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ABSTRACT 

 
Solvents account for the largest share of mass used in many chemical manufacturing 

processes and are a major source of waste, energy consumption and emissions. 

Conventional petroleum-derived solvents such as hexane, dichloromethane, N,N-

dimethylformamide and N-methyl-2-pyrrolidone raise serious concerns related to 

toxicity, volatility and regulatory restrictions. Bio-based solvents, derived from 

lignocellulosic biomass, sugars, vegetable oils and other renewable resources, offer a 

promising route to reduce environmental impact while maintaining process 

performance. This article reviews the principles that define a green solvent, the 

renewable feedstocks and production routes for bio-based solvents, and the main 

classes of these compounds, including alcohols, esters, ethers, lactones, terpenes and 

levoglucosenone-derived products. Their physical properties, performance in synthesis, 

extraction, coatings and pharmaceutical processes, life cycle environmental profiles 

and safety aspects are compared with those of conventional solvents. The main 

technical, economic and regulatory barriers to large-scale adoption are discussed, and 

research priorities for the development of truly sustainable solvent systems are outlined. 
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Introduction: 

Chemical manufacturing 

underpins modern life, supplying 

pharmaceuticals, polymers, 

agrochemicals, coatings, electronics and 

countless consumer products. Almost 

every one of these products is made with 

the help of solvents, which dissolve 

reactants, control reaction rates, transfer 

heat, separate products and clean 

equipment. In typical fine chemical and 

pharmaceutical processes, solvents can 

represent more than half of the total 

mass of materials used and a large 

proportion of the waste generated. The 

choice of solvent therefore has a major 

influence on the cost, safety and 

environmental footprint of a 

process.Historically, most industrial 

solvents have been produced from crude 

oil or natural gas. Many of them are 

volatile organic compounds that 

contribute to air pollution and 

photochemical smog, and several are 

toxic, carcinogenic or harmful to 

reproduction. Regulations such as the 

European REACH framework have 

restricted the use of substances including 

dichloromethane, N,N 

dimethylformamide and N-methyl-2-

pyrrolidone, creating an urgent need for 

safer alternatives. At the same time, the 

growing awareness of climate change 

and the depletion of fossil resources has 

stimulated interest in replacing 

petrochemical raw materials with 

renewable carbon.Bio-based solvents are 
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compounds obtained wholly or partly 

from biomass through fermentation, 

chemical conversion or extraction. 

Ethanol from sugar fermentation, ethyl 

lactate from lactic acid, limonene from 

citrus peel and glycerol from biodiesel 

production are long-established 

examples, while newer products such as 

2-methyltetrahydrofuran, gamma-

valerolactone and 

dihydrolevoglucosenone are produced 

from lignocellulosic residues. It is 

important to note that a renewable origin 

does not automatically make a solvent 

green, because toxicity, energy demand 

in production and end-of-life behavior 

must also be considered.This article 

gives a structured overview of the 

development of bio-based solvents. It 

starts with the guiding principles and the 

available feedstocks, describes the major 

solvent classes and production methods, 

and compares their properties and 

performance with conventional solvents. 

It then examines applications, 

environmental assessment, safety and 

economics, and closes with the main 

challenges and future perspectives, 

followed by a brief summary. 

Concept and Principles of Bio-

Based Solvents: 

The development of bio-based 

solvents is guided by the twelve 

principles of green chemistry, 

particularly the use of renewable 

feedstocks, the design of safer 

chemicals, the avoidance of auxiliary 

substances where possible and the design 

for degradation. A green solvent is 

expected to be derived from renewable 

resources, to have low toxicity and low 

environmental persistence, to be 

produced with low energy and waste, 

and to be easily recovered and recycled. 

No single solvent satisfies all of these 

criteria perfectly, so evaluation always 

involves a balance of several attributes.A 

bio-based solvent is defined by the 

origin of its carbon, which is measured 

as the percentage of biogenic carbon in 

the molecule and can be verified by 

radiocarbon analysis. This definition is 

independent of the molecular structure, 

and many bio-based solvents are 

chemically identical to petrochemical 

ones. Bioethanol and ethanol from 

ethylene are the same compound, but 

their carbon footprints differ. In other 

cases the solvent is a new molecule that 

can only be produced from biomass 

because of its oxygen-rich structure, 

which gives it distinctive polarity and 

hydrogen-bonding properties.Solvent 

selection guides developed by 

pharmaceutical companies and by 

international consortia rank solvents 

according to safety, health and 

environmental criteria, and they provide 

a practical framework for replacing 

hazardous materials. These guides place 

many bio-based solvents such as ethanol, 

ethyl acetate and ethyl lactate in the 

recommended category, while flagging 

others for further study. Their use 

encourages chemists and engineers to 

consider greener alternatives early in 

process design, when changes are easiest 

and cheapest to implement. 

Feedstocks and Renewable 

Sources: 

The renewable carbon for bio-

based solvents is obtained from several 

categories of biomass. First-generation 

feedstocks include starch and sugar 

crops such as maize, sugarcane and 

sugar beet, which are fermented to 

ethanol, lactic acid and other products. 

Because these crops are also food 

sources, the use of non-food feedstocks 

is strongly preferred. Second-generation 

feedstocks consist of lignocellulosic 

residues such as wheat straw, rice husk, 

sugarcane bagasse, corn stover and wood 

waste, which contain cellulose, 

hemicellulose and lignin and are 

available in large quantities as 
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agricultural by-products.Vegetable oils 

and fats supply glycerol and fatty acid 

esters, and the rapid growth of the 

biodiesel industry has made glycerol a 

widely available and inexpensive 

platform chemical. Citrus peel and pine 

resin provide terpenes such as limonene 

and pinene through steam distillation and 

extraction, and waste cooking oil is 

increasingly used as a low-cost raw 

material. Marine biomass, including 

algae, and organic municipal wastes are 

being investigated as further sources of 

carbon for solvent production.For a 

country such as Pakistan, with a large 

agricultural sector, abundant residues 

from sugarcane, rice and wheat crops 

and a substantial sugar industry, the local 

production of bio-based solvents could 

offer both environmental and economic 

benefits. The use of residues avoids 

competition with food production, adds 

value to materials that are often burned 

in the field and reduces dependence on 

imported petrochemical solvents. 

However, the seasonal availability, 

dispersed collection and variable 

composition of such residues create 

logistical challenges that must be 

addressed in practical biorefinery design. 

Major Classes of Bio-Based 

Solvents: 

Alcohols were the first bio-based 

solvents to be used on a large scale. 

Ethanol, obtained by fermentation of 

sugars, and butanol, obtained by 

acetone-butanol-ethanol fermentation or 

catalytic upgrading of ethanol, serve as 

solvents in coatings, cleaning products, 

extractions and pharmaceutical 

formulations. Glycerol and its 

derivatives, including glycerol carbonate 

and solketal, are polar and low-volatility 

solvents with high boiling points and 

low toxicity, and they are used as green 

reaction media and as co-solvents.Esters 

and ethers form a second large group. 

Ethyl lactate, produced by esterification 

of fermentation-derived lactic acid with 

ethanol, is biodegradable, has low 

toxicity and dissolves a wide range of 

polar and non-polar solutes, making it a 

suitable replacement for halogenated 

solvents in cleaning and extraction. 

Ethyl acetate and butyl acetate can be 

produced from bio-ethanol and bio-

butanol. Among ethers, 2-

methyltetrahydrofuran, obtained by 

hydrogenation of furfural or levulinic 

acid, behaves like tetrahydrofuran but 

has limited miscibility with water and 

greater stability toward strong bases, 

which makes it attractive in 

organometallic chemistry and biphasic 

extractions.Lactones, terpenes and 

levoglucosenone derivatives complete 

the picture. Gamma-valerolactone, 

formed from levulinic acid by 

hydrogenation, is a stable polar aprotic 

liquid with low volatility that can replace 

dipolar aprotic solvents in some 

reactions. Dihydrolevoglucosenone, 

marketed under the name Cyrene, is 

produced in two steps from cellulose and 

is a promising substitute for N,N-

dimethylformamide and N-methyl-2-

pyrrolidone in amide coupling, cross-

coupling and the preparation of 

membranes. Terpenes such as limonene, 

which is non-polar, serve as alternatives 

to hexane and toluene in extraction and 

degreasing, although their reactivity 

toward oxidation must be managed. 

Production Routes and 

Catalytic Conversion: 

Bio-based solvents are produced 

through three broad strategies. Direct 

extraction recovers compounds that 

already exist in biomass, as in the steam 

distillation of limonene from citrus peel. 

Fermentation uses microorganisms to 

convert sugars into alcohols, organic 

acids and diols, and it is the basis of 

ethanol, butanol and lactic acid 

production. Chemical catalytic 

conversion transforms biomass-derived 
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platform molecules into solvents through 

hydrolysis, dehydration, hydrogenation, 

esterification and related reactions, and it 

is the main route to furfural-derived and 

levulinic-acid-derived solvents.Platform 

molecules play a central role in these 

conversions. Acid-catalyzed hydrolysis 

and dehydration of hemicellulose 

pentoses gives furfural, and a similar 

treatment of hexoses gives 5-

hydroxymethylfurfural and levulinic 

acid. Hydrogenation of furfural gives 

furfuryl alcohol and 2-

methyltetrahydrofuran, while 

hydrogenation of levulinic acid gives 

gamma-valerolactone. Pyrolysis of 

cellulose in the presence of an acid 

catalyst yields levoglucosenone, which is 

hydrogenated to Cyrene. Glycerol is 

converted into solketal by reaction with 

acetone and into glycerol carbonate by 

reaction with dimethyl carbonate or 

urea.The efficiency of these routes 

depends heavily on catalyst design. 

Heterogeneous catalysts such as zeolites, 

sulfonated carbons, supported noble 

metals and base metal catalysts allow 

easy separation and reuse, and they are 

replacing corrosive mineral acids and 

homogeneous catalysts. Process 

intensification, including continuous 

flow reactors, reactive distillation and 

membrane separation, reduces energy 

use and improves yields. The integration 

of solvent production into biorefineries, 

in which fuel, chemicals and materials 

are co-produced from the same 

feedstock, is considered essential for 

achieving economically competitive 

costs. 

Physicochemical Properties 

and Solvent Performance: 

The suitability of a solvent for a 

particular process depends on its 

polarity, hydrogen-bonding ability, 

boiling point, viscosity, density, 

miscibility with water, stability and 

ability to dissolve specific solutes. 

Hansen solubility parameters, which 

describe dispersion, polar and hydrogen-

bonding interactions, are commonly used 

to match solvents to solutes, and the 

solvatochromic parameters of Kamlet 

and Taft provide a complementary 

measure of polarity. Bio-based solvents 

typically contain oxygen atoms and 

therefore show higher polarity and 

hydrogen-bonding capacity than 

hydrocarbons, so they often serve as 

replacements for polar rather than non-

polar petrochemical solvents.Boiling 

point is a practical parameter because it 

determines the volatility, the energy 

required for recovery and the 

temperature range of the reaction. Low-

boiling solvents such as ethanol and 2-

methyltetrahydrofuran are easy to 

remove by evaporation, whereas high-

boiling solvents such as gamma-

valerolactone and Cyrene are suited to 

reactions at elevated temperatures and 

generate fewer emissions but require 

more energy or alternative techniques for 

recovery. The graph below compares the 

boiling points of representative bio-

based solvents and marks the boiling 

points of the conventional dipolar aprotic 

solvents they are intended to replace. 

Applications in Chemical 

Manufacturing: 

In organic synthesis and 

pharmaceutical manufacturing, bio-

based solvents are used as reaction 

media, extraction solvents and 

crystallization solvents. 2-

Methyltetrahydrofuran is widely used in 

Grignard reactions, lithiation and 

palladium-catalyzed couplings, in which 

it often improves yields and simplifies 

work-up because of its limited water 

miscibility. Cyrene and gamma-

valerolactone have been successfully 

used in amide bond formation, Suzuki 

and Heck couplings and in the synthesis 

of metal-organic frameworks, showing 

that dipolar aprotic solvents can be 
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replaced without significant loss of 

efficiency in many cases.In extraction 

and separation, ethanol, limonene and 

ethyl lactate are used to obtain natural 

products such as essential oils, 

polyphenols, pigments and lipids from 

plant material. The replacement of 

hexane in vegetable oil extraction by 2-

methyltetrahydrofuran or ethanol is a 

well-studied example. Bio-based 

solvents are also used in paints, inks, 

adhesives and cleaning formulations, 

where low toxicity, pleasant odor and 

good solvency for resins and greases are 

important advantages. In polymer 

chemistry, they serve as media for 

polymerization and as solvents for 

membrane casting, and glycerol-derived 

and sugar-derived solvents are used in 

the preparation of biocompatible 

materials.In the energy and materials 

sector, bio-based solvents are used in 

biomass pretreatment, in the formulation 

of electrolytes and in the dissolution of 

cellulose. Gamma-valerolactone has 

been shown to fractionate lignocellulose 

efficiently, and mixtures of bio-based 

solvents with water or with ionic and 

deep eutectic liquids can solubilize 

recalcitrant polymers. These applications 

show that bio-based solvents are not 

only substitutes for existing materials but 

also enable new, more sustainable 

processing concepts. 

Life Cycle Assessment and 

Environmental Impact: 

The environmental benefits of a 

bio-based solvent must be demonstrated 

by life cycle assessment, which accounts 

for all stages from feedstock cultivation 

to production, use and disposal. Typical 

impact categories are global warming 

potential, fossil resource depletion, 

acidification, eutrophication, land use, 

water use and human and ecosystem 

toxicity. Studies show that bio-based 

solvents often have lower fossil carbon 

footprints than their petrochemical 

equivalents, but this advantage is not 

automatic and depends on the feedstock, 

the energy source and the efficiency of 

the conversion process.Agricultural 

feedstocks introduce impacts such as 

fertilizer use, land transformation and 

water consumption that are absent in 

petrochemical routes, and these can 

offset or even exceed the savings in 

greenhouse gas emissions. Residue-

based feedstocks generally give better 

results because they are by-products and 

carry only a small part of the upstream 

burden. The energy required for 

distillation, dehydration and purification 

is another major contributor, which 

explains why the improvement of 

separation efficiency and the use of 

renewable energy are so important.End-

of-life behavior is a further 

consideration. Many bio-based solvents, 

such as ethanol, ethyl lactate and 

glycerol derivatives, are readily 

biodegradable and have low aquatic 

toxicity, but others, such as some 

terpenes, may be toxic to aquatic 

organisms. Since solvents are generally 

recovered by distillation and reused, the 

relevant environmental performance 

depends on the recovery rate and the 

energy needed for recycling as much as 

on the origin of the solvent. A fair 

assessment therefore compares the 

complete process, including solvent 

recovery, rather than the solvent alone. 

Safety, Regulation and 

Economic Considerations: 

Bio-based solvents can offer 

safety advantages such as higher flash 

points, lower volatility and lower 

toxicity than the substances they replace, 

but each compound must be evaluated 

individually. Some ethers, including 2-

methyltetrahydrofuran, can form 

peroxides on storage and require 

stabilizers, and terpenes can cause skin 

sensitization. Newly introduced 

molecules such as Cyrene require 
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complete toxicological and 

ecotoxicological data in order to be 

registered and used on an industrial 

scale, and the cost of generating these 

data can slow 

commercialization.Regulatory 

frameworks are an important driver for 

the transition. Restrictions on 

dichloromethane, N,N-

dimethylformamide, N-methyl-2-

pyrrolidone and certain hydrocarbons in 

Europe and other regions, together with 

corporate sustainability commitments 

and bio-based product labeling schemes, 

create market demand for alternatives. 

Clear standards for the determination of 

bio-based carbon content and for the 

claims made about sustainability help 

prevent misleading marketing and allow 

purchasers to make informed 

choices.Economic competitiveness 

remains one of the main obstacles. 

Petrochemical solvents benefit from 

mature infrastructure, large production 

scale and low raw material costs, 

whereas many bio-based solvents are 

produced in small quantities by multi-

step processes and sell at higher prices. 

The cost can be reduced by the use of 

low-cost residues, efficient catalysts, 

integration in biorefineries and the 

commercialization of co-products. Price 

premiums are more easily accepted in 

high-value sectors such as 

pharmaceuticals and cosmetics, where 

regulatory pressure and the cost of waste 

treatment are high, and these sectors are 

likely to lead early adoption. 

Challenges and Future 

Perspectives: 

Several technical challenges 

remain. Many bio-based solvents are 

highly polar and hydrophilic, which 

complicates their separation from water 

and increases the energy required for 

recovery. Some are unstable under 

acidic, basic or oxidizing conditions, 

which limits their use in certain 

reactions, and impurities from biomass 

can affect reproducibility. Scale-up from 

laboratory to industrial production often 

reveals problems in catalyst lifetime, 

product purification and process 

integration, which require engineering as 

well as chemical solutions.Future 

research will focus on the design of 

solvents that combine low toxicity, easy 

recovery and broad applicability, and 

computational tools are increasingly 

used to support this goal. Computer-

aided molecular design, machine 

learning models that predict solubility 

and toxicity, and high-throughput 

screening can identify promising 

candidates much faster than trial-and-

error experimentation. Mixtures of bio-

based solvents, deep eutectic solvents 

based on natural compounds and 

neoteric systems such as supercritical 

carbon dioxide and water-based media 

are also expected to play a larger 

role.Successful adoption will depend on 

cooperation among academia, industry 

and policy makers. Investment in 

biorefinery infrastructure, standardized 

life cycle data, supportive regulation and 

training of chemists and engineers in 

green solvent selection are all required. 

For developing countries including 

Pakistan, the development of bio-based 

solvents from local agricultural residues 

offers an opportunity to reduce imports, 

create rural employment and move 

toward a circular bioeconomy, provided 

that research capacity and industrial 

partnerships are strengthened. 
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Summary: 

Bio-based solvents derived from 

sugars, lignocellulosic residues, 

vegetable oils and other renewable 

resources provide a realistic route to 

more environmentally responsible 

chemical manufacturing. Alcohols, 

esters, ethers, lactones, terpenes and 

levoglucosenone derivatives can replace 

many hazardous petrochemical solvents 

in synthesis, extraction, coatings and 

materials processing. Their real benefit, 

however, depends on the feedstock, the 

efficiency of production and recovery, 

and complete evaluation of toxicity and 

life cycle impact. Technical limitations, 

higher costs and regulatory requirements 

are still significant barriers, but advances 

in catalysis, biorefinery integration and 

computational design are steadily 

reducing them. Continued research and 

collaboration will be necessary to make 

bio-based solvents a mainstream element 

of sustainable chemical industry. 
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