments are developed. First, selection
guides encode hazard rather than impact: they rank intrinsic
properties of a substance, whereas the environmental burden of using
it depends on quantity, recovery rate and disposal route, so a guide
ranking is a starting point and not a conclusion. Second, life-cycle
assessment supplies the missing quantity dimension but its results are
dominated by the recovery assumption, and recovery is precisely the
operation that small-scale users cannot perform economically — a
solvent that is greener at scale may be worse in a laboratory. Third,
the cost dimension has been treated qualitatively despite determining
most substitution decisions in practice, and the relevant cost at small
scale is disposal and requalification rather than purchase price. The
review concludes that scale is the neglected variable in green solvent
selection, and proposes scale-explicit guidance, recovery-rate
sensitivity reporting as standard in solvent life-cycle studies, and
attention to the substitution decisions that small users actually face.
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I. INTRODUCTION

Solvents dominate the material footprint of pharmaceutical
synthesis. In a typical process they constitute the majority of the
mass input, and consequently the majority of the waste output,
the energy demand associated with heating and distillation, and
the emissions and occupational exposure risk. Reducing solvent
burden is therefore the single most effective route to reducing
the environmental impact of the sector, and it has been pursued
more systematically than any other green chemistry objective.

The principal instrument has been the solvent selection
guide. Pfizer's guide for medicinal chemists established the
format (Alfonsi et al., 2008), GlaxoSmithKline developed and
successively expanded a more detailed framework incorporating
life-cycle considerations (Henderson et al., 2011; Alder et al.,
2016), and Sanofi published its own (Prat et al., 2013). These
converged in the CHEM21 guide, produced by an academic—
industrial consortium, which surveyed the existing guides and
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proposed a common ranking methodology based on readily
available physical properties and hazard statements, scoring
each solvent from one to ten on separate safety, health and
environment criteria and combining these into four bands from
recommended to highly hazardous (Prat et al., 2016). Because
the method uses public data, it can be applied to solvents absent
from the published list, which is the feature that made it broadly
adoptable. Comparative reviews of the available tools have
since been published (Byrne et al., 2016), and more holistic
frameworks proposed that integrate performance alongside
hazard (Diorazio et al., 2016).

This apparatus was developed by and for large
manufacturers, and it reflects their circumstances: dedicated
process development capacity, solvent recovery infrastructure,
and regulatory filings that make late-stage substitution
expensive but early-stage substitution routine. Small-scale users
operate differently. A university laboratory, a small contract
research organisation or a small-volume manufacturer typically
has no recovery capability, purchases in drums rather than bulk,
and disposes of mixed waste through a contractor at a cost per
litre that dwarfs the purchase price.

This paper asks whether the guidance transfers. Section 2
sets out the scope; Section 3 reviews the guides and what their
scores represent; Section 4 examines life-cycle evidence and its
sensitivity to recovery; Section 5 addresses cost; Section 6
examines regulatory drivers and the timing of substitution;
Section 7 assesses the leading alternative solvent classes against
the small-scale case; Sections 8 and 9 offer a critical appraisal
and research agenda.

I1. SCOPE AND METHOD OF REVIEW

This is a comparative narrative review. It draws on three
literatures: the solvent selection guides and the methodological
papers underlying them; life-cycle assessment studies of solvent
production, use and end-of-life; and the applied literature
reporting substitution in specific reaction classes.

"Small-scale" is used throughout to mean synthesis at gram
to low-kilogram scale without dedicated solvent recovery. This
is a functional rather than a volumetric definition, and the
absence of recovery is the operative criterion, since it is the
assumption that most strongly conditions life-cycle outcomes.

The review does not attempt to rank individual solvents,
which the guides already do competently within their own terms,
nor to assess the toxicology of particular alternatives. Its object
is the decision framework rather than the decisions.
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I11. WHAT THE GUIDES MEASURE

Selection guides score intrinsic properties. The CHEM21
methodology assigns safety, health and environment scores
derived from flash point and related physical data, from hazard
statements relating to toxicity and reproductive effects, and from
persistence, volatility and treatment considerations respectively
(Prat et al., 2016). Combination yields a band. The GSK guide
operates on a broader set of dimensions and incorporates life-
cycle and waste considerations explicitly (Alder et al., 2016;
Henderson et al., 2011).

Convergence across guides is substantial for the clearest
cases. Water and simple alcohols rank favourably; chlorinated
solvents, benzene and several dipolar aprotics rank poorly, with
the regulatory position on reprotoxic amides having driven
much of the substitution activity of the past decade (MacMillan
etal., 2013).

Two properties of these scores must be kept in view.

They are hazard scores, not impact scores. A guide answers
what would happen if a person or ecosystem were exposed to
this substance. It does not answer what burden results from
using it in a given process, which depends on how much is used,
how much is recovered, and what happens to the remainder. A
recommended solvent used at high volume with no recovery
may carry a larger burden than a problematic solvent used
sparingly and distilled back.

They are substance scores, not process scores. Substitution
alters yield, reaction time, work-up and purification. A greener
solvent that halves yield increases total burden, because every
upstream input is then consumed twice per unit of product.
Guides state this caveat; applied studies frequently proceed as
though it did not apply. Frameworks integrating performance
with hazard address the point directly (Diorazio et al., 2016) and
deserve wider uptake than they have had.

IV. LIFE-CYCLE EVIDENCE AND THE RECOVERY
ASSUMPTION

Life-cycle assessment supplies what the guides omit:
quantified impact across production, use and end-of-life.
Applied to solvents, it consistently produces one dominant
finding, which is that end-of-life treatment governs the result.

Where solvent is recovered by distillation and reused, the
burden per unit of product falls sharply, and the production
burden — which differs considerably between petrochemical
and bio-derived solvents — is amortised across many passes.
Where solvent is incinerated after single use, the production
burden falls entirely on one pass, and incineration adds its own
emissions load. The difference between these cases is typically
larger than the difference between any two solvents under the
same assumption.

This has an implication that the green solvent literature states
less often than it should. Rankings derived from recovery-
inclusive analyses do not transfer to non-recovering users. A
bio-derived solvent whose production is energy-intensive but
which performs well over many recovery cycles may be a poor
choice for a laboratory that will incinerate it after one use.
Conversely, a solvent with modest production burden and
favourable incineration behaviour may be preferable at small
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scale despite ranking lower in guidance built around large-scale
practice.

Recent work extending assessment across the full
production-to-end-of-life span for analytical applications
reflects growing recognition of this point, and the incorporation
of life-cycle considerations into the GSK framework was an
early acknowledgement of it (Alder et al., 2016). The general
position nonetheless remains that solvent life-cycle studies
assume industrial recovery, and that small-scale users read the
resulting rankings without the assumption attached.

A second issue concerns mixtures. Small-scale users
generate mixed solvent waste that cannot economically be
separated, so the waste stream's disposal characteristics are
governed by its worst constituent. A single chlorinated
component consigns an entire drum to a more demanding
disposal route. This is a substitution argument of considerable
force at small scale, and it is essentially absent from guidance
framed around individual solvents.

V. THE COST DIMENSION

Cost determines most substitution decisions and has been
treated qualitatively in a literature otherwise committed to
quantification.

At large scale the relevant costs are process development,
requalification of a registered process, and any change in
recovery economics. Regulatory requalification is the dominant
term and explains why substitution is pursued vigorously in
early development and rarely after filing.

At small scale the cost structure is different in ways that
change the conclusion. Purchase price matters more, because
purchasing is in small quantities at correspondingly higher unit
cost, and several bio-derived alternatives carry a substantial
premium. Disposal cost matters most: contractor charges per
litre of mixed organic waste frequently exceed the purchase
price of the solvent, which means that a substitution reducing
disposal category — moving a stream out of halogenated
classification, for instance — can pay for itself immediately
even at a higher purchase price. And the labour cost of method
redevelopment falls on the same person doing the chemistry,
which in an academic setting is a graduate student whose time
is not costed and whose incentives run toward the solvent that is
known to work.

That last point deserves emphasis because it explains a great
deal of observed behaviour. Where the cost of substitution is
borne by the individual chemist and the benefit accrues to the
institution or the environment, substitution will be under-
supplied regardless of the quality of the guidance available.
Interventions that lower the individual cost — validated
substitution protocols for common transformations, ready
reference for the reaction classes that dominate laboratory
practice — are likely to achieve more than improved ranking
methodology.
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V1. REGULATORY PRESSURE AND THE TIMING OF
SUBSTITUTION

Much of the substitution activity of the past fifteen years has
been driven not by the guides but by regulation, and
understanding this changes how the guides should be read.

The clearest case is the group of dipolar aprotic amides —
N,N-dimethylformamide, N-methylpyrrolidone and related
solvents — which combine excellent solvating properties with
reprotoxic classification. Their regulatory reclassification
created a compliance problem for processes that depended on
them, and the applied substitution literature responded directly:
evaluations of alternatives in amide coupling, one of the most-
performed transformations in medicinal chemistry, were
published specifically to provide replacements for
dichloromethane and dimethylformamide (MacMillan et al.,
2013), and comparable work followed for reductive amination
(McGonagle et al., 2013). This body of work is the most
practically useful output of the field, because it supplies
validated conditions rather than rankings.

Two observations follow.

The first concerns timing. For a regulated manufacturer,
substitution is inexpensive during development and expensive
after registration, because a registered process specifies the
solvent and altering it invites regulatory requalification. This
creates a narrow window in which substitution is feasible, and it
explains why guides are addressed to medicinal and early
process chemists rather than to manufacturing. Small-scale users
face no such window, since nothing is registered — which
means, counter-intuitively, that they have more freedom to
substitute than the manufacturers for whom the guidance was
written, and are constrained instead by method redevelopment
effort.

The second concerns what drives change. Where regulation
forces substitution, it happens; where guidance recommends it,
uptake is partial. This is not a criticism of the guides, which were
never enforcement instruments, but it does suggest where effort
is best directed. A guide that identifies a solvent as problematic
has done useful work only if a validated alternative exists for the
transformations in which that solvent is used. The gap between
identifying a problem solvent and supplying a workable
replacement is where most substitution stalls, and it is a gap that
small-scale users, lacking process development capacity, cannot
close for themselves.

VII. ALTERNATIVE SOLVENT CLASSES AT SMALL SCALE

Four classes attract most attention, and each looks different
when the recovery assumption is removed.

Water. Unmatched on hazard and cost, and favoured
wherever solubility permits. The complication is that aqueous
work-up generates contaminated aqueous waste whose
treatment burden is real, and that many transformations tolerate
water poorly. Its advantage at small scale is nonetheless large,
because it removes the organic disposal cost entirely.

Bio-derived  solvents.  Materials such as  2-
methyltetrahydrofuran and cyclopentyl methyl ether offer
favourable hazard profiles and are included in the less-classical
category covered by CHEMZ21 (Prat et al.,, 2016). Their
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production burden varies widely with feedstock and route, so
life-cycle advantage over petrochemical equivalents is
conditional rather than automatic, and the premium purchase
price weighs more heavily on small purchasers.

Deep eutectic solvents and ionic liquids. Low volatility
removes inhalation and emission concerns, which is a genuine
gain. Against this, aquatic toxicity and biodegradability are
frequently unfavourable, synthesis of the solvent itself carries
burden, and product separation from a non-volatile medium is
harder — which at small scale means more auxiliary solvent,
sometimes negating the saving.

Solvent-free and mechanochemical routes. The strongest
option where applicable, since the burden is eliminated rather
than shifted. Applicability remains restricted, and equipment
requirements are not trivial for a small laboratory.

The pattern across these classes is consistent: the guidance
ranks them on properties, while the small-scale decision turns
on disposal category, purchase quantity and separation
practicality.

VIII. CRITICAL APPRAISAL

Four weaknesses characterise the field as it bears on small-
scale users.

Scale is implicit. Guidance is presented as general and is
built on assumptions specific to large integrated manufacture.
The assumptions are stated in the source papers and lost in
transmission.

Recovery sensitivity is under-reported. Solvent life-cycle
studies should report results across a range of recovery rates
including zero, since that is the value applying to a substantial
population of users. Most report a single scenario.

Cost is asserted rather than assessed. Substitution papers
commonly note that an alternative is "cost-effective" without
quantification. Comparative costing that includes disposal and
redevelopment  would change several published
recommendations.

Yield effects are inconsistently propagated. Where
substitution reduces yield, total process burden should be
recomputed on a per-product basis. Studies reporting solvent-
level improvement while omitting yield change overstate the
benefit, sometimes substantially.

IX. RESEARCH AGENDA

Scale-explicit guidance. Existing scoring frameworks should
be supplemented with a non-recovery variant that reweights
criteria toward disposal category, aquatic toxicity and separation
practicality.

Recovery-rate sensitivity as a reporting standard. Solvent
life-cycle studies should report at multiple recovery rates
including zero, so that results can be read by the users to whom
each applies.

Mixed-waste analysis. Assessment frameworks should treat
the waste stream rather than the individual solvent, since
disposal category is determined at stream level.

Full costing. Substitution studies should report purchase,
disposal and redevelopment cost alongside environmental
metrics, at the scale and purchase quantity of the intended user.
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Validated substitution protocols. The most effective
intervention at laboratory scale may be practical rather than
analytical: published, validated conditions for common
transformations in recommended solvents, which remove the
redevelopment cost that currently falls on the individual
chemist.

X. CONCLUSION

Solvent selection guides have been among the most
successful instruments green chemistry has produced. They are
clear, they are grounded in accessible data, and they have
demonstrably changed practice in the sector for which they were
designed.

Their limitation is that they rank substances by hazard while
the environmental outcome of a solvent choice is determined by
quantity, recovery and disposal. Life-cycle assessment
addresses this, but its results are dominated by a recovery
assumption that does not hold for laboratories, contract research
organisations and small manufacturers — a population that
collectively consumes a great deal of solvent and receives
guidance calibrated to circumstances other than its own.

The corrective is not a new ranking but an explicit treatment
of scale: guidance that states its assumptions, life-cycle studies
that report sensitivity to recovery rate, cost analysis that counts
disposal, and practical substitution protocols that lower the
individual cost of changing a method. Until these exist, small-
scale users will continue to be advised on the basis of an
industrial context they do not occupy, and the substitutions they
actually make will continue to be driven by what is on the shelf.

REFERENCES

American Chemical Society Green Chemistry Institute Pharmaceutical
Roundtable. (2011). Solvent selection guide, version 2.0. American
Chemical Society.

Anastas, P. T., & Warner, J. C. (1998). Green chemistry: Theory and
practice. Oxford University Press.

Alder, C. M., Hayler, J. D., Henderson, R. K., Redman, A. M., Shukla,
L., Shuster, L. E., & Sneddon, H. F. (2016). Updating and further
expanding GSK's solvent sustainability guide. Green Chemistry,
18(13), 3879-3890. https://doi.org/10.1039/C6GCO0611F

Alfonsi, K., Colberg, J., Dunn, P. J., Fevig, T., Jennings, S., Johnson,
T. A, Kleine, H. P., Knight, C., Nagy, M. A., Perry, D. A,, &
Stefaniak, M. (2008). Green chemistry tools to influence a
medicinal chemistry and research chemistry based organisation.
Green Chemistry, 10(1), 31-36. https://doi.org/10.1039/b711717e

Byrne, F. P., Jin, S., Paggiola, G., Petchey, T. H. M., Clark, J. H.,
Farmer, T. J., Hunt, A. J., McElroy, C. R., & Sherwood, J. (2016).
Tools and techniques for solvent selection: Green solvent selection
guides. Sustainable Chemical Processes, 4, 7.

Diorazio, L. J., Hose, D. R. J., & Adlington, N. K. (2016). Toward a
more holistic framework for solvent selection. Organic Process
Research & Development, 20(4), 760-773.

Henderson, R. K., Jiménez-Gonzalez, C., Constable, D. J. C., Alston,
S. R, Inglis, G. G. A,, Fisher, G., Sherwood, J., Binks, S. P., &
Curzons, A. D. (2011). Expanding GSK's solvent selection guide
— embedding sustainability into solvent selection starting at
medicinal chemistry. Green Chemistry, 13(4), 854-862.
https://doi.org/10.1039/c0gc00918k

18

ISSN Number: 3139-3292

Jessop, P. G. (2011). Searching for green solvents. Green Chemistry,
13(6), 1391-1398. https://doi.org/10.1039/c0gc00797h

MacMillan, D. S., Murray, J., Sneddon, H. F., Jamieson, C., & Watson,
A. J. B. (2013). Evaluation of alternative solvents in common
amide coupling reactions: Replacement of dichloromethane and
N,N-dimethylformamide. Green Chemistry, 15(3), 596-600.
https://doi.org/10.1039/c2gc36900a

McGonagle, F. I., Sneddon, H. F., Jamieson, C., & Watson, A. J. B.
(2013). Development of a solvent selection guide for aldehyde-
based direct reductive amination processes. Green Chemistry,
15(5), 1159-1165. https://doi.org/10.1039/c3gc40359a

Prat, D., Pardigon, O., Flemming, H.-W., Letestu, S., Ducandas, V.,
Isnard, P., Guntrum, E., Senac, T., Ruisseau, S., Cruciani, P., &
Hosek, P. (2013). Sanofi's solvent selection guide: A step toward
more sustainable processes. Organic Process Research &
Development, 17(12), 1517-1525.
https://doi.org/10.1021/0p4002565

Prat, D., Wells, A., Hayler, J., Sneddon, H., McElroy, C. R., Abou-
Shehada, S., & Dunn, P. J. (2016). CHEM21 selection guide of
classical- and less classical-solvents. Green Chemistry, 18(1), 288—
296. https://doi.org/10.1039/C5GC01008J



